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a b s t r a c t
Spinasterol, which is isolated from the aerial parts of Aster scaber Thunb. (Asteraceae), is involved in various
biological activities. In this study, we report the efﬁcacy of spinasterol in effectively modulating the regulation
of antioxidative and anti-inﬂammatory activity through the upregulation of heme oxygenase (HO)-1 in
murine hippocampal HT22 cells and BV2 microglia. We showed that spinasterol increased the cellular
resistance of HT22 cells to oxidative injury caused by the glutamate-induced cytotoxicity by extracellular
signal-regulated kinase (ERK) pathway-dependent expression of HO-1. Furthermore, spinasterol suppressed
the lipopolysaccharide (LPS)-induced expression of pro-inﬂammatory enzymes and inﬂammatory mediators
in BV2 microglia. Spinasterol also suppressed the production of nitric oxide (NO), prostaglandin E2 (PGE2),
tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) through extracellular signal-regulated kinase
(ERK) pathway-dependent expression of HO-1. These results suggest that spinasterol has a therapeutic
potential against neurodegenerative diseases that are caused by oxidative stress and neuroinﬂammation.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
A number of diseases that lead to injury of the central nervous
system (CNS) are caused by oxidative stress and inﬂammation in the
brain [1]. Oxidative stress or the accumulation of reactive oxygen
species (ROS) plays a central role in neuronal injury, cell death, and
pathogenesis of neurodegenerative diseases such as Alzheimer's
disease, Parkinson's disease, and stroke, thereby leading to neuronal
death and dysfunction [2–4]. Oxidative glutamate toxicity is a form of
nerve cell death, in which glutamate inhibits cystine uptake via the
cystine/glutamate antiporter system Xc−, thereby eventually leading
to programmed cell death due to glutathione depletion and
accumulation of ROS [5,6]. Immortalized mouse hippocampal HT22
cells have been used as in vitro models for studying the mechanism of
oxidative glutamate toxicity. This is because neuronal cell death is
induced by oxidative damage and not by the activation of ionotropic
glutamate receptors, thereby excluding excitotoxicity as a cause of
glutamate-induced cell death [7,8].
Several neurodegenerative disorders such as Alzheimer's and
Parkinson's diseases are characterized by neuroinﬂammation of the
pathologically affected tissue [9,10]. Microglia, which are brain macrophages, are the primary immune cells of the brain that are activated on
injury to the brain, and they release various pro-inﬂammatory cytokines
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and inﬂammatory mediators such as NO, prostaglandins, TNF-α, and
IL-1β [11–14]. BV2, an immortalized murine microglia cell lines are
widely used as a model of microglia in vitro, because of this cell line
retains most of the morphological and functional properties described
for primary microglia [15,16]. In previous studies on microglial
responses in CNS inﬂammation, microglial activation was induced by
a variety of agents, including the bacterial product LPS, and proinﬂammatory cytokines such as interferon-γ (IFN-γ) and TNF-α
[17–19]. Therefore, regulation of oxidative damage and neuroinﬂammation would be an effective therapeutic approach for alleviating the
progression of neurodegenerative diseases.
Heme oxygenase (HO) is an enzyme that catalyzes the degradation
of the heme group to produce carbon monoxide (CO), biliverdin, and
free iron. HO and its enzymatic by-products appear to play important
roles in regulating biological responses, including oxidative stress,
inﬂammation, and cell proliferation [20]. Among the 3 reported HO
isoforms (HO-1, -2, -3), HO-1 is highly inducible and expressed in many
cell types, including neuronal cells [5,8,21]. The expression of HO-1 also
has cytoprotective effects against glutamate-induced oxidative cytotoxicity in HT22 cells [5,22]. Due to its antioxidative effects, HO-1 is
considered to be a novel target for the treatment of inﬂammatory
diseases [23–26]. Studies have shown that the anti-inﬂammatory action
of HO-1 is mediated by the inhibition of the production of proinﬂammatory cytokines and chemokines such as TNF-α, IL-1β, IL-6, and
MIP-1β in activated macrophages [27,28]. Furthermore, HO-1 and its
by-product–carbon monoxide–can suppress the expression of the proinﬂammatory enzymes cyclooxygenase-2 (COX-2) and inducible nitric
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oxide synthase (iNOS), thereby decreasing the production of COX-2derived PGE2 and iNOS-derived NO [29,30].
Mitogen-activated protein kinase (MAPK) pathway is one of the
most common signaling pathways that participate in transducing a
variety of extracellular signals to evoke cellular responses. There are 3
members of the MAPK subfamily, namely, extracellular signal-regulated
kinases (ERK), p38 kinase, and c-Jun N-terminal kinase (JNK) [31–33].
MAPK activation leads to the phosphorylation of several transcription
factors and is responsible for the regulation of genes involved in the
control of fundamental cellular processes such as proliferation, stress
responses, apoptosis, and immune defense [34]. MAPK activation
modulates the expression of several genes and proteins, including
HO-1 [35].
Spinasterol, which is a biologically active compound isolated from
the aerial parts of Aster scaber Thunb. (Asteraceae), exhibits various
pharmacological activities, including anti-tumor, antiulcerogenic, and
anti-carcinogenic activities [36–38]. Several published studies have
shown that spinasterol also has anti-inﬂammatory effects [39].
However, the mechanisms underlying the anti-inﬂammatory effect of
spinasterol remain to be elucidated. As a part of our ongoing research to
identify phytochemicals isolated from natural sources that can induce
HO-1 expression in vitro [8,40], spinasterol was shown to induce
signiﬁcant expression of HO-1 in mouse hippocampal HT22 cells and
BV2 microglia cells. In this study, we showed that spinasterol increased
cellular resistance of HT22 to oxidative injury caused by glutamateinduced cytotoxicity by the ERK pathway-dependent expression of
HO-1. Using BV2 microglia as the model, we also investigated the
possible involvement of HO-1 in the anti-inﬂammatory activity of
spinasterol, and examined whether spinasterol-mediated HO-1 expression correlates with the inhibition of LPS-induced pro-inﬂammatory
mediators such as NO, PGE2, TNF-α, and IL-1β. Further, we provided
evidence to support the view that HO-1 plays an important role in
mediating the antioxidative and anti-inﬂammatory effects of
spinasterol.

suspension (1× 105 cells per 1 ml in 96-well plates) and incubated for
4 h. The formazan formed was dissolved in acidic 2-propanol, and
optical density was measured at 590 nm.
2.3. Reactive oxygen species measurement
For measurement of ROS, HT22 cells (2.5 × 104 cells/ml in 24-well
plates) were treated with 5 mM glutamate in the presence or absence
of spinasterol or SnPP (HO inhibitor) and incubated for 8 h. After
washing with PBS, the cells were stained with 10 μM 2′,7′-dichloroﬂuorescein diacetate (DCFDA) in Hanks' balanced salt solution for
30 min in the dark. The cells were then washed twice with PBS and
extracted using 1% Triton X-100 in PBS for 10 min at 37 °C.
Fluorescence was recorded at an excitation wavelength of 490 nm
and emission wavelength of 525 nm (Spectramax Gemini XS;
Molecular Devices, Sunnyvale, CA).
2.4. Nitrite assay
The nitrite concentration in the medium was measured as an
indicator of NO production as per the Griess reaction. Each
supernatant (100 μl) was mixed with the same volume of the Griess
reagent (Solution A: 222488; Solution B: S438081, Sigma); absorbance of the mixture at 525 nm was determined using an ELISA plate
reader.
2.5. PGE2 assay
BV2 microglia were cultured in 24-well plates, pre-incubated for
12 h with different concentrations of spinasterol, and then stimulated
for 18 h with LPS. The culture supernatant (100 μl) was collected to
determine the PGE2 concentration using the ELISA kit (R & D Systems,
Minneapolis, MN, USA).

2. Materials and methods

2.6. TNF-α and IL-1β assay

2.1. Materials

BV2 microglia were cultured in 24-well plates, pre-incubated for 12 h
with various concentrations of spinasterol, and then stimulated for 18 h
with LPS. Culture supernatants were collected, and the concentration of
TNF-α and IL-1β was determined using ELISA kits (R & D Systems) as per
the manufacturer's instructions.

Dulbecco's modiﬁed Eagle's medium (DMEM), fetal bovine serum
(FBS), and other tissue culture reagents were purchased from Gibco
BRL Co. (Grand Island, NY, USA). Tin protoporphyrin IX (SnPP IX;
inhibitor of HO activity) was obtained from Porphyrin Products
(Logan, UT, USA). Cobalt protoporphyrin IX (CoPP; HO-1 inducer) and
Trolox were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
PD98059, SP600125, and SB203580 were obtained from Calbiochem
(Darmstadt, Germany). All other chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Spinasterol (Fig. 1) was isolated
from A. scaber Thunb. as described previously [41]. Primary antibodies, including mouse/goat/rabbit anti-HO-1, COX-2, iNOS, and
secondary antibodies were purchased from Santa Cruz Biotechnology
(Heidelberg, Germany). Enzyme-linked immunosorbent assay
(ELISA) kits for PGE2, TNF-α, and IL-1β were purchased from R & D
Systems, Inc. (Minneapolis, MN, USA).

2.7. Western blot analysis
HT22 and BV2 cells were harvested and pelleted by centrifugation at
200 ×g for 3 min. Then, the cells were washed with phosphate-buffered
saline (PBS) and lysed with 20 mM Tris–HCl buffer (pH 7.4) containing a
protease inhibitor mixture (0.1 mM phenylmethanesulfonyl ﬂuoride,
5 mg/ml aprotinin, 5 mg/ml pepstatin A, and 1 mg/ml chymostatin).

2.2. Cell culture and viability assay
Mouse hippocampal HT22 cells were received from Dr In hee Mook
at Seoul National University (Seoul, Korea), and the BV2 microglia cells
were received from Prof. Hyun Park at Wonkwang University (Iksan,
Korea). The cells were maintained at 5 × 105 cells/ml in DMEM
supplemented with 10% heat-inactivated FBS, penicillin G (100 U/ml),
streptomycin (100 mg/l), and L-glutamine (2 mM) and were incubated
at 37 °C in a humidiﬁed atmosphere containing 5% CO2 and 95% air. For
determination of cell viability, 50 mg/ml of 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide (MTT) was added to 1 ml of cell

Fig. 1. Chemical structure of spinasterol.
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2.9. Statistical analysis
Data were expressed in terms of mean ± SD of at least 3 independent experiments. To compare 3 or more groups, one-way
analysis of variance (ANOVA) was used followed by the Newman–
Keuls post hoc test. Statistical analysis was performed using GraphPad
Prism software version 3.03 (GraphPad Software Inc, San Diego, CA).

3. Results
3.1. Effects of spinasterol on cell viability
To determine the cytotoxic potential of spinasterol, we evaluated
its effect on the viability of HT22 cells (Fig. 2A) and BV2 microglia
(Fig. 2B). MTT assay performed at 40 μM of spinasterol, revealed no
cytotoxic effects both in HT22 cells and BV2 microglia.

3.2. Effects of spinasterol on glutamate-induced cytotoxicity and inhibition
of ROS generation in HT22 cells
Treatment with glutamate for 12 h increased HT22 cell death by
62% as compared to the untreated cells, and at non-cytotoxic
concentrations, spinasterol (10, 20, 30, and 40 μM) increased viability
dose-dependently (Fig. 3A). Glutamate also doubled ROS production,
and spinasterol effectively suppressed this induction (Fig. 3B). Trolox,
which is a well-known antioxidative agent, was used as a positive

Fig. 2. Effects of spinasterol on cell viability. HT22 cells (A) and BV2 microglia (B) were
incubated for 12 h with various concentrations of spinasterol (10–80 μM). Cell viability
was determined as described in Materials and methods. Bar represents the mean ± SD
of 3 independent experiments. *P b 0.05 vs. control.

Protein concentration was determined using the Lowry protein assay kit
(P5626; Sigma). An equal amount of protein from each sample was
resolved using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then electrophoretically transferred onto a
Hybond enhanced chemiluminescence (ECL) nitrocellulose membrane
(Bio-Rad, Hercules, CA). The membrane was blocked with 5% skimmed
milk and sequentially incubated with the primary antibody (Santa Cruz
Biotechnology, CA) and the horseradish peroxidase-conjugated secondary antibody followed by ECL detection (Amersham Pharmacia
Biotech, Piscataway, NJ).

2.8. HO activity
To determine HO activity, we followed the method described by
Motterlini et al. [42]. Brieﬂy, after the incubation process, the cells
were washed twice with PBS, gently scraped off the dish, and
centrifuged (1000 × g for 10 min at 4 °C). The cell pellet was
suspended in MgCl2 (2 mM) phosphate (100 mM) buffer (pH 7.4),
frozen at −70 °C, thawed 3 times, and ﬁnally sonicated on ice before
centrifugation at 18,000 ×g for 10 min at 4 °C. The supernatant
(400 μl) was added to an NADPH-generating system containing
0.8 mM NADPH, 2 mM glucose-6-phosphate, 0.2 units of glucose-6phosphate-L-dehydrogenase, and 2 mg protein of rat liver cytosol
prepared from the 15,000 ×g supernatant fraction as a source of
biliverdin reductase, potassium phosphate buffer (100 for 1 h at mM,
pH 7.4), and hemin (10 μM) in a ﬁnal volume of 200 μl. The reaction
was performed 37 °C in the dark and terminated by the addition of
1 ml of chloroform. The amount of extracted bilirubin was calculated
by determining the difference in absorption at 464 and 530 nm using
a quartz cuvette (extinction coefﬁcient, 40 mM−1 cm− 1 for bilirubin).

Fig. 3. Effects of spinasterol on glutamate-induced oxidative neurotoxicity (A), and
inhibition of ROS generation (B) in HT22 cells. (A) Cells were pretreated for 12 h with
indicated concentrations of spinasterol and then incubated for 12 h with glutamate
(5 mM). (B) Exposure of HT22 cells to 5 mM glutamate for 12 h increased ROS
production. Spinasterol effectively inhibited glutamate-mediated ROS production. Data
represent mean values of 3 experiments ± SD. *P b 0.05 compared to the group treated
with glutamate. Trolox (50 μM) was used as a positive control.

1590

G.-S. Jeong et al. / International Immunopharmacology 10 (2010) 1587–1594

control, and it showed a signiﬁcant cytoprotective effect and ROSscavenging activity at a concentration of 50 μM.
3.3. Effects of spinasterol on LPS-induced pro-inﬂammatory enzymes and
pro-inﬂammatory cytokines in BV2 microglia
The levels of iNOS and COX-2 expression were measured in BV2
microglia challenged with LPS (0.5 μg/ml) in the presence or absence
of spinasterol at the non-cytotoxic concentrations (10–40 μM).
Pretreatment of the BV2 microglia with spinasterol for 12 h resulted
in suppressed iNOS expression (Fig. 4A) and iNOS-derived NO
(Fig. 4C). Under the same conditions, spinasterol also decreased
COX-2 expression (Fig. 4B), and was also found to reduce the COX-2derived PGE2 production (Fig. 4D). Moreover, the effects of spinasterol
on the LPS-induced TNF-α and IL-1β production were examined by an
enzyme immunoassay in which BV2 microglia were pre-incubated
with spinasterol for 12 h followed by LPS stimulation. As shown in
Fig. 4E and F, spinasterol also decreased TNF-α and IL-1β production
in a concentration-dependent manner.
3.4. Effects of spinasterol on HO-1 expression and HO activity
We examined the effects of spinasterol on HO-1 protein expression
at non-cytotoxic concentrations (10–40 μM) by treating the HT22 cells
and BV2 microglia with this agent for 12 h. Spinasterol dosedependently increased HO-1 expression in HT22 cells (Fig. 5A) and
BV2 microglia (Fig. 5C). At a concentration of 40 μM, HO-1 expression
was ﬁrst detected at 6 h, increased to a maximum at around 18 h, and
reduced after 24 h in HT22 cells (Fig. 5B) and BV2 microglia (Fig. 5D).

CoPP (20 μmol·L−1), a well-known HO-1 inducer, was used as the
positive control. In accordance with the concentration-dependent
HO-1 expression, spinasterol also increased HO activity (Fig. 5E and F).
This enhanced HO activity has directly correlated with HO-1 protein
level, because of the SnPP, an HO activity inhibitor, decreased
spinastero induced HO activity (Fig. 6).

3.5. Effects of HO-1 expression on glutamate-induced oxidative neurotoxicity
and inhibition of the pro-inﬂammatory mediators by spinasterol
In recent studies, HO-1 exerted cytoprotective effects against
glutamate-induced oxidative cytotoxicity in HT22 cells [2,8]. Thus, we
examined whether spinasterol-induced HO-1 expression mediated
these cytoprotective effects. HT22 cells were co-treated with 40 μM of
spinasterol for 12 h in the absence or presence of SnPP, which is an
inhibitor of HO-1 activity. SnPP signiﬁcantly inhibited the spinasterolmediated cytoprotection (Fig. 5A). The spinasterol-induced HO-1
expression was also required for suppressing glutamate-induced ROS
generation (Fig. 5B). HO-1 has been shown to downregulate
inﬂammation in microglia [22]. Because pre-incubation of the BV2
microglia with spinasterol markedly inhibited LPS-induced proinﬂammatory enzymes and pro-inﬂammatory cytokines (Fig. 3),
and because spinasterol was able to induce HO-1 expression (Fig. 4) in
BV2 microglia, we examined whether spinasterol-mediated HO-1
induction could be responsible for the inhibition of iNOS-derived NO,
COX-2-derived PGE2, TNF-α, and IL-1β production. BV2 microglia
were pretreated with spinasterol for 12 h in the presence of SnPP,
followed by LPS stimulation. As shown in Fig. 5, SnPP treatment

Fig. 4. Effects of spinasterol on LPS-induced inducible iNOS and COX-2 protein expression and NO, PGE2, and pro-inﬂammatory cytokine levels in BV2 microglia. BV2 microglia were
pretreated for 12 h with indicated concentrations of spinasterol and stimulated for 18 h (A, C, D, E, F) or 6 h (B) with LPS (0.5 μg/ml). Western blot analyses for iNOS and COX-2
expression (A, B) were performed as described in Materials and methods. Representative blots of 3 independent experiments are shown. The concentrations of NO, PGE2, tumor
necrosis TNF-α, and IL-1β (C, D, E, and F) were determined as described under Materials and methods. Data represent mean values of 3 experiments ± SD. *P b 0.05 compared to the
group treated with LPS.

G.-S. Jeong et al. / International Immunopharmacology 10 (2010) 1587–1594

1591

Fig. 5. Effects of spinasterol on HO-1 expression and HO activity in HT22 (A, B, E) and BV2 microglia (C, D, F). HT22 cells and BV2 microglia were incubated for 12 h with indicated
concentrations of spinasterol (A, C) and periods with 40 μM of spinasterol (B, D). The HO-1 inducer CoPP, increased HO-1 expression at 20 μM (A,C). Western blot analysis for HO-1
expression was performed as described in Materials and methods, and representative blots of 3 independent experiments are shown. HO activity was determined via bilirubin
formation at 12 h after treatment with various concentrations of spinasterol or SnPP (HO inhibitor) in HT22 cells and BV2 microglia (E, F). HO activity was determined as described in
Materials and methods. Data represent the mean values of 3 experiments ± SD. *P b 0.05 compared to the control group; **P b 0.05 compared to the group treated with spinasterol.

partially reversed the inhibitory effects of spinasterol on NO, PGE2,
TNF-α, and IL-1β production (Fig. 5C–F).

was not cytotoxic under our experimental conditions (data not
shown).

3.6. Involvement of the MAPK pathways in spinasterol-induced HO-1
expression

4. Discussion

Several studies have reported that the activation of the MAPK
pathways contributed to the induction of HO-1 [35]. Therefore, we
examined the effect of spinasterol on the activation of MAPKs in HT22
cells and BV2 microglia. At a concentration of 40 μM, which strongly
induced HO-1, spinasterol activated the ERK pathway and increased
ERK phosphorylation both in HT22 cells and BV2 microglia. Phosphorylation of ERK was observed 15 min after spinasterol treatment,
and was sustained up to 60 min after spinasterol treatment (Figs. 7A,
8A). In contrast, phosphorylation of JNK and p38 kinases was not seen
at any time. Furthermore, to investigate the role of MAPK in HO-1
expression in HT22 cells, we examined the effects of speciﬁc inhibitors
of ERK (PD98059), JNK (SP600125), and p38 (SB203580) on HO-1
levels by western blot analysis. We found that spinasterol-induced
HO-1 expression was inhibited by the ERK pathway inhibitor, whereas
the JNK and p38 inhibitors had no effect (Fig. 7B). As expected,
treatment with the ERK inhibitor abolished spinasterol-induced
cytoprotection, but inhibitors of the JNK or p38 MAPK pathways did
not (Fig. 7C). The ERK inhibitor did not exert cytotoxic effects our
experimental conditions (data not shown).
In BV2 microglia, at a concentration of 40 μM, spinasterol only
activated the ERK pathway and increased ERK phosphorylation and
not p38 or JNK. (Fig. 8A). Furthermore, we found that the ERK pathway
inhibitor signiﬁcantly reduced spinasterol-induced HO-1 expression,
whereas the JNK and p38 inhibitors did not (Fig. 8B). The ERK inhibitor

Oxidative stress and neuroinﬂammation have been implicated in
many neurodegenerative diseases [43]. Therefore, naturally occurring
compounds having both antioxidative and anti-inﬂammatory effects
may offer a promising strategy for therapeutic application. Previous
studies have demonstrated that several natural products such as
macelignan and xanthorrhizol have antioxidant and anti-inﬂammatory activities in hippocampal and microglia cells [44,45]. HO-1–an
enzyme essential for heme degradation–has been shown to exert
antioxidative and anti-inﬂammatory effects under various conditions.
HO-1 system also appeared to be an important therapeutic target in
neuronal oxidative damage and inﬂammation [5,22,46]. As a part of
our ongoing research to identify phytochemicals isolated from natural
sources that can induce HO-1 in vitro [8,40], spinasterol was shown to
signiﬁcantly induce HO-1 expression in HT22 cells and BV2 microglia.
Glutamate toxicity is a major contributor to pathological cell death
within the nervous system. In this study, we examined the protective
effects of spinasterol against glutamate-induced cytotoxicity in HT22
cells. At the non-cytotoxic concentrations (10–40 μM), spinasterol
inhibited glutamate-induced cell death in a dose-dependent manner
12 h after treatment, and also effectively suppressed glutamate-induced
ROS generation. In our previous studies, we have demonstrated that
HO-1 expression appeared to play key roles in cytoprotection in HT22
cells [40]. We have provided evidence for the induction of HO-1
expression by spinasterol in HT22 cells and shown that spinasterolinduced HO-1 protein expression and HO activity occurred in a
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Fig. 6. HO-1 mediates the suppressive effect of spinasterol on glutamate-induced oxidative neurotoxicity, and LPS-stimulated pro-inﬂammatory mediator production. HT22 cells (A, B) were
pretreated for 6 h with spinasterol (40 μM) in the presence or absence of SnPP (50 μM), and then incubated for 12 h with glutamate (5 mM). BV2 cells (C, D, E, F) were pretreated for 3 h with
spinasterol (40 μM) in the presence or absence of SnPP (50 μM), and stimulated for 24 h with LPS (0.5 μg/ml). The concentrations of NO, PGE2, TNF-α, and IL-1β were determined as
described in Materials and methods. SnPP was pretreated with HT22 cells and BV2 microglia for 3 h in this experiment. Data represent mean values of 3 experiments± SD. *P b 0.05.

Fig. 7. Effects of spinasterol-induced MAPK activation on HO-1 expression and glutamate-induced neurotoxicity in HT22 cells. (A) Cells were treated with 40 μM of spinasterol for the
indicated times. Cell extracts were analyzed by western blot with antibodies speciﬁc for phosphorylated extracellular signal-regulated kinase (p-ERK), phosphorylated JNK (p-JNK),
or phosphorylated p38 (p-p38). Membranes were stripped and re-probed for total form of each MAPK antibody as a control, and the representative blots of 3 independent
experiments are shown. (B) Cells were pretreated for 1 h with the speciﬁc inhibitors, PD98059 (40 μM), SP600125 (25 μM), and SB203580 (20 μM), and then treated with spinasterol
(40 μM) for 12 h. Western blot analyses for HO-1 expression were performed as described in Materials and methods, and representative blots of 3 independent experiments are
shown. (C) Cells untreated or treated with spinasterol (40 μM) in the presence or absence of each speciﬁc inhibitor for 12 h were exposed to 5 mM glutamate for 8 h. Each bar
represents the mean ± SD of 3 independent experiments. *P b 0.05 compared to the group treated with glutamate. Trolox (50 μM) was used as a positive control.
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Fig. 8. Effects of spinasterol on MAPK activation, and MAPK-dependent HO-1 expression in
BV2 microglia. (A) Cells were treated with 40 μM spinasterol for the indicated times. Cell
extracts were analyzed by western blot with antibodies speciﬁc for p-ERK, p-JNK, or p-p38.
Membranes were stripped and re-probed for total form of each MAPK antibody as a
control, and the representative blots of 3 independent experiments are shown. (B) Cells
were pretreated for 1 h with the speciﬁc inhibitors PD98059 (40 μM), SP600125 (25 μM),
and SB203580 (20 μM), and then treated with spinasterol (40 μM) for 12 h. Western blot
analyses for HO-1 expression were performed as described in Materials and methods, and
representative blots of 3 independent experiments are shown.

concentration- and time-dependent manner. Furthermore, the involvement of HO-1 in the antioxidant activity of spinasterol was also
conﬁrmed using a speciﬁc HO competitive inhibitor–SnPP–which
signiﬁcantly blocked spinasterol-mediated inhibition of glutamateinduced cell death. The induction of HO-1 expression was also required
to suppress glutamate-induced ROS generation. The ﬁndings of this
study strongly indicate that the observed cytoprotective effects of
spinasterol might be due to HO-1 expression.
Over-activation of microglia and increased production of inﬂammatory mediators may exacerbate neuronal damage [12,47,48]. Upon
activation, microglia also promoted neuronal injury through the release
of various pro-inﬂammatory cytokines and inﬂammatory mediators,
such as NO, prostaglandins, TNF-α, and IL-1β [12–14]. Pretreatment
with 10–40 μM of spinasterol suppressed iNOS and COX-2 expression in
LPS-stimulated BV2 microglia, thereby inhibiting iNOS-derived NO as
well as COX-2-derived PGE2 production. In addition, spinasterol also
inhibited LPS-induced TNF-α and IL-1β production. This ﬁnding
suggests that spinasterol, at least in LPS-stimulated microglia, exerts
its anti-inﬂammatory effects by limiting the expression of the proinﬂammatory enzymes and inhibiting the secretion of the proinﬂammatory cytokines. Furthermore, spinasterol also increased HO-1
expression and HO activity dose-dependently. Several reports indicated
that upregulation of HO-1 has been responsible for the anti-inﬂammatory action in microglia [24]. The present study further examined
whether spinasterol inhibited LPS-induced pro-inﬂammatory mediators, such as iNOS-derived NO, COX-2-derived PGE2, TNF-α, and IL-1β by
increasing the expression of HO-1. Our results indicate that the
inhibition of HO activity by the HO inhibitor, SnPP, had partially
reversed the inhibitory effects of spinasterol on PGE2, NO, TNF-α, and
IL-1β production in LPS-stimulated BV2 microglia.
MAPK is one of the most common signaling pathways that
participate in transducing a variety of extracellular signals to evoke
cellular responses. The MAPK activation also modulates the expression
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of several genes and proteins, including the activation of HO-1 [33,35].
In this study, activation of the MAPK pathway appeared to be involved
in spinasterol-induced HO-1 expression in HT22 cells and BV2
microglia. At a concentration of 40 μM, which strongly induced the
levels of HO-1, spinasterol activated the ERK pathway and increased
ERK phosphorylation in HT22 cells. Furthermore, treatment of cells
with speciﬁc protein kinase inhibitors demonstrated that the ERK
pathway played a crucial role in the induction of HO-1. As expected,
treatment with the ERK inhibitor abolished spinasterol-induced
cytoprotection. In addition, spinasterol also had effects on MAPK
activation in BV2 microglia. At a concentration of 40 μM, spinasterol
activated the ERK pathway and increased ERK phosphorylation in BV2
microglia. Based on these results, we suggest that spinasterol-induced
HO-1 expression is directly related to the ERK pathway because the
ERK inhibitor, PD98059, inﬂuenced the spinasterol-induced change in
the HO-1 protein levels, while the inhibitors of JNK and p38 pathways
did not display any signiﬁcant inﬂuence (Fig. 9).
HO-1 induction by low-molecular weight compounds might play
an important role in the neuroprotection of CNS neurons [22]. Since
spinasterol, as conﬁrmed in this study, can actively induce the
expression of the HO-1 in mouse hippocampal HT22 cells and BV2
microglia cells, possibility cannot be ruled out that the antioxidative
and anti-inﬂammatory effects of spinasterol are mediated, partially, by
the products of HO-1 enzyme reaction, namely, CO, bilirubin, and/or
biliverdin.
In conclusion, spinasterol showed potent cytoprotective effects
against glutamate-induced neurotoxicity in mouse hippocampal HT22
cells, possibly, through the ERK pathway-dependent expression of
HO-1. We investigated the anti-inﬂammatory activity of spinasterol in
microglial activation by LPS. We showed that spinasterol suppresses
pro-inﬂammatory mediators through the ERK pathway-dependent
expression of anti-inﬂammatory HO-1 in BV-2 microglia. The results
of our study demonstrate the importance of HO-1 in mediating the
antioxidative and anti-inﬂammatory effects of spinasterol in mouse
hippocampal and microglial cells and reveal the possible therapeutic
value of spinasterol for the prevention of neurodegenerative disease
progression.
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Fig. 9. The pathway scheme of the anti-inﬂammatory and cytoprotective effects of
spinasterol in BV2 microglia and HT22 cells. Spinasterol protects HT22 cells from
glutamate-induced oxidative cytotoxicity, via the ERK pathway-dependent HO-1
expression. Furthermore, spinasterol suppressed the LPS-induced expression of proinﬂammatory enzymes and inﬂammatory mediators via the ERK pathway-dependent
HO-1 expression in BV2 microglia. This study indicates that spinasterol effectively
modulates the regulation of antioxidative and anti-inﬂammatory action, via the ERK
pathway-dependent HO-1 expression in BV2 microglia and HT22 cells.

1594

G.-S. Jeong et al. / International Immunopharmacology 10 (2010) 1587–1594

References
[1] Hald A, Lotharius J. Oxidative stress and inﬂammation in Parkinson's disease: is
there a causal link? Exp Neurol 2005;193:279–90.
[2] Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodegenerative
disorders. Science 1993;262:689–95.
[3] Satoh T, Enokido Y, Kubo K, Yamada M, Hatanaka H. Oxygen toxicity induces
apoptosis in neuronal cells. Cell Mol Neurobiol 1999;18:649–66.
[4] Satoh T, Lipton SA. Redox regulation of neuronal survival mediated by
electrophilic compounds. Trends Neurosci 2007;30:37–45.
[5] Rőssler OG, Bauer I, Chung HY, Thiel G. Glutamate-induced cell death of
immortalized murine hippocampal neurons: neuroprotective activity of heme
oxygenase-1, heat shock protein 70, and sodium selenite. Neurosci Lett 2004;362:
253–7.
[6] Mattson MP. Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol
2000;1:120–9.
[7] Maher P, Davis JB. The role of monoamine metabolism in oxidative glutamate
toxicity. J Neurosci 1996;16:6394–401.
[8] Jeong GS, An RB, Pae HO, Chung HT, Yoon KH, Kang DG, et al. Cudratricusxanthone
A protects mouse hippocampal cells against glutamate-induced neurotoxicity via
the induction of heme oxygenase-1. Planta Med 2008;74:1368–73.
[9] Gonzalez-Scarano F, Baltuch G. Microglia as mediators of inﬂammatory and
degenerative diseases. Annu Rev Neurosci 1999;22:219–40.
[10] Vila M, Jackson-Lewis V, Guegan C, Wu DC, Teismann P, Choi DK, et al. The role of
glial cells in Parkinson's disease. Curr Opin Neurol 2001;14:483–9.
[11] Kreutzberg GW. Microglia: a sensor for pathological events in the CNS. Trends
Neurosci 1996;19:312–8.
[12] Chao CC, Hu S, Molitor TW, Shaskan EG, Peterson PK. Activated microglia mediate
neuronal cell injury via a nitric oxide mechanism. J Neurosci Res 1992;149:
2736–41.
[13] Minghetti L, Levi G. Induction of prostanoid biosynthesis by bacterial lipopolysaccharide and isoproterenol in rat microglial cultures. J Neurochem 1995;65:2690–8.
[14] Meda L, Cassatella MA, Szendrei GI, Otvos Jr L, Baron P, Villalba M, et al. Activation
of microglial cells by β-amyloid protein and interferon-γ. Nature 1995;374:
647–50.
[15] Blasi E, Barluzzi R, Bocchini V, Mazzolla R, Bistoni F. Immortalization of murine
microglial cells by a v-raf/v-myc carrying retrovirus. J Neuroimmunol 1990;27:
229–37.
[16] Bocchini V, Mazzolla R, Barluzzi R, Blasi E, Sick P, Kettenmann H. An immortalized
cell line expresses properties of activated microglial cells. J Neurosci Res 1992;31:
616–21.
[17] Nakamura Y, Si QS, Kataoka K. Lipopolysaccharide-induced microglial activation in
culture: temporal proﬁles of morphological change and release of cytokines and
nitric oxide. Neurosci Res 1999;35:95–100.
[18] Romero LI, Tatro JB, Field JA, Reichlin S. Roles of IL-1 and TNF-α in endotoxininduced activation of nitric oxide synthase in cultured rat brain cells. Am J Physiol
1996;270:326–32.
[19] Popko B, Corbin JG, Baerwald KD, Dupree J, Garcia AM. The effects of interferon-γ
on the central nervous system. Mol Neurobiol 1997;14:19–35.
[20] Ryter SW, Otterbein LE, Morse D, Choi AMK. Heme oxygenase/carbon monoxide
signaling pathways: regulation and functional signiﬁcance. Mol Cell Biochem
2002;234–235:249–63.
[21] Suh HW, Kang S, Kwon KS. Curcumin attenuates glutamate-induced HT22 cell
death by suppressing MAP kinases signaling. Mol Cell Biochem 2007;298:187–94.
[22] Satoh T, Baba M, Nakatsuka D, Ishikawa Y, Aburatani H, Furuta K, et al. Role of
heme oxygenase-1 protein in the neuroprotective effects of cyclopentenone
prostaglandin derivatives under oxidative stress. Eur J Neurosci 2003;17:2249–55.
[23] Gueler F, Park JK, Rong S, Kirsch T, Lindschau C, Zheng W, et al. Statins attenuate
ischemia–reperfusion injury by inducing heme oxygenase-1 in inﬁltrating macrophages. Am J Pathol 2007;170:1192–9.
[24] Min KJ, Kim JH, Jou I, Jeo EH. Adenosine induces hemeoxygenase-1 expression in
microglia through the activation of phosphatidylinositol 3-kinase and nuclear
factor E2-related factor 2. Glia 2008;56:1028–37.
[25] Yachie A, Toma T, Mizuno K, Okamoto H, Shimura S, Ohta K, et al. Heme
oxygenase-1 production by peripheral blood monocytes during acute inﬂammatory illnesses of children. Exp Biol Med 2003;228:550–6.

[26] Zampetaki A, Minamino T, Mitsialis SA, Kourembanas S. Effect of heme oxygenase-1
overexpression in two models of lung inﬂammation. Exp Biol Med 2003;228:442–6.
[27] Otterbein LE, Bach FH, Alam J, Soares M, Tao LuH, Wysk M, et al. Carbon monoxide
has anti-inﬂammatory effects involving the mitogen-activated protein kinase
pathway. Nat Med 2000;6:422–8.
[28] Wiesel P, Foster LC, Pellacani A, Layne MD, Hsieh SM, Huggins GS. Thioredoxin
facilitates the induction of heme oxygenase-1 in response to inﬂammatory
mediators. J Biol Chem 2000;275:24840–6.
[29] Suh GY, Jin Y, Yi AK, Wang XM, Choi AM. CCAAT/enhancer-binding protein
mediates carbon monoxide-induced suppression of cyclooxygenase-2. Am J Respir
Cell Mol Biol 2006;35:220–6.
[30] Oh GS, Pae HO, Lee BS, Kim BN, Kim JM, Kim HR, et al. Hydrogen sulﬁde inhibits
nitric oxide production and nuclear factor-kappaB via heme oxygenase-1
expression in RAW264.7 macrophages stimulated with lipopolysaccharide. Free
Radic Biol Med 2006;41:106–19.
[31] Choi BH, Hur EM, Lee JH, Jun DJ, Kim KT. Protein kinase C delta-mediated proteasomal
degradation of MAP kinase phosphatase-1 contributes to glutamate-induced
neuronal cell death. J Cell Sci 2005;119:1329–40.
[32] Satoh T, Nakatsuka D, Watanabe Y, Nagata I, Kikuchi H, Namura S. Neuroprotection
by MAPK/ERK kinase inhibition with U0126 against oxidative stress in a mouse
neuronal cell line and rat primary cultured cortical neurons. Neurosci Lett
2000;288:163–6.
[33] Stanciu M, Wang Y, Kentor R, Burke N, Watkins S, Kress G, et al. Persistent
activation of ERK contributes to glutamate-induced oxidative toxicity in a
neuronal cell line and primary cortical neuron cultures. J Biol Chem 2000;275:
12200–6.
[34] Liu Y, Shepherd EG, Nelin LD. MAPK phosphatases—regulating the immune
response. Nat Rev Immunol 2007;7:202–12.
[35] Iles KE, Dickinson DA, Wigley AF, Welty NE, Blank V, Forman HJ. HNE increases
HO-1 through activation of the ERK pathway in pulmonary epithelial cells. Free
Radic Biol Med 2005;39:355–64.
[36] Jeon GC, Park MS, Yoon DY, Shin CH, Sin HS, Um SJ. Antitumor activity of
spinasterol isolated from Pueraria roots. Exp Mol Med 2005;37:111–20.
[37] Klein Jr LC, Gandolﬁ RB, Santin JR, Lemos M, Cechinel Filho V, de Andrade SF.
Antiulcerogenic activity of extract, fractions, and some compounds obtained from
Polygala cyparissias St. Hillaire & Moquin (Polygalaceae). Naunyn-Schmiedebergs
Arch Pharmacol 2010;381:121–6.
[38] Villaseñor IM, Domingo AP. Anticarcinogenicity potential of spinasterol isolated
from squash ﬂowers. Teratog Carcinog Mutagen 2000;20:99–105.
[39] Zhou CC, Sun XB, Liu JY, Luo SQ , Lu CY. Anti-inﬂammatory effect of alphaspinasterol. Yao Xue Xue Bao 1985;20:257–61.
[40] Li B, Jeong GS, Kang DG, Lee HS, Kim YC. Cytoprotective effects of lindenenyl
acetate isolated from Lindera strychnifolia on mouse hippocampal HT22 cells. Eur J
Pharmacol 2009;614:58–65.
[41] Jung CM, Kwon HC, Seo JJ, Ohizumi Y, Matsunaga K, Saito S, et al. Two new
monoterpene peroxide glycosides from Aster scaber. Chem Pharm Bull 2001;49:
912–4.
[42] Motterlini R, Foresti R, Intaglietta M, Winslow RM. NO-mediated activation of
heme oxygenase: endogenous cytoprotection against oxidative stress to endothelium. Am J Physiol 1996;270:H107–14.
[43] Gibson GE, Zhang H. Abnormalities in oxidative processes in non-neuronal tissues
from patients with Alzheimer's disease. J Alzheimers Dis 2001;3:329–38.
[44] Lim CS, Jin DQ, Mol H, Oh SJ, Lee JU, Hwang JK, et al. Antioxidant and antiinﬂammatory activities of xanthorrhizol in hippocampal neurons and primary
cultured microglia. J Neurosci Res 2005;82:831–8.
[45] Jin DQ , Lim CS, Hwang JK, Ha I, Han JS. Anti-oxidant and anti-inﬂammatory
activities of macelignan in murine hippocampal cell line and primary culture of rat
microglial cells. Biochem Biophys Res Commun 2005;331:1264–9.
[46] Syapin PJ. Regulation of haeme oxygenase-1 for treatment of neuroinﬂammation
and brain disorders. Br J Pharmacol 2008;155:623–40.
[47] Banati RB, Rothe G, Valet G, Kreutzberg GW. Respiratory burst activity in brain
macrophages: a ﬂow cytometric study on cultured rat microglia. Neuropathol
Appl Neurobiol 1991;17:223–30.
[48] Giulian D, Haverkamp LJ, Yu JH, Karshin W, Tom D, Li J, et al. Speciﬁc domains of
β-amyloid from Alzheimer plague elicit neuron killing in human microglia. J Neurosci
1996;16:6021–37.

