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microglia migration and this was associated with inhibi-
tion of LPS-induced Src phosphorylation as well as Src 
expression in a concentration-dependent manner. Taken 
together, these results suggest that matairesinol inhibited 
inflammatory response and migration in LPS-induced BV2 
microglia, and the mechanisms may be associated with the 
NF-κB activation and modulation of Src pathway.

Keywords Matairesinol · Neuroinflammation · BV2 
microglia · Migration · Src · MAPKs

Abbreviations
MAT  Matairesinol
LPS  Lipopolysaccharide
NF-κB  Nuclear factor-κB
ERK  Extracellular signal-regulated kinase
JNK  c-Jun N-terminal kinase
CNS  Central nervous system
iNOS  Inducible nitric oxide synthase
NO  Nitric oxide
COX2  Cyclooxygenase-2
TNF-α  Tumor necrosis factor alpha
SFKs  Src family kinases
AMPK  Adenosine 5′-monophosphate-activated protein 

kinase

Introduction

Microglia are resident macrophages that undertake an 
indispensable function for maintaining the homeostasis in 
central nervous system (CNS). As sensors of pathological 
changes, microglia quickly transfer from a resting to an acti-
vated status, and thus restore the homeostasis of the CNS 
[1]. The activated microglia characterized by sustained 

Abstract Chronic neuroinflammation is a pathological 
feature of neurodegenerative diseases. Inhibition of micro-
glia-mediated neuroinflammation might be a potential strat-
egy for neurodegeneration. Matairesinol, a dibenzylbutyrol-
actone plant lignan, presents in a wide variety of foodstuffs. 
It has been found to possess anti-angiogenic, anti-oxida-
tive, anti-cancer and anti-fungal activities. In the present 
study, we investigated the anti-neuroinflammation effects 
of matairesinol on lipopolysaccharide (LPS)-induced BV2 
microglia cells and the related molecular mechanisms. 
The results showed that matairesinol inhibited microglia 
activation by reducing the production of nitric oxide, the 
expression of inducible nitric oxide synthase and cyclooxy-
genase-2 in a concentration-dependent manner (6.25, 12.5, 
25 μM). In the molecular signaling pathway, LPS-induced 
nuclear factor-kappa B (NF-κB) transcriptional activity and 
translocation into the nucleus were remarkably suppressed 
by matairesinol through the inhibition of the extracellular 
signal-regulated kinase (ERK)1/2 signal transduction path-
ways, but not p38 MAPK or c-jun N-terminal kinase (JNK). 
Meanwhile, matairesinol also blocked LPS-mediated 
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release of cytotoxic molecules including inducible nitric 
oxide synthase/nitric oxide (iNOS/NO), cyclooxygenase-2 
(COX2) and tumor necrosis factor alpha (TNF-α) will be 
incurred, which usually results in chronic neuroinflamma-
tion. This is a common phenomenon observed in many 
neurological disorders such as stroke, Parkinson’s disease, 
and Alzheimer’s disease (AD). Therefore, pharmacologi-
cal interference with microglial activation and production 
of pro-inflammatory mediators and cytokines is considered 
to be a promising strategy in the onset and progression of 
neurodegenerative diseases.

Lipopolysaccharide (LPS), as major pathogenic com-
ponent of the Gram-negative bacteria, is one of the most 
potent stimuli that induce microglial activation [2, 3]. Once 
being primed by LPS, microglia gives rise to an array 
of inflammatory biomarkers like iNOS/NO, COX2 and 
cytokines [4, 5]. Nuclear factor-κB (NF-κB), a vital acti-
vator in inflammatory processes, can regulate the expres-
sion of inflammatory cytokines and mediators in many cell 
types, including microglia to ignite relevant downstream 
signaling pathways. Under normal condition of cells, 
NF-κB exists in an inactive form in the cytoplasm. A large 
number of stimuli such as LPS can lead to the activation of 
NF-κB, then NF-κB translocates into the nucleus and regu-
lates the transcription of inflammation-associated genes 
such as target genes TNF-α, iNOS and COX2 [6]. The 
mitogen-activated protein kinases (MAPKs) are known to 
play an important role in cellular processes including dif-
ferentiation, stress response and inflammation process. LPS 
activates MAPK signaling pathways, which can promote 
pro-inflammatory cytokines production and expression [7]. 
In addition, adenosine 5′-monophosphate-activated protein 
kinase (AMPK) is a key regulator of energy homeostasis 
and metabolic stress [8]. In particular, recent studies reveal 
that AMPK might also be involved in modulating inflam-
matory response [9, 10]. It has been demonstrated that 
AMPK activation (p-AMPK) suppressed LPS-induced 
proinflammatory secretion and NF-κB activation in glial 
cells [11]. Therefore, both NF-κB and MAPK signaling 
pathways are vital approaches to regulate inflammatory 
responses, and are also regarded as suitable targets for 
screening anti-inflammatory compounds.

On the other hand, in response to stimulation, micro-
glia displayed enhanced motility from one place to the 
next which is a hallmark of proinflammatory and chronic 
activation during the early phases of neurodegeneration. 
Src family kinases (SFKs), a group of nonreceptor protein 
tyrosine kinases, promote inflammatory processes under 
various pathological conditions. Src is the prototypic mem-
ber of SFKs that comprises Src, Yes, Fyn, Lck, Lyn, Fgr, 
Hck, Blk, and Yrk [12]. Most importantly, Src activation is 
involved in cell adhesion and motility. When the C-terminal 
tyrosine (Tyr416) of Src is phosphorylated, it is located in 

the activation loop of the kinase domain, increases enzyme 
activity [13, 14]. Overall SFKs represent key components 
making up the microglial activation cascade.

Matairesinol (MAT, Fig.  1a), a dibenzylbutyrolactone 
lignan, has been reported to possess diverse therapeutic 
potential as anti-oxidative, estrogenic, or anti-estrogenic 
activities [15, 16]. Up to date, there is no evidence on 
the protective effect of MAT against microglia activation 
caused by LPS and the molecular mechanism. Our results 
confirmed the beneficial impact of MAT in LPS-induced 
BV2 microglia cells and showed that MAT could effec-
tively inhibit the pro-inflammatory mediators production 
and cells migration, which possibly correlates with the 
inhibition of NF-κB activation and modulation of Src path-
way, but there was no significant effect on AMPK activa-
tion, suggesting MAT is a powerful potential neuroprotec-
tive agent.

Materials and Methods

Reagents and Materials

MAT was provided by Hu’s group (Department of Natural 
Products Chemistry, School of Pharmacy, Fudan Univer-
sity) and the purity is over 99% determined by high per-
formance liquid chromatography. MAT was dissolved in 
dimethyl sulfoxide (DMSO) and then diluted with DMEM 
to the desired concentration, the final concentration of 
DMSO was less than 0.1%. 3-(4, 5-dimetrylthiazol)-2, 
5-diphenyltetrazolium bromide (MTT), DMSO and LPS 
(E. coli 055:B5) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Dulbecco’s modified Eagle’s medium 
was purchased from HyClone. Penicillin–streptomycin and 
fetal bovine serum (FBS) were purchased from GIBCO-
BRL (USA). Antibodies for western blotting against total- 
and phospho (p)- c-Jun N-terminal kinase 1/2 (JNK1/2) 
 (Thr183/Tyr185), total- and p-p38  (Thr180/Tyr182), total- and 
p-ERK1/2  (Thr202/Tyr204), NF-κB p65 and p-p65  (Ser563), 
COX2, Src, p-Src  (Tyr416), AMPK, p-AMPK  (Thr172) and 
FAK were purchased from Cell Signaling Technology 
(Danvers, MA, USA) and iNOS, HCK from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibodies for 
immunofluorescence staining against COX2, NF-κB p65 
were from were purchased from Cell Signaling Technology 
(Danvers, MA, USA) and iNOS from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA).

Primary Cultures of Microglial Cells

All animals and the experimental protocol conformed to the 
Animal Welfare Act Guide for Use and Care of Laboratory 
Animals, and was approved by Institutional Animal Care 
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and Use Committee (IACUC),School of Pharmacy, Fudan 
University, China. Microglia cultures were prepared as pre-
viously described [17]. Transferred the intact whole brain 
from neonatal mice to a petri dish containing cold DMEM, 
and then removed the meningeal layer from the brain. Iso-
lated cortex was cut into fine pieces and homogenized in 
0.125% Trypsase/EDTA (Gibco, USA) for 8 min at 37 °C. 

The suspension was centrifuged for 5  min to 1500  rpm, 
discarded the supernatant by aspiration and suspended the 
pellet. The cell suspension was seeded in Poly-D-Lysine 
covered 75  cm2 flasks with 10  ml/each and incubated at 
37 °C in water saturated 5%  CO2:95% air atmosphere for 
about 7 days, without changing the culture medium. After 
that time, patted the flasks for 15 min and cells were then 

Fig. 1  Structure and inhibitory effect of MAT on NO production 
and iNOS and COX2 expression in LPS-stimulated microglia cells. 
a Chemical structure of MAT. b Cell viability of BV2 cells exposed 
to MAT (10–100 μM) alone for 24 h was measured by MTT assay. 
BV2 microglia cells were pretreated with various concentrations of 
MAT for 4 h and then stimulated by LPS (1 μg/ml) for 24 h. c The 
production of NO were analyzed in LPS-stimulated BV2 and primary 
microglia cells as described in “Materials and Methods” section. d, e 
iNOS and COX2 expression were measured by western blot, GAPDH 
was used as loading control. Data represents mean ± SE #p < 0.05 vs. 

control; ^p < 0.05 vs. LPS treated cells. Data were from at least three 
independent experiments. f BV2 microglial cells were immunostained 
with antibodies against iNOS and COX2 followed by FITC-labeled 
secondary antibodies and mounted with fluorescence mounting 
medium with DAPI. Antibody staining intensity was observed under 
a Zeiss fluorescence microscope for FITC and DAPI. Representative 
photomicrographs showed iNOS (red) and COX2 (green) protein 
expression in LPS-stimulated BV2 (magnification ×200). (Color fig-
ure online)
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harvested at day 7. Centrifuged the cell suspension for 
5  min to 1500  rpm, discarded the supernatant and sus-
pended the pellet. Seeded the cells in plate and exchanged 
the culture medium to purify microglia cells. Between 90 
and 95% of the isolated cells stained positive for CD11b.

BV-2 Cell Culture

BV-2 microglia cells were obtained from the American 
Type Culture Collection (Manassas, VA, USA) and cul-
tured in DMEM supplemented with 10% FBS, 100 units/
ml penicillin–streptomycin at 37 °C in a humidified atmos-
phere under 5%  CO2.

Cell Viability Assay

Cell viability was evaluated by 3-(4, 5-dimetrylthiazol)-2, 
5-diphenyltetrazolium bromide (MTT) assay. However, this 
method can be influenced by various conditions including 
acidic pH, polyphenols, pyruvate analog, and nanomateri-
als. BV2 cells were plated in a 96-well plate at a density 
of 2 × 104 cells/well. After serum starved overnight, BV-2 
microglia cells were exposed to a gradient concentra-
tions of MAT for 24 h. The results were expressed as fold 
changes by normalizing the data to the control values.

Measurement of Nitric Oxide (NO) Production

NO production from activated BV-2 microglia cells and 
primary microglial was quantified by nitrite accumula-
tion in the culture medium using the Griess reaction. BV2 
(4 × 104 cells/well) or primary microglial cells (1.5 × 104 
cells/well) were seeded on a 96 well plate and treated with 
1 μg/ml LPS for 24 h in the presence or absence of differ-
ent concentrations of MAT. Then the collected supernatant 
was mixed with an equal volume of Griess reagent (Beyo-
time Biotechnology, China).  NaNO2 was used to generate 
a standard curve, and nitrite production was determined by 
measuring the optical density at 540  nm by a microplate 
reader (M1000 PRO, TECAN, Austria GmbH, Austria).

Preparation of Whole Cell Lysates and Cytoplasmic 
and Nuclear Extractions

For western blot analysis, cells were seeded in a 6-well 
plate at a density of 6 × 105 cells/well and stimulated with 
or without LPS (1  μg/ml) in the presence or absence of 
MAT for various durations of time. BV-2 cells were treated 
for 24 h for the detection of iNOS and COX2, 15–90 min 
for detection of MAPKs, 3 h for detection of p65 translo-
cation. Cultured cells were washed with ice-cold PBS and 
lysed in cold RIPA buffer (Sigma-Aldrich) supplemented 
with protease inhibitor cocktail (Roche Diagnostics, 

Rotkreuz, Switzerland). NE-PER Nuclear and Cytoplasmic 
Extraction kit was used for the nuclear protein extraction 
(Pierce, Rockford, IL, USA) according to the manufactur-
er’s instructions. The extract was centrifuged at 10,000×g 
for 15  min at 4 °C to remove cell debris before samples 
were prepared for western blotting analysis.

Western Blotting

Sample concentration was determined using the BCA pro-
tein assay (Pierce, Rockford, IL). Western blotting was per-
formed as previously described [18]. Primary antibodies as 
p-JNK1/2  (Thr183/Tyr185), p-p38  (Thr180/Tyr182), p-ERK1/2 
 (Thr202/Tyr204), p-AMPK  (Thr172), AMPK, JNK1/2, 
ERK1/2, p38, COX2, NF-κB p65 and p-p65 (All in 1:1000 
dilution), iNOS (1:500), Lamin A/C (1:2000) and GAPDH 
(1:10,000) were performed overnight at 4 °C. The corre-
sponding HRP-conjugated secondary antibodies (1:5000) 
are incubated for 2  h at room temperature. Protein levels 
are determined by enhanced chemiluminescence system 
(ThermoFisher Scientific, Shanghai, China) and quantified 
with the software Alpha Imager (Alpha Innotech Corp, San 
Leandro, CA). The results were determined as fold changes 
by normalizing the data to the control values.

Immunofluorescence Staining

BV-2 microglia cells were grown on cover slips in 24-well 
plates. Then, the cells were fixed using a 4% paraformalde-
hyde solution for 30 min at room temperature. The primary 
antibodies were applied overnight at 4 °C. Alexa Fluor 
488-conjugated goat anti-rabbit or 568-conjugated goat 
anti-mouse IgG (1:200; Invitrogen) were applied according 
to the manufacturer’s instructions, and the cells were coun-
terstained for nuclei with 4′,6-diamidino-2-phenylindole 
(DAPI). All multicolor fluorescence images were recorded 
from an Axio Scope.A1 microscope (Carl Zeiss Imaging 
Systems) with 20×/0.45 objective and processed by Axio-
Vision Version 4.6.3.0 (Carl Zeiss Imaging Systems).

Cell Migration Assay

The migration behavior of BV2 microglia was tested using 
a modified Boyden chamber. Cells were pretreated with 
MAT (25  μM) for 4  h, then total of 2 × 105 cells were 
counted and loaded under serum-starved conditions in the 
upper chamber with polycarbonate filter (8 μm pore size). 
The inserts were placed into the bottom a 24-well plate that 
was filled with DMEM medium FBS free in the presence 
or absence of LPS. The chamber was incubated at 37 °C for 
24  h to initiate migration, and then cells were fixed with 
4% formaldehyde for 3 min and non-migrating cells were 
removed from the upper surface of the filter. The migrated 
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cells on the under surface of the filter were stained with 
viola crystalline and measured by counting the number 
from five randomly chosen fields under a light microscope 
(Carl Zeiss Imaging Systems).

Statistical Analysis

Data are shown as mean ± standard error of the mean (SE) 
from at least three independent experiments. Statistical 
software used was Prism version 5 (GraphPad Software, 
San Diego, CA). Differences between mean values of mul-
tiple groups were analyzed by ANOVA with Dunnett’s test 
for post hoc comparisons and Tukey’s or Dunn’s test were 
used for parametric and nonparametric data respectively. 
Significance was defined as p < 0.05.

Results

Effect of MAT on Cell Viability of BV2 Microglia

The cytotoxic effect of a gradient concentration MAT (10, 
20, 40, 80 and 100 μM) on BV2 microglia was evaluated 
24  h after the treatment by MTT-based viability assay. 
Figure  1b indicated that MAT at the concentration up to 
100 μM didn’t produce any cytotoxic effect on BV2 micro-
glia. Considerably nontoxic lower concentrations of MAT 
(6.25, 12.5, 25 μM) were used for the subsequent experi-
ments in further study.

MAT Reduced NO Release in LPS-Stimulated BV2 
and Primary Microglial Cells

To investigate the anti-inflammatory effects of MAT, 
the effects of MAT on LPS-induced NO production were 
detected firstly. As shown in Fig. 1c, compared to the con-
trol group, the production of NO was dramatically elevated 
in LPS-treated group. As expected, MAT suppressed LPS-
induced NO production in a concentration-dependent man-
ner. MAT at 25  μM concentration significantly inhibited 
the production of NO compared with LPS-stimulated BV2 
cells (4.96 ± 0.14 vs. 17.32 ± 0.4, p < 0.05). Therefore, 
MAT at a concentration range from 6.25 to 25 μM was used 
in the following experiments. Meanwhile, 25 μM MAT sig-
nificantly inhibited the production of NO compared with 
LPS-stimulated primary microglial cells (3.91 ± 0.54 vs. 
11.49 ± 1.54, p < 0.05).

MAT Reduced Pro-inflammatory Mediators Production 
in LPS-Stimulated BV2

Furthermore, since the production of NO in microglia is 
regulated primarily by the iNOS enzymes, we performed 

western blot analysis to determine whether MAT affected 
the expression of iNOS. The results showed MAT signifi-
cantly inhibited protein expression of iNOS (Fig.  1d) in 
BV2 and primary microglia cells, similarly MAT decreased 
the NO release in LPS-stimulated microglia. As COX2 
plays an important role in inflammatory regulation, we 
also investigated the effects of MAT on COX2 expression. 
The results showed that MAT significantly suppressed pro-
tein expression of COX2 (Fig.  1e). Consistent with west-
ern blotting, immunofluorescence staining in LPS-single 
treated and MAT pretreated (25  μM) in BV-2 microglia 
indicated that MAT markedly reduced the iNOS and COX2 
expression (Fig. 1f).

MAT Alleviated the LPS-Induced ERK1/2 Activation 
in BV2 Microglia

It is well known that MAPKs (JNK, ERK and p38) signal-
ing pathways play critical roles in the regulation of inflam-
matory response. In order to investigate the mechanism 
of MAT inhibiting inflammatory response of BV2 micro-
glia induced by LPS, the effects of MAT on activation of 
MAPK pathways were determined. As shown in Fig.  2a, 
exposure of BV2 cells to LPS from 15  min resulted in 
increased phosphorylation of p38, ERK1/2, JNK, con-
tinued to 90  min. Interestingly, MAT (25  μM) selectively 
inhibited phosphorylation of ERK1/2 in a time-dependent 
manner. On contrast, MAT didn’t exert inhibitory effects on 
the phosphorylation of p38 and JNK.

Subsequently, BV2 cells were stimulated with LPS for 
45 min to define the concentration-related inhibitory effects 
of MAT on MAPKs. Accordingly, MAT concentration-
dependently attenuated LPS increased the phosphoryla-
tion of ERK1/2 rather than JNK and p38 (Fig.  3). These 
revealed that MAT specifically suppressed LPS-mediated 
ERK activation in BV2 microglia cells and ERK-activated 
inflammatory responses in time and concentration-depend-
ent manner.

MAT Blocked LPS-Mediated NF-κB Activation 
and p65 Nuclear Translocation, But Didn’t Affect 
AMPK Activation

NF-κB is a critical transcriptional factor, which is impli-
cated in the regulation of many genes that encode mediators 
of innate immunity and acute and chronic inflammatory 
responses, such as iNOS and COX2. As shown in Fig. 4a, 
NF-κB p65 was phosphorylated after LPS treatment (1 μg/
ml) for 45  min. However, pre-treatment with MAT for 
4 h, at concentrations ranging from 6.25 to 25 μM, mark-
edly inhibited LPS-induced NF-κB p65 phosphorylated. 
In order to confirm the effects of MAT on the activation 
of NF-κB, we further explored whether MAT blocked 
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LPS-induced nuclear translocation of NF-κB p65 subu-
nit. As shown in Fig. 4b, the level of nuclear p65 in BV2 

cells was increased after the cells were stimulated with LPS 
for 3 h; while the levels were decreased in response to the 

Fig. 2  MAT inhibited the 
phosphorylation of ERK1/2 in 
time-dependent manner in LPS-
stimulated BV2 microglia cells. 
BV2 cells were pretreated with 
or without MAT (25 μM) for 4 h 
and then were stimulated with 
LPS (1 µg/ml) for 0, 15, 30, 60, 
90 and 120 min. Cell lysates 
were prepared and blotted with 
total or phosphospecific anti-
bodies to ERK1/2, p38 MAPK, 
and JNK. a Representative 
images of Western blotting for 
the phosphorylation of MAPKs. 
The band intensity of p-ERK1/2 
(b), p-p38 (c), and p-JNK (d) 
was normalized to p38, JNK, 
and ERK1/2, respectively. The 
ratio of the control group band 
was set to 1.00. Data represents 
mean ± SE #p < 0.05 vs. control; 
^p < 0.05 vs. LPS treated cells. 
Data were from at least three 
independent experiments

Fig. 3  MAT inhibited the phosphorylation of ERK1/2 in concentra-
tion-dependent menner in LPS-stimulated BV2 microglia cells. BV2 
microglia cells were pretreated with various concentrations of MAT 
for 4 h and then stimulated by LPS (1 µg/ml) for 45 min. The activa-
tion of ERK, JNK, and p38 was analyzed by western blotting, with 
specific anti-p-ERK, p-p38, and p-JNK antibodies, respectively. The 

band intensity of p-ERK1/2 (a), p-JNK (b), and p-p38 (c) was nor-
malized to ERK1/2, JNK, and p38, respectively. The ratio of the con-
trol group band was set to 1.00. Data represents mean ± SE #p < 0.05 
vs. control; ^p < 0.05 vs. LPS treated cells. Data were from at least 
three independent experiments
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pretreatment of the LPS-stimulated cells with MAT. In line 
with this observation, immunofluorescence staining result 
also exhibited MAT diminished p65 nuclear translocation 
(Fig.  4c). Furthermore, AMPK also is involved in modu-
lating inflammatory response, so we examined the effects 

of MAT on the AMPK signaling. However, pre-treatment 
with MAT didn’t affect p-AMPK signaling at various times 
and concentrations (Fig. 4d). These findings indicated that 
the anti-neuroinflammatory effect of MAT is associated, at 
least in part, with the suppression of NF-κB activation.

Fig. 4  MAT inhibited phosphorylation of NF-κB p65 and nuclear 
translocation p65 in LPS-induced BV2 microglial cells, but didn’t 
affect p-AMPK signaling. a BV2 microglia cells were pretreated 
with various concentrations (6.25–25  μM) of MAT compound for 
4  h and then stimulated by LPS (1  μg/ml) for 45  min. Cell lysates 
were prepared and blotted with total or phosphospecific antibodies 
to NF-κB (p65). b BV2 microglia cells were pretreated with various 
concentrations of MAT compound for 4  h and then stimulated by 
LPS (1 μg/ml) for 3 h. The nucleus fraction was collected by a pro-
tein fraction enrichment kit. The location of NF-κB was analyzed by 
western blotting with specific anti-NF-κB (p65) antibody. The Lamin 
A/C proteins were detected as internal control for nucleus fraction. 

The ratio of the control group band was set to 1.00. Data represents 
mean ± SE #p < 0.05 vs. control; ^p < 0.05 vs. LPS treated cells. Data 
were from at least three independent experiments. c BV2 microglial 
cells pretreated with or without 25 μM MAT were treated with LPS 
(1  μg/ml) for 3  h, followed by staining with specific p65 antibody. 
Representative photomicrographs showed p65 nuclear translocation 
in LPS-stimulated BV2 (magnification ×200). d BV-2 microglia cells 
were treated with MAT (25 μM) for 0, 1, 3, 6, 9 and 12 h, or with the 
different concentrations (3.125, 6.25, 12.5, 25 and 50  μM) of MAT 
for 1 h, cell lysates were prepared and blotted with total or phosphor 
specific antibodies to AMPK and p-AMPK
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MAT Inhibited LPS-Induced Src Phosphorylation 
and Expression in BV2 Cells

LPS induces the activation of multiple tyrosine kinase 
families including the SFKs [19]. We therefore investigated 
whether MAT was able to influence HCK and Src, as the 
predominant SFKs in LPS signaling. Our results showed 
that BV2 cells by LPS stimulation for 45 min lead to signif-
icant increase in phosphorylation  (Tyr416) of Src. Further-
more, MAT attenuated the Src phosphorylation in a con-
centration-dependent manner (Fig.  5a). Consistent with a 
previous study, LPS stimulation for 24 h markedly induced 
Src expression, which was also suppressed by MAT in a 
concentration-dependent manner (Fig. 5b). HCK is another 
dominant SFK family member in mediating LPS-induced 
inflammation response. Subsequently, we also detected the 
effect of MAT on HCK activation in LPS-stimulated BV2 

microglia, as shown in Fig.  5c, HCK expression was sig-
nificantly increased in LPS-stimulated BV2 microglia, but 
pretreatment with MAT for 4 h didn’t effect HCK expres-
sion. In contrast, the expression of FAK was almost unal-
tered before and after LPS exposure (Fig.  5d). Taken 
together, our results suggested MAT attenuated Src path-
way activation in LPS-exposed microglia.

MAT Impeded the Migration of LPS-Induced BV2 
Microglia Cells

Apart from inflammatory mediators releasing, cell mobili-
zation was also important for the amplification of inflam-
mation response. Cell migration was measured using the 
matrigel-coated transwell chamber assay. Representative 
microscopic images clearly showed that MAT reduced 
the migratory potential of the LPS-stimulated BV-2 cells 

Fig. 5  MAT inhibited Src 
pathway activation in LPS-
induced BV2 microglia cells. 
a BV2 microglia cells were 
pretreated with various con-
centrations of MAT for 4 h and 
then stimulated by LPS (1 μg/
ml) for 45 min. The activation 
of Src was analyzed by western 
blotting, with specific anti-p-Src 
antibodies. BV2 microglial cells 
were pretreated with various 
concentrations of MAT for 4 h 
and then stimulated by LPS 
(1 μg/ml) for 24 h, Src (b), 
HCK (c), and FAK (d) expres-
sion were measured by western 
blot, GAPDH was used as 
loading control. Data represents 
mean ± SE #p < 0.05 vs. control; 
^p < 0.05 vs. LPS treated cells. 
Data were from at least three 
independent experiments



2858 Neurochem Res (2017) 42:2850–2860

1 3

(Fig.  6a), while the statistical analysis of three independ-
ent experiments revealed a significantly reduced number 
of motile cells for the MAT-pretreated group relative to the 
LPS-treated group (4.37 ± 0.94 vs. 48.29 ± 3.59, p < 0.001) 
(Fig.  6b). The results indicated that MAT significantly 
reduced microglial movement in response to LPS-induced 
activation.

Discussion

MAT, a dibenzylbutyrolactone lignan, has been reported to 
possess diverse biological activities. None of the reports, 
however, documented the anti-inflammatory activity of 
MAT against activated microglia cells. The present study 
demonstrated for the first time that the anti-inflamma-
tory properties of MAT in microglia and their underlying 
molecular mechanisms. MAT attenuated LPS-stimulated 
NO production and the expression of proinflammatory 
mediators iNOS and COX2 in BV2 microglia. In addition, 
MAT inhibited LPS-induced BV2 microglia migration. 
Furthermore, MAT possessed anti-inflammatory proper-
ties by down-regulating NF-κB activation via the inhibition 
of ERK MAPK phosphorylation as well as Src pathway in 
LPS-stimulated BV2 microglia cells.

The inflammatory mediators are thought to be respon-
sible for some of detrimental effects on brain and diseases 
including ischemia and AD, resulting in neuronal death 
[20, 21]. Uncontrolled activation of microglia which 
could result in quantitative release of various inflamma-
tory mediators such as NO, a key inflammatory media-
tor, has been shown to be directly toxic to neurons [22]. 
The excessive productions of NO by enhanced protein 
expression of iNOS, are associated with various types of 
central nervous injuries and diseases. Besides iNOS, the 
excessive expression of COX2 from activated microglia 
contributes to uncontrolled inflammation in neurodegen-
erative diseases [23]. The previous studies have demon-
strated that iNOS and COX2 inhibitors provide neuropro-
tective effects against LPS-induced neurotoxicity [24]. 
We herein showed that MAT has an ability to inhibit 
production of NO in LPS-stimulated BV2. Moreover, we 
provided evidence that the MAT-mediated inhibition of 
NO production is due to suppression of iNOS expres-
sions at the protein levels, concurrent with the decreased 
COX2 expression. Thus, the present findings of anti-
inflammatory effects of MAT, herein iNOS and COX2 
inhibition, on the LPS-activated microglia cells address 
that MAT may has potential protective effects against 
neuroinflammation.

Fig. 6  MAT inhibited LPS-
induced migration of BV2 
microglia cells. BV2 cells were 
pretreated with MAT (25 μM) 
for 4 h and then stimulated 
with LPS for 24 h. The migra-
tory ability of each group was 
determined by using a Boyden 
chamber as described in “Mate-
rials and Methods” section. a 
Cells that migrated to the lower 
membrane were photographed 
(magnification ×200). b The 
percentage of migrated cells 
was quantified. To quantify 
migration, cells were counted 
in three microscopic fields per 
sample. The results are pre-
sented as the mean ± SE of three 
assays. #p < 0.05 vs. control; 
^p < 0.05 vs. LPS treated cells
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A variety of intracellular protein kinases, including JNK, 
p38 and ERK, are necessary for enhancing expression of 
genes, including iNOS, COX2, and pro-inflammatory 
cytokines via NF-κB activation [25, 26]. There are numer-
ous reports demonstrating that inhibition of phosphoryla-
tion of JNK, p38, and ERK contributes to down-regulation 
of iNOS and COX2 in LPS-induced BV2 microglia cells 
[27, 28]. In our study, we have specifically shown that MAT 
inhibited the phosphorylation of ERK, but not the p38 or 
JNK pathway, in response to LPS in BV2 microglia cells, 
suggesting that ERK is additional target of MAT. Further-
more, we have shown that MAT inhibited NF-κB p65 phos-
phorylation as well as the nuclear translocation of p65 sub-
unit in LPS-stimulated BV2 microglia cells. Accumulating 
evidences show that AMPK is a repressor of inflammation. 
Some AMPK activators such as metformin have also been 
demonstrated for their potential to modulate inflammation 
[29]. However, our results showed MAT as a feasible mean 
to attenuate LPS-induced inflammatory responses in BV2 
cells, but didn’t affect AMPK activation. Considering roles 
of MAPKs in inflammatory gene expression, it is deduced 
that inhibition of the cellular levels of iNOS, COX2, and 
pro-inflammatory cytokines by MAT in LPS-treated BV2 
cells is associated with the ability of MAT to inhibit NF-κB 
activation by blocking ERK phosphorylation.

It is well-recognized that cell migration is closely associ-
ated with activation of microglia cells, which leads to tissue 
damage and chronic inflammation [1, 30]. In this study, we 
first exhibited MAT significantly suppressed LPS-mediated 
migration of BV2 microglia. Src activation is involved in 
cell motility [31]. Concurrent with the decreased migration, 
MAT effectively inhibited phosphorylation of C-terminal 
tyrosine  (Tyr416) of Src, it is located in the activation loop 
of the kinase domain, indicating reduction enzyme activity 
in LPS-stimulated microglia. However, FAK, as a substrate 
of Src, not altered by MAT in LPS-mediated BV2 micro-
glia. The previous studies exhibited that the increase of Src 
expression and its activity formed a positive feedback loop 
with NF-κB in macrophages [32]. We also demonstrated 
that MAT was able to suppress Src expression, while the 
expression of another SFK family protein HCK was not 
obviously altered. The critical role of Src in microglia 
migration suggested that the inhibition of Src activation 
by MAT might contribute to prevention of LPS-mediated 
inflammation responses. Based on the observations from 
literatures and our findings, inhibition of Src activation by 
MAT, at least in part, contributes to inhibiting LPS-stimu-
lated BV2 microglia migration.

In this study, MAT showed the inhibition of NO pro-
duction, iNOS and COX2 expression, and migration of 
microglia cells, which may partly arise from downstream 
activation of Src and MAPK/ERK pathways and subse-
quent inhibition of NF-κB p65 tanslocation. The findings 

presented herein suggest that MAT may be a potential 
chemopreventive agent of reducing neuroinflammation and 
deserve more study in the future.
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