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Abstract Our previous study has shown that acteoside,
an antioxidative phenylethanoid glycoside, protect against
beta-amyloid (Af})-induced cytotoxicity in vitro. However,
the precise protective mechanisms remains unclear. Heme
oxygenase-1 (HO-1) is a crucial factor in the response to
oxidative injury, protecting neurons against Af-induced
injury. In the present study we examined to determine
whether acteoside upregulates HO-1 expression, and
thereby protects PC12 cells against Af-induced cell death.
It was revealed that acteoside is an activator of Nrf2 and
inducer of HO-1 expression. We showed that acteoside
increased HO-1 expression in vitro and in vivo. Acteoside
treatment resulted in nuclear translocation of the tran-
scription factor NF-E2-related factor 2 (Nrf2). Acteoside
activated both ERK and PI3 K/Akt, and treatments with the
specific ERK inhibitor PD98059, the PI3 K inhibitor
LY294002, and the specific Nrf2 siRNA suppressed the
acteoside-induced HO-1 expression. The HO-1 inhibitor
ZnPP, PD98059, and LY294002 markedly abolished the
neuroprotective effect of acteoside against Apf-induced
neurotoxicity. Taken together, these results demonstrate
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that acteoside is an activator of Nrf2 and inducer of HO-1
expression. We also showed that acteoside increased HO-1
expression through activation of ERK and PI3 K/Akt sig-
nal pathways in vitro. Upregulation of HO-1 by acteoside
may involve in the neuroprotection against Af-induced
neurotoxicity.
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Introduction

There is considerable evidence to support oxidative stress as a
common pathogenetic mechanism in Alzheimer’s disease
(AD) (Markesbery 1997; Reddy 2006). Oxidative damage
occurs early in disease (Nunomura et al. 2001), suggesting that
oxidative stress plays a role in disease progression. In AD,
oxidative stress is suspected to be generated by the beta
amyloid peptide (Af) (Behl et al. 1994), oxidative stress
promotes the production of Af5. Recent studies showed that
there is a vicious circle among Af production/accumulation
and oxidative stress (Shen et al. 2008; Tamagno et al. 2008).
Given the important role of oxidative stress in AD, therapeutic
strategies which are directed at early interventions targeted at
oxidative stress may be effective in delaying AD development
and slowing its progression. Indeed, increased antioxidant
activity confers protection and has been reported to lower the
risk of AD (Engelhart et al. 2002). Thus, an approach which
simultaneously induces various intracellular defence mecha-
nisms against oxidative injury may be more effective in
combating neurodegeneration.

One way to render neuronal cells more resistant to
oxidative stress is to up-regulate the endogenous protection
system, which cells respond to oxidative stress is the
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antioxidant response element (ARE) pathway. Cells have
developed complex mechanisms to defend from oxidative
stress. A battery of genes encoding detoxifying and anti-
oxidative enzymes is orchestrated on exposure to electro-
philes and reactive oxygen species (Itoh et al. 1997,
Motohashi and Yamamoto 2004). This coordinated
response is regulated through the binding of nuclear factor
E2-related factor 2 (Nrf2) to the ARE within the regulatory
region of target genes. Nrf2 regulates the co-ordinated
expression of cytoprotective genes (Moi et al. 1994), which
includes heme oxygenase-1 (HO-1) among other enzymes.

HO-1 is the inducible form of HO that catalyzes the
rate-limiting step in the conversion of heme into biliver-
din, carbon monoxide, and free iron. HO-1 is a crucial
factor in the response to oxidative injury. Several evi-
dences suggest that HO-1 has neuroprotective effects
against oxidative stress-induced neuronal damage (Ahmad
et al. 2006; Ryter et al. 2006). HO-1 appears to be
involved in protection against oxidative stress (Takahashi
et al. 2004).

Particularly interesting is the role played by HO-1 in
AD, a neurodegenerative disorder that associates with
both oxidative brain injury and Af-associated pathology.
Significant increases in the levels of HO-1 have been
observed in AD brains in association with neurofibrillary
tangles, and HO-1 mRNA was found increased in AD
neocortex and cerebral vessels; the HO-1 increase also
colocalized with senile plaques and glial fibrillary acidic
protein-positive astrocytes in AD brains (Schipper 2000).
Previous findings support the importance of HO-1, a
crucial factor in the response to oxidative injury, in pro-
tecting neurons against Af-induced oxidative stress
dependant injury (Le et al. 1999; Ma et al. 2010; Tanaka
et al. 2010; Wruck et al. 2008). The protective role played
by HO-1 and its products in AD raised new possibilities
regarding the possible use of natural substances, which
are able to increase HO-1 levels, as potential drugs for the
prevention and treatment of AD. Indeed, our previous
study shed light on astaxanthin, the most abundant
flavonoids in propolis, protecting against beta-amyloid-
induced cytotoxicity by upregulating HO-1 expression
through ERK1/2 pathway.

Thus, in light of the cytoprotective role of HO-1, the
specific activation of HO-1 gene expression by pharma-
cological modulation may represent a novel target for
therapeutic treatment of AD. There is, therefore, an
excellent rationale for the development of new neuropro-
tective agents, based on their ability to enhance activity of
Nrf2 and upregulate HO-1 expression.

Acteoside (AS), an antioxidative phenylethanoid gly-
coside, was first extracted from Verbascum sinuatum
and named “verbascoside.” Our previous studies has
shown that it can protect against beta-amyloid-induced

cytotoxicity in human neuroblastoma SH-SY5Y cells
(Wang et al. 2009a). However, the precise protective
mechanisms remain unclear, and remains as an interesting
speculation that awaits further investigation. The present
study therefore examined to determine whether acteoside
upregulates HO-1 expression, and thereby protects against
Af-induced oxidative cell death through induction of
HO-1 expression in PC12 cells incubated with Afs_3s.
Although there exist several cell culture systems that were
intensively studied on amyloid beta toxicity (Calkins et al.
2011; Calkins and Reddy 2011; Manczak et al. 2010), we
used PC12 neuronal model system. PC12 cells are more
sensitive to Af insult and have been used extensively to
study Af neurotoxicity.

In the study reported here, we have shown that the
acteoside is an activator of Nrf2 and inducer of HO-1
expression. We also showed that acteoside increased HO-1
expression through activation of ERK and PI3 K/Akt sig-
nal pathways in vitro, and that the increased HO-1 activity
induced by acteoside is responsible for the cytoprotective
effects against the Af,s_3s-induced neurotoxicity.

Materials and Methods

Acteoside was obtained from Winherb Medical Technol-
ogy Inc (Shanghai, China). The stock solution of acteo-
side was made with distilled H,O and stored at 4°C.
Nuclear and Cytoplasmic Protein Extraction Kit (#P0027)
was from Beyotime (Jiangsu, China). The stock solu-
tion was diluted to working concentrations before use.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was purchased from Sigma-Aldrich Inc.
Af5_35 was obtained from GL Biochem Ltd. (Shanghai,
China).  4/,6-diamino-2’-phenylindole  dihydrochloride
(DAPI), and Complete Protease Inhibitor were from
Roche Diagnostics GmbH (Penzberg, Germany). Modi-
fied Dulbecco’s Eagle’s medium (DMEM) supplement
was obtained from Gibco Invitrogen Corporation.
PD98059(SC-3532), LY290042 (SC-201462) and ZnPP
(SC-200329) were from Santa Cruz. Rabbit anti-phospho-
p38 (Thr180/Tyr182) (#9211), anti-p38 (#9212), rabbit
anti-phospho-ERK1/2 (Thr202/Tyr204) (#9101) and ERK
(#9102), rabbit anti-phospho-Akt (Ser473) (#9271), and
rabbit anti-Akt (#9272) antibodies were obtained from
Cell Signaling Technology Inc. (Danvers, MA, USA).
Rabbit anti-Lamin B1 (ab16048) and anti-Nrf2 (ab31163)
were from Abcam. HO-1 antibody was from Stressgen
(#SPAB895, Victoria, BC, Canada). Horseradish peroxi-
dase-linked IgG antibodies were obtained from Invitro-
gen. All the other chemicals used were of the high grade
available commercially.
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Cell Culture and Treatment

PC12 cells were maintained in DMEM supplemented
with 10% heat-inactivated horse serum and 5% fetal
bovine serum and cultured at 37°C in a humidified
atmosphere of 5% CO, as described previously (Kim
et al. 2008; Li et al. 2007). All cells were cultured in
poly-D-lysine coated culture dishes. The medium was
changed every other day, and the cells were plated at an
appropriate density according to the scale of each
experiment.

Determination of Cell Viability

Cell viability was assessed using conventional MTT
reduction assay as described previously (Kim et al. 2008;
Li et al. 2007). After incubation with various chemicals,
the cells were treated with MTT solution (1 mg/ml final
concentration) for 2 h at 37°C. The dark blue formazan
crystals formed inside the intact mitochondria were sol-
ubilized with dimethylsulfoxide, and the absorbance of
blue color was measured at 570 nm using a microplate
reader.

Preparation of Nuclear Extract

The extraction and isolation of nuclear and cytoplasmic
protein were performed according to the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Jiangsu,
China) as described previously (Wang et al. 2009b).

Animals and Treatments

Male Sprague—Dawley rats (220-250 g) were purchased
from the Shanghai Experimental Animal Center of the
Chinese Academy of Science, and maintained in a tem-
perature-controlled room (22-25°C). All animal experi-
ments were performed according to the Guide for the
Care and Use of Medical Laboratory Animals (Ministry
of Health, PR China, 1998) and the guidelines of the
Shanghai Medical Laboratory Animal Care and Use
Committee. All rats were habituated to the colony and
food and water were supplied ad libitum. For immuno-
histochemical analyses, rats were treated with a single
injection for 3, 6 and 12 h with 25 mg/kg body weight
acteoside dissolved in saline or saline as a vehicle con-
trol, each given intraperitoneally (i.p.). Animals were
euthanized 3 h after the last injection. The procedures
were carried out according to previous study (Wang
et al. 2003; Yan et al. 2010). Rats were anesthetized with
sodium pentobarbital and perfused with 0.9% saline
solution followed by 4% icecold phosphate-buffered
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paraformaldehyde (PA). The brains were removed and
post-fixed for 4-6 h in the same solution of parafor-
maldehyde at 4°C, and then cryoprotected by immersion
overnight at 4°C in 4% paraformaldehyde containing
20% sucrose, then immersed in 0.1 M PB containing
30% sucrose until sunk. Brain sections were cut on a
freezing microtome (Jung Histocut, Model 820-II, Leica,
Germany) at a thickness of 30 um, and stored at —20°C
in cryoprotectant solution. For HO-1 staining, sections
were incubated with the following primary antibodies:
rabbit HO-1 antibody (1:200 dilution). The sections were
washed and incubated with corresponding biotinylated
secondary antibodies (1:200 dilution) for 1 h at 37°C.
Subsequently, they were incubated with 1:200 avidin—
biotin—peroxidase for 45 min at 37°C, stained with
0.05% diaminobenzidine (DAB) in the presence of
0.03% H,0,. Controls were performed by omitting pri-
mary antibody, and showed no positive staining. For
immunoblot analyses, Fresh brain tissue was homoge-
nized in lysis buffer (50 mM Tris—HCI, pH 6.8, 2% SDS,
10% glycerol, 2 mM EDTA, 1 mM alpha-phenylmetha-
nesulfonyl fluoride). The HO-1 levels were determined
using a polyclonal antibody to HO-1 by Western blotting
as described below.

Western Blot Analysis

Following treatment, cells were washed and collected
with PBS. After centrifugation, cell lysis was carried out
at 4°C by vigorous shaking for 15 min in RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris—HCI (pH 7.4), 50 mM p-glycerol
phosphate, 20 mM NaF, 20 mM EGTA, 1 mM DTT,
1 mM NazVO,, and protease inhibitors). After centrifu-
gation at 15,000 rpm for 15 min, supernatant was sepa-
rated and stored at —70°C until use. The protein
concentration was determined using the Bradford method,
and the lysates were boiled for 5 min. Denatured proteins
were separated using sodium dodecyl sulfate polyacryl-
amide gel electrophoresis on a 8 or 10% polyacrylamide
gel and then transferred onto PVDF (Millipore, Billerica,
MA, USA). After blocking overnight at 4°C in 5% BSA
in Tris-buffered saline/Tween [with 0.05% (v/v) Tween
20], the membranes were first incubated with each anti-
body at dilutions of 1:2000. The second incubation was
performed with horseradish peroxidase-conjugated sec-
ondary anti-rabbit IgG antibody. To monitor potential
artifacts in loading and transfer among samples in dif-
ferent lanes, the blots for phospho-MAPK were stripped
and reprobed with antibodies against total MAPK. The
blots were developed using an ECL Western blotting
detection reagent (Santa Cruz).
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Statistical Analysis

All data were presented as the mean + SEM. Data were
subjected to statistical analysis via one-way ANOVA fol-
lowed by student’s #-test with GraphPad Prism 4.0 software
(GraphPad Software, Inc., San Diego, CA). Mean values
were considered to be statistically significant at P < 0.05.

Results

Acteoside Induces HO-1 Protein Expression in Vitro
and in Vivo

We first investigated the possibility that acteoside might
alter the expression of the antioxidant enzyme HO-I.
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Fig. 1 Acteoside induces HO-1 protein expression in vitro. PC12
cells were incubated with a 30 uM acteoside for the indicated
amounts of time and b various concentrations of acteoside for 12 h.
¢ PC12 cells were treated with 30 uM acteoside for 12 h, and was

examined by immunochemical staining of HO-1 and confocal
microscopic analysis. Cells were stained with an anti-HO-1 antibody
(left) and nuclei with DAPI (middle). "P < 0.05; *"P < 0.01
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Treatments of the PC12 cells with acteoside resulted in a
time-dependent (Fig. 1a) and concentration-dependent
(Fig. 1b) increase in HO-1 protein expression (Fig. 1a).
HO-1 has been localized to both the cytosol (Calkins et al.
2005, 2010), as well as the nucleus (Leonard et al. 2006).
To determine the subcellular localization of HO-1 in PC12
cells, cells were treated with acteoside for 24 h and HO-1
expression examined by confocal immunofluorescence.
Cells that were untreated showed low fluorescence, treat-
ment with acteoside induced HO-1 which was predomi-
nantly localized to the cytoplasm (Fig. 1c). In vivo studies
showed that acteoside induces HO-1 protein expression in
SD rat were treated with acteoside (Fig. 2a, b). Taken
together, acteoside can induce HO-1 protein expression in
vitro and in vivo.

Acteoside Activates Nrf2 Transcription Factor

Most of the genes encoding phase II detoxifying and
antioxidant enzymes have an ARE sequence in their pro-
moter region. Nrf2 is an important transcription factor that
regulates ARE-driven HO-1 gene expression. We analyzed
to determine whether acteoside is able to activate Nrf2 in
association with HO-1 up-regulation. We analyzed for the
Nrf2 accumulation in the nuclei in the presence of acteo-
side. The cells were treated with acteoside, and the level of
Nrf2 protein was then determined by Western blotting.
Acteoside induced the accumulation of Nrf2 in the nuclei

Fig. 2 Acteoside induces HO-1 A
protein expression in vivo. Male
Sprague-Dawley rats

(200-250 g) were treated with

25 mg/kg acteoside (ip) and

euthanized at indicated time.

a HO-1 immunostaining, using

mouse monoclonal antibody to

HO-1 and 30-pm-thick sections,

was carried out as described in
“Materials and Methods”

section. Magnification: 5x.

b HO-1 protein of cortical

neuron was analyzed by B
Western blot

HO-1

p-actin
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relative to untreated cells (Fig. 3a, b). To verify the
requirement of Nrf2 for acteoside-induced HO-1 expres-
sion, cells were transfected with siNrf2 for 24 h before
acteoside treatment. As shown in Fig. 4b, the acteoside-
induced expression of HO-1was markedly supressed by
siRNA knock down of Nrf2 gene. Taken together, these
findings support that acteoside activate Nrf2, and that the
upregulation of HO-1 elicited by acteoside is mediated via
the Nrf2 activation.

Acteoside Upregulates HO-1 Expression Through ERK
and PI3 K/Akt Pathways

To elucidate the plausible signal transduction pathways
involved in the acteoside-induced HO-1 expression, we
examined the phosphorylation of several upstream kinases.
We examined the activation of ERK and Akt, both of
which are major signaling enzymes involved in cellular
protection against oxidative stress. As shown in Fig. 5a and
b, exposure to acteoside caused an increase in the phos-
phorylation of ERK, and Akt in a time-dependent manner.
However, the phosphorylated forms of JNK and p38 were
not detected in acteoside-treated cells (data not shown).
To identify the signaling pathways used by acteoside to
induce HO-1 expression, we then analyzed to determine
whether ERK and Akt pathways were involved in the
induction of HO-1 expression. We examined the effects of
the specific ERK inhibitor PD98059, and the PI3 K

Acteoside(25mg/kg)
3h 6h
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inhibitor LY294002 on acteoside-induced HO-1 expres-
sion. We found that the HO-1 expression was blocked by
PD98059 and LY294002 (Fig. 6).

Acteoside Protect Against Af-Induced Neurotoxicity
by Upregulating HO-1 Expression

It has been demonstrated that upregulation of HO-1
expression and elevated HO activity play a key role in
protecting cells against the toxicity caused by a variety of
oxidative insults. Previous findings support the importance
of HO-1 in protecting neurons against Af-induced oxida-
tive stress-dependant injury (Le et al. 1999; Ma et al. 2010;
Tanaka et al. 2010; Wruck et al. 2008). In an attempt to

determine whether the increased HO-1 expression induced
by acteoside is indeed responsible for the cytoprotective
effects against the Af},5_35-derived oxidative cell death, we
utilized ZnPP, an inhibitor of HO-1 activity. As illustrated
in Fig. 7a, pretreatment of PC12 cells with ZnPP for 1 h
before Af,5_35 challenge attenuated the acteoside-mediated
cytoprotection, but ZnPP alone does not result in cyto-
toxicity. These results suggest that the cytoprotective effect
elicited by pretreatment with acteoside is mediated through
induction of HO-1 expression. To determine whether
activation of ERK and PI3 K/Akt could contribute to the
acteoside-mediated protection against the cytotoxic effect
of Af,s_35, pharmacological inhibitors of these kinases,
PDO98059 and LY294002 were utilized. Acteoside-mediated
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Fig. 3 Acteoside stimulates activation of Nrf2 in PC12 cells. a PC12
cells were incubated with 30 pM acteoside for the indicated time.
Nrf2 protein in the cytosolic and the nuclei were detected by Western
blotting. b Translocation of Nrf2 to the nucleus by acteoside. PC12
cells were treated with 30 uM acteoside for 6 h, and the standard

immunocytochemical method and confocal microscopic analysis was
employed to determine the translocation of Nrf2 molecules. Cells
were stained with an anti-Nrf2 antibody (left) and nuclei with DAPI
(middle)
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cytoprotection against Af,s_3s-induced cytotoxicity was
attenuated by PD98059 (Fig. 7b) and LY29400 (Fig. 7c¢).
Taken together, these results indicated that kinases of the
ERK and PI3 K/Akt pathway might be involved in acteo-
side-induced expression of HO-1.

Discussion

In this study, we have identified acteoside, an antioxidative
phenylethanoid glycoside, as a new activator of the tran-
scription factor Nrf2 (Nuclear factor erythroid 2 p45-rela-
ted factor 2), and the inducer of HO-1 expression. One of
the most salient features of this study is that acteoside
activate Nrf2-mediated-HO-1 induction through ERK1/2
and PI3 K-Akt pathways, thereby protecting the PC12 cells
from Af»s_3s-induced oxidative neurotoxicity.

Fig. 4 Nrf2 activation involves A
in acteoside-induced
upregulation of HO-1. a PC12
cells were transfected with
control siRNA (Ctrl siRNA) or
Nrf2 siRNA B (siNrf2) for 24 h,
and then cells were harvested to

Nri2 -

In this study, we have revealed that the acteoside is an
activator of Nrf2. Recently, It has been hypothesized that
Nrf2-ARE activation is a novel neuroprotective pathway that
confers resistance to a variety of oxidative stress-related,
neurodegenerative insults (Johnson et al. 2008). Activation of
Nrf2-ARE pathway has been studied in a variety of tissues and
cell types using many chemical activators. For example, tert-
butyl hydroquinone (tBHQ) was shown to have displayed
cytoprotective efficacy against toxins in neuroblastoma cells
and primary neuronal cultures systems (Kraft et al. 2004) in
vitro and in vivo (Shih et al. 2003, 2005a, b). Recent finding
provided a direct evidence that the Nrf2-ARE pathway may be
involved in the neuropathology of AD, and that activation of
this endogenous antioxidant pathway provides protection
against the toxicity of Af peptide (Kanninen et al. 2008). We
showed that acteoside efficiently increase the nuclear levels
of the Nrf2 (Fig. 3a, b).The central sensor of intracellular
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oxidative stress is the cytosolic Keapl-Nrf2 complex. In
response to oxidative stress, Nrf2 is released from Keap1 and
transmits the stress signal to the nucleus for activation of
distinct set of genes encoding phase II detoxifying enzymes as
well as several stress responsive proteins including heme
oxygenase-1 (HO-1) (Itoh et al. 1999).

Several evidences suggest that HO-1 has neuroprotec-
tive effects against oxidative stress-induced neuronal
damage (Ahmad et al. 2006; Bae et al. 2010; Chen et al.
2000; Hung et al. 2008; Ryter et al. 2006). HO-1 can be

highly up-regulated during the formation of neurofibrillary
tangles in Alzheimer’s brain (Schipper et al. 1995). Par-
ticularly interesting is the role played by HO-1 in AD, a
neurodegenerative disorder that is associated with both
oxidative brain injury and Ap-associated pathology
(Calabrese et al. 2010). Significant increases in the levels
of HO-1 have been observed in AD brains in association
with neurofibrillary tangles, and HO-1 mRNA was found
to be increased in AD neocortex and cerebral vessels; the
HO-1 increase also colocalized with senile plaques and

Fig. 6 Involvement of ERK A B
and the PI3 K/Akt pathways on AS (30pM) - + + + + AS@EOpM) - + + + +
HO-1 Producnon induced by PD(pM) 0 0 10 20 LY(M) 5 0 1 10 20
acteoside (AS). a—c PC12 cells
were preincubated with pERK1/2 — pAkt ﬁ - ‘ -—
PD98059 (PD) or/and ERK1/2 —— Akt
LY294002 (LY) for the -“ -“
indicated dose for 1 h and
further incubated for 6 h after — 5-
the addition of AS (30 pM). _ _
Cell lysates were 2 20 - § 44
electrophoresed and then ﬁ @ s k-] 34
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specific antibodies that xS 104 %_"6 24
recognize a phospho-ERK a3 = 3
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Akt, or ¢ HO-1 and f-actin. r T T T T 1 [ T T T T T 1
*P < 0.05; P < 0.01 AS(30M) -+ + 4 AS(30MM) -+ o+ o+ o+
PD(1W) 0o 0 10 20 LY(pv) 0 0 1 10 20
C AS (30pM) - + + *
PD(20pM) - - -
LY(20pM) - - - +
HO-1 ” e —
B-actin -
+
2.0 *% %
15 =
—y— S

HO-1/ B -actin
(Fold of increase)
P
[

o
[3,]
1

0.0 =

@ Springer



376

glial fibrillary acidic protein-positive astrocytes in AD
brains (Schipper 2000). Previous findings support the
importance of HO-1 factor in the response to oxidative
injury, in protecting neurons against Af-induced oxidative
stress-dependant injury (Le et al. 1999; Ma et al. 2010;
Tanaka et al. 2010; Wang et al. 2010; Wruck et al. 2008).

The protective role played by HO-1 in AD raised new
possibilities regarding the possible use of natural sub-
stances, which are able to increase HO-1 levels, as poten-
tial drugs for the prevention and treatment of AD. In light
of this, are the very promising polyphenolic compounds
that are contained in some herbs and spices, for example,
curcumin. The present study has illustrated that acteoside
induces HO-1 in vitro and in vivo. Treatments of the PC12
cells with acteoside resulted in an increase in HO-1 protein
expression (Fig. la, b). The acteoside-induced HO-1
expression requires Nrf2 activation, because the acteoside-
induced expression of HO-1 was markedly suppressed by
siRNA knock down of Nrf2 gene (Fig. 4).

Many studies have suggested that ERK and PI3 K/Akt
are part of a central pathway involved in Nrf2 activation
and translocation for highly specialized protein synthesis
including HO-1 (Andreadi et al. 2006; Calabrese et al.
2005; Martin et al. 2004). To identify the signaling
pathways used by acteoside to activate Nrf2 and induce
HO-1 expression, we tested to determine whether
acteoside-induced expression of HO-1 occurs through a
specific MAPK and PI3 K/Akt pathway. We found that
acteoside activated the ERK MAPK cascade, and PI3
K/Akt, but did not activate JNK and p38MAPK (Fig. 5).
In addition, the use of specific inhibitors for ERK1/2 and
PI3 K/Akt pathways confirmed the involvement of these
two pathways in acteoside-induced HO-1 expression
(Fig. 6).

In accordance with the postulation that an elevation of
HO-1 by various stimuli may be a protective cellular
response to delay the cell death and HO-1 play a role in
protecting neurons against Af-induced oxidative stress-
dependent injury (Le et al. 1999; Ma et al. 2010; Tanaka
et al. 2010; Wang et al. 2010; Wruck et al. 2008), we were
interested in determining the potential role of HO-1 in the
Af-induced PC12 cell damage and in the acteoside-medi-
ated neuroprotection. We demonstrated that the protective
effects against Af-induced cytotoxicity by acteoside were
greatly reduced by ZnPP (Fig. 7a). These results suggest
that acteoside-stimulated HO-1 may protect PC12 cells
against the Af-induced cytotoxicity. To determine whether
such activation of ERK and PI3 K/Akt could contribute to
the acteoside-mediated protection against the cytotoxic
effect of Af,s_3s, pharmacological inhibitors of these two
kinases were utilized. Acteoside-mediated cytoprotection
against Af,s_ss-induced cytotoxicity was attenuated by
PD98059 (Fig. 7b) and LY294002 (Fig. 7c).
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Fig. 7 Acteoside protects against Ap-induced neurotoxicity by
upregulating HO-1 expression. a HO-1 enzyme inhibitor ZnPP
reversed the protective effect of acteoside against Af-induced cell
death. PC12 cells were pretreated with a ZnPP, b PD98059 (PD) or
¢ LY294002 (LY) for 1 h in the absence or presence of acteoside and
were exposed to Aflrs_3s for 24 h. Cell viability was measured by
MTT assay. Data represent the means £ SE of three independent
experiments. P <0.01; P <0.01; *P < 0.05

Taken together, these results demonstrate that acteoside
is an activator of Nrf2 and inducer of HO-1 expression.
Acteoside attenuates Af,s_ss-induced neurotoxicity by
induction of HO-1 via ERK and PI3 K/Akt signaling.
These results contribute to shed some light on the mecha-
nisms whereby acteoside protects against beta-amyloid-
induced cytotoxicity.
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