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Abstract Microglia play a critical role in controlling
the homeostasis of the brain, but over-activated microglia
secrete pro-inflammatory mediators and cytokines, which
induce neuronal cell death. Fucoxanthin (Fx), a marine
carotenoid, has demonstrated a variety of beneficial health
effects. Despite accumulating evidence supporting the
immune-modulating effects of Fx in vitro, the underlying
signaling pathways remain unknown. In the present study,
Fx dose-dependently inhibited the secretion of lipopolysac-
charide (LPS)-induced pro-inflammatory mediators includ-
ing interleukin (IL)-6, tumor necrosis factor (TNF)-a, reac-
tive oxygen species (ROS), prostaglandin (PG) E,, and
nitric oxide (NO) productions, and also suppressed the
expression of inducible NO synthase (iNOS) and cyclooxy-
genase (COX)-2 enzymes. Further, the reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analysis indi-
cated IL-6, TNF-a, iNOS, and COX-2 mRNA expression
were suppressed by treatment with Fx in a dose-depend-
ently manner. The mechanism studies indicated that Fx
blocks protein kinase B (Akt)/nuclear factor-kappaB (NF-
kB) and mitogen-activated protein kinase (MAPKSs)/tran-
scription factor (AP)-1 pathways. In addition, we demon-
strated that Fx increases nuclear factor erythroid 2-related
factor (Nrf)-2 activation and heme oxygenase (HO)-1
expression in LPS-activated BV-2 microglia. Subsequently,
we found that Fx also mediates the reactive oxygen species
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(ROS) by activating protein kinase A (PKA)/cyclic adeno-
sine monophosphate (cAMP) response element binding
protein (CREB) pathway, and promotes the production of
brain-derived neurotrophic factor (BDNF). These results
indicate that Fx may be more effective and potential than
other candidates via either decreasing the pro-inflammatory
factors production or increasing the neuroprotective mole-
cules expression for therapy of neurodegenerative diseases.

Keywords Fucoxanthin - BV-2 microglia - Neuro-
inflammation - PKA/CREB pathway

Introduction

Neuro-inflammation is commonly involved in several neu-
rodegenerative diseases including Parkinson’s disease and
Alzheimer’s disease [1, 2]. Microglia, as resident central
nervous system (CNS) immune cells, play an important
role in the host defense and neuronal repair for the main-
tenance of CNS homeostasis through their strict activation
[3, 4]. However, persistent microglial activation leads to
neuronal cell death by the overproduction and accumula-
tion of pro-inflammatory mediators such as nitric oxide
(NO), reactive oxygen species (ROS), tumor necrosis fac-
tor (TNF)-a, interleukin (IL)-6, and prostaglandin (PG) E,.
These factors are up-regulated by numerous intracellular
pathways that involve several signal transduction molecules
such as nuclear factor-kappa B (NF-«xB), activator protein- 1
(AP-1), and mitogen-activated protein kinases (MAPKs)
[1, 2, 5]. Therefore, inhibitors of the specific pathway of
microglial activation may act as therapeutic agents for neu-
rodegenerative diseases.

Moreover, microglia also prevent damage to neighbor-
ing neurons by eliminating toxic materials by phagocytosis,
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and by expressing various detoxifying/antioxidant enzymes
including heme oxygenase (HO)-1, cAMP response ele-
ment binding protein (CREB), and brain-derived neuro-
trophic factor (BDNF) [6-8]. For example, HO-1 is con-
sidered a critical cellular response against the toxicity of
oxidative stress and inflammatory responses both in vitro
and in vivo for the catabolism of heme by a process that
releases carbon monoxide, ferrous iron, and biliverdin to
neutralize ROS, and NO production [9-12]. The expres-
sion of HO-1 is regulated by the nuclear factor erythroid
2-related factor (Nrf)-2, and CREB transcription factors
[13, 14]. Thus, activation of both Nrf-2/HO-1 and PKA/
CREB pathways also play crucial roles in the process of
microglia de-activation [15, 16]. Furthermore, CREB facil-
itates the expression of a large and diverse group of genes
including regulator of anti-oxidative and anti-inflammatory
genes [17-20]. In summary, both the control of pro-inflam-
matory of factors and promotion of beneficial enzymes
expression may be considered useful therapeutic strategies
for neuro-inflammatory diseases.

Fucoxanthin (Fx), a marine carotenoid, is well-known
to possess anti-oxidant, anti-cancer, anti-inflammatory,
and anti-obesity properties [21]. Numerous studies have
reported that Fx inhibits inflammatory mediators and
pro-inflammatory cytokines in vitro and in vivo [22-26].
In vitro studies have reported that Fx exerts anti-inflamma-
tory effects by inhibiting MAPKSs including c-Jun N-ter-
minal kinase (JNK), extracellular signal-regulated kinase
(ERK), p38, and NF-kB in lipopolysaccharide (LPS)-
induced RAW 264.7 macrophages and amyloid-f-induced
microglia [22, 23, 25]. In vivo studies on Fx recently
reported that it also inhibits inflammatory responses in
LPS-induced uveitis and a carrageenan-induced paw edema
model via inhibiting Akt, NF-xB, and MAPKs [25, 26].
These findings suggest that Fx may be a useful therapeutic
candidate for inflammatory diseases owing to its inhibitory
effects on NF-kB activation and MAPKSs phosphorylation.
Investigations of the anti-inflammatory mechanism of Fx
have mostly been focused on the inhibition of pro-inflam-
matory factors via NF-kB and MAPKs molecules [22,
23]. In addition, Fx, which is an antioxidant increased the
mRNA expression levels of superoxide dismutase (SOD)
and glutathione (GSH) in hydrogen peroxide (H,0,)-stim-
ulated BV-2 cells [23]. Furthermore, Fx also promoted
the synthesis of glutamate-cysteine ligase catalytic subu-
nit (GCLC) and glutathione synthetase (GSS) through the
activation of the Akt/Nrf2 pathway in human skin cells
[27]. However, the mechanism by which Fx reduces pro-
inflammatory mediators, and activates beneficial enzymes
remains to be clearly elucidated in a neuro-inflammatory
model. In this study, we confirmed that Fx also inhibits
NF-xB and MAPKSs in LPS-activated BV-2 cells, and found
that an upstream regulator of NF-kB, Akt is involved in
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microglial de-activation, and a downstream regulator of
MAPKSs, AP-1 was inhibited in LPS-activated BV-2 cells
treated with Fx. Furthermore, Fx activates Nrf-2/HO-1 and
PKA/CREB pathways in LPS-activated BV-2 cells.

Materials and Methods
Chemicals

The Fx (>98% purity), LPS (Escherichia coli 055:B5), and
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All the primary antibodies including
those against iNOS, COX-2, HO-1, Nrf-2, BDNF, phos-
phorylated (p)-CREB, CREB, p-PKA, PKA, p-INK, JNK,
p-ERK, ERK, p-p38, p38, p-Akt (Ser308), p-Akt (Thr473),
Akt, p-NF-kB, LiminB1, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), as well as the anti-rabbit horse-
radish peroxidase (HRP)-linked IgG antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA,
USA) while the primers were ordered from Cosmogenetech
(Seoul, Korea). The Alexa Fluor 488-labled goat anti-rabbit
IgG antibody, Superscript III reverse transcriptase kit, and
Trizol reagent were purchased from Invitrogen (Eugene,
OR, USA).

Cell Culture and Viability

The BV-2 cells were generously provided by Dr. Sung
Joong Lee (Seoul National University, Seoul, Korea),
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, USA) supplemented with 5% heat-inac-
tivated fetal bovine serum (FBS, Gibco) and 1% penicil-
lin—streptomycin at 37 °C under a humidified atmosphere of
5% CO,. To determine the effects of Fx on cell viability, the
cells (2.5x10* cells/well) were seeded into 96-well plates
at 37 °C incubation for 24 h, and then were treated with var-
ious concentration of Fx (5, 10, and 20 pM) in the presence
or absence of LPS (100 ng/mL) for 12 h. The cell viability
was measured by adding the EZ-Cytox (1:10; DAEILLAB
Co., Ltd., Seoul, Korea) followed by incubation at 37 °C for
30 min. Then, the absorbance of the reaction solution was
determined using a micro-plate reader (BIO-TEK® Dower
Wave XS, Winooski, VT, USA) at 450 nm.

Determination of ROS

To detect the effects of Fx on ROS production, the cells
(5% 10° cells/well) were seeded for 24 h, pre-treated with
various concentration of Fx for 1 h, and then co-treated
with LPS (100 ng/mL) for 12 h. The culture medium was
removed and the cells were gently washed twice with 1 mL
phosphate buffered saline (1x PBS). Then, the cells were
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incubated with 2’,7'-dichlorofluorescin diacetate (DCF-DA)
at a concentration of 20 pM diluted with FBS-free DMEM
protected from light at 37°C for 1 h. After washing, the
cells were collected using 0.5 mL trypsin for each well, the
reaction was stopped by adding 0.8 mL DMEM with 5%
FBS, and then the cells were centrifuged at 2000 rpm for
2 min, followed by suspension in PBS. The intracellular
ROS was determined by measuring the mean fluorescence
intensity of 10,000 cells using a flow cytometer (BD FAC-
SCablibur, USA) at excitation and emission wavelengths
480 and 520 nm, respectively.

Enzyme-Linked Immunosorbent Assay (ELISA)

The cells (5x10° cells/well) were seeded for 24 h, pre-
treated with various concentration of Fx for 1 h, and then
co-treated with LPS (100 ng/mL) at 37 °C for 12 h. The cul-
ture medium was collected and centrifuged at 13,000 rpm
for 5 min. The levels of PGE,, IL-6, and TNF-« in the cul-
ture medium were quantified using ELISA kits from R&D
System Inc. (Minneapolis, MN, USA), according to the
manufacturer’s instructions.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

The cells were seeded for 24 h, pre-treated with various
concentrations of Fx for 1 h, and subsequently co-treated
with 100 ng/mL LPS at 37°C for 6 h. The total RNA was
extracted using Trizol reagent and quantified using an
ultraviolet—visible (UV-Vis) spectrophotometer (Thermo
Fisher Scientific Inc, Lafayette, CA, USA), and 5 pg of
RNA was converted to cDNA by using a Superscript 111
reverse transcriptase kit according to the manufacturer’s
instructions. The target DNA bands were amplified by
using 2 pL of primer pairs and 2 pL. cDNA template, which
were mixed with Novelzyme Taq Plus Premix (Noble Bio,
Suwon, Korea), according to the manufacturer’s instruc-
tions. Then, the cDNAs were separated by electrophoresis
on 1.5% agarose gels and stained using ethidium bromide
buffer. The intensity of the PCR product was measured
using the CoreBio i-MAX Gel Image Analysis System
(CoreBio System, Seoul, Korea) and analyzed using the
ImagelJ software (National Institutes of Health, NIH Image
in the public domain, USA). The following primer sets
were used: IL-6 (sense: CCACTTCACAAGTCGGAG
GCTT and anti-sense: CCAGCTTATCTGTTAGGAGA),
TNF-a (sense: CATCTTCTCAAAATTCGAGTGACAA
and anti-sense: ACTTGGGCAGATTGACCTCAG), iNOS
(sense: CCCTTCCGAAGTTTCTGGCAGCAGC and
anti-sense: GGCTGTCAGAGCCTCGT GGCTTTGG),
COX-2 (sense: TTGAAGACCAGGAGTACAGC and anti-
sense: GGTACAGTTCCATGACATCG). GAPDH (sense:

TGATGACATCAAGAAGGTGGTGAAG and anti-sense:
TCCTTGGAGGCCATGTAGGCCAT).

Quantification of NO Production

The concentration of NO produced in the culture super-
natant was measured using Griess reagents (1% sulfanila-
mide, and N-[1-naphthyl]-ethylenediamine dihydrochloride
in 2.5% H;PO,). Each 50 pL culture medium sample was
reacted with equal volume of mixed Griess reagent (1:1)
for 10 min under the dark condition. Different concentra-
tions of sodium nitrite (0—100 M) were used as the stand-
ard to assess nitrite concentration, and all of samples were
detected at wavelength 540 nm.

Immunocytochemistry

For the immunohistochemistry analysis, the cells (5x10*
cells/well) were seeded on poly-L-lysine coated glass cover-
slips in 24-well plates at 37 °C for 24 h, pre-treated with vari-
ous concentrations of Fx for 1 h, and then incubated with LPS
(100 ng/mL) for 12 h. Then, the cells were fixed with 3.8%
paraformaldehyde in PBS at room temperature for 20 min,
permeabilized with 0.5% Triton X-100 in PBS for 30 min,
and then blocked in 5% bovine serum albumin (BSA) in PBS
plus 0.1% Tween 20 (PBST) for 30 min. The cells were incu-
bated in blocking buffer containing anti-Nrf-2 or p-CREB
antibody (1:100) for 2 h at room temperature. After washing,
the cells were reacted with Alexa Fluor 488-labeled second-
ary goat anti-rabbit IgG antibody (1:200). For nuclear stain-
ing, the cells were incubated with 25 pg/mL of 4'-6-diamid-
ino-2-phenylindole (DAPI) in PBST at 37 °C for 30 min. The
fluorescence images were captured and analyzed by using a
confocal microscope (Leica, Solms, Germany).

Western Blot Analysis

The cells (5x10° cells/well) were seeded for 24 h, pre-
treated with various concentration of Fx for 1 h, and then
co-treated with LPS (100 ng/mL) for 12 h. Then, the cells
were collected, lysed in ice-cold lysis buffer (Cell Signaling)
containing 1X protease inhibitor cocktail (PIC, Roche, Penz-
berg, Germany) and 1x PMSF. The total protein was quanti-
fied using Bradford reagent (Bio-Rad, Hercules, CA, USA),
and various concentrations of BSA as standard. The proteins
in each sample were separated using 8 or 10% sodium dode-
cyl sulfate polyacrylamide (SDS-PAGE), and transferred to
a polyvinylidene difluoride (PVDF, Millipore, USA) mem-
brane, which was subsequently blocked with 5% BSA in
TBST and incubated with the appropriate primary antibod-
ies (1:1000) overnight at 4°C. After washing with TBST,
the membrane was incubated with the HRP-conjugated
secondary antibodies (1:1500) for 1 h at room temperature.
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The blots were visualized using enhance chemiluminescence
(ECL) Reagents (Thermo Fisher Scientific Inc., Lafayette,
CA, USA). Densitometry analysis of bands was performed
using the LAS4000 system (Fujifilm, Tokyo, Japan).

Statistical Analysis

The data were analyzed using the software Prism 5 soft-
ware (Graph-Pad Software Inc, San Diego, CA, USA).
All the data are expressed as mean =+ standard error of the
mean (SEM). The statistical comparisons between the dif-
ferent treatments were performed using a one-way analysis
of variance (ANOVA) with the Newman—Keuls multiple
comparison test and p<0.05 was considered statistically
significant.

Results

Effects of Fx on Viability and ROS Production
in LPS-Activated BV-2 Microglial Cells

Our initial experiments revealed that treatment with Fx at
concentrations of 5, 10, and 20 uM did not affect the viabil-
ity of unstimulated and LPS (100 ng/mL)-stimulated BV-2

Fig. 1 Effects of Fx on viability
and ROS production in LPS-
activated BV-2 microglial cells.
a Viability of cells stained

by EZ-Cytox for 30 min with
absorbance determined at

450 nm. Results are percentage
of control group. b Levels of
intracellular ROS from three
independent experiments were 0-
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cells, respectively (Fig. 1a). Therefore, these results indi-
cated that these concentrations of Fx could be used in all
the subsequent experiments. Since ROS play an important
role in neuronal cell death, we investigated the effects of
Fx on intracellular ROS production by using a fluorescence
sensitive probe DCF-DA. As shown in Fig. 1b, the level of
intracellular ROS decreased by 28.3, 44.7, and 59.0% com-
pared to that in the LPS-treated group at 5, 10, and 20 pM
Fx, respectively. These results suggest that Fx may alleviate
ROS-induced neuronal cells death, which is consistent with
the results of previous study [23].

Effects of Fx on Pro-Inflammatory Cytokines
in LPS-Activated BV-2 Microglial Cells

Next, we assessed the inhibitory effects of Fx on LPS-
induced pro-inflammatory cytokines TNF-a and IL-6
by determining their secretory concentration in the cell
culture supernatants using specific ELISA kit. Figure 2a
shows that the secretion of TNF-a and IL-6 was signifi-
cantly increased by stimulation with LPS. However, both
cytokines were dose-dependently inhibited by treatment
with Fx, which reduced TNF-a and IL-6 by 69.4 and 49.3%
at 20 pM, respectively. Moreover, we analyzed the effects
of Fx on mRNA expression of TNF-a and IL-6 by RT-PCR
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Fig. 2 Effects of Fx on pro-inflammatory mediators,

upstream
regulator mRNA, and protein expression in LPS-activated BV-2
microglial cells. a Levels of TNF-a and IL-6 were measured using
ELISA. b Production of NO was measured using Griess reagents.
¢ Level of PGE, was measured using ELISA. d The mRNA lev-
els of TNF-a and IL-6 were measured using RT-PCR analysis. The
mRNA level of GAPDH was loading control. € The mRNA levels of

analysis. We found that LPS induced 7.8-fold and 14.3-
fold increases in the synthesis of TNF-o and IL-6 mRNA,
respectively (Fig. 2d), while pre-treatment with Fx sig-
nificantly inhibited this effect dose-dependently (46.7, and
43.3%, decrease, respectively).

Effects of Fx on NO and PGE, Production, and iNOS
and COX-2 Expression in LPS-Activated BV-2
Microglial Cells

The effect of Fx on NO and PGE, production was assessed
by assaying the conditioned medium from the treated cells.
The LPS-stimulated microglia released a large amount of
NO and PGE, (Fig. 2b, c), which were dose-dependently
reduced by treatment with Fx. Especially, pre-treatment
with Fx at 20 pM significantly inhibited the productions
of NO and PGE, by 61.9, and 65%, respectively. Since the
secretion of NO and PGE, are regulated by the expression
of iNOS and COX-2, respectively, we examined whether Fx
has any effect on mRNA and protein expressions of iNOS
and COX-2. As shown in Fig. 2e, f, pre-treatment with Fx

GAPDHl G SEEe GEP eSaNy Sy

iNOS and COX-2 were measured using PCR analysis. The mRNA
level of GAPDH was loading control. f Protein levels of iNOS and
COX-2 were measured using western blot analysis. GAPDH protein
was loading control. Values are mean+SEM of three independent
experiments; **p <0.001 compared to control group, **p <0.01, and
*#%p <0.001 cornpared to LPS group

significantly and dose-dependently decreased the levels of
iNOS and COX-2 mRNA and protein, respectively. These
results indicate that Fx can suppress LPS-induced NO and
PGE, by down-regulating iNOS and COX-2 at mRNA and
protein expression in LPS-activated BV-2 microglia.

Effects of Fx on Expression of Akt/NF-kB Pathway
in LPS-Activated BV-2 Microglial Cells

NF-kB is a key upstream regulator for production of pro-
inflammatory mediators [28]. Thus, we tested whether Fx
affects NF-kB activation by detecting the phosphorylation
of NF-xB in LPS-activated microglia. Figure 3a showed
that LPS-induced NF-xB phosphorylation was reduced in
the presence of Fx, and similar data was observed in LPS-
induced RAW 264.7 macrophages [22]. In attempt to inves-
tigate the upstream modulator of NF-xB, and confirm the
relation between the Akt and NF-xB activation, we found
that Fx significantly inhibits LPS-induced Akt (Thr308)
phosphorylation, not significant for Akt (Ser473) in Fig. 3b.
We also used a specific Akt inhibitor, LY294002 of 5 pM to
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Fig. 3 Effects of Fx on Akt/NF-xB signaling pathway inhibition in
LPS-activated BV-2 microglial cells. a Levels of p-NF-xB in nuclear
fraction were measured using western blot analysis, and LiminB1
protein was loading control. b Level of phosphorylated Akt (Thr308
and Ser473) was measured using western blot. Total Akt was loading
control. Values are mean+SEM of three independent experiments;
#ip <0.01 compared to control group, *p <0.05, *¥p <0.01 compared
to LPS group

partly abolish the LPS-induced p-NF-kB in nuclear of cells,
which was reduced more by co-treatment of LY294002 and
Fx (data not shown). These data indicate that Fx regulates
NF-kB activation by blocking Akt phosphorylation.

Effects of Fx on Expression of MAPKs/AP-1 Pathway
in LPS-Activated BV-2 Microglial Cells

Accumulating evidence has revealed that mitogen-activated
protein kinases (MAPKSs) signaling pathway play key regu-
latory roles in the production of pro-inflammatory media-
tors. Hence, whether the inhibition of pro-inflammatory
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mediators by Fx is mediated through the MAPKs signal-
ing was examined in LPS-stimulated BV-2 cells. Figure 4a
showed that Fx of 20 pM significantly inhibit the LPS-
induced phosphorylation of three types of MAPKs which
is consistent with previous reports [22, 23]. It is notewor-
thy that inhibitory effect of Fx on p38 is the largest among
MAPKSs. Furthermore, Fx also attenuated the downstream
regulator of MAPKSs, AP-1 activation (Fig. 4b). To confirm
that Fx inhibits pro-inflammatory mediator through Akt/
NF-kB and MAPKs (JNK/ERK/p38)/AP-1 pathways, spe-
cific inhibitors were used to abolish specific enzymes. As
shown in Fig. 4c, NO production was significantly reduced
by treatment of inhibitors, and co-treatment with Fx attenu-
ated much more NO production. These data indicate that
Fx inhibits pro-inflammatory mediators through suppress-
ing Akt/NF-xB and MAPKs/AP-1 pathways.

Effects of Fx on Expression of Nrf-2 and HO-1
in LPS-Activated BV-2 Microglial Cells

Previous studies showed that Nrf-2 is directly associate
with the inhibition of the pro-inflammatory response, and
activates HO-1, which is a key molecule for mediating the
therapy of neuro-inflammation and cytoprotective effects
[6, 11, 30]. Thus, we determined if the expression of Nrf-2
and HO-1 are involved in the anti-inflammatory mechanism
of Fx by western blot analysis. A typical result is shown in
Fig. 5a, and 20 pM of Fx significantly increased the expres-
sion of HO-1 and Nrf-2 by 1.4- and 2.2-fold, respectively.
In addition, the translocation of Nrf-2 was promoted in the
nuclei as shown in Fig. 5b, and this finding was supported
by the immunofluorescence assay, which detected the Nrf-2
staining (Fig. 5c). Fx has been known to activate the Nrf-
2-mediated pathway by increasing phosphorylation of Akt
in human keratinocyte cells [27]. But phosphorylation of
Akt was inhibited by treatment with Fx in LPS-induced
BV-2 microglia. This difference indicates that the underly-
ing mechanism by which Fx induce changes in Nrf-2 sign-
aling may vary depending on the cell type.

Effects of Fx on Activation of the PKA/CREB Pathway
in LPS-Activated BV-2 Microglial Cells

Several studies reported that CREB plays a role as a key
upstream regulator of neuroprotective signaling against
ROS-mediated cell death in vivo by activating anti-oxidant
gene expression/ROS detoxifying enzyme expression [7,
14, 19, 30]. Thus, we examined whether the Fx-induced
ROS reduction was mediated via the activation of PKA/
CREB pathway. As the shown in Fig. 6a, treatment with
Fx significantly increased the p-PKA, p-CREB and BDNF
expression in LPS-activated BV-2 cells. To evaluate the
involvement of the PKA/CREB pathway in the Fx-mediated
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Fig. 4 Effects of Fx on MAPKSs/AP-1 signaling pathway inhibition
in LPS-activated BV-2 microglial cells. a Expression of three types of
p-MAPKSs (JNK, ERK, and p38) in total lysates were measured using
western blot analysis with specific antibodies, and normalized by
total MAPKs. b Expression levels of p-AP-1 (c-jun) in total lysates
were measured using western blot analysis and normalized with total
c-jun. ¢ Microglial cells were pre-treated with specific inhibitors

ROS induction, a specific PKA inhibitor (H89, 10 pM) was
used to abolish the effects of CREB. The results showed
that H89 significantly inhibited the expression of p-CREB,
which was dose-dependently reversed by pretreatment with
Fx (Fig. 6¢). Moreover, the immunofluorescence data indi-
cated that pretreatment of Fx increased phosphorylation
and translocation of CREB (Fig. 6b). While co-treatment
with H89 and the LPS-stimulation significantly increased
the production of ROS by 53.0% compared to stimulation
with LPS alone (Fig. 6d). However, the ROS production

(JNK inhibitor: SP600125, ERK inhibitor: PD98059, p38 inhibitor:
SB202190, Akt inhibitor: LY294002, NF-kB inhibitor: PDTC) for
30 min, and co-treated with Fx of 20 pM for 1 h, then co-treated with
100 ng/ml of LPS at 37°C for 12 h. The NO production was detected
using griess reagents. Values are mean+SEM of three independent
experiments; *#p <0.01 compared to control group, **#*p<0.001
compared to LPS group

was concentration-dependently reduced by pre-treatment
with Fx. These results suggest that Fx partially suppressed
LPS-induced ROS, and recovered the expression of BDNF
through the PKA/CREB pathway.

Discussion

In this study, we sought to demonstrate the phar-
macological activity of Fx against LPS-activated
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neuroinflammatory responses and explain the underlying
molecular signaling mechanisms of these effects. Previ-
ous studies showed that Fx suppresses NO, ROS, and pro-
inflammatory cytokines production in LPS-induced RAW
264.7 cells and Ap-induced BV-2 microglia [22-26,],
which is similar to our findings. The results of our present
study also proved that Fx dose-dependently attenuates
the protein and mRNA expression of pro-inflammatory
mediators in LPS-activated BV-2 microglial cells. The
anti-neuroinflammatory mechanism of Fx involved clas-
sical NF-xB and MAPKSs pathways including JNK, ERK,
and p38 in LPS-activated microglia as previous studies
reported [22, 23, 25, 26]. Moreover, we first found that
Fx inhibits phosphorylation of Akt (Thr308) and AP-1
in LPS-activated BV-2 microglial cells. To prove the
involvement of these molecules in the anti-inflammatory
activity of Fx in LPS-activated microglial cells, specific
inhibitors were applied. The data confirmed that the anti-
inflammatory activity of Fx partly depended on these
key molecules. These results support the notion that Fx
is a promising agent for preventing neuro-inflammatory
diseases by inhibiting the Akt/NF-kB and MAPKSs/AP-1
pathways. Furthermore, the mechanism by which Fx
regulates the protective factors, and the associated under-
lying molecular signaling pathways remain to be eluci-
dated. Here, Fx promoted the expression of the Nrf-2 and
HO-1, which are critical factors that exert neuroprotective
effects by their anti-neuroinflammatory activities [31].
These data were consistent with those of a previous study
showing that Fx increased the expression of Nrf-2 and
HO-1 in human skin cells [27]. Interestingly, we found
that Akt, one of the regulatory molecules in the Nrf-2/
HO-1 pathway, was not activated by treatment with Fx in
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Fig. 6 Effects of Fx on PKA/CREB signaling pathway activation in»
LPS-activated BV-2 microglial cells. a Expression levels of p-PKA,
p-CREB, and BDNF were measured using western blot. b p-CREB
(green) was enhanced by treatment with Fx, and visualized using
confocal microscopy, DAPI staining (blue) indicated the nuclei (bar
40 pm). ¢ BV-2 cells were pretreated with H89 (PKA inhibitor,
10 pM) for 30 min, incubated with Fx for 1 h, and then co-treated
with or without LPS (100 ng/mL) for 12 h. Expression of p-CREB
was normalized by total CREB. d Levels of intracellular ROS from
three independent experiments were quantified. e Intracellular ROS
levels were measured using FACS. Values are mean+ SEM of three
independent experiments; *p <0.05, **p <0.01, ***p <0.001 signifi-
cantly different. (Color figure online)

LPS-activated BV-2 microglia. Compared with Fx-acti-
vated Akt in human skin cells, Fx-inhibited Akt in LPS-
induced microglia, which may depend on the cell type,
and Akt in microglia was mainly involved in the process
of NF-xB de-activation, which induced the expression of
pro-inflammatory genes by binding to promoters of vari-
ous inflammatory genes [32]. Thus, further studies would
be needed to clarify the mechanisms of the Fx-activated
Nrf-2/HO-1 pathway in microglia.

In addition, transcription factor CREB is known to be
involved in modulating the relative activities of NF-kB and
Nrf-2 [33]. In this study, we first addressed the important
roles of PKA and CREB signaling molecules in the Fx-
mediated anti-neuroinflammatory activities. Our findings
showed that Fx induces the phosphorylation of CREB by
increasing the p-PKA level. These data were also confirmed
by using PKA inhibitor (H89) to abrogate effects of PKA,
ROS production significantly increased, and this inhibition
was dose-dependently reversed following treatment with
Fx. These data indicate that Fx exerts anti-inflammatory
activity through activating PKA/CREB signaling. Thus,
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Fig. 5 Effects of Fx on Nrf-2/HO-1 signaling pathway activation is
independent Akt in LPS-activated BV-2 microglial cells. a Levels of
Nrf-2 in cytoplasmic fraction and HO-1 in total lysates were meas-
ured using western blot analysis with specific antibodies. GAPDH
protein was loading control. b Levels of Nrf-2 in nuclear fraction
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were measured using western blot analysis and LimB1 was loading
control. ¢ Translocation of Nrf-2 (green) was visualized using con-
focal microscopy, and DAPI staining (blue) indicated the nuclei (bar
40 pm). Values are mean+SEM of three independent experiments;
*p <0.05, *¥p <0.01 significantly different. (Color figure online)
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the PKA/CREB signaling pathway was also involved in the
Fx-mediated anti-inflammatory activities. Moreover, it has
been reported that the expression of HO-1 is mediated via
activation of PKA/CREB pathway [33]. In this study, the

increase of HO-1 level may be also regulated by the activa-
tion of PKA/CREB. Further studies would be required to
confirm the production of HO-1 via PKA/CREB signaling
pathway in the actions of Fx.
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Taken together, these results suggest that Fx not only
inhibits classical pathways such as the Akt/NF-xB and
MAPKs/AP-1 pathways, but it also activates beneficial
molecules such as those involved in Nrf-2/HO-1 and PKA/
CREB signaling pathways in LPS-activated BV-2 micro-
glial cells. These results prove that Fx may be useful in pro-
tecting against cell-death in neurodegenerative diseases by
down-regulating pro-inflammatory factors and up-regulat-
ing neurotrophin.
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