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Purpose: Neuroinflammation, characterized by the increased expression of inflammatory
proteins such as matrix metalloproteinases (MMPs), plays a critical role in neurodegenerative
disorders. Lipopolysaccharide (LPS) has been shown to upregulate MMP-9 expression through
the activation of various transcription factors, including activator protein 1 (AP-1) and forkhead
box protein Ol (FoxOl). The flavonoid 3,5,7-trihydroxy-2-phenyl-4H-1-benzopyran-4-one
(galangin) has been demonstrated to possess antioxidant and anti-inflammatory properties in
various types of cells. Here, we investigated the mechanisms underlying the inhibitory effect of
galangin on LPS-induced MMP-9 expression in rat brain astrocytes (RBA-1 cells).

Methods: Pharmacological inhibitors and siRNAs were employed to explore the effects of
galangin on LPS-challenged RBA-1 cells. Gelatin zymography, Western blotting, real-time
PCR, and a luciferase reporter assay were used to detect MMP-9 activity, protein expression,
mRNA levels, and promoter activity, respectively. The protein kinases involved in the LPS-
induced MMP-9 expression were determined by Western blot. A chromatin immunoprecipi-
tation (ChIP) assay was employed to evaluate the activity of c-Jun at the MMP-9 promoter.
Results: Galangin treatment attenuated the LPS-mediated induction of MMP-9 protein and
mRNA expression, as well as the activity at the MMP-9 promoter. In addition, galangin
exerted its inhibitory effects on MMP-9 expression through suppressing the LPS-stimulated
activation of proline-rich tyrosine kinase (Pyk2), platelet-derived growth factor receptor beta
(PDGFR), phosphoinositide 3-kinase (PI3K), protein kinase B (Akt), mammalian target of
rapamycin (mTOR), and mitogen-activated protein kinases (MAPKs). Pretreatment with
galangin attenuated the LPS-induced phosphorylation of c-Jun and FoxO1. LPS-induced
cell migration was also suppressed by galangin pretreatment.

Conclusion: Galangin attenuates the LPS-induced inflammatory responses, including the
induction of MMP-9 expression and cell migration, via inhibiting Pyk2/PDGFRp/PI3K/Akt/
mTOR/INK1/JINK2 and p44/p42 MAPK cascade-dependent AP-1 and FoxOl1 activities.
These results provide new insights into the mechanisms through which galangin mitigates
LPS-induced inflammatory responses, and suggest novel strategies for the management of
LPS-related brain diseases.

Keywords: neuroinflammation, astrocytes, LPS, matrix metalloproteinase, protein kinases,
Chinese herbal medicine

Introduction
Galangin (3,5,7-trihydroxyflavone) is the major flavonol and bioactive component
extracted from Alpinia officinarum and has long been used as herbal medicine and

a spice in South Africa and Asia.! Galangin has attracted considerable attention
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owing to its multiple biological properties, including neu-
rovascular protective, anti-inflammatory, antioxidant, and
antiapoptotic activities. These effects are reported to be
exerted through the modulation of the nuclear factor kappa
B (NF-kB), nuclear factor erythroid 2-related factor 2
(Nrf2), and cAMP response element-binding protein
(CREB) signaling pathways.” > Recent studies have indi-
cated that galangin also has a neuroprotective role in
ischemic stroke,® likely through improving regional corti-
cal blood flow (rCBF), protecting mitochondria, and inhi-
biting the caspase-dependent mitochondrial cell death
pathway. Moreover, galangin can regulate the levels of
endogenous excitatory amino acid (EAAs) metabolites in
the brain tissue of mice with cerebral ischemia.” Galangin
helps protect dopaminergic neurons by inhibiting micro-
glial activation and the expression of proinflammatory
mediators.® Although the effects of galangin have been
extensively studied, the detailed mechanisms through
which galangin modulates inflammation-related responses
in rat brain astrocytes (RBA-1 cells) remain unknown.
Lipopolysaccharide (LPS) is a potent inducer of inflam-
mation, and can promote the expression of several inflam-
matory mediators, including tumor necrosis factor alpha
(TNF-a)), interleukin (IL)-6, IL-10, prostaglandin E,
(PGE,), and nitric oxide (NO).” LPS can also induce the
expression of matrix metalloproteinase 9 (MMP-9), which
contributes to tissue inflammatory responses and disease
development.'”!'" We previously reported that LPS can
induce MMP-9 expression via the TLR4/c-Src/Pyk2/
PDGFR/PI3K/Akt/MAPKs/AP-1 pathway, and can also
enhance the migratory ability of RBA-1 cells.'> MMPs are
a family of zinc-dependent endopeptidases, and more than
twenty MMP family members have been identified in
humans to date. They are involved in blood-brain barrier
(BBB) breakdown, demyelination, inflammation, and neu-
rotoxicity in the central nervous system (CNS).'*!'* Several
studies have found that infection-mediated inflammatory
responses can lead to the abnormal expression and activa-
tion of MMP-9, which causes the breakdown of the extra-
cellular matrix (ECM), resulting in the disruption of the
BBB, altered cellular signaling, and eventually cell
death.'>'® In particular, MMP-9 plays a vital part in brain
inflammation and neurodegenerative diseases such as
Parkinson’s disease (PD),"> amyotrophic lateral sclerosis
(ALS),'” Alzheimer’s disease (AD),"® stroke,'® and multi-
ple sclerosis (MS).?° These observations suggest that adju-
vant therapy with MMP inhibitors may be beneficial in

reducing the neuroinflammation and neurodegeneration
induced by inflammatory mediators such as LPS.

In the present study, we hypothesized that galangin
may attenuate LPS-induced MMP-9 expression in RBA-1
cells via the modulation of related signaling components.
We found that galangin blocked LPS-mediated inflamma-
tory responses by inhibiting the phosphorylation of Pyk2,
PDGFR, PI3K, Akt, nTOR, JNK1/2, and ERK1/2, leading
to the downregulation of transcription factor activity,
including that of c-Jun and FoxOl. To the best of our
knowledge, this is the first report detailing the mechanisms
through which galangin inhibits MMP-9 expression and
cell migration in LPS-challenged RBA-1 cells. Our results
indicated that galangin administration may be a promising
therapeutic strategy for the management of neurodegen-
erative diseases, particularly those related to LPS.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s
F-12 nutrient mixture and fetal bovine serum (FBS) were
purchased from Invitrogen (Carlsbad, CA, USA). Hybond-
C membranes and enhanced chemiluminescence (ECL)
reagents were obtained from GE Healthcare Biosciences
(Little Chalfont, Buckinghamshire, UK). Anti-phospho-
Akt (Ser*”?, #9271), anti-phospho-Pyk2 (Tyr*%?, #3291),
anti-phospho-PDGFRB  (Tyr”>!, #3161), anti-phospho-
JNK1/2 (Thr'®/Tyr'® #4668), anti-phospho-ERK1/2
(Thr**%/Tyr*®,  #9101), anti-phospho-FoxO1  (Ser**,
#9461), anti-phospho-mTOR  (Ser***®, #5536), anti-
mTOR (#2972), and anti-phospho-c-Jun (Ser®, #2361)
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-Pyk2 (ab32448) and anti-
FoxOlA (ab52857) antibodies were purchased from
Abcam (Cambridge, UK). The anti-glyceraldehyde
-3-phosphate dehydrogenase (GAPDH) (#MCA-ID4) anti-
body was purchased from Encor (Gainesville, FL, USA).
Anti-PDGFRp (sc-374,573), anti-Akt (sc-8312), anti-
ERKI1 (sc-271,270), anti-ERK2 (sc-1647), anti-JNK1/2
(sc-7345), and anti-c-Jun (sc-44) antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). All primary antibodies were diluted at 1:1000 in
PBS with 1% bovine serum albumin (BSA). Galangin was
purchased from Cayman Chemical (Ann Arbor, MI, USA).
The bicinchoninic acid (BCA) protein assay reagent was
purchased from Pierce (Rockford, IL, USA). Sodium
dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis
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(PAGE) reagents were purchased from MDBio, Inc.
(Taipei, Taiwan). Dimethyl sulfoxide (DMSO), LPS
(L2630), enzymes, TRIzol, a sodium 3’-[1-[(phenyla-
mino)-carbony]-3,4-tetrazolium]-bis  (4-methoxy-6-nitro)
benzene-sulfonic acid hydrate (XTT) assay kit, and other
chemicals Louis,

MO, USA).

were obtained from Sigma (St.

Cell Culture and Treatment

RBA-1 cells originated from a primary astrocyte culture of
neonatal rat cerebrum and naturally developed through
successive cell passages.'>?' The use of the cell line was
approved by the Chang Gung University Institutional
Animal Care and Use Committee (IACUC Approval No.:
CGU16-081).
assessed using an anti-glial fibrillary acidic protein

Primary astrocyte culture purity was

(GFAP) antibody (an astrocyte-specific marker), which
showed that over 95% of the astrocytes were GFAP-
positive. Experiments were performed with cells from
passages 4 to 35. The cytotoxicity of galangin or LPS
alone as well as that of the inhibitors used at the time of
incubation was evaluated using an XTT assay kit. These
treatments did not significantly affect cell viability (data
not shown). The cells were plated onto 12-well culture
plates, made quiescent at confluence by incubation in
serum-free DMEM/F-12 for 24 h, and then incubated
with LPS at 37°C for the indicated periods. When galangin
or other inhibitors were used, the cells were pretreated for
1 h before exposure to LPS.

Protein Preparation and Western Blotting
Cells were washed with ice-cold PBS and harvested using
an SDS-loading buffer (0.1 M Tris-HCI, pH 6.8; 1% SDS;
5% glycerol; 2.5% B-mercaptoethanol; and 0.02% bromo-
phenol blue) to yield whole-cell extracts. The proteins
were separated by SDS-PAGE and transferred by electro-
phoresis onto Hybond-C membranes. The membranes
were incubated with antibodies diluted at 1:1000 in
Tween 20-Tris-buffered saline (TTBS), with an anti-
GAPDH antibody being used as the internal control. The
membranes were washed four times with TTBS, 5 min
each wash, and then incubated with a horseradish perox-
idase-conjugated secondary antibody diluted at 1:1500 for
1 h. Following washing, the immunoreactive bands were
detected by ECL and imaged using a UVP BioSpectrum
500 Imaging System (Upland, CA, USA). Densitometric
analyses were performed using UN-SCAN-IT gel software
(Orem, UT, USA).

MMP Gelatin Zymography

Growth-arrested cells were incubated with LPS for the
indicated periods. The culture media were analyzed by
gelatin zymography.*” The gelatinolytic activity was man-
ifested as horizontal white bands on a blue background.
Because cleaved MMPs were not reliably detectable, only
pro-form zymogens were quantified.

Total RNA Extraction and Real-Time PCR
Analysis

Total RNA was extracted from RBA-1 cells.”> The cDNA
obtained from 0.5 pg of total RNA was used as a template
for PCR amplification. Primers were designed based on
GenBank entries for rat MMP-9 and GAPDH. The follow-
ing primers were used for the amplification reaction: MMP-
9, 5-AGTTTGGTGTCGCGGAGCAC-3' (sense), 5'-
TACATGAGCGCTTCCGGCAC-3' (antisense); GAPDH,
5'-AACTTTGGCATCGTGGAAGG-3'
GTGGATGCAGGGATGATGTTC-3'
time PCR was performed with the TagMan Gene

(sense), 5'-
(antisense). Real-

Expression assays using a 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Relative
gene expression levels were determined by the AACt
method, where Ct represented the threshold cycle. All
experiments were performed in triplicate.

Rat MMP-9 Promoter Construction,
Transfection, and Luciferase Reporter

Assays

The upstream region (—1280 to +19) of the rat MMP-9
promoter was cloned into a pGL3-basic vector contain-
ing the luciferase reporter gene.”** The plasmid was
prepared using the QIAGEN plasmid DNA preparation
kit (Hilden, Germany). The construct was transfected
into RBA-1 cells using Lipofectamine reagent according
to the manufacturer’s instructions. The transfection effi-
ciency (~60%) was determined by transfection with an
enhanced green fluorescent protein (GFP). After incuba-
tion with LPS, the cells were collected and disrupted by
sonication in a lysis buffer (25 mM Tris, pH 7.8; 2 mM
[EDTA]; 1%
X-100; and 10% glycerol). After centrifugation, aliquots

ethylenediaminetetraacetic acid Triton
of the supernatants were tested for promoter activity
using a luciferase assay system (Promega, Madison,
WI, USA). Firefly luciferase activity was standardized
to that of B-galactosidase.
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Cell Migration Assay

RBA-1 cells were cultured to confluence in six-well cul-
ture plates and starved in serum-free DMEM/F-12 medium
for 24 h. The monolayer of cells was manually scratched
with a blue pipette tip, leaving a bright and clear field
(~2 mm) in the center of the plates. The detached cells
were removed by washing once with PBS. Serum-free
DMEM/F-12 medium with or without LPS (2 pg/mL)
and containing the DNA synthesis inhibitor hydroxyurea
(10 uM) was added to the respective wells during the
period of observation after 1 h pretreatment with or with-
out galangin. Cells migrating from the scratch boundary
were observed under a light microscope and imaged with
a digital camera (Olympus, Japan). The number of migrat-
ing cells was counted from the resulting four phase images
for each point and then averaged for each experimental
condition. The data presented are summarized from three
separate assays.

Chromatin Immunoprecipitation (ChlP)
Assay

To detect the association of nuclear proteins with the rat
MMP-9 promoter, chromatin immunoprecipitation (ChIP)
analysis was conducted as previously described.”* Briefly,
RBA-1 cells were cross-linked in 1% formaldehyde for 10
min at 37 °C and washed three times with ice-cold PBS
containing 1 mM phenylmethylsulfonyl fluoride (PMSF)
and 1% aprotinin. The cell lysates were prepared using
SDS-lysis buffer (1% SDS; 5 mM EDTA; 1 mM PMSF;
and 50 mM Tris-HCl) and sonicated at 4 °C to yield
200-300-base pair DNA fragments. Next, the soluble chro-
matin was precleared by incubation with sheared salmon
sperm DNA-protein agarose A; one portion of the sample
was used as the DNA input control, while the other was
immunoprecipitated with or without (control) an anti-c-Jun
antibody and protein A beads. After washing and eluting,
the precipitates were heated overnight at 65 °C to reverse
the DNA/protein cross-linking. The DNA fragments were
purified using phenol—chloroform extraction and ethanol
precipitation. The purified DNA was subjected to PCR
amplification using the primers specific for the region
(—606 ~ —327, accession No: AF148065) containing the
distal activator protein 1 (AP-1) binding site (—503 to
—497) present in the MMP-9 promoter (sense primer: 5'-A
GAGCCTGCTCCCAGAGGGC-3'; antisense primer: 5'-G
CCAAGTCAGGCAGGACCCC-3"). The PCR fragments
were analyzed on 3% agarose gels (1x TAE) containing

ethidium bromide, and the size of the fragments (280 bp)
was compared against that of a molecular weight marker.
qPCR was performed using a Luna Universal gPCR Master
Mix (M3003; New England BioLabs) on a StepOnePlus™
real-time PCR system (Applied Biosystems).

Statistical Analysis

All data were expressed as means or means + S.E.M of three
individual experiments performed in duplicate or triplicate.
For Western blot data, the significance of the differences
between two groups was determined by a paired two-tailed
Student’s #-test. All other statistical analyses compared
multiple groups using one-way analysis of wvariance
(ANOVA), followed by Tukey’s post hoc test. GraphPad
Prism (GraphPad Software, San Diego, CA, USA) was used
to analyze the data. “p <0.05 was considered significant.

Results
Galangin Attenuated LPS-Induced MMP-9

Expression and Cell Migration

We evaluated the effects of galangin on LPS-induced MMP-
9 expression and cell migration. RBA-1 cells were pretreated
with galangin (0.1, 1, or 10 uM) for 1 h and then incubated
with LPS (2 pg/mL) for the indicated periods. As shown in
Figure 1A, pretreatment with galangin significantly reduced
the LPS-induced MMP-9 protein level in a concentration-
and time-dependent manner, attenuated the LPS-induced
MMP-9 mRNA level (Figure 1B), and time-dependently
inhibited the LPS-induced MMP-9 promoter activity
(Figure 1C). To further explore the inhibitory effect of galan-
gin on MMP-9 activity, we evaluated how galangin affects
the migratory capacity of RBA-1 cells after LPS challenge.
The number of migrated RBA-1 cells was assessed 48 h after
treatment with LPS/hydroxyurea in the presence or absence
of galangin. The data showed that galangin treatment
reduced the number of migrated RBA-1 cells following
LPS stimulation (Figure 1D). These results suggested that
galangin can inhibit the LPS-induced MMP-9 expression
associated with cell migration of RBA-1 cells.

Galangin Attenuates the LPS-Induced
Phosphorylation of Pyk2 and PDGFR

Several studies have demonstrated that receptor tyrosine
kinases and nonreceptor tyrosine kinases, including
PDGFR, EGFR, c-Src, and Pyk2, can regulate MMP-9
expression in various types of cells.”>** We previously
also found that LPS-induced expression of MMP-9 in
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Figure | Galangin (GLG) reduced the lipopolysaccharide (LPS)-stimulated induction of the expression of the pro form of matrix metallopeptidase 9 (pro-MMP-9) and cell
migration in a rat brain astrocyte cell line (RBA-1). (A) Cells were pretreated with galangin (0.1, |, or 10 uM) for | h and then incubated with 2 ug/mL LPS for 12 or 24
h. The conditioned medium was collected to measure MMP-9 expression by gelatin zymography. The activity of pro-MMP-9 was normalized to that of pro-MMP-2. The cell
lysates were analyzed by Western blot to determine the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an internal control. (B) Cells were
pretreated with galangin (0.1, I, or 10 uM) for | h and then incubated with 2 pg/mL LPS for 6 h for the determination of MMP-9 mRNA expression using real-time PCR. (C)
Cells were pretreated with galangin (0.1, I, or 10 uM) for | h and then incubated with 2 pg/mL LPS for 4 or 6 h to determine MMP-9 promoter activity using a luciferase
promoter assay. (D) Cells were plated on six-well culture plates and then starved with serum-free medium for 24 h. The cells were pretreated with galangin (10 pM) for |
h and then incubated with LPS for 48 h in the presence of 10 uM hydroxyurea. The number of migrated cells was counted at 48 h. The data are expressed as means + SEM of
three independent experiments. #p < 0.01 compared with LPS treatment alone. —: no treatment with LPS.

Abbreviation: DM, DMSO (dimethyl sulfoxide).

RBA-1 cells was mediated by Pyk2, c-Src, and PDGFR.'?
Therefore, we explored whether galangin can attenuate the
LPS-stimulated activation of Pyk2 and PDGFR in RBA-1
cells. We found that the LPS-stimulated phosphorylation of
Pyk2 was inhibited by pretreatment with either galangin (10
uM) or PF431396 (a dual focal adhesion kinase [FAK] and
PYK2 inhibitor; 10 uM) (Figure 2A). In addition, the LPS-
stimulated phosphorylation of PDGFRp was reduced by
pretreatment with either galangin (10 pM) or AG1296

(a selective PDGFR inhibitor; 10 uM) (Figure 2B). These
results suggested that galangin reduced the LPS-mediated
induction of MMP-9 expression in RBA-1 cells via sup-
pressing Pyk2 and PDGFR activation.

Galangin Reduces the LPS-Stimulated
Phosphorylation of Akt

Several studies have demonstrated that Akt has a role in
the activation of MMP-9 expression in various cell
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Figure 2 Galangin inhibited the lipopolysaccharide (LPS)-induced phosphorylation
of proline-rich tyrosine kinase 2 (Pyk2) and platelet-derived growth factor receptor
(PDGFR). (A) Cells were pretreated with galangin (10 uM) or PF431396 (PF, 10 uM)
for | h and then incubated with LPS (2 pg/mL) for the indicated periods. Pyk2
phosphorylation and total Pyk2 protein levels were determined by Western blot.
(B) Cells were pretreated with galangin (10 uM) or AGI1296 (AG, 10 uM) for |
h and then incubated with LPS (2 pg/mL) for the indicated periods. PDGFR
phosphorylation and total PDGFR protein levels were determined by Western
blot. The data are expressed as means + SEM of three independent experiments.
#p < 0.01 compared with LPS treatment alone.

o
(=)

PDGFRpJ phosphorylatio

types."*” We previously also reported that PI3K/Akt par-
ticipates in the LPS-mediated induction of MMP-9 expres-
sion in RBA-1 cells.'?
whether galangin can attenuate the LPS-stimulated PI3K/

Consequently, we investigated

Akt-dependent pathway, thereby leading to the downregu-
lation of MMP-9 expression in RBA-1 cells. We found
that pretreatment with galangin (10 pM), LY294002 (an
inhibitor of PI3K; 10 pM), or Akt inhibitor VIII (an
inhibitor of Aktl and Akt2; 3 uM) reduced the LPS-
of Akt 3A).
Moreover, the LPS-stimulated phosphorylation of Akt

stimulated phosphorylation (Figure

was
(10 uM) (Figure 3B). These results suggested that galan-
gin reduces the LPS-stimulated induction of MMP-9
expression via attenuating the activation of the PDGFR-
dependent PI3K/Akt pathway in RBA-1 cells.

also attenuated by pretreatment with AG1296

Galangin Reduces the LPS-Stimulated

Phosphorylation of Mammalian Target of
Rapamycin (mTOR)

mTOR functions downstream of PI3K/Akt and has been
shown to mediate the expression of MMP-9 in various cell
types.'’ Additionally, LPS can also activate mTOR-mediated
responses.”*’ We, therefore, investigated whether galangin
can suppress the LPS-induced mTOR-dependent pathway in
RBA-1 cells. We found that pretreatment with either galangin
(10 uM) or rapamycin (1 uM) reduced the LPS-induced levels
of mTOR phosphorylation (Figure 4A). Moreover, the LPS-
stimulated phosphorylation of mMTOR was reduced by pretreat-
ment with either LY294002 (10 uM) (Figure 4B) or Akt
inhibitor VIII (3 uM) (Figure 4C). These results suggested
that galangin reduces the LPS-mediated induction of MMP-9
expression via attenuating the PI3K/Akt-dependent activation
of mTOR in RBA-1 cells.

Galangin Inhibits LPS-Stimulated MAPK

Activation
Recent reports have indicated that MAPK-dependent path-
ways are involved in the LPS-induced expression of MMP-9

11:29:30 while we also recently revealed that

in several cell types,
MAPKSs participate in the LPS-mediated induction of MMP-9
expression in RBA-1 cells.'? Therefore, we sought to deter-
mine whether galangin can inhibit the MAPK-dependent path-
ways associated with the LPS-stimulated induction of MMP-9
expression. We found that pretreatment with either galangin
(10 uM) or SP600125 (a selective and reversible JNK inhibi-
tor; 1 uM) suppressed the LPS-stimulated phosphorylation of
JNK1/2 (Figure 5A) in RBA-1 cells, as did pretreatment with
rapamycin (1 pM) (Figure 5B). Similarly, pretreatment with
either galangin (10 uM) or U0126 (a MEK1/2 inhibitor; 1 uM)
attenuated the LPS-stimulated phosphorylation of p44/p42
MAPK in RBA-1 cells (Figure 5C). The same effect was
seen with rapamycin pretreatment (1 uM) (Figure 5D). These
results indicated that galangin can reduce LPS-induced MMP-
9 expression in RBA-1 cells by suppressing the activation of
JNK1/2 and p44/p42 MAPK, kinases that function down-
stream of mTOR.
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Figure 3 Galangin inhibited the lipopolysaccharide (LPS)-induced phosphorylation of protein kinase B (Akt). Cells were pretreated with (A and B) galangin (10 pM) plus (A)
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Figure 4 Galangin inhibited the lipopolysaccharide (LPS)-induced phosphorylation of mammalian target of rapamycin (mTOR). Cells were pretreated with (A—C) galangin
(10 uM), (A) rapamycin (Rap, | uM), (B) LY294002 (LY, 10 uM), or (C) Akt inhibitor VIII (Akti, 3 pM) for | h and then incubated with LPS (2 ug/mL) for the indicated periods.
mTOR phosphorylation and total mTOR protein levels were determined by Western blot. The data are expressed as means + SEM of three independent experiments. “p <
0.01 compared with LPS treatment alone.
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Figure 5 Galangin inhibited the lipopolysaccharide (LPS)-induced phosphorylation of J]NK1/2 and p44/p42 MAPK. Cells were pretreated with (A-D) galangin (10 uM), (A)
SP600125 (SP, | uM), (B and D) rapamycin (Rap, | pM), or (C) U0126 (I uM) for | h, and then incubated with LPS (2 pg/mL) for the indicated periods. The phosphorylation
and total protein levels of JNK1/2 (A and B) and p44/p42 MAPK (C and D) were determined by Western blot. The data are expressed as means * SEM of three independent

experiments. #p < 0.01 compared with LPS treatment alone.

Galangin Inhibits LPS-Stimulated

Transcription Factor Activation

Several transcription factors, including NF-xB, AP-1, and
FoxO1, are known to mediate the induction of MMP-9
expression following stimulation by different factors and
in various types of cells."*>**¢*!-32 In our previous study,
we also showed that NF-kB and AP-1 contribute to LPS-
induced MMP-9 expression in RBA-1 cells.'*** Here, we

explored whether galangin blocked the activation of

transcription factors such as NF-kB, AP-1, and FoxOl
that act in the LPS-stimulated induction of MMP-9
expression in RBA-1 cells. Our results showed that pre-
treatment with galangin significantly reduced the LPS-
stimulated phosphorylation of c-Jun (Figure 6A—C) and
FoxO1 (Figure 7B), but not that of NF-kB p65 (data not
shown). Furthermore, pretreatment with rapamycin (1
uM) (Figure 6A), SP600125 (1 uM) (Figure 6B), or
uo0126 (1 uM) (Figure 6C) attenuated the LPS-
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Figure 6 Galangin inhibits the lipopolysaccharide (LPS)-induced phosphorylation and promotor DNA-binding activity of c-Jun. Cells were pretreated with (A—C) galangin
(10 uM), (A) rapamycin (Rap, | uM), (B) SP600125 (SP, | uM), or (C) U0126 (I uM) for | h, and then incubated with LPS (2 pg/mL) for the indicated periods. c-Jun
phosphorylation and total protein levels were determined by Western blot. (D) Cells were pretreated with/without galangin (10 uM) for | h, and then incubated with LPS (2
pg/mL) for 30 min. A chromatin immunoprecipitation (ChIP) assay was performed using a c-Jun specific antibody. The upper panel shows an agarose gel of PCR amplicons;
the lower panel shows the ChIP qPCR Assay. The data are expressed as means = SEM of three independent experiments. #p < 0.01 compared with LPS treatment alone.

stimulated phosphorylation of c-Jun in RBA-1 cells.
Moreover, the ChIP assay data showed that the interac-
tion between c-Jun and the MMP-9 promoter was blocked
by galangin in LPS-challenged RBA-1 cells (Figure 6D).
Additionally, transfection with mTOR siRNA (Figure
7A), pretreatment with SP600125 (1 uM) (Figure 7B),
or transfection with p44 siRNA (Figure 7C) significantly
attenuated the LPS-stimulated phosphorylation of FoxO1
in RBA-1 cells. These results indicated that, in RBA-1

cells, galangin can reduce the LPS-induced MMP-9

expression level by suppressing the activation of tran-
scription factors such as AP-1 and FoxOl that are acti-
vated by JNK1/2 and p44/p42 MAPK.

Discussion

The elevated expression of MMP-9 plays a key role in the
pathology of brain degenerative disorders, including stroke,
PD, MS, and AD.'>!"'%2% LPS also participates in neuroin-
flammatory and neurodegenerative responses in these brain
disorders via the regulation of proinflammatory signaling
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Figure 7 Galangin inhibits the lipopolysaccharide (LPS)-induced phosphorylation of forkhead box protein Ol (FoxOl). Cells were (A) transfected with mammalian target of
rapamycin (mTOR) siRNA, (B) pretreated with galangin (10 uM) and SP600125 (SP, | pM) for | h, or (C) transfected with p44 siRNA, and then incubated with LPS (2 pug/mL)
for the indicated periods. FoxO1 phosphorylation and total FoxO|l protein levels were determined by Western blot. The data are expressed as means * SEM of three
independent experiments. #p < 0.01 compared with LPS treatment alone.
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pathways,”**> suggesting that it also has a role in neurodegen-
erative processes. This suggests that inhibitors of LPS-related
signaling components and MMP-9 have therapeutic potential
for the treatment of neuroinflammatory diseases.***® Galangin
possesses various beneficial properties, including anti-
inflammatory, antioxidant, antimutagenic, anticlastogenic,
bactericidal, and antifibrotic effects®’ in various disorders.
This compound has been shown to inhibit MMP-9 activity
and thrombin-mediated responses in human neuroblastoma
cells.! In the present study, we evaluated whether galangin
also exerts inhibitory effects on the LPS-stimulated induction

P

7N
i

of MMP-9 expression mediated through related signaling com-
ponents in RBA-1 cells. We found that galangin concentrations
of up to 10 pM did not significantly affect cell viability,
allowing the evaluation of how galangin attenuates the LPS-
stimulated activation of protein kinases and transcription fac-
tors in RBA-1 cells. Our results confirmed that, in RBA-1 cells,
galangin inhibited the LPS-stimulated induction of MMP-9
expression and cell migration through suppressing the Pyk2,
PDGFR, PI3K, Akt, mTOR, JNK1/2, and p44/p42 MAPK
signaling pathway-dependent activation of FoxO1 and AP-1
(Figure 8). To the best of our knowledge, this is the first report

Figure 8 A schematic representation of the signaling pathways involved in the galangin-mediated inhibition of LPS-induced responses in rat brain astrocytes (RBA-1 cells).
Galangin suppressed Pyk2, PDGFRp, PI3K/Akt, mTOR, and MAPK (p42/p44 MAPK and JNK/2) phosphorylation and subsequently also AP-1 and FoxO| activation; this
ultimately led to the inhibition of MMP-9 expression and cell migration in RBA-| cells. “—” means “activated”; “_L” means “inhibited”.
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showing that galangin exerts anti-inflammatory effects on
brain astrocytes by reducing the LPS-stimulated induction of
MMP-9 expression and cell migration.

Pyk2 has a role in the regulation of cell polarization, adhe-
sion, spreading, migration, and actin cytoskeleton organiza-
tion. Pyk2 also plays an important role in inflammatory
diseases. In AD patients, it is known that amyloid-3 deposition
is accompanied by innate immune system activation, and that
this involves the inflammasome-dependent formation of ASC
specks in microglia. There is evidence to support that down-
regulating Pyk2 expression by treatment with siRNAs or other
inhibitors can abolish ASC oligomerization.>® PDGER is a key
regulator of cell growth, cell proliferation, cellular differentia-
tion, wound healing, and inflammation, and has an important
role in many diseases, including cancer. PDGF signaling is
a therapeutic target in cardiovascular pathogeneses such as
atherosclerosis, pulmonary arterial hypertension, angiogen-

° and diabetes,40 as well as in several

esis, inﬂammation,3
malignancies.*' Therefore, compounds with inhibitory effects
against Pyk2 and PDGFR signaling represent a high-value
therapeutic strategy for the treatment of inflammation-related
disorders. We and others have previously reported that LPS-
induced MMP-9 expression is mediated via Pyk2 and PDGFR
in various types of cells.'>** Additionally, galangin has been
shown to inhibit protein tyrosine kinase activity.' Lim et al,**
found that some flavonoids interfere with NLRP3 inflamma-
some activation via disrupting the Syk/Pyk2 pathway.
Consistent with these results, we demonstrated that, in RBA-
1 cells, galangin attenuated the LPS-mediated induction of
MMP-9 expression via the suppression of Pyk2 and PDGFR
phosphorylation.

The PI3K/Akt/mTOR signaling pathway plays a central
role in a wide spectrum of cellular activities, including cell
proliferation, survival, and differentiation. Accumulating evi-
dence has revealed that the PI3K/Akt pathway is also involved
in inflammatory responses.** The PI3K/Akt/mTOR signaling
pathway can be activated by several extracellular factors such
as TLR ligands, neurotransmitters, amino acids, and growth
factors, in addition to intracellular stimuli such as energy
deprivation, all of which lead to the activation of a series of
downstream effectors. These signaling pathways may also
have a role in several brain disorders such as epilepsy,*
autism,*® and cognitive deficits.*’ Increasing evidence has
indicated that flavonoids can inhibit the development of brain
pathology and exert ameliorative effects on cognitive dysfunc-
tion through the modulation of several molecular targets,
including PI3K/Akt.***’ This indicates that the PI3K/Akt/

mTOR signaling pathway may be a promising therapeutic
target for the treatment of these neurodegenerative disorders.
In our previous study, we demonstrated that the induction of
MMP-9 expression by LPS is mediated via PI3K/Akt signaling
in RBA-1 cells."” LPS can also activate Akt/mTOR signaling
in various cell types.”**’ Zhu et al demonstrated that galangin
can inhibit the migration and invasion of kidney cancer cells
via suppressing the expression of the PI3K/Akt/mTOR signal-
ing pathway.”” In our recent study, we also found that galangin
reduced the thrombin-mediated induction of MMP-9 expres-
sion via inhibiting the Ak/mTOR pathway.' Our results con-
firmed that galangin suppressed the LPS-induced expression of
MMP-9 via suppressing the PI3K/Akt/mTOR pathway in
RBA-1 cells. However, several studies have shown that galan-
gin can also protect against neurotoxicity and improve insulin
resistance via activating the Akt/GSK33/mTOR pathway.>'~
These different effects may be due to the different cell types
and experimental models used.

MAPKSs are widely known to be involved in the inflam-
matory responses triggered by proinflammatory factors such as
LPS, cytokines, and chemokines.''>* We previously revealed
that the LPS-stimulated induction of MMP-9 expression is
mediated via MAPK signaling in RBA-1 cells,'> which was
in agreement with the results of a previous report.!! Tomar et al
demonstrated that galangin (100 mg/kg, p.o.) significantly
ameliorated cisplatin-induced nephrotoxicity in rats by sup-
pressing MAPK-mediated inflammation and apoptosis.>*
Additionally, the p38 MAPK and JNK1/2 signaling pathways
were shown to mediate the anti-inflammatory activity of galan-
gin in an LPS-stimulated BV2 cell model.> We previously also
reported that galangin can reduce thrombin-induced MMP-9
expression via inhibiting the MAPK pathway in human neuro-
blastoma cells." In the present study, the results confirmed that
galangin attenuated the LPS-induced expression of MMP-9 via
suppressing the JNK1/2 and ERK1/2 pathways in RBA-1
cells.

Several transcription factors, such as NF-kB, AP-1,
and FoxOl1, have central roles in regulating the expres-
sion of numerous proinflammatory target genes, includ-
ing MMP-9, that are associated with brain injury and
inflammation during pathological events."*> We recently
confirmed that NF-xB- and AP1-dependent transcription
participates in the LPS-mediated induction of MMP-9
expression.'??* The FoxOl transcription factor has also
been revealed to mediate LPS-elicited acute lung
injury.”> Moreover, galangin was also shown to exert
its anti-inflammatory effects via the inhibition of NF-

kB-, FoxOl-, and AP-1-dependent pathways to
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downregulate MMP-9 expression.! Several studies have
that
inflammatory effects via modulating the activity of

also demonstrated galangin exerts its anti-
NF-kB #°* and AP-1°°°7 under various experimental
conditions. The present findings also showed that galan-
gin can inhibit the LPS-stimulated phosphorylation of
c-Jun and FoxOl1, eventually leading to the downregula-
tion of MMP-9 expression. However, in this study,
galangin did not inhibit NF-kB activity, which may
have been due to the different stimuli and types of
cells used when compared with the other studies. We
revealed that galangin inhibited the LPS-stimulated
induction of MMP-9 expression via suppressing AP-1

and FoxO1 activities in RBA-1 cells.

Conclusions

Our results demonstrated that galangin attenuated the
LPS-induced expression of MMP-9 via inhibiting the
Pyk2, PDGFR, PI3K, Akt, mTOR, JNK1/2, and p44/
p42 MAPK-dependent FoxO1 and AP-1 signaling path-
ways in RBA-1 cells. These findings shed further light
on the detailed mechanisms by which galangin inhibits
signaling components and attenuates MMP-9 expression
and cell migration in LPS-challenged RBA-1 cells.
However, in the present study, we only demonstrated
that galangin has an inhibitory effect on the LPS-
stimulated phosphorylation of protein kinases, leading
to the downregulation of MMP-9 expression, and did
not assess whether galangin can directly modulate the
activities of these protein kinases. Thus, the inhibitory
effects of galangin on these signaling components need
further investigation. Nevertheless, our results indicated
that galangin might be a potential therapeutic candidate
for the treatment of brain inflammation and neurodegen-
erative diseases. However, the greatest limitation of this
study was that we did not confirm the inhibitory effects
of galangin in vivo. Moreover, the anti-inflammatory
molecules that mediate the protective effects of galangin
in neuroinflammation remain unknown and require
further investigation, both in vivo and in vitro.
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