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ABSTRACT In the current study, we evaluated the anti-inflammatory effects of Lonicera japonica THUNB. (LJ) and its
underlying molecular mechanism in lipopolysaccharide (LPS)-stimulated BV-2 microglial cells. Our results indicated that LJ
significantly inhibits LPS-stimulated production of nitric oxide (NO) and prostaglandin E> (PGE,). In addition, LJ inhibited
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) at both the protein and mRNA levels. In LPS-
stimulated BV-2 microglial cells, LJ inhibited proinflammatory cytokines and chemokines, tumor necrosis factor-o (TNF-u),
interleukin-1f (IL-1f), monocyte chemoattractant protein-1 (MCP-1), matrix metalloproteinase-9 (MMP-9) enzymatic ac-
tivities, and/or mRNA expression, as well as reactive oxygen species (ROS) production. LJ significantly suppressed activation
of nuclear factor-xB (NF-xB) and its translocation from the cytosol to the nucleus and suppressed the DNA-binding activity of
NF-xB. Furthermore, LJ significantly inhibited phosphorylation of c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinase 1/2 (ERK 1/2), p38 mitogen-activated protein kinases (MAPKSs), phosphatidylinositol 3-kinases (PI3K)/Akt,
and Janus kinase 1 (JAK1)/signal transducer and activator of transcription (STAT)1/3. Collectively, our findings indicated
that the antineuroinflammatory properties of LJ in LPS-induced BV-2 microglial cells is due to downregulation of proin-
flammatory cytokines and chemokines downstream of inhibition of NF-xB activation.
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INTRODUCTION

MICROGLIA, RESIDENT MACROPHAGES and immune sur-
veillance cells in the central nervous system (CNS),
have been reported to play a critical role in host defense and
tissue repair in the brain."> Microglia have also been pro-
posed to play a potential pathogenic role in several diseases
of the CNS, including chronic neurodegenerative diseases,
such as AD, PD, HIV dementia, and multiple sclerosis.***
Once activated, microglia mediate the secretion and/or pro-
duction of proinflammatory mediators, such as nitric oxide
(NO), prostaglandin E, (PGE»), reactive oxygen species
(ROS), matrix metalloproteinases (MMPs), monocyte che-
moattractant protein-1 (MCP-1), interleukin-1f (IL-1), and
tumor necrosis factor-o. (TNF-2), which together function to
restore CNS homeostasis by clearing pathogens and infected
cells.”> Thus, control of microglial activation and subse-
quent suppression of the production of neurotoxic proin-
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flammatory molecules may be an effective therapeutic
option for treatment of various neurodegenerative diseases
such as AD and PD.%’

Lipopolysaccharide (LPS) is a bacterial endotoxin used to
study experimentally induced infection, inflammation, and
tissue damage, as well as the biochemistry of inflammatory
responses. LPS activates ROS, nuclear factor-xB (NF-xB),
phosphatidylinositol 3-kinases (PI3K)/Akt, and members of
the mitogen-activated protein kinase (MAPK) family,
which are classified into at least three components: c-Jun
N-terminal kinase (JNK), extracellular signal-regulated
kinase 1/2 (ERK 1/2), and p38 MAPK.3'° Moreover, to
activate neuroinflammatory signaling in LPS-induced mi-
croglial cells, LPS also activates the Janus kinasel (Jak1)/
signal transducer and activator of transcription (STAT)1/3
signaling pathway and is important for cytokine and
chemokine production.'! All of these factors have been
implicated in the release of immune-related cytotoxic
factors, such as iNOS, cyclooxygenase-2 (COX-2), NO,
and proinflammatory cytokines, either separate from or in
addition to chemokines, including TNF-o, IL-1f, MCP-1, and
MMP-9, 113

Lonicera japonica THUNB. (LJ, honeysuckle) is a
widely used traditional Korean natural herb with a variety of
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biological functions and therapeutic properties, including
antiswelling, antiviral relief, antitumor, antipyretic, anti-
apoptotic, anti-inflammatory, and antibacterial effects.'"!”
Traditional claims and pharmacological studies have indi-
cated that L] may be an attractive candidate for the treat-
ment of various CNS disorders and neurodegenerative
diseases. Recently, ethanolic extracts of L] were shown to
inhibit aggregation and neurotoxicity of amyloid beta;_4»
(ABi_42) in human neuroblastoma cells.'® In addition, it was
previously reported that methanolic extracts of LJ have
neuroprotective activity against glutamate-induced neu-
rotoxicity in primary cultured rat cortical cells.'” In our
previous studies, we also demonstrated the effect of LJ in
promoting oxidative stress-induced neuronal cell death
through activation of MAPKSs, PI3K/Akt, and NF-xB in SH-
SYS5Y cellular models.?*?! Recently, it was reported that LJ
has anti-inflammatory properties in animal models of oste-
oarthritis and excision wounding.?*?* For example, in these
animal models, LJ was found to suppress a number of in-
flammation-related phenomena and the amount of cytokines
produced, including TNF-o and IL-6. Moreover, L.J was
shown to have anti-inflammatory effects in a carrageenan-
induced paw edema inflammation model. Although the anti-
inflammatory effects of LJ in these animal models have been
well documented, its effects on cells in the CNS, specifically
the microglia, remain elusive. Indeed, the detailed molecu-
lar mechanisms underlying the effects of LJ on neuroin-
flammation have not been investigated. Therefore, in this
study, we investigated the pharmacological effects of LJ
on microglia activated by LPS. In addition, we examined
whether LJ has antineuroinflammatory activity through
upregulation of iNOS, COX-2, MMP-9, proinflammatory
cytokines, and chemokines, as well as ROS accumulation
in LPS-stimulated BV-2 microglial cells. We also assessed
LJ’s anti-inflammatory properties and determined if LIJ
reduces inflammation by inhibiting phosphorylation of
MAPKSs, PI3K/Akt, and JAK1/STAT1/3, as well as activa-
tion of NF-xB.

MATERIALS AND METHODS
Materials

2,7'-Dichlorofluorescin diacetate (DCFH-DA), dimethyl
sulfoxide (DMSO), Hoechst 33258, 3-(4,5-dimethyl thiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT), LPS (Es-
cherichia coli, 026:B6), poly-p-lysine, and anti-f-actin
antibody were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from Hyclone (Logan, UT, USA).
Fetal bovine serum (FBS), 0.25% trypsin-EDTA, and
penicillin/streptomycin were obtained from GIBCO-BRL
(Grand Island, NY, USA). Rabbit anti-phospho-Akt
(Serd73), rabbit anti-rabbit anti-phospho-ERK1/2 (Thr202/
Tyr204), rabbit anti-ERK 1/2 (Thr202/Tyr204), rabbit anti-
phospho-JAK1 (Tyr1022/1023), rabbit anti-JAKI1, rabbit
anti-phospho-JNK (Thr183/Tyr185), rabbit anti-JNK (Thr183/
Tyrl85), rabbit anti-lamin B1, rabbit anti-NF-xB p65, rabbit

anti-phospho-STAT1 (Tyr701), rabbit anti-STAT1, rabbit anti-
phospho-STAT3 (Tyr705), rabbit anti-STAT3, and anti-rabbit
horseradish peroxidase-linked IgG antibodies were purchased
from Cell Signaling (Boston, MA, USA). Rabbit anti-COX-
2, rabbit anti-phospho-IxB-o, rabbit anti-IxB-«, rabbit anti-
phospho-p38 MAPK (Thr180/Tyr182), and rabbit anti-p38
MAPK (Thr180/Tyr182) antibodies were purchased from
Epitomics (Burlingame, CA, USA). Rabbit anti-iNOS and
rabbit anti-Akt (Ser473) antibodies were obtained from
Santa Cruz Biotechnology, Inc., (Santa Cruz, CA, USA).
Texas red®-conjugated goat anti-rabbit IgG antibody and
lipofectamine® 2000 transfection reagent were purchased
from Invitrogen (Carlsbad, CA, USA). Polymerase chain
reaction (PCR) primers were synthesized from Cosmo-
genetech Co., Ltd., (Seoul, Korea). All other chemicals were
of analytical grade from Sigma Chemical Co.

Preparation of LJ extract

Dried LJ flower buds were purchased from the Jung-Do
Herbal Drug Company (Seoul, Korea). The dried LJ flower
buds were collected in Goseong, Gangwon-do, South Korea,
in early June 2008, and were identified by Professor Sun
Yeou Kim (College of Pharmacy, Gachon University, In-
cheon, Korea). The dried LJ flower buds were cut into small
pieces and extracted thrice with 1kg/L of distilled water at
70°C with a cooling system (40°C) for 3 h. The water extract
was filtered through Whatman No. 2 filter paper,'® and the
supernatant was concentrated under reduced pressure in a
vacuum rotary evaporator (N-1000; EYELA, Tokyo, Japan).
Finally, the supernatant (400 g) was extracted with ethyl
acetate thrice for 1h in an ultrasonic apparatus. The super-
natant was evaporated and spray-dried to yield 12 g of LJ
extract.

Cell culture and treatment

BV-2 microglial cells were grown in DMEM supple-
mented with 10% heat-inactivated FBS (v/v) and 0.1%
penicillin/streptomycin (v/v) in a humidified atmosphere of
5% CO, and 95% air at 37°C. LPS was prepared immedi-
ately before use as 10 ug/mL stock and diluted in phosphate-
buffered saline (PBS) to the indicated final concentration. LJ
was dissolved in DMSO and the stock solutions were added
directly to the culture media. Control cells were treated with
DMSO only. The final concentration of solvent was always
<0.1% (v/v). No significant cytotoxicity was observed in
any of the experiments (data not shown). In all experiments,
cells were treated with the indicated concentrations of LJ in
the presence or absence of LPS (100 ng/mL) in serum-free
DMEM.

Determination of NO production

NO release in the culture supernatants was measured by
the Griess reaction. In brief, BV-2 microglial cells (2.5 X 10°
cells/well in 24-well plates) were incubated at 37°C with
LPS for 24 h with or without LJ pretreatment, and the su-
pernatant was assayed. Then, 100 uL of culture supernatant
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from each sample was mixed with the same volume of
Griess reagent [0.1% N-(I-naphthyl)-ethylenediamine di-
hydrochloride and 1% sulfanilamide in 5% phosphoric acid]
in 96-well plates for 10 min at room temperature in the dark.
Nitrite concentrations were determined using standard so-
lutions of sodium nitrite prepared in cell culture medium.
The absorbance at 540 nm was determined using a micro-
plate reader (SpectraMax 250; Molecular Device, Sunny-
vale, CA, USA).

Enzyme-linked immunosorbent assay

Following the manufacturer’s instructions, levels of PGE,
(Cayman Chemical, Ann Arbor, MI, USA), TNF-o, IL-15,
MCP-1 from KOMA Biotech, Inc. (Seoul, Korea), and
MMP-9 (R&D Systems, Inc., Minneapolis, MN, USA) were
determined using enzyme-linked immunosorbent assay
(ELISA) kits.

Measurement of intracellular ROS accumulation

BV-2 microglial cells (1 x 10° cells/well) were seeded on
six-well plates or poly-p-lysine-coated slides overnight.
Intracellular ROS levels were examined using DCFH-DA as
previously described.?**> After pretreatment with or without
LJ for 30 min, the cells were incubated with LPS for 24 h.
The cells were then rinsed with PBS and 10 uM DCFH-DA
was added for 30 min at 37°C, washed twice with PBS, and
examined at 530 nm with a fluorescence microplate reader
(SpectraMax M2; Molecular Device) with excitation at
488 nm. DCFH-DA fluorescence images were collected
using a fluorescence microscope (20X ).

RNA isolation and reverse transcription—polymerase
chain reactions

BV-2 microglial cells (1x10° cells/well in six-well
plates) were incubated at 37°C with LPS for 6 h with or
without LJ pretreatment. Total RNA was isolated using
Trizol® reagent (Invitrogen). Reverse transcription reactions
were carried out with the Superscript®-III kit (Invitrogen)
using 5 pg of total RNA and oligo dT according to the
manufacturer’s instructions. PCR products were analyzed
by staining with ethidium bromide on 1.5% agarose gels in
Tris borate/EDTA buffer (890 mM Tris-Base, 890 mM boric
acid, 20 mM EDTA, pH 8.3) after electrophoresis for 30 min
at 100 V. Band intensities of the amplified DNAs were
compared after visualization on a UV transilluminator. mnRNA
bands were quantified by densitometric analysis using ImagelJ
software (NIH Image in the public domain, USA). Specific
primer sequences are described in Supplementary Table S1
(Supplementary Data are available online at www.liebertpub
.com/jmf).

Nuclear and cytosolic lysate preparation

BV-2 microglial cells were seeded at a density of 5x 10°
cells/well in 100-mm? cell culture dishes. After pretreatment
with LJ for 30 min, the cells were incubated with LPS for
1 h. To measure activation of NF-xB p65 in the nucleus,

nuclear and cytosolic fractions were prepared using NE-
PER nuclear and cytoplasmic extraction reagents for cul-
tured cells (Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. NF-kB p65 levels were deter-
mined by western blot analysis and electrophoretic mobility
shift assay (EMSA) as described below.

Western blot analysis

BV-2 microglial cells were seeded at a density of 1x 10°
cells/well in six-well plates. After pretreatment with LJ for
30 min, the cells were incubated with LPS for 1, 2, or 24 h.
Next, cells were washed with ice-cold PBS and harvested by
scraping with 100 uL of ice-cold lysis T-per tissue protein
extraction buffer (Thermo Scientific, Rockford, IL, USA)
containing protease and phosphatase inhibitor cocktails
(Roche Diagnostics GmbH, Mannheim, Germany). The ly-
sates were then incubated on ice for 30 min. After centri-
fugation at 10,000 g for 15 min, supernatants were separated
and stored at —70°C. Protein concentrations were deter-
mined using a protein assay kit (Thermo Scientific). Cell
lysates were separated on 8—12% SDS-polyacrylamide gels
and transferred onto polyvinylidene difluoride transfer
membranes (Pall Corporation, Pensacola, FL, USA), Next,
the membranes were blocked with 5% skim milk containing
TBST buffer (0.5 mM Tris—HCI [pH 7.5], 150 mM NaCl,
and 0.1% Tween-20) for 1h at room temperature. The
membranes were subsequently incubated with primary
antibody overnight at 4°C [each antibody at a dilution of
1:1000; iNOS, phospho-JNK (Thr183/Tyr185), JNK, phos-
pho-ERK1/2 (Thr202/Tyr204), ERK 1/2 (Thr202/Tyr204),
phospho-JAK1 (Tyr1022/1023), JAK1, phospho-Akt (Ser473),
Akt (Serd73), NF-xB p65, phospho-STAT1 (Tyr701), STATI,
phospho-STAT3 (Tyr705), STAT3, and lamin B1, except f-
actin (1:20,000), COX-2 (1:500), phospho-IxB-o (1:10,000),
and IxB-o (1:10,000)]. After three washes with TBST, the
blots were incubated with horseradish peroxidase-conjugated
secondary antibodies in TBST with 5% nonfat milk at a 1:5000
dilution for 1h at room temperature. The blots were then
washed thrice in TBST buffer. Blots were developed using
the enhanced chemiluminescence detection method by im-
mersing them for 5 min in a mixture of ECL reagents (An-
imal Genetics, Inc., Suwon, Korea) A and B at a 1:1 ratio
and exposing to photographic film for a few minutes. Pro-
tein bands were quantified by densitometric analysis using
Imagel software.

Transient transfection and dual-luciferase assay

The NF-xB reporter construct used in this study was
purchased from SABiosiences, Inc., (QIAGEN, Inc., Va-
lencia, CA, USA). Briefly, BV-2 microglial cells were pla-
ted onto 24-well plates at a density of 2.5x 10° cells/well
and grown overnight. Cells were cotransfected with 5 pug/mL
of the NF-xB plasmid construct or negative plasmid con-
structs using lipofectamine. An internal control was also
transfected to measure transfection efficiency after 6 h. After
transfection, cells were cultured in 10% FBS medium for 24 h.
Twenty-four hours after transfection, cells were incubated
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with LJ for 1h, followed by LPS for 6 h. Luciferase activity
was assayed using a dual-luciferase assay kit (Promega,
Madison, WI, USA) according to the manufacturer’s in-
structions. Luminescence was measured using a single-tube
luminometer (FB12; Berthold Detection Systems GmbH,
Pforzheim, Germany).

Electrophoretic mobility shift assay

Nuclear extracts were prepared using NE-PER nuclear
and cytoplasmic extraction reagents as described above.
Synthetic complementary NF-xB (5-AGTTGAGGGGAC
TTTCCCAGGC-3')-binding oligonucleotides (Panomics,
Inc., Santa Clara, CA, USA) were 5'-biotinylated using a
biotin 5'-end DNA-labeling EMSA kit according to the
manufacturer’s protocol (Affymetrix, Inc., Santa Clara, CA,
USA). Binding reactions contained 10 ug of nuclear extract
protein, binding buffer, 1 ug of poly d(I-C), and 10ng of
biotin-labeled DNA. The reactions were incubated for 5 min
at room temperature in a final volume of 10 uL. The protein-
DNA complex was separated from the DNA probe by
electrophoresis on native 6% polyacrylamide gels pre-
electrophoresed for 1h in 0.5x Tris borate/EDTA buffer
(50 mM Tris-Base, 18 mM boric acid, 500mM EDTA, pH
8.3) before being transferred onto a positively charged nylon
membrane (Pall Corporation) in 0.5x Tris borate/EDTA
buffer at 300 mA for 30 min.. Next, the transferred DNAs
were cross-linked to the nylon membrane in a dry oven at
80°C for 1 h. Horseradish peroxidase-conjugated streptavi-
din was used according to the manufacturer’s instructions to
detect the transferred DNAs.

Immunocytochemistry

BV-2 microglial cells (2.5% 10° cells/well) were seeded
on culture slides for 24 h. After pretreatment with LJ for
30 min, the cells were incubated with LPS for 1h. Then,
cells were washed with PBS and fixed with 4% parafor-
maldehyde for 15 min. After washing, cells were permea-
bilized with 0.1% Triton X-100 in PBS for 10 min. Cells
were then blocked in a 5% bovine serum albumin solution in
PBS for 1h, followed by incubation with anti-NF-xB p65
(1:250) overnight. Next, cells were washed with PBS and
incubated for 1 h with Texas red-conjugated goat anti-rabbit
IgG antibody (1:500) and Hoechst 33258 (5 pg/mL) for
5Smin. Cells were washed in PBS and mounted on glass
slides in Permafluor aqueous mounting fluid. All procedures
were performed at room temperature. Cells were observed
under a fluorescence microscope (100x ). Results are rep-
resentative of three independent experiments.

Statistics

Data were analyzed with Prism 5.0 software (Graphpad
Software, Inc., San Diego, CA, USA) and expressed as the
mean + SEM. Statistical analyses were performed using one-
way analysis of variance followed by the Newman—Keuls
test. Statistical significance was set at P <.05.

RESULTS
Effects of LJ on cell viability in BV-2 microglial cells

To exclude the possibility that the decrease in NO and
cytokine levels was simply due to cell death, the cytotoxic
effects of the LJ extract in BV-2 microglial cells were
evaluated in the absence or presence of LPS using MTT
assays. The MTT assays showed that LJ was not cytotoxic at
the concentrations (0.5, 5, 2.5, 5, and 10 ug/mL) used in this
study (Supplementary Fig. S1A, B). Thus, these concen-
trations of LJ were deemed appropriate and used in subse-
quent experiments.

LJ inhibits the production of NO and PGE>
in LPS-stimulated BV-2 microglial cells

Initially, we determined the effects of LJ on NO and PGE,
production in LPS-stimulated BV-2 microglial cells. To
determine NO production, we measured the level of nitrite
released into the culture medium using Griess reagent.
Treatment with LPS significantly increased NO and PGE,
production to 22.72+0.74 uM and 922.60+25.72 pg/mL
of the control values, respectively (Fig. 1A, B, P<.001).
However, this increased production of NO was significantly
inhibited by 1 pg/mL of LI to 17.72£0.66 uM of the control
value (P<.001), and 2.5 pg/mL of LJ significantly re-
duced production of NO and PGE, to 16.00+0.54 uM and
648.50£38.26 pg/mL, respectively (P <.001). Pretreatment
with 5 ug/mL of LJ also decreased NO and PGE; production
to 11.50+0.56 uM and 248.00+ 14.41 pg/mL, respectively
(P<.001 compared with controls). In addition, pretreat-
ment with 10 pug/mL of LJ dramatically inhibited NO
and PGE, production to 7.22+0.54 puM and 124.00%
32.13 pg/mL, respectively (P <.001 compared with control
values).

LJ attenuates LPS-induced expression of iNOS and COX-2
protein and mRNA levels in BV-2 microglial cells

Because LJ was found to inhibit NO and PGE, produc-
tion, we next examined the relationship between LJ levels
and the expression of iINOS and COX-2. Western blot
analysis showed that treatment with LPS significantly in-
creased expression of iNOS and COX-2 protein levels to
475.00% +17.19% and 384.00% +14.59% of the control
values, respectively (Fig. 1C, D, P<.001). However, upre-
gulation of iNOS and COX-2 protein levels was signifi-
cantly attenuated by 2.5 pg/mL of LJ to 268.20% *+22.23%
and 230.00% *6.87% of the control values (P<.001),
whereas upregulation of iNOS and COX-2 protein levels
was decreased to 233.00% £ 14.39% and 207.00% £9.78%
of the control values at 5 pug/mL, respectively (P <.001). In
addition, pretreatment with 10 pg/mL of LJ markedly in-
hibited upregulation of iNOS and COX-2 protein levels to
141.20% £ 8.43% and 140.50% +£5.49% of the control val-
ues, respectively (P<.001).

Treatment with LPS also significantly increased the ex-
pression of iNOS and COX-2 mRNA levels to 292.50% t
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mRNA levels of TNF-a, IL-1f, MCP-
1, MMP-9, and ff-actin were evaluated
by RT-PCR. Densitometric results are
presented as the mean=SEM (n=23).
Cells were pretreated with the indi-
cated concentrations of LJ for 30 min
and then exposed to 100 ng/mL of LPS
for 24 h. The concentrations of TNF-o,
IL-1f, MCP-1, and MMP-9 were mea-
sured in culture media using commercial
ELISA kits. Data are presented as the
mean+ SEM (n=6). ***P<.001 com-
pared with the control group. *P<.05,
#p<.01, and " P<.001 compared
with the LPS-treated group. IL-1f,
interleukin-1$; MCP-1, monocyte che-
moattractant protein-1; MMP-9, matrix
metalloproteinase-9; TNF-o, tumor ne-
crosis factor-o.
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FIG. 3. LJ inhibits LPS-induced ROS accumulation in BV-2 microglial cells (A). Cells were pretreated with the indicated concentrations of LJ
for 30 min and then exposed to 100 ng/mL of LPS for 24 h. Intracellular ROS accumulation was assayed using DCFH-DA fluorescent dye. Data
are presented as the mean+SEM (n=6). Representative pictures were taken with a fluorescence microscope (B, 20 X magnification). The images
shown are representative of three experiments. *##P < .001 compared with the control group. *P<.05 and **P<.001 compared with the LPS-
treated group. Scale bar: 200 um. DCFH-DA, 2,7'-dichlorofluorescin diacetate. Color images available online at www.liebertpub.com/jmf

mRNA levels of MMP-9 were increased to 682.40% *
39.63% of the control value (Fig. 2D, P <.001). On the other
hand, upregulation of MCP-1 and MMP-9 mRNA levels
was significantly suppressed by 2.5 ug/mL of LJ to
196.50% +14.59% and 413.30%+32.45% of the control
values, respectively (P <.001). Pretreatment with 5 pg/mL
of LJ also significantly attenuated upregulation of TNF-c,
IL-18, MCP-1, and MMP-9 mRNA levels to 265.90% +
6.31%, 211.20% £21.58%, 122.10% £ 5.99%, and 229.90% *
14.09% of the control values, respectively (P<.01 and
P<.001). In addition, pretreatment with 10 pg/mL of LJ
markedly inhibited upregulation of TNF-¢, IL-15, MCP-1,
and MMP-9 mRNA levels to 210.80% + 11.42%, 144.70% *
13.42%, 102.80% *£3.50%, and 110.30% +2.53% of the
control values, respectively (P <.001). In a parallel approach,
we performed ELISA to determine whether L] inhibited re-
lease of these factors at detectable levels under culture
medium conditions. Treatment with LPS significantly in-
creased TNF-¢, IL-15, MCP-1, and MMP-9 secretion to
1478.00136.86, 778.20+27.01, 3958.00 + 15.99, and 3604.00 +
45.25 pg/mL, respectively (Fig. 2E-H, P<.001). However,
secretion of MMP-9 was significantly decreased following
treatment with 1 ug/mL of LJ to 3353.00+55.25 pg/mL
(P<.05), and pretreatment with 2.5 ug/mL of LJ also de-
creased IL-1f, MCP-1, and MMP-9 secretion to 662.50%
26.46, 2142.00£27.04, and 2739.00%55.95 pg/mL, respec-
tively (P<.05 and P<.001). Pretreatment with 5 pg/mL
of LJ also significantly decreased TNF-a, IL-1/, MCP-1,
and MMP-9 secretion to 1109.00+37.15, 515.00+33.77,
1307.00+69.99, and 1870.00%74.56 pg/mL, respectively
(P<.001). Last, pretreatment with 10 ug/mL of LJ markedly
inhibited TNF-¢, IL-1f5, MCP-1, and MMP-9 secretion to
860.30+47.22, 291.80+18.17, 920.60£96.29, and 986.10+
95.32 pg/mL, respectively (P<.001).

LJ inhibits LPS-induced ROS accumulation
in BV-2 microglial cells

We next examined the effect of LJ on ROS, which are
known to be early inducers of inflammation. ROS are pro-
duced by microglia and contribute to neuronal cell death and
neurodegeneration. In this study, we investigated intracel-

lular ROS formation using DCFH-DA, a fluorescent ROS-
sensitive probe. Treatment with LPS significantly increased
intracellular ROS production to 410.00% £44.07% of the
control value (Fig. 3A, P <.001), whereas pretreatment with
2.5, 5, and 10 ug/mL of LJ significantly inhibited this in-
crease in intracellular ROS accumulation to 287.80% *
31.47%, 199.80% £25.12%, and 171.40% +£34.95% of the
control values, respectively (P <.05 and P<.001). To fur-
ther investigate the effect of LLJ on LPS-induced intracellular
ROS accumulation, we performed immunostaining using
the DCFH-DA probe. Microphotographs of DCFH-DA
staining revealed excessive intracellular ROS accumulation
after LPS stimulation (Fig. 3B). Interestingly, pretreatment
with LJ clearly inhibited signaling events leading to intra-
cellular ROS accumulation.

LJ suppresses LPS-induced phosphorylation of JNK, ERK
172, p38 MAPKs, and PI3K/Akt in BV-2 microglial cells

To evaluate the effects of LJ on the upstream signaling
pathways associated with activation of NF-xB translocation,
we examined changes in the activation of intracellular sig-
naling proteins, such as JNK, ERK 1/2, p38 MAPKs, and
PI3K/Akt in BV-2 microglial cells. As shown in Figure 5,
treatment with LPS dramatically and rapidly increased the
phosphorylation of JNK, ERK 1/2, p38 MAPKSs, and PI3K/
Akt to 466.60% £17.04%, 277.80% £21.95%, 179.00% +
13.54%, and 185.50% £8.12% of the control values, re-
spectively (Fig. 4A-D, P<.001). However, the increase of
phosphorylation of p38 MAPK and Akt was signifi-
cantly inhibited by 5 ug/mL of LJ to 133.50% +3.38% and
144.30% £ 9.01% of the control values, respectively (P <.05
and P<.0l). Moreover, pretreatment with 10 ug/mL of
LJ significantly suppressed phosphorylation of JNK, ERK
172, p38 MAPKSs, and PI3K/Akt to 265.60% *9.84%,
120.80% £ 7.80%, 115.10% £6.14%, and 113.40% £2.40%
of the control values, respectively (P<.05 and P <.001).

LJ suppresses LPS-induced phosphorylation of JAKI
and STATI1/3 in BV-2 microglial cells

Because LJ reduced the activation of neuroinflammatory
molecules, it likely blocks signaling and transcriptional
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FIG. 4. LJ suppresses LPS-induced
phosphorylation of JNK (A), ERK 1/2
(B), p38 MAPKs (C), and PI3K/Akt
(D) in BV-2 microglial cells. Cells
were pretreated with the indicated
concentrations of LJ for 30min and
then exposed to 100 ng/mL of LPS for
1 h. The expression levels of INK, p38,
ERK 1/2 MAPK, and PI3K/Akt were
evaluated by western blot analysis.
Densitometric results are presented as
the mean+SEM (n=3). ***P<.001
compared with the control group.
*P<.05 *™P<.01, and **P<.001
compared with the LPS-treated group.
ERK 1/2, extracellular signal-regulated
kinase 1/2; JNK, Jun N-terminal Kki-
nase; MAPK, mitogen-activated pro-
tein kinase; PI3K, phosphatidylinositol
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FIG. 5. LlJ suppresses LPS-induced phosphorylation of JAK1 (A) and STAT1/3 (B, C) in BV-2 microglial cells. Cells were pretreated with the
indicated concentrations of LJ for 30 min and then exposed to 100 ng/mL of LPS for 2 h. The expression of JAK1 and STAT1/3 was evaluated by
western blot analysis. Densitometric results are presented as the mean+SEM (n=3). ***P<.001 compared with the control group. *P<.05,
#P<.01, and P <.001 compared with the LPS-treated group. STAT, signal transducer and activator of transcription.
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FIG. 6. LJ inhibits both LPS-induced
phosphorylation and degradation of
IxkB-a (A, B) as well as activation of
NF-xB in BV-2 microglial cells. Cells
were pretreated with the indicated
concentrations of LJ for 30min and
then exposed to 100 ng/mL of LPS for
1h. The expression levels of IxB-o,
STATI1/3, NF-kB p65, f-actin, and
lamin B1 were measured by western
blot analysis (C, D). Densitometric
results are presented as meantSEM
(n=3). NF-kB p65 was probed by anti-
NF-kB p65 antibody and Texas red®-
conjugated secondary antibody. Nuclei
were stained with Hoechst 33258 and
representative pictures were taken with
a fluorescence microscope (E, 100X
magnification). Images are representa-
tive of three experiments. Scale bar: 50
um. Cells were transiently transfected
with an NF-xB reporter plasmid con-
struct and then pretreated with the
indicated concentrations of LJ for
30 min, after which they were stimu-
lated with 100 ng/mL of LPS for 1h.
Equal amounts of cell extracts were
assayed for dual-luciferase activity (F).
Data are presented as the mean+ SEM
(n=3). Cells were pretreated with the
indicated concentrations of LJ for
30min before being stimulated with
100ng/mL of LPS for 1h. Nuclear
extracts were tested for specific DNA
binding of NF-xB by EMSA (G).
**P<.01 and ***P<.001 compared
with the control group. #P<.05, #P<
.01, and ##P <.001 compared with the
LPS-treated group. EMSA, electro-
phoretic mobility shift assay; NF-xB,
nuclear factor-xB. Color images avail-
able online at www.liebertpub.com/jmf
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events downstream of neuroinflammatory target genes. In
addition to activation of NF-xB translocation in LPS-
induced BV-2 microglial cells, LPS also activates the JAK1
and STAT1/3 signaling pathways, which are important for
cytokine and/or chemokine production. Thus, we investi-
gated the effects of LJ on LPS-induced phosphorylation of
JAK1 and STATI1/3 activation. Evaluation of the phos-
phorylation status of JAK1 and STAT1/3 revealed that
maximum phosphorylation levels occurred 2h after LPS
stimulation (data not shown). Treatment with LPS signifi-
cantly increased the phosphorylation of JAKI1, STATI,
and STAT3 to 323.70% +5.43%, 433.60% £24.01%, and
487.20% * 17.50% of the control values, respectively (Fig.
5A-C, P<.001). The increase in STATI phosphoryla-
tion was significantly inhibited by 2.5 pg/mL of LJ to
351.80% £39.26% of the control value. Pretreatment with
5 ug/mL of LJ also significantly suppressed the phosphor-
ylation of JAK1, STATI, and STAT3 to 284.20% *+7.07%,
266.40% *£32.03%, and 349.20% +15.27% of the control
values, respectively (P<.05, P<.01, and P<.001). Last,
pretreatment with 10 pg/mL LJ significantly inhibited
the phosphorylation of JAKI, STATI, and STAT3 to
160.60% +10.51%, 171.90% +8.60%, and 299.90% *+ 10.58%
of the control values, respectively (P <.001).

LJ inhibits both LPS-induced phosphorylation
and degradation of IkB-o as well as activation
of NF-kB in BV-2 microglial cells

Proinflammatory responses and cytokine production are
tightly regulated by signaling molecules such as IxB-a. We
therefore used western blots to evaluate the cytoplasmic
levels of this molecule under LPS-stimulating and LJ-
inhibiting conditions. Treatment with LPS significantly in-
creased the phosphorylation of p-IxB-o to 199.30% £4.57%
of the control value (Fig. 6A, P<.001), whereas IxB-o
significantly increased degradation to 60.97% £1.63% of
the control value (Fig. 6B, P<.01). However, this increase
in phosphorylation of p-IxB-o was significantly inhibited by
5 and 10 pug/mL of LJ to 140.30% + 1.80% and 107.40% *
3.58% of the control values, respectively (P <.001). On the
other hand, pretreatment with 2.5, 5, and 10 ug/mL of LJ
significantly inhibited degradation of IxB-« to 75.93% *
7.10%, 85.97% *+1.57%, and 87.37% £2.57% of control
values, respectively (P <.05 and P<.01). Next, we investi-
gated whether LJ inhibits localization of NF-«kB from the
cytosol to the nucleus using western blots and immunocy-
tochemistry. Treatment with LPS significantly altered the
cellular localization of NF-xB in cytosolic and nuclear
fractions. Specifically, the levels of cytosolic and nuclear
NF-xB in LPS-induced BV-2 microglial cells following
LPS treatment were 33.31% +2.58% and 451.10% +51.81%
of the control values, respectively (Fig. 6C, B, P<.01 and
P <.001). However, NF-kB localization from the cytosol to
the nucleus was significantly altered by 2.5 pg/mL LJ to
86% £1.54% and 148% £9.64% of the control values, re-
spectively (P <.01 and P <.001). Pretreatment with 5 ug/mL
of LJ also significantly altered NF-xB localization from the

cytosol to the nucleus to 87.19% £4.98% and 207.90% +
37.79% of the control values, respectively (P <.001), while
10 pug/mL of LJ inhibited NF-xB localization even more
strongly to 95.35% +5.04% and 108.10% £6.63% of con-
trol values, respectively (P <.001). Immunocytochemistry
analysis clearly confirmed the intracellular localization of
NF-xB activation in LPS-induced cells (Fig. 6E). Specifi-
cally, treatment with LJ significantly blocked LPS-induced
intracellular translocation of NF-kB from the cytosol to the
nucleus in BV-2 microglial cells.

Considering the inhibitory effects of LJ on LPS-induced
activation of NF-kB localization, we measured the activa-
tion of NF-xB through NF-xB transcriptional activity by
luciferase in BV-2 microglial cells transfected with an NF-
kB reporter construct. As shown in Figure 6F, treatment
with LPS significantly elevated the activation of NF-xB to
243.50% % 18.85% of the control value (P <.001). However,
activation of NF-xkB was significantly inhibited by 2.5, 5,
and 10 pg/mL of LJ to 184.30% % 8.24%, 173.60% £ 10.30%,
and 109.40% +£2.11% of the control values, respectively
(P<.05,P<.01,and P<.001). Finally, we asked whether L.J
modulates the activation of NF-xB transcription factor
binding to DNA following induction by LPS in BV-2 mi-
croglial cells by EMSA. Our results showed that treatment
with LPS significantly increased the DNA-binding activity
of NF-xB (Fig. 6G). In contrast, pretreatment with LJ sig-
nificantly suppressed the increased DNA-binding activity of
NF-kB induced by LPS.

DISCUSSION

LJ has been shown to have anti-inflammatory properties
in various experimental models. However, the specific ef-
fects of LJ on microglial cells have not been characterized.
Therefore, in the present study, we examined the effects of
LJ on LPS-stimulated inflammatory responses in BV-2
microglia cells. Specifically, we evaluated activation of in-
flammatory molecules and subsequent proinflammatory re-
sponses, as well as production of cytokines, chemokines,
and ROS. To further understand the molecular mechanisms
of LJ in LPS-treated BV-2 microglial cells, we investigated
the inhibitory effects of LJ on LPS-stimulated phosphory-
lation of MAPKSs, PI3K/Akt, and Jak1/STAT1/3, as well as
on the activation of NF-kB p65.

NO and PGE, are key inflammatory and neurotoxic me-
diators in inflammation and are responsible for injury to
the CNS as well as several CNS diseases.”® Indeed, many
studies have demonstrated that abnormally high levels of
NO and PGE are found in various types of brain injuries,
and neurodegenerative diseases are caused by excessive
expression of iNOS and COX-2 enzymes.?”?® Thus, treat-
ment with inhibitors of iNOS and COX-2 can facilitate
neuroprotection against LPS-induced neurotoxicity, sug-
gesting that NO and PGE, are important mediators of neu-
rotoxicity.?” In the present study, we determined whether the
inhibitory effects of LJ on LPS-stimulated NO and PGE,
production were related to induction of iNOS and COX-2.
Interestingly, treatment with LJ significantly inhibited both
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NO and PGE, production in a concentration-dependent
manner and these inhibitory effects were mediated by
downregulation of COX-2 and iNOS at the protein and
mRNA levels. Together, these results suggested that LJ may
be a promising candidate to inhibit the primary steps of
inflammatory pathways.

TNF-o and IL-1f are the two main proinflammatory cy-
tokines produced by activated microglia during CNS in-
flammation caused by the disruption of the blood-brain
barrier. Excessive production of TNF-« and IL-1/ has been
linked to many neurodegenerative diseases, such as AD, PD,
and HD.?*3? Overproduction of proinflammatory cytokines
from activated microglial cells has a detrimental effect on
neuronal cells. In addition, MCP-1 is a particularly impor-
tant chemokine that is primarily responsible for the initia-
tion and progression of proinflammatory responses by
promoting migration and recruitment of inflammatory
cells.>*3* Thus, inhibition of cytokine and chemokine pro-
duction or function serves as a key mechanism in the control
of CNS inflammation. Accordingly, we investigated whe-
ther LJ inhibits LPS-induced production of proinflammatory
cytokines in BV-2 microglial cells. Our data showed that LJ
significantly inhibited LPS-induced expression of mRNA
levels of TNF-u, IL-1f5, and MCP-1 mRNA and protein
secretion. These results suggested that in LPS-activated
BV-2 microglial cells, LJ inhibits the production of proin-
flammatory cytokines and chemokines at the level of tran-
scription.

MMP-9 plays a fundamental role in normal physiological
processes and also contributes to several pathologies asso-
ciated with uncontrolled tissue degradation. In addition,
several recent reports have indicated that MMP-9 is secreted
from activated microglia and is involved in neuronal dam-
age and subsequent neuroinflammatory processes in AD,
PD, HD, and stroke.* Thus, controlling microglia-mediated
MMP-9 production has been suggested as a possible thera-
peutic approach to treat CNS inflammation.>¢ Several re-
cent reports have demonstrated that natural products can
inhibit MMP-9 and are thus considered to be potential
therapeutic agents for alleviating neurodegenerative dis-
eases.’”% In the present study, we investigated the effect of
LJ on production of MMP-9 in LPS-stimulated BV-2 mi-
croglial cells. RT-PCR analysis revealed that LJ signifi-
cantly inhibited the expression of MMP-9 mRNA levels in
LPS-stimulated BV-2 microglial cells. Consistent with this
result, treatment with LJ strongly attenuated LPS-induced
MMP-9 secretion in BV-2 microglial cells. Taken together,
our data suggest that LJ can block proinflammatory re-
sponses in activated BV-2 microglial cells with activated
MMP-9 production and amplified inflammatory cascade
signaling.

Excessive ROS generation by microglia in the brain
contributes to neuronal damage involved in neurodegener-
ative diseases.’>** In addition, ROS amplify inflammatory
signals during chronic inflammation in microglia through
activation of kinases, such as JNK, p38 MAPKs, and PI3K/
Akt, leading to the activation of NF-xB and subsequent
induction of overexpression of inflammatory molecules in

activated microglial cells.>®**—3 To evaluate whether the
inhibitory effects of LJ on intracellular ROS accumulation
are related to upstream activation of NF-«kB and phosphor-
ylation of MAPKs and PI3K/Akt, we examined intracellular
ROS production in BV-2 microglial cells. Our results indi-
cated that LJ significantly inhibited LPS-induced intracel-
lular ROS production in BV-2 microglial cells, suggesting a
possible mechanism for the inhibitory effects of LJ on both
activation of NF-xkB and phosphorylation of MAPKs and
PI3K/Akt. Furthermore, potential inhibition of ROS gener-
ation by LJ could lead to the inhibition of signaling pathway-
dependent production of proinflammatory mediators and/or
cytokines, thereby suppressing inflammation.

It has been shown that intracellular signaling pathway
molecules, such as MAPKs and PI3K/Akt, are activated by
LPS and are involved in the regulation of inflammatory
responses, cytokines, and chemokines in microglia cells.***¢
Recent studies have also shown that LPS stimulates NF-xB
activation by both phosphorylating and degrading IxB fol-
lowing activation of IKK and phosphorylation of MAPKs
and PI3K/Akt.*’*° Moreover, inhibition of the phosphory-
lation of MAPKSs and PI3K/Akt also contributes to the in-
hibition of iNOS and COX-2 expression as well as inhibition
of gene expression of cytokines and chemokines in micro-
glial cells.”¥¥44+3% Although a previous report on the effects
of LJ on NF-xB-mediated oxidative stress pathways re-
ceived considerable attention, the mechanisms underlying
the interactions of LJ with these signaling pathways are not
fully understood.?*?! In particular, it is not known whether
LJ inhibits the phosphorylation of MAPKs and PI3K/Akt in
microglial cells. Therefore, new experiments are needed to
determine whether LJ tightly regulates the activation of
MAPKs and PI3K/Akt in LPS-activated BV-2 microglial
cells. In the present study, we found that LJ acted as a potent
inhibitor of MAPK and PI3K/Akt phosphorylation. To-
gether, these findings suggested that LJ is capable of dis-
rupting key signal transduction pathways activated by LPS
in BV-2 microglial cells that subsequently prevent produc-
tion of neuroinflammatory molecules.

JAK/STAT inflammatory signaling has recently been
reported to play a role in inflammatory responses in the
brain.>! The JAK/STAT signaling pathway has also been
reported to mediate actions of growth factors, hormones,
and cytokines.>? In addition to activation of NF-xB and ROS
production signaling in LPS-induced microglial cells, LPS
also activates the JAK/STAT signaling pathway, which it-
self is important for chemokine expression.’*>* However,
the mechanisms underlying interactions of LJ with these
signaling pathways are poorly understood. Thus, we tested
whether the anti-inflammatory effects of LJ were related to
the suppression of JAK/STAT activation in BV-2 microglial
cells. Specifically, we showed that LJ suppressed LPS-
induced phosphorylation of JAK1/STAT1/3. In addition, the
inhibitory action of LJ on phosphorylation of JAK]1 corre-
lated with its effects on phosphorylation of STATI1/3.
Therefore, phosphorylation of STATs depends on the acti-
vation of JAKs. Collectively, our results suggest that LJ
inhibits LPS-induced initiation of the JAK/STATS signaling
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cascade at least at the level of production of cytokines,
chemokines, and ROS, as well as NF-xB activation.

NF-xB is known as a pleiotropic regulator of various
genes involved in the production of numerous proin-
flammatory cytokines and enzymes related to the inflam-
matory process. Indeed, NF-kB is one of the central
regulators of microglial responses with respect to activating
stimuli, including LPS and cytokines.”> In terms of the
mechanism, NF-xB is inactive when bound to IxkB-« in the
cytosol. However, in response to stress, phosphorylated
IxB-u is degraded through selective ubiquitination, resulting
in the activation of NF-kB. Activated NF-kB then localizes
to the nucleus and binds to the promoter regions of proin-
flammatory molecules, thereby upregulating gene expres-
sion.® The unregulated prolonged production of these
molecules from activated microglial cells leads to CNS cell
damage and death, especially neurons.’” Since NF-xB is
known to play a critical role in the inflammatory response,
we also investigated whether LJ inhibits the activation of
NF-kB translocation and examined the effect of LJ on the
DNA-binding activity of NF-xB with EMSA. Our results
showed that LJ prevents LPS-induced activation of NF-xB
localization and consequently reduces LPS-induced DNA-
protein-binding activity of NF-xB. Therefore, inhibition by
LJ of NF-kB signaling pathways in BV-2 microglial cells
might lead to downregulation of proinflammatory media-
tors, thereby resulting in an anti-inflammatory effect.

The anti-inflammatory effects of LJ are likely due to
specific compounds present in the extract. The major active
constituents that have been identified in LJ comprise iridoid
glycosides and flavonoids, such as sweroside, loganin,
hyperoside, chlorogenic acid (CGA), luteolin, and caffeic
acid.”®>° Recently, we reported that loganin and CGA
ameliorate scopolamine-induced learning and memory
deficits in mice through antiacetylcholinesterase and/or an-
tioxidative stress activities.?®®' In addition, luteolin has
preventive effects on Af_4o-induced cognitive impairments
as measured by behavioral performance tests such as passive
avoidance and Morris water maze tests.®” Although the
presence of LJ in the brain was not determined, evidence
suggests that flavonoids in LJ, including CGA and luteolin,
are generally able to penetrate the blood-brain barrier and
can be detected in the brain.®>®* Thus, it is reasonable to
predict that circulating LJ had access to the microglial cell
compartment.

LJ could conceivably reduce immune responses in the
brain through undefined peripheral mechanisms, which
would also manifest as reduced brain inflammation. How-
ever, the primary components of L] have been reported to
be responsible for various pharmacological actions, partic-
ularly CGA, and were recently demonstrated to have
anti-inflammatory effects on LPS-induced proinflammatory
responses through NF-xB activation in RAW 264.7 cells.®
In our study, high-performance liquid chromatography
(HPLC) analysis of the LJ extract used in this study iden-
tified CGA as a peak compared with an LJ standard sample
(Supplementary Fig. S2). CGA might act independently or
synergistically by regulating multiple signaling pathways in

blocking neuroinflammation; however, the actual concen-
trations of these potential compounds in LJ extract that are
able to reach the brain and produce beneficial effects remain
in question and will require further research.

In summary, the results presented in this study identify a
potential anti-inflammatory effect of LJ in BV-2 microglial
cells. In LPS-stimulated BV-2 microglial cells, LJ signifi-
cantly inhibited the production of the inflammatory media-
tors, NO and PGE,, and also suppressed expression and
release of molecules involved in inflammation, including
iNOS, COX-2, TNF-q, IL-1f, MCP-1, and MMP-9. These
inhibitory effects were associated with the activity of LJ in
suppressing the phosphorylation of MAPKSs, PI3K/Akt, and
Jak1/STAT1/3 and activating NF-xB. The proposed sig-
naling mechanisms involved in the antineuroinflammatory
effects of LJ are shown in Supplementary Figure S3. Con-
sidering the critical roles of the various inflammatory me-
diators of inflammation, our results suggest that LJ has
the potential to be a therapeutic agent for the treatment of
inflammation in neurodegenerative diseases such as AD
and PD.

The neuroprotective effects of LJ should be further in-
vestigated in in vivo models to provide definitive evidence
for its potential role as a therapeutic agent for neurodegen-
erative diseases such as AD and PD. Although the present
study did not evaluate whether LJ inhibits inflammation-
related neuronal damage in vivo, we demonstrated that LJ
exerts anti-inflammatory activity in BV-2 microglial cells.
To confirm the involvement of multiple signaling pathways
in the mechanism mediating the neuroprotective effects of
LJ against neurotoxicity, we are currently working to better
understand the role of L] in neurodegenerative diseases such
as AD and PD. These studies will require extensive evalu-
ations regarding the neuroprotective effects of LJ in animal
models, including those where neurotoxins such as Aff and
MPTP are regionally injected into the brain.
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