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Kaempferol acts through
mitogen-activated protein
kinases and protein

kinase B/AKT to elicit
protection in a model of
neuroinflammation in BV2
microglial cells
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Kaempferol, a dietary flavonoid and phyto-oestrogen, is known to have anti-inflammatory properties. Microglial activation has
been implicated in various neurodegenerative diseases. Anti-inflammatory effects of kaempferol and the underlying

mechanisms were investigated by using LPS-stimulated microglial BV2 cells.

EXPERIMENTAL APPROACH

Cell viability was measured using MTT and neutral red assays. ELISA, Western blot, immunocytochemistry and electrophoretic
mobility-shift assay were used to analyse NO, PGE,, TNF-a. and IL-1f production, inducible NOS (iNOS), COX-2 expression
and the involvement of signalling pathways such as toll-like receptor-4 (TLR4), MAPK cascades, PKB (AKT) and NF-xB.
Accumulation of reaction oxygen species (ROS) was measured by nitroblue tetrazolium and 2’7’-dichlorofluorescein diacetate
assay. Matrix metalloproteinase activity was investigated by zymography and immunoblot assay. Phagocytotic activity was

assessed by use of latex beads.

KEY RESULTS

Kaempferol significantly attenuated LPS-induced NO, PGE,, TNF-q, IL-1B and ROS production and phagocytosis in a
concentration-dependent manner. Kaempferol suppressed the expression of iINOS, COX-2, MMP-3 and blocked the TLR4
activation. Moreover, kaempferol inhibited LPS-induced NF-xB activation and p38 MAPK, JNK and AKT phosphorylation.

CONCLUSION AND IMPLICATIONS

Kaempferol was able to reduce LPS-induced inflammatory mediators through the down-regulation of TLR4, NF-xB, p38
MAPK, JNK and AKT suggesting that kaempferol has therapeutic potential for the treatment of neuroinflammatory diseases.

Abbreviations

AKT, PKB; iNOS, inducible NOS; ROS, reactive oxygen species; TLR-4, toll-like receptor-4 (TLR4)
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Introduction

Microglia is the resident immune surveillance cells of the
central nervous system (CNS) and has been proposed to play
an active role in host defence and tissue repair in the brain. A
large body of evidence has suggested a strong association
between microglia-mediated neuroinflammation and the
pathogenesis of various neurological and neurodegenerative
diseases such as brain ischaemia, Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease and amyo-
trophic lateral sclerosis (Nguyen et al., 2002; Block and Hong,
2005; Tansey and Goldberg, 2010). The hallmark of neuroin-
flammation is the activation of microglia (Kim et al., 2000;
Walker and Lue, 2005). They readily became activated in
response to abnormal stimulation, such as neurotoxins or
injury. Activated microglia release a variety of pro-
inflammatory cytokines (e.g. IL-1f, IL-6 and TNF-a), reactive
oxygen species (ROS), NO and PGE,, which cause neuronal
dysfunction and cell death, ultimately creating a vicious cycle
(McGeer and McGeer, 1995; Liu et al., 2001; Lai and Todd,
2006).

MMPs consist of a large family of endopeptidases that
have been demonstrated to play a critical role in inflamma-
tion by modulating inflammatory mediators such as cytok-
ines and chemokines (Rosenberg, 2002; Parks et al., 2004;
Manicone and McGuire, 2008). Regulation of MMPs expres-
sion and activation is very complex and tightly controlled.
Several studies suggest that MMPs can either protect against
or contribute to pathology in inflammatory processes. Since
MMPs have been linked to axonal growth, myelin formation,
angiogenesis and regeneration in the CNS (Yong et al., 2001;
Agrawal et al., 2007), uncontrolled expression of MMPs may
result in inflammation, demyelination, neurotoxicity and
various CNS disorders including ischaemia, AD, PD, multiple
sclerosis and malignant glioma (Rosenberg et al., 1996; Yong
et al., 1998; Lorenzl et al., 2004; Yin et al., 2006).

Activation of microglia results in the induction of several
intracellular signalling pathways. However, our knowledge of
these signalling pathways that are stimulated during micro-
glia activation and their modulatory mechanism is limited.
Recent studies suggest a possible involvement of the activate
members of the MAPK family and phosphoinositide 3-kinase
(PI3K)/PKB (AKT) pathway (Cobb, 1999; Nikodemova et al.,
2006). MAPKs including p38 MAPK, JNK and ERK1/2 have
been suggested to be involved in inflammatory mediator
production in response to a variety of stimuli including LPS
(Guha and Mackman, 2001; Rao, 2001). Moreover, It has
been reported that binding of LPS to toll-like receptor 4
(TLR4) on the surface of microglia leads to the activation of
several signal transduction pathways that all lead to the acti-
vation of NF-xB, a transducer, to mediate amplifiers and effec-
tors such as proinflammatory cytokines, chemokines and
inducible enzymes including inducible NOS (iNOS) and
COX-2 (Medzhitov, 2001; Okun etal., 2009; Glass etal.,
2010). Nevertheless, the PI3K/AKT pathway is known to regu-
late cellular activation, inflammatory responses and apopto-
sis (Cantley, 2002). Recent studies have demonstrated that
this pathway imposes a braking mechanism to limit the
expression of pro-inflammatory mediators in LPS-treated
microglia by inhibiting the JNK and p38 MAPK pathways
(Guha and Mackman, 2002).

In recent years, considerable attention has focused on
identifying naturally occurring neuroprotective substances
that may be promising therapeutics for neurodegenerative
disorders. Phyto-oestrogens are plant-derived polyphenolic
non-steroidal compounds that have found to be beneficial in
the prevention and treatment of cardiovascular diseases,
osteoporosis, diabetes and obesity (Bhathena and Velasquez,
2002; Usui, 2006). Flavonoids are naturally occurring
polyphenolic compounds that have attracted the
attention of the scientific community because of their
wide range of biological activities. Kaempferol (3, 4/, 5, 7,
-tetrahydroxyflavone), a phyto-oestrogen, and one of the
most common dietary flavonoids, is commonly found in tea,
broccoli, grapefruit and other various plant sources (Olsze-
wska, 2008). It is known to have anti-oxidative and anti-
inflammatory properties. Previous studies have reported that
kaempferol modulates iNOS, COX-2 expression in chang
liver cells (Garcia-Mediavilla etal., 2007), inhibits LPS-
induced NO production and iNOS expression in activated
macrophages (Hamadldinen et al., 2007), reduces LPS-induced
COX-2 level in RAW 264.7 cells (Kim et al., 2008) and inhibits
ROS production through the inhibition of iNOS and TNF-o
protein expression in aged gingival tissues (Kim et al., 2007).
Recently, Lee et al. (2010) has demonstrated that kaempferol
inhibits ultraviolet B-induced COX-2 expression in mouse
skin epidermal cells and Mahat et al. (2010) has shown, in a
rat model of inflammation, that kaempferol’s anti-
inflammatory action is mediated by an effect on COX path-
ways via inhibition of NO production.

Nevertheless, there is no report on the effect of
kaempferol against neuroinflammatory conditions. There-
fore, this study was designed to investigate whether
kaempferol exerts neuroprotection via inhibition of micro-
glial activation and the subsequent neuroinflammation. It is
notable that LPS-activated microglial cells have been sug-
gested to be a good cellular model to test the efficacy of the
potential of therapeutic compounds for neuroinflammatory
disorders (Chao and Hu, 1994; Le et al., 2001). In the present
study, we tried to explore the ability of kaempferol to inhibit
the LPS-induced expression of iNOS, COX-2, MMPs and sub-
sequent production of ROS, TNF-o, NO, PGE, and IL-1f in
BV2 microglial cells. We also attempted to elucidate the
underlying mechanisms by investigating the involvement of
TLR4, NF-xB, MAPKs and AKT.

Methods

Materials

Dulbecco’s modified Eagel’s medium (DMEM) and fetal
bovine serum (FBS) were obtained from Gibco (Grand Island,
NY, USA). LPS (055:BS5), recombinant mouse interferon-y
(IFN-y), kaempferol, 3-(4, S-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), nitroblue tetrazolium
(NBT), Griess reagent, PD98059, SB203580 (4-(4-
fluorophenyl)- 2 - (4 -methylsulphinylphenyl)- 5 - (4 - pyridyl) -
1H-imidazole), SP600125 (1, 9-pyrazoloanthrone,
anthrapyrazolone) and 4/, 6-diamidino-2-phenylindole
(DAPI) were purchased from Sigma-Aldrich (St Louis,
MO, USA). LY 294002 (2-(4-morpholinyl)-8-phenyl-
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1(4H)-benzopyran-4-one  hydrochloride) and  pyrroli-
dine dithiocarbamate (PDTC) and N-isobutyl-N-(4-
methoxyphenylsulphonyl)-glycylhydroxamic acid (NNGH)
were purchased from Calbiochem (San Diego, CA, USA).
Primary antibodies iNOS, COX-2, pERK, ERK, pJNK, JNK,
pP38, p38, NF-kB p65, IkB and Lamin B were purchased from
Santa Cruz (Santa Cruz, CA, USA.) and pAKT and AKT were
from Cell Signaling Technology (Beverley, CA, USA). IL-1B
ELISA kit was from Biolegend (San Diego, CA, USA), and TNF-o
and PGE, EIA kit were from Assay design (Ann Arbor, MI,
USA).

Cell culture and treatment

The murine microglial BV2 cells, originally developed by Dr
V. Bocchini at University of Perugia (Perugia, Italy; Blasi
etal.,, 1990) were generously provided by Professor Hong
Sung Chun at Chosun University (Gwangju, Korea). The
cells were cultured in DMEM supplemented with 10% FBS,
100 U-mL™" penicillin and 100 ug-mL™" streptomycin, and
kept at 37°C in humidified 5% CO,/95% air. BV2 cells
(passage 21) were subcultured every 3 days by trypsinization
when growing up to 75% confluence. Kaempferol was dis-
solved in dimethyl sulphoxide (DMSO) to a final concentra-
tion of 0.01%. LPS was diluted in Hanks’ balanced salt
solution and BV2 cells were stimulated with 1.0 pg-mL™" LPS
for indicated time. In all experiments, cells were treated with
the indicated concentrations of kaempferol 1 h before the
addition of LPS.

Analysis of cell viability

Cell viability was measured by MTT and neutral red assays.
For MTT assay, BV2 cells were seeded in 96-well plate at a
density of 1 x 10* cell per well and incubated for 24 h prior to
experimental treatments. The cells were then treated with
different concentrations of kaempferol (10, 30, 50 and
100 uM). Similarly, cells were treated with kaempferol (10-
100 uM) for 1h then stimulated with 1.0 ug-mL™" LPS
(kaempferol + LPS group), with LPS alone and with vehicle
only. After incubation for 24 h, the culture medium was then
removed and MTT (0.5 mg-mL™") was added in each well.
Following an additional 4 h incubation at 37°C, 100 uL of
DMSO was added in each well to dissolve formazan crystals.
The absorbance was then measured at 540 nm using a VER-
SAmax micro plate reader (Molecular Devices, CA, USA).
Wells without cells were used as blanks and were subtracted as
background from each sample. Results are expressed as a
percentage of control. For neutral red assay, BV2 cells were
cultured overnight in 24-well plate at a density of 1 x 10° cells
per well. The cells were then pretreated with kaempferol
(10-100 uM) for 1 h before being stimulated with 1.0 ug-mL™
LPS for 24 h. For determination of cell viability, cells were
washed with PBS and incubated for 3 h in medium contain-
ing neutral red (100 pg-mL™) as described previously (Richter-
Landsberg and Besser, 1994). The damaged or dead cells lose
the ability to retain neutral red. Cells were washed with PBS
and the dye was extracted with a solution of acetic acid
(1%)/methanol (50%) (300 uL per well). After agitating for
10 min, the aliquots were transferred to 96-well plate and the
absorbance was measured at 540 nm in VERSAmax micro
plate reader. After similar treatments, neutral red incubation
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and washing were carried out and pictured under a fluores-
cent microscope (Nikon, Eclipse TE 2000-U, Japan).

Measurement of NO production

Production of NO was assayed by measuring the levels of
nitrite in culture medium as previously described (Green
etal., 1982). BV2 cells were cultured overnight in 24-well
plates at a density of 1 x 10° cells per well. Cells were pre-
treated with kaempferol (10-100 uM) for 1 h and stimulated
with 1.0 ug-mL™' LPS or 20 U-mL™" of IFN-y for 24 h. Similarly,
in another experiment, SB203580 (2.5 uM); a selective p38
inhibitor, PD98059 (10 uM); a selective MEK/ERK inhibitor,
SP600125 (10 uM); a selective JNK inhibitor, and PDTC
(50 uM); a selective NF-xB inhibitor was added 1 h before
treatment with LPS (1.0 ug-mL™") while LY294002 (20 uM); a
selective AKT inhibitor was added 30 min before LPS expo-
sure. The culture supernatants were then reacted with an
equal volume of Griess reagent (1% sulphanilamide, 0.1%
naphthylethylenediamine dihydrochloride and 2% phospho-
ric acid) for 10 min at room temperature in the dark. Absor-
bances were measured using a microplate reader (VERSAmax
micro plate reader, Molecular Devices, CA, USA) at 542 nm.
Nitrite concentrations were calculated by using standard
solution of sodium nitrite.

IL-1B, TNF-o and PGE, measurement

BV2 cells were plated at a density of 1 x 10° cells per well in
a 24-well plate. Cells were then pretreated with kaempferol
(10-100 uM) for 1 h and stimulated with LPS for 24 h. Pro-
duction of IL-1B, TNF-o. and PGE, in culture medium were
measured by mouse IL-1 ELISA kit, and TNF-o. PGE, EIA kit
according to the procedures provided by the manufacturers.
For detection of the involvement of MAPKs and AKT in LPS-
induced PGE, production, cells were pre-incubated with
SB203580, a selective p38 inhibitor, PD98059, a selective
MEK/ERK inhibitor, SP600125, a selective JNK inhibitor was
added 1 h before treatment with LPS while LY294002, a selec-
tive AKT inhibitor was added 30 min before LPS exposure.
Production of PGE; in culture medium was measured.

Measurement of ROS production

Production of ROS was measured by two different methods;
modified NBT assay and 2’7’-dichlorofluorescein diacetate
(DCF-DA) assay. The modified NBT assay is based on the
conversion of NBT to NBT diformazan by superoxide anion.
DCF-DA assay is based on the ROS-dependent oxidation of
DCF-DA to the highly fluorescent compound dichlorofluo-
rescein (DCF). The cells (1 x 10° cell per well) were cultured in
96-well plates and then treated with 10-100 uM kaempferol
for 1 h and then stimulated with 1.0 ug-mL™ LPS for 24 h. For
NBT assay, 0.1% NBT was added to the media at the end of
the treatment periods. After incubation for 45 min at 37°C,
the cells were washed twice with PBS, then once with metha-
nol, and air-dried. The NBT deposited inside the cells was
then dissolved with 240 uL of 2M potassium hydroxide
(KOH) and 280 pL of DMSO with gentle shaking for 10 min at
room temperature. The dissolved NBT solution was then
transferred to a 96-well plate and absorbance was measured
using a microplate reader (VERSAmax micro plate reader,
Molecular Devices, CA, USA) at 630 nm. Meanwhile, BV2
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cells were cultured in 24-well plates at a density of 1 x 10°
cells per well. After similar treatments, NBT incubation,
washing and fixing with methanol were carried out. The cells
were then monitored by a fluorescent microscope (Nikon,
Eclipse TE 2000-U, Japan). For DCF-DA assay, medium was
removed and cells were washed twice with PBS. After being
washed, the cells were incubated with DCF-DA (10 uM) for
30 min at 37°C in the dark. Cellular fluorescence was mea-
sured in a fluorescence microplate reader (Spectra Max
Gemini EM, Molecular Devices, Sunnyvale, CA, USA) at exci-
tation wavelength 485 nm and emission wavelength 535 nm.
The cells were also pictured by using fluorescent microscope
(Nikon, Eclipse TE 2000-U, Japan).

Western blot analysis

BV2 cells were seeded in 100 mm cell culture plate at a
density of 1 x 10° cells per plate. The treated cells were washed
with ice-cold PBS and then were incubated with RIPA buffer
(20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na,EDTA,
1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM
Na3VO,, 1 pug-mL™" leupeptin) for 30 min. Cells lysates were
centrifuged at 17 700x g for 15 min, and the protein concen-
trations were determined by the bicinchoninic acid (BCA)
method using bovine serum albumin as standard. Equal
amounts of cell extracts were separated by electrophoresis
using a 10.5% SDS-polyacrylamide gel and transferred to
polyvinylidine difluoride (PVDF) membrane. After being
blocked at room temperature in 5% non-fat dry milk with
Tris-buffered saline Tween-20 (TBST) buffer (10 mM Tris-HCI,
150 mM NacCl and 0.1% Tween 20, pH 7.5) for 2 h, the
membrane was incubated with primary antibody for iNOS
(1:2000 dilution), COX-2 (1:1000 dilution), ERK, pERK, JNK,
pJNK, P38 and pP38 (1:1000 dilution), AKT and pAKT (1:2000
dilution), MMP-3, MMP-9 (1:1000 dilution), Lamin B
(1:1000) and Actin (1:2500 dilution) overnight at 4°C. Mem-
branes were washed three times in TBST buffer, and incubated
with horseradish peroxidase-conjugated secondary antibody
for 2 h at room temperature. To reveal the reaction bands, the
membrane was reacted with WESTZOL (plus) Western blot
detection system (Intron Biotechnology, Inc., Korea) and
exposed on X-ray film (Fujifilm Corporation, Tokyo, Japan).

MMP zymography

MMP-3,9 activities in the culture medium were determined
by 10% SDS-polyacrylamide gels containing casein/gelatin.
BV2 cells were treated with 100 uM kaempferol for 1 h fol-
lowed by stimulation with LPS for 24 h. After treatment, the
culture medium was collected and centrifuged at 17 700x g
for 5 min at 4°C to remove cells and debris. Cell mediums
were mixed with SDS sample buffer and applied on the gel.
After being run, the gels were incubated in the renaturing
buffer (2.5% Triton X-100) for 45 min with gentle agitation at
room temperature. After removal of the renaturing buffer, the
gels were incubated in the developing buffer (50 mM Tris
base, 40 mM HCI, 200 mM NaCl, 5 mM CacCl, and 0.2% Briji
35), overnight at 37°C. After incubation, the gels were stained
with staining buffer (30% methanol, 10% acetic acid and
0.5% w/v coomassie Brilliant Blue R-250) and destained with
destaining buffer (10% methanol, 10% acetic acid and 80%

distilled water). Area of proteinase activity was visualized as
clear bands.

Immunocytochemistry

The BV2 cells were seeded into eight-well chamber slides and
treated with kaempferol and LPS. Then, the cells were rinsed
twice with PBS and fixed with 4% paraformaldehyde solution
for 10 min at 4°C. The cells were rinsed with PBS and perme-
abilized with in 0.4% Triton X-100 for 20 min at room tem-
perature. After three rinses with PBS, the permeabilized cells
were blocked with 1% bovine serum albumin for 2 h at room
temperature. The blocked cells were incubated with rabbit
anti-NF-xB p65 primary antibody (1:200 dilutions) at 4°C
overnight. After being washed three times with PBS, the cells
were then incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit secondary antibody (1:400 dilu-
tions) for 2 h at room temperature. After a wash, nuclei were
counterstained with 1 pg-mL™" DAPI solution for 15 min in
dark. The cells were observed with fluorescent microscope
(Nikon, Eclipse TE 2000-U, Japan) and photographed at 100x
magnification.

Detection of NF-kB p65 translocation

BV2 cells were seeded in 100 mm cell culture plate at a density
of 1x 10° cells per plate. The cells were then incubated with LPS
and/or kaempferol for 1 h. For detection of NF-kB p6S5 trans-
location, cells were rinsed with PBS and suspended in hypo-
tonic buffer A [10 mM HEPES, pH 7.6, 10 mM KCIl, 1 mM
dithiothreitol (DTT), 0.1 mM EDTA and 0.5 mM PMSF] for
10 min 4°C. Cell lysates were centrifuged at 12 000x g for
2 min to separate into cytosolic and nuclear fractions. The
supernatants containing cytosolic proteins were transferred to
new tube. The pellet containing nuclei was resuspended in
buffer C (20 mM HEPES, pH 7.6, 1 mM EDTA, 1 mM DTT,
0.5 mM PMSE, 25% glycerol and 0.4 M NaCl) for 30 min at
4°C. The supernatants containing nuclei proteins were centri-
fuged at 12 000x g for 20 min. The protein concentrations
were determined by the BCA method. The cytosolic and nuclei
proteins were then subjected to Western blotting as men-
tioned above using anti-NF-xB p65 (1:1000 dilutions) and
anti-IxBa (1:1000 dilutions) primary antibodies.

TLR4 protein expression assay

To detect TLR4 expression, BV2 cells were treated with 100 pM
kaempferol for 1 h followed by stimulation with LPS for 24 h,
then cytosol and cell membrane were prepared. For membrane
extraction, cells were washed with Tris-buffered saline, and
then exposed to ice-cold membrane separation buffer (0.25 M
sucrose, 5 mM MgCl,, 2 mM EGTA, 2 mM EDTA, 10 mM Tris
pH 7.5, 10 ug-mL™" pepstatin, 10 ug-mL™" leupeptin, 1 mM
PMSF and 5 mM NaF). Cells were disrupted with sonication
and then centrifuged at 1000x g for 5 min to remove unbroken
cells and nuclei. Supernatant was removed to a fresh tube and
centrifuged at 100 000x g for 1 h. The supernatant containing
the cytosolic fraction was removed. The pellets were then
resuspended in membrane separation buffer with 1% Triton
X-100. The protein concentrations were determined by the
BCA method and subjected to Western blotting as mentioned
above using anti-TLR4 (1:800 dilution) antibody.
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Microglia phagocytosis assay

BV2 cells were seeded in a 12-well plate. The cells were then
pretreated with kaempferol for 1 h and stimulated with LPS
for 24 h. To assess microglial phagocytotic activity, 1 uL-mL™"
latex beads (0.8 uM) were added into each well. After 2 h, the
cells were washed with PBS and fixed with 4% paraformalde-
hyde for 10 min at room temperature. The fixed cells were
then rinsed with PBS and observed with fluorescent micro-
scope (Nikon, Eclipse TE 2000-U, Japan) and photographed at
100x magnification. Cells containing more than 10 beads
were counted as phagocytotic cells.

Electrophoretic mobility-shift assay (EMSA)

EMSA was performed using a DIG gel shift kit (Roche, Man-
nheim, Germany) according to the manufacturer’s instruc-
tions. Briefly, BV2 cells were harvested and suspended in
hypotonic solution (10 mM HEPES, pH 7.9, 10 mM KCI,
0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF)

including 0.5% Nonidet P-40 on ice for 10 min. Cells were
centrifuged at 4420x g for 10 min at 4°C and the pellet
(nuclear fraction) was collected. The nuclear fraction was
resuspended in a buffer containing 20 mM HEPES, pH 7.9,
20% glycerol, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT and 1 mM PMSF, incubated on ice for 60 min with
occasional gentle shaking, and centrifuged at 17 700x g for
25 min. The crude nuclear proteins in the supernatant were
collected and stored at —70°C until used. Protein-DNA binding
was carried out in a mixture containing 4 pL of a 5x binding
buffer (1x concentration of 5% glycerol, 1 mM MgCl,, 0.5 mM
EDTA, 40 mM KCl, 40 mM Tris, pH 8.0) along with dI-dC and
20 pg nuclear proteins. For specific and non-specific competi-
tor reactions, 100-fold excess of the appropriate unlabelled
double-strand DNA was added: specific, AGTTGAGGG
GACTTTCCCAGGC (NF-xB) and non-specific GTACGGAG
TATCCAGCTCCGTAGCATGCAAATCCTGC (Oct 2A). Two
microliter of DIG labelled NF-xB probe was added to each
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Effects of kaempferol on the survival of BV2 cells. (A) The chemical structure of kaempferol. (B) Cells were treated with 10-100 uM of kaempferol
for 24 h, and cell viability was determined by MTT assay. Cells were treated with different concentrations of kaempferol (10-100 uM) for 1 h
followed by LPS (1.0 ug-mL™") treatment for 24 h. Cell viability was assessed by the MTT assay (C) and neutral red assay (D). Effects of LPS and
kaempferol + LPS on BV2 cell morphology stained with neutral red (E). Morphological studies were conducted by phase-contrast microscopy. The
data are represented as means * SD of three independent experiments. Con, untreated control; Kae, kaempferol.
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reaction and incubated for 20 min at room temperature.
Samples were resolved on a 6% acrylamide gel in 0.5x
Tris-borate-EDTA (TBE) buffer. The DNA was then electro-
transferred to a positively charged nylon membrane. Anti-
DIG antibody conjugated to alkaline phosphatase (1:10 000)
was then added to the membrane. Disodium 3-(4-
methoxyspiro {l, 2-dioxetane-3, 2’-(5’-chloro) tricyclo[3.3.
1.13,7] decan}-4-yl) phenyl phosphate was used as a chemilu-
minescent substrate for alkaline phosphatase. The membrane
was then exposed to an X-ray film at room temperature.

Microglia-conditioned media

The human dopaminergic neuronal cell line, SH-SYSY,
obtained from the American Type Culture Collection (Rock-
ville, MD, USA) was plated at a density of 1 x 10* cell per well
in 96-well plates and allowed to settle at 37°C for 24 h before
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Figure 2

replacement with conditioned media. BV2 cells were treated
with different concentrations of kaempferol (10-100 uM) for
1h then stimulated with LPS (1.0 ug-mL™) for 24 h. The
culture media were collected as conditioned media and clari-
fied by centrifugation at 20 780x g for 5 min to remove cel-
lular debris. The conditioned media were then transferred to
SH-SYS5Y cells and the cells were further incubated at 37°C for
24 h. Cell viability was measured by MTT assay as described
above.

Statistical analysis

Each experiment was performed at least in triplicate. The data
are expressed as the means * SD Statistical significance
was assessed with one-way ANOVA followed by a post hoc
(Bonferroni) test for multiple group comparison. Differences
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Kaempferol inhibited NO, IL-1B, PGE, and TNF-o. production in BV2 cells. Cells were pretreated with kaempferol (10-100 uM) for 1 h, then
stimulated with LPS (1.0 ug-mL™") or 20 U-mL™" interferon- y (IFN-y) for 24 h. (A) The concentration of nitrite in the culture medium was
determined by Griess reaction. (B) The production of IL-18 was monitored by ELISA. Levels of PGE; and TNF-o in culture medium were determined
by EIA analysis (C,D). Each value is expressed as mean *+ SD of at least three independent experiments. ##P < 0.01, compared with control group.
*P < 0.05, **P < 0.01, compared with LPS or IFN-y alone. Con, untreated control; Kae, kaempferol.

British Journal of Pharmacology (2011) 164 1008-1025 1013



SE Park et al.

with a P-value less than 0.05 were considered statistically
significant.

Results

Effects of kaempferol and LPS on the survival

of BV2 cells

We first examined the effects of kaempferol on the survival of
microglial BV2 cells. Cells were treated with various concen-
trations of kaempferol (10, 30, 50 and 100 uM) for 24 h and
cell survival was determined by MTT assay. As shown in
Figure 1B, when exposed to kaempferol concentrations of
100 uM or lower, the viability of BV2 cells was the same as
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untreated control cells. In order to determine the effects of
kaempferol on LPS-stimulated BV2 cells, cells were pretreated
with kaempferol for 1h followed by treatment with
1.0 ug-mL™" LPS for 24 h. As shown Figure 1C, there were no
significant changes in the survival ratio of cells when treated
with LPS alone or with kaempferol. To further evaluate the
effects of kaempferol on the survival of LPS-treated BV2 cells,
cytotoxicity was quantified by the neutral red assay. This
assay is based on the fact that compromised or dead cells lose
the ability to retain the dye normally accumulating in lyso-
somes. The compounds did not have a significant cytotoxic-
ity toward BV2 cells (Figure 1D). The effects of kaempferol
and LPS on BV2 cell survival determined by neutral red assay
was similar to that determined by MTT assay. These results

. Kae10ILPS | d. Kae30/LPS

e. Kaeb0ILPS | f. Kae100/LPS | g. blank

D
b.LPS c. Kae10/ILPS
d. Kae30/LPS |e. KaeS0/ILPS |f Kae100/LPS

Effects of kaempferol on LPS-induced ROS formation. BV2 cells were treated with 10-100 uM kaempferol for 1 h, followed by vehicle or LPS
(1.0 ug-mL™) for 24 h. Intracellular reactive oxygen species (ROS) accumulation was measured by nitroblue tetrazolium (NBT) (A,B) and
2’7’-dichlorofluorescein diacetate (DCF-DA) (C,D) assay. (A) The NBT deposited inside the cells were dissolved and then the intracellular ROS level
was quantified using a VERSAmax microplate reader at 630 nm. (B) The NBT positive cells were observed under fluorescent microscope. (C)
Intracellular ROS accumulation was measured using the fluorescence probe DCF-DA. The fluorescence intensity was determined using a Spectra
Max Gemini EM fluorometer at 485 nm excitation and 535 nm emission. (D) Cells were incubated with DCF-DA and accumulation of intracellular
ROS was monitored by fluorescent microscope. Each value is expressed as mean * SD of at least three independent experiments. ##P < 0.01,
compared with control group. *P < 0.05, **P < 0.01, compared with LPS treated alone. Con, untreated control; Kae, kaempferol.
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were also confirmed by morphological observation
(Figure 1E), indicating that both kaempferol and LPS did not
affect the viability of microglial cells.

Kaempferol suppresses the production of NO,
PGE,, IL-1f and TNF-« in LPS-stimulated
BV2 cells and attenuates IFN-y-induced

NO production

Next, to investigate the anti-inflammatory effects of
kaempferol on LPS-induced microglial activation, the BV2
cells were pretreated with various concentrations of
kaempferol (10-100 uM) for 1 h and then stimulated with
1.0 ug-mL™" LPS for another 24 h. The results show that expo-
sure of BV2 cells to LPS increased the production of NO, PGE,,
IL-18 and TNF-o by 8-, 10.9-, 6.2- and 9.7-fold over basal
level, respectively (Figure 2A-C and D, column 2). However,
these proinflammatory mediators were significantly inhibited
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Figure 4

Effects of kaempferol on phagocytotic activity of LPS-activated BV2
cells. Cells were pretreated with kaempferol (10-100 uM) for 1 h,
followed by LPS (1.0 ug-mL™") for 24 h. (A) Phagocytosed beads
were observed by fluorescent microscope. (B) The bead density was
counted and quantified as percentage. (a) Control; (b) LPS alone; (c)
10 uM kaempferol + LPS; (d) 30 uM kaempferol + LPS; (e) 50 uM
kaempferol + LPS; (f) 100 uM kaempferol + LPS. Each value is
expressed as mean =+ SD of at least three independent experiments.
##P < 0.01, compared with control group. *P < 0.05, **P < 0.01,
compared with LPS treated alone. Con, untreated control; Kae,
kaempferol.

by kaempferol in a concentration-dependent manner
(Figure 2). Kaempferol at 100 uM remarkably decreased the
levels of NO, PGE,, IL-18 and TNF-o. to 63.4%, 76%, 63.5%
and 71.6%, respectively. Further, we tested the effects of
kaempferol on NO production in IFN-y-stimulated BV2 cells.
As shown in Figure 2A, IFN-y induced NO production in BV2
cells and it was also inhibited in a concentration-dependent
manner by kaempferol.

Kaempferol attenuates LPS-induced
intracellular ROS production in BV cells

There is cumulative evidence that ROS are associated with
various neurodegenerative disorders. Production of inflam-
matory mediators by the activated microglia is known to
stimulate the release of ROS. To determine whether LPS-
induced ROS production in BV2 cells is attenuated by
kaempferol, we measured the formation of ROS in cells with
NBT and DCF-DA assays. The results obtained by using the
NBT assay showed that exposure of BV2 cells to LPS for 24 h
increased NBT positive cells (Figure 3A, B, b). Notably,
kaempferol pretreatment markedly inhibited the effect of LPS
on BV2 cells (Figure 3B, c—f). The NBT reduction quantified
assay showed that kaempferol reduced LPS-induced ROS pro-
duction in BV2 cells in a concentration-dependent way
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Inhibitory effects of kaempferol on the LPS-induced expression of
iNOS and COX-2 in BV2 cells. BV2 cells were pretreated with 100 uM
kaempferol for 1 h, followed by 1.0 pg-mL™" LPS for 24 h. Expression
of the iINOS and COX-2 were detected by immunoblot assay. Actin
was used as an internal loading control. Results are expressed as
mean * SD of three independent experiments. ##P < 0.01, com-
pared with control group. **P < 0.01, compared with LPS treated
alone. Con, untreated control; Kae, kaempferol.
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(Figure 3A). The results of the DCF-DA assay (Figure 3C and
D) also demonstrated that exposure of BV2 cells to LPS for
24 h caused a significant increase in intracellular ROS levels.
However, pretreatment with kaempferol significantly sup-
pressed the LPS-induced ROS production.

Kaempferol reduces LPS-induced

microglial phagocytosis

Since phagocytosis is one of the markers of activated micro-
glia, we investigated whether kaempferol prevents LPS-
induced phagocytotic activity in the BV2 cells by a
phagocytosis assay using latex beads. As shown in Figure 4,
phagocytotic activity was significantly increased in cells
treated with LPS (16-fold). However, kaempferol pretreatment
markedly reduced the LPS-induced phagocytosis in
concentration-dependent manner. These results clearly
suggest a critical role of kaempferol in the regulation of
phagocytotic activity of microglia.

Kaempferol inhibits the expression of iNOS
and COX-2 in LPS-stimulated BV2 cells

We further examined whether kaempferol’s inhibitory effect
on NO and PGE, production was associated with decreased
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Figure 6

iNOS and COX-2 expression in LPS-treated BV2 cells. To
evaluate this effect, the levels of iNOS and COX-2 protein
expression were measured, by Western blotting, after expo-
sure of the BV cells to LPS (1.0 ug-mL™") for 24 h with or
without kaempferol (100 uM) pretreatment for 1 h. As shown
in Figure 5, upon LPS treatment for 24 h, the expression of
iNOS and COX-2 protein levels were increased significantly
(4.2-fold and 6-fold respectively). However, these expressions
were dramatically attenuated in BV2 cells pretreated with
kaempferol.

Kaempferol inhibits the expression of MMP-3,
but not MMP-9, and inhibition of MMP-3
suppresses iNOS expression in LPS-stimulated
BV2 cells

It is known that microglia bear a MMPs signature that is
distinct from other cells (Nuttall et al., 2007). MMPs, particu-
larly MMP-3 and -9, are emerging as important molecules in
neuroinflammation and neuronal cell death. Inhibition of
these molecules dramatically suppressed various inflamma-
tory mediators and related signalling pathways (Woo et al.,
2008). Moreover, it has been suggested that treatments that
target multiple pathways may prove most beneficial (Byrnes
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Effects of kaempferol on the LPS-induced expression of MMP-3 and MMP-9, and involvement of MMP-3 in LPS-induced iNOS expression in BV2
cells. Cells were pretreated with 100 uM kaempferol for 1 h, followed by 1.0 ug-mL™" LPS for 24 h. (A) Zymographic analysis of MMP-3 and
MMP-9 activity. The caseinolytic activity of MMP-3 (top), and the gelatinolytic activity of MMP-9 (bottom). (B) Western blot analysis of expression
of MMP-3, and MMP-9. Actin was used as an internal loading control. (C) BV2 cells were pretreated with NNGH, a specific inhibitor of MMP-3
for 1 h, followed by LPS for 24 h. Expression of the iNOS was detected by immunoblot assay. Con, control; Kae, kaempferol.
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et al., 2009). Although a number of paper have reported that
the function of MMPs are multiple and complex, the role of
MMPs in the activated microglia is little understood and the
relative contribution of kaempferol to the modulation of
MMPs activation is unclear. Therefore, the present study is
designed to understand this mechanism, to explore the mul-
tifunction of kaempferol, and to highlight the possibility that
MMPs inhibition may have the potential as therapeutics to
decrease microglial inflammation in neurodegenerative dis-
eases. First, we examined whether kaempferol might down-
regulate MMP-3 and -9 expressions in activated microglia.
The exposure of BV2 cells to LPS alone at 1 ug-mL™" for 24 h
resulted in a dramatic increase in MMP-3, and -9 expression
as detected by zymography (Figure 6A) and Western blot
analysis  (Figure 6B). Interestingly, pretreatment with
kaempferol notably inhibited the LPS-induced MMP-3
expression, but did not change the level of MMP-9 (Figure 6).

Whether the inhibition of MMP-3 expression is accompa-
nied by down-regulation of proinflammatory mediator was
then tested. To investigate this, BV2 cells were treated with
NNGH - a specific MMP-3 inhibitor before stimulation with
LPS. As shown in Figure 6C, inhibition of MMP-3 signifi-
cantly repressed the LPS-induced protein level expression of
iNOS.

Kaempferol inhibits LPS-induced

TLR4 expression

To examine whether kaempferol is able to modulate TLR4
expression in response to LPS exposure, immunoblot assay
was performed. As shown in Figure 7, LPS exposure signifi-
cantly increased TLR4 protein levels compared to those in
untreated control BV2 cells. This LPS-induced TLR4 activa-
tion was dramatically reversed by kaempferol, indicating that
it blocks the activation of this sensor molecule of the neu-
roinflammatory pathway.

Kaempferol attenuates LPS-induced NF-kB
activation in BV2 cells

NF-kB activation involves the translocation of the p65
subunit of NF-xB into nucleus. Thus, we investigated whether
kaempferol inhibits the p65 nuclear translocation. Immuno-
cytochemistry analysis showed that the p65 protein was pri-
marily located in the cytosol during the untreated condition.
When BV2 cells were exposed to LPS, the p65 protein
appeared in nuclei within 1 h and BV2 cells changed their
morphology (Figure 8A). Kaempferol pretreatment reduced
the p65 nuclear immunoreactivity, as well as the morphologi-
cal change induced by LPS. Western blot analysis also
revealed that p65 protein levels were increased in the nuclei
of the cells whereas the levels of cytosolic IxBo and p65
protein were decreased when BV2 cells were exposed to LPS
(Figure 8B). Interestingly, these effects were attenuated by
kaempferol treatment.

In order to further examine whether NF-xB activation is
involved in the signal transduction pathway caused by LPS
that leads to iNOS expression, the NF-xB inhibitor PDTC was
used. Figure 9A and B show that PDTC (50 uM) antagonized
the LPS-induced enhancement of NO production and iNOS
expression in BV2 cells.
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Figure 7

Effect of kaempferol on the LPS-induced activation of toll-like
receptor-4 (TLR4) in BV2 cells. Cells were pretreated with 100 uM
kaempferol for 1 h, followed by 1.0 ug-mL™" LPS for 24 h. (A) Mem-
brane protein was extracted from lysed cells and TLR4 protein
expression was determined by immunoblot assay. Actin was used as
an internal loading control. Results are expressed as mean = SD of
three independent experiments. ##P < 0.01, compared with control
group. **P < 0.01, compared with LPS treated alone. Con, control;
Kae, kaempferol.

Effects of kaempferol on LPS-induced NF-«kB
binding in BV2 cells

As NF-xB has been implicated in the transcriptional activa-
tion of various inflammatory cytokines (Baeuerle and Henkel,
1994; Guha and Mackman, 2001), the effects of kaempferol
on this signalling pathway were investigated by EMSA. BV2
cells were pretreated with kaempferol for 1 h and then stimu-
lated with LPS for 24 h. Nuclear extracts prepared from the
cells were then subjected to EMSA using an oligonucleotide
probe corresponding to the consensus binding sites for
NF-kB. As shown in Figure 10, NF-xB activity was increased by
LPS in BV2 cells, and this increase was attenuated by pretreat-
ment with kaempferol.

Kaempferol inhibits LPS-induced JNK, p38
and AKT phosphorylation

We investigated the effects of kaempferol on the activation of
ERK1/2, JNK, p38 MAPK and AKT in LPS-stimulated BV2 cells.
As shown in Figure 11, LPS strongly activated ERK2, p38
MAPK and AKT (their phosphorylated forms, pERK2, pp38
and pAKT, are shown) whereas ERK1 and JNK were weakly
activated. Kaempferol had significant inhibitory effects on
LPS-stimulated JNK, p38 MAPK and AKT activation. However,
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Inhibition of LPS-induced NF-kB activation by kaempferol in BV2 cells. Cells were activated with LPS (1.0 ug-mL™) for 1 h with or without
kaempferol (100 uM). (A) The translocation of p65 subunit of NF-kB was determined by immunocytochemistry. Representative pictures from three
independent experiments are shown. (B) Cytoplasmic and nuclear fractions of treated cells were used to detect IxBo. and NF-kB expression. Actin
and Lamin B were used as an internal loading control for cytosolic and nuclear fractions respectively. Con, control; DAPI, 4, 6-diamidino-2-
phenylindole; Kae, kaempferol.
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Figure 9

Involvement of NF-«B in LPS-induced iNOS expression and NO production in BV2 cells. BV2 cells were pretreated with pyrrolidine dithiocarbamate
(PDTC), a specific inhibitor of NF-xB for 1 h, and then the cells were exposed to LPS for 24 h. (A) The concentration of nitrite in culture medium
was monitored as described in methods. (B) Expression of iNOS was determined by Western blot analysis. Actin was used as an internal loading
control. Results are expressed as mean * SD of three independent experiments. ##P < 0.01, compared with control group. **P < 0.01, compared
with LPS treated alone. Con, control; Kae, kaempferol.
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Inhibitory effects of kaempferol on LPS-induced DNA binding of
NF-xB in BV2 cells. Cells were pretreated with 100 uM kaempferol for
1 h before being incubated with LPS (1.0 ug-mL™") for 24 h. Nuclear
extracts were prepared and DNA binding activity of NF-xB was
determined by EMSA using a NF-kB-specific oligonucleotide probe.
Densitographs represent means * SD of three independent experi-
ments. #P < 0.05, compared with control group. *P < 0.05, com-
pared with LPS treated alone. Con, control; Kae, kaempferol.

phosphorylation of ERK1/2 was not affected by kaempferol
pretreatment.

Involvement of MAPKs, AKT and kaempferol
in LPS-induced NO, PGE, production and
iNOS expression in BV2 cells

In order to determine the involvement of JNK, p38 MAPK and
AKT in the LPS-induced increase in NO, PGE, production
and iNOS expression, SB203580 (a selective p38 inhibitor)
and SP600125 (a selective JNK inhibitor) and LY294002
(PI3K/AKT inhibitor) were administered to BV2 cultures 1 h
before LPS exposure, while LY294002, a PI3K/AKT specific
inhibitor was administered 30 min before. As shown in Fig-
ure 12, LPS significantly increased NO and PGE, production

as well as iNOS expression. However, inhibition of p38
MAPK, JNK and AKT activities by pretreatment with the
inhibitors blocked the LPS-induced NO, PGE, production and
iNOS expression. As expected, supplementation of the
culture medium with kaempferol significantly attenuated NO
and PGE, production and decreased iNOS protein levels in
BV2 cells. These results indicate that JNK, p38 MAPK and AKT
pathways are involved in the inhibitory effects of kaempferol
on LPS-stimulated iNOS and COX-2 expression.

Kaempferol suppresses the microglia-mediated
neurotoxicity

Several studies have demonstrated that activated microglia
exert neurotoxic effects by releasing inflammatory mediators
(Block et al., 2007). We investigated whether the inhibition of
microglial activation by kaempferol can protect dopaminer-
gic neurons. As shown in Figure 13, when conditioned media
from LPS-stimulated microglia was added to cultured
SH-SYSY cells, neuronal cell death, as measured by the MTT
assay was significantly increased after 24 h. However, pre-
treatment of BV2 cells with kaempferol prior to LPS stimula-
tion and addition of conditioned media to dopaminergic
neurons significantly reduced neuronal cell death in a
concentration-dependent manner, demonstrating the neuro-
protective effects of kaempferol.

Discussion

Activation of microglia is one of the universal components of
neuroinflammation. Activated microglia secrete a variety of
pro-inflammatory mediators that are believed to induce neu-
rodegeneration. Therefore, inhibiting neuroinflammatory
mediators could be an effective method of treating neurode-
generative diseases. In this study, we examined the effect of
kaempferol on LPS-activated BV2 microglial cells. We found
that kaempferol exhibited an inhibitory effect on LPS-
activated TLR4 and the corresponding downstream NF-xB,
JNK, p38 MAPK and AKT activation, which subsequently
reduced LPS-induced MMP-3 up-regulation, and TNF-q,
IL-1B, NO, iNOS, PGE,, COX-2 and ROS production.

It is generally accepted that excessive production and
accumulation of NO by activated microglial cells can contrib-
ute to neurodegeneration. Several lines of evidence support
the neurotoxic role of NO in neuronal cell death both in vivo
and in vitro. Studies using selective and non-selective inhibi-
tors of NOS have afforded significant neuroprotection (Bal-
Price and Brown, 2001; Munch et al., 2003). PGE; is a major
eicosanoid found in many inflammatory conditions includ-
ing CNS inflammatory diseases (McGeer and McGeer, 1995).
Chronic treatment with a non-steroidal anti-inflammatory
drug, which inhibits prostaglandins synthesis, is associated
with decreased risk of developing AD (McGeer and McGeer,
1995; Breitner, 1996). Interestingly, in the present study,
kaempferol, a non-steroidal phyto-oestrogen, strongly sup-
pressed not only NO production but also PGE, generation in
LPS-activated BV2 cells.

In order to evaluate whether the inhibitory effect of
kaempferol on NO and PGE, production was related to a
modulation of iNOS and COX-2 production, we measured

British Journal of Pharmacology (2011) 164 1008-1025 1019



SE Park et al.

Con

Kae LPS KaelLPS

pERK1 (44 kDa)

e PERK2 (42 kDa)

ERK1 (44 kDa)

S ERK2 (42 kDa)

55 kD
pJNK1 (54 kDa)
pJNK2 (46 kDa)

43kDa
55 kDa—
JNK1 (54 kDa)
JNK2 (46 kDa)

-+

43kDa—
43kDa—
.. <« pP38 (38 kDa)
34 kDa— :
«P38(43 kDa)
Figure 11

Con Kae LPS KaelLPS
70 kDa— B 2B
A +PAKT (60 kDa)
55 kDa— . |
70 kDa— —

w't-AKT (60 kDa)
55 kDa—

——— e ]

Inhibitory effects of kaempferol on LPS-induced JNK, p38 MAPK and AKT activation in BV2 cells. Cells were pretreated with 100 uM kaempferol
for 1 h, followed by stimulation with 1.0 ug-mL™ of LPS for 1 h. Whole cell extracts were prepared and analysed by immunoblotting using MAPKs

and AKT antibodies. Con, untreated control; Kae, kaempferol.

iNOS and COX-2 expression in BV2 cells. We found that
kaempferol inhibited iNOS and COX-2 protein expression in
LPS-treated BV2 cells. COX-2 and iNOS are part of a family of
primary inflammatory response genes, whereby COX-2 and
iNOS expression are co-ordinately modulated by LPS and
their sustained up-regulation in microglia contributes to the
progressive damage in neurodegenerative diseases. It was
found that iNOS and COX-2 are expressed in glial cells of
substantia nigra of post-mortem PD patients (Knott et al.,
2000) and in rodent brain after LPS treatment (Boje and
Arora, 1992; Minghetti et al., 1999). Inhibitors of iNOS and
COX-2 expression has been found to exert neuroprotective
effects in several models of neurodegeneration and inflam-
mation (Liang ef al., 1999; Egger et al., 2003). Epidemiological
studies suggest that COX inhibitors reduce the risk of PD and
AD (Choi et al., 2009). These findings suggest that kaempferol
may be a promising candidate to inhibit the primary steps in
the neuroinflammatory pathway.

Inflammatory cytokines such as TNF-a and IL-18 have
been shown to promote neuronal injury (Lim et al., 2000; Tan
etal., 2002). TNF-a is a key downstream mediator in inflam-
matory responses, and IL-1f is known to be the major micro-
glial signal that promotes the cascade of glial cell reactions.
Previous studies have demonstrated that kaempferol represses
the gene expression of LPS-induced TNF-o and IL-1B in
J7774.2 macrophages (Kowalski et al., 2005). These observa-
tions combined with our results, that showed kaempferol
inhibits TNF-a and IL-1f production in LPS-stimulated BV2

1020 British Journal of Pharmacology (2011) 164 1008-1025

microglial cells, suggest that kaempferol may possess a potent
anti-inflammatory property.

Accumulating evidence suggests that MMPs are instru-
mental in the production and maintenance of a pro-
inflammatory microenvironment. In recent years, MMP-3,
and -9 have received much attention for their apparent role
in the pathogenesis of acute brain injury and neuroinflam-
mation. Studies have shown that LPS is a potent stimulus for
MMP-3 and -9 in microglia (Woo et al., 2008; Candelario-Jalil
et al., 2009). Pharmacological intervention of MMPs expres-
sion was found to be beneficial for the treatment of inflam-
matory diseases in the CNS caused by over activation of
microglial cells (Woo etal.,, 2008; Candelario-Jalil efal.,
2009). Experiments with the MMP-3 inhibitor, NNGH, indi-
cated that MMP-3 is positively associated with iNOS regula-
tion in LPS-stimulated BV2 cells. Interestingly, kaempferol
suppresses the LPS-induced increase in MMP-3 expression,
but no changes were observed in the expression of MMP-9.
Why MMP-9 is not suppressed by kaempferol is still not clear.
As MMP-3 gene is known to have an activator protein-1
(AP-1) element on its promoter (Westermarck and
Kahari, 1999), it is possible that JNK acts as a transcription
factor that binds to the AP-1 element of the MMP-3 gene.
Moreover, it has been suggested that the ERK/MAPK signal-
ling pathway is essential for MMP-9 up-regulation (Arai et al.,
2003), whereas the JNK/MAPK pathway is associated with
MMP-3 activation (Ahmed et al., 2005; Choi et al., 2008).
Consistent with these findings, the JNK/MAPK signalling
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Involvement of kaempferol, MAPKs and AKT in LPS-induced NO, PGE; production and expression of iNOS in BV2 cells. Cells were pre-incubated
with kaempferol, SB203580 (a selective p38 inhibitor), SP600125 (a selective ]NK inhibitor) for 1 h and LY294002 (PI3K/AKT inhibitor) for 30 min,
then cells were exposed to LPS for 24 h. (A) The concentration of nitrite in culture medium was monitored by Griess reaction. (B) Levels of PGE,
in the culture medium were determined by EIA analysis. (C) Expression of iNOS was determined by Western blot analysis. Actin was used as an
internal loading control. Results are expressed as mean *+ SD of three independent experiments. ##P < 0.01, compared with control group.
**P < 0.01, compared with LPS treated alone. Con, control; Kae, kaempferol.

pathway was shown to be involved in our kaempferol-
mediated inhibitory effect on neuroinflammation in LPS-
activated BV2 cells.

Toll-like receptors are intimately involved in several neu-
rodegenerative disorders. TLR4 has been identified in the
innate immunity and inflammation response to LPS. Exces-
sive activation of TLR4 on microglia may lead to the
accumulation of cytotoxic compounds such as ROS and
pro-inflammatory cytokines causing damage and eventual
neuronal loss (Akiyama ef al., 2000). Therefore, modulation
of the TLR4 signalling may be a potential therapeutic target
in neurodegenerative diseases. Importantly, in this study,
kaempferol markedly inhibited the LPS-induced increase in
TLR4 expression in BV2 cells. Following TLR4 activation, a

MyD88-independent pathway can be activated. This culmi-
nates in MAPK signalling and activation of the transcription
factor NF-xB (Okun et al., 2009). Microglia have been shown
to produce different ROS in response to LPS. Accumulation of
intracellular ROS triggers the release of inflammatory media-
tors in microglia through the activation of downstream sig-
nalling molecules such as MPAKs and NF-xB (Rosenberger
etal., 2001; Lal et al., 2002). It has been reported that anti-
oxidants inhibit NF-xB activation and block the production
of inflammatory cytokines by inhibiting the generation of
ROS (Chen et al., 2007; Mendis et al., 2008). Being a potent
antioxidant, we found that kaempferol effectively inhibited
intracellular ROS generation and attenuated LPS-induced
IxBo degradation as well as nuclear translocation of p65 in
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Kaempferol protects against microglial-mediated neurotoxicity.
SH-SYS5Y cells were treated with conditioned media (CM) from BV2
cells exposed toLPS (1.0 ug-mL™") with or without kaempferol (10-
100 uM) pretreatment for 1 h. After 24 h incubation, the viability of
SH-SY5Y cells was assessed by MTT assay. Results are expressed as
mean * SD of three independent experiments. #P < 0.05, compared
with control group. *P < 0.05, **P < 0.01, compared with LPS treated
alone. Con, control; Kae, kaempferol.

BV2 microglia. These results suggest that kaempferol may
suppress NF-xB signalling at least in part by inhibiting the
generation of ROS in LPS-activated microglia. Moreover,
NF-xB was found to be positively related to LPS-signalling in
BV2 cells because PDTC, a specific inhibitor of NF-kB reduced
LPS-induced iNOS protein and NO production. It has been
suggested that activation of NF-kB is involved in LPS-induced
iNOS expression (Nomura, 2001). This indicates that
kaempferol-mediated inhibition of NF-«xB activation is one of
the possible mechanisms underlying its inhibitory actions on
iNOS expression and NO production.

Phagocytosis is one of the innate functions of microglia to
remove a pathogen and cellular debris from the brain during
neuropathological conditions. Microglial activation occurs in
response to inflammogens such as LPS and inflammatory
cells show phagocytotic activity (Vallieres et al., 2006). In the
present study we found that kaempferol had a protective
effect against LPS-induced phagocytotic activity in BV2 cells,
suggesting that kaempferol could be used as a therapeutic
compound to regulate microglial activation.

In this study, we further examined the involvement of
MAPKs and AKT signalling pathways in the anti-
inflammatory effects of kaempferol. We found that
kaempferol inhibited LPS-induced activation of p38 MAPK,
JNK and AKT in BV2 cells. P38 MAPK, JNK and AKT have been
reported to be involved in inflammatory mediator produc-
tion in response to a wide variety of stimuli including LPS.
The p38 MAPK has been implicated in a signal transduction
pathway responsible for the increased in iNOS gene expres-
sion in glial cells (Park et al., 2007). It has been reported that
JNK is an essential mediator of several pro-inflammatory
stimuli in microglia (Waetzig et al., 2005) and intervention of
this pathway may be a therapeutic approach for treating
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Figure 14

Proposed signalling mechanism for the effects of kaempferol on LPS-induced neuroinflammation in BV2 cells. Activation of toll-like receptor-4
(TLR4) with LPS leads to activation of IKK complex, and MAPKs and AKT pathways. The IKK complex phosphorylates kB, which leads to the
degradation of IkBa and the subsequent nuclear translocation of NF-kB. Similarly, p38 MAPK and JNK phosphorylate and activate AP-1.
Phosphorylation of AKT also leads to activation of NF-xB. Activation of NF-xB and AP-1 results in the expression and production of pro-
inflammatory mediators. Kaempferol disrupts the neurotoxic pathway and protects against LPS-induced toxicity through inhibition of NF-kB,
MAPKs and AKT signalling. IKK, inhibitor of nuclear factor-kB (IkB)-kinase; Kae, kaempferol.
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inflammatory neurological diseases (Borsello and Forloni,
2007; Jang et al., 2008). Moreover, inhibition of AKT phos-
phorylation is found to be involved in inhibition of iNOS and
COX-2 in microglia (Nam et al., 2008). In this study, it was
also found that the specific p38 MAPK inhibitor SB203580,
JNK inhibitor SP600125 and AKT inhibitor LY294002 mark-
edly reduced the NO, PGE, production and iNOS expression
in the LPS-stimulated BV2 cells. Moreover, studies have sug-
gested that signalling through p38 MAPK and JNK results in
increased AP-1 activity, while signalling through AKT results
in increased NF-«xB activity. Activation of AP-1 and NF-xB
results in the expression and production of inflammatory
mediators. Thus, it appears that reduced p38 MAPK, JNK and
AKT phosphorylation by kaempferol in LPS-stimulated
microglia is sufficient to induce the down-regulation of
inflammatory mediators. Although, studies have shown that
ERK1/2 is also involved in the production of inflammatory
mediators, kaempferol did not reduce its phosphorylation in
LPS-activated BV2 cells. These observations suggest that JNK-,
p38 MAPK- and AKT-dependent pathways are involved in the
inhibitory effect of kaempferol on the production of inflam-
matory mediators. The proposed signalling mechanism
involved in the anti-neuroinflammatory effects of kaempferol
is shown in Figure 14.

The present results apply to BV2 cells of a certain passage
range, maintained under particular conditions as mentioned
above, and microglial cells in situ might or might not respond
similarly. Our microglia conditioned media results indicate
that kaempferol can be neuroprotective by suppressing
microglial activation and subsequent neurotoxicity. More-
over, in vivo studies have shown that kaempferol can protect
against brain oxidative damages induced by different stimuli
(Lopez-Sanchez et al., 2007; Lagoa et al., 2009). Recently, Filo-
meni ef al. (2010) have demonstrated that kaempferol pro-
tects human dopaminergic cells and primary neurons from
rotenone toxicity. These results indicate that kaempferol may
have a multipotential neuroprotective action.

In conclusion, the present observations identify a poten-
tial anti-inflammatory role of kaempferol against neuroin-
flammatory toxicity induced by LPS-activated microglia
through the inhibition of TLR4, NF-xB, p38 MAPK, JNK and
AKT activation. Although, the neuroprotective actions of
kaempferol need to be explored further, our results indicate
that kaempferol is a novel compound with potential for the
treatment of deurodegenerative diseases associated with
neuroinflammation.
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