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ABSTRACT
Parkinson’s disease (PD) is a progressive neurodegenerative
disorder with a selective loss of dopaminergic neurons in the
substantia nigra. Evidence suggests oxidation of dopamine
(DA) to DA quinone and consequent oxidative stress as a major
factor contributing to this vulnerability. We have previously
observed that exposure to or induction of NAD(P)H:quinone
reductase (QR1), the enzyme that catalyzes the reduction of
quinone, effectively protects DA cells. Sulforaphane (SF) is a
drug identified as a potent inducer of QR1 in various non-
neuronal cells. In the present study, we show that SF protects
against compounds known to induce DA quinone production
(6-hydroxydopamine and tetrahydrobiopterin) in DAergic cell
lines CATH.a and SK-N-BE(2)C as well as in mesencephalic

DAergic neurons. SF leads to attenuation of the increase in
protein-bound quinone in tetrahydrobiopterin-treated cells, but
this does not occur in cells that have been depleted of DA,
suggesting involvement of DA quinone. SF pretreatment pre-
vents membrane damage, DNA fragmentation, and accumula-
tion of reactive oxygen species. SF causes increases in mRNA
levels and enzymatic activity of QR1 in a dose-dependent
manner. Taken together, these results indicate that SF causes
induction of QR1 gene expression, removal of intracellular DA
quinone, and protection against toxicity in DAergic cells. Thus,
this major isothiocyanate found in cruciferous vegetables may
serve as a potential candidate for development of treatment
and/or prevention of PD.

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder associated with a selective loss of the neurons
containing dopamine (DA) in the substantia nigra pars com-
pacta. Among the proposed underlying causes of DAergic
neurodegeneration, oxidative stress is believed to play an
important role. Lines of evidence suggest oxidation of DA and
consequent quinone modification and oxidative stress as a
major factor contributing to the vulnerability of DA cells
(Hastings and Zigmond, 1997; Asanuma et al., 2003; Choi et
al., 2003a). DA is easily oxidized spontaneously (Hastings
and Zigmond, 1997) or enzymatically (Maker et al., 1981) to
produce DA quinones. The DA quinone species are capable of

covalently modifying cellular nucleophiles, including low mo-
lecular weight sulfhydryls and protein cysteinyl residues
(Graham, 1978). In addition, when in excess, DA quinone
cyclizes to become the highly reactive aminochrome, whose
redox-cycling leads to generation of superoxide and depletion
of cellular NADPH. The detrimental role of DA quinones
suggests a requirement for effective mechanisms to remove
the cellular quinones.

NAD(P)H:quinone reductase (QR1) [DT-diaphorase;
NAD(P):H-(quinone acceptor)oxidoreductase; EC 1.6.5.2] is
an enzyme that catalyzes two-electron reduction of quinone
to the redox-stable hydroquinone (Joseph et al., 2000; Cave-
lier and Amzel, 2001) and therefore might effectively protect
DA cells from quinone-induced damages. A safe and effective
inducer of QR1 would be a good candidate with which to
protect DAergic neurons. Sulforaphane (4-methylsulfinylbu-
tyl isothiocyanate; SF) is a drug derived from the correspond-
ing glucosinolate found in broccoli and has been identified as
a potent inducer of QR1 in various non-neuronal cells (Mis-

This work was supported by the Brain Research Center of the 21st Century
Frontier Research Program (M103KV010011-06K2201-01110), the Korea Re-
search Foundation (KRF-2006-J00800), and the Korea Health 21 R&D Project
(A05-0242-A21018-06A2–00010A), Republic of Korea (to O.H).

J.M.H. and Y.J.L. contributed equally to this work.
Article, publication date, and citation information can be found at

http://jpet.aspetjournals.org.
doi:10.1124/jpet.106.110866.

ABBREVIATIONS: PD, Parkinson’s disease; DA, dopamine; QR1, NAD(P)H:quinone reductase; SF, sulforaphane, 4-methylsulfinylbutyl isothio-
cyanate; BH4, tetrahydrobiopterin; 6-OHDA, 6-hydroxydopamine; FBS, fetal bovine serum; MPP�, N-methyl-4-phenylpyridinium; AMPT, �-meth-
yl-p-tyrosine, DCPIP, 2,6-dichlorophenolindophenol; DCFH-DA, dichlorodihydrofluorescein diacetate; NBT, nitroblue tetrazolium; TH, tyrosine
hydroxylase; MAP-2, microtubule-associated protein 2; PBS; phosphate-buffered saline; LDH, lactate dehydrogenase; ROS, reactive oxygen
species; RT, reverse transcription; PCR, polymerase chain reaction.

0022-3565/07/3211-249–256$20.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS Vol. 321, No. 1
Copyright © 2007 by The American Society for Pharmacology and Experimental Therapeutics 110866/3194696
JPET 321:249–256, 2007 Printed in U.S.A.

249

 at A
SPE

T
 Journals on O

ctober 22, 2014
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


iewicz et al., 2004; Zhu et al., 2004; Hwang and Jeffery,
2005). More recently, SF treatment has been reported to
protect cortical neurons in mixed primary culture (Kraft et
al., 2004) and retinal pigment epithelial cells against pho-
tooxidative damage (Gao and Talalay, 2004).

We have reported previously that the particular vulnera-
bility of DAergic neurons is exacerbated by the presence of
tetrahydrobiopterin (BH4), which is an obligatory cofactor for
DA synthesis. This is based on findings that BH4 is selec-
tively cytotoxic to various DA-producing cell lines (Choi et al.,
2000) and mesencephalic primary cultured neurons (Lee et
al., 2007) and leads to degeneration of the nigrostriatal DAer-
gic system when it is directly injected (Kim et al., 2003, 2004)
or stimulated to increase (Kim et al., 2005) in vivo. Evidence
suggests that the BH4-induced DAergic death involves gen-
eration of quinone products and oxidative stress (Choi et al.,
2000, 2003a, 2004). 6-Hydroxydopamine (6-OHDA) is an-
other compound that has been shown to preferentially exert
cytotoxicity to DAergic cells by generation of oxidative stress
and quinone products (Izumi et al., 2005). By using a DA cell
death model with these compounds, in the present study we
tested whether SF might lead to removal of cellular quinone
products and protection of DA cells.

Materials and Methods
Materials. CATH.a cells were donated by Tufts University Med-

ical School (Boston, MA) and SK-N-BE(2)C cells were purchased
from the American Type Culture Collection (Manassas, VA). All
culture media, fetal bovine serum (FBS), horse serum, L-glutamine,
trypsin/EDTA, and penicillin-streptomycin were from Invitrogen
(Carlsbad, CA). BH4, SF, N-methyl-4-phenylpyridinium (MPP�),
�-methyl-p-tyrosine (AMPT), thiobarbituric acid, 2,6-dichloropheno-
lindophenol (DCPIP), dicoumarol, propidium iodide, dichlorodihy-
drofluorescein diacetate (DCFH-DA), poly-L-lysine, bupropion, par-
gyline, and nitroblue tetrazolium (NBT) were purchased from
Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal antibody against
tyrosine hydroxylase (TH) (Protos, New York, NY) and MAP-2
(Sigma Chemical) and biotinylated anti-rabbit IgG (Vector Labora-
tories, Burlingame, CA) were used. The ABC Vecstatin kit was from
Vector Laboratories (Burlingame, CA). Laminin, TRIzol reagent, and
the Superscript III kit were purchased from Invitrogen, and [3H]DA
was from GE Healthcare (Piscataway, NJ). All other chemicals were
reagent grade and were from Sigma Chemical or Merck (Rahway,
NJ).

Cell Cultures. CATH.a cells were grown in RPMI 1640 supple-
mented with 8% horse serum and 4% FBS, and SK-N-BE(2)C cells
were cultured in Dulbecco’s modified Eagle medium supplemented
with 10% FBS. Cells were grown as monolayers in the presence of
100 IU/l penicillin and 10 �g/ml streptomycin at 37°C in 95% air and
5% CO2 in a humidified atmosphere. For primary culture of mesen-
cephalic neurons, all procedures were performed in compliance with
the guidelines set forth by the Laboratory Animal Manual of the
University of Ulsan Asan Institute for Life Sciences. Pregnant
Sprague-Dawley rats were obtained from Orient Charles River Tech-
nology (Seoul, Korea). The ventral mesencephalon was removed from
14-day gestation embryo and incubated with 0.01% trypsin in Hanks’
balanced salt solution for 15 min at 37°C. After trituration, 3 � 105

cells were plated on each polystyrene cover slide that had been
precoated with 100 �g/ml poly-L-lysine and 4 �g/ml laminin and
placed in a 24-well culture plate. The cells were maintained at 37°C
in a humidified atmosphere with 5% CO2 in neurobasal medium
supplemented with B-27, 2 mM glutamine, 100 IU/l penicillin, and
10 �g/ml streptomycin. At 5 or 6 days in vitro, the neurons were fed
with fresh medium and treated. BH4, 6-OHDA, MPP�, AMPT, and

SF were dissolved in distilled H2O immediately before use and added
to the culture at appropriate time points.

Immunocytochemistry. Primary mesencephalic neurons were
fixed in cold 4% paraformaldehyde in 0.1 M PBS, pH 7.4, for 30 min
at room temperature. After washing twice in PBS, the cells were
incubated for 1 h in blocking solution (5% FBS and 0.3% Triton X-100
in 0.1 M PBS). The cells were then incubated overnight with TH
antibody (1:5000) in 0.1 M PBS containing 5% FBS and 0.2% Triton
X-100 at 4°C and washed twice in PBS. The samples were incubated
with secondary antibody (1:200) and subjected to staining according
to the method described for the ABC Vecstatin kit.

Measurement of TH Immunoreactive Processes. To measure
the process length of DAergic neurons, the mesencephalic neurons
immunostained against TH were measured as reported previously
(Lee et al., 2007). The length of the longest process of each TH-
positive neuron was measured both manually and by the computer
program (Mousotron 3.8.3; Blacksun Software, Turnhout, Belgium).
On average, 20 measurements were made for each condition.

Lactate Dehydrogenase Assay. Degrees of cell death were as-
sessed by activity of LDH released into the culture medium using the
method described previously (Hwang et al., 2001). SK-N-BE(2)C and
CATH.a cells cultured at densities of 1 � 105 and 2 � 105 cells per
24-well culture plate, respectively, were used. Aliquots (50 �l) of cell
culture medium were incubated with 0.26 mM NADH, 2.87 mM
sodium pyruvate, and 100 mM potassium phosphate buffer (pH 7.4)
in a total volume of 200 �l. The rate of NAD� formation was moni-
tored for 5 min at 2-s intervals at 340 nm using a microplate spec-
trophotometer (SPECTRA MAX 340 pc; Molecular Devices, Menlo
Park, CA).

Reactive Oxygen Species Assay. The level of ROS was deter-
mined by flow cytometry analysis and confocal microscopy. For flow
cytometry analysis, CATH.a cells cultured on 60-mm dishes were
incubated in medium containing 10 �M DCFH-DA for 15 min at
room temperature in the dark. After washing in PBS, the cells were
harvested, resuspended in 200 �l of PBS, and subjected to flow
cytometry analysis using FACSCalibur (BD Biosciences, San Jose,
CA). Dichlorofluorescein was determined by excitation at 488 nm
using an argon laser and emission using a 520/20 nm filter; 1 � 104

cells were analyzed, and the average was calculated using
CELLQuest software. For confocal microscopy, 3 � 105 cells cultured
in 6-well plates were incubated in 1 ml of KRF buffer (150 mM NaCl,
6 mM KCl, 10 mM HEPES, 1 mM MgCl2, 1.5 mM CaCl2, and 5.5 mM
glucose) containing 2 �M DCFH-DA at room temperature for 15 min.
The cells were analyzed by a Leica DM IRE2 inverted microscope
20� HCX Fluota lens/TCS-SP2 confocal system using the same
excitation and emission wavelengths used above.

Analysis of Chromosal Condensation. CATH.a cells (3 � 105)
cultured on a 22-mm coverslip in a 6-well plate were washed, per-
meabilized in 0.1% Triton X-100, and exposed to 10 �M propidium
iodide for 30 min in the dark. After washing, the coverslips were
mounted on glass slides and analyzed by confocal microscopy (with a
100� HCX Fluota oil NA 1.3 lens) using excitation at 488 nm and
excitation at 560 to 620 nm.

Analysis of DNA Fragmentation. CATH.a cells were harvested,
washed, and fixed in 70% cold ethanol for 30 min at 4°C. After
centrifugation and washing in PBS, the cells were incubated in PBS
containing 0.1% Triton X-100, 10 �g/ml RNase A, and 10 �g/ml
propidium iodide for 30 min in the dark. The cells were filtered
through a 50-�m Falcon strainer and transferred to Falcon 2052
tubes. Flow cytometric analysis was carried out using FACSCalibur
with excitation at 488 nm (argon laser) and emission at 585/42 nm
(filter 2; red); 1 � 104 cells were acquired using CELLQuest software,
and cell cycle calculations were performed using ModFit 2.0.

Measurement of Protein Modification. For detection and
quantitation of protein-bound quinones, a NBT/glycinate assay was
performed as described previously (Choi et al., 2003a). CATH.a cells
were harvested and briefly washed in 50 mM phosphate buffer (pH
7.4), and proteins were precipitated in the presence of trichloroacetic
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acid. The precipitate was washed twice with ethanol, further treated
with chloroform-methanol (2:1, v/v), and pelleted. To the delipidated
protein precipitate was added 1 ml of NBT reagent (0.24 mM NBT in
2 M potassium glycinate, pH 10), after which the reaction mixture
was incubated in the dark for 1 h on a shaker. The blue-purple color
developed in the reaction mixture was suitably diluted, and absor-
bance was taken at 530 nm.

Observation of Morphology and Membrane Damage.
Changes in cell morphology were observed using differential inter-
ference contrast. The cells were also subjected to propidium iodide
staining (10 �M) for 5 min at room temperature without the perme-
abilization step. After washing, the cells were analyzed under the
Leica DM IRE2 inverted microscope using the red filter (583/30 nm).

QR1 Activity Assay. QR1 activity was determined as described
previously (Choi et al., 2003a). Crude CATH.a cell lysate was resus-
pended in 25 mM Tris-HCl buffer (pH 7.4) containing 1 mM NADH,
230 �g/ml bovine serum albumin, and 1 mM FAD. The enzyme
reaction was initiated by the addition of DCPIP to the final concen-
tration of 10 �M, and reduction of DCPIP was monitored spectro-
photometrically as a decrease in absorbance at 600 nm. Specific
enzyme activity was defined as the difference between the slope as
measured above and that obtained in the presence of the QR1 inhib-
itor dicoumarol (10 �M).

RT-PCR. Total cellular RNA was isolated using TRIzol reagent, 5
�g of which was used for reverse transcription using a Superscript
III first strand synthesis kit with random decamers. Synthetic oli-
gonucleotides were designed on the basis of mouse and human QR1
sequences in the GenBank Sequence Database at http://www.ncbi.n-
lm.nih.gov/BLAST/ and used for the PCR: mouse QR1 sense, 5�-CT-
CGAGCTTTAGGGTCGTCTTg-3�; mouse QR1 antisense, 5�-AAGC-

TTCTGCACCTTGCCCT-3�; human QR1 sense, 5�-CCATCATTTC-
CAGAAAGGACATC-3�; and human QR1 antisense, 5�-TGAGACA-
CCACTGTATTTTGCTCC-3�. The amplifications were performed
basically with the following protocol: 25 cycles of 94°C for 30 s, 57°C
for 40 s, and 72°C for 40 s. The resulting PCR fragments were
subjected to electrophoresis through a 1.5% agarose gel and visual-
ized by ethidium bromide staining and UV irradiation. As a loading
control, RT-PCR for mouse �2-macroglobulin and human glyceralde-
hyde-3-phosphate dehydrogenase was performed on CATH.a and
SK-N-BE(2)C samples, respectively.

Statistical Analyses. All statistical analyses were performed
using the SPSS package, and results are expressed as means �
S.E.M. Data were analyzed by the Student’s paired t test or one-way
ANOVA followed by a comparison of means by Dunnett’s test. All
experiments were performed on four to five samples for each condition
and were repeated on at least three different culture preparations.

Results
SF Protects against 6-OHDA-Induced DAergic Cell

Death. We first asked whether SF might protect DAergic
cells from cytotoxicity using DAergic toxins that are known to
lead to production of DA quinone: 6-OHDA and BH4. This
theory was tested in two different DAergic cell lines, SK-N-
BE(2)C and CATH.a, and the degree of cell death was as-
sessed by LDH activity released into the medium.

As shown in Fig. 1A, treatment with 50 �M 6-OHDA for
24 h led to cell death of SK-N-BE(2)C cells (197 � 2% of the

Fig. 1. SF protects DAergic cells from 6-OHDA-induced toxicity. Cells [A,
SK-N-BE(2)C; B, CATH.a] were pretreated with various concentrations
of SF for 24 h and subsequently exposed to 50 �M 6-OHDA for 24 h.
Degrees of cell death were determined by LDH activity released into the
medium. Data are means � S.E.M. †, p � 0.05; ††, p � 0.01, versus
untreated controls; ��, p � 0.01 versus cells treated with 6-OHDA alone.

Fig. 2. SF protects DAergic cells from BH4-induced toxicity. Cells [A,
SK-N-BE(2)C; B, CATH.a] were pretreated with various concentrations
of SF for 24 h and subsequently exposed to 200 �M BH4 for 24 h. Degrees
of cell death were determined by LDH activity released into the medium.
Data are means � S.E.M. ††, p � 0.01 versus the untreated control; ��,
p � 0.01 versus cells treated with BH4 alone.
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untreated control), and this was blocked by a 24-h pretreat-
ment with SF in a concentration-dependent manner between
1 and 5 �M. At 5 �M SF, the 6-OHDA-induced cell death was
only 120 � 5% of the untreated control. SF alone had no
cytotoxic effect in the concentrations tested (not shown).
CATH.a cells treated with 50 �M 6-OHDA were also dam-
aged, with the released LDH activity increased to 244 � 31%
of the untreated control (Fig. 1B). Pretreatment with SF at 1
�M resulted in a significant decrease in the LDH value to
156 � 14% of the untreated control, and higher concentra-
tions did not significantly further increase the protective
effect. Therefore, SF seemed to effectively protect against
6-OHDA-induced cell death in the range of 1 to 5 �M in both
SK-N-BE(2)C and CATH.a cells.

SF Protects against BH4-Induced DAergic Cell
Death. As shown in Fig. 2A, 200 �M BH4 caused an increase
in LDH activity to 169 � 12% of the untreated control in
SK-N-BE(2)C cells. This activity was suppressed by the pre-
treatment with SF in a dose-dependent manner. At 2.5 and 5
�M SF, the LDH activity was decreased to 106 � 12 and
100 � 7%, respectively. Likewise, BH4 treatment resulted in
the death of CATH.a cells to 155 � 4% of the untreated
control cells, which was blocked by the pretreatment with
0.5, 1, and 2.5 �M SF (118 � 5, 98 � 2, and 121 � 7%,
respectively) (Fig. 2B). Therefore, SF protected both SK-N-
BE(2)C and CATH.a cells from BH4-induced cytotoxicity.

SF Protects Primary Cultured Mesencephalic DAergic
Neurons. To confirm the protective effect of SF in a more
physiologically relevant system, we used primary cultured
DAergic neurons isolated from rat mesencephalon. As shown in
Fig. 3A, the TH-immunopositive DAergic neurons were prefer-
ably vulnerable to BH4, with shortened neurites, whereas

MAP-2 positive neurons seemed mostly unaffected. Pretreat-
ment with SF prevented the BH4-induced DAergic neurite loss
in a dose-dependent manner. Quantitative analysis (Fig. 3B)
revealed that the neurites were decreased in length to 20.4% of
the untreated control by the BH4 treatment. Significant protec-
tion was observed by SF pretreatment at a concentration as low
as 0.5 �M, with the neurite length being 2.0-fold of the BH4-
alone treated (41.0% of the untreated control). Full protection
was achieved at 2.5 and 5 �M SF, as the neurite lengths were
not significantly different from untreated controls (p � 0.05).

SF Does Not Protect against MPP�-Induced DAergic
Cell Death. If the protective action of SF is achieved indeed
via removal of DA quinone in these cells, the SF protection
would be effective principally under a damaging condition
that accompanies DA quinone generation. To test this notion,
we used another DAergic toxin, MPP�, whose principal
mechanism of action does not involve DA quinone. As shown
in Fig. 4, 2 mM MPP� caused increases in LDH activity to
198 � 15 and 140 � 1% of untreated controls in SK-N-BE(2)C
and CATH.a cells, respectively. Pretreatment with SF did
not attenuate the toxic effect at any of the concentrations
tested (p � 0.05 versus MPP�-treated). Therefore, SF seemed
to exert protection particularly against the mechanism that
involves quinone generation in DA cells.

SF Attenuates Formation of Quinone-Modified Pro-
teins. DA quinone can attack and modify cellular nucleo-
philes, including sulfhydryl groups in proteins. We tested
whether pretreatment with SF might prevent accumulation
of intracellular quinone proteins. As shown in Fig. 5A, a
significant increase (161 � 4%) in the protein-bound quinone,
as determined by a NBT/glycinate assay, was observed after
BH4 treatment. This increase was blocked in the cells pre-

Fig. 3. SF protects primary cultured
DAergic neurons from BH4-induced
toxicity. Primary cultured rat mesen-
cephalic neurons were pretreated
with various concentrations of SF for
24 h followed by 20 �M BH4 for an
additional 24 h and subjected to im-
munocytochemistry. A, typical pho-
tomicrographs of immunocytochemis-
try against TH and MAP-2. Scale bar,
50 �m. B, quantitative analysis of
neurite lengths of TH-positive neu-
rons. Data are means � S.E.M. ††,
p � 0.01 versus the untreated control
(CTL); ��, p � 0.01 versus cells
treated with BH4 alone. For 2.5 and 5
�M SF, p � 0.05 versus the untreated
control.
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treated with SF; at 2.5 �M SF, the quinone protein level
remained at the untreated control level (102 � 2%). Thus, SF
effectively prevented the formation of protein-bound quinone
products in DAergic cells.

To confirm that the protein-bound quinone is derived from
DA, we also tested the effect of lowering endogenous DA con-
tent. We have previously shown that treatment with the TH
inhibitor AMPT (100 �M) lowers intracellular dopamine con-
tent by 78% (Choi et al., 2003a). As shown in Fig. 5B, with the
AMPT pretreatment, BH4 did not cause the increase in protein-
bound quinone (110 � 17% of the untreated control; p � 0.05).
Under this condition, cotreatment with SF did not result in
statistically significant lowering of the protein-bound quinone
level (p � 0.05 versus BH4/AMPT for both 1 and 2.5 �M SF).

SF Attenuates Accumulation of ROS. Because the forma-
tion of quinones can cause generation of ROS, it was possible
that the SF treatment might lead to reduction of cellular ROS.
To test this theory, cells pretreated with SF were exposed to
BH4, and ROS was assessed by flow cytometric analysis after
loading the cells with the ROS-sensitive dye DCFH-DA. As
shown in Fig. 6A, an increase in DCF was observed in the
BH4-treated cells, with the mean fluorescence intensity in-
creased by 6.2-fold. This phenomenon was attenuated by SF
pretreatment: 2.5 �M SF caused the mean fluorescence inten-
sity to decrease by 50% of BH4-treated control. For confirma-
tion, the cells treated under the same conditions were also
subjected to confocal microscopy. As shown in Fig. 6B, a dra-

matic increase in fluorescence was observed in the treated cells,
which was reversed by pretreatment with SF.

SF Protects against Loss of Membrane Integrity. Ex-
posure to BH4 leads to lipid peroxidation (Choi et al., 2003a),
causing membrane modification and permeabilization. We
asked whether such permeabilization of membrane might
occur after the exposure to BH4 and whether SF might at-
tenuate this. Cells were treated with the nucleus staining
dye propidium iodide. As propidium iodide does not normally
penetrate the cell membrane, any increase in the intracellu-
lar staining would suggest breakages in the membrane. As
shown in typical micrographs (Fig. 7), although untreated
cells had no cells that were stained positive (0.2%), many of
the cells treated with BH4 alone showed intracellular pro-
pidium iodide staining (29.7%; p � 0.01 versus the untreated
control). On the other hand, the cells pretreated with SF
before the BH4 exposure showed dramatically lower staining
(2.9%; p � 0.01 versus BH4 alone). Therefore, SF seemed to
protect the cell membrane from BH4-induced breakages in
the membrane.

SF Inhibits Chromosomal Condensation and DNA
Fragmentation. Apoptotic cells undergo nuclear fragmen-
tation, and BH4 has been observed to lead to chromatin
condensation (Choi et al., 2003a) and DNA fragmentation

Fig. 4. SF does not protect DAergic cells from MPP�-induced toxicity. Cells
[A, SK-N-BE(2)C; B, CATH.a] were pretreated with various concentrations
of SF for 24 h and subsequently exposed to 2 mM MPP� for 24 h. Degrees of
cell death were determined by LDH activity released into the medium. Data
are means � S.E.M. ††, p � 0.01 versus the untreated control. For all
SF/MPP�-cotreated groups, p � 0.05 versus treatment with MPP� alone.

Fig. 5. SF prevents formation of protein-bound quinone. A, CATH.a cells
were pretreated with SF for 24 h followed by BH4 for an additional 24 h. B,
cells were pretreated with SF and/or AMPT for 24 h followed by BH4 for
additional 24 h. The levels of protein-bound quinone were determined by a
NBT/glycinate assay. Each value is expressed as mean percentage � S.E.M.
†, p � 0.05; ††, p � 0.01, versus untreated controls; �, p � 0.05; ��, p � 0.01,
versus cells treated with BH4 alone. In B, BH4/AMPT is not significantly
different from AMPT alone (p � 0.05), and BH4/AMPT/SF values are not
significantly different from those for BH4/AMPT (p � 0.05).
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(Choi et al., 2003b). We tested whether SF might attenuate
this phenomenon. For this, CATH.a cells were treated with
BH4, membrane-permeabilized, and stained with propidium
iodide. As shown in Fig. 8A, the cells treated with BH4
revealed punctate nuclear staining, indicative of chromo-
somal condensation, in almost all cells. In comparison, cells

pretreated with SF exhibited a nuclear staining pattern that
was more similar to that for the untreated control.

We also quantitated the degrees of DNA fragmentation by
fluorescence-activated cell sorting analysis after the propidium
iodide staining. As shown in Fig. 8B, BH4 exposure caused an
increase in the level of debris from DNA fragmentation at the
sub-G0–1 phase from 4.5 � 0.9% (untreated control) to 40.4 �
1.9% (BH4-treated; p � 0.01 versus the untreated control). SF
pretreatment resulted in attenuation of the effect, with the
value reaching only 21.1 � 1.4% (p � 0.01 versus BH4 alone).
There was no significant difference in cell cycle (data not
shown). Therefore, SF seemed to effectively attenuate the BH4-
induced DNA fragmentation in DAergic cells.

SF Induces QR1 Gene Expression. Because SF seemed to
remove quinone species in DAergic cells, whether this might
involve induction of QR1 was tested. SK-N-BE(2)C and CATH.a
cells were treated with various concentrations of SF, and the
levels of QR1 mRNA were assessed by RT-PCR. As shown in
Fig. 9A, SK-N-BE(2)C cells showed increased QR1 mRNA level
in a manner dependent on SF concentration. Densitometric
analysis revealed that 3 �M SF resulted in a maximal increase
in QR1 mRNA, reaching 3.1 � 0.3-fold of the untreated control.
As shown in Fig. 9B, CATH.a also showed similar induction of
QR1: at 2 and 3 �M SF, the QR1 mRNA level was increased by
2.6 � 0.3- and 2.5 � 0.3-fold, respectively.

Whether QR1 protein activity might be enhanced was
tested. Lysate of cells treated with various concentrations of
SF for 30 h was subjected to QR1 activity assay. As shown in
Fig. 9C, specific activity of QR1 was indeed augmented after
the SF treatment in a dose-dependent manner. Cells exposed
to 1 and 3 �M SF showed increases to 115 � 1 and 143 � 3%,
respectively, compared with the untreated control. There-
fore, the SF treatment caused increases in enzyme activity as
well as gene expression of QR1.

Fig. 6. SF prevents formation of ROS. CATH.a cells were pretreated with
2.5 �M SF for 24 h followed by 200 �M BH4 for an additional 24 h.
Typical flow cytometric analysis (A) and photographs of confocal micros-
copy (B) of DCFH-DA-stained CATH.a cells are shown. Scale bar, 200 �m.
Values of mean fluorescence intensity for each group were as follows:
untreated control, 2.4 � 0.2; BH4-treated, 15.1 � 0.7; and BH4/SF-
treated, 7.6 � 0.2 (p � 0.001 versus BH4-treated cells). Data are ex-
pressed as means � S.E.M. DCF, dichlorofluorescein; DIC, differential
interference contrast.

Fig. 7. SF reduces BH4-induced membrane breakages in DAergic cells.
CATH.a cells were pretreated with 2.5 �M SF for 24 h and subsequently
exposed to 200 �M BH4 for 24 h. Morphological changes were examined
by differential interference contrast (DIC) inverted microscopy and mem-
brane integrity was assessed by propidium iodide (PI) staining. Scale bar,
200 �m. CTL, control.

Fig. 8. SF attenuates DNA fragmentation in DAergic cells. CATH.a cells
were pretreated with 2.5 �M SF for 24 h and subsequently exposed to 200
�M BH4 for 24 h. After membrane permeabilization and propidium
iodide staining, the cells were subjected to confocal microscopic observa-
tion of chromosomal condensation (A) and flow-cytometric analysis of
DNA fragmentation (B). Scale bar, 15 �m.
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Discussion
In the present study we demonstrate that SF can protect

DAergic cells from the cytotoxicity of 6-OHDA and BH4, the
compounds known to generate DA quinone products and
oxidative stress and cause selective death of DAergic cells.
This protective effect seems to be mediated by removal of
quinone products, because QR1 enzyme activity and mRNA
level are increased and quinone-modified proteins are de-
creased by the SF treatment. SF pretreatment also leads to
attenuation of the BH4-induced ROS production, DNA frag-
mentation, and membrane breakage. This is the first report
to our knowledge that SF protects DA cells.

Accumulating evidence suggests that the particular vulnera-
bility of DAergic neurons in the substantia nigra is due to
oxidative metabolism of DA and consequent oxidative stress.
Both enzymatic oxidation of DA by monoamine oxidase and
autoxidation of DA lead to production of DA quinones (Maker et
al., 1981; Hastings and Zigmond, 1997). The quinone can
readily bind to cellular nucleophiles including the reduced form
of glutathione and also cause cellular damage by covalently
binding and inactivating essential cellular macromolecules
such as DNA and proteins (Graham, 1978; Asanuma et al.,
2003). Interestingly, DA quinone was recently found to bind
�-synuclein and promote its conversion to protofibrils, which
have been shown to be cytotoxic and thought to be involved in
the pathogenesis of PD (Conway et al., 2001). In addition, the
quinone can result in further generation of ROS by cyclizing to
aminochrome, which undergoes redox cycling to produce super-
oxide and deplete cellular NADPH. Indeed, 6-OHDA and BH4,
both of which are known to produce quinone products and ROS
in DAergic cells (Choi et al., 2003a; Izumi et al., 2005), exhibit
cytotoxicity. Therefore, although the synthesis of DA in DAergic
cells is inevitable, the very presence of this molecule seems to
make these cells particularly vulnerable.

The inherent oxidant capacity of DA cells would call for ef-
fective cellular antioxidant mechanisms to protect themselves
from accumulation of the quinone products. One such mecha-
nism is induction of QR1 activity. By catalyzing reduction of
quinone to hydroquinone (Joseph et al., 2000; Cavelier and

Amzel, 2001), QR1 can prevent toxic accumulation of DA qui-
none products in DA cells. In addition, QR1 is known to main-
tain both �-tocopherol and coenzyme Q10 in their reduced,
antioxidant state (Beyer et al., 1997; Siegel et al., 1997). There-
fore, a means to induce QR1 activity in DAergic cells would
prove to be beneficial for protection of DAergic cells. In the
present study, we show that SF can induce QR1 expression and
effectively protect DAergic cells from cytotoxic compounds. This
result is further corroborated by the findings that the BH4-
induced increases in quinone-bound proteins and ROS are at-
tenuated by the SF treatment. The protective role of QR1 has
indirectly been suggested by the epidemiological data showing
that its polymorphism (C609T), which results in a decrease or
total loss of its expression (Siegel et al., 2001), is associated with
PD (Harada et al., 2001).

Although QR1 is abundant in the liver where it partici-
pates in phase II detoxification, the enzyme is also expressed
in the brain (Stringer et al., 2004). In addition to its predom-
inant expression in astrocytes and endothelial cells (van
Muiswinkel et al., 2000; Flier et al., 2002), QR1 is reported to
be also expressed, albeit to a lesser degree, in DAergic neu-
rons in the substantia nigra (van Muiswinkel et al., 2004).
Moreover, a marked increase in the neuronal expression of
QR1 was consistently observed in the Parkinsonian substan-
tia nigra (van Muiswinkel et al., 2004). Therefore, it is pos-
sible to speculate that QR1 gene expression might be induced
in response to conditions eliciting oxidative stress, such as
accumulation of DA quinones, in the nigral DAergic neurons.

SF has been shown to increase the expression of a number
of genes, via activating the transcription factor Nrf2 (Lee and
Johnson, 2004; McWalter et al., 2004), including those that
belong to phase II detoxification pathway (glutathione S-
transferase, epoxide hydrolase, and glucuronosyltransferase)
(Zhang et al., 1992) as well as thioredoxin (Tanito et al.,
2005) and thioredoxin reductase (Wang et al., 2005). There-
fore, one cannot eliminate the possibility that induction of
the other antioxidant enzymes also contribute to the protec-
tion. It is possible that the concurrent expression of these
enzymes along with QR1 can facilitate the removal of ROS

Fig. 9. SF induces increased QR1 gene expression and enzyme activity in DAergic cells. Cells [A, SK-N-BE(2)C; B, CATH.a] were treated with various
concentrations of SF for 6 h, and RT-PCR was performed for QR1 as described under Materials and Methods. Quantitation of QR1 products was carried
out by densitometry and normalization against respective internal controls [human glyceraldehyde-3-phosphate dehydrogenase and mouse �2-
macroglobulin (�2M), respectively]. C, effect of SF on QR1 activity. CATH.a cells were exposed to various concentrations of SF for 30 h, and QR1
enzyme activity was determined by monitoring the QR1-mediated reduction of DCPIP at 600 nm. Enzyme activity is expressed as means � S.E.M.
�, p � 0.05; ��, p � 0.01; ���, p � 0.001, versus untreated controls.

Sulforaphane Protects Dopamine Cells 255

 at A
SPE

T
 Journals on O

ctober 22, 2014
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


that is accumulated as a result of DA quinone generation,
indirectly assisting the protective action of QR1.

We have previously reported that the QR1 inducers dimethyl
fumarate and butylated hydroxyanisole protect CATH.a cells
from BH4-induced death and that their effective concentrations
are 10 and 50 �M, respectively (Choi et al., 2003a). The fact that
SF exhibits similar protective capacity at lower concentration
range (1–2.5 �M) suggests that SF is a more effective drug.
Because SF is a component of the human diet, found in crucif-
erous vegetables such as broccoli, cabbage, cauliflower, and
radish, and is derived from its naturally occurring glucosinolate
precursor glucoraphanin, it is most probably safe for adminis-
tration and can be orally administered. Questions such as
whether SF crosses the blood-brain barrier and how much di-
etary intake of SF-containing vegetables should be made to
reach an effective level in vivo should be addressed in future
studies. Taken together, the results of the present study sug-
gest a potential use of this drug toward development of treat-
ment and/or prevention of PD.
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