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ABSTRACT
MC13 is a novel coumarin compound found in Murraya, an economic crop whose leaves are widely used as condiment (curry) in cuisine. The
aims of the present study were to investigate the neuroprotective effects of MC13 onmicroglia-mediated inflammatory injury model as well as
potential molecular mechanism. Cell viability and apoptosis assay demonstrated that MC13 was not toxic to neurons and significantly
protected neurons from microglia-mediated inflammatory injury upon lipopolysaccharide (LPS) stimulation. Results showed that MC13
markedly inhibited LPS-induced production of various inflammatory mediators, including nitrite oxide (Griess method), TNF-a and IL-6
(ELISA assay) in a concentration-dependent manner. Mechanism study showed that MC13 could suppress the activation of NF-kB, which was
the central regulator for inflammatory response, and also decreased the interaction of TGF-b-activated kinase 1 (TAK1)-binding protein
(TAB2) with TAK1 and TNF receptor associated factor (TRAF6), leading to the decreased phosphorylation levels of NF-kB upstream regulators
such as IkB and IkB kinase (IKK).MC13 also significantly down-regulated the phosphorylation levels of ERK and p38MAPKs, which played key
roles in microglia-mediated inflammatory response. Furthermore, MC13 inhibited Jak2-dependent Stat1/3 signaling pathway activation by
blocking Jak2 phosphorylation, Stat1/3 phosphorylation, and nuclear translocation. Taken together, our results demonstrated that MC13
protected neurons from microglia-mediated neuroinflammatory injury by inhibiting TRAF6-TAK1-NF-kB, p38/ERK MAPKs, and Jak2-Stat1/3
pathways. Finally, MC13might interact with LPS and interfere LPS-binding to cell membrane surface. These findings suggested that coumarin
might act as a potential medicinal agent for treating neuroinflammation as well as inflammation-related neurodegenerative diseases. J. Cell.
Biochem. 116: 1286–1299, 2015. © 2015 Wiley Periodicals, Inc.
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Microglia, resident brainmacrophages, have been proposed to
play a key role in host defense and neuronal repair in the

brain [Marín-Teva et al., 2011]. Under physiological conditions,
microglia are involved in immune surveillance and host defense
against infections [Streit and Xue, 2009]. However, under neuro-

inflammatory conditions, over-activation of microglia can cause
brain tissue damage by releasing various cytotoxic inflammatory
cytokines and further lead to neurodegenerative diseases, including
Alzheimer0s disease and Parkinson0s disease [Tanaka et al., 2013;
Amor et al., 2014]. Thus, suppression of over-activation of microglia
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using novel pharmacological agents is an attractive issue to alleviate
the neuroinflammatory processes associated with neurodegenera-
tion, toxicology, and immunity [Rock and Peterson, 2006; Figuera-
Losada et al., 2014].

At present, it is well known that lipopolysaccharide (LPS) binding
to the Toll-like receptor 4 (TLR4) on the surface ofmicroglia activates
a series of complex intracellular inflammatory signaling pathways
including nuclear factor-kB (NF-kB) signal [Yao et al., 2013]. NF-kB
plays a key role in inflammatory diseases because NF-kB activation
can induce inflammatory gene expression and further promote the
production of inflammatory mediators from microglia, such as
prostaglandin E2 (PGE2), tumor necrosis factor (TNF-a), interleukin-
6 (IL-6), interleukin-1b (IL-1b), and reactive oxygen species (ROS)
[Wang et al., 2012; Park et al., 2013; Dilshara et al., 2014]. Moreover,
NF-kB transcriptional activity is required for TLR4-mediated
interaction of TRAF6 (TNF-receptor-associated factor 6) with
TAK1 (TGFb-activated kinase 1) [Lucas and Maes, 2013]. Here,
TAK1-binding protein 2 (TAB2) is an adaptator protein that brigdes
TRAF6 to TAK1, promoting TAK1 activation and subsequent IkB
kinase (IKK) degradation and NF-kB activation [Kenny and O0Neill,
2008]. Thus, proper regulation of NF-kB activity by targeting TLR4
adaptor proteins (TRAF6, TAB2, and TAK1) may be critical for
maintaining microglial function and neuroinflammation inhibition.

Mitogen-activated protein kinases (MAPKs), as another major
inflammatory signal, are also involved in regulating the expression
of several inflammatory genes. Both in vitro and in vivo studies have
shown that activation ofMAPKs (ERK, JNK, and p38) is necessary for
a number of the inflammatory responses to LPS [Lee et al., 2013;
Jeong et al., 2014; Zhao et al., 2014]. For example, p38 and JNK
MAPKs activities are strongly enhanced in multiple cell types
including glial cells, endothelial cells, and as well as mononuclear
macrophages by LPS or inflammatory cytokines through increasing
their phosphorylation levels, and further accelerate inflammatory
responses; moreover, TNF-amRNA transport from the nucleus to the
cytoplasm could be blocked by ERK inhibitor [Raingeaud et al., 1995;
Dong and Davis, 2002; Zhi et al., 2007]. Therefore, MAPKs pathway
may act as an important drug target for anti-inflammation therapy.
In addition, previous research also indicated that direct LPS
stimulation and LPS-induced production of IFN-g and IL-6, which
subsequently activated Janus kinase 2 (Jak2)-Stat1 and Stat3
signaling pathway, were important events for microglia-dependent
neuroinflammatory process [Liu et al., 2012; Ren et al., 2013]. A
negative regulation in Jak2 could effectively down-regulate Stat3
activity and suppress inflammatory mediator release. Thus, the
reagents which can regulate inflammatory response through NF-kB,
MAPKs and Jak/Stats pathways may be used for anti-neuro-
inflammation and neuroprotection.

Traditionally, curry is commonly used as food condiments in
cuisine. Previous studies have shown that curry may help to prevent
certain neurodegenerative diseases such as Alzheimer0s disease [Lim
et al., 2001; Ringman et al., 2005; Balasubramanian 2006]. The
potential mechanism might be via anti-oxidant and anti-inflam-
matory activity, as well as amyloid-binding capability. An important
constituent of curry is Murraya, whose leaves are widely used for
flavored and appetizing effects. Previously, reports suggested that
the main functional ingredients of Murraya were coumarin

compounds, which could exert various bioactivity, including
neuroprotection, anti-cancer, anti-osteoporosis, anticoagulation,
and antiviral activities [Tang et al., 2008; Riveiro et al., 2010;
Bhattacharyya et al., 2011; Kontogiorgis et al., 2012; Du et al., 2014].
MC13 is a bioactive coumarin compound isolated by our group from
Murraya (Fig. 1A). In this study, we found MC13 could significantly
protect neurons from inflammatory injury which was mediated by
microglia, the central players for inflammatory response in the brain.
Moreover, we also investigated the potential anti-inflammatory
mechanism of MC13 on lipopolysaccharide (LPS)-induced BV-2
microglia neuroinflammation model.

MATERIALS AND METHODS

MATERIALS
MC13 (C16H16O5) was obtained fromDepartment of Natural Medicines,
School of Pharmaceutical Sciences, Peking University (Beijing, China).
The compound was in the form of light yellow crystals, molecular
weight 288 and purity over 97% by high performance liquid
chromatography analysis. LPS (L6529, g-irradiated, and BioXtra,
suitable for cell culture) from Escherichia coli 055:B5were fromSigma
(St. Louis,MO). Alexa Fluor 488 conjugate lipopolysaccharide (LPS and
L-23351) from E. coli Serotype 055:B5, Alexa Fluor 488 donkey anti-
mouse IgG (Hþ L) and DyLight 594 Goat anti-rabbit IgG (Hþ L) were
from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS), Dulbecco0s
Modified Eagle medium (DMEM), antibiotics, and trypsin were from
Hyclone (Logan, Utah). Primary antibodies were purchased from Cell
Signaling Technology (Danvers, MA).Western Chemiluminescent HRP
substrate was purchased from Pierce Scientific (Rockford, IL). NF-kB
EMSAassay kitwas fromBeyotime Institute ofBiotechnology (Jiangsu,
China). TNF-a and IL-6 ELISA kits were from ExCell Bio company
(Shanghai, China).

BV-2 CELL CULTURE
Murine microglial cell line (BV-2) was purchased from Peking Union
Medical College, Cell Bank (Beijing, China) and cultured in DMEM
supplemented with 10% fetal bovine serum, penicillin (100U/ml),
and streptomycin (100mg/ml) in a humidified incubator containing
95% air and 5% CO2 at 37°C.

PRIMARY MICROGLIA CULTURE
Primary microglia were isolated from the cortices of one to 3-day-
old Sprague–Dawley rat Pups. Briefly, the brains (cortex tissue) were
isolated, cut into 1mm3 species and incubated with trypsin for
30min at 37°C. The cell suspension was seeded into culture dishes
and cultured for 2 or 3 weeks in DMEM/F12 with 10% FBS. Then, the
mixed glial cells were shaken at 250 rpm for 2 h at room temperature.
The detached cells were seeded to obtain a homogeneous population
of microglia. The purity of the microglia was 95% as determined by
OX-42 immunostaining. The procedures for experimental animals
were performed in accordance with the Animal Care and Use
Guidelines of Peking University and the “Guide for the Care and Use
of Laboratory Animals” NIH publication in 1985. All the animals
were from Vital River Laboratories (Beijing, China) and acclimatized
to a room with temperature (25°C) and a 12 h day–night cycle before
experimentation.

JOURNAL OF CELLULAR BIOCHEMISTRY ANTI-NEUROINFLAMMATORY EFFECT OF MC13 1287



NEURON-MICROGLIA CO-CULTURE SYSTEM ESTABLISHMENT
Primary neurons culture was carried out as described previously
[Zeng et al., 2014]. For neuron-microglia co-culture system
establishment, we first seeded neurons onto 24-well culture plates
for 7 days and then seeded BV-2 cells onto the inserts for 24 h,
separately. Then, the BV-2-seeded inserts were moved into the wells
where neurons were grown to form a neuron-microglia co-culture.
In the co-culture system, the neurons and BV-2 cells could share the
same growing environment but without direct interaction.

MTT ASSAY
MTT assay was used for viability detection. After treatment, MTT
working solutions containing 0.5mg/ml MTT were added into each
well and incubated for 4 h at 37°C. Then, the medium was changed
with the same volume of DMSO. The absorbance under 550 nm was
detected and the results were expressed as the mean percentage of
absorbance in treated versus control cells.

NITRITE OXIDE (NO) ASSAY
NO productions were detected by Griess method. After treatment, the
culture supernatants were collected and reacted with Griess reagent
(1% sulfanilamide/0.1% naphthylethylene diamine dihydrochloride/
2% phosphoric acid) in a 96-well plate. Then, the optical density was
detected under 540 nm with a microplate reader. Sodium nitrite was
used as a standard curve in the assay

ELISA ASSAY FOR TNF-a AND IL-6
BV-2 cells were treated with LPS (1mg/ml) for 4 h (TNF-a) and 8 h
(IL-6) with or without MC13. Then, culture medium was collected
and centrifuged at 16,000 rpm for 10min. Supernatants were
collected and used for detecting TNF-a and IL-6 levels by ELISA
kits. TNF-a and IL-6 ELISA kits were from ExCell Bio company
(Shanghai, China).

NF-kB ELECTROPHORETIC MOBILITY SHIFT (EMSA) ASSAY
NF-kB EMSA was performed with commercial Chemiluminescent
NF-kB EMSA Kit (Beyotime, Jiangsu, China). Cell nuclear protein
(4mg) was incubated with biotin-labeled NF-kB probes for 20min at
room temperature. After electrophoresis on 6% native polyacryla-
mide gel, the gel was transferred onto positively charged nylon
membrane. Then, ultra violet cross linking was performed for 15min
and the membrane was incubated with streptavidin-horseradish
peroxidase conjugate for 15min. After washes for three times, the
membrane was developed with enhanced chemiluminiscent (ECL)
detection solution and the images were captured by GelLogic
2200PRO imaging system (Kodak, New York, NY).

IMMUNOCYTOCHEMISTRY ASSAY
Cells were seeded on coverslips and treated with MC13 for different
times. Then, the cells were fixed with 4% paraformaldehyde for
20min followed by permeabilization (0.5% TritonX100) and

Fig. 1. MC13 protected neurons frommicroglia-mediated inflammatory injury. (A) Themolecular structure ofMC13. (B) Neurons alone culture was treated withMC13 (10, 20,
and 50mM) for 48 h, then MTT assay was done (N¼ 3). (C) Neuron-microglia co-culture was treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 48 h,
then MTT assay was done for neurons (N¼ 3). (D) Neuron-microglia co-culture was treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 48 h, then crystal
violet staining assay was done for neurons. (E) Neuron-microglia co-culture was treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 48 h, then specific
cleaved caspase-3 immunocytochemistry assay was done for neurons (bar¼ 100mm). Data are presented as mean� SD from independent experiments performed in triplicate.
##P< 0.01, relative to control group; *P< 0.05, **P< 0.01, relative to LPS group.
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blocking (5% BSA) for 30min at room temperature. Then, cells
were incubated with primary antibody (1:250) at 4°C for overnight
and then with a secondary antibody (Alexa Fluor 594, 1:500) for
1 h. The cells were further stained with DAPI (5mg/ml in PBS) for
20min at 37°C. After washes for three times, the cells on coverslips
were sealed and images were acquired using OLYMPUS IX73
fluorescence microscope (Tokyo, Japan) with excitation/emission
wavelengths of 590 nm/617 nm for Alexa Fluor-594 and 360 nm/
450 nm for DAPI.

WESTERN BLOTTING
BV-2 cells were treated with MC13 for different times, and then
whole cell lysates were prepared with RIPA buffer (1� cocktail
inhibitor). The lysates were separated with 4–12% SDS–PAGE and
transferred to PVDF membranes. The membranes were blocked
with 5% non-fat milk and incubated with primary antibodies for
2 h. After being washed with PBST, the membrane was incubated
with polyclonal goat anti-rabbit HRP-conjugated secondary
antibody (1:1000) and incubated for 1 h at room temperature.
After that, the membranes were washed with PBST and developed
with an enhanced chemiluminescence (ECL) detection solution.
The images were captured by GelLogic 2200PRO imaging system
(Kodak).

COIMMUNOPRECIPITATION ASSAY
Coimmunoprecipitation assay was performed using 500mg of total
protein extract which was incubated with 4mg of primary antibody
at 4°C for 1 h. Then, the Sepharose A/G beads (Bioworld, USA, 20ml)
were added to the protein–antibody mixtures for 2 h at 4°C. After
that, the beads were washed for six times with IP buffer and boiled
with 2� SDS loading buffer for 10min. The sample was then
detected by Western blot assay.

LPS-MC13 BINDING ANALYSIS
MC13 (50mM) was incubated with LPS (1mg/ml) for 30min at 37°C
with a slight shaking, then the solution was centrifuged (8,000 rpm,
20min) with centrifugal filters (Amicon Ultra 3 K membrane,
Millipore Ltd. Billerica, MA). The filters could prevent LPS or
MC13-binding LPS flowing into the filtrate. Then, the filtrate was
detected by HPLC and MC13 peak was identified by MC13 standard.
HPLC condition: Chromatographic column: ZORBAX Eclipse Plus
C18; Chromatographic system: Water (A)-Acetonitrile (B); Chroma-
tographic condition: 80% (B) to 100% (B) within 6min; Injection
volume: 100ml, Detection wavelength: 254 nm. If MC13 cannot bind
with LPS, then MC13 will be washed out and exists in filtrate, which
was identified by MC13 peak in HPLC chromatogram. If MC13 can
bind with LPS, then MC13 peak will become lower in HPLC
chromatogram.

LPS-CELL BINDING ANALYSIS
BV-2 cells were treated with Alexa Fluor-488 conjugate-LPS for
30minwith or withoutMC13 (50mM). Then, the culturemediumwas
removed and the cells were washed with PBS for three times. The
cells on coverslips were sealed and images were acquired (495 nm/
519 nm for Alexa Fluor-488) using OLYMPUS IX73 fluorescence
microscope (Tokyo, Japan)

STATISTICAL ANALYSIS
Data were presented as mean� SD. Statistical analysis was
performed by analysis of variance followed by the Dunnett0s test
analysis using the Prism computerized package (GraphPad Soft-
ware). P< 0.05 was considered significant.

RESULTS

MC13 PROTECTED NEURONS FROM MICROGLIA-MEDIATED
INFLAMMATORY INJURY
First, we tested the toxicity of MC13 on neurons and found that
MC13 (10, 20, and 50mM) did not show any cytotoxicity based on
MTT assay (Fig. 1B), indicating that MC13 was nontoxic to neurons.
Then, we addedMC13 intomicroglia-neurons co-cultures whichwas
stimulated by LPS, and observed that LPS induced a significant
neuron death through microglia-mediated inflammatory injury;
however, the neuron death was concentration-dependently sup-
pressed by MC13 treatment (10, 20, and 50mM) (Fig. 1C). Moreover,
cell morphology analysis showed that neurons sustained significant
neurite injury (observed as neurite loss and cleavage) after LPS
stimulation for 48 h, and MC13 markedly reversed neurite injury
(Fig. 1D). Since cleaved-caspase-3 is a marker for apoptosis, we then
used immunofluorescence assay to detect whether MC13 could
inhibit neuron apoptosis. Figure 1E shows that LPS induced a
significant increase on cleaved-caspase-3 expression (red fluores-
cence) which was concentration-dependently inhibited by MC13,
suggesting that MC13 could inhibit neuron apoptosis against
microglia-mediated inflammatory injury.

MC13 INHIBITED THE PRODUCTION OF INFLAMMATORY
MEDIATORS IN LPS-INDUCED BV-2 AND PRIMARY CULTURED
MICROGLIA
We treated BV-2 cells with different concentrations of MC13 (10, 20,
and 50mM) for 24 h, and found MC13 could not change BV-2 cell
viability (Fig. 2A). Then, we detected the effects of MC13 on the
production of various inflammatory mediators including nitrite
oxide, TNF-a, and IL-6. Figure 2B–D shows that MC13 (0–50mM)
concentration-dependently decreased the production of nitrite
oxide, TNF-a and IL-6 in LPS-induced BV-2 cells, indicating that
MC13 exhibited a broad spectrum of inhibitory effects on the
production of proinflammatory cytokines. Moreover, to verify the
anti-inflammatory effects of MC13 on primary cultured microglia,
we tested the inhibitory effects of MC13 on LPS-activated primary
rat cortical microglia. Figure 2E–H shows thatMC13 didn0t show any
toxicity on rat cortical microglia, and significantly down-regulated
the production of nitrite oxide, TNF-a, and IL-6 against LPS
stimulation. Furthermore, we detected the effects of MC13 on the
expression of inducible nitric oxide synthase (iNOS) and cyclo-
oxygenase (COX-2), two important enzymes responsible for
inflammation and pain. Figure 2I shows that treatment with
MC13 effectively reduced the expression of iNOS and COX-2 in
LPS-induced BV-2 cells. In order to test whether MC13 could reverse
LPS-induced inflammation in other immune cells, we pretreated
mouse macrophage cells (RAW264.7 cells) with LPS for 24 h in the
absence or presence of MC13, and then NO production as well as the
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Fig. 2. MC13 inhibited the production of inflammatory mediators in LPS-induced BV-2 cells and primary cultured microglia. (A) BV-2 cells were treated with LPS (1mg/ml)
with or withoutMC13 (10, 20, and 50mM) for 24 h, thenMTT assay was done (N¼ 3). (B) BV-2 cells were treated with LPS (1mg/ml) with or withoutMC13 (10, 20, and 50mM)
for 24 h, then nitrite oxide assay was done (N¼ 3). (C) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 4 h, then TNF-a assay was done
(N¼ 3). (D) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 8 h, then IL-6 assay was done (N¼ 3). (E) Primary cultured microglia were
treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 24 h, thenMTT assay was done (N¼ 3). (F) Primary cultured microglia were treated with LPS (1mg/ml)
with or without MC13 (10, 20, and 50mM) for 24 h, then nitrite oxide assay was done (N¼ 3). (G) Primary cultured microglia were treated with LPS (1mg/ml) with or without
MC13 (10, 20, and 50mM) for 4 h, then TNF-a assay was done (N¼ 3). (H): Primary cultured microglia were treated with LPS (1mg/ml) with or without MC13 (10, 20, and
50mM) for 8 h, then IL-6 assay was done (N¼ 3). (I) BV-2 cells were treated with LPS (1mg/ml) with or withoutMC13 (10, 20, and 50mM) for 24 h, thenWestern blot assay was
done for iNOS and COX-2 expression assay (N¼ 3).(J) RAW264.7 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 24 h, then nitrite oxide
assay was done (N¼ 3). Data are presented as mean� SD from independent experiments performed in triplicate. #P< 0.05, ##P< 0.01, relative to control group;
*P< 0.05,**P< 0.01, relative to LPS group.
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gene expressions of inflammatory cytokines were detected. Results
showed that treatment of MC13 still inhibited NO production in
RAW264.7 cells (Fig. 2J); however, MC13 didn0t exert any
suppressive effect on the expressions of inflammatory cytokines
including TNF-a, IL-6, and IL-1b (data not shown), suggesting that
MC13 could exert a partly specific immunosuppressive and anti-
inflammatory action on neuroimmune cells than peripheral
mononuclear macrophages. To sum up, these data indicated that
MC13 could concentration-dependently inhibit the LPS-induced
activation of microglia, resulting in the release inhibition of
neuroinflammatory mediators.

MC13 INHIBITED NF-kB PATHWAY ACTIVATION IN LPS-INDUCED
BV-2 CELLS
NF-kB is a major regulator responsible for several proinflammatory
mediators. Here, we investigated the nuclear translocation of NF-kB
p65 subunit in LPS-induced BV-2 cells. We found that LPS induced a

significant nuclear translocation of NF-kB p65; however, MC13
treatment effectively blocked this process, showing an obvious
inhibitory effect on NF-kB activation (Fig. 3A). Moreover, this
observation was also supported by immunofluorescence assay data
via detection of intracellular location of NF-kB p50 subunit (Fig. 3B).
These findings were also supported by Western blot assay, where
MC13 decreased the expression of NF-kB p65 subunit in nuclear
fraction and increased the expression of NF-kB p65 subunit in
cytoplasm fraction (Fig. 3C). Phosphorylation of NF-kB can result in
its nuclear translocation and subsequent binding with promoter
regions of proinflammatory genes. We thus, explored the regulatory
effects of MC13 on two major phosphorylation sites of NF-kB p65
subunit, and found that MC13 concentration-dependently decreased
the phosphorylation levels of NF-kB p65 at S468 and S536 (Fig. 3D).
IKK and IkB are major upstream modulators for NF-kB activation.
Here, we observed that the phosphorylated protein expression of
IKKa/b and IkB was significantly decreased by MC13; additionally,

Fig. 3. MC13 inhibited NF-kB pathway activation in LPS-induced BV-2 cells. (A,B) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (50mM) for 1 h, then
immunocytochemistry assay was done for NF-kB p65 subunit and p50 subunit translocation detection. (C) BV-2 cells were treated with LPS (1mg/ml) with or without MC13
(50mM) for 1 h, then Western blot assay was done for NF-kB p65 subunit translocation detection, Histon H3 was used as a nuclear protein control and a-tubulin was used as a
cytoplasm protein control (N¼ 3). (D) BV-2 cells were treated with LPS (1mg/ml) with or withoutMC13 (10, 20, and 50mM) for 1 h, thenWestern blot assay was done for NF-kB
p65 subunit phosphorylation assay at S468 and S536 sites (N¼ 3). (E) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 1 h, then
Western blot assay was done for IkB phosphorylation and total IkB (N¼ 3). (F) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 1 h,
thenWestern blot assay was done for IKKa/b phosphorylation and total IKKa/b (N¼ 3). Data are presented as mean� SD from independent experiments performed in triplicate.
#P< 0.05, ##P< 0.01, relative to control group; *P< 0.05, **P< 0.01, relative to LPS group.
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the total protein expression of IkB was increased by MC13 (Fig. 3E
and F), indicating that MC13 could inhibit IKK activation and IkB
degradation against LPS stimulation. Taken together, these data
suggested that MC13 could effectively block NF-kB activation,
nuclear translocation and NF-kB-dependent proinflammatory gene
activation.

MC13 BLOCKED THE INTERACTION OF TAB2 WITH TRAF6 AND TAK1
IN LPS-INDUCED BV-2 CELLS
The activation of NF-kB and IKK requires an upstream kinase
complex consisting of TAK1 and adaptor proteins such as TAB2.
Moreover, the association of TAK1 and TAB2 in response to TRAF6
activation, is a key signal event downstream of TLR4-dependent
inflammation activation. Figure 4A shows that LPS induced the
association of TRAF6 with TAB2, which was inhibited by MC13
treatment. Moreover, LPS-induced interaction of TAB2 with TAK1
was also suppressed byMC13 (Fig. 4B). These findings suggested that
MC13 might inhibit the IKK-IkB-NF-kB inflammatory signaling
pathway via suppressing the forming of TRAF6–TAB2–TAK1
complex.

MC13 INHIBITED P38 AND ERK MAPK ACTIVATION BUT WITHOUT
JNK IN LPS-INDUCED BV-2 CELLS
MAPK signal pathway is among the most important signals that
control the synthesis and release of proinflammatory mediators in
microglia. Therefore, we detected the effects of MC13 on MAPK
activation and found that all the phosphorylation levels of ERK, JNK,
and p38 MAPK were increased upon LPS stimulation; however,
MC13 significantly inhibited ERK and p38 MAPK phosphorylation,
but without affecting JNK (Fig. 5A–C). These results revealed that
p38 and ERK MAPK might play major roles in MC13-mediated anti-
inflammation effects.

MC13 INHIBITED JAK2-STAT1/3 PATHWAY ACTIVATION
IN LPS-INDUCED BV-2 CELLS
Furthermore, we explored the effects and molecular mechanisms of
MC13 on Jak2/Stats signaling pathways. As shown in Figure 6A and
B, LPS markedly induced nuclear translocation of Stat1 and Stat3 in
LPS-stimulated BV-2 cells; however, MC13 effectively blocked these
processes by increasing Stat1/3 specific red fluorescence in
cytoplasm. Moreover, Western blot assay confirmed that MC13
up-regulated the expression of Stat1/3 in cytoplasm and decreased
the expression of Stat1/3 in nucleus (Fig. 6C). We also investigated
the phosphorylation levels of Stat1/3, as well as Jak2, a key kinase of
Stat1/3. Figure 6D shows that LPS-induced high phosphorylation
levels of Jak2 and Stat1/3 were markedly suppressed by MC13
treatment, suggesting thatMC13might target Jak2 and further block
the activation of phosphorylated Stat1/3 and subsequent nuclear
translocation.

MC13 TARGETED MULTIPLE INFLAMMATION-RELATED TARGETS,
INCLUDING LPS-BINDING TO CYTOMEMBRANE RECEPTORS AND
INTRACELLULAR PROTEINS
In order to find out whether MC13 could interact with LPS, we
performed LPS-binding assay based on centrifugal ultrafiltration
and HPLC analysis as described in methods. As a result, we found
that MC13 peak (identified by HPLC in filtrate) from MC13-LPS co-
incubation group became lower than MC13 alone incubation
group (Fig. 7A), suggesting that MC13 might bind with LPS. Next,
we treated BV-2 cell with Alexa Fluor-488-linked LPS with or
without MC13, and detected whether MC13 could regulate LPS-
binding with BV-2 cells. Figure 7B revealed that Alexa Fluor-488
LPS-treated cells showed strong green fluorescence compared with
control (non-Alexa Fluor-488 LPS treament); however, MC13
treatment markedly down-regulated the green fluorescence,

Fig. 4. MC13 blocked the interaction of TAB2 with TRAF6 and TAK1 in LPS-induced BV-2 cells. (A) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (50mM)
for 20min, then immunoprecipitation with antibodies against TRAF6 followed by immunoblotting with antibodies against TAB2 was performed. (B) BV-2 cells were treated with
LPS (1mg/ml) with or withoutMC13 (50mM) for 20min, then immunoprecipitationwith antibodies against TAB2 followed by immunoblottingwith antibodies against TAK1 and
TRAF6 was performed.
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suggesting that LPS-binding with BV-2 cells was effectively
suppressed by MC13. Next, we established another inflammatory
model by stimulating BV-2 cells with lipoteichoic acid (LTA),
which was a complex component of cell walls of Gram-positive
bacteria and involved in a wide range of cell processes such as the
stimulation of immune responses. Then, we found MC13 could
significantly inhibit No production from LTA-activated BV-2
cells, showing an effective anti-inflammation action (Fig. 7C).
Since LTA-induced inflammatory response was recognized by
Toll-like receptor 2 (TLR2) and further led to the activation of NF-
kB; therefore, we assumed that the anti-inflammatory effect of
MC13 was not only by targeting LPS–TLR4 interaction, but also
acted on some downstream anti-inflammation targets shared
commonly by several cytomembrane receptors such as TLR2 and
TLR4. These findings suggested that MC13 might exert its anti-
inflammatory actions by regulating multi-targets, which was a key
characteristic of natural small molecule compounds. Moreover, to
further confirm our hypothesis, we also treated BV-2 cells with
LPS for 2 h to establish an activated inflammatory model, then the
activated BV-2 cells were washed by PBS and further treated with
MC13. Finally, we found that MC13 still showed significant
inhibitory effect on NO production, suggesting that MC13 could
show anti-inflammatory effect by regulating the signaling path-
way downstream of LPS-TLR4 interaction (Fig. 7D). Taken

together, we thought MC13 was a versatile compound via acting
multiple inflammation-related targets, including cytomembrane
receptors and intracellular proteins.

DISCUSSION

Our study demonstrate that (1) MC13, a bioactive coumarin
compound from Murraya, protected neurons from microglia-
mediated inflammatory injury; (2) MC13 inhibited microglia
activation via down-regulation of various inflammatory mediators.
Recent studies have shown that coumarin compounds show a variety
of activities. However, the molecular mechanism by which coumarin
inhibits neuroinflammatory responses in microglia still remains
unknown. In our study, we found that MC13 effectively inhibited
neuroinflammatory responses through blocking LPS-induced in-
flammation pathways, including TRAF6–TAK1–NF-kB, ERK/p38
MAPK, and Jak2-Stat1/3 pathways. These data suggested that MC13
exerted effective pharmacological activities for neuroinflammation
inhibition (Fig. 8).

In brains, over-activated microglia release plenty of cytotoxic
inflammatory mediators and further injury adjacent neurons
[Perry and Holmes, 2014]. Therefore, effective suppression of
microglia over-activation can be used as a rational therapy to treat

Fig. 5. MC13 inhibited p38 and ERKMAPK activation but without JNK in LPS-induced BV-2 cells. (A) BV-2 cells were treated with LPS (1mg/ml) with or withoutMC13 (10, 20,
and 50mM) for 1 h, thenWestern blot assaywas done for p38MAPK phosphorylation and total p38MAPK (N¼ 3). (B) BV-2 cells were treated with LPS (1mg/ml) with or without
MC13 (10, 20, and 50mM) for 1 h, thenWestern blot assay was done for JNKMAPK phosphorylation and total JNKMAPK (N¼ 3). (C) BV-2 cells were treated with LPS (1mg/ml)
with or without MC13 (10, 20, and 50mM) for 1 h, then Western blot assay was done for ERK MAPK phosphorylation and total ERK MAPK (N¼ 3). Data are presented as
mean� SD from independent experiments performed in triplicate. #P< 0.05, ##P< 0.01, relative to control group; *P< 0.05, **P< 0.01, relative to LPS group.
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Fig. 6. MC13 inhibited Jak2-Stat1/3 pathway activation in LPS-induced BV-2 cells. (A,B) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (50mM) for 1 h,
then immunocytochemistry assay was done for Stat3 and Stat1 translocation detection. (C) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (50mM) for 1 h,
then Western blot assay was done for Stat1/3 translocation detection, Histon H3 was used as a nuclear protein control and a-tubulin was used as a cytoplasm protein control
(N¼ 3). (D) BV-2 cells were treated with LPS (1mg/ml) with or without MC13 (10, 20, and 50mM) for 1 h, then Western blot assay was done for Jak2, Stat1, and Stat3
phosphorylation assay (N¼ 3). Data are presented as mean� SD from independent experiments performed in triplicate. #P< 0.05, ##P< 0.01, relative to control group; *P<
0.05, **P< 0.01, relative to LPS group.
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Fig. 7. MC13 interacted with LPS and block LPS-binding to BV-2 cells. (A) MC13 (50mM) was incubated with LPS (1mg/ml) for 30min at 37°C, then the solution was
centrifuged (8,000 rpm, 20min) with centrifugal filters. Then, the filtrate was detected by HPLC and MC13 peak was identified by MC13 standard. (B) BV-2 cells were treated
with Alexa Fluor-488 conjugate-LPS for 30min with or without MC13 (50mM). Then, the cells on coverslips were sealed and images were acquired using fluorescence
microscope. (C) BV-2 cells were treated with LTA (20mg/ml) with or without MC13 (10, 20, and 50mM) for 24 h, then nitrite oxide assay was done (N¼ 3). (D) BV-2 cells were
firstly treated with LPS (1mg/ml) for 2 h, then cells were washed and further treated withMC13 (10, 20, and 50mM) for another 24 h. Nitrite oxide assay was done (N¼ 3). Data
are presented as mean� SD from independent experiments performed in triplicate. ##P< 0.01, relative to control group; *P< 0.05, **P< 0.01, relative to LTA or LPS group.
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neuroinflammation and inflammation-related neuronal injury
[Morales et al., 2014]. Our study demonstrated that MC13 could
significantly increase the viability of neurons (MTT assay) and
inhibit neuron apoptosis (marked by cleaved caspase-3) against
microglia-mediated inflammatory damages by down-regulating
various inflammatory mediators including NO, TNF-a, and IL-6.
Since all of these inflammatory mediators belong to potent
inducers of neurotoxic and oxidation events, thus the neuro-
protective effects of MC13 was likely achieved by attenuating the
release of these mediators. It is worth to point out that MC13 didn0t
show any effects on the viability of neurons alone culture (MTT
assay), suggesting that this compound is non-neurotoxic and safe.
Another point is worthy of being mentioned that, MTT assay data
usually represent an indirect correlation with cell viability.
Because MTT assay is mainly based on detecting mitochondrial
activity, if the agents or compounds can seriously affect
mitochondrial function, then the MTT assay result will not really
represent cell viability.

Here, we observed that the regulatory effect of MC13 on iNOS and
COX-2 is somewhat different from TNF-a and IL-6. This might be
resulted from that MC13 which showed different regulatory actions
on different proteins synthesis process from mRNA, which led to the
differences among various inflammatory gene expressions. More-
over, we speculated that the differences in different inflammatory
mediator expressions were also resulted from several diverse
inflammatory signaling pathways such as NF-kB, Jak-Stat, and
MAPK pathways. Of course this needs future investigation.
Furthermore, from our data, we thought primary microglia and
BV-2 cells showed similar response to MC13-regulated inflamma-
tory mediators0 expressions except for TNF-a. Interestingly, we
found that MC13 showedmore significant inhibitory effects on TNF-
a expression on primary microglia than BV-2 cells, suggesting that
MC13 might exert preferable therapeutic action on inflammatory
response in brains, because the physiological characteristics of
primary microglia are closer to in vivo biological environments than
BV-2 cells.

Fig. 8. Mechanism of MC13-mediated anti-neuroinflammatory effects against LPS insult.
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The production of large quantities of neuroinflammatory
mediators may contribute to the pathophysiology of neuroinflam-
mation [Rubio-Perez and Morillas-Ruiz, 2012]. NF-kB, as an
important drug target for anti-inflammation therapy, regulates
various inflammatory gene productions [Shu et al., 2014]. In
response to LPS stimulation, the association of TAK1 and TAB2 is
able to induce IKK phosphorylation and IkB degradation, which
results in NF-kB activation [Imani et al., 2011]. During this process,
TRAF6 firstly acquires sensitive signal from LPS-stimulated toll-like
receptor 4 (TLR4) and associates with TAK1 and TAB2 to form
protein complex. This complex further activates the downstream of
NF-kB signaling pathway [Brown et al., 2011]. In our research, we
found that MC13 could inhibit the interaction of TRAF6 with TAB2
as well as the interaction of TAK1 with TAB2. This might cause an
inhibitory effect on IKK phosphorylation, IkB degradation, and
NF-kB activation. Interestingly, we actually observed that MC13
markedly decreased the IKK phosphorylation and IkB degradation.
In addition, MC13 also inhibited the nuclear translocation of NF-kB.
These findings showed that MC13 exerted an effective anti-
inflammatory activity via suppressing TRAF6–TAB2–TAK1 complex
formation, leading to NF-kB signaling pathway blockage in LPS-
induced BV-2 cells.

The induction of inflammatory factor production involves the
activation of multiple signal transduction pathways, including
mitogen-activated protein kinases (MAPKs) such as p38, ERK, and
JNK [Kim et al., 2004]. Here, we focused on the roles of MAPKs as
signal transduction mediators and examined the evidence linking
p38, ERK and JNK to the anti-inflammatory effects of MC13 in BV-2
cells. We found that MC13 specifically down-regulated the
phosphorylation levels of p38 and ERK against LPS stimulation.
In addition, MC13 did not show any effects on JNK phosphorylation
in LPS-induced BV-2 cells. Previous reports showed that ERKMAPK
was usually activated in response to growth factors stimulation,
while p38 MAPK was responsive to stress stimuli; moreover, the
cross-talk between p38 and ERK MAPK has also been reported [Qu
et al., 2012; Li et al., 2013]. Therefore, we speculated that MC13
might mediate a common upstream regulator or kinase of ERK and
p38MAPKs, finally leading to the inhibition of ERK and p38MAPKs.
Of course, this needs further investigation.

Jak2 belongs to the Jak family and the major substrate for Jak2
is the family of Stats, including Stat1 and Stat3. Jak2 transduces
the LPS-induced signals to downstream molecules to activate the
phosphorylation and nuclear translocation of Stat1/3, leading to
the expression of proinflammatory genes [Qi et al., 2013;
Saravanan et al., 2014]. In this study, we observed that LPS
stimulation induced obvious up-regulation of Jak2 phosphoryla-
tion and resulted in the nuclear translocation of Stat1/3. This
observation suggested that LPS could directly induce Jak2
activation or through LPS-dependent IFN-g or IL-6 stimulation.
In addition, we also found that this process was markedly reversed
by MC13 by down-regulating Jak2 phosphorylation and Stat1/3
nuclear translocation. This observation indicated that MC13 could
block Jak2 activation and inhibit Jak2-Stat1/3 pathway to restrain
inflammatory mediator production.

Finally, we investigated whether MC13-dependent inflammation
signaling pathways suppression was resulted from MC13-mediated

blockage on LPS-binding to BV-2 cells. Interestingly, we found that
MC13 could interact with LPS which was verified by LPS-binding
assay. Moreover, MC13 could block LPS-binding to BV-2 cells in
fluorescence labeling assay. These observations suggested that
MC13 might interact with LPS and further interfere LPS trans-
location and binding to cell surface, which leads to the subsequent
inflammation pathways suppression.

MC13 belongs to coumarin compound and this kind of structure
usually showswell immunoregulatory and neuroprotective effects as
well as the capacity passing through BBB (blood–brain barrier). For
example, previous report showed that osthole was a natural
coumarin which could improve neurobehavioral functions in vivo
and reduce infarct volume in transient focal cerebral ischemia model
[Mao et al., 2011]. In addition, osthole can also effectively treat
experimental autoimmune encephalomyelitis in C57 BL/6 mice
model [Chen et al., 2010]. Interestingly, the basic molecular structure
ofMC13 and osthole was the same, except for two substituent groups
(Fig. 1). Thus, we speculated that MC13 might be able to pass BBB
and exert similar anti-neuroinflammatory effects in vivo as well.
Moreover, another report showed that coumarin derivative 20 (with
similar mother molecular structure as MC13) exhibited effective
neuroprotection in middle cerebral artery occlusion rats by
improving neurological function and suppressing neuronal loss.
Particularly, pharmacokinetic evaluation indicated that coumarin
derivative 20 could penetrate BBB of rats [Sun et al., 2013].
Therefore, we assumed that MC13 might own similar capacity like
coumarin derivative 20 passing BBB. Of course, these conclusions
need comprehensive and systematic pharmacokinetics study in the
future.

Taken together, we presented evidence that the coumarin
compound MC13 exerted anti-microglial and anti-neuroinflamma-
tory effects, andMC13might be developed into broad spectrum anti-
neuroinflammation drugs via targeting several inflammatory
signaling pathways.
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