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Curcumin protects from LPS-induced activation of astrocytes 
via AMPK pathway
Jing Chenga,*, Yu Zhoub,*, Haowen Qiaoc, Hongxiang Jianga and Yanqin Fand

Curcumin, a phenolic pigment, plays an inhibitory 
role in astrocytes activation which are involved in the 
pathogenesis of neurological diseases and inflammatory 
responses. The present study aimed to investigate the 
underlying regulatory mechanism behind the therapeutic 
effect of curcumin on the lipopolysaccharide (LPS)-
activated astrocytes in vitro. Specifically, we investigated 
the inhibitory effect of curcumin on LPS-induced 
astrocyte’s proliferation. Additionally, we investigated 
whether the adenosine-monophosphate-activated 
protein kinase signaling (AMPK) pathway was involved 
in this process. Our data demonstrated that curcumin 
significantly increased the level of phosphorylated AMPK 
protein in LPS-activated astrocytes. In addition, our data 
demonstrated that curcumin play an inhibitory role on the 
migration, autophagy, the pro-inflammatory mediators by 
the AMPK signaling pathway in LPS-activated astrocytes. 
These results could shed light on understanding of 
molecular mechanism for the inhibition of curcumin on 

migration, autophagy, and the pro-inflammatory mediators 
during the process of astrocyte activation, and might 
contribute to a promising therapeutic intervention in 
the neurological diseases-related astrocytes activation.  
NeuroReport 34: 748–758 Copyright © 2023 The Author(s). 
Published by Wolters Kluwer Health, Inc.

NeuroReport 2023, 34:748–758

Keywords: activated astrocytes, adenosine-monophosphate-activated 
protein kinase signaling pathway, curcumin

aDepartment of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, 
bDepartment of Neurosurgery, The Second Xiangya Hospital of Central South 
University, Changsha, Hunan, cDepartment of Physiology, School of Medicine, 
Wuhan University and dDivision of Nephrology, Renmin Hospital of Wuhan 
University, Wuhan, Hubei, China

Correspondence to Yanqin Fan, MD, PhD, Division of Nephrology, Renmin 
Hospital of Wuhan University, 238 Jiefang Rd, Wuhan, Hubei 430060, China
Tel: +0086 18207133361; e-mail: 18207133361@163.com

*Jing Cheng and Yu Zhou contributed equally to the writing of this article.

Received 2 August 2023 Accepted 7 August 2023.

 

Introduction
Astrocytes play a central role in the maintenance of the 
blood-brain barrier, nervous system stability, and pro-
tection from nervous system damage [1,2]. As the most 
abundant cell type in the central nervous system (CNS), 
astrocytes are thought to be involved in the pathogene-
sis of neurological diseases and inflammatory responses, 
which provides essential support for the homeostasis of 
CNS. However, during the pathogenesis and progression 
of nervous system diseases [3,4], astrocytes undergo mor-
phological and phenotypic changes, such as the upregu-
lation of glial fibrillary acidic protein (GFAP) expression 
[5]. Along with the gene expression changes, the reactive 
astrocytes exhibit a series of functional changes, includ-
ing promoted proliferation. Astrocytes are mostly quies-
cent under normal physiological conditions in the adult 
brain but become migratory after injury [6,7]. Besides, 
the accumulating evidence suggests that these activated 
astrocytes produce diverse inflammatory factors and neu-
ro-toxic cytokines, such as pro-inflammatory cytokines, 
interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, 
and nitric oxide [8,9].

Additionally, multiple reports [10,11] have demonstrated 
that astrocyte-mediated neuroinflammation plays a cen-
tral role in the pathogenesis and progress of brain injuries 
and neurodegenerative diseases including Parkinson’s 
disease. Furthermore, the astrocyte-derived pro-inflam-
matory factors also induce microglial activation, thereby 
leading to neuronal dysfunction [12]. Therefore, the 
understanding of functional changes in activated astro-
cytes, including proliferation, neuroinflammation, and 
migration, may provide insight into inflammation-related 
neuronal diseases and offer a pathway to target astrocytes 
for neuroprotection.

Curcumin [13], as a phenolic pigment extracted from 
curcuma longa, has been shown to suppress inflamma-
tory response and anti-oxidant against the patholog-
ical changes in various neurological disorders [14]. It is 
reported that curcumin could inhibit the inflammatory 
cytokines such as TNF-α, IL-1β, IL-6, and monocyte 
chemoattractant protein 1 (MCP-1) [15]. Additionally, 
curcumin exerts the anti-oxidant effect through nuclear 
factor erythroid 2-related factor 2 (Nrf2) pathways [16]. 
Recent studies [17,18] have revealed that curcumin acts 
as direct inhibition of astrocyte activity in neurodegener-
ative diseases and ischemic stroke. However, the under-
lying mechanisms of migration and neuroinflammation 
in the activated astrocytes are not yet fully understood. 
Further explorations are required to better understand 
how curcumin regulates the activation of astrocytes.
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Lipopolysaccharide (LPS) [19] is often used as a proin-
flammogen to stimulate astrocytes and induce an inflam-
matory response. In this study, curcumin was evaluated 
for its effectiveness on LPS-activated astrocytes. We 
intended to investigate the underlying regulatory mecha-
nism of curcumin on the LPS-activated astrocytes, focus-
ing on its role in the signaling pathway which mediated 
the effect of curcumin on the LPS-activated astrocytes. 
Overall, we found that curcumin inhibited LPS-activated 
astrocytes’ proliferation in vitro. In addition, we reported 
that curcumin modulated migration, autophagy, and the 
pro-inflammatory mediators by targeting the adeno-
sine-monophosphate-activated protein kinase signaling 
(AMPK) signaling pathway in LPS-activated astrocytes.

Materials and methods
Reagents and antibodies
The Compound C (a specific AMPK inhibitor), AICAR (a 
specific AMPK activator), and Cell Counting Kit-8 were 
from Sigma-Aldrich (St. Louis, MO, USA). Compound C and 
AICAR were dissolved in DMSO. Enhanced BCA Protein 
Assay Kit and Molecular Probes EdU-Alexa imaging detec-
tion kit were from Life Technologies. The primary antibod-
ies including phospho-AMPKα (Cell Signaling Technology, 
2535), AMPKα (Cell Signaling Technology, 2532), LC3I/
II (Sigma, ABC929), Beclin-1 (Cell Signaling Technology, 
3728), P62 (Cell Signaling Technology, 5114), GFAP (Cell 
Signaling Technology, 80788), MMP2 (Cell Signaling 
Technology, 40994), MMP9 (Cell Signaling Technology, 
13667), and β-actin (Cell Signaling Technology, 3077) were 
purchased. The iTaqTM Universal SYBR Green was pur-
chased from Bio-Rad Laboratories (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA).

Cell culture and treatment
Primary cortical astrocytes were isolated and cultured 
as previously described. In brief, the cortices were 
harvested from the cerebrum of 0-24h-old SD rats. 
Hemispheres were then mechanically dissociated into 
tissue pieces of 1 ~3 mm in size under sterile condi-
tions. This was followed by digesting in 0.25% trypsin 
for 20 min at 37 °C. The dissociated cells were seeded 
in Dulbecco’s modified Eagle’s medium-F12 nutrient 
mixture (DMEM-F12) with 10% fetal bovine serum, 
2 mmol/L glutamine, 100 U/ml penicillin, and 100 µg/
ml streptomycin. The medium was replaced with fresh 
medium every 3 days. On days 12–14, confluent cultures 
were shaken at 37 °C and 200 rpm overnight to minimize 
microglial contamination. The purified astrocytes were 
reseeded at a density of 2.5 × 104 cells/cm2 into 96- or 
6-well plates for subsequent experiments. Astrocytes 
were pretreated with or without curcumin for 24 h and 
then exposed to 1 µg/ml LPS for an additional 24 h. To 
study the role of AMPK pathway, astrocytes were pre-
treated with AICAR, or Compound C for 1 h before cur-
cumin treatment.

Cell proliferation assay
The Cell Counting Kit-8 (CCK-8; Sigma-Aldrich) was 
performed to evaluate cell viability. In current experi-
ment, the astrocytes were treated in accordance with the 
experimental design. Briefly, the astrocytes in 96-well 
plates at a density of 1X104 cells were stimulated with 
LPS (1 µg/ml) in the presence or absence of Curcumin 
(40μM). The astrocytes were pretreated with were incu-
bated with curcumin for 24 h. Samples were collected 
after culturing for 12, 24, or 48 h after stimulation with 
LPS. 20 μL of MTT solution (5 mg/ml) was added to 
each well and incubated for another 4 h at 37 °C. The 
cell viability was measured at 570 nm using a microplate 
(Molecular Devices, CA, USA). Each experiment was 
performed at least three times.

Cell migration by Transwell assay
For migration, a Transwell assay was performed using 
chambers with polycarbonate filters (24-mm diame-
ter, 0.4-mm pore size; Corning). The invasion of astro-
cytes was determined using a commercial cell invasion 
assay kit. Astrocytes were pretreated with or without 
Curcumin for 24 h and then exposed to 1 µg/ml LPS 
for an additional 24 h. To study the roles of AMPK 
pathway in LPS-induced migration, astrocytes were 
pretreated with AICAR, or Compound C for 1 h before 
curcumin exposure. The primary astrocytes (4 × 105 per 
well) were plated onto the top side of the upper cham-
ber of the migration chamber. Next, the astrocytes were 
resuspended and added to the upper components of the 
migration chamber. The lower chamber was filled with 
10% FBS medium (600 µl). After 24 h of incubation, the 
cells on the top side were removed with cotton swabs. 
Cells migrated to the opposite side were fixed with 4% 
paraformaldehyde for 15 min and stained with 0.1% crys-
tal violet for another 30 min. Five images were randomly 
captured for each well by a phase-contrast microscope 
(Nikon TS100, Japan). The assays were performed in 
triplicate.

Immunofluorescence
Immunofluorescence staining was carried out to detect 
GFAP expression in the LPS-activated astrocytes. The 
astrocytes were fixed with 4% paraformaldehyde at 
room temperature for 30 min, and washed three times in 
PBS. After blocking with a blocking solution (5% FBS) 
for 30 min at 37 °C, they were incubated with the anti-
GFAP overnight at 4 °C. Next day, cells were incubated 
with a mixture of Alexa-Fluor 488-conjugated secondary 
antibodies for 2 h at room temperature. Then cells were 
washed with PBS three times and stained with DAPI at 
15 min at 37 °C.

EdU cell proliferation assay was performed following the 
Molecular Probes EdU-Alexa imaging detection kit (Life 
Technologies). While astrocytes were incubated with 10 μM 
EdU for 2 h, fixed with 4% paraformaldehyde, permeabilized 
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with 1% Triton X-100, and stained with the Alexa-Fluor 594 
reaction cocktail for EdU and DAPI. Images were observed 
using a fluorescence microscope (Olympus, Japan). All 
assays were repeated at least three times.

Western blot analysis
Western blot analysis was performed as described pre-
viously [20]. Briefly, The total protein was extracted 
from astrocytes with ice-cold RIPA buffer (Roche, 
Mannheim, Germany) and the protein content was 
estimated by using an Enhanced BCA Protein Assay 
Kit (Beyo-time Biotechnology, Haimen, China) accord-
ing to the manufacturer’s protocol. A total of astrocytes 
lysate (25 μg/lane) was electrophoresed by 15% SDS-
PAGE, and the protein bands were transferred onto 
PVDF membrane (Millipore, Burlington, MA). The 
following antibodies were used: phospho-AMPKα, 
AMPKα, LC3, Beclin, P62, GFAP, MMP2, MMP9, and 
β-actin. The membrane was washed and incubated 
with HRP conjugated secondary antibodies anti rabbit 
(1:5000) and anti-mouse (1:5000), anti-goat secondary 
antibody (1: 2000) at room temperature for 2 h. The 
proteins were visualized by chemiluminescence rea-
gents (ECL, Amersham).

ELISA assay
Levels of TNF-α, IL-1β, IL-6, and PEG

2
 were quantified 

using commercial ELISA kits according to the instruc-
tions. Intensity of color was measured at 450 nm using a 
microplate reader (TECAN, Mannedorf, Switzerland). 
The concentration of protein was determined by using 
standard curve.

Measurement of oxidative stress
The amount of reactive oxygen species (ROS) and malon-
dialdehyde (MDA), and the activities of superoxide dis-
mutase (SOD) and glutathione peroxidase (GSH-Px) were 
performed according to manufacturer’s instructions. The 
fluorescent probe DCFH-DA was used to monitor the intra-
cellular accumulation of ROS and the fluorescence of sam-
ples was measured using a microplate reader with 488nm 
excitation. The level of MDA was expressed as (pmol/mg 
protein) (λ=523 nm). The activity of SOD (U/mg protein) 
was expressed at 450 nm and the activity of GSH-Px (U/mg 
protein) was read for its absorbance at 412 nm.

RNA isolation and real-time PCR
Total RNA was isolated from cells using TRIzol rea-
gent (Invitrogen Life Technologies, Carlsbad, CA, USA). 
RNA was reverse-transcribed into cDNA using a cDNA 
reverse transcription kit (Takara Biotechnology Co, Ltd.) 
at 37 °C for 15 min, 85 °C for 5 s, and stored at −20 °C. 
The products were used for two-step qPCR. The cycle 
threshold (Ct) values were normalized against the house-
keeping gene GAPDH and analyzed by using the ΔΔCt 
method. The values were expressed as fold change in 
mRNA level of target gene relative to GAPDH.

Statistical analysis
The results are obtained as the mean ± SD of at least 
three assays and the differences between means were 
evaluated by using an unpaired two-sided Student’s 
t-test. For multiple comparisons between more than two 
groups, analysis of variance with post hoc analysis was 
used. P < 0.05 was considered as significant difference.

Results
The inhibitory effects of curcumin on proliferation of 
LPS-activated astrocytes
The CCK-8 assays were performed to measure the astro-
cytes proliferation at indicated time-points. The results in 
Fig. 1a showed that proliferation of astrocytes was signifi-
cantly increased by the effect of LPS at, 12h, 24 h, and 48 h, 
while treatment with curcumin significantly inhibited the 
proliferation. EDU cell proliferation assay was also used in 
the present study to detect cell proliferation of astrocytes. 
As shown in Fig. 1b and c, we found that the percentage of 
EDU-positive astrocytes was significantly decreased in the 
curcumin-treated group in the LPS-activated astrocytes.

AMPK activation was required for the inhibitory effect 
of curcumin on LPS-activated astrocytes
Increasing studies [21] have shown that AMPK phospho-
rylation will protect astrocytes from permanent hypoxia 
and glucose deprivation. In our study, we hypothesized that 
the inhibitory effect of curcumin in LPS-activated astro-
cytes was through the AMPK signaling pathway. To verify 
this hypothesis, western blot was performed to examine 
the effect of curcumin on the AMPK activation in LPS-
activated astrocytes. As displayed in Fig. 2a and b, the LPS 
decreased the level of phosphorylated AMPK protein at 
24 h, the inhibitory effect of LPS on the level of phosphoryl-
ated AMPK protein was partially counteracted by curcumin.

To further confirm the role that the AMPK signaling 
pathway played the inhibitory effect of curcumin in LPS-
activated astrocytes, we used Compound C (the specific 
AMPK inhibitor) and AICAR (the specific AMPK activa-
tor) to examine the expression levels of GFAP, the spe-
cific marker of astrocytes. The astrocytes were pretreated 
with or without Curcumin for 24 h and then exposed 
with AICAR, or Compound C for 1 h before LPS treat-
ment. As compared to the control, the results in Fig. 2c 
showed that LPS significantly increased the number of 
activated astrocytes (GFAP-reactive cells), and curcumin 
treatment attenuated the expression of GFAP-reactive 
cells compared to the LPS-treated group. These findings 
also demonstrated that AICAR plus curcumin could fur-
ther suppress GFAP-reactive cells, whereas the inhibition 
effect of the GFAP expression by curcumin was signif-
icantly blocked with Compound C. In addition, Fig. 2d 
revealed that LPS increased the GFAP protein expression 
and Curcumin reduced GFAP protein expression in the 
LPS-activated astrocytes, while AICAR plus curcumin 
showed a significant decrease in the levels of GFAP 
expression in LPS-activated astrocytes and the inhibition 
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effect was partially counteracted by Compound C. A sim-
ilar trend was obtained when GFAP mRNA expression 
was examined (Fig. 2e), indicating that activation of astro-
cytes was accompanied with AMPK phosphorylation after 
LPS treatment. Together, these results suggested that 
AMPK signaling pathway is prominently involved in the 
inhibition effect of curcumin on LPS-activated astrocytes.

The pathways of AMPK were involved in curcumin-
suppressed migration in LPS-activated astrocytes
The investigation of the migration of astrocytes is of 
great importance during the onset and progression of 
nervous system diseases. Therefore, a cell migration 

assay was used to ascertain the effect of curcumin in 
activated astrocytes’ migration. As shown in Fig.  3a 
and b, compared with the control group, the number of 
astrocytes migrating through the film increased signifi-
cantly (283% of control) after LPS treatment. However, 
the increased migration could partly be inhibited by 
the curcumin treatment. Then, we evaluated the role 
of AMPK signaling pathway in curcumin-suppressed 
migration in LPS-activated astrocytes. We used west-
ern blotting technology to test the expressions of matrix 
metalloproteinases-9 (MMP9), matrix metalloproteinas-
es-2(MMP2), and uPA, which were closely related to cell 
migration. Compared with the control group, the results 

Fig. 1

The inhibitory effects of curcumin on proliferation of LPS-activated astrocytes. (a) Analysis of the effect of curcumin on the proliferation of LPS-
activated astrocytes by CCK-8 assay. The astrocytes were pretreated with curcumin for 12, 24, or 48 h and stimulation with 1 µg/ml LPS for an 
additional 24 h. Data (n = 3) are expressed as the mean ± SD of three independent experiments. **P < 0.001 vs. the control group; ##P < 0.001 
vs. the group treatment with LPS. (b) EdU (red) and DAPI (blue) were double stained to assess astrocytes’ proliferation in LPS-activated astrocytes. 
Scale bar = 20 um.
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Fig. 2

AMPK activation was required for the inhibitory effect of curcumin on LPS-activated astrocytes. (a) Western blot bands for the protein expression of 
phospho-AMPKα (Thr172) and AMPKα (n = 3). (b) Densitometric analysis was performed to obtain the relative expression level of target proteins 
with β-actin as the internal reference. (c) Representative images of GFAP localization by immunofluorescence staining. Astrocytes were pretreated 
with or without Compound C (10 µM) or AICAR (1 mM) for 1 h before incubation with Curcumin or the vehicle for 24 h, and then exposed to LPS. 
Scale bar = 20 um. (d) Western blot analysis of GFAP expression. (e) The relative expressions of GFAP were quantified by normalizing to β-actin. 
**P < 0.001 vs. the control group. ##P < 0.001 vs. the LPS group. §P < 0.05 vs. LPS + curcumin group.
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in Fig. 3c and d demonstrated that the expression levels 
of MMP9, MMP-2, and uPA were markedly increased 
in LPS group, which were counteracted by curcumin. 
AICAR prevented the curcumin-suppressed migration 
in LPS-activated astrocytes, meanwhile, Compound C 
blocked the inhibition effect of the astrocytes’ migra-
tion by curcumin. The above experimental results illu-
minated that curcumin activated the AMPK signaling 
pathway in astrocytes following LPS treatment, and 
AMPK pathway was involved in curcumin-suppressed 
migration in LPS-activated astrocytes.

Curcumin reversed the LPS-induced autophagy via 
AMPK pathway
Autophagy acted as one of the predominant programmed 
cell death pathways. To determine whether AMPK 

pathway contributed to curcumin-induced autophagy, 
western blot analysis was employed in LPS-activated 
astrocytes in Fig. 4. We found that the ratio of LC3-II/
LC3-I was significantly upregulated, which indicated that 
autophagy was activated by LPS treatment, and curcumin 
inhibited the autophagy induced by LPS. Furthermore, 
the notably enhanced expression of beclin-1 and p62, 
two key substrates for autophagy, were also exhibited in 
LPS-activated astrocytes. The effect of the autophagy of 
LPS exposure on astrocytes was reversed by curcumin. 
AICAR significantly enhanced the curcumin-suppressed 
autophagy in LPS-activated astrocytes, meanwhile, 
Compound C attenuated the inhibition effect of the 
astrocytes’ autophagy by curcumin. The results showed 
that curcumin could suppress the upregulation of auto-
phagy induced by of LPS exposure via AMPK pathway.

Fig. 3

The pathways of AMPK were involved in curcumin-suppressed migration in LPS-activated astrocytes. (a) Analysis of the effect of curcumin on the 
migration of LPS-activated astrocytes by Transwell migration assay. (b) The data of migrated cells were counted and indicted. **P < 0.001 vs. the 
control group. ##P < 0.001 vs. the LPS group. Data are expressed as the mean ± SD of three independent experiments. (c) Astrocytes were pre-
treated with or without Compound C (10 µM) or AICAR (1 mM) for 1 h before incubation with Curcumin or the vehicle for 24 h, and then exposed to 
LPS. (d) Western blot analysis of MMP2, MMP9, and uPA. (d) The relative expressions of MMP2, MMP9, and uPA were quantified by normalizing to 
β-actin, respectively. All data are represented as mean ± SD, and obtained from three independent experiments. **P < 0.001 vs. the control group. 
##P < 0.001 vs. the LPS group. §P < 0.05 vs. LPS + curcumin group.
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Curcumin inhibited the induced reduction of pro-
inflammatory mediators by LPS exposure via AMPK 
pathway
Considering that astrocytes play a significant role in 
inflammation and immune response, the effect of AMPK 
pathway in curcumin-mediated inflammatory reaction 
was investigated. Figure  5 showed that the prominent 
promoting levels of TNF-α, IL-6, IL-1β, and PGE2 were 
observed in LPS-activated astrocytes, however, curcumin 
significantly suppressed the secretion of these factors and 
the inhibitory effects were accelerated with the AMPK 
activator AICAR. In contrast, the curcumin-mediated 
inhibitory effects on the expression levels of TNF-α, 
IL-6, IL-1β, and PGE2 were partially reversed by the 

AMPK inhibitor Compound C. These data suggested 
that curcumin played a significant role in LPS-activated 
astrocytes via AMPK signaling pathway, and activation of 
AMPK signaling pathway could inhibit the expression of 
pro-inflammatory mediators.

Curcumin inhibited the oxidative stress by inducing the 
activation of AMPK signaling pathway in LPS-activated 
astrocytes
Accumulating evidence [22] indicates the oxidative 
stress, such as ROS, are important regulatory mediators 
in many signaling processes. It is important to test the 
effect of curcumin on oxidative stress expression in LPS-
activated astrocytes. Since we have confirmed that MPK 

Fig. 4

Curcumin reversed the LPS-induced autophagy via AMPK pathway. (a) The expression levels of the autophagy-related proteins including LC3-II, 
Beclin-1, and P62 were investigated by western blots. (b) The quantitative analysis results of LC3-II/ LC3-I were shown. (c) The relative expression 
of Beclin-1 was quantified by normalizing it to β-actin. (d) The relative expression of P62 was quantified by normalizing it to β-actin. All data are 
represented as mean ± SD, and obtained from three independent experiments. **P < 0.001 vs. the control group. ##P < 0.001 vs. the LPS group. 
§P < 0.05 vs. LPS + curcumin group.
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signaling pathway contributed to the inhibitory effect 
of curcumin on pro-inflammatory mediators in LPS-
activated astrocytes. We intended to study whether the 
regulatory roles of curcumin in the activity of SOD and 
GSH-Px, the intracellular ROS production, and the level 
of MDA were also mediated by this pathway.

Compared to the control, LPS treatment led to a signifi-
cant increase in the level of intracellular ROS and MDA 
(Fig. 6a and b). However, the LPS-induced the intracel-
lular ROS and MDA expression could be inhibited in 
the curcumin-treated group. Our results in Fig.  6c and 
d also revealed that the stimulation of LPS resulted in a 
significant decrease in the activity of SOD and GSH-Px, 
whereas curcumin could reverse the SOD and GSH-Px 
activity. AICAR attenuated intracellular ROS production 
induced by curcumin, in contrast, the inhibition effects of 
curcumin on the intracellular ROS and MDA expression 
were partially counteracted by Compound. Additionally, 
Compared to the curcumin-treated group, the AICAR 

strengthened the promoting effect of the activity and 
GSH-Px, and Compound C attenuated the activity of 
SOD and GSH-Px induced by curcumin in LPS-activated 
astrocytes. These findings encouraged us to speculate that 
AMPK signaling pathway contributed to the inhibition 
effect of curcumin on activation of oxidative stress.

Discussion
This study established a mechanistic link between 
curcumin and inhibition effect on the LPS-activated 
astrocytes in vitro. In this work, we found that cur-
cumin inhibited the LPS-activated proliferation of 
astrocytes in vitro. Furthermore, the AMPK activator 
AICAR could exert synergistic action on the inhibi-
tory effect of curcumin on LPS-activated astrocytes, 
while Compound C, as the AMPK inhibitor, reverted 
the inhibitory effect of curcumin on LPS-activated 
astrocytes. Overall, our study focused on talking over 
three aspects: (1) Curcumin had the positive effect on 

Fig. 5

Curcumin inhibited the induced reduction of pro-inflammatory mediators by LPS exposure via AMPK pathway. Astrocytes were pretreated with or 
without Compound C (10 µM) or AICAR (1 mM) for 1 h before incubation with Curcumin or the vehicle for 24 h, and then exposed to LPS. The 
supernatants were collected and measured for IL-6, TNF-α, and PEG2 (n = 3). **P < 0.001 vs. the control group. ##P < 0.001 vs. the LPS group. 
§P < 0.05 vs. LPS + curcumin group.
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the phosphorylated AMPK protein in LPS-activated 
astrocytes; (2) Curcumin inhibited LPS-induced 
astrocytes migration through AMPK signaling path-
way; (3) Curcumin contributed to suppress the pro-
duce of pro-inflammatory mediators and the oxidative 
stress by AMPK signaling pathway in LPS-activated 
astrocytes.
Accumulating evidence reveals astrocytes activation and 
subsequent neuroinflammatory response are implicated 
in brain injuries [23] and neurodegenerative diseases 
[24], such as Alzheimer’s disease, stroke, and glioma. 
The inhibition of actrocytes activation and the neuroin-
flammatory response are considered to be an effective 
therapeutic approach to mitigate various brain diseases. 

Multiple signaling pathways [25] have been confirmed 
to be closely linked with the regulatory mechanism 
of on astrocytes activation, such as the mitogen-acti-
vated protein kinases (MAPKs) and the toll-like recep-
tor 4 (TLR4)/nuclear factor-kappa B (NF-κB) signaling 
pathway. The AMP-activated protein kinase (AMPK), 
aserine–threonine kinase, which is described as a key 
regulator of cellular energy metabolism [26]. Recently, 
numerous studies [27,28] have shown the therapeutic 
potential of Curcumin in neurodegenerative and neu-
roinflammatory diseases. However, the underlying mech-
anisms whether the activated astrocytes are protected 
by curcumin via AMPK pathway are not yet well under-
stood. In this study, firstly, we showed that Curcumin 

Fig. 6

Curcumin inhibited the oxidative stress by inducing the activation of AMPK signaling pathway in LPS-activated astrocytes. (a–d) Measurement of oxi-
dative stress (n = 3). Astrocytes were pretreated with or without Compound C (10 µM) or AICAR (1 mM) for 1 h before incubation with Curcumin or 
the vehicle for 24 h, and then exposed to LPS. The amount of ROS and MDA, and the activities of SOD and GSH-Px were determined. **P < 0.001 
vs. the control group. ##P < 0.001 vs. the LPS group. §P < 0.05 vs. LPS + curcumin group.



Curcumin protects from LPS Cheng et al.  757

could attenuated the expression of GFAP-reactive cells 
by activating AMPK pathway. Our study will shed light 
on the mechanism investigation of Curcumin on LPS-
activated astrocytes, and providing solid foundation for 
using curcumin in brain diseases.
Astrocytes’ migration [29] plays a pivotal role in the 
pathophysiology of neurodegenerative and neuroin-
flammatory diseases, and our results indicated that 
curcumin led to an inhibitory effect on migration in 
LPS-activated astrocyte. It has been reported that 
AMPK activation is involved in induction of protec-
tive autophagy [30] in astrocytes. Our results here, for 
the first time, proved that curcumin-induced AMPK 
activation suppressed migration in LPS-activated 
astrocytes. What is more, we used the specific AMPK 
inhibitor Compound C and the specific AMPK activa-
tor AICAR to test the curcumin-suppressed migration 
in LPS-activated astrocytes. AICAR exerted syner-
gistic action on the curcumin-suppressed migration, 
and Compound C reversed the inhibition effect of the 
Curcumin on astrocyte migration, which suggested that 
the AMPK LPS-activated astrocyte and downstream 
responses may be involved in LPS-induced protective 
autophagy.

Importantly, the oxidative stress [31] and neuroinflam-
mation [32] play central roles in a pathological feature 
of the CNS. Astrocytes produce pro-inflammatory 
cytokines, such as TNF-α, IL-1, and IL-6, which are 
key to the induction of brain diseases. We used the 
specific AMPK inhibitor Compound C and the spe-
cific AMPK activator AICAR to test pro-inflammatory 
mediators and the oxidative stress in LPS-activated 
astrocytes. Our findings encouraged us to find that the 
AMPK signaling pathway was involved in this process 
of the inhibitory effect of Curcumin on pro-inflam-
matory mediators and the oxidative stress in LPS-
activated astrocytes.

In summary, we provided evidence showing that cur-
cumin markedly inhibited the proliferation of in LPS-
activated astrocytes. Our results demonstrated that the 
inhibiting effects of the curcumin on migration, auto-
phagy, the production of pro-inflammatory mediators, 
and the oxidative stress were mediated at least by the 
AMPK signaling pathway. Therefore, curcumin, a potent 
anti-oxidant, could be beneficial for ameliorating the 
neurological diseases-related astrocytes activation. What 
is more, our findings may provide a new molecular mech-
anism for the therapeutic effects of curcumin.
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