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Schisandrin B elicits a glutathione antioxidant response and protects
against apoptosis via the redox-sensitive ERK/Nrf2 pathway
in AML12 hepatocytes
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Abstract

This study examined the effects of (—)schisandrin B [(-)Sch B] on MAPK and Nrf2 activation and the subsequent induction of
glutathione antioxidant response and cytoprotection against apoptosis in AML12 hepatocytes. Pharmacological tools, such as
cytochrome P-450 (CYP) inhibitor, antioxidant, MAPK inhibitors and Nrf2 RNAI, were used to delineate the signalling pathway.
(-)Sch B caused a time-dependent activation of MAPK in AML12 cells, particularly the ERK1/2. The MAPK activation
was followed by an enhancement in Nrf2 nuclear translocation and the eliciting of a glutathione antioxidant response. Reac-
tive oxygen species arising from a CYP-catalysed reaction with (—)Sch B seemed to be causally related to the activation of
MAPK and Nrf2. ERK inhibition by U0126 or Nrf2 suppression by Nrf2 RNAI transfection almost completely abrogated the
cytoprotection against menadione-induced apoptosis in (—)Sch B-pre-treated cells. (-)Sch B pre-treatment potentiated the
menadione-induced ERK activation, whereas both p38 and JNK activations were suppressed. Under the condition of ERK inhi-
bition, Sch B treatment did not protect against carbon tetrachloride-hepatotoxicity in an iz vivo mouse model. In conclusion,
(-)Sch B triggers a redox-sensitive ERK/Nrf2 signalling, which then elicits a cellular glutathione antioxidant response and
protects against oxidant-induced apoptosis in AML12 cells.
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Abbreviations: ABT; 1-amino-benzotriazole; AIE, apoptosis inducing factor; CYE cytochrome P-450; DTT, dithiothreitol; EpRE,
electrophile response element; ERK, extracellular signal-regulated protein kinase; GCL, y-glutamyl cysteine ligase; G6PDH,
glucose-6-phosphate dehydrogenase; GR, glutathione reductase; GSH, reduced glutathione; JNK, C-jun-NH ,-terminal kinases;
SDH, sorbitol dehydrogenase; MAPK, mitogen-activated protein kinases; mGCL, modulatory sub-unit of GCL; Nrf2, nuclear
factor erythroid 2-related factor 2; p38, p38 MAPK; PMSE phenylmethylsulphonyl fluoride; ROS, reactive oxygen species;
Sch B, schisandrin B.

Introduction pre-treatment was found to be associated with the
enhancement in mitochondrial glutathione antioxi-
dant system and heat shock protein expression [3].

Recent studies have suggested that reactive oxidant spe-

Schisandrin B (Sch B) is the most abundant and active
dibenzocyclooctadiene derivative isolated from the
fruit of Schisandra chinensis (Fructus Schisandrae), a

commonly used Chinese herb for promoting health
and which is also clinically prescribed for the treatment
of viral and chemical hepatitis [1]. An early study in
our laboratory has demonstrated that Sch B protected
against carbon tetrachloride (CCl,) hepatotoxicity in
mice [2]. The hepatoprotection afforded by Sch B

cies (ROS) generated from cytochrome P-450 (CYDP),
or CYP2EI in particular, catalysed metabolism of Sch
B may trigger the antioxidant and heat shock responses
in mouse liver [4,5]. The hepatoprotection afforded
by Sch B seemed to be mechanistically related to the
increased resistance of mitochondria to Ca?"-induced
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permeability transition [6]. In cultured AMIL.12 hepa-
tocytes, a cell line derived from mouse liver, Sch B
treatment could enhance cellular glutathione level and
protect against oxidant injury [7].The Sch B preparation
used in earlier investigations was found to be a mix-
ture of (*£) y-schisandrin and (—)Sch B (or gomisin
N)—(—)Sch B having been found to be more prom-
inent than (%) 7y-schisandrin in protecting against
menadione toxicity [8] and hypoxia/reoxygenation-
induced apoptosis in AML12 cells [9]. Parallel with
observations in animal studies, the cytoprotection against
hypoxia/reoxygenation-induced apoptosis afforded by
(—)Sch B pre-treatment was accompanied by an
increase in mitochondrial membrane potential and a
decrease in the extent of Ca?"-induced mitochondrial
permeability transition [9].

Previous studies have suggested that Sch B-induced
cellular glutathione antioxidant and heat shock responses
are causally related to the hepatoprotective effect against
CCl,-hepatotoxicity [3]. Nevertheless, the biochemi-
cal mechanism underlying the Sch B-induced cyto-
protective effects has not been investigated yet. Given
that methylenedioxy group-containing compounds were
found to be metabolized by the cytochrome P-450
(CYP) system [10], Sch B is also expected to be a
substrate for CYP and thereby produces reactive oxy-
gen species (ROS) through CYP-catalysed biotrans-
formation. In this connection, our recent study showed
that CYP-mediated metabolism of Sch B was associ-
ated with increased ROS production in mouse liver
microsomes and that the Sch B-induced glutathione
antioxidant response and hepatoprotection were sup-
pressed by antioxidant pre-treatment in mice (unpub-
lished data). This observation was corroborated by
results obtained from studies which demonstrated the
ability of (—)Sch B to stimulate the glutathione anti-
oxidant response in a CYP- and ROS-dependent man-
ner in AML12 cells [11].

ROS not only serve as deleterious species in the cel-
lular system, but also are important intracellular redox
signalling molecules [12]. The dual function of ROS
in regulating cell survival and death suggests their role
in redox signalling wherein mitogen-activated protein
kinases (MAPK) play an essential role [13,14]. The
stimulation of adaptive responses to oxidative stress
requires one or more members of the MAPK cascade.
The ultimate effects of MAPK activation depend on
their ability to phosphorylate the downstream signal-
ling molecules, subsequently express appropriate genes
and thereby manifest a cellular redox homeostasis. Among
the three distinct MAPK pathways, extracellular signal-
regulated protein kinase (ERK) is activated by mitogens
and growth factors [15], whereas C-Jun-NH2-terminal
kinases (JNK) and p38 MAPK (p38) are regulated
by extracellular stresses such as UV, ionizing radiation
and oxidative stress [16,17]. Upon their activation, ERK,
JNK and p38 can phosphorylate a range of transcrip-
tion factors [13], which in turn change the profiles of

gene expression that result in biological responses
[18,19].

Nuclear factor erythroid 2-related factor 2 (Nrf2)
is a redox-sensitive transcription factor that binds the
electrophile response element (EpRE). It has been shown
that translocation of Nrf2 from the cytosol to the nucleus
is facilitated by phosphorylation [20,21], with subse-
quent enhancement in the expression of antioxidant
defence genes [22]. In essence, the nuclear Nrf2 binds
on specific sequences of EpRE within the promoter region
of target genes encoding many stress-responsive or
cytoprotective enzymes/proteins, including the sub-
units of y-glutamyl cysteine ligase (GCL), glutathione
S-transferases and NAD (P)H-quinone oxidoreductase,
etc. [23,24].

Here, we hypothesize that through the CYP-
mediated biotransformation, (—)Sch B can elicit a
glutathione antioxidant response via a MAPK signal-
ling pathway in AML12 cells (Figure 1). In the present
study, we therefore investigated the redox signalling
triggered by (—)Sch B by examining the MAPK/Nrf2
signalling pathway. To confirm the finding in a cell
model system, the role of the ERK signalling pathway
in Sch B-induced hepato-protection was examined
in an i vivo mouse model of hepatotoxicity using a
specific ERK inhibitor U0126.

Methods
Preparation of (-)Sch B

Sch B (consisting of a mixture of Sch B stereoisomers)
was prepared from the petroleum extract of Fructus
Schisandrae using silica gel chromatography, as described
by Ip et al. [2]. (-)Sch B was then isolated from Sch B
by preparative HPLC, as described in Chiu et al. [8,9].

Sch B

\ CYP-catalyzed reaction

ROS
MAPK
l Phosphorylation

Nrf2 nuclear translocation

]

EpRE-mediated
expression of
cytoprotective proteins

Cytoprotection against
oxidative injury

Figure 1. Postulated signalling pathway induced by (—)Sch B.
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Figure 2. Time course of (-)Sch B-induced MAPK activation in
AML12 cells. Cells were treated with (—)Sch B at 15 uM. The ratio
of phospho-kinase level to total kinase level for (A) ERK1/2, (B)
p38 and (C) JNK were expressed as % control (with respect to the
time-matched DMSO control). Values given are means * SD, with
data obtained from triplicate samples in the same experiment.
*Significantly different from the time-matched DMSO control.

Cell culture

AMLI12 hepatocytes were cultured as monolayers
using Dulbecco’s modified Eagle’s medium/F12
(GIBCO BRL) supplemented with 10% foetal bovine
serum, 100 units/mL penicillin, 0.1 mg/mL strepto-
mycin, 40 ng/mL dexamethasone and I'TS (containing
5 mg/L insulin, 5 mg/L transferrin and 5 ug/L
selenium). Cells were grown in 75 cm? flasks and
kept at 37°C in a humidified atmosphere of air (i.e.
~21% O,) and 5% CO,. Cells were grown at 80%

of confluence prior to the exposure to drugs in the
various experiments.

Western blot analysis of MAPK

Cells were incubated with 15 UM (—)Sch B or vehicle
(i.e. DMSO, 0.2% (w/w) final concentration) for
increasing periods of time (2—24 h). Cells for ERK1/2
analysis were first incubated with serum-free medium
for a 24-h period of starvation, which was followed
by incubation with drug-containing serum-free
medium. Cells for p38 and JNK analyses were incu-
bated with drug-containing normal medium. After
incubating with (—)Sch B, cells were lysed with 500 uL.
of lysis buffer (20 mM Tris-HCI, 2 mM EDTA,
3 mM EGTA, 1% Triton X-100, 10% glycerol, 5%
SDS, 1 mM dithiothreitol (DTT), 5 ug/mL leupep-
tin, 5 ug/mL aproptinin, 5 pug/mL pepstain, 1 UM
phenylmethylsulphonyl fluoride (PMSF), pH 7.5).
The lysates were further processed by repetitively
passing through a 30G 1/2 syringe needle (10 times)
and protein concentrations in cell lysates were deter-
mined by using a DC Protein Assay kit (Bio-Rad
Laboratories, Hercules, CA). Equal amounts of total
cell lysate (10-40 pg of protein) were subjected to
12% SDS-PAGE, followed by overnight Western blot-
ting of phosphorylated MAPK using rabbit polyclonal
antibodies specific for phospho-p44/42 MAPK
(ERK1/2), phospho-p38 or phospho-JNK, respec-
tively. The total MAPK levels were analysed by strip-
ping the membranes with stripping buffer (Pierce,
Rockfork, IL) at 37°C for 30 min, and the mem-
branes were then re-probed using anti-p44/p42
MAPK (ERK1/2) antibody, anti-p38 antibody or
anti-JNK antibody, respectively. Then, after the incu-
bation with second antibodies (1:2000; Cell Signal-
ing Technology, Beverly, MA), immuno-stained
bands were quantitatively analysed by densitometry
using an ECL Western Blot System (Cell Signaling
Technology). All MAPK antibodies were purchased
from Cell Signaling Technology and were used at a
dilution of 1:1000. The extent of (—)Sch B-induced
MAPK activation was estimated by computing the
ratio of phosphorylated-MAPK to total-MAPK level
in (—)Sch B-treated cells with respect to the time-
matched DMSO control.

Cellular GSH level and Western blot analysis
of glurathione-related antioxidant proteins

Cells were firstly treated with 15 uM (—)Sch B for
6 h, followed by the incubation with fresh medium
(without drug) for increasing periods of time (4-18 h).
Cell lysates were prepared at the indicated period of
time. For the measurement of cellular GSH levels, the
reduced glutathione (GSH) level in cell lysates was
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Figure 3. Post-drug exposure time course of (-)Sch B-induced Nrf2 activation and glutathione antioxidant response in AML12 cells. Cells
were treated with (—)Sch B for 6 h and then followed by incubation with the culture medium without drug. Levels of (A) Nrf2, (B) reduced
gltuathione (GSH, Levels of (A) Nrf2, (B) reduced gltuathione (GSH), y-glutamyl cysteine ligase modulatory sub-unit (GCLm), glutathione
reductase (GR) and glucose-6-phosphate dehydrogenase (G6DPH) were measured and expressed in % control (with respect to the value
immediately after post-(—)Sch B exposure (i.e. time 0)). Values given are means * SD, with data obtained from triplicate samples in the
same experiment. *Significantly different from the respective value at time 0.
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Figure 4. Effects of ABT on (—)Sch B-induced MAPK and Nrf2 activation. Cells were pre- and co-treated with 1-aminobenzotriazole (ABT,

10 mM) prior to and during the incubation with (-)Sch B at 15 uM for 6 h. The extent of MAPK activation was assessed by the measurement

of the ratio of phospho-kinase level to total kinase level (A). Nuclear Nrf2 levels were measured (B). Values given are means * SD, with data
obtained from triplicate samples in the same experiment. *Significantly different from the DMSO control group; #significantly different from
the DMSO with the ABT group.
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Figure 5. Effects of MAPK inhibitors on (—)Sch B-induced Nrf2
activation. Cells were treated with (-)Sch B (15 uM) for 6 h without
or with specific inhibitor of ERK1/2 (U0126, 10 uM), p38 (SB203580,
10uM) or INK (SP600125, 10 uM). Nuclear Nrf2 levels were measured.
Values given are mean * SD, with data obtained from triplicate
samples in the same experiment. *Significantly different from the
DMSO control group; #significantly different from the DMSO with
the respective MAPK inhibitor group.

measured using an enzymatic method of Griffith [25].
For measurements of glutathione-related antioxidant
proteins, equal amounts of total cell lysates (50 Lg pro-
tein) were subjected to 10-15% SDS-PAGE, followed
by Western blotting using antibodies against each of
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Figure 6. Effects of MAPK inhibitors on (-)Sch B-induced
protection against apoptosis in AML12 cells. Cells were treated
with (-)Sch B without or with specific MAPK inhibitors for 6 h,
as described in Figure 5. Sixteen hours after drug exposure, cells
were subjected to 1 h of menadione (20 uM) challenge. The extent
of apoptotic cell death was measured by flow cytometry. Values
given are mean * SD, with data obtained from triplicate samples in
the same experiment. *Significantly different from the non-menadione
DMSO control group; Tsignificantly different from the non-menadione
DMSO group with the respective MAPK inhibitor; #significantly
different from the menadione DMSO control group; ¥significantly
different from the menadione DMSO control group with the respective
MAPK inhibitor.
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Figure 7. Effect of Nrf2 RNAi on (-)Sch B-induced protection
against apoptosis in AML12 cells. Cells were transfected with Nrf2
RNAI, as described in Materials and methods, and exposed to
(=)Sch B (15 uM) for 6 h. Sixteen hours after (—~)Sch B exposure,
cells were subjected to menadione challenge, as described in Figure 6.
Values given are means *= SD, with data obtained from triplicate
samples in the same experiment. *Significantly different from the
non-menadione DMSO control group; tsignificantly different from
the non-menadione DMSO control with Nrf2 RNAi; #significantly
different from the menadione DMSO group; *significantly different
from the menadione DMSO control with Nrf2 RNAi.

the various glutathione-related antioxidant proteins.
All antibodies were rabbit polyclonal antibodies,
which are specific for the modulatory sub-unit of
GCL (GCLm) (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA), for GR (1:500; Santa Cruz Biotech-
nology) and for glucose-6-phosphate dehydrogenase
(G6PDH) (1:500,Abcam, Cambridge, CA). Allimmuno-
stained bands were analysed by densitometry and the
amounts (arbitrary units) of various proteins were
normalized with reference to B-actin (1:1000 antibodies,
Cell Signaling Technology) levels (arbitrary units) in
the sample.

Preparation of nuclear extracts and Western blot
analysis of Nrf2

Cells were treated with (—)Sch B as described above.
Cells were harvested by trypsinization and the
nuclear fraction prepared as described in Cullinan
et al. [26]. The nuclear fractions were mixed with
six volumes of SDS buffer (1 M Tris-HCI, pH 6.8,
10% SDS, 30% glycerol, 6 mM DTT and 0.2 mM
bromophenol blue) and the nuclear protein con-
centrations were determined using a DC Protein
Assay kit. Equal amounts of nuclear proteins (40
ug) were subjected to 10% SDS-PAGE and
Western blot analysis using Nrf2 antibodies (1:500;
Santa Cruz Biotechnology) was performed as
described above. The amounts (arbitrary units) of
Nrf2 were normalized with reference to lamin Bl
(1:3000 antibodies, Abcam) levels (arbitrary units)
in the sample.
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Figure 8. Effects of (-)Sch B pre-treatment on menadione-induced changes in MAPK activation. Cells were treated with (—)Sch B
(15 pM) for 6 h and then incubated with culture medium for 16 h. Then, the cells were subjected to 1 h of menadione challenge.
Phosphorylation of ERK1/2, p38 and JNK were measured as described in Figure 2. Values given are means * SD, with data obtained
from triplicate samples in the same experiment. *Significantly different from the respective value at time 0.

Effect of a CYP450 inhibitor on MAPK and
Nrf2 activation

Cells were pre-incubated with 1-aminobenzotriazole
(ABT) (10 mM final concentration, 2 h) prior to the addi-
tion of 15 UM (—)Sch B. Cells were co-incubated with
ABT and (—)Sch B for 6 h and then lysed with 500 uLL
of ice-cold SDS-containing lysis buffer. For the study on
Nrf2 activation, cells were seeded (1 X 10 cells/100 mm
plate) and cultured for 48 h. Cells were pre-incubated
with ABT prior to (—)Sch B treatment and then co-
incubated with ABT and (—)Sch B for 6 h, followed
by fresh medium for 4 h. The cells were then harvested
and nuclear fractions were obtained as described above.
Equal amounts of nuclear proteins (40 (g) were sub-
jected to 10% or 12% SDS-PAGE and Western blot
analysis using Nrf2 antibodies or different MAPK
antibodies were performed.

Effect of MAPK inhibition on Nrf2 activation

The ERK inhibitor (U0126, 10 uM for 1 h, Cell Sig-
naling Technology), p38 inhibitor (SB203580, 10 uM
for 30 min, Sigma, St. Louis, MO) or JNK inhibitor
(SP600125, 10 uM for 30 min, Sigma) was added
prior to the addition of (—)Sch B to the AML12 cells.
Cells were then co-incubated with the respective
MAPK inhibitor and 15 uM (—)Sch B for 6 h, fol-
lowed by the addition of fresh medium for an addi-
tional 4 h. The nuclear fractions of the cells were
prepared and Nrf2 levels were analysed by Western
blot analysis as described above.

Effect of MAPK inhibition on cytoprotection
against apoprosis

Cells were treated with the respective MAPK inhibi-
tor prior to the addition of (—)Sch B in AML12 cells,

RIGHTS LI N K



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

490 P. K. Leong et al.

AlF

% Control
g

40

o 10 20 30 40 50 60 70

Incubation time with menadione (min)

Incubation time with menadione (DMSO) Incubation time with menadione ((-}Sch B)

Oemin  Smin  15min  30min  40min  60min Omin Smin  15min  30min  40min  60min

*q----d A — — — ——

— T )
- i —————

Figure 9. Effect of (-)Sch B pre-treatment on menadione-induced
change in AIF release in AMLI12 cells. Cells were treated with
(-)Sch B and then subjected to menadione challenge, as described
in Figure 8. Cytosolic apoptosis-inducing factor (AIF) levels were
measured. Values given are means = SD, with data obtained from
triplicate samples in the same experiment. *Significantly different
from the respective value at time 0.

as described above. Cells were then co-incubated with
MAPK inhibitor and 15 pM Sch B for 6 h, followed
by incubation with fresh medium for an additional
16 h. Immediately following the treatment, the cells
were challenged with menadione (20 uM, 0.2%
(v/v) ethanol final concentration in a FBS-free
medium for ERK and in a complete medium with
FBS for JNK and p38) for 1 h. The extent of apop-
totic cell death was measured by flow cytometry
(COULTER®EPICS®XLTM, Beckman Coulter,
Fullerton, CA) wusing Annexin V-FITC-Fluos
(Roche, Penzberg, Germany) using propidium
iodide (Sigma) for staining. Total apoptotic cell
death was calculated by summing the percentages
of cells in early apoptosis and late apoptosis.

Knockdown Nrf2 expression by siRNA

Transfection with Nrf2 siRNA was performed accord-
ing to the manufacturer’s instructions using the target
sequence of sense, 5-UUAAGUGGCCCAAGUC
UUGCUCCA-3; anti-sense, 5-UGGAGCAAGACU
UGGGCCACUUAAA-3 for Nrf2 siRNA (Invitrogen,
Eugene, OR). Cells were transfected with Nrf2 siRNA
(50 nmol/L) with Lipofectamin RNAIMAX transfec-
tion reagent (Invitrogen) according to the procedures
modified from Erfle et al. [27]. The transfection effi-
ciency of siRNA, as assessed by using BLCOK-iTTM
Fluorescent Oligo (Invitrogen), was found to be 95%.
The degree of Nrf2 knockdown 24 h after transfec-
tion was determined by Western blot analysis, using
an anti-Nrf2 antibody. Immuno-stained bands were
quantified as described above.
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Figure 10. Effect of ERK inhibition on Sch B-induced protection
against carbon tetrachloride hepatotoxicity in mouse liver in vivo.
Mice were intraperitoneally injected with U0126 (5 mg/kg) prior to
the oral administration of Sch B at 2 mmol/kg. Twenty-four hours
after the drug treatment, Sch B-pre-treated mice were orally admini-
strated with carbon tetrachloride (CCl,) (0.1 mlkg). Twenty-four hours
post-challenge, the extent of CCl,-induced injury was assessed by
plasma sorbital dehydrogenase (SDH) activity. Hepatic mitochondrial
GSH level was also measured. Values given are mean = SEM, with
n = 5."Significantly different from the non-CCl, control; #significantly
different from the CCIl, control.

Effect of Nrf2 knockdown on cytoprotection
against apoprosis

The Nrf2 siRNA transfected cells were then exposed to
15 UM (—)Sch B for 6 h, followed by incubation with fresh
medium for 16 h. The cells were then challenged with
menadione (20 uM) for 1 h and the extent of apoptosis
was estimated by flow cytometry, as described above.

Time course of MAPK activation upon
menadione-toxicity

The cells were pre-treated with (—)Sch B as described
above. The cells were then challenged with menadione
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(20 uM) for 1 h. Cells were lysed with 500 puL of SDS-
containing lysis buffer at the indicated time points.
Protein concentrations of the lysates were determined
and equal amounts of protein were subjected to 12%
SDS-PAGE and Western blot analysis was performed
for MAPK, as described above.

Time course of change in apoptosis inducing factor
(AIF) release upon menadione toxicity

Cells were treated with (—)Sch B and challenged with
menadione (20 uM) for 1 h, as described above. Then
cells were lysed with 500 uL. of SDS-containing lysis
buffer at the indicated time points. Equal amounts of
proteins (40 pg) were subjected to 10% SDS-PAGE and
Western blot analysis using anti-AIF (1:1000, Cell
Signaling Technology) antibodies was performed. The
amount of AIF released (arbitrary unit) was normal-
ized with reference to the B-actin level (arbitrary unit)
in the sample.

Effect of ERK inhibition on Sch B-induced protection
against CCl ~induced hepatotoxicity in vivo

Adult female Balb/c mice (8-10 weeks old, 20-25 g)
were maintained under a 12-h dark/light cycle at ~
22°C and allowed food and water ad Lbitum in the
Animal and Plant Care Facility at the Hong Kong
University of Science and Technology (HKUST). All
experimental protocols were approved by the Univer-
sity Committee on Research Practice at HKUST.

Animals were randomly divided into groups of five
animals. Mice were injected with ERK inhibitor (U0126,
5 mg/kg, i.p.) 1 h prior to the Sch B treatment. Sch B
(dissolved/suspended in olive oil) was intragastrically
administered at a single dose of 2 mmol/kg. ERK inhib-
itor or Sch B untreated animals were given the vehicle
only. For the CCl,-treated mice, 24 h after the Sch B
treatment, mice were orally administered with 0.1 mI/kg
CCl, (0.01%, v/v, in olive oil). Then, 24 h after CCl,
challenge (all animals survived), heparinized blood sam-
ples and liver tissue samples were obtained. The extent
of CCl,-induced oxidative injury was assessed by plasma
sorbital dehydrogenase (SDH) activity.

Hepatic tissue samples were rinsed with ice-cold
isotonic buffer (210 mM mannitol, 70 mM sucrose,
5 mM HEPES, 1 mM EGTA, pH 7.4).Tissue homo-
genates were prepared by homogenizing 0.8 g of minced
tissues in 8 mL ice-cold isotonic buffer. The homo-
genates were centrifuged at 600 X g for 20 min. After
collecting the supernatants, the pellets were resuspended
with the same volume of ice-cold isotonic buffer and
re-centrifuged at 600 X g again. The procedure was
repeated twice. The pooled supernatants were centri-
fuged at 8000 X g for 30 min and the mitochondrial
pellets were collected. The mitochondrial pellets were
resuspended in 0.5-1.0 mL of ice-cold isotonic buffer

and constituted the mitochondrial fractions. Mito-
chondrial GSH level was measured as previously
described [3].

Statistical analysis

Data were analysed by one-way Analysis of Variance.
Post-hoc multiple comparisons were performed using
Least Significant Difference test. P-values <0.05 were
regarded as a statistically significant difference.

Results
(—)Sch B-induced a time-dependent MAPK activation

Figure 2 shows that (—)Sch B treatment (15 pM)
caused time-dependent increases in the ratio of
phospho-kinase to total kinase level of ERK1/2 (A),
p38 (B) and JNK (C) in AML12 cells, implicating
the activation of MAPK. Maximum extents of acti-
vation for all MAPK were observed at 6 h post
(—=)Sch B treatment, with the degree of ERK1/2
phosphorylation (862 and 624%) being larger
than those of p38 (204%) and JNK (223%), when
compared with the time-matched vehicle (i.e.
DMSO) control.

(—)Sch B induced a time-dependent Nrf2 activation
and subsequent glurathione antioxidant response after
6-h drug trearment

Six-hour exposure to (—)Sch B caused a time-
dependent change in nuclear Nrf2 level, an indirect
measure of Nrf2 activation, in AML12 cells, with the
degree of stimulation being maximum (87%, com-
pared to the value obtained immediately after drug
exposure, i.e. time 0) at 4 h post-drug treatment
(Figure 3A). Then the Nrf2 level decreased beyond
the time O value at 12 h post-drug exposure and
slightly increased thereafter. The increase in nuclear
Nrf2 level was associated with simultaneous or later
induction of the expression of enzymes related to
glutathione redox cycling and synthesis, namely
G6DPH, GR and GCLm, with the maximum degree
of stimulation occurring at 4 h post-drug exposure for
G6PDH (51%), 8 h post-drug exposure for GCLm
(47%) and 12 h post-drug exposure for GR (47%)
(Figure 3B). While GCLm and G6DPH levels
declined from the peak to values beyond the time 0
levels at 18 h post-drug exposure, the decrease of GR
level from the peak returned to time 0 level at 18 h
post-drug exposure (Figure 3B). The 6-h drug treat-
ment with (—)Sch B caused a time-dependent increase
in cellular GSH level, with the extent of enhancement
being maximum (64%) at 16 h post-drug treatment
(Figure 3B).Then, their levels declined after reaching
the peak.
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(—)S8ch B did not induce the activation of MAPK and
Nrf2 in the presence of ABT

To define the role of CYP in (—)Sch B-induced signal
transduction, we examined the effects of ABT (a
broad-spectrum CYP inhibitor) on MAPK activation
and nuclear Nrf2 level in (—)Sch B-treated AML12
cells. As shown in Figure 4A, while ABT (pre- and
co-treatment) did not affect the phosphorylation of
ERK1/2 in DMSO-treated (control) AMLI12 cells,
(—=)Sch B co-treatment decreased the phosphoryla-
tion of ERK1/2 at 6 h after the drug treatment. While
ABT increased the phosphorylation of p38 and JNK
in control cells, the phosphorylation of p38 and JNK
were significantly suppressed by (—)Sch B co-
treatment in ABT-treated cells. Figure 4B also shows
that ABT increased the nuclear Nrf2 level in control
AML12 cells, but (—)Sch B co-treatment decreased
the nuclear Nrf2 level in ABT-treated cells at 4 h post-
drug exposure.

(—)Sch B did not induce Nrf2 activation under
ERK inhibition

Specific inhibitors of MAPK were used to investigate
the causal relationship between (—)Sch B-induced
MAPK activation and increase in nuclear Nrf2 levels
in AML12 cells. Figure 5 shows that ERK inhibition did
not cause any detectable changes in the nuclear Nrf2
level in AMLI12 cells, but (—)Sch B treatment
decreased the nuclear Nrf2 level in the presence of
ERK inhibition, with the level dropping below the
control value at 4 h post-drug exposure. While p38
and JNK inhibition significantly decreased the nuclear
Nrf2 level in control cells, (—)Sch B treatment induced
a slight but significant increase in the nuclear Nrf2
level under the condition of p38 or JNK inhibition.

(—)Sch B did not protect against apoptosis under
ERK inhibition

To further delineate the differential role of the three
MAPK in the cytoprotection afforded by (—)Sch B, we
investigated the effects of MAPK inhibitors on (—)Sch
B-induced protection against apoptosis in AML12 cells.
As shown in Figure 6, (—)Sch B treatment protected
against menadione-induced apoptosis in AMLI12
cells. ERK inhibition decreased the extent of apoptosis
in AML12 cells under menadione challenge, while
JNK inhibition increased the extent of apoptosis. The
inhibition of p38 did not affect the menadione-in-
duced apoptosis. In the presence of ERK inhibitor,
(—)Sch B treatment increased the extent of apopto-
sis under menadione-intoxication. However, under
the condition of p38/JNK inhibition, (—)Sch B treat-
ment still slightly but significantly decreased the
extent of apoptosis in menadione-intoxicated cells.

Nrf2 RNA: transfection largely inhibited the (—)Sch
B-induced protection against apoptosis

To define the critical role of Nrf2 in the cytoprotection
afforded by (—)Sch B, we examined the effect of Nrf2
RNAI transfection on (—)Sch B-induced protection
against apoptosis in AML12 cells. Figure 7 shows that
(—)Sch B treatment protected against menadione-in-
duced apoptosis in AMLI12 cells. Transfection of Nrf2
RNAI increased the extent of apoptosis in AML12
cells under control condition and (—)Sch B treatment
slightly increased the extent of apoptosis in Nrf2 RNAi-
transfected cells. In the menadione-intoxicated cells,
the extent of apoptosis was dramatically increased in
Nrf2 knockdown cells. (—)Sch B treatment protected
against the apoptosis, but to a much lesser extent than
that in non-Nrf2 RNAI transfected cells.

(—)Sch B pretreatment modulated the menadione-
induced changes in MAPK activation

To further investigate the role of MAPK in the cyto-
protection afforded by (—)Sch B against menadione-
induced apoptosis, we examined the effect of (—)Sch
B pre-treatment on menadione-induced MAPK acti-
vation in AML12 cells. As shown in Figure 8, mena-
dione caused a time-dependent activation of MAPK
AMIL12 cells, with the extent of stimulation of ERK1/2,
p38 or JNK being maximum at 5 min, 60 min or
30 min, respectively. (—)Sch B enhanced the mena-
dione-induced activation of ERK1/2, but suppressed
those of p38 and JNK.

(—)S8ch B pre-treatment suppressed the menadione-
induced increase in AIF release

We also investigated the effects of (—)Sch B pre-
treatment on menadione-induced change in AIF release
in AML12 cells. Figure 9 shows that menadione intox-
ication caused a time-dependent AIF release in
AMLI12 cells, with the extent of release being
maximum at 60 min post-treatment. (—)Sch B pre-
treatment significantly suppressed the menadione-
induced AIF release up to 60 min post-challenge.

ERK inhibition abrogated the Sch B-induced
hepatoprotection against CCl, toxicity in mice

To confirm the role of ERK activation in Sch B-
induced hepatoprotection against CCl, toxicity
mn vivo, we examined the effect of ERK inhibition on
CCl, hepatotoxicity and the associated change in
mitochondrial GSH level in the liver of Sch B-pre-treated
mice. Figure 10 shows that Sch B pre-treatment pro-
tected against CCl, hepatotoxicity, as evidenced by the
significant decrease in the extent of plasma SDH activity.
The hepatoprotection was associated with an increase
in hepatic mitochondrial GSH level in non-CCl,- or
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CCl,-treated mice. ERK inhibition did not affect the
hepatic SDH leakage or mitochondrial GSH level in
non-CCl,-treated mouse livers and the hepatic SDH
leakage or mitochondrial GSH level was not affected
by Sch B pre-treatment under the condition of ERK
inhibition. While the extent of CCl,-induced SDH
leakage was significantly reduced by ERK inhibition,
(—)Sch B pre-treatment did not produce any detect-
able change in the SDH leakage under the condition
of ERK inhibition. ERK inhibition did not produce
any detectable changes in mitochondrial GSH level
in livers isolated from CCl,-treated mice, but Sch B
pre-treatment slightly increased the mitochondrial
GSH level under the condition of ERK inhibition.

Discussion

Recent studies from our laboratory have shown that
the hepatoprotection against CCl, toxicity afforded
by Sch B is causally related to the pro-oxidant effect of
Sch B, presumably resulting from the CYP-catalysed
metabolism of Sch B [4,5]. Studies using AMLI12
hepatocytes showed that (—)Sch B treatment induced
the production of ROS in a CYP-dependent manner,
which was followed by the eliciting of a glutathione
antioxidant response [11]. In the present study, using
the same drug treatment protocol, (—)Sch B was
found to cause a time-dependent activation of MAPK.
It is unlikely that the biological action produced by
(—=)Sch B is dependent on DMSO (drug vehicle)
because a nanoemulsion of Sch B was also found to
produce cytoprotective action in cell-based assay sys-
tems (unpublished data). MAPK play an important
role in the regulation of cell survival and death [28,29].
Among the various MAPK signalling pathways, ERK
signalling is commonly involved in upregulating cel-
lular protective mechanism in response to xenobiotics
in cultured mammalian cells [30,31]. In this connec-
tion, (—)Sch B was found to cause a much larger
extent of activation of ERK as compared with that of
p38 or JNK in AMLI12 cells. Given the role of ROS
in activating the ERK signalling pathway [32,33], it
is likely that the ROS arising from CYP-catalysed
metabolism of (—)Sch B may also activate ERK. To
test this postulation, interventional experiments were
conducted to examine the role of CYP in (—)Sch
B-induced activation of MAPK and Nrf2. While the
activation of p38 and JNK as well as Nrf2 by ABT
might be related to its CYP-mediated pro-oxidant
activity, the ability of ABT to abrogate the (—)Sch
B-induced ERK and Nrf2 activation supports the
involvement of a CYP-catalysed reaction in the acti-
vation process. Nrf2, a redox sensitive transcription
factor, is responsible for EpRE-driven expression of
genes encoding the majority of antioxidant enzymes/
proteins and phase II drug metabolizing enzymes
[34]. It has been shown that Nrf2 is phosphorylated

by ERK1/2 or JNK under conditions of oxidative stress,
with a resultant nuclear translocation and the subse-
quent enhancement in the expression of antioxidant
genes [35,36]. Taken together, our findings therefore
suggest the involvement of a redox-sensitive MAPK/
Nrf2 signalling pathway in eliciting the (—)Sch B-
induced cellular glutathione antioxidant response and
the associated protection against oxidant-induced cell
apoptosis. This notion is supported by the finding that
the knockdown of Nrf2 expression by Nrf2 RNAI trans-
fection inhibited the cytoprotection against apoptosis in
(—)Sch B-treated cells. In an attempt to clearly delin-
eate the signal transduction pathway triggered by
(—)Sch B, specific MAPK inhibitors were used to con-
firm their role in cytoprotective effect. The results indi-
cated that ERK1/2 might be involved in the (—)Sch
B-induced Nrf2 activation. The observation that (—)Sch
B suppressed the basal Nrf2 activation in the presence
of U0126 might reflect a decrease in cellular oxidative
stress. The critical role of ERK1/2 was then supported
by the finding that the inhibition of ERK, but not of
p38 or JNK, completely abrogated the cytoprotection
afforded by (—)Sch B against menadione-induced
apoptosis in AML12 cells. The ability of U0126 to sup-
press the menadione-induced apoptosis might be due
to the activation of a protective response in the presence
of ERK inhibition in (—)Sch B-untreated cells.

The (—)Sch B-induced glutathione antioxidant
response is characterized by increases in the expres-
sion of GCLm, GR and G6DPH, as well as an elevation
of cellular GSH levels. Each component of glutathi-
one antioxidants contributes to the intracellular anti-
oxidant capacity, which maintains the cellular redox
status [37]. The biphasic or even triphasic responses
are likely related to the redox-sensitive feedback
mechanism, which can be fine-tuned in response to the
changes in cellular redox status caused by the pro-ox-
idant effect of (—)Sch B. While GCLm is responsible
for regulating the rate of de novo synthesis of GSH,
GR and G6DPH directly or indirectly control the
cellular glutathione redox cycling, and both processes
are critical for the recovery of GSH after oxidant
challenge [38]. The increased expression of these
enzymes is instrumental in rescuing cells from oxidant-
induced apoptosis, which can cause acute glutathione
depletion and the subsequent execution of apoptosis
[39]. A recent study has demonstrated that the cellular
capacity of GR-catalysed GSH recovery rather than
the GSH level is a determinant factor for cell survival
under conditions of oxidative stress [40].

Our results showed that menadione challenge dif-
ferentially activated all three MAPK. Presumably, ROS
generated during menadione intoxication activated the
MAPK, as was the case for CYP-catalysed reaction
with (—)Sch B in AML12 cells. (—)Sch B treatment
was found to potentiate menadione-induced ERK
activation, but both p38 and JNK activations were
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attenuated in (—)Sch B-pre-treated cells. While super-
oxide anions arising from the intracellular metabo-
lism of menadione were found to trigger the JNK
signalling pathway and the associated apoptosis, the
activation of ERK signalling cascade attenuated the
apoptosis [41]. Furthermore, a prolonged and robust
JNK activation has been shown to be apoptotic [39].
Nevertheless, the beneficial effect of (—)Sch B-
induced potentiation of ERK activation and suppres-
sion of JNK/p38 activation in menadione-intoxicated
cells was supported by a reduced AIF release during
the course of menadione challenge, with a resultant
inhibition of apoptotic cell death. It has been shown
that the release of AIF from mitochondria plays an
important role in caspase-independent programmed
cell death [42]. The determining role of ERK/Nrf2
signalling in the hepatoprotection afforded by Sch B
was confirmed by the finding that Sch B pre-
treatment did not confer a hepatoprotective effect
under the condition of ERK inhibition in mice and
this observation was correlated well with the suppres-
sion of the Sch B-induced glutathione antioxidant
response as assessed by mitochondrial GSH level.

In conclusion, several lines of evidence from our
studies indicate that (—)Sch B triggers a redox-sensi-
tive ERK/Nrf2 signalling, which then elicits a cellular
glutathione antioxidant response and protects against
menadione-induced apoptosis in AMIL12 hepatocytes.
The ERK-mediated signalling is also involved in the
Sch B-induced hepatoprotection against CCl, hepa-
totoxicity in mice.
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