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A B S T R A C T

Microglia mediate multiple facets of neuroinflammation, which plays a double-edged role in various brain
diseases via distinct microglial phenotypes (deleterious M1 and neuroprotective M2). Therefore, the inhibition of
overactivated inflammatory M1 microglia by switching to the protective M2 phenotype appears to be a potential
therapeutic strategy in neuroinflammatory disorders. Curcumin has been shown to exhibit anti-inflammatory
and neuroprotective activities. The present study investigated the potential effects of curcumin on microglial
M1/M2 polarization and elucidated the possible molecular mechanisms of action in vitro. In this study, the BV2
microglial cell line was pretreated with different curcumin concentrations in the presence or absence of lipo-
polysaccharide (LPS) to assess the anti-inflammatory efficacy of curcumin based on the morphological and
inflammatory changes. The cytotoxicity of curcumin for BV2 cells was evaluated using the CCK-8 assay. Further,
the effect of curcumin concentrations on LPS-induced BV2 cells was studied. The morphological changes were
observed using an optical microscope and immunofluorescent staining. Nitric oxide (NO) expression was de-
termined using the Griess reagent. The expression of cytokines and inflammatory mediators was also measured
by ELISA, qRT-PCR, flow cytometry, and immunofluorescence. Western blot analysis was used to determine the
levels of triggering receptor expressed on myeloid cells 2 (TREM2), toll-like receptor 4 (TLR4), nuclear factor-
kappa B (NF-κB) p65, p-NF-κB p65, IκB, and p-IκB expression. Results showed that curcumin concentrations less
than 10 μM did not induce any detectable cytotoxicity but decreased BV2 cell viability up to 20 μM. Curcumin
inhibited LPS-induced microglial activation. Curcumin treatment switched the M1 pro-inflammatory phenotype
to the M2 anti-inflammatory phenotype by decreasing the expression of M1 markers (i.e., iNOS, IL-1β, IL-6, and
CD16/32) and elevating the expression of M2 markers (i.e., arginase 1, IL-4, IL-10, and CD206). Interestingly,
curcumin attenuated the activation of TLR4/NF-κB pathways and the downregulation of TREM2 expression in
LPS-activated BV2 cells. Collectively, these results suggest that curcumin significantly alleviates LPS-induced
inflammation by regulating microglial (M1/M2) polarization by reducing the imbalance of TREM2 and TLR4
and balancing the downstream NF-κB activation.

1. Introduction

Emerging evidence suggests that neuroinflammation is a significant
and inevitable pathological process mediating all types of damage and
disorders of central nervous system (CNS) (Yang and Zhou, 2019).
Microglia, the major cellular elements of neuroinflammation, serve as
tissue‐resident macrophages influencing brain development, main-
tenance of neural environment, and response to injury and repair.
Under normal physiological conditions, microglia assume a relatively
quiescent surveillance phenotype to monitor the microenvironment of
parenchyma continuously. However, when the immune homeostasis is
disturbed, microglia can be phenotypically transformed into two

extremes of polarization: the classically activated M1 (pro-infl-
ammatory) and alternatively activated M2 (anti-inflammatory) pheno-
types. The different microglial phenotypes play an important role in
regulating the occurrence, development, and cessation of inflammatory
diseases. Activated M1 microglia are characterized by the increased
release of pro-inflammatory factors, including tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and the up-reg-
ulation of inducible nitric oxide synthase (iNOS), CD16/32, and CD68,
which elicit detrimental effects on neurons and further exacerbate
tissue inflammation and damage. By contrast, the activated M2 mi-
croglia upregulate the expression of anti-inflammatory mediators and
neurotrophic factors, such as transforming growth factor-β, interleukin-

https://doi.org/10.1016/j.molimm.2019.09.020
Received 22 May 2019; Received in revised form 16 August 2019; Accepted 26 September 2019

⁎ Corresponding author.
E-mail address: fujianliang@163.com (J. Fu).

1 Jiawei Zhang and Yaling Zheng contributed equally to this work.

Molecular Immunology 116 (2019) 29–37

Available online 04 October 2019
0161-5890/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01615890
https://www.elsevier.com/locate/molimm
https://doi.org/10.1016/j.molimm.2019.09.020
https://doi.org/10.1016/j.molimm.2019.09.020
mailto:fujianliang@163.com
https://doi.org/10.1016/j.molimm.2019.09.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2019.09.020&domain=pdf


10 (IL-10), arginase-1 (Arg-1), and CD206, which lead to neuropro-
tection and facilitate recovery and remodeling (Dong et al., 2019;
Subhramanyam et al., 2019). Therefore, inhibition of the M1 phenotype
while stimulating the M2 phenotype has been suggested as a potential
therapeutic approach compared with inhibition of M1 activation alone
for the treatment of neuroinflammatory diseases. Recently, several
plant-derived compounds have been shown to combat neuroi-
nflammation and tissue damage in cerebral diseases (Jin et al., 2019b;
Li et al., 2018). However, drug-induced polarization of the microglia
from the M1 phenotype to the M2 phenotype is rare.

Curcumin (1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-
3,5-dione, Fig. 1), the main bioactive component occurring in the rhi-
zome of turmeric (Curcuma longa), is widely recognized for its anti-
inflammatory, antioxidant, and anti-tumor activities (Hussain et al.,
2017; Kreutz et al., 2018; Li et al., 2017). Many studies have reported
the neuroprotective effect of curcumin in animal models of neurode-
generative diseases, such as Alzheimer's disease (AD), Parkinson’s dis-
ease (PD), multiple sclerosis, and depression (Ghanaatian et al., 2019;
Tang and Taghibiglou, 2017; Tizabi et al., 2014). Our previous study
has also demonstrated the protective role of curcumin against ischemic
stroke in experimental models (Zhang et al., 2018b). However, whether
curcumin inhibits the polarization of LPS-induced microglial phenotype
and promotes microglial polarization to M2 phenotype remains unclear.
Moreover, the molecular mechanisms underlying curcumin-mediated
anti-neuroinflammatory eff ;ects remain unknown.

A number of signaling molecules, including TLR4/NF-κB and
TREM2, are critical to the modulation of microglial activation and
neuroinflammation. TLR4 is predominantly expressed in the microglia
of the brain and stimulated by appropriate ligands, including lipopo-
lysaccharide (LPS). Stimulation of TLR4 further activates the NF-κB
pathway, which plays an important role in the activation of M1 mi-
croglia and induces the transcription of pro-inflammatory cytokines,
including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor ne-
crosis factor-α (TNF-α) (Shi et al., 2019; Wan et al., 2016). TREM2 is an
important innate immune receptor uniquely expressed on the microglia
and is involved in down-regulating neuroinflammation in the CNS
(Andreasson et al., 2016). We investigated whether the imbalance be-
tween microglial TLR4 and TREM2 mediated microglial polarization
and neuroinflammation in LPS-induced BV2 cells. In the current study,
we analyzed the potential eff ;ects of curcumin on microglial M1/M2
polarization and further elucidated the underlying mechanisms of ac-
tion.

2. Materials and methods

2.1. Materials

BV2 mouse microglial line, fetal bovine serum (FBS), and 1% pe-
nicillin–streptomycin were purchased from ScienCell (CA, USA).
Curcumin and LPS were obtained from Sigma. Enzyme-linked im-
munosorbent assay (ELISA) kits for IL-1β and IL-10 were purchased
from Anogen. NO assay kit and RNAeasy™ animal RNA isolation kit
with spin column were from Beyotime. TB Green™ Premix Ex Taq™ II
(Tli RNaseH Plus) and PrimeScript™ RT Master Mix (Perfect Real Time)
were purchased from Takara (Japan). Cell Counting Kit-8 assay (CCK-8)
was acquired from Dojindo. Antibodies against beta-actin, HRP-

conjugated AffiniPure Goat Anti-Mouse IgG (H+ L) and HRP-con-
jugated Affinipure Goat Anti-Rabbit IgG(H+ L) were obtained from
Proteintech. Antibodies targeting Iba-1, TREM2, iNOS CD206 and
donkey anti-goat AlexFluor 555®, donkey anti- rabbit AlexFluor 488®,
and donkey anti-rabbit Alex Fluor 555® secondary antibodies were
obtained from Abcam. Antibodies for IκB-α, p-IκB-α, NF-κB p65, and p-
NF-κB p65 were supplied by Cell Signaling. Antibodies for TLR4 were
acquired from Santa Cruz Biotechnology. Anti-mo CD206 MR6F3 PE
and Ms CD16/CD32 APC were purchased from eBiosciences.

2.2. Cell culture and treatment

Immortalized mouse BV2 microglial cell lines were cultured in MEM
medium with 10% FBS and 1% penicillin/streptomycin at 37 °C in a
humidified atmosphere containing 95% air and 5% CO2, and the
medium was changed every two days. The cells were split with 0.25%
trypsin when they reached 80% confluence and sub-cultured for further
passages. Cells were pretreated with various concentrations of cur-
cumin (1,5, 10, 20, and 40 μM) for 2 h, and treated with or without LPS
(1 μg/mL) for 24 h.

2.3. Cell viability assay and morphological analysis

Cell viability was assessed with the CCK-8 assay using a 96-well
culture plate, as described previously (Shi et al., 2019). Briefly, BV2
cells were seeded and treated with diff ;erent concentrations of cur-
cumin in the presence or absence of LPS for 24 h. CCK-8 solution
(10 μL) was added to each well. After incubation for 2 h at 37 °C, the
absorbance at 450 nm was read on a microplate reader (Thermo Sci-
entific). For morphological analysis, cells were imaged with the
Olympus microscope system (Olympus, Tokyo, Japan) at 20× mag-
nification.

2.4. NO assay

Microglial production of NO was assessed by measuring the accu-
mulated nitrite released into culture media. A cell suspension was
prepared by seeding BV2 microglial cells in the logarithmic growth
phase into a 6-well culture plate at a density of 1× 106 cells/well (2mL
medium/well). After 24 h, cells were pretreated with different con-
centrations of curcumin (1, 5, and 10 μM) for 2 h, and incubated with or
without LPS (1 μg/mL) for 24 h. The supernatant was collected, and NO
production was determined using a NO assay kit protocol. The absor-
bance of the reaction mixtures was measured at 540 nm using a mi-
croplate reader (Thermo Scientific).

2.5. Flow cytometry

Cells were plated in 6-well dishes at a density of 1×106 per well
and incubated as aforementioned for 24 h. After the addition of cur-
cumin for 2 h, LPS was added to each well and the cells were incubated
for an additional 24 h. The cells in the culture dish were digested using
trypsin, and washed and re-suspended in cold PBS at a density of (1–3)
× 106 cells/mL. The membrane proteins CD16/32 and CD206 were
detected by direct immunofluorescence staining. The cells were in-
cubated with APC-conjugated monoclonal mouse CD16/32 antibodies
or PE-conjugated monoclonal mouse CD206 antibodies at room tem-
perature in the dark for 30min. The cells were washed twice with PBS
and re-suspended in 500 μL of 1×PBS solution. APC and PE-con-
jugated monoclonal antibodies with irrelevant specificity were used as
negative controls. Light scatter characteristics of each sample (105 cells)
were analyzed using flow cytometry (CytoFLEX LX, USA).

2.6. ELISA for the determination of cytokine levels

A cell suspension was prepared by inoculating BV2 microglial cells

Fig. 1. Chemical structure of curcumin.
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in the logarithmic growth phase into a 6-well culture plate. After 24 h,
cells were pretreated with different concentrations of curcumin (1, 5,
and 10 μM) for 2 h, and incubated with or without LPS (1 μg/mL) for
24 h. The supernatant was collected, and the concentrations of IL-1β
and IL-10 levels were measured by ELISA according to the manu-
facturer’s instructions. Optical density (OD) was measured at 450 nm
using a microplate reader (Thermo Scientific).

2.7. Quantitative PCR (qPCR) assay

Total RNA was extracted using the RNAeasy™ animal RNA isolation
kit with a spin column according to the manufacturer’s protocol.
Isolated RNA was reverse-transcribed into cDNA using the PrimeScript™
RT Master Mix (Perfect Real Time) following the standard protocol. The
qPCR assay was conducted using TB Green™ Premix Ex Taq™ II (Tli
RNaseH Plus) with the Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems, United States). The amplification parameters were
95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s,
95 °C for 15 s, 60 °C for 60 s, and 95 °C for 15 s. Each sample was ana-
lyzed in triplicate, and the relative expression of mRNA was calculated
after normalization to β-actin. All primer sequences used are listed in
Table 1.

2.8. Western blot analysis

Cells were seeded in T25 flasks, and incubated and treated as
mentioned above. Cultured cells were lysed with RIPA buff ;er sup-
plemented with protease and phosphatase inhibitors, scraped off ; the
flasks, and collected for protein extraction. The lysates were incubated
on ice for 10min and centrifuged at 12,000 rpm for 5min at 4 °C, and
the supernatants were collected. The protein concentration was de-
termined using a BCA kit. Proteins (30 μg) were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes for 60min at
250mA. After blocking with 5% non-fat milk or BSA for 2 h in TBS-T,
the membrane was incubated overnight with primary antibodies
(TREM2, 1:500; TLR4, 1:500; IκBα, 1:1000; p-IκBα, 1:1000; NF-κB,
1:1000; p-NF-κB, 1:1000; β-actin, 1:1000) in TBS-T at 4 °C overnight.
On the next day, the membrane was washed three times for 10min each
with TBS-T buff ;er, and incubated for 60min with anti-rabbit or anti-
mouse horseradish peroxidase (HRP)-conjugated immunoglobulin G
(IgG) secondary antibodies diluted in TBS-T (1:3000). Finally, the
membrane was washed three times for 10min each, with TBS-T buff ;er.
The protein bands were detected with enhanced chemiluminescence
(ECL). Digital images were analyzed using Quantity One to obtain the
grey-scale value of signals. β-actin was used as an internal reference.

2.9. Immunofluorescence staining

A slide coated with poly L-lysine (0.1 mg/mL) was placed in a 24-
well plate. BV2 cells were cultured and treated as indicated, and fixed
with 4% paraformaldehyde for 30min at room temperature followed by
permeabilization using 0.3% Triton X-100 for 15min. The cells were
blocked with PBS containing 3% donkey serum for 1 h. The cells were

incubated with anti-goat Iba-1 (1:200), anti-rabbit TREM2 (1:200),
anti-rabbit CD206 (1:500), and anti-rabbit iNOS (1:100) at 4 °C over-
night. On the following day, cells were washed with PBS and incubated
with donkey anti-goat AlexFluor 555® (1:500), donkey anti- rabbit
AlexFluor 488® (1:500), and donkey anti-rabbit Alex Fluor 555®
(1:500) secondary antibodies for 1 h. The cells were treated with an
anti-fade mounting medium with DAPI for 10min at 37 °C. All images
were captured with a fluorescence microscope (Olympus, Japan).

2.10. Phagocytosis assay

The microglial phagocytosis was evaluated by imaging analysis with
latex beads. Briefly, BV-2 cells were re-plated on glass coverslips in 12-
well tissue culture dishes (5×104 cells/dish). Pre-opsonize aqueous
green fluorescent latex beads in FBS for 1 h at 37 °C. The ratio of beads
to FBS is 1:5. Dilute the bead-containing FBS with DMEM to reach the
final concentrations for beads and FBS in DMEM of 0.01% (v/v) and
0.05% (v/v), respectively. Replace microglial conditioned culture
media with beads-containing DMEM and incubate cultures at 37 °C for
1 h. Then, the BV-2 cells were thoroughly washed with PBS to remove
any extracellular beads before being fixed in 4% paraformaldehyde.
After washing again with PBS, the BV-2 cells were blocked for 1 h with
blocking solution (1% BSA, 0.3% Triton in PBS). The cells were in-
cubated with anti-Iba1 antibody (1:500) for 1 h. After the 1-h incuba-
tion, the cells were washed with PBS and incubated with donkey anti-
goat AlexFluor 555® (1:500) for 1 h. Finally, the coverslips were
mounted with DAPI. BV-2 cells were examined under a microscope to
determine whether the fluorescent beads had been phagocytosed and
were present inside the cells.

2.11. Statistical analysis

Data are reported as mean ± standard error of the mean (SEM)
from three independent experiments, each performed in triplicate. Data
analysis was performed using one-way analysis of variance (ANOVA)
with SPSS 23.0, followed by Tukey post-hoc test. P < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Effects of curcumin on the viability of BV2 cells and microglial
activation

To determine whether curcumin influences the viability of BV2
cells, the cell counting kit-8 (CCK-8) assay was performed 24 h after
treatment with various concentrations of curcumin ranging from 1 μM
to 40 μM. Results (Fig. 2A) showed that curcumin concentrations less
than 10 μM alone did not induce any detectable cytotoxicity but de-
creased BV2 cell viability and induced cytotoxicity at 20 μM con-
centration. Thus, the concentrations of curcumin ranging from 1 to
10 μM were used in subsequent experiments. The BV2 cells were pre-
treated with different concentrations of curcumin for 2 h, and incubated
for 24 h with or without LPS (1 μg/mL). Curcumin at different con-
centrations (1, 5, and 10 μM) showed no significant toxic eff ;ects on

Table 1
Primers for qPCR.

Gene Sense (5ˊ-3) Anti-sense (5ˊ-3)

IL-1β TTTGAAGTTGACGGACCCCAA CACAGCTTCTCCACAGCCACA
IL-4 ATCGGCATTTTGAACGAGGTCACA CGAAGCACCTTGGAAGCCCTA
IL-6 TTCTTGGGACTGATGCTGGTG CACAACTCTTTTCTCATTTCCACGA
IL-10 TTACCTGGTAGAAGTGATGCCC GACACCTTGGTCTTGGAGCTTA
Arg-1 AGGAAAGCTGGTCTGCTGGAA AGATGCTTCCAACTGCCAGAC
iNOS GGGCTGTCACGGAGATCAATG GCCCGGTACTCATTCTGCATG
Actin CTGAGAGGGAAATCGTGCGT CCACAGGATTCCATACCCAAGA
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cell viability (Fig. 2B).
To investigate the eff ;ects of curcumin on LPS-induced microglial

activation, the morphological changes and phagocytic activity in BV2
cells were evaluated after treatment with curcumin (5 μM) with or

without LPS. As indicated in Fig. 2C and 2D, both microscopic and
immunostaining results using an anti-Iba-1 (a specific microglial
marker) antibody showed that the resting microglia were spindle-
shaped with small cell bodies and long processes. After treatment with

Fig. 2. Effects of curcumin on the via-
bility and activation of BV2 cells with
or without LPS stimulation. Effects of
different concentrations of curcumin
alone on cell viability (A). BV2 cells were
pretreated with different concentrations
of curcumin for 2 h and incubated with or
without LPS (1 μg/mL) for 24 h. Cell via-
bility was determined using CCK-8 assay
(B); cell morphology was observed with
an optical microscope (C), and im-
munostaining (D). Representative photo-
micrographs showed BV-2 cells con-
taining phagocytosed fluorescent beads
(green) immunolabeled using an anti-io-
nized calcium-binding adaptor protein 1
(Iba1) antibody (red). Nuclei were stained
with DAPI (blue). Data are presented as
the means ± SEM from three in-
dependent experiments performed in tri-
plicate. #p< 0.05 compared with the
control group. ∗p< 0.05 compared with
the LPS-treated group. Scale bar =50 μm.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article).
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LPS, the microglia acquired a pro-inflammatory M1 amoeboid mor-
phology, characterized by thick and short cell bodies. However, LPS-
induced morphological changes in BV2 cells were attenuated after
treatment with curcumin. Surprisingly, the number of cells containing
phagocytosed beads decreased after LPS stimulation in comparison to
control, but this number was reduced by curcumin (Fig. 2E). These
results suggest that optimal concentration of curcumin could reverse
LPS-induced phagocytic activity decreased and morphological changes.

3.2. Effects of curcumin on the production of NO and inflammatory
cytokines in LPS-induced BV2 cells

BV2 cells were pretreated with different concentrations of curcumin
for 2 h, and incubated for 24 h with or without LPS. To determine the
effects of curcumin on LPS-induced inflammatory mediators, we in-
itially evaluated the production of NO. Results showed (Fig. 3A) that
NO level was significantly increased after LPS treatment, compared

with the control group. Interestingly, curcumin (1–10 μM) reduced NO
levels in a dose-dependent manner. Both ELISA and qRT-PCR were used
to investigate whether curcumin regulated the expression of in-
flammatory cytokines. The LPS-induced production of IL-1β, IL-4,
iNOS, IL-6, IL-10, and Arg-1 was measured by qRT-PCR. Results showed
(Fig. 3B) that the level of M1 pro-inflammatory cytokines was greatly
increased by LPS stimulation, as evidenced by the production of IL-1β,
IL-6, and iNOS. The M2 anti-inflammatory cytokines (IL-6, IL-10, and
Arg-1) were decreased after LPS stimulation. Importantly, curcumin
treatment inhibited LPS-induced M1 pro-inflammatory cytokine (IL-1β,
IL-6, and iNOS) synthesis whereas the production of M2 anti-infl-
ammatory cytokines (IL-6, IL-10, and Arg-1) was increased in a dose-
dependent manner. Consistent with the results of qRT-PCR analysis,
ELISA showed that treatment with LPS significantly increased the level
of pro-inflammatory cytokines (IL-1β and IL-6) while the anti-infl-
ammatory cytokine (IL-10, IL-4, and Arg-1) level was markedly de-
creased. Interestingly, the expression of pro-inflammatory and anti-

Fig. 3. Eff ;ects of curcumin on LPS-induced NO production and inflammatory cytokine production. BV2 cells were pretreated with various concentrations of
curcumin for 2 h and incubated with or without LPS (1 μg/mL) for 24 h. (A) NO concentration in the supernatant was measured using the Griess reaction. Levels of IL-
1β, IL-6, IL-4, IL-10, and Arg-1 in the supernatants were determined by ELISA, and the whole cells were collected to determine the gene expression of IL-1β, IL-6,
iNOS, IL-4, IL-10, and Arg-1 using real time RT-PCR (B,C). Data are presented as the means ± SEM of three independent experiments. #p<0.05 compared with the
control group. ∗p< 0.05 compared with the LPS-treated group.
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inflammatory cytokines was significantly and dose-dependently re-
versed in the presence of curcumin (Fig. 3C). These results indicate that
curcumin exhibited anti-inflammatory effects in LPS-stimulated BV2
cells.

3.3. Curcumin promoted microglial polarization to the M2 phenotype in
LPS-induced BV2 cells

CD16/32 and iNOS were used as the markers of M1 polarization,
while CD206 was employed as the marker of M2 polarization. To
evaluate whether the neuroprotective eff ;ect of curcumin was asso-
ciated with BV2 cell polarization, we measured the expression of CD16/
32 and CD206 via flow cytometry to determine the effect of curcumin
on phenotype switch in BV2 cells. As shown in Fig. 4A–D, the protein
expression of CD16/32 was markedly downregulated by curcumin
pretreatment, compared with that of the LPS group. Curcumin pre-
treatment greatly increased the expression of CD206 in BV2 cells
compared with the LPS group. To further determine whether curcumin
switched microglial phenotype from M1 to M2, we measured the ex-
pression of iNOS and CD206. As shown in Fig. 5A–D, higher levels of
iNOS immunoreactivity and diminished CD206 immunoreactivity were
detected in LPS-treated cultures, compared with the control group.
Curcumin pretreatment decreased iNOS immunoreactivity and in-
creased CD206 immunoreactivity.

3.4. Effects of curcumin on LPS-induced TREM2/TLR4/NF-κB pathways

It has been reported both TLR4 and TREM2 are microglial mem-
brane receptors that play an important role in signaling pathways
mediating inflammation. Because LPS may induce neuroinflammation
via interaction with microglial membrane receptors, we first de-
termined the levels of two key regulators, TLR4 and TREM2, in LPS-
treated BV2 cells. As shown in Fig. 6A, the western blot showed a
persistent upregulation of TLR4 expression, and interestingly, a sig-
nificant downregulation of TREM2 expression in LPS-treated BV2 cells
compared with the control group. However, curcumin pretreatment
effectively inhibited TLR4 expression, but increased TREM2 expression.
Because the activation of NF-κB by LPS induced the expression of pro-
inflammatory cytokines, we evaluated the effects of curcumin on NF-κB

pathway via western blotting analysis. As shown in Fig. 6B and C, LPS
stimulation resulted in the phosphorylation of IκB-α, and NF-κB p65
without affecting the expression of IκB-α and NF-κB p-65. However,
curcumin pretreatment decreased the expression of p-IκB-α and p-NF-
κB p65. Together, these results indicate that curcumin abrogated the
LPS-induced imbalance of TREM2 and TLR4 by balancing the down-
stream NF-κB activation, which may probably contribute to the over-
activation of microglia.

4. Discussion

Recently, several phytochemicals have been comprehensively in-
vestigated for their potential neuroprotective effects in various neuro-
logical disorders (Costa et al., 2018; Patel and Udayabanu, 2017).
Curcumin, isolated from Curcuma longa, is a highly pleiotropic molecule
with numerous biological properties including anti-inflammatory, an-
ti‐oxidative, and anti‐cancer activities. Extensive preclinical trials have
indicated the therapeutic potential of curcumin against a wide range of
human diseases (Abrahams et al., 2019; Bielak-Zmijewska et al., 2019;
Ghasemi et al., 2019). In this study, we explored the anti-inflammatory
properties of curcumin against LPS-induced neuroinflammation by
regulating microglial M1/M2 polarization by reducing the imbalance of
TREM2-TLR4-mediated NF-κB signaling pathway.

Increasing evidence has confirmed the ubiquitous role of neuroin-
flammation in the pathogenesis of neurological disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), ischemic stroke,
experimental autoimmune encephalomyelitis (EAE), and amyotrophic
lateral sclerosis (Jin et al., 2019a; Ravelli et al., 2019; Sharman et al.,
2019). Neuroinflammation is a double-edged sword in CNS diseases.
Acute neuroinflammation plays a protective role by scavenging harmful
substances in the body via microglial phagocytosis while chronic neu-
roinflammation is always detrimental to nervous tissue due to the re-
lease of various pro-inflammatory and cytotoxic factors (Block, 2014).
Thus, whether neuroinflammation has beneficial or harmful effects on
CNS may critically depend on the duration of the inflammatory re-
sponse and the type of microglia activation.

Microglia are highly plastic cells, and classification of activated
microglia into the classical pro-inflammatory M1 phenotype and the
alternative immunosuppressive M2 phenotype is an oversimplification.

Fig. 4. Eff ;ects of curcumin on LPS-induced protein expression of CD206 and CD16/32 in BV2 cells. The cells were pretreated with different concentrations of
curcumin 2 h, and incubated with or without LPS (1 μg/mL) for 24 h. (A, B) CD206 (M2) and (C, D) CD16/32 (M1) protein expression was measured via flow
cytometry. Data are presented as the means ± SEM of three independent experiments. #p< 0.05 compared with the control group. ∗p< 0.05 compared with the
LPS-treated group.
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The M1/M2 paradigm merely represents a simplified model of two
polar extremes of inflammatory response (Gaikwad and Heneka, 2013;
Ransohoff, 2016; Tang and Le, 2016). However, it is the most com-
monly used approach to elucidate the role of microglia in several brain
diseases. Typically, the activated M1 phenotype can be induced in vitro
by LPS to express various pro-inflammatory factors such as IL- 1β,
iNOS, and CD16. In contrast, IL-4 has been shown to induce the acti-
vated M2 phenotype, which is characterized by the expression of anti-
inflammatory and neurotrophic mediators such as IL-10, arg-1, and
CD206 (Cianciulli et al., 2016; Wu et al., 2018; Zhang et al., 2018a).
Based on previous anti-inflammatory prevention trials using non-ster-
oidal anti-inflammatory drugs (NSAIDs) and AD, the shift towards pro-
inflammatory M1 phenotype is not likely to result in overall benefits
(Cote et al., 2012; Lehrer and Rheinstein, 2015). Following stimulation,
microglia dynamically switch between M1 and M2 phenotypes re-
sulting in neurotoxic and neuroprotective effects, respectively. Ac-
cordingly, a timely shift of microglial M1 to M2 phenotype has been
regarded as a promising strategy for the management of neuroin-
flammation-related disorders. Recent studies have increasingly found
that the regulation of microglial M1/M2 polarization creates a micro-
environment conducive to CNS recovery by suppressing the deleterious
effects of inflammation, while boosting the neuroprotective potential.
For instance, IL-4 treatment was shown to enhance M2 microglial po-
larization and improve the outcomes of focal cerebral ischemia (Xiong
et al., 2015; Yang et al., 2016). Additional studies have shown that
enhanced M2 microglia polarization correlated with better clearance of
Aβ plaques in AD and decreased neurodegeneration in PD (Yan et al.,

2018; Zhang and He, 2017).
Thus, our study focused on the role of curcumin in the modulation

of microglial polarization. In the present in vitro study, we found that
LPS-induced M1 polarization led to a marked increase in NO release, IL-
1β, IL-6, CD16/32, iNOS mRNA, and protein expression and intense
iNOS staining, while treatment with curcumin prior to LPS stimulation
reversed the M1 polarization and strongly increased the expression of
the M2 microglial markers, IL-4, IL-10, CD206, and arg‐1. Collectively,
these results indicated that curcumin switched the polarization of LPS-
activated BV2 microglia from M1 to a predominantly M2 phenotype,
which was correlated with a significant decrease in neurotoxicity and
enhanced anti-inflammatory cytokine production. However, the mole-
cular mechanism by which curcumin induces changes in microglial
polarization remains unclear.

LPS is a component of the outer membrane of Gram-negative bac-
teria that acts as a TLR4 ligand to further induce various downstream
signal pathways such as NF-κB (Nair et al., 2019). As a key transcription
factor, NF-κB plays an important role in the expression of pro-in-
flammatory cytokines. Usually, inactivated NF-κB is located in the cy-
toplasm bound to the inhibitor of IκB. Activation by inflammatory sti-
muli, such as LPS, strongly enhances the phosphorylation and
proteasomal degradation of the IκB inhibitory proteins, resulting in the
release and nuclear translocation of NF-κB (Kim et al., 2019). Recently,
several studies indicated that TREM2 is an efficient negative regulator
of TLR4 signaling (Gawish et al., 2015; Rosciszewski et al., 2018; Zhou
et al., 2019). As a membrane receptor primarily expressed in microglial
cells within the CNS, TREM2 mediates critical functions of microglia,

Fig. 5. Curcumin switched microglial polarization from M1 to M2 in LPS-induced BV2 cells. Cells were pretreated with curcumin for 2 h, and incubated with or
without LPS (1 μg/mL) for 24 h. Cultures were visualized via immunostaining with anti-iNOS (M1 marker, red) and anti-CD206 (M2 marker, green) antibodies (A,B).
Nuclei were stained with DAPI (blue). (C,D) Representative images of fluorescence intensity of CD206 and iNOS with or without LPS treatment. Data are presented as
the means ± SEM of three independent experiments. #p< 0.05 compared with the control group. ∗p<0.05 compared with the LPS-treated group. Scale bar
=50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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such as suppression of pro-inflammatory cytokines and promotion of
phagocytosis of apoptotic neurons and cell debris (Takahashi et al.,
2005). In macrophages or dendritic cells, the reduced TREM2 expres-
sion enhanced inflammatory cytokine production after TLR activation
(Hamerman et al., 2006; Ito and Hamerman, 2012). Moreover, in vivo
studies suggested that TREM2 modulated neuroinflammatory responses
by negatively regulating the TLR4-mediated activation of NF-κB sig-
naling pathways (Ren et al., 2018). Therefore, we investigated whether
the activation of TREM2 via TLR4/NF-κB suppression confers neuro-
protective effects against LPS-induced neuroinflammatory responses in
BV2 cells. As expected, the results demonstrated that LPS effectively
enhanced the expression of TLR4, the degradation and phosphorylation
of IκBα, and the phosphorylation of NF-κB p65 in BV2 cells, but sig-
nificantly decreased TREM2 expression. However, curcumin adminis-
tration effectively reversed LPS-induced hyperactivity of TLR4 and NF-
κB by markedly increasing TREM2 expression in BV2 cells. Thus, cur-
cumin inhibits LPS-induced neuroinflammatory response by reducing
the imbalance of TREM2 and TLR4-mediated NF-κB activation.

In summary, the present study demonstrates for the first time that
curcumin facilitates microglial polarization from the pro-inflammatory
phenotype towards the anti-inflammatory phenotype by overcoming
the imbalance between TREM2 and TLR4 via balanced downstream NF-
κB activation. This study provides novel insights into the role of cur-
cumin treatment in microglia-mediated neuroinflammatory diseases.
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