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Abstract Isoorientin (ISO) is a flavonoid compound in
the human diet, and has been known to possess various
bioactivities. However, the effects of ISO on microglia
inflammation have not been investigated. The current study
investigates the neuroprotective effect of ISO in LPS-
activated mouse microglial (BV-2) cells. ISO significantly
increased the BV-2 cells viability, blocked the protein
expression of inducible nitric oxide synthase and cyclo-
oxygenase-2, and decreased the production of nitric oxide,
pro-inflammatory cytokines including tumor necrosis fac-
tor-o and interleukin-1P3. The activation of mitogen-acti-
vated protein kinases (MAPKs) was blocked by ISO, and
NF-kB nuclear translocation was decreased by ISO both
alone and together with NF-xB inhibitor (PDTC) and
MAPKSs inhibitors (U0126, SP 600125, and SB 203580).
Furthermore, ISO strongly quenched intracellular reactive
oxygen species (ROS) generation. ROS inhibitor (N-acetyl
cysteine, NAC) significantly inhibited pro-inflammatory
cytokines release and NF-kB and MAPKs activation,
indicating that ISO attenuated neuroinflammation by

inhibiting the ROS-related MAPK/NF-xB signaling
pathway.
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Abbreviations

BV-2 cell Mouse microglial cell line

ISO Isoorientin

LPS Lipopolysaccharide

ROS Reactive oxygen species

NO Nitric oxide

MAPKs Mitogen-activated protein kinases

NF-«xB Nuclear factor kB

TNF-a Tumor necrosis factor

IL Interleukin

iNOS Inducible nitric oxide synthase
COX Cyclooxygenase

Introduction

Microglial are the resident innate immune cells in the
central nervous system, and plays a pivotal role in the
innate immune response [1]. Microglial activation plays an
important role in neurodegenerative diseases through pro-
ducing several pro-inflammatory enzymes and cytokines.
Activated microglial cells are able to scavenge dead cells
from the central nervous system and secrete different
neurotrophic factors for neuronal survival [2, 3]. While
over-activation of microglial cells cause various autoim-
mune responses and lead to neurodegenerative diseases,
such as Alzheimer’s disease, Huntington’s disease, Par-
kinson’s disease, and multiple sclerosis and stroke [4-6].
Meanwhile, over-activated microglial cells can induce
significant and highly detrimental neuronal damage and
neurodegenerative processes through excess production of
various pro-inflammatory mediators and neurotoxic com-
pounds, such as tumor necrosis factor-o. (TNF-a), inter-
leukin-1B (IL-1B), interleukin-6 (IL-6), reactive oxygen
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species (ROS), nitric oxide (NO), inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2) [7-9].
Microglial cells can be activated in two ways, neuronal
damage and direct stimulation from endogenous proteins
or environmental cytotoxic factors (such as lipopolysac-
charides, B-amyloid, glutamate, and arachidonate) [1, 10].
Lipopolysaccharides (LPS) is a component of the cell wall
of Gram-negative bacteria. It plays critical roles in the
pathogenesis of inflammatory responses, and it has been
commonly used to pro-inflammatory model and microglial
activation [11, 12]. LPS is able to activate the expression
of iNOS in the brain, which produces high levels of NO
continuously [13]. And later, excess NO induces COX-2
expression which is associated with the management of
inflammation and several neuronal diseases [14]. In
addition, mitogen-activated protein kinases (MAPKs) also
can be activated by LPS. It is classified into three com-
ponents: extracellular signal-regulated kinases ERK1/2
(p44/p42), c-Jun amino-terminal kinase JNK (p46/p54)
and p38 kinase. They have been implicated in the release
of immune-related cytotoxic factors, such as NO, COX-2,
IL-1B and IL-6 [8-12]. Nuclear factor-kB (NF-xB) is a
nuclear transcription factor, and is involved in the regu-
lation of the immune response [15], and is also activated
by LPS through MAPK signaling pathway [16, 17].
Moreover, LPS has been shown to induce the production
of ROS. Overproduction of ROS is also associated with
microglial cells activation and neuroinflammatory pro-
cesses [1]. An excess production of ROS represents a
marker of oxidative stress which usually induces inflam-
mation in microglia and contributes to subsequent neuro-
nal damage and neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s diseases [1, 18]. Thus,

pharmacological interference with the over activation of
microglia presents a reasonable and effective strategy to
control the progression of neurodegenerative diseases, and
have been a fertile

natural compounds source of

Fig. 1 Effect of ISO on cell viability in LPS-activated BV-2 cells.
a Chemical structure of ISO. b BV-2 cells were treated with ISO in
the presence or absence of LPS (1 pg/mL) for 24 h at the indicated
concentrations. The cell viability was determined by MTT assay.
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chemotherapeutic neuroinflammation and chemopreven-
tion agents.

Isoorientin  (3',4',5,7-tetrahydroxy-6-C-glucopyranosyl
flavone; ISO), is a common C-glycosyl flavone in the
human diet, and the chemical structure of ISO is shown in
Fig. la. ISO has been isolated from many plant species,
such as Phyllostachys pubescens [19], Crataegus monog-
yna and C. pentagyna [20], Lythrum salicaria [21], buck-
wheat [22], Patrinia villosa Juss [23], and Drosophyllum
lusitanicum [24]. Previous studies showed various proper-
ties of ISO, such as anticancer, antioxidant, anti-bacterial
and anti-nociceptive activities [22, 25, 26]. It was also
reported that ISO possesses significant anti-inflammatory
activity through inhibition of NO production in LPS-
stimulated mouse macrophage RAW264.7 cells [27], and
inhibition carrageenan-induced hind paw edema model in
mice [25]. However, the effects and putative mechanisms
of ISO on brain inflammation or microglia have not been
investigated.

In the present study, we demonstrated the effect and
possible mechanisms of ISO on neuroinflammation through
evaluating the production of pro-inflammatory mediators
(NO, iNOS, COX-2, TNF-o and IL-1B) in LPS-induced
BV-2 microglial cells. In addition, NF-«xB and MAPK
signaling pathway, and ROS level were also examined.

Materials and methods
Reagents and antibodies

Isoorientin (purity >98 %) was purchased from Forever
Biotechnology, Ltd. (Shanghai, China). RPMI 1640 cell cul-
tures, fetal bovine serum (FBS) and the BCA protein kit were
purchased from Thermo Fisher (Shanghai, China). MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliunbromide)
(purity >93 %) was obtained from Wolsen Biotechnology,
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Ltd. (Xian, China). ELISA kits for TNF-o and IL-1f were
obtained from Shanghai Xinle Biotechnology, Ltd. (Shanghai,
China). Lipopolysaccharide (LPS), 2',7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA), 1,4-Diamino-2,3-dicyano-
1,4-bis(o-aminophenyl-mercapto) butadiene (U0126) (purity
>98 %), pyrrolidine dithiocarbamate (PDTC, purity >99 %),
4-4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-
1H-imidazole(SB203580) (purity >98 %), N-acetyl-L-cys-
teine (NAC) (purity >99 %) and 1,9-pyrazoloanthrone
(SP600125) (purity >98 %) were purchased from Sigma.
Antibodies against iNOS (SC-8310), COX-2 (SC-65239),
o-tubulin (SC-5286), lamin B (SC-374015) and horseradish
peroxidase-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, USA). NF-xB
po5 (8242), IkB (9242), p-p44/42 MAPK (ERK1/2) (9101),
p44/42 MAPK (ERK1/2) (9102), p-SAPK/INK (Thr183/
Tyr185) (9251), SAPK/INK (9252), p-p38 MAPK (9211)
and p38 MAPK (9212) polyclonal antibodies were purchased
from Cell Signaling Technology Company (Shanghai,
China). ELISA kits for TNF-o and IL-13 were obtained from
the Xinle Biology Technology (Shanghai, China). All other
chemicals made in China were of analytical grade.

Cell culture and treatment

Mouse microglial (BV-2) cells were obtained from Kun-
ming Institute of Zoology, Chinese Academy of Science
(Kunming, China), and cultured in RPMI 1640 medium
with 10 % FBS and 1 % penicillin-streptomycin at 37 °C
in a humidified incubator (5 % CO,, 95 % air). Primary
microglial cultures were pretreated with different concen-
trations of isoorientin (ISO) for 30 min at 37 °C, and then
co-treated with LPS (1 pg/mL) for 24 h.

Measurements of cell viability

Cell viability was determined by the MTT assay. Cells
were seeded at a density of 1x10° cells/mL in 96-well
polystyrene culture plates at 37 °C with 5 % (v/v) CO,.
After various treatments for 24 h, the medium was
removed and the cells were incubated with 0.5 % (w/v) of
MTT for 4 h at 37 °C. The formazan crystals formed by
live cells were solubilized with 100 uL. DMSO and
absorbance at 490 nm was measured with a microplate
reader (Bio-Rad Laboratories Ltd., China). Cell viability
was expressed as a percentage of the control (untreated
cells).

NO assay

The production of NO was expressed by the concentration
of nitrite in culture supernatant fluids which was

determined by the Griess reagent. Cells (1x10° cells/mL)
were plated into 96-well microtiter plates and treated with
ISO in the presence or absence of LPS for 24 h. The culture
supernatant was incubated with the same volume of the
Griess reagent [0.1 % (w/v) N-(1-naphathyl)-ethylenedia-
mine and 1 % (w/v) sulfanilamide in 5 % (v/v) phosphoric
acid] at room temperature. Ten minutes later, the absor-
bance of the chromophoric azo-derivative molecule was
measured at 540 nm with an ultraviolet spectrometer (UV-
2550, Shimadzu Corporation, Kyoto, Japan). The amount
of nitrite was calculated by using a sodium nitrite standard
curve.

Measurement of pro-inflammatory cytokines
production

Cells of 1x10° cells/mL were plated into 96-well micro-
titer plates, and treated with ISO in the presence or absence
of LPS for 24 h. The levels of TNF-a and IL-1p in the
culture medium were measured by using an ELISA kit
according to the manufacturer’s instructions.

Detection of intracellular ROS production

Cellular ROS was measured with H,DCFDA. This dye is a
stable nonpolar compound, which diffuses readily into the
cells and yields DCFH. Intracellular ROS in the presence
of peroxidase changes DCFH to the highly fluorescent
compound DCF. Thus, the fluorescent intensity is propor-
tional to the amount of ROS, which is produced by the
cells. For the assay, the cells were plated in 6-well poly-
styrene culture plates at a density of 1x10° cells. After
incubation, 10 uM H,DCFDA was added to the wells for
30 min at 37 °C. Then, cells were washed twice with PBS,
and immediately determined by using a fluorescence
microscope.

SDS-PAGE and western blot analysis

After subjected to the indicated treatments, cells were
harvested and lysed with cell lysis buffer (Beyotime
Institute of Biotechnology, Jiangsu, China) and nuclear
extraction reagent (Xianfeng Biotechnology, Xian,
China) as cytosolic extract (cytosol) and nuclear
extract (nucleus), respectively. The total protein con-
centration was determined using the BCA Protein Kit
(Thermo Fisher, Shanghai, China). The homogenates
were treated with SDS sample buffer and then imme-
diately heated at 95 °C for 10 min. The proteins were
separated by SDS-PAGE and electrotransferred onto a
polyvinylidene fluoride (PVDF) membrane (0.45 pm,
Millipore) using a semidry transfer apparatus (Bio-
Rad, Shanghai, China). Blocking was carried out for
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<« Fig. 2 Inhibitory effects of ISO on pro-inflammatory mediators

production and expression. Cells were treated with 0-20 pM ISO for
24 h (a) or 10 pM ISO for 0-24 h (b). Aliquots of cell lysates were
separated by SDS-PAGE and analyzed for Cox-2, iNOS, NF-xB (in
the cytosol and nucleus) protein expression by Western blot as, and
the intensity of NF-kB band was quantified by densitometry analysis.
o-tubulin and lamin B were employed as loading control, respec-
tively. The results shown here are representative of three independent
experiments. *p < 0.05 and **p < 0.01, compared with control
groups. *p < 0.05 and ™p < 0.01, versus the LPS-treated groups.
The BV-2 cells were pretreated with ISO (10 pM) for 30 min, and
then co-treated with 1 pg/mL of LPS at 37 °C for 24 h. The levels of
NO (¢), TNF-o (d) and IL-1B (e) in the supernatant was measured
using the Griess reagent and ELISA assay kit. Values are presented as
the mean & SD of nine independent experiments. **p < 0.01,
compared with the control groups. #p < 0.01 versus the LPS-treated
groups. f The protein expression of iNOS and COX-2 was detected by
Western Blotting assay using specific antibodies. a-tubulin was used
as an internal control

2h in 5 % nonfat dry milk in TBST (20 mM Tris,
166 mM NaCl, and 0.05 % Tween 20, pH 7.5). The
primary antibodies were added at the manufacturer-
recommended dilutions in TBST buffer overnight at
4 °C. Secondary antibodies were added and incubated
at 25 °C for 2 h. The blots were subjected to another
three washes with TBST, and developed with chemi-
luminescent substrate (Thermo Fisher, China) and
exposed using a Molecular Imager Chemidoc XRS
System (Bio-Rad, Shanghai, China).

Statistical analysis

All the experiments were performed three times, and the
data were presented as the means & standard errors (SE).
Significant differences between measurements for the
control and treated samples were analyzed using one-way
factorial analysis of variance (ANOVA), followed by
Duncan’s post-hoc tests (SPSS 16.0).

Results
Cytotoxic effect of ISO on BV-2 cells

In order to investigate the cytotoxic effect of ISO, BV-2
microglia cells were cultured with three different concen-
trations of ISO. As presented in Fig. 1b, LPS (1 pug/mL)
notably (p < 0.01) decreased the cell viability to 88.7 %,
while ISO had no significant (p < 0.01) toxic effect on BV-
2 microglia cells after 24 h treatment. Compared with LPS-
treated control, pretreatment with ISO significantly
(p < 0.01) increased the cell viability to 98.8, 98.7 and
96.2 %, respectively. Therefore, 10 pM was selected as the
best treatment concentration for further analysis in this
study.

ISO inhibits LPS-stimulated production of pro-
inflammatory cytokines and mediators

As illustrated in Fig. 2a, b, LPS-induced COX-2 and iNOS
productions were decreased by ISO in a dose- and time-
dependent manner. ISO also significantly inhibited the
protein expression of NF-kB in the nucleus, suggesting that
ISO inhibited the translocation of NF-kB from cytosol to
nucleus. In addition, stimulation of BV-2 cells with LPS
led to increased levels of NO (Fig. 2c), TNF-a (Fig. 2d)
and IL-1B (Fig. 2e) in the cell culture medium, while
pretreatment with ISO resulted in a significant decrease in
the production of these pro-inflammatory cytokines.
Additionally, BV-2 cells were stimulated with LPS resulted
in the increase of the protein expression of iNOS and COX-
2 (Fig. 2f). Pretreatment with ISO notably inhibited the
expression iNOS and COX-2 protein compared with LPS-
treated control. These results indicated that ISO was able to
inhibit the production and protein expressions of NO, TNF-
o, IL-1B, iNOS and COX-2 in LPS-stimulated BV-2
microglia cells.

ISO suppresses [kB degradation and NF-kB activation

To explore the mechanisms underlying the anti-inflamma-
tory property of ISO, we examined the degradation of IxkB
and the translocation of NF-kB from cytosol to nucleus. As
shown in Fig. 3a, LPS significantly decreased the protein
expressions of IkB and NF-xB in the cytosol, and increased
the protein expressions of NF-kB in the nucleus. However,
ISO significantly reversed the effects of LPS on IxB and
NF-«B levels. To further verify the role of NF-kB in LPS-
activated microglia, cells were pretreated with a NF-kB
inhibitor (PDTC). PDTC markedly inhibited the decrease
of IxB and the nuclear translocation of NF-xB both alone
and together with ISO (Fig. 3b). These results showed that
ISO was able to inhibit the degradation of IxB and blocked
the nuclear translocation of NF-xB.

Effect of NF-kB inhibitor (PDTC) on production
of pro-inflammatory cytokines

To determine whether the inhibition of NF-kB is correlated
with the anti-inflammatory mechanism of ISO, cells were
pretreated with PDTC for 30 min, and then co-treated with
LPS in the presence or absence with ISO. As shown in
Fig. 4, PDTC significantly inhibited the production of NO,
TNF-a and IL-1f, as well as the protein expression of
iNOS and COX-2 in LPS-activated BV-2 cells. Addition-
ally, the inhibitory effect of ISO on these pro-inflammatory
cytokines was also enhanced by PDTC, showing that the
inhibitory effect of ISO on inflammatory response is at
least partly related to the inhibition of NF-xB activation.
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Fig. 3 Inhibitory effects of ISO on IkB degradation and NF-«xB
activation. BV-2 microglial cells were treated with ISO in the
presence or absence of LPS (1 pg/mL) for 24 h. Cytosolic extract
(cytosol) and nuclear extract (nucleus) were isolated and analyzed for
IxB, NF-kB (in the cytosol) and NF-«kB (in the nucleus) were assessed
by western Blot analysis (a). Cells were pre-incubated for 30 min

ISO suppresses MAPKSs activation in LPS-activated
BV-2 cells

To investigate whether the inhibition of inflammation by
ISO is regulated by the MAPK signaling pathway, we
examined the effects of ISO on LPS-induced phosphoryla-
tion of ERK, JNK and p38 in BV-2 microglia cells by
Western Blot analysis. As shown in the Fig. 5, ISO could
significantly attenuate LPS-induced phosphorylation of
ERK1/2, JNK and p38MAPK, while their non-phosphory-
lated forms remain unchanged. The phosphorylation of
ERK1/2, JNK and p38MAPK induced by LPS were strongly
inhibited by their inhibitor U0126 (Fig. 5b), SP 600125
(Fig. 5¢) and SB 203580 (Fig. 5d), respectively. These
results suggested that the phosphorylation of ERK1/2, INK
and p38MAPK may involve in the inhibitory effect of ISO
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with or without ISO and NF-«xB inhibitor (PDTC, 50 uM), and then
stimulated with LPS (1 pg/ml) for 24 h. The protein expressions of
IxB, NF-kB (in the cytosol) and NF-kB (in the nucleus) were assessed
by western blot analysis (b). The intensity of NF-xB band was
quantified by densitometry analysis. **p < 0.01, compared with the
control groups. *p < 0.01 versus the LPS-treated groups

on the production of pro-inflammatory mediators in LPS-
activated BV-2 cells.

MAPKSs inhibit the LPS-stimulated microglial
activation

To further evaluate whether MAPK pathways are involved
in LPS-induced production of pro-inflammatory mediators,
BV-2 cells were pretreated with ERK1/2 inhibitor U0126,
JNK inhibitor SP 600125 and p38 MAPK inhibitor SB
203580. As shown in the Fig. 6, the levels of NO (Fig. 6a),
TNF-o (Fig. 6b), IL-1B (Fig. 6¢), iNOS and COX-2
(Fig. 6d) in response to LPS were strongly decreased by
U0126, SP 600125 and SB 203580 in the presence or
absence of ISO.
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Fig. 5 Inhibitory effects of ISO on LPS-induced the phosphorylation
of MAPKs. BV-2 microglial cells were treated with ISO in the
presence or absence of LPS (1 pg/mL) for 24 h. The cellular proteins
from the cells were used for the detection of phosphorylated or total
forms of ERK1/2, JNK and p38 MAPKSs (a). Cells were pre-incubated

P38 | — a— — — —

for 30 min with or without ISO, U0126 (10 pM), SP 600125 (20 uM)
and SB 203580 (20 uM), and then stimulated with LPS (1 pg/ml) for
24 h. Total cell lysates were isolated and investigated the phosphor-
ylation of ERK1/2 (b), JNK (¢) and p38 (d)
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Fig. 6 Effect of MAPKs inhibitors on the LPS-stimulated microglial
activation. BV-2 cells were pre-incubated for 30 min with or without
1SO, U0126 (10 uM), SP 600125 (20 pM) and SB 203580 (20 uM),
and then co-treated with 1 pg/mL of LPS at 37 °C for 24 h. The
levels of NO (a), TNF-a (b) and IL-1B (¢) in the supernatant was
measured using the Griess reagent and ELISA assay kit, respectively.
Values are presented as the mean & SD of nine independent

Additionally, accumulating evidence indicates that
MAPK signaling pathway can activate NF-xB, we next
determined whether NF-kB is activated by MAPK sig-
naling pathway in LPS-activated BV-2 cells. To establish
a possible linkage between MAPK signaling pathway
and NF-xB, the cells were cultivated in the absence or
presence of MAPKSs inhibitors (U0126, SP 600125 and
SB 203580) before LPS stimulation. In response to these
three MAPKSs inhibitors, the levels of IkB and NF-xB in
the cytosol were significantly increased, which was
consistent with the levels of NF-xB in the nucleus
(Fig. 6d). Taken together, our current data proved that
U0126, SP 600125 and SB 203580 could down-regulate
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pro-inflammatory mediators levels, suppress IxB degra-
dation and NF-xB activation, and promote the inhibitory
effect of ISO, suggesting that the anti-inflammatory
effect of ISO is mediated through inhibiting MAPK/NF-
kB signaling pathways.

Effect of ROS on production of pro-inflammatory
cytokines

Since accumulating evidence supports that intracellular ROS
is produced by exogenous stimuli and is involved in medi-
ating cell signaling, we nextly determined whether LPS
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Fig. 7 Effect of ROS stimulated by LPS on production of pro-
inflammatory cytokines. Cells were pre-incubated for 30 min with or
without ISO and NAC (10 pM), and then co-treated with 1 pg/mL of
LPS at 37 °C for 24 h. a Cells were stained with 10 pM H,DCFDA
for 30 min prior to observation under a fluorescent microscope. Scale
bar 50 pnm. b The protein expression of iNOS and COX-2 were
detected by Western Blotting assay using specific antibodies.

stimulates ROS generation in BV-2 cells. As shown in
the Fig. 7a, LPS resulted in increase of the level of intra-
cellular ROS, ISO strongly quenched intracellular ROS
generation. Moreover, ROS inhibitor NAC also significantly
reduced the generation of ROS both alone and together
with ISO.

To investigate the effects of ROS on the inhibition of
inflammation by ISO, the study examined the effect of
antioxidant NAC on inflammatory mediators. Both
alone and together with ISO, NAC also effectively
inhibited the levels of NO, TNF-o and IL-1fB, and the
protein expression of iNOS and COX-2 in LPS-stimu-
lated BV-2 cells (Fig. 7b—d), indicating that overpro-
duction of ROS could result in the release of pro-
inflammatory cytokines.

C 1500

1200 - e

3 I

= 900 -

- b o =

S 600 =

Z

= 300

0 _- Il Il Il Il

ISO - - + - +
LPS - + + + +
NAC - - - + +

E 50 - - + - +
LPS - + + + +
NAC - - - + +
iNOS

COX-2 _-!—-——- —

o-tubulin

o-tubulin was used as an internal control. The release of NO (¢),
TNF-o (d) and IL-1B (e) in the supernatant was measured using the
Griess reagent and ELISA assay kit, respectively. Values are
presented as the mean £ SD of nine independent experiments.
#*p < 0.01 compared with other treatment groups. "'p < 0.01
compared with LPS in the absence of ISO

Effect of ROS inhibitor (NAC) on MAPK/NF-kB
signaling pathway

It has reported that ROS leads to activation of MAPK
signaling pathway, next, we investigated whether ROS
was also involved in the activation of MAPK/NF-kB
pathway in LPS-stimulated BV-2 cells. The phosphory-
lation of ERK1/2, INK and p38MAPK were significantly
inhibited by NAC in the absence or presence of ISO,
while the total ERK1/2, JNK and p38 protein levels
remained constant (Fig. 8a). NAC also significantly
increased the expression of IkB, attenuated the nuclear
translocation of NF-xB, and strongly enhanced the
effects of ISO (Fig. 8b). These results showed that ROS
is able to activate the MAPK/NF-kB signaling pathway
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as the upstream signaling, and the inhibitory effect of
ISO on inflammatory response is partly related to its
antioxidant and free radical scavenging capacity.

Discussion

Accumulating evidence suggests that microglia activation
is associated with neuroinflammation and neurodegener-
ative diseases [4, 6]. And neuroinflammation results
primarily from the activation of microglia, which can
release toxic cytokines and inflammatory mediators [28,
29]. Therefore, inhibition of pro-inflammatory mediators
secreted from activated microglia may be an effective
therapeutic approach to regulate the progression of
neuroinflammation and neurodegenerative diseases. Some
natural compounds have been reported to display the
effective  inhibitory effect on neuroinflammatory
response, including fruit pulp fractions [17], honey fla-
vonoid [30], gastrodin [31], icariin [18], obovatol [32],
and so on. In this study, we have demonstrated that ISO
which is a flavonoid compound attenuates LPS-induced
enhancement of expression of proinflammatory enzymes
(INOS and COX-2) and proinflammatory cytokines

A ISO - - + - +
LPS - + + + +
NAC - - - + +

p-ERK1/2 t

-
ERKIZ2 | w W= = -‘=.
p-JNK w ” e
) R e
T T I

p-P38 *

P38

Fig. 8 Effect of ROS inhibitor (NAC) on MAPK/NF-kB signaling
pathway. Cells were treated under the conditions described in Fig. 7.
The protein expression of ERK1/2, INK, p38 (a), IxkB and NF-«xB (in
the cytosol and nucleus) (b) were detected by Western Blotting assay
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(TNF-o0 and IL-1PB) through down-regulation of ROS-
related MAPK/NF-xB signaling pathway in BV-2
microglia cell.

Sustained up-regulations of pro-inflammatory mediators
such as iNOS and COX-2 in microglia by pro-inflamma-
tory stimuli contribute to the progressive damage charac-
teristic of neurodegenerative diseases [29]. Suppression of
iNOS and COX-2 productions may be crucial to treat
neurodegenerative diseases effectively. Consistent with
previous research, our results have shown that ISO sig-
nificantly reduced the production of NO and the protein
expressions of iNOS and COX-2 in LPS-stimulated BV-2
cells (Fig. 2).

NO is a signaling mediator, and is synthesized from L-
arginine by a family of nitric-oxide synthases (NOS) which
are responsible for the biological synthesis of NO and
includes three isoforms, constitutive NOS (nNOS, eNOS)
and inducible NOS (iNOS) [33]. NO is able to mediate the
interaction between neurons and glial cells within the
central nervous system, and it is known to regulate
inflammation, neurotransmission and neural cell survival
[34]. An excess level of NO can result in neurotoxicity
due to inhibition of complex I and II in the respiratory
chain [35]. Moreover, it can react with superoxide anion
to generate peroxynitrite which is a potentially deleterious
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using specific antibodies. o-tubulin and lamin B were used as internal
controls. The intensity of NF-kB band was quantified by densitometry
analysis. **p < 0.01, compared with the control groups. *p < 0.05
and ##p < 0.01 versus the LPS-treated groups
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reactive molecule and causes striatal neurodegeneration
[36, 37]. It is reported that in neuron-glial system, mi-
croglial cells are the main source of iNOS/NO after
LPS treatment, and NO could contribute to a variety of
neurodegenerative pathologies [34, 38]. COX is the key
enzyme for pro-inflammatory prostaglandins (PGs) syn-
thesis [39]. COX has two isoforms. COX-1 is constitutively
expressed in most tissues, while COX-2 is induced by
numerous stimuli including cytokines, LPS, growth
factor and astrocytes [8, 34]. COX-2 is localized in post-
synaptic sites, and is involved in modulating physiological
synaptic transmission, but excessive activation induces
neuronal apoptosis, neurodegeneration and cognitive defi-
cits [14, 40, 41].

In addition to NO, activated microglia cells also secrete
other pro-inflammatory cytokines, such as TNF-o, IL-1f.
Inhibition of pro-inflammatory cytokines has been evalu-
ated as a key mechanism to suppress neuroinflammation. It
has reported that ISO effectively inhibits LPS-induced NO
production in the murine monocytic macrophage cell line
RAW264.7 [27]. To further investigate the effect of ISO on
the secretion of pro-inflammatory cytokines, we measured
the levels of TNF-a and IL-1f in the culture medium using
ELISA. The results demonstrated for the first time that ISO
significantly decreased the productions of TNF-o and
IL-1PB in LPS-stimulated BV-2 cells (Fig. 2b, c¢). TNF-a
and IL-1p are two main proinflammatory cytokines that are
produced by activated microglia. A number of stimuli, such
as LPS, B-amyloid and traumatic brain injury have been
shown to abundantly produce TNF-o and IL-10 [42, 43].
TNF-a-positive astrocytes and microglial cells were found
in brain lesions of multiple sclerosis patients [35]. IL-1f is
a prototypic proinflammatory cytokine considered the
gatekeeper of inflammation. Pro-IL-1B is biologically
inactive until it is enzymatically cleaved by the caspase-1
complex to generate the bioactive IL-1, which is then
secreted and is mediated through the type I IL-1 receptor
[44, 45]. Tt has been suggested that IL-1f blocking strate-
gies show clinical benefit in inflammation treatment [46].

It is well known that NF-xB is a nuclear transcription
factor, and is an important factor in the microglia-mediated
inflammatory response. In resting cells, NF-«B is retained
in the cytosol as heterodimer in complex with its inhibitory
protein, IxB which is able to mask the nuclear localization
signal. When cells are stimulated, IkB is phosphorylated
and is subjected to rapid degradation by IxB kinase. This
effect disassociates NF-kB from IkB and allows NF-xB to
translocate to the nucleus, causing activation of NF-xB-
mediated pro-inflammatory genes [31, 47]. Consistent with
previous reports, in this study, ISO strongly inhibited the
activation of NF-«xB in LPS-stimulated BV-2 cells (Fig. 3),
and showing that the anti-neuroinflammatory effect of ISO
may be attributed to its inhibition of the NF-«xB signaling

pathway. This is also supported by the observation that NF-
kB inhibitor (PDTC) significantly inhibits the productions
of NO, TNF-a and IL-1pB, and the protein expression of
iNOS and COX-2 in LPS-activated BV-2 cells (Fig. 4).
Taken together, these findings indicate that the inhibitory
effect of ISO on neuroinflammatory response is partly
related to the inhibition of NF-kB signaling pathway.
Additionally, MAPKs (p38, ERK, and JNK) play an
important role in the processes of inflammation, and they
can control the synthesis and release of pro-inflammatory
substances and activate NF-xB signaling pathway [17, 48].
Numerous studies have shown that MAPKs are all acti-
vated by LPS and are important upstream modulators for
the production of pro-inflammatory mediators in BV-2
cells, such as NO, TNF-a and IL-1B [17, 31, 49]. The
present study showed that a marked activation of MAPKs
by LPS, and an suppression of LPS-activated MAPKs by
ISO (Fig. 5a). We also found that the phosphorylation of
MAPKs (Fig. 5Sb—d), the levels of pro-inflammatory
mediators (NO, TNF-a, IL-1p, iNOS and COX-2) and the
activation of NF-kB (Fig. 6) in LPS-activated BV-2 cells
were strongly inhibited by U0126 (an ERK1/2 inhibitor),
SP 600125 (a JNK inhibitor) and SB 203580 (a p38
inhibitor) both alone and together with ISO, respectively.
Therefore, these results suggested that the inhibition of ISO
on proinflammatory mediators is associated with down-

LPS
ISO

%;N

MAPKs Activation

NF-KB Nuclear Translocation

Pro-inflammatory Cytokines Release
(iNOS, COX-2, NO, TNF-a and IL-1B)

Neuroinflammation

Fig. 9 Possible cellular mechanisms involved in the inhibitory
effects of ISO on LPS-stimulated microglial activation. LPS triggers
ROS production in BV-2 cells, which activates the MAPKSs signaling
pathway, and the subsequent activation of NF-xB and release of
proinflammatory mediators and cytokines, while ISO is able to inhibit
the generation of ROS and neuroinflammatory response in BV-2 cells
induced by LPS
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regulation of the MAPK signaling pathway, and MAPKs is
able to activate NF-«xB as the upstream signaling.

It is well documented that ROS are commonly produced
during inflammatory process, and LPS induces production
of ROS via NADPH oxidase activation and leads to acti-
vation of MAPK signaling pathway [32, 49]. In present
study, we also found a significant increase of the intra-
cellular ROS in LPS-activated BV-2 cells, and ISO
strongly quenched the levels of intracellular ROS (Fig. 7a).
Moreover, the release of pro-inflammatory mediators
(Fig. 7) and the activation of MAPKs and NF-xB (Fig. 8)
were also markedly inhibited by ROS inhibitor NAC in the
presence or absence of ISO in LPS-activated BV-2 cells.
These results demonstrates that LPS-stimulated ROS was
able to activate the MAPK/NF-«B signaling pathway as the
upstream signaling, and the subsequent release of proin-
flammatory mediators and cytokines, while ISO was able to
inhibit the generation of ROS and the subsequent inflam-
matory response in BV-2 cells.

Conclusion

In summary, this study demonstrates the novel findings that
ISO attenuates LPS-induced pro-inflammatory mediator
production in activated BV-2 microglia cells via inhibition
of the ROS-related MAPK/NF-kB signaling pathway. A
schematic diagram of this model is shown in the Fig. 9.
This study clarified a previously unknown mechanism of
the inhibition of inflammatory reaction by ISO, suggested
that ISO can be an effective approach to prevent microglia
cells and neuronal cell damage, and emphasized the neu-
roprotective effect and therapeutic potential of ISO in
neuroinflammatory diseases.
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