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Abstract

Neuroinflammation resulting from microglial activation is involved in the pathogenesis of neurodegenerative diseases,
including Parkinson’s diseases. Microglial activation plays an important role in neuroinflammation and contributes to several
neurological disorders. Hence, inhibition of both microglial activation and the generation of pro-inflammatory cytokines
may lead to an effective treatment for neurodegenerative diseases. In the present study, the anti-neuroinflammatory effects of
galangin were investigated in lipopolysaccharide (LPS)-stimulated BV-2 microglial cells. Galangin significantly decreased
the generation of nitric oxide, interleukin-1f, and inducible nitric oxide synthase in LPS-stimulated BV-2 microglial cells.
In addition, galangin inhibited the phosphorylation of p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal
kinase 1/2. Furthermore, it was observed that activation of both IxB-a and nuclear factor kappa B (NF-xB) was significantly
increased following LPS stimulation, and this effect was suppressed by galangin treatment. In conclusion, galangin displayed
an anti-neuroinflammatory activity in LPS-stimulated BV-2 microglial cells. Galangin inhibited LPS-induced neuroinflam-
mation via the MAPK and NF-«kB signaling pathways and might act as a natural therapeutic agent for the treatment of various
neuroinflammatory conditions.
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Introduction

Neuroinflammation plays an important role in Parkinson’s
and Alzheimer’s disease and other neurodegenerative con-
ditions [1, 2]. Neuroinflammatory responses are character-
ized by reactive oxygen species, inflammatory cytokines,
and reactive nitrogen species, which have pivotal functions
in the development and maintenance of the response [3—6].
Parkinson’s and Alzheimer’s disease are a very common pro-
gressive neurodegenerative disorder and have increased in
recent years with the advent of improved imaging of cerebral
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dopamine distribution allowing presymptomatic diagnosis
[7-9].

Microglia is the resident macrophage of the central nerv-
ous system (CNS) and the primary effector cells mediat-
ing neuroinflammation. Moreover, they are known to act
as phagocytes in the brain and account for 10-15% of total
brain cells [10]. Microglia plays important roles in the neu-
roinflammatory response, which is the major defense mecha-
nism against exogenous pathogens and injury to the CNS.
Because damage to the CNS could be catastrophic, this pro-
cess is very sensitive to small pathological changes in the
surrounding environment [11]. The CNS is capable with an
elaborated response repertoire termed “neuroinflammation,”
which enables it to cope with toxin and pathogens [9].

For example, microglia can be activated by lipopoly-
saccharide (LPS), an endotoxin released from the outer
membrane of gram-negative bacteria, and quickly initiate
a neuroinflammatory response by accelerating the produc-
tion of pro-inflammatory mediators, such as nitric oxide
(NO), and pro-inflammatory cytokines such as interleukin
(IL)-1B, IL-6, and tumor necrosis factor (TNF)-a [12, 13].
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Conversely, neuroinflammation resulting from microglial
activation is considered a major event in the pathogenesis of
several neurodegenerative disorders [14]. Therefore, modu-
lation of both microglial activation and the production of
pro-inflammatory mediators and cytokines is considered a
promising strategy in mediating the onset and progression
of neurodegenerative diseases.

Galangin (3,5,7-trihydroxyflavone) has three hydroxyl
groups and carbon rings and belongs to the flavonols, which
are a class of flavonoids. It is abundant in Zingiber officinale
(ginger), Alpinia officinarum, and Helichrysum aureonitens.
In previous studies, it has been reported that galangin has
useful biological activities such as anti-fibrosis, anti-can-
cer, and as an antioxidant [15-18]. However, the effect of
galangin on microglia-mediated neuroinflammation has not
yet been established. Therefore, our present study investi-
gated the effect of galangin on LPS-stimulated BV-2 micro-
glial cells in vitro and explored the underlying molecular
mechanisms.

Materials and methods
Chemicals and reagents

Galangin (HPLC >95.0%) was purchased from Sigma
Chemical Co. (MO, USA). The molecular structure of
galangin is shown in Fig. la. Griess reagent, 3-(4,5-dime-
thyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), was purchased from Sigma. TNF-a, IL-1f, and
IL-6 ELISA detection kit were purchased from BioLegend
(CA, USA). All antibodies were purchased from Santa Cruz
biotechnology (CA, USA) and cell signaling (MA, USA).

Cell culture

BV-2 microglial cells were obtained from American Type
Culture Collection (VA, USA). Briefly, cells were cul-
tured at 37 °C in the presence of 5% CO, in DMEM sup-
plemented with 10% FBS, 200 1U/ml penicillin, 200 pg/
ml streptomycin, 4 mM L-glutamine and 1 mM sodium
pyruvate. Galangin was reconstituted in dimethyl sulfoxide
(DMSO) and then diluted to the desired concentration in
DMEM (final DMEM concentration 0.05% v/v). In the con-
trol (untreated) samples, equal amount DMSO was added.

MTT cell viability assay

Cells viability was assessed by using MTT reagent. The
cells (1 x 10* cells/well) were seeded in 96-well culture
plates. Seeded BV-2 microglial cells were pretreated with
galangin (5, 10, 20, and 30 uM) or with LPS for 24 h.
MTT solution (0.5 mg/mL) was added for 4 h at 37 °C
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Fig. 1 Galangin has no effect on viability in BV-2 microglial cells.
Microglia were seeded in 96-well cell culture plates and treated with
various concentrations of galangin (0-30 uM) (a), with the exception
of controls (0.03% DMSO). The number of viable cells was assessed
by an MTT assay after 24 h, as described in the “Materials and meth-
ods.” Data are reported as the percentage of viable cells present in
each condition versus the control cells (b). The data represent the
average (+SD) of four replicate wells and are representative of three
separate experiments

in the presence of 5% CO,. After incubation in 37 °C for
4 h, MTT solution was removed and formazan product
was dissolved in solubilization solution (1:1 =dimethyl
sulfoxide:ethanol) into a colored solution. Absorbance of
the formazan solution was quantified by an ELISA micro-
plate reader at 570 nm.

NO assay

BV-2 microglial cells (5 x 10* cells/well) were seeded
in 96-well culture plates in DMEM. Cultured cells
were pretreated with various concentrations of galangin
(0-30 uM) for 2 h and then cells were incubated for 22 h
in the absence or presence of LPS. After incubation, the
cultured medium was mixed with an equivalent volume
of 1x Griess Reagent and incubated for 15 min at room
temperature. After incubation, absorbance was measured
by ELISA microplate reader at 540 nm of absorbance.
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Reverse transcription (RT)-PCR

BV-2 microglial cells (1 x 10° cells/well) were seeded in
6-well culture plates in DMEM. Cultured cells were pre-
treated with various concentrations of galangin (0-30 uM)
for 2 h and then cells were incubated for 6 h in the absence
or presence of LPS. After incubation, the cells were col-
lected by centrifugation and total RNA was isolated from
galangin-treated cells using TRI reagent according to man-
ufacturer’s protocol. To synthesize cDNA, 0.5 pg of total
RNA was primed with oligo dT and reacted with mixture
of M-MLV RTase, dNTP, and reaction buffer (Promega,
WI, USA). To measure the mRNA level of inflammatory
cytokines, cDNA was amplified using Gene Atlas GO2 gra-
dient thermal cycler system (Astec, Japan) e-Taqg DNA poly-
merase kit (solgent, Daejeon, Korea) and indicated primers.
And then, PCR products were visualized by fluorescent dye
and UV transilluminator.

Enzyme-linked immunosorbent assay (ELISA)

BV-2 microglial cells (5 X 10* cells/well) were seeded in
96-well culture plates. Cells were pretreated with various
concentrations of galangin for 2 h, thereafter incubated in
the absence or presence of LPS for 22 h. Supernatant was
used for samples and the quantification of IL-1f release was
measured by Mouse IL-1p, IL-6, or TNF-a ELISA MAX™
Deluxe Sets (BioLegend, CA, USA), according to manufac-
turer’s protocol. Briefly, standards and samples were incu-
bated on capture antibody coated plate at 4 °C, overnight.
Detection antibody was incubated for 1 h and Avidin-HRP
binds to detection antibody. For visualization, substrate
solution was added to each well, and then the reaction was
stopped by stop solution (2N H,SO,). Absorbance was meas-
ured by ELISA microplate reader at 405 nm wavelength.

Western blot analysis

The cells were exposed to LPS (200 ng/ml) in the absence or
presence of 30 uM of galangin pretreatment. Following 15,
30, 45 min, or 24 h of incubation at 37 °C, cells were washed
twice with cold PBS and lysed with modified RIPA buffer
containing 150 mM sodium chloride, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 50 mM Tris (pH 8.0), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 2 pg/mL leupeptin, 1 ug/mL pepstatin,
1 mM sodium orthovanadate, and 100 mM sodium fluo-
ride for 30 min at 4 °C. Lysates were cleared by centrifug-
ing at 14,000xg for 15 min at 4 °C. The protein content of
cell lysates was determined using the Micro BCA assay kit
(Pierce, Rockford, IL, USA). Equivalent amounts of pro-
teins were separated by 10% SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically transferred

to Polyvinylidene Difluoride (PVDF) transfer membrane.
The membrane was placed into a blocking solution (5%
non-fat milk) at room temperature for 1 h. After blocking,
anti-ERK1/2, anti-phospho-ERK1/2 (p-ERK), anti-JNK,
anti-phospho-JNK, anti-p38, phospho-p38 (p-p38), anti-
iNOS, anti-COX-2, or anti-B-actin antibodies (Santa Cruz
Biotechnology, CA, USA) was used as the primary antibod-
ies. Horseradish peroxidase-conjugated anti-rabbit and anti-
mouse antibodies (Santa Cruze Biotechnology) were used
as the secondary antibodies. Band detection was performed
using the enhanced chemiluminescence (ECL) detection sys-
tem and exposed to radiographic film. Pre-stained protein
marker was used for molecular weight determination.

Immunofluorescence analysis

BV-2 microglial cells grown on coverslips were fixed with
4% paraformaldehyde in PBS for 15 min, permeabilized with
0.1% Triton X-100 for 15 min, and then blocked with 5%
bovine serum albumin in PBS for 30 min. Coverslips were
then incubated with primary antibodies against mouse p-p65
(eBioscience, San Diego, CA, USA) at a dilution of 1:100,
and then with secondary antibodies at a dilution of 1:200,
both at room temperature for 1 h. Cells were washed with
PBS, and nuclei were counterstainedwith4’,6-diamidino-
2-phenylindole (DAPI). Cover slips were mounted in 70%
glycerol, and micrographs were obtained with an Olympus
BX50 fluorescence microscope (Tokyo, Japan).
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Fig.2 Galangin reduces LPS-induced NO production in BV-2 micro-
glial cells. BV-2 microglial cells were seeded in 96-well cell culture
plates. Microglia were pretreated with various concentrations of
galangin for 2 h and stimulated with LPS (200 ng/ml). After 22 h, NO
levels were determined using an NO assay, as described in the “Mate-
rials and methods.” Briefly, supernatants were mixed with a Griess
reagent and the absorbance was measured by ELISA and a microplate
reader. The data represent the average (+SD) of four replicate wells
and are representative of three separate experiments (**P <0.01 vs.
LPS only groups)
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Statistical analysis

The results are presented as the mean + standard deviation.
The data were analyzed by one-way analysis of variance
(ANOVA) followed by Schefte’s post hoc test using SPSS. The
differences were considered statistically significant at p<0.01.

Results

Galangin inhibits the production
of NO in LPS-stimulated BV-2 microglial cells

This study investigated the effect of galangin on cell viabil-
ity and NO regulation. To determine cell viability, BV-2
microglial cells were cultured for 24 h in the presence of
various concentrations of galangin (0, 5, 10, 20, or 30 uM).
We found that galangin had no detectable cytotoxic effects
on BV-2 microglial cells in doses up to 30 uM (Fig. 1b).

+LPS (200 ng/ml)
20 30

10

Galangin (uM)

mRNA expression
(Fold of control)

16 -
14 A

+ LPS (200 ng/ml)

B Con 0 5 10 20 30 Galangin (uM)
iNOS ———— } sgt
R : 2w

g S

Pactin W W —— - 53 s
—_— £z

=]
COX-2 - m pED e £ & P
B-actin -.".-‘ .
) 0

Fig.3 Galangin suppresses the expression of pro-inflammatory fac-
tors at the level of mRNA and protein. a Microglia were pretreated
with galangin (0, 5, 10, 20, or 30 uM) for 2 h and stimulated with
LPS for 6 h. The levels of inflammatory genes were determined by
RT-PCR using GAPDH as an internal control. b Microglia were
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Subsequently, four non-cytotoxic doses of galangin were
chosen to test for anti-inflammatory effects. To this end, we
measured the levels of nitrite released in the culture medium
using an NO detection assay. BV-2 microglial cells were
pretreated with galangin for 2 h and then stimulated with
LPS (200 ng/ml). The Griess assay was used to investigate
whether galangin could effectively regulate NO production
at these concentrations. We found that LPS-induced NO
production was significantly decreased by galangin treat-
ment in a dose-dependent manner (Fig. 2). These results
indicate that galangin effectively inhibits NO production in
LPS-stimulated BV-2 microglial cells.

Galangin inhibits the expression
of pro-inflammatory genes and inducible enzymes
in LPS-stimulated BV-2 microglial cells

Given the strong inhibitory effects of galangin on NO pro-
duction in LPS-stimulated microglia cells, we decided to
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stimulated with LPS for 24 h, following pretreatment with galangin.
Western blots were used to determine protein levels using f-actin as
an internal control. Data are expressed as the average (+ SD) of tripli-
cate cultures (**P <0.01 vs. LPS only groups)
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BV-2 microglial cells. BV-2 microglial cells were pretreated with var-
ious concentrations (0, 5, 10, 20, or 30 uM) of galangin, and stimu-
lated with LPS for 24 h. Supernatants were measured for the release
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further investigate galangin for anti-inflammatory effects by
measuring the expression of inflammatory mediators in LPS-
stimulated BV-2 microglial cells. Specifically, we investi-
gated the expression of pro-inflammatory genes, including
IL-1B, IL-6, and TNF-a, as well as the levels of pro-inflam-
matory enzymes, such as inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-2. An RT-PCR analysis
was used to determine if galangin inhibits the expression of
pro-inflammatory genes and inducible enzymes. Microglia
were pretreated for 2 h with galangin and then stimulated
with LPS (200 ng/ml) for 6 h. As shown in Fig. 3a, mRNA
expression levels of iNOS, COX-2, IL-6, TNF-a, and IL-1f
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of IL-1pB, TNF-a, and IL-6 by ELISA (a). The pro-IL-1p proteins
were analyzed by Western blot analysis using anti-IL-1p antibody
(b). Data are expressed as the average (+SD) of triplicate cultures
(*P<0.05, **P <0.01 vs. LPS only groups)

were increased in LPS-stimulated BV-2 microglial cells.
Interestingly, the LPS-induced expression of iNOS and
IL-1p were significantly blunted by galangin treatment, in
a dose-dependent manner. We next investigated whether
galangin also blunted the LPS-induced expression of iNOS
at the level of protein expression. As shown in Fig. 3b, the
levels of iNOS protein were decreased by galangin treatment
in LPS-stimulated BV-2 microglial cells. However, neither
COX-2 mRNA nor protein levels were regulated by galangin
treatment. These results indicate that galangin inhibits the
expression of iNOS and IL-1p mRNA, as well as the levels
of iNOS protein, in LPS-stimulated microglia.
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«Fig.5 Galangin inhibits phosphorylation of the MAPK pathway and
NF-xB activation. Cells were starved in serum-free DMEM for 4 h
and pre-treated with 30 uM galangin for 2 h. Cells were then stimu-
lated with 200 ng/ml LPS for 15, 30, or 45 min. Cells were lysed and
equal amount of whole cell proteins were separated by SDS-PAGE
and transferred to PVDF membranes. The MAPK proteins were
then analyzed by Western blot analysis using anti-ERK, anti-p-ERK,
anti-JNK, anti-p-JNK, anti-p-38, and anti-p-p-38 antibodies (a).
Anti-IkB-a, anti-p-65, and anti-p-p-65 antibodies were used (b, c).
We used p-actin as an internal control. This result is from one repre-
sentative experiment and is one of three that represents a similar pat-
tern. Data are expressed as the average (+SD) of triplicate cultures
(**P<0.01 vs. LPS only groups)

Galangin inhibits the production of the IL-1
cytokine

IL-1P is a pro-inflammatory cytokine that is released by
microglia following exposure to LPS and other inflammatory
stimuli. As shown in Fig. 3a, the expression of IL-1f dra-
matically increased in response to LPS; however, production
was significantly inhibited by galangin. Therefore, to further
examine the effects of galangin on inflammatory cytokine
production in LPS-stimulated BV-2 microglial cells, the lev-
els of IL-1p, TNF-a, and IL-6 protein were determined by
an enzyme-linked immunosorbent assay (ELISA). As shown
Fig. 4a, d, stimulation of microglia with LPS increased
the secretion of IL-1, which was significantly blunted by
galangin in a dose-dependent manner. Conversely, produc-
tion of the TNF-a and IL-6 cytokines was not regulated by
galangin. These results suggest that galangin selectively
reduced the production of IL-1f protein in LPS-stimulated
BV-2 microglial cells.

Galangin inhibits the phosphorylation of p38 MAPK
and JNK1/2 in LPS-stimulated BV-2 microglial cells

To investigate the mechanism by which galangin exerts its
anti-inflammatory effects, we examined the mitogen-acti-
vated protein kinase (MAPK) signaling pathways, which
are known to play an important role in pro-inflammatory
gene expression by modulating transcription factors such as
nuclear factor kappa B (NF-xB). Additionally, the MAPK
pathways include extracellular signal-regulated kinase
(ERK)1/2, c-Jun N-terminal kinase (JNK)1/2, and p38
MAPK. Therefore, we measured LPS-induced phospho-
rylation of members of the MAPK pathway by western blot
analysis. As shown in Fig. 5a, phosphorylation of ERK1/2,
JNK1/2, and p38 MAPK was increased by LPS stimulation
at 15, 30, and 45 min. However, treatment with galangin
significantly blunted the LPS-induced phosphorylation of
p38 MAPK and JNK1/2. These results indicate that galangin
alters LPS-stimulated microglial activation by inhibiting p38
MAPK and JNK1/2 phosphorylation.

Galangin attenuates the activation of NF-kB
in LPS-stimulated BV-2 microglial cells

Phosphorylation of MAPK can activate IkB kinase (IKK),
which phosphorylates Ik-B, resulting in the ubiquitination
of Ix-B and its degradation by the proteasome. Degrada-
tion of IkB-a, which is an inhibitor of NF-xB, allows for
translocation of NF-xB from the cytosol to the nucleus. As
shown Fig. 5b, IkB-alevels were decreased in BV-2 micro-
glial cultures after 15, 30, and 45 min of LPS-stimulation.
However, treatment with galangin slightly reduced LPS-
induced IxB-a degradation. NF-xB activation plays an
important role in inducing the transcription of inflammatory
genes, such as iNOS, COX-2, and IL-1, in LPS-stimulated
BV-2 microglial cells. Therefore, we next investigated the
effect of galangin on the activation of the NF-kB subunit
NF-xB-p65 in LPS-stimulated BV-2 microglial cells. We
found that galangin inhibited the LPS-induced phospho-
rylation of NF-kB-p65 in BV-2 microglial cells (Fig. 5c).
These results suggest that the MAPK pathway, along with
the NF-kB pathway, may contribute to the anti-inflammatory
effects of galangin, specifically, the down-regulation of pro-
inflammatory mediators such as iNOS and IL-1p.

Discussion

Neuroinflammation, caused by activated glial cells, is very
important in the development of neurodegenerative diseases
[19]. Activated microglia can produce various pro-inflam-
matory cytokines and neurotoxic mediators that contribute
to neuronal degeneration [20]. Microglia is an important
immune cell in the brain and act as the first major safeguard
of the CNS. Additionally, microglia can be phagocytic and
are able to act as antigen-presenting cells. In the current
study, we demonstrated that galangin can inhibit the neuroin-
flammatory response following LPS-induced microglial acti-
vation and identified a potential molecular mechanism [21,
22]. Our results show that galangin inhibits the production
of the pro-inflammatory mediators NO, iNOS, and IL-1p
in LPS-stimulated microglia. Moreover, galangin regulated
LPS-induced phosphorylation of the MAPK pathway and
NF-«B activation.

NO is a biological marker of inflammatory responses
and can be regulated by iNOS expression, along with other
NO metabolites. NO is produced by activated microglia
and inflammatory stimuli and plays an important role
in both acute and chronic inflammation. Therefore, sup-
pression of NO production maybe a principal therapeutic
approach in the development of anti-neuroinflammatory
agents [23-25]. As shown in Figs. 2 and 3, we found that
galangin reduced NO production and iNOS expression
in LPS-stimulated microglia. However, the expression of
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COX-2 was not altered by galangin treatment. It is known
that NO and prostaglandin E2 (PGE2) production are
primarily mediated by iNOS and COX-2, respectively.
Additionally, TNF-o and IL-1f are also important pro-
inflammatory mediators and are actively involved in the
progression of neuroinflammatory diseases. To this end,
we found that galangin inhibited IL-1f gene expression
and cytokine production in LPS-stimulated BV-2 microglia
cells (Figs. 3, 4). Taken together, these results suggested
that galangin may be a potential candidate for the treat-
ment of neuroinflammatory diseases.

The MAPK family includes serine/threonine kinases that
have crucial roles in iNOS modulation in diverse biological
systems. MAPKSs are known to modulate the expression of
cell survival genes as well as pro-inflammatory enzymes and
cytokines in response to various stimuli. LPS initiates sign-
aling cascades for pro-inflammatory gene expression by acti-
vating toll-like receptor 4. After recognition of LPS by the
receptor, several intracellular signaling molecules, includ-
ing the IkB complex and MAPKs, are activated, and these
cytoplasmic molecules activate downstream transcription
factors, including NF-«xB. It is well known that NF-kB acti-
vation is regulated by several processes such as IKK and IxkB
phosphorylation, IkB degradation, and the nuclear translo-
cation of NF-kB [26-28]. Additionally, expression of iNOS
is dependent on MAPK activation in LPS-stimulated BV-2
microglial cells [29, 30]. For this reason, we determined
the effect of galangin on phosphorylation of the MAPK
pathway in LPS-stimulated microglia. As shown in Fig. 5,
phosphorylation of JINK1/2, p38 MPAK, and NF-xB-p65
were significantly suppressed by galangin pretreatment in
LPS-activated microglia.

In summary, our study showed that galangin can exhibit
anti-neuroinflammatory activity in vitro by suppressing the
expression of pro-inflammatory mediators in LPS-stimulated
BV-2 microglial cells. These beneficial effects could be a
result of inhibition of the MAPK and NF-kB inflammatory
signaling pathways. To our knowledge, this is the first com-
prehensive study to investigate the in vitro anti-neuroinflam-
matory effects of galangin. Collectively, the present study
demonstrated that galangin possesses anti-neuroinflamma-
tory properties that inhibit microglial activation and repre-
sents a potential therapeutic agent for neuroinflammatory
diseases.
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