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Metformin is a drug used for the treatment of diebeand is associated with anti-inflammatory reactbut the
underlying mechanism is unclear. In this studyjiwestigated the effect of metformin on the inflaatamy response in
BV-2 microglial cells induced by lipopolysacchari@€’S) and S100 calcium-binding protein A8 (S100A8)e results
revealed that metformin significantly attenuategesal inflammatory responses in BV-2 microgliali€gincluding the
secretion of pro-inflammatory cytokines, such asdunecrosis factar-and interleukin (IL)-6, involved in the activation
of Beclin-1, a crucial regulator of autophagy. dtdigion, metformin inhibited the LPS-induced phamptation of ERK.
Metformin also suppressed the activation of NOB-li&ceptor pyrin domain containing 3 inflammasoowesposed of
NLRP3, caspase-1, and apoptosis-associated skegkdiein containing a caspase recruitment domdiich are involved
in the innate immune response. Notably, metforreitrehsed the secretion of S100A8-induced IL-6 miimtu These
findings suggest that metformin alleviates the oeflammatory response via autophagy activation.
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al., 2016). Therefore, regulating the activatiomuofroglia
INTRODUCTION cells might have anti-inflammatory effects.
Furthermore, the nucleotide binding and oligomdinra
Microglial cells as a resident phagocyte in thetreén domain-like receptor containing a pyrin domain (NR3}
nervous system are essential for the neuroinflaompat inflammasomes are activated by the nuclear fa@&afNF-
response. Once activated by danger-associated utaslec «B) and mitogen-activated protein kinase (MAPK) algy
patterns (DAMPs) such as S100A8, S100A9, and fjeta( pathways (Bauernfeind et al., 2009). Although NLR#®3
amyloid or pathogen-associated molecular patté#slPs)  flammasome consists of NLRP3, the apoptosis-adedcia
such as ATP, interferop and lipopolysaccharides (LPS), speck-like protein containing a C-terminal caspaseuit-
microglial cells initiate an innate immune respoftdeneka  ment domain (ASC) and pro-caspase-1 activate bwth p
et al., 2015). It has been reported that activBié@ micro- caspase-1 and ILBlto regulate the immune response (Jo et
glial cells secrete pro-inflammatory cytokines,tsas tumor  al., 2016).
necrosis factor (TNR-and interleukin (IL)-6 (Cunha et It has been reported that autophagy regulatesmnfla
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matory responses via the downregulation ofdBFand  from AdipoGen Life Science (USA); and anti-JNK, iant
pro-inflammatory cytokines (Levine et al., 2011pKet al., p-JNK, and antp-actin from Santa Cruz Biotechnology
2014). Moreover, autophagy also inhibits the atitivaof (Santa Cruz, CA, USA).

inflammasome structures, and thus contributeseta@lém-

pening of pro-inflammatory response (Netea-Maiealgt

2015; Qian et al., 2017b). However, the proceswa/itigh BV-2 microglial cell line was obtained from the Sung-
autophagy negatively regulates NLRP3 inflammasane i Woo Cho in Department of Biochemistry and Molecular

Cell culture

unknown. Biology, University of Ulsan College of Medicineg@&l,

Metformin activates AMP-activated protein kinase South Korea) and was maintained in DMEM supplengente
(AMPK), one of the steps in autophagy and an enzymewith penicillin (100 U/mL), streptomycin (10&/mL), and
important for insulin activation, and is used foe treatment  10% FBS at 3T . The cells were incubated in a humidified
for type 2 diabetes. In fact, studies have repdttecbene-  atmosphere containing 5% €O
ficial effects of metformin in various disorderacluding

) ] MTT assay
morphine analgesia (Pan et al., 2016) and prostateer
(Whitburn et al., 2017). However, most studies aohs BV-2 microglial cells were seeded in a 96-well @it <
effects of metformin have not discussed microgitivation,  10* cells/well) and cultured overnight. Subsequertbigy
specifically through NLRP3 inflammasome mediatioml a were incubated with metformin (1, 2, 4, 8, and 1¥)m
DAMP-stimulated inflammation. In this study, we &dito  After incubation for 24 h, the cells were assayadckll
investigate the anti-inflammatory effects of matfior in viability by the addition of Ez-Cytox reagent (2D/well)
relation to its regulatory role on inflammatorypesses and  and further incubated for 1 h at'87 Thereafter, the absor-
NLRP3 inflammasome activation via autophagy adtvat  bance of sample in the 96-well plate was measusadyu
an ELISA microplate reader (Molecular Device, Swaig,
MATERIALS AND METHODS CA, USA) at 450 nm.

Materials Enzyme-linked immunosorbent assay

Both metformin and LPS were obtained from Sigma- BV-2 microglial cells were seeded in a 6-well pgex<
Aldrich (St. Louis, MO, USA). Dulbecco's modifiecifle’s  10° cells/well) and incubated with metformin (2, 4dah
medium (DMEM) and phosphate-buffered saline (PBSEw mM) for 20 h, followed by treatment with LPS (1(/mdy)
purchased from Hyclone (Logan, UT, USA). Penicillin or S100A8 (1Qug/mL). After incubation for 4 h, cell-free
(100 U/mL)/streptomycin (100g/mL) was purchased from supernatants were collected and the level of bdtR-d
Gibco (Life Technologies Inc., Gaithersburg, MD,A)S  and IL-6 was measured in the extracellular medisingu
and heat-inactivated fetal bovine serum (FBS) vtgined  the mouse TNFe-and IL-6 DuoSet ELISA kit, according to
from Pan Biotech (Aidenbach, Germany). The S1008 p the manufacturer's instructions. The absorbans®lotion
tein was synthesized and purified as previouslgrilessd ~ was measured at 450 nm using a ELISA microplatierea
(Kim et al., 2015). Both TNke-and IL-6 were quantita- All assays were performed as three independentimqrgs.
tively measured by an enzyme-linked immunosorbesdya  The level of both TNFe:and IL-6 was calculated employing
(ELISA) using the mouse TNé&-and IL-6 DuoSet ELISA  the standard value obtained from a linear regmessjaation.
kit (R&D systems, Minneapolis, MN, USA), accordita
the manufacturer's instructions. The following lamdiies
were used for western blotting: anti-Beclin-1, &K, Following the treatment with both LPS (10 ng/mL) or
anti-pERK, and anti-NLRP3 from Cell Signaling Teclugy S100A8 (10ug/mL) and metformin (2 mM) at specific
(Beverly, MA, USA); anti-caspase-1 (p20) and aricA  times, BV-2 microglial cell pellets were lysed usieither

Western blot analysis
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the cytosolic extraction or RIPA buffer. Theregffmotein

software package (Version 18.0, Chicago, IL, USAsw

samples (3Qug/lane) were separated by sodium dodecylused for the analysis of variance (ANOVA), as appate.

sulfate (SDS)-polyacrylamide gel electrophoresislon
12% SDS gels. The proteins were transferred omitra
cellulose membrane, and then the membrane wasaitgzlib
overnight at 4° with the primary antibody, followed by
incubation for 1 h at room temperature with eitier anti-
rabbit IgG HRP or the anti-mouse IgG HRP secondatiy
bodies. The protein bands on the membrane werdoged

Additionally, individual differences among eachgpovere
compared through one-way ANOVA, followed by Scheffe
and Dunnett T3 methods. The results viAtke 0.05 were
considered statistically significant.

RESULTS

Metformin increased autophagy protein level in LPS-

using an enhanced chemiluminescence detectionnsyste

(Vilber Lourmat, Marne-la-Vallee, France).
Statistical analyses

Data are presented as meastandard error and are repre-
sentative of three independent experiments. SREStisal
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The cytotoxicity of metformin was evaluated priotie
analysis of autophagy activation in BV-2 cells. fdenin
did not exhibit cytotoxicity at low concentratiofi§g. 1A).
The result suggests that metformin did not affeetdability
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Fig. 1. Metformin did not markedly affect cell viahilities and autophagy activation in BV-2 microglial cells.(A) Effects of Metformir
on cell viahility. BV-2 microglial cells were incaked with indicated concentrationsi&tformin for 24 h. Cell viabilities were assesbg
the MTT assay. (B) BV-2 microglial cells were ineitded with indicated concentrationsigtformin for 24 h. Metformin (1, 2, and 4 m
increased expression of Beclin-1. (C) BV-2 micraigtells were incubated with 2 mM dfetformin for 20 h followed by treatment w
LPS (10 ng/mL) for 4 h. Beclin-1 was confirmed bgstern blotting. (D) The relative ratio of Becliff-hctin. Data fromhree independe
experiments are presented as the mega8D. *<0.05, ** <0.01, *** <0.001 are related with Metfoimtreated cells.
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Fig. 2. Effects of Metformin on JNK, ERK, NLRP3 inflammasome expression in LPS-induced BV-2 microglialells.BV-2 microglia
cells were incubated with indicated concentratiadnigletformin for 20 h followed by treatment with 8§10 ng/mL) for 4 h. B\2 microglia
cells were lysed to whole lysates. The expressigA)g-INK, (B) p-ERK, (C) NLRP3, (D) caspad¢20), and ASC was examinec
Western blotp-actin was used as an internal control. (E) Tlaivelratio of caspase-1 (pg®ctin. Data from three independent experin
are presented as the mean§.D. *<0.05, ** <0.01, *** <0.001 are related with Metfommtreated cells.

of BV-2 cells. The expression of autophagy actinetgin,
Beclin-1, was upregulated by metformin in BV-2 sdkig
1B). In addition, the expression of Beclin-1 wamgicantly
increased in metformin and LPS-treated BV-2 celisared
with that in LPS alone-induced BV-2 cells (Fig. 4@l D).
These results suggest that metformin induces aagyph
without affecting cell viability.

Metformin inhibited both the phosphorylation of JNK
and ERK and the activation of NLRP3 inflammasome
in LPS-treated BV-2 cells

We examined the phosphorylation of JNK to confine t
anti-inflammatory effects of metformin. As shownFig.
2A, LPS induced the phosphorylation of JNK, whetbas
metformin treatment blocked the phosphorylation.

It has been reported that the activation of MAR(gh
as ERK, mediates the activation of NLRP3 inflammaess

in microglia (Huang et al., 2018). Following therdification
of inhibition of LPS-induced phosphorylation of ERly
metformin (Fig. 2B), we evaluated whether metforoonld
prevent the activation of NLRP3 inflammasome in LPS
treated BV-2 cells. Western blot analysis demotesirthat
the expression of NLRP3, active caspase-1, and W&C
increased in response to LPS stimulation, and¢agment
with metformin significantly downregulated LPS-iruhal

protein expression (Fig. 2C and D). These resutteate
that metformin reduced the immune response ane ezl
NLRP3 inflammasome in LPS-stimulated BV-2 cells.

Effects of metformin on the secretion of pro-inflanmatory
cytokines in LPS-induced BV-2 cells

The protective effect of metformin on pro-inflamiorgt
cytokines was further investigated using the ELI®A.
shown in Fig. 3A and B, both TNérand IL-6 levels were
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Fig. 3. Metformin prohibits the expression of pro-nflammatory cytokine in LPS treated BV-2 microglial cells. (A and B) BV2
microglial cells were treated with indicated corications ofMetformin for 20 h followed by treatment with LP80(ng/mL) for 4 t
Cell-free conditioned culture medium collected are analyzed by ELISA for IL-6, TN&- Data from three independent experim
are presented as the mednS.D. *<0.05, ** <0.01, ** <0.001 are related with LPS-inced cells and Metformin treated cells.
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S . (C) Level of IL6 in the culture media were determi
O.J , : : : L by ELISA. Data from three independent experirr
Control - 2 mM 4 mM 6mM Met are presented as the meanS.D. *<0.05, ** <0.01
** <0.001 are related with S100A&mulated cells ar
+ S100A8 (10 ug/mL) Metformin treated cells.

found to be increased in LPS-treated BV-2 cellsvéicer,
their secretion decreased in a dose-dependent maithe
metformin treatment. These data suggested thaommetf

could suppress the secretion of pro-inflammatotgldéges
induced by LPS. S100A8 has been reported to upregulate inflammatory

Metformin attenuated the secretion of pro-inflammabry
cytokines induced by S100A8 by activating Beclin-ih
BV-2 cells
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response (Wang et al., 2018). Thus, we examinethehe
metformin regulates the secretion of pro-inflammatyto-
kines via the activation of autophagy. The cellsanmacu-
bated with metformin (2 mM), with or without S100A8
(10 pg/mL), for 24 h. Unlike that in LPS-stimulated BV-2
cells, the activity of Beclin-1 decreased in BVelistreated
with S100A8. However, metformin activated BeclinAl
S100A8-induced BV-2 cells (Fig. 4A). BV-2 cells wen-
cubated with the indicated concentration of botitfonain
and S100A8. Although S100A8 markedly increasedl tite
level, it was inhibited by metformin in a dose-dagent
manner (Fig. 4B). These results further demonstrtat
metformin can inhibit S100A8-induced pro-inflamnrgto
cytokine secretion in BV-2 cells.

DISCUSSION

Recent studies have suggested that metformin mméylet
neuroprotective effect in several neurologic diseaguch
as Alzheimer's disease (Chen et al., 2009) andriRarks
disease (Kuan et al., 2017). Furthermore, activaietbglial
cells release pro-inflammatory cytokines such as-&Nnd
IL-6 in chronic neurodegenerative diseases (Hanizab2).
The present study results indicated the effectaatformin
on the activation of microglial cells following LP8&r
S100A8 treatment, as evidenced by a significaredse in
pro-inflammatory cytokine levels after metformiagtment.

In addition, neurodegenerative diseases might be-as
ciated with the activation of NLRP3 inflammasonmgsig
et al., 2017). NLRP3 inflammasomes are an intralaell
protein complex sensor that recognize PAMPs and BAM
They regulate the immune response in microglidé dsf
activating both pro-caspase-1 and {Abderrazak et al.,
2015). However, the effect of metformin on NLRPfBaim-
masome is unknown.

In the present study, we confirmed the effect ot-me
formin on NLRP3 inflammasome activation. The result
indicated that metformin considerably reduced ¥peession
of NLRP3, active caspase-1, and ASC. Studies hage s
gested that NLRP3 inflammasome activates MAPK kigna
a well-known inflammatory response (Bauernfeindlet
2009; Fan et al., 2017). Moreover, our findingsgasged

the inhibition of MAPK signaling molecules, suchpa3NK
and p-ERK, in metformin-treated BV-2 cells.

Recent studies have suggested that the activafion o
autophagy inhibits inflammation (Netea-Maier et 2015;
Qian et al., 2017a). Therefore, we thought thabghagy
activation, which is characteristic of metformiasults in
anti-inflammation effect. Unexpectedly, the expi@sof
autophagy protein Beclin-1 was increased in mefform
treated BV-2 cells stimulated with LPS and S100A8.

In summary, we demonstrated that metformin reduces
the activation of NLRP3 inflammasomes, inhibits pine-
inflammatory and MAPK signaling pathways in LPStioed
BV-2 cells, and reduces the secretion of IL-6 i0(B48-
stimulated BV-2 cells by Beclin-1 activation. Alingh the
mechanism that regulates the activation of NLRH&rm
masomes has not been clearly elucidated, our ptogpses
that metformin might be a candidate drug for teattnent
of neuroinflammation.
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