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ABSTRACT

Tetrahydropapaveroline (THP), a dopaminergic isoquinoline neurotoxin, has been reported to contribute to
neurodegeneration in parkinsonism. As THP bears two catechol moieties, it undergoes autooxidation or en-
zymatic oxidation to produce reactive oxygen species (ROS), which may contribute to the THP-induced cell
death. Although ROS are cytotoxic, the initial accumulation of ROS may provoke a survival response. In this
study, treatment of PC12 cells with THP increased expression of heme oxygenase-1 (HO-1) as an adaptive
survival response. Furthermore, THP-induced cytotoxicity was attenuated by the HO-1 inducer (SnCl,) and
exacerbated by the HO-1 inhibitor (ZnPP). To elucidate the molecular mechanisms underlying THP-medi-
ated HO-1 expression, we examined the possible involvement of NF-E2-related factor 2 (Nrf2), which plays
an important role in the transcriptional regulation of detoxifying/antioxidant genes. THP treatment elevated
nuclear translocation of Nrf2 and subsequent binding to antioxidant response element (ARE). PC12 cells trans-
fected with dominant-negative Nrf2 exhibited increased cytotoxicity and decreased HO-1 expression after THP
treatment. Moreover, U0126 and L.Y294002, which are pharmacologic inhibitors of extracellular signal-reg-
ulated kinasel/2 and phosphoinositide 3-kinase, respectively, attenuated HO-1 expression as well as Nrf2-ARE
binding activity. Taken together, these findings suggest that HO-1 induction via Nrf2 activation may confer
a cellular adaptive response against THP-mediated cell death. Antioxid. Redox Signal. 9, 2075-2086.

INTRODUCTION

PARKINSON’S DISEASE is a common, slowly progressing neu-
rodegenerative disorder characterized by tremor, muscle
rigidity, and akinesia, which are attributed to the deficiency of
dopamine as the result of excitotoxicity and apoptosis of
nigrostriatal dopaminergic neurons (29). 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) is an exogenous neurotoxin
suspected to cause parkinsonism in humans and experimental
animals. The monoamine oxidase (MAO) converts MPTP to 1-
methyl-4-phenyl-pyridinium ion (MPP*), which selectively
damages the dopaminergic neurons (3). Therefore, MPTP has

been generally considered a potential causative factor of Parkin-
son disease (21). A group of naturally occurring neurotoxic
tetrahydroisoquinoline alkaloids, structurally related to MPTP,
have been detected in certain regions of mammalian brains
(37). Tetrahydropapaveroline, 6,7-dihydroxy-1-(3’,4’-dihydroxy-
benzyl)-1,2,3,4-tetrahydroisoquinoline (THP), is one such
dopaminergic isoquinoline neurotoxin. It has been considered
to be synthesized by a nonenzymatic Pictet—Spengler conden-
sation of dopamine with 3,4-dihydroxyphenylacetaldehyde
(dopaldehyde, a metabolite of dopamine) produced by MAO
(37). Ironically, THP has also been detected at relatively high
concentrations in the urine and brain of parkinsonian patients
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undergoing 3,4-dihydroxyphenylalanine (.-DOPA) therapy (4,
26, 37).

Recently, it was reported that THP treatment increases sub-
stantially the intracellular reactive oxygen species (ROS) gen-
eration, suggesting the involvement of oxidative stress in THP-
induced apoptosis (22, 43, 44, 45). Oxidative stress is a primary
pathogenic cause of nigral dopaminergic cell death in Parkin-
son disease. Our previous studies demonstrated that THP in-
duced apoptosis in PC12 (43) and C6 glioma (44) cells by gen-
erating ROS. Interestingly, THP-induced DNA damage and cell
death were augmented in the presence of metals, such as cop-
per and iron (20, 44). ROS can damage various biomolecules
including DNA, lipids and proteins, and they can alter gene-
transcription profiles by acting as important intracellular mes-
sengers that target transcription factors and upstream kinases.
In this context, it is interesting to note that ROS induce ex-
pression of diverse detoxifying/antioxidant enzymes through
the activation of signaling molecules. Among them, heme oxy-
genase-1 (HO-1) is a representative antioxidant defense enzyme
that catalyzes the cleavage of the heme to biliverdin, carbon
monoxide, and iron. The induction of HO-1 by a vast variety
of stimuli such as oxidative stress, heavy metals, UV irradia-
tion, and thiol-reactive substances, suggests that this antioxi-
dant enzyme plays a critical cytoprotective role. Thus, it has
been recognized that upregulation of HO-1 represents cellular
adaptation to stressful conditions (30, 35). NF-E2-related fac-
tor (Nrf2) has been recognized as a redox-sensitive transcrip-
tion factor that binds antioxidant response element (ARE) or
electrophile response element (EpRE), located in the promoter
regions of many detoxifying/antioxidant genes including
HO-1 (1, 24). Recently, it has been reported that the induction
of HO-1 through Nrf2 activation confers protection against ox-
idative stress (41). Moreover, a common function of ARE/EpRE
is to regulate the induction of those genes that encode proteins
involved in controlling the cellular redox status, catalyzing the
detoxification reactions and protecting cells against oxidative
damage (1, 24). In the present work, we investigated the role
of HO-1 upregulation via Nrf2 activation in adaptive survival
response to THP-induced oxidative stress in PC12 cells.

MATERIALS AND METHODS

Materials

THP, poly-p-lysine, MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide], hemin, SnCl, (stannous
chloride), N-acetyl-L-cysteine (NAC), and NADPH were pur-
chased from Sigma Chemical Company (St. Louis, MO). Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine
serum, horse serum, and F-12 and N-2 supplement were prod-
ucts of GIBCO (Invitrogen, Carlsbad, CA). Tetramethylrho-
damine ethyl ester perchlorate (TMRE) was obtained
from Molecular Probes (Invitrogen). The in sifu cell-death
detection kit was supplied by Roche Diagnostics GmbH
(Mannheim, Germany). [y-3>P]ATP was the product of NEN
Life Science (Boston, MA). Antibodies against Akt and phos-
pho-Akt were purchased from Cell Signaling Technology
(Beverly, MA). Antibodies against Nrf2, extracellular signal-
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regulated kinase 1/2 (ERK1/2) and phospho-ERK1/2 were
products of Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
An antibody against HO-1 was purchased from Stessgen
Biotechnologies Corp. (Victoria, BC, Canada). Secondary an-
tibodies were obtained from ZYMED (Invitrogen). Zinc-pro-
toporphyrin (ZnPP) was obtained from Alexis (Carlsbad, CA).
LY294002 and U0126 were purchased from Calbiochem (San
Diego, CA) and TOCRIS (Ellisville, MO), respectively. Dom-
inant-negative Nrf2 (DN-Nrf2) and the control pEF plasmids
were kindly provided by Dr. Jeffrey A. Johnson (University
of Wisconsin—Madison, Madison, WI).

Cell culture and treatment

PC12 cells (passage number ranging from 20 to 30) were cul-
tured in poly-D-lysine—coated plates at 37°C in a humidified
atmosphere of 10% CO,/90% air. Growth medium consisted of
85% DMEM supplemented with 10% heat-inactivated horse
serum, 5% fetal bovine serum, and 1% penicillin—strepto-
mycin—fungizone mixture (Cambrex, East Rutherford, NJ). The
medium was changed every other day, and cells were plated at
an appropriate density according to each experimental scale.
After 12-h incubation, cells were switched to serum-free N-
2—defined medium for treatment.

Measurement of cell viability

PC12 cells were plated at a density of 4 X 10% cells/300 ul
in 48-well plates, and the cell viability was determined by the
conventional MTT reduction assay. In this assay, viable cells
convert MTT to insoluble blue formazan crystals by the mito-
chondrial respiratory chain enzyme succinate dehydrogenase.
After incubation, cells were treated with the MTT solution (fi-
nal concentration, 1 mg/ml) for 2 h at 37°C. The dark blue for-
mazan crystals formed in intact cells were solubilized with di-
methylsulfoxide (DMSO), and absorbance at 570 nm was
measured with a microplate reader (TECAN GmbH, Salzburg,
Austria).

Transient transfection and preparation
of HO-1 siRNA

A day before transfection, cells were subcultured at a den-
sity of 1 X 10° cells/60-mm dish to maintain an ~60% con-
fluency. Transient transfections were performed using the N-
[1-(2,3-dioleolloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP) liposomal transfection reagents (Roche
Diagnostics GmbH) according to the instructions supplied by
the manufacturer. Diluted oligonucleotide (200 pmol in 50 ul
HEPES-buffered saline) and diluted DOTAP (30 ul in 100 ul
HEPES-buffered saline) were gently mixed and incubated for
15 min at 15-25°C. Cell-culture medium was replaced by fresh
N2 medium containing the DOTAP-oligonucleotide mixture.
After the 12-h transfection, cells were treated with THP. An
oligonucleotide sequence for HO-1 siRNA was selected to
knockdown HO-1 expression using the siRNA target-finder
software at www.invitrogen.com. The rat HO-1-specific siRNA
(5'-CCG UGG CAG UGG GAA UUU AUG CCA U-3') and
the nonspecific siRNA (5'-CCG ACG GUG AGG UUA UAU
CGU GCA U-3") were provided by Invitrogen.
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Terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling assay (TUNEL staining)

This assay was conducted by following the instructions for
the in situ apoptosis-detection kit. The technique relies on the
specific labeling of the 3'-OH end of DNA breaks with modi-
fied nucleotides by terminal deoxynucleotidyl transferase. PC12
cells were plated at a density of 1 X 10° cells/600 ul in cham-
ber slides and fixed for 30 min in 10% neutral buffered for-
malin solution at room temperature. Endogenous peroxidase
was blocked by incubation with 0.3% hydrogen peroxide in
methanol for 30 min at room temperature. The cells were per-
meabilized with 0.1% sodium citrate and 0.1% Triton X-100
for 2 min at 4°C. Thereafter, cells were stained with peroxi-
dase-conjugated anti-fluorescein anti-goat antibody (Fab frag-
ment) for an additional 30 min. Finally, cells were rinsed with
phosphate-buffered saline (PBS), mounted with 50% glycerol,
and examined under a confocal microscope (Leica Microsys-
tems Heidelberg GmbH, Heidelberg, Germany) with the fluo-
rescence excitation at 488 nm and emission at 525 nm. At least
four fields containing ~400 cells were analyzed, and one typ-
ical image from three independent experiments was shown.

Measurement of mitochondrial transmembrane
potential (AV,,)

To measure the mitochondrial transmembrane potential, the
lipophilic cationic probe TMRE was used. PC12 cells were
plated at a density of 1 X 103 cells/600 ul in four-well cham-
ber slides. After treatment with THP for 24 h at 37°C, cells
were washed twice with PBS and TMRE (150 nM) was loaded.
After 30-min incubation at 37°C, cells were examined under a
confocal microscope with the fluorescence excitation at 544 nm
and emission at 590 nm. At least four fields containing ~400
cells were analyzed, and one typical image from three inde-
pendent experiments was shown.

Immunocytochemistry for HO-1

To demonstrate the activated HO-1 localization, we
adopted the immunocytochemistry method that uses a mono-
clonal antibody recognizing HO-1. Cells (1 X 10° cells/600
wl in four-well chamber slides) were fixed in 10% neutral-
buffered formalin solution for 30 min at room temperature.
After a rinse with PBS, cells were blocked for 1 h at room
temperature in fresh blocking buffer (0.5% Tween 20 in PBS,
pH 7.4, containing 10% normal goat serum). Dilutions
(1:100) of primary anti-HO-1 antibody were made in PBS
with 1% bovine serum albumin, and cells were incubated
overnight at 4°C. After three washes with PBST (PBS con-
taining 0.1% Tween 20), the cells were incubated with FITC-
goat anti-rabbit IgG secondary antibody in PBST with 3%
bovine serum albumin for 1 h at room temperature. Cells were
rinsed with PBS, and stained cells were analyzed under a con-
focal microscope and photographed.

Western blot analysis

After treatment, cells were collected by scraping and cen-
trifugation (1,000 g for 5 min), and cell pellets were washed
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with PBS. After centrifugation, cell lysis was carried out at
4°C by vigorous vortexing for 15 min in RIPA buffer [150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCI (pH 7.4), 50 mM glycerophos-
phate, 20 mM EGTA, 20 mM NaF, 1 mM dithiothreitol (DTT),
1 mM NasPOy,, and protease inhibitor]. The cell lysates were
centrifuged at 14,000 g for 15 min. Supernatant was stored at
—70°C for Western blot analysis, and the protein concentra-
tion was determined by the BCA protein assay (Pierce, Rock-
ford, IL). After addition of sample loading buffer, protein sam-
ples were electrophoresed on a SDS—polyacrylamide gel.
Proteins were transferred to polyvinylidene difluoride (PVDF)
blots at 300 mA for 5 h. The blots were blocked for 1 h at
room temperature in fresh blocking buffer (PBST containing
5% nonfat dried milk). Dilutions (1:1,000) of primary anti-
bodies were made in PBS with 3% nonfat dried milk, and blots
were incubated overnight at 4°C. After three washes with
PBST, the blots were incubated with horseradish peroxi-
dase—conjugated secondary antibody in PBS with 3% nonfat
dried milk for 1 h. The blots were washed again 3 times in
PBST, and transferred proteins were incubated with ECL sub-
strate solution (Amersham Pharmacia Biotech, Piscataway,
NJ) for 1 min, according to the manufacturer’s instructions,
and visualized with an x-ray film.

Reverse transcription—-polymerase chain reaction

Total RNA was isolated from PC12 cells using TRIzol (In-
vitrogen) by following the manufacturer’s instructions. Reverse
transcription—polymerase chain reaction (RT-PCR) was per-
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FIG. 1. Kinetics of THP-induced HO-1 expression. PC12
cells were treated with 30 uM THP for indicated periods. West-
ern blot analysis (A) and RT-PCR (B) were conducted to mea-
sure the levels of HO-1 protein and its mRNA transcript, re-
spectively. Actin and GADPH, respectively, were measured for
the confirmation of equal amounts of protein and mRNA loaded.
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formed according to standard techniques. The PCR primers
used in this study were as follows: HO-1, 5'-ACT TTC AGA
AGG GTC AGG TGT CC-3’ (sense) and 5'-TTG AGC AGG
AAG GCG GTC TTA G -3’ (antisense); and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), 5'-AGT GTA GCC
CAG GAT GCC CTT-3’ (sense) and 5'-GCC AAG GTC ATC
CAT GAC AAC-3’ (antisense). The PCR conditions for deter-
mination of mRNA levels of HO-1 and GAPDH are as follows:
initiation at 95°C for 5 min followed by 28 cycles of 94°C for
30 sec, 58°C (annealing temperature of HO-1 and GAPDH) for
1 min, and 72°C for 1 min, and final extension at 72°C for
5 min. Amplification products were resolved by 1.0% agarose
gel electrophoresis, stained with ethidium bromide, and pho-
tographed under an ultraviolet light. All primers were purchased
from Bionics (Seoul, Korea).

Preparation of nuclear proteins

After treatment with THP, PC12 cells (1 X 107 cells/7 ml in
100-mm dish) were washed with PBS, centrifuged, and resus-
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pended in ice-cold isotonic buffer A [10 mM Hepes (pH 7.9),
1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT and 0.2 mM phenyl-
methylsulfonyl fluoride (PMSF)]. After 10-min incubation in
an ice bath, cells were centrifuged again and resuspended
in ice-cold buffer C [20 mM Hepes (pH 7.9), 20% glycerol,
420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT,
and 0.2 mM PMSF] followed by incubation at 0°C for 20 min.
After vortex mixing, the resulting suspension was centrifuged,
and the supernatant was stored at —70°C.

Electrophoretic mobility shift assay (EMSA) for
determining the ARE binding activity

A synthetic double-strand oligonucleotide containing the
ARE binding domain was labeled with [y-3>P]ATP using T4
polynucleotide kinase and separated from unincorporated [7y-
32P]ATP by gel filtration using a nick-spin column (Amersham
Pharmacia Biotech, Piscataway, NJ). The sequences of oligonu-
cleotides in double strands used in the present study were 5'-
TTT TCT GCT GAG TCA AGG TCC G-3' and 3'-AAA AGA
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FIG. 2. Effects of HO-1 in-
* ducer/inhibitor on THP-in-
duced apoptosis. (A) PCl12
cells were treated with 30 uM
THP and SnCl, (10 or 25 uM).
Cytotoxicity was assessed by the
MTT reduction assay at 24 h. (B)
PC12 cells were preincubated
with 0.2 uM ZnPP for 30 min,
followed by exposure to 30 uM
THP. Cytotoxicity was assessed
by the MTT reduction assay at 24
h. The values are expressed as
mean = SD (n = 3). *Signifi-
cantly different from THP alone
(» < 0.01). (C) THP-induced in-
ternucleosomal DNA fragmenta-
tion was determined by in situ
terminal  nick-end  labeling
(TUNEL): (a) control; (b) cells
exposed to 30 uM THP alone for
24 h; (c) cells treated with 30 uM
THP for 24 h after 30-min prein-
cubation with 0.2 uM ZnPP; (d)
cells exposed to 0.2 uM ZnPP
alone for 24 h. (D) Mitochondrial
depolarization was assessed by
changes in the TMRE fluores-
cence as described under Materi-
als and Methods: (a) control; (b)
cells exposed to 30 uM THP
alone for 24 h; (c) cells treated
with 30 uM THP for 24 h after
30-min preincubation with 0.2
uM ZnPP; (d) cells exposed to
0.2 wM ZnPP alone for 24 h.
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CGA CTC AGT TCC AGG C-5'". The oligonucleotide was syn-
thesized by Bionics (Seoul, Korea). Before addition of the
[y-3?P]-labeled oligonucleotide (100,000 cpm), 10 ug of the
nuclear extract was mixed in an ice bath for 15 min with gel-
shift binding buffer [20% glycerol, 5 mM MgCl,, 2.5 mM
EDTA, 2.5 mM DTT, 250 mM NaCl, and 50 mM Tris-HCI, pH
7.5 with 0.25 pg/ml poly(dI-dC)]. The DNA-protein complexes
were resolved by 6% nondenaturating polyacrylamide gel elec-
trophoresis at 145 V for 2 h followed by autoradiography.

Statistical analysis

All data from Western blot analysis, RT-PCR, and EMSA
were derived from at least three independent experiments. The
data from the MTT dye-reduction assay were expressed as
mean £ SD (n = 3), and statistical analysis for multiple com-
parisons was performed with one-way ANOVA followed by
the Student—Newman—Keuls test using SPSS software (SPSS
12.0KO for Windows). The criterion for statistical significance
was p < 0.05.

RESULTS

THP induced the expression of HO-1
in PC12 cells
As HO-1 is one of the major antioxidant defense enzymes

that are readily induced in response to oxidative stress, it has
been suggested that upregulation of HO-1 expression and in-
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creased HO activity play a key role in cytoprotection against
oxidative damage. PC12 cells were treated with 30 uM THP
for the indicated period, and the induction of HO-1 protein and
its mRNA transcript was examined by Western blot analysis
and RT-PCR, respectively. The elevated protein level of HO-1
was detected at 3 h after THP treatment, which steadily in-
creased up to 24 h (Fig. 1A). Consistent with this finding, the
expression of HO-1 mRNA was evident in 3 h after THP treat-
ment, which was sustained up to 24 h (Fig. 1B).

HO-1 inducer/inhibitor modulated
THP-induced apoptosis

In an attempt to determine whether the THP-induced HO-1
expression could confer cytoprotection against oxidative cell
death, we treated PC12 cells with an inducer or an inhibitor of
HO-1 in combination with THP. As shown in Fig. 2A, THP-
mediated cytotoxicity was attenuated in the presence of 10 uM
and 25 uM SnCl,. We verified the induction of HO-1 by SnCl,
at these concentrations (data not shown). SnCl, alone elicited
no apparent cytotoxicity. In contrast, the blockage of HO-1
activity by zinc protoporphyrin IX (ZnPP) exacerbated the cy-
totoxicity induced by THP (Fig. 2B). In another experiment,
PC12 cells treated with 30 uM THP underwent apoptosis, as
determined by positive TUNEL staining. In this analysis, the
intensely stained nuclei represent the terminal incorporation
of labeled dUTP into the 3’ end of fragmented DNA derived
from apoptotic nuclei. ZnPP pretreatment further increased the
proportion of TUNEL-positive cells (Fig. 2C). In addition to
the nuclear DNA fragmentation, mitochondrial dysfunction
often occurs during apoptosis as a general event. Mitochon-

A

FIG. 3. Enhancement of THP-induced THP 2 2 i *
apoptosis by siRNA knockdown of HO-1 nonspecific siRNA - = ¥ =
gene. (A) PC12 cells were transfected HO-1 siRNA » 3. - %

with nonspecific siRNA or HO-1 siRNA
using DOTAP transfection reagent. After
12-h transfection, cells were treated with 30
uM THP for an additional 9 h. The total
RNA samples were analyzed by RT-PCR
for the mRNA transcripts of HO-1. (B) Af-
ter transfection, cells were treated with 30
uM THP for an additional 24 h. THP-in-
duced apoptosis was assessed by TUNEL
staining: (a) control; (b) cells exposed to 30
wM THP alone for 24 h; (c) cells treated
with 30 uM THP for 24 h after transfection
with nonspecific siRNA; (d) cells treated
with 30 uM THP for 24 h after transfection
with HO-1 siRNA. (C) THP-induced dissi-
pation of mitochondrial transmembrane po-
tential was exacerbated by transfection with
HO-1 siRNA: (a) control; (b) cells exposed
to 30 uM THP alone for 24 h; (c) cells
treated with 30 uM THP for 24 h after
transfection with nonspecific siRNA; (d)
cells treated with 30 uM THP for 24 h af-
ter transfection with HO-1 siRNA.

HO-1 »
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dria undergo major changes in membrane integrity before clas-
sic signs of cell death become manifest. Abnormalities occur
in the inner as well as the outer mitochondrial membranes,
leading to the dissipation of the transmembrane potential and
permeability changes that finally release soluble intermem-
brane proteins. When PC12 cells were exposed to THP, the
mitochondrial transmembrane potential was reduced, as evi-
denced by the decrease in red fluorescence with a voltage-sen-
sitive dye, TMRE (Fig. 2D). THP-induced dissipation of trans-
membrane potential was significantly augmented by the
pretreatment with ZnPP.

Small interference RNA knockdown of the HO-1
gene exacerbated THP-treated PCI12 cell death

HO-1 siRNA constructs were used to investigate the effect
of HO-1 expression on THP-mediated cell death in PC12 cells.
First, we verified that HO-1 mRNA levels were reduced in the
PC12 cells harboring HO-1 siRNA (Fig. 3A). Transfection with
a nonspecific siRNA construct failed to block HO-1 expression
in PC12 cells. The PC12 cells transfected with HO-1 siRNA
increased the proportion of TUNEL-positive cells after THP
treatment (Fig. 3B) whereas the extent of apoptosis in nonspe-
cific siRNA-transfected PC12 cells was similar to that observed
in normal cells. Moreover, when PC12 cells transfected with
HO-1 siRNA were exposed to THP, the mitochondrial trans-
membrane potential was rapidly reduced, as shown by the de-
crease in TMRE dye (Fig. 30).

THP treatment increased the HO-1-specific
ARE-binding activity of Nrf2

Most of the genes encoding detoxifying/antioxidant enzymes
have an enhancer region named ARE. Recently, it has been re-
ported that Nrf2 is the major transcription factor that binds to
ARE and increases the ARE-driven expression of target genes
including HO-1. Therefore, we attempted to examine the nu-
clear translocation of Nrf2 in the THP-stimulated PC12 cells.
Nuclear extracts from PC12 cells were prepared after treatment
with THP for indicated periods. Protein from cell lysates was
analyzed with Western blot using an Nrf2-specific antibody. As
illustrated in Fig. 4A, the nuclear accumulation of Nrf2 in-
creased transiently after THP treatment. To clarify the role of
Nrf2 in the transcriptional activation of ARE of HO-I gene,
EMSA was performed using the [y-3?P]-labeled oligonucleo-
tide harboring the HO-1-specific ARE sequence. Treatment of
PC12 cells with THP led to increased Nrf2-ARE binding ac-
tivity (Fig. 4B).

Dominant-negative Nrf2 (DN-Nrf2) mutation
in the PCI2 cells aggravated the cytotoxicity
of THP

Further to elucidate the role of Nrf2 in cytoprotection against
THP-induced apoptosis, we used the dominant-negative mutant
form of the Nrf2 gene construct with truncated N-terminal (DN-
Nrf2). We verified the decreased Nrf2-ARE binding as well as
nuclear translocation of Nrf2 in DN-Nrf2—overexpressing cells
(data not shown). Because of knockout of the functional Nrf2
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FIG. 4. THP-induced activation of Nrf2. Nuclear extracts
from PC12 cells were prepared after treatment with 30 uM THP
for indicated periods. (A) Protein from cell lysates was ana-
lyzed with Western blot using an Nrf2-specific antibody. (B)
Nuclear extracts were incubated with [y-3?P]-labeled oligonu-
cleotides harboring an ARE consensus sequence. Nrf2-ARE
binding activity was assessed with EMSA, as described under
Materials and Methods.

gene, PC12 cells harboring DN-Nrf2 were expected to be more
susceptible to the THP-induced cytotoxicity. Thus, PC12 cells
transfected with DN-Nrf2 exhibited the reduced ARE-binding
activity of Nrf2, compared with the control cells transfected
with the blank vector (pEF) (Fig. 5A), and more susceptible to
THP-induced apoptosis, as revealed by the increased propor-
tion of TUNEL-positive apoptotic cells (Fig. 5B). Moreover,
the THP-induced mitochondrial transmembrane perturbation
was substantially augmented by functional inactivation of the
Nrf2 gene (Fig. 5C).

DN-Nrf2 mutation negated THP-induced HO-1
expression in PCI2 cells

To determine whether THP-stimulated Nrf2 activation is in-
dispensable for HO-1 induction, a DN-Nrf2 gene was used.
The PC12 cells transfected with DN-Nrf2 failed to induce the
HO-1 expression after THP treatment (Fig. 6A). We also com-
pared the expression of HO-1 by the immunocytochemical
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A

FIG. 5. Effects of dominant-
negative mutant Nrf2 on THP-
induced cell death. PC12 cells
were transfected with pEF (blank
vector) or Nrf2 dominant-nega-
tive plasmid (DN-Nrf2) using
DOTAP transfection reagent. Af-
ter 12-h transfection, cells were
treated with 30 uM THP for an
additional 3 h. (A) Nrf2-ARE
binding activity was assessed by

EMSA. (B) THP-induced inter- B
nucleosomal DNA fragmentation
was determined by TUNEL stain-
ing: (a) control; (b) cells exposed
to 30 uM THP alone for 24 h; (c)
cells treated with 30 uM THP for
24 h after transfection with pEF;
(d) cells treated with 30 uM THP
for 24 h after transfection with
DN-Nrf2. (C) Mitochondrial de-
polarization was assessed by
changes in the TMRE fluores-
cence: (a) control; (b) cells ex-
posed to 30 uM THP alone for
24 h; (c) cells treated with 30 uM
THP for 24 h after transfection
with pEF; (d) cells treated with
30 uM THP for 24 h after trans-
fection with DN-Nrf2.

FIG. 6. Effects of dominant-negative mu-
tant Nrf2 on THP-induced HO-1 expres-
sion. Cells were transfected with pEF
(blank vector) or dominant-negative mutant
Nrf2 (DN-Nrf2) construct using DOTAP
transfection reagent. After 12-h transfection,
cells were treated with 30 uM THP for an
additional 9 h. (A) Protein from cell lysates
was analyzed with Western blot using HO-
1—specific antibody. (B) Immunocytochemi-
cal analysis of HO-1 expression in PC12 cells
after treatment with 30 uM THP for 9 h, as
described under Materials and Methods: (a)
control; (b) cells exposed to 30 uM THP
alone for 9 h; (c) cells treated with 30 uM
THP for 9 h after transfection with pEF; (d)
cells treated with 30 uM THP for 9 h after
transfection with DN-Nrf2.
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method with a monoclonal antibody recognizing this enzyme
(Fig. 6B). Again PC12 cells harboring DN-Nrf2 accumulated
lower levels of HO-1 than did those cells with functionally
active Nrf2. Taken together, these findings support that the
upregulation of HO-1 induced by THP is mediated through
the Nrf2 activation.

The pharmacologic inhibitors of MEK1/2 and
PI3K blocked THP-induced Nrf2-ARE binding
and HO-1 expression

To elucidate the molecular mechanisms underlying THP-me-
diated HO-1 induction via Nrf2 activation, we examined the pos-
sible involvement of ERK1/2 and Akt/protein kinase B (PKB) us-
ing their pharmacologic inhibitors. In our previous study, we
reported that the phosphorylation of ERK1/2 and Akt/PKB oc-
curred relatively early after THP treatment (43). In this study,
THP-mediated induction of ARE-binding activity of Nrf2 was at-
tenuated by 25 uM UO0126 (the inhibitor of MEK1/2, upstream
of ERK1/2), as well as by the same concentration of LY294002
(the inhibitor of PI3K, upstream of Akt/PKB) (Fig. 7A and B). In
addition, pretreatment with these inhibitors effectively suppressed
the THP-induced HO-1 expression (Fig. 7C and D). These results
suggest that the THP-induced Nrf2 activation and subsequent HO-
1 expression are likely to be mediated through activation of
ERK1/2 and Akt/PKB signaling pathways.

N-Acetylcysteine (NAC) treatment suppressed
THP-induced HO-1 expression and Nrf2-ARE
binding activity

To determine whether ROS are involved in HO-1 expression
as well as Nrf2 activation in THP-treated PC12 cells, we used
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the ROS scavenger, NAC. The elevated Nrf2-ARE binding ac-
tivity resulting from THP treatment was abolished when NAC
was added to the medium (Fig. 8A), indicative of the possible
involvement of ROS in Nrf2 activation. In a subsequent ex-
periment, we also verified the inhibition of THP-induced HO-
1 expression in the presence of NAC (Fig. 8B).

DISCUSSION

THP is an endogenous 1-benzyltetrahydroisoquinoline de-
tected in some human tissues. This compound has been sus-
pected to be responsible for the degeneration of dopaminer-
gic neurons implicated in Parkinson disease and alcohol
addiction (10, 28, 37). The concentrations of THP in the brains
of parkinsonian patients were 0.12-0.22 pmol/g wet tissue
(38). The plasma levels of THP in L-DOPA-treated parkin-
sonian patients were elevated to 0.11-0.34 nM (22). For some
in vitro and in vivo experiments, 5—100 wM and 0.1-10 mg/kg
(i.p.) of THP were used, respectively (5, 11, 20, 22). THP
bears two catechol moieties attached to the tetrahydroiso-
quinoline backbone (Fig. 9). This catechol can undergo redox
cycling, producing large quantities of superoxide anion,
which, in turn, can be transformed into hydrogen peroxide by
superoxide dismutase (11, 17, 22). In addition to ROS, cate-
chols, after conversion to reactive quinoids, can directly mod-
ify the critical thiol residues in structural proteins and enzymes
via nucleophilic addition, which has been suggested as a prin-
cipal mechanism responsible for the cytotoxicity elicited by
THP (11, 27, 46). High levels of ROS can cause the oxida-
tive stress implicated in many human diseases, including neu-
rodegenerative disorders, cancer, diabetes mellitus, ischemia,
and failures in immunity and endocrine functions (14). Nev-
ertheless, moderate amounts of ROS may mediate the intra-
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FIG. 7. Effects of pharmacologic inhibi-
tors of MEK1/2 and PI3K on THP-in-
ARE - . ARFE - . duced Nrf2 activation and HO-1 expres-
’ i 4 - sion. (A, B) Effects of U0126 (25 uM)
and LY294002 (25 wM) on THP-mediated
Nrf2-ARE binding activity. Nuclear ex-
tracts were incubated with [y-32P]-labeled
C D oligonucleotides harboring the ARE con-
sensus sequence and subjected to EMSA.
THP - + + _ THP - = + - (C, D) Effects of U0126 and LY294002 on
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FIG. 8. Effect of NAC on THP-induced Nrf2-ARE binding
activity and HO-1 expression. (A) PCI12 cells were treated
with 30 uM THP and 0.5 mM NAC for 3 h. Nuclear extracts
were incubated with [y-32P]-labeled oligonucleotides harboring
the ARE consensus sequence. (B) PC12 cells were treated with
30 uM THP and 0.5 mM NAC for 9 h and analyzed with West-
ern blot using an HO-1-specific antibody.

cellular signal transduction, leading to transcriptional activa-
tion of the appropriate genes (12, 20). In agreement with this
notion, our present study demonstrates that alterations in the
cellular redox status induced by THP-generated ROS imme-
diately turn on the cellular signaling cascades in such a way
that they activate Nrf2 to rescue the PC12 cells from subse-
quent oxidative stress. This can be achieved by upregulation
of the early-response genes encoding antiapoptotic or antiox-
idative proteins or both and enzymes including HO-1.
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FIG. 9. A proposed scheme for re-
dox cycling of THP, which leads
to oxidative cell death via intra-

cellular accumulation of ROS.
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Nrf2, a member of the Cap‘n’Collar family of basic leucine
transcription factors, has been found to interact with the 5'-
flanking regions of the mouse and human HO-1 genes (24).
Nrf2 forms an inactive complex with Keapl in the cytoplasm
(24). However, the activated Nrf2 is dissociated from Keapl,
translocates to the nucleus, heterodimerizes with small Maf, and
binds to ARE, eventually resulting in transcriptional regulation
of target genes, such as glutamate cysteine ligase, glutathione
(GSH) S-transferase, NAD(P)H:quinone oxidoreductase 1, and
HO-1 (1, 24, 48). Because of the lack of such coordinated stress
response, Nrf2 knockout (Nrf2™/~) mice are prone to toxicity
caused by butylated hydroxytoluene (6) or hyperoxia (8) and
also to carcinogenesis induced by benzo[a]pyrene (32). There-
fore, Nrf2 contributes to cellular protection against oxidative
insults and chemical carcinogenesis via transcriptional upregu-
lation of genes encoding antioxidant/detoxifying enzymes. In
the present study, Nrf2 was found to be transiently activated in
PC12 cells treated with THP. The translocation of Nrf2 into the
nucleus after THP treatment was accompanied by an increased
ARE binding of this transcription factor.

HO-1, also known as heat-shock protein 32 (HSP32), cat-
alyzes the heme degradation, releasing biliverdin/bilirubin, car-
bon monoxide, and iron (35). However, the biologic signifi-
cance of HO-1 induction, especially in neuronal cells, has been
in debate. Schipper et al. (42) suggested that HO-1 overex-
pression contributes to iron deposition and mitochondrial
damage observed in some aging-related neurodegenerative
disorders. Conversely, it has been reported that neurons over-
expressing HO-1 survive oxidative stress (7). Satoh et al. (39)
also reported that HO-l-catalyzed production of biliverdin
and bilirubin resulted in the inhibition of neuronal death in-
duced by oxidative stress, because biliverdin and bilirubin as
well as carbon monoxide possess substantial antioxidant prop-
erties. Our present study clearly demonstrates the critical role
of HO-1 in adaptive cytoprotective response to THP-induced
apoptosis.

The molecular mechanisms of HO-1 induction are not fully
clarified, but it has been reported that the activated Nrf2 can
induce HO-1 expression. Rushworth er al. (34) reported that
lipopolysaccharide-induced HO-1 expression is mediated via
the activation of Nrf2 in human monocytic cells. In addition,
dominant-negative mutation of Nrf2 decreased the HO-1 mRNA
level in response to heme, cadmium, zinc, arsenite, and tert-butyl-
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Oxidative stress induced by THP
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FIG. 10. A proposed pathway for THP-in-
duced Nrf2 activation and HO-1 induction,
which confers cytoprotection against oxida-
tive stress on PC12 cells.

hydroquinone (1). In our study, HO-1 expression was induced
through the activation of Nrf2 after THP treatment. However, the
PC12 cells transfected with DN-Nrf2 failed to induce the HO-1
expression after THP treatment. Although Nrf2-ARE binding is
essential for HO-1 induction, the expression of HO-1 is also reg-
ulated through the functional heat-shock elements. In rats, hy-
pothermia-elevated HO-1 mRNA transcription was accompanied
by an increased binding of nuclear factors to the heat-shock ele-
ment in the promoter region of HO-1 (33). Therefore, we cannot
rule out the possible involvement of heat-shock elements in the
THP-mediated transcriptional activation of HO-1.

In this work, we note that THP-induced Nrf2 activation in
PC12 cells is mediated through ERK1/2 or Akt/PKB phospho-
rylation, which may represent another plausible mechanism. Al-
though Nrf2 can be phosphorylated by members of the protein
kinase C (PKC) family, other upstream kinases may also be re-
sponsible for directly phosphorylating Nrf2. PKC was shown
to stimulate dissociation of Nrf2 from Keapl and subsequent
nuclear accumulation (15). However, phosphorylation of Nrf2
at Ser and Thr residues by other kinases such as PI3K, c-Jun
NH2-terminal kinase (JNK), and ERK1/2 is assumed likewise
to mediate the release of Nrf2 from Keapl and nuclear translo-
cation (24). ERK1/2, in particular, plays an important role in
both growth-factor and stress signaling (16). The ERK1/2 path-
way, in general, is responsive to environmental stress, and its
activation is considered to be crucial in cell survival or adap-
tation. ERK1/2 activation induces the phosphorylation of down-
stream cytosolic and nuclear factors that control a wide variety
of intracellular signaling processes (47). Another kinase,
Akt/PKB, is a serine/threonine protein kinase that mediates cell-

survival signals from growth factors and cytokines (13).
Akt/PKB is fully activated by phosphorylation at Thr 308 and
Ser 473 in response to a vast variety of extracellular signals. In
response to oxidative stress, the activation of signaling cascades
mediated by PI3K results in depolymerization of actin micro-
filaments, thereby facilitating Nrf2 translocation to the nucleus
(19). The PI3K cascade has also been implicated in the regu-
lation of ARE-dependent genes in H41I rat hepatoma cells (18),
as well as in IMR-32 human neuroblastoma cells (23). The role
of PI3K in upregulation of HO-1 in response to diverse stim-
uli has been well documented (9, 25, 31, 36). Our previous stud-
ies also demonstrated that the robust phosphorylation of
ERK1/2 and Akt/PKB occurred after THP treatment (43). In
this study, THP-stimulated Nrf2-ARE binding activity was at-
tenuated by the pharmacologic inhibition of the aforementioned
kinases. Similarly, THP-induced HO-1 expression was sup-
pressed by the same treatment. Therefore, we suggest that THP-
induced HO-1 expression and Nrf2 activation are likely to be
mediated through activation of ERK1/2 and Akt/PKB.
Besides phosphorylation of Nrf2 by upstream kinases, such as
ERK1/2 and PI3K, which facilitates the nuclear translocation of
Nrf2 oxidation and covalent modification of cysteine thiols pres-
ent in its negative regulator. Keapl represent another important
mechanism responsible for activation of Nrf2, as such processes
diminish affinity of Keapl for Nrf2. One or both catechol moi-
eties of THP can undergo oxidation via semiquinone to produce
reactive quinoids that can also be reduced back to the parent mol-
ecule. During such redox cycling, ROS can also be generated. Our
previous studies revealed the increased accumulation of ROS in
THP-treated PC12 cells (43). Whereas ROS can oxidize critical
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cysteine residues of Keapl, the reactive quinoid form(s) of THP
may covalent modify the same residues. The THP-elevated Nrf2-
ARE binding activity and the induction of HO-1 were effectively
suppressed by the antioxidant NAC, lending support to the in-
volvement of ROS in activation of Nrf2 signaling. However, NAC
has a dual function in acting as an antioxidant. Although it can
scavenge ROS by itself, the molecule can indirectly potentiate the
cellular antioxidant capacity through de novo synthesis of GSH.
Addition of NAC to the medium does lead to a concentration-de-
pendent increase in the intracellular GSH levels in PC12 cells
(40). As GSH can react with the electrophilic quinoids and NAC,
as a precursor of GSH biosynthesis, blocked THP-induced Nrf2-
ARE binding, it is plausible that covalent modification, as well as
oxidation of cysteine thiol(s) in Keapl, contributes to Nrf2 acti-
vation in PC12 cells treated with THP. As mentioned earlier, THP-
induced Nrf2 activation is under the control of ERK1/2 and PI3K
Therefore, ROS derived from redox cycling of THP may activate
one or both of these upstream kinases, thereby indirectly activat-
ing Nrf2, and additional work is needed to clarify this alternative
mechanism.

In summary, THP produces ROS via redox cycling, which
can induce the upregulation of HO-1 expression through acti-
vation of Nrf2, conferring adaptive survival response to THP-
induced oxidative PC12 cell death. ERK1/2 and PI3K appear
to play central roles in the Nrf2-mediated upregulation of
HO-1 expression in THP-treated PC12 cells. Pharmacologic in-
hibitors of ERK1/2 or PI3K suppressed Nrf2 activation and sub-
sequent HO-1 expression, suggesting the potential role of these
kinases in HO-1 upregulation as well as Nrf2 activation (Fig.
10). However, the complete molecular mechanism that coordi-
nates all these events must be clarified.
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ABBREVIATIONS

ARE, antioxidant response element; EpRE, electrophile re-
sponse element; ERK1/2, extracellular signal-regulated kinase
1/2; GCL, y-glutamylcysteine ligase; GSH, glutathione; GST,
glutathione S-transferase; HO-1, heme oxygenase-1; MAO,
monoamine oxidase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine; MPP™, 1-methyl-4-phenylpyridinium ion; Nrf2,
NF-E2-related factor 2; NQOI1, NAD(P)H/quinine oxidore-
ductase 1; PKB, protein kinase B; PKC, protein kinase C; ROS,
reactive oxygen species; THP, tetrahydropapaveroline.
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