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[CANCER RESEARCH 60, 219-225, January 15, 2000]

Advances in Brief

Redox Regulation of GlutathioneS-Transferase Induction by Benzyl Isothiocyanate:
Correlation of Enzyme Induction with the Formation of Reactive
Oxygen Intermediates

Yoshimasa Nakamura? Hajime Ohigashi, Seiji Masuda, Akira Murakami, Yasujiro Morimitsu, Yoshiyuki Kawamoto,
Toshihiko Osawa, Masayoshi Imagawa, and Koji Uchida

Laboratories of Organic Chemistry in Life Science [Y. N., H. O.] and Biosignals and Response [S. M.], Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto
University, Kyoto 606-8502; Department of Biotechnological Science, Faculty of Biology-Oriented Science and Technology, Kinki University, Wakayama 649-6493 [A. M.];

Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, 565-0871 [M. I.]; and Laboratory of Food and Biodynamics, Nagoya University Graduate School of
Bioagricultural Sciences, Nagoya 464-8601 [Y. M., Y. K., T. O., K. U.], Japan

Abstract Among the phase Il detoxification enzymes, GSTs are a family of
enzymes that catalyze the conjugation of reactive chemicals with
GSH and play a major role in protecting cells. After generating

) S -~ GSH conjugates, these are subsequently eliminated via a GSH-
with a cancer chemopreventive isothiocyanate compound, benzylisothio- . . . . .
cyanate (BITC). BITC was found to significantly induce GST activity in F:onjugate recognizing transporter. To identify and Cla.SS'fy the
RL34 cells. Northern and Western blot analyses demonstrated that BITc  inducers of the GSTs, we have recently developed a simple cell
specifically enhanced the production of the class GST isozyme (GSTP1). Culture system using the rat liver epithelial RL34 cell line, which
Our studies demonstrated for the first time that the addition of BITC to  is sensitive to the already-known phase Il inducers such,gs
the cells resulted in an immediate increase in the reactive oxygen inter- unsaturated aldehydes (2, 3). A number of studies support the fact
mediates (ROIs) detected by a fluorescence probe, 2’,7’-dichlorofluorescin that certain food phytochemicals protect against cancer. An im-
diacetate. The level of the ROIs in the cells treated with BITC (1Qum) was portant group of compounds that have this property are organosul-
~50-f9|d h|gh§r than those in the ppntrol cells. Furthermorg, glutathione ¢, compounds, such as ITCs. ITCs are compounds that occur as
deplet'o.n by diethyl maleate S'gn'f'c"’?mly enhanced. BITC-induced RQ' glucosinolates in a variety of cruciferous vegetables, such as
production and accelerated the BITC-induced elevation of the GST activ- . . . .

Brassicaspecies. Many ITCs are effective chemoprotective agents

ity, whereas pretreatment of the cells with glutathione inhibited both the ) ) . L . .
ROI production and GST induction. The structure-activity relationship of ~ 2d@inst chemical carcinogenesis in experimental animals. ITCs

the isothiocyanates also indicated that the ROI-producing activities closely inhibit rat lung, esophagus, mammary gland, liver, small intestine,
correlated with their GST-inducing potencies. Moreover, the GSTP1 en- colon, and bladder tumorigenesis (4-8). Previous studies have also
hancer I-containing region was found to be essential for induction of the reported that ITCs inhibit phase | enzymes (cytochrome P-450)
GSTP1gene by intracellular ROI inducers such as BITC and diethyl that are required for the bioactivation of carcinogens and increase
maleate. These data suggest the involvement of the redox regulation on the the carcinogen excretion or detoxification by the phase Il detoxi-
induction of GSTP1 by BITC. fication enzymes (9, 10).

ROIls are involved in many biological processes. Recent findings
have revealed that both ti&STgene expression and induction of the

Xenobiotic metabolizing enzymes play a major role in regu|atin]§5anscription faptor_, such as activated protein_-_l, mi_ght be related with
the toxic, oxidative, damaging, mutagenic, and neoplastic effedggracellular c_mdahye stress (11, 12)_. I_n addition, it has been shown
of chemical carcinogens. Mounting evidence has indicated that ti@gt JNK, which activates the transcriptional factor such as c-Jun, was
induction of phase Il detoxification enzymes (Ref.elg., GST?3 induced by ITCs mediated by oxidative stress. (1.3). The prgtectlve
NAD(P)H:quinone oxidoreductase 1, UDP-qucuronosyItran@-ﬁeC_t exer_ted by overexp_ressed Bcl-2 and antl_OX|dants prowd(_a sub-
ferases, and epoxide hydrolase) by numerous compounds, inclgtantial evidence for the involvement of ROIs in the ITC-mediated
ing food phytochemicals, results in protection against toxicity aniNK activation and apoptosis and point to oxidative stress as the
chemical carcinogenesis, especially during the initiation phadyobable mediator for signal transduction. However, the exact nature

and the role of ITC-induced ROI production on GST induction are
Received 9/13/99; accepted 11/30/99. still not established and are the topics of this report. _
The costs of publication of this article were defrayed in part by the payment of page In @ recent study, we have screened a number of fruits for sources

charges. This article must therefore be hereby maeiertisemenin accordance with  of GST inducers and described the isolation and identification of
18 U.S.C. Section 1734 solely to indicate this fact. . . L.
'Supported by Grants-in-Aid for JSPS Research Fellow grant (to Y. N.) from tHal TC @s a major GST inducer from papaym addition, we have also

Ministry of Education, Science, Sports and Culture of Japan and supported in partdgserved that, among a total of 20 isothiocyanates and their deriva-

Program for Promotion of Basic Research Activities for Innovative Biosciences. : ; o
2To whom requests for reprints should be addressed, at Laboratory of OrgaHi\ées‘ BITC was found to be the most potent inducer of GST activity

Chemistry in Life Science, Division of Applied Sciences, Graduate School of Agriculturé) the cells. Here we report the molecular mechanism underlying GST

Kyoto University, Kyoto 606-8502, Japan (Y. N.) or Laboratory of Food and Biodynanndyction in the cells treated with BITC. Our studies demonstrated for
ics, Nagoya University Graduate School of Bioagricultural Sciences, Nagoya 464-86

Japan. Phone: 81-52-789-4127; Fax: 81-52-789-5741; E-mail: uchidak@agr.nagoy&\? first time that the addition of BITC to cultured rat liver eplthe“al

ac.jp (K. U.). cells resulted in an immediate increase in ROIs detected by a
3The abbreviations used are: GST, glutathid®wransferase; ITC, isothiocyanate;

CAT, chloramphenicol acetyltransferase; GSH, glutathione; ROI, reactive oxygen inter=

mediate; JNK, c-Jun Nkiterminal kinase; BITC, benzyl isothiocyanate; DCF, dichlo- #Y. Nakamura, Y. Morimitsu, T. Uzu, H. Ohigashi, A. Murakami, Y. Naito, Y.
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PITC, phenyl isothiocyanate; BS®,.-buthionine (S,R)-sulfoximine; AITC, allyl isothio- Rapid screening identification and structure-activated relationship of isothiocyanates,

cyanate; DPI, diphenylene iodonium; XOD, xanthine oxidase; GPEI, GSTP1 enhancesubmitted for publication.
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Here we report the molecular mechanism underlying the induction of
glutathione S-transferase (GST) in rat liver epithelial RL34 cells treated

Introduction
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REDOX REGULATION ON GSTP1 INDUCTION

H,DCF-DA fluorescence probe. Furthermore, the agent, such as DElkbree of acetylation was determined by reading the intensity of the spots
enhancing the BITC-induced ROI production, accelerated the G83ing the Fuji-BAS 2000 system (Fuji Photo, Tokyo, Japan).

induction by BITC, whereas the antioxidant GSH significantly inhib-

ited them. These results suggested that ROIs are involved in the G%elSUItS

induction by BITC. BITC Is a Potent Inducer of GSTP1. As shown in Fig. 1A, after
exposure of the RL34 cells to v BITC for 24 h, the GST activity
was increased 2.3-fold, compared with that of the BITC analogue,

Materials. BITC and PITC were obtained from Nacalai Tesque, incPITC. To examine the GST isozymes responsible for the increase in

(Kyoto, Japan). BSO were obtained from Aldrich Chemical Co., Ltd. All other
chemicals were purchased from Wako Pure Chemical Industries (Osaka.
Japan). Antirat GSTP1 antisera was obtained from Biotrin International (Du A
lin, Ireland). Horseradish peroxidase-linked antirabbit IgG immunoglobuli
was purchased from Dako (Glostrup, Denmark)DEBF-DA was obtained
from Molecular Probes, Inc. (Leiden, the Netherlands). The protein conce
tration was measured using the BCA protein assay reagent from Pierce.

Cell Cultures. RL34 cells were obtained from the Health Science Researc
Resources Bank (Osaka, Japan; Ref. 14). The cells were grown as monol:
cultures in DMEM supplemented with 5% heat-inactivated fetal bovine serur
100 units/ml penicillin, 10Qug/ml streptomycin, 0.3 mg/ml-glutamine, 0.11
mg/ml pyruvic acid, and 0.37% NaHG@t 37°C in a atmosphere of 95% air
and 5% CQ. Postconfluency cells were exposed to the test compounds in t
medium containing 5% fetal bovine serum.

Enzyme Assay.GST activity was measured using 1-chloro-2,4-dinitroben
zene as a substrate according to the method of Hetbad. (15).

Western Blot Analysis. The ITC-treated and untreated cells were rinsec
twice with PBS (pH 7.0) and lysed by incubation at 37°C for 10 min with ¢
solution containing 0.8% digitonin and 2wEDTA (pH 7.8). Each whole-cell B
lysate was then treated with the Laemmli sample buffer for 3 min at 100° Time after treatment with BITC
(16). The samples (22g) were run on a 12.5% SDS-PAGE slab gel. One ge
was used for staining with Coomassie brilliant blue, and the other we 0o 1 3 6 18 24 (h)
transblotted on a nitrocellulose membrane with a semidry blotting cell (Tran
Blot SD; Bio-Rad), incubated with Block Ace (40 mg/ml) for blocking,
washed, and treated with the antibody.

RNA Preparation and Northern Blot Analysis. The rat GSTP1 cDNA Time after treatment with PITC
probe was obtained from the Japanese Cancer Research Resource Bank
The probe was labeled witlf*2P]dCTP by random oligonucleotide priming 0 1 3 6 18 24 (h
(Amersham). The preparation of the total RNA from RL34 cells and Norther o
blot analysis were carried out as reported previously (9, 18).

GSH Assay. Measurement of GSH in the cells was spectrophotometricall
performed using the commercial kit GSH-400 (Bioxytech). Confluent monc
layer cells were exposed to test compounds for the indicated times, and at
end of the incubation period, cell monolayers were washed twice with PBS (¢ PITC BTC
7.0) and extracted with the 5% metaphosphoric acid solution containing 5 n M/

EDTA. After centrifugation (10,000x g for 20 min), 50 ul of 12 mm 24 2 4 8 24 C (h
chromogenic reagent in OMHCI were added to the resulting supernatant (30( I3

wl) and mixed thoroughly. After 5@l of 7.5 NaOH were added and mixed,

the mixture was incubated at 25°C for 10 min, and then the absorbance v . . “ - GSTP1
determined spectrophotometrically at 400 nm.

Intracellular Oxidative Products Determination. Intracellular oxidative
products were detected by,BICF-DA as an intracellular fluorescence probe —
(29, 20). Briefly, the cells under confluency were treated witbBF-DA (50
um) for 30 min at 37°C. After washing twice with PBS, the test compound wa . .
added to the complete medium and incubated for another 30 min. A flo m. GADPH
cytometer (CytoACE 150; JASCO, Tokyo, Japan) was used to detect D( ' i
formed by the reaction of s#DCF with the intracellular oxidative products.
Experiments were repeated two times with similar results. The data & 11 10 28 38 52 10 (GSTP1/GADPH)
expressed as one representative histogram. Images of the cellular fluorescence

: : . . view-Fi@. 1. Time-dependent effect of BITC and PITC on cellular GST activity, GSTP1
were acquired using a confocal laser scanning microscope (Fluoro Vle;\)l\r’c)tein, and GSTP1 mRNA. The RL34 cells were incubated withw&0BITC or PITC

Olympus Optical Co., Ltd., Tokyo, Japan) with>40 objective (488-nM i, DMEM containing 5% FBSA, GST activity. After incubation, the ITC-treated and
excitation and 518-nm emission). untreated cells were lysed with 0.8% digitonin containing @ EDTA, and the GST
CAT Assay. A 3.0-kb fragment between 2.9 kb (EcoRI) and 59 bp (Accl) activities were then measured using CDNB as a subsfra(&|TC) andA (PITC), mean

of the GSTP1aene was inserted into theindlll site of bSVOCAT and values of three independent experimetttars, SD. B, immunoblot analysis of GSTP1.
9 p Each whole-cell lysate was treated with a Laemmli sample and was then run on a 12.5%

designated as ECAT (21). 1CAT was constructed from the ECAT using tB@s_pAGE slab gel. The gel was transblotted on a nitrocellulose membrane and treated
appropriate restriction enzymes (21). RL34 cells were transfected witkg10 with the antibody.C, Northern blot analysis of GSTP1 mRNA. Total cellular RNA (20
of plasmid construct by the calcium phosphate coprecipitation procedut® was fractionated on 1% agarose/formaldehyde gel and transferred onto a nitrocellu-

- filter, and the RNA blot was then hybridized with*#P-labeled cDNA probe for
described by Chen and Okayama (22). Cells were harvested 48 h a@égrPl (top) and glyceraldehyde-3-phosphate dehydrogenase (GARiddm). The

transfection. Cell lysates were obtained after five freeze-thaw cycles in0.2%oradiographs were scanned to quantify GSTP1 mRNA induction relative to control of
Tris-HCI (pH 7.5). The protein was equalized and used for the CAT assay. Tihe ratio (GSTP1/GAPDH).
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A examined the effects of the pretreatment of the cells with GSH or
DEM prior to the BITC treatment. Because the maximal induction of

- 50 the stress signaling pathways, such as JNK activation, was observed
-5 45 within 1~2 h after ITC treatment (13), the cells were exposed to 10
g um BITC for 1 h, and after washing out the BITC followed by another
o 40 16 h of incubation, the GST activity was measured. As shown in Fig.
% 25 4 2B, both GST activities were significantly elevated in the cells treated
E with BITC, even for 1 h. The GSTP1 protein was also significantly
T 30 - induced by BITC treatment (data not shown). Pretreatment of GSH for
3 1 h partially blocked the effect of BITC on the GST induction (Fig.
25 T T T T T 1 2B), whereas pretreatment before BITC stimulation as well as treat-
0 10 20 30 40 50 60 ment alone of a potent thiol blocker, DEM, significantly and addi-
Time after treatment (min) tionally enhanced the GST activity. These results suggested the in-
B volvement of redox regulation in the induction of GST by BITC.

Intracellular ROl Generation by BITC. To obtain additional sup-
port for the involvement of a redox mechanism during the GST induction
by BITC, the intracellular ROI (hydrogen peroxide, lipid hydroperoxide,
peroxinitrite, and so on) level was determined usindD8F-DA as an
intracellular fluorescence probe. As shown in Fig, the BITC-induced
increase in intracellular fluorescence, even at 10 min, was observed in the
fluorescence images acquired by a confocal laser scanning microscope,
whereas the control cells treated only withDCF-DA showed a weak
accumulation of DCF attributable to the ROIs produced by the basal
oxidative metabolism. The level of ROIs induced by different concen-
trations of BITC was increased in a dose-dependent manner. The level at
10 um BITC was ~50-fold higher than that of the control (FigB3
entries land3). These data indicated that BITC is a potential inducer of

Fig. 2. The effects of redox alteration on GST activity enhancenferl TC-induced intracellular ROs. . .
intracellular GSH depletion. The cells were treated with®6BITC ((J) or PITC (A) for We have observed recently that the order of GST induction potency
different time intervals. Intracellular GSH levels were colorimetrically measured 48 BITC > AITC >> PITC# On the basis of this observation, we
described in “Materials and MethodsB, effects of GSH and DEM upon short exposure . o ined the relationship between the GST induction potency and

of BITC-induced GST activity enhancement. The cells were pretreated with GSH\L0 m ) ) : )
or DEM (1 mu) for 1 h and treated with BITC (1m) or DMSO for 1 h. After washing ROl production. As shown in Fig. 4, weakly active AITC showed a

out the BITC followed by another 16 h of incubation, the GST activity was determinegﬁght production of ROIs. and inactive PITC did not produce ROIls
Data were the means of three independent experiments; bars, SD. . T X )
To determine whether the intracellular ROl accumulation was nega-
tively regulated by the GSH level, we examined the effects of intra-
the GST activity of the BITC-treated RL34 cells, an immunoblo‘t"_e"u_lf‘_"1r GISH rzodn‘l;zrﬁ, ‘?;;T_'?s Blsg DEM, ?]nd angomdalntsl._ ELSIO
analysis was carried out. In RL34 cells, no detection of the aass>'9" icantly reduced the evel (data not shown) but only slightly

GST isozyme, GSTAL, which is the most abundant GST isozyme?ﬁ]hanced the ROI production, although reducing the GSH level al-
normal rat liver, and the constitutive expression of the cta&STP1 most comparable with BITC (data not shown), whereas the strong

have been reported previously (9). As shown in Fig. 1B, the pro,[é'mracell.ular thiol blocker, DEM, significantly enhanced the ROI
level of GSTP1 significantly increased in the cells treated with BIT€reduction. Moreover, the peroxide production by BITC was partially
for >16 h. Another classx GST isozyme, GSTA3, was slightly but significantly suppressed by GSH, quercetin, and the NADPH

induced (data not shown). These results indicated that the inductiorP§dase inhibitor, DPI, whereas the XOD inhibitor, allopurinol, was
GST activity by BITC mainly resulted from the enhanced expressidieffective (Fig. 4). The intracellular production of ROIs was con-
of GSTPL1. In addition, the Northern blot analysis of the total mRNArMed by the lack of inhibition by the membrane-impermeable,
from RL34 cells treated with 1Qm BITC was performed using an ROI-scavenging enzymes, catalase and superoxide dismutase.
oligonucleotide probe complementary to the GSTP1 mRNA sequenceGPE! Is the ROI Response Element.To confirm whether GPEI,
As shown in Fig. 1C, the treatment of RL34 with BITC resulted in & Powerful enhancer, which is located about 2.5 kb upstream from the
5.2-fold increase in GSTP1 mRNA after 24 h. Therefore, the incré@nscriptional initiation site of this gene (21), is the BITC- or intra-
ment in GSTP1 mRNA coincided with a substantial rise in the GSTFegllular ROI responseis-element, we used the construct including the
protein level and GST activity, whereas the effect of PITC on the -flanking region of theGSTP1gene,i.e., ECAT and a GPEI-
GSTP1 protein and gene expression was almost negligible (Big. deletion mutant 1CAT (Fig. 5A). We first tested the effect of BITC on
andC). both ECAT gene andLCAT gene expressions. As shown in Fig. 5B,
Redox Regulation on the GST Induction by BITC. The primary BITC (5 um) could enhance the activity of tieECATgene 3.3-fold of
cellular target of ITCs is still unknown; however, there is cleaihe control in these cells, whereas BITC could not activate the GPEI
evidence that the intracellular GSH level, regulating the redox statedsfletion mutant 1CAT. Next, we examined the effects of the pretreat-
the cell, may play an important role in the initiation of the cellulament of the cells with GSH or DEM prior to the BITC treatment.
responses to numerous compounds (10). Hence we assessed whetiesreatment of GSH (10wm) completely blocked the BITC-induced
the redox regulation is involved in the GSTP1 expression by BITC #nhancement of the ECAT activity. However, DEM, which induced
the RL34 cells. The intracellular GSH level in RL34 was reduced e accumulation of DCF attributable to the ROIs (Fig. 4), signifi-
treatment of the active BITC but not by the inactive PITC (Fig. 2Axantly enhanced not only the basal activity (3.8-fold) but also the
To assess the role of the oxidative stress in the induction of GST, BEIC-stimulated activity of ECAT (1.4-fold; Fig.B). These results
221
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Fig. 3. Changes in intracellular ROI levels after
exposure of RL34 cells to BITC. The cells were
incubated with HDCF-DA (50 um) for 30 min and
then treated with BITCA, transition image (a) and
fluorescence images (and c) of a confocal laser
scanning microscopé, the cells before BITC stim- B
ulation; ¢, 10 min after BITC stimulationB, flow
cytometric analyses of BITC-induced ROls. After 100~
BITC stimulation for 30 min, the cells were washed
with PBS and resuspended in PBS containing 20 m -
EDTA. The DCF fluorescence 610,000 cells was 75~
monitored on a flow cytometer (CytoACE 150) with
excitation and emission wavelengths at 488 and 510
nm, respectivelyentry 1, untreated control treated
only with DMSO; entry 2, BITC 5 um; entry 3,
BITC 10 um; entry 4,BITC 25 um.

Cell counts
(3]
9

o
|
-

T

WD

T=T=rTTmn T T T T T T TTIIT

100 101 102 103 104

Relative fluorescence intensity (log)

suggest that GPEI is the ROI response element and that BITC maysaceptibility, particularly in diseases where exposure to polycyclic aro-
on this element via production of the intracellular ROIs. matic hydrocarbons is involved.

It has been shown that the gene expression of GSTA1 is related to
the intracellular oxidative stress presumably mediated by hydroxyl

ITCs have been shown to prevent chemical carcinogenesis in expEflicals (OH) or the pro-oxidative potential of GSTAL inducers (11,
mental animals. In mice, BITC blocked the neoplastic effects of dieth2)- In addition to GSTAL, oxidative stress has been reported to
ylnitrosamine or benzoJayrene on the lung and forestomach (2, 5, 23)§nhaqce the expression of genes encoding other antioxidant enzymes,
and a variety of phenylalkyl ITCs reduced the pulmonary carcinogene§l§luding the y-glutamyl cysteine synthase (26), heme oxygenase
of the tobacco-derived nitrosamine (4). The anticarcinogenic effects(@f). and heat shock protein 90 (28). Thus, it is increasingly recog-
ITCs may be closely associated with their capacity to induce phaséwi;ed that an adequate amount of oxidative stress stimulates a variety
detoxification enzymes, including GSTs, which are involved in the méf signal transduction pathways under circumstances that do not result in
tabolism of carcinogens. In fact, ITCs are known to induce the phasell death. In a recent study, the treatment of RL34 cells with the major
enzymes in the rat liver (24). Moreover, we have recently isolated BITeRd product of the oxidized fatty acid metabolism results in GSTP1
as a principal inducer of GST activity from papaya frdits. induction (9) and shows a quick cellular GSH depletion, the generation of

The present results indicated that BITC elevated the GST activity iifracellular ROIs, and the activation of stress signaling pathways (10).
normal rat liver epithelial cells (RL34), even at the concentration of 1the finding that at least 1 h of exposure to BITC was sufficient to evoke
um (Fig. 1A). To determine which isozymes participate in the inductiofe elevation of GST activity (Fig.B) is consistent with the previous
of the GST activity by BITC, an immunoblot analysis was done using tigservation (13) that BITC induced the oxidative stress-dependent JNK
GST class-specific antibodies. Among the GST isozymes, GSTP1 gigtivation within 1 h. These data suggest that ITCs may induce GST
nificantly increased 16 h after the BITC treatment (Fig),lsuggesting and/or other phase Il detoxification enzymes through the stress signaling
that the increase in GST activity was largely attributable to the elevateathway involving oxidative stress and JNK or p38 cascade, similar to
synthesis of this protein. The increase in the GSTP1 protein level cofither stimuli, including hydrogen peroxide (10), UV light (29), osmotic
cided with the substantial rise in the GSTP1 mRNA level (Fig). XC stress (30), the DNA-damaging agent (31), inflammatory cytokine (32),
recent study using transgenic mice lacking the cla&ST demonstrated and lipid peroxidation products (10).
that this class of GST was involved in the metabolism of carcinogens,In the present study, we showed that the BITC-induced enhancement
such as 7,12-dimethylbenfathracene, in mouse skin and had a prosf GST activity was blocked by the antioxidant GSH and enhanced by the
found effect on tumorigenicity (25). These results suggest that therelasthiol blocker DEM (Fig. 2B. These results suggest that the initial signal
GST isozyme could be one of the important determinants in cander GST induction is likely to be transduced to a plausible cytosolic
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inhibitable superoxide anion radical generation when ferric nitrilotri-

Control acetate was treated for 24 h (36). It is unlikely that XOD is responsible
GSH (10 mM) for the BITC-induced ROI production because activation of XOD is
BSO (0.1 mM) required for the conversion time lag of xanthine dehydrogenase, a
major form of XOD protein in healthy tissue (37) and because of the
DEM (1 mM) lack of interference by the enzyme inhibitor, allopurinol (Fig. 4). The
PITC (10 1) treatment of BSO, only in part, mimicked the elevation of cellular
AITC (10 uM) oxidative stress (Fig. 4). It has been reported that BSO mainly de-
BITC (10 uM) pleted GSH by blocking GSH synthesis and GSH reductase but did

not appreciably affect the mitochondrial GSH pools (38). On the other
hand, the pretreatment of DEM, which blocks the intracellular thiol
groups, including mitochondrial GSH (39), only produced ROIs and
enhanced the BITC-induced oxidative stress (Fig. 4). Moreover, pre-
treatment of DPI, acting not only as a NAD(P)H oxidase inhibitor (40)
but also an inhibitor of mitochondrial reactive oxygen species production

BITC+GSH (10 mM)
BITC+quercetin (50 pM)
BITC+catalase (1000U)
BITC+SOD (1000U)

A GPEI
EcoRI v Acc! cap

ECAT [ N s ing region of GSTP1 gene
-29kb -25kb +59 bp

BITC+allopurinol (1 mM)
BITC+DPI (1 mM)
BITC+BSO (0.1 mM)
BITC+DEM (1 mM)

-t 1CAT
100 10t 102 103 104 2.2 kb
Relative fluorescence intensity (log)

1st exon CAT coding gene

Fig. 4. Effects of a variety of agents on intracellular ROl accumulation. The cells wereB
incubated with HDCF-DA (50 um) for 30 min and then treated with 3@v ITCs for 30
min. In the case of GSH (10m), DEM (1 mm), quercetin (5Qum), catalase (1000 units),
superoxide dismutase (1000 units), allopurinol (&)mand DPI (1 nw) were pretreated
for 1 h before HDCF-DA treatment. BSO (0.1 m) was pretreated for 6 h. The DCF
fluorescence 0f>10,000 cells was monitored on a flow cytomet@ars, SD.

-
(=
(=]

~J
[3)]
1

sensor(s) or receptor(s). Talalay and Zhang (33) have reported recently
that the total intracellular concentrations of the ITCs [ITC and the
corresponding dithiocarbamate; R-NH=E§)-SG] correlated closely

% acetylation of
chloramphenicol
a
[=3
1

N
L3
1

and was linear with their potencies as inducers of phase Il detoxification 0
enzymes. For example, BITC was quickly and significantly accumulated DMSO BITC Gf“ Gf” DEM DEM
in Hepa 1c1c7 cells, but very little inactive PITC was detected within the DMSO BITC DMSO BITC

cells (33). They,have also Sque_Sted the possibility tha_lt intrace”u_lar GSH:ig. 5. Requirement of the GPEI-containing region for the induction ofGISaP1
as a target of direct alkylation with ITCs plays a negative regulating radene by BITC and redox alteratiod, structures of constructs of ECAT and 1CAT used
in the phase Il detoxification enzyme induction, on the basis of the residltthe transfection experiments, effects of BITC, GSH, and DEM on ECAT (M) or
that depletion of GSH by BSO increased the inducer potencies of SeVafAl 1o ceated wits BITe. Gou) or GHeO for 1 h Sty weehim ot the BITC
ITCs (33). We indeed observed that the treatment of BITC for 15 misllowed by another 16 h incubation, the CAT activity was determingdlumn 1,
resulted in a significant depletion of the intracellular GSH level (FR). 2 g’(‘)ﬁi?ig’gg‘iggﬁg COE‘:'ZI‘L’;’m %?gi%og‘r?;”gﬁégfé%ﬂ”mmn“s&ﬂ* :ﬁg §|’\TA§.O’
However, based on the observation that BSO, which reduces the intra-
cellular GSH level, showed no GST-inducing potency (data not shown),
it is unlikely that down-regulation of intracellular GSH is simply an initial
signal for GST induction.

It is noteworthy that the treatment of BITC quickly and signifi-
cantly enhanced the intracellular ROI production in RL34 cells de-
tected by the fluorescence probe,ICF-DA (Fig. 3). H,DCF-DA

reacts peroxidase dependently or spontaneously with some types of

BITC

Mitochondria

ROls, including hydrogen peroxide, lipid hydroperoxide, hypochlo- l
rous acid, and peroxinitrite (34, 35). The experiments using the
membrane-impermeable catalase and superoxide dismutase also sug- Oxidative stress

gested that the BITC-induced ROI generation might occur within the

1
|
(
I
I

cells. In the structure-activity relationship study of ITCs, the ROI- Signal
producing activities correlated closely with their GST-inducing po- Y
tencies (Fig. 4). These results provide clear evidence for the intracel- Transcription factors
lular ROI production induced by BITC and suggest that intracellular
ROIs may be involved in the BITC-stimulated GST induction. l
The oxidative stress-inducible effect of BITC was blocked by the
pretreatment of an antioxidant, such as GSH or quercetin (Fig. 4). In GST gene expression
fact, RL34 cells exhibited superoxide dismutase- and XOD inhibitor-  Fig. 6. A proposed mechanism for the BITC-indud®8TP1gene expression.
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(41), resulted in a significant decrease in the BITC-induced ROI accu- methylation induced by-nitrosomethylbenzylamine in rats. Cancer Let2; 103—

; : - 110, 1993.
mulation (Fig. 4). These results strongly suggested that ROIs detected4|.nlsmner' G. D, Morrissey, D. T., Heur, Y. H., Daniel, E. M., Galati, A. J., and Wagner,

the cells exposed to BITC may originate from the mitochondria, one of s. a. inhibitory effects of phenethylisothiocyanate Kmitrosobenzylmethylamine
the major ROI-producing organella (Fig. 6). We have indeed observed carcinogenesis in the rat esophagus. Cancer Bs2063-2068, 1991.

that BITC enhances ROI production in isolated mitochor’ria. 5. Il-lg;sscgbgs.lsg.gschemopreventlon by isothiocyanates. J. Cell. Biochem. S@ppl.,

The mechanism of transcriptional regulation of GSTP1 has beef Talalay, P. Mechanisms of enzymes that protect against chemical carcinogenesis.
revealed by a number of studies. As mentioned ab®&TP1gene Adv. Enzyme Regul.28: 237-250, 1989.

. . . - f 7. Guo, Z., Smith, T. J., Wang, E., Eklind, K., Chung, F-L., and Yang, C. S. Structure-
expression is dominantly regulated by GPEI, containing a palindromic activity relationships of arylalkyl isothiocyanates for the inhibition of 4-(methylnitro-

dyad of the 12-O-tetradecanoylphorbol-13-acetate responsible ele-samino)-1-(3-pyridyl)-1-butanone metabolism and the modulation of xenobiotic-metab-
ment-like sequence (21). This study revealed for the first time that olizing enzymes in rats and mice. Carcinogenesis (Lofd:)1167-1173, 1993.

. L . A Morse, M. A., and Stoner, G. D. Cancer chemoprevention: principles and prospects.
GPEI is an essentiatis-element required for the activation of the ™ ¢ cinogenesis (Lond.y4: 1737-1746, 1993.

GSTPlgene through redox alteration by BITC or DEM (Fig. 5B). As9. Fukuda, A., Nakamura, Y., Ohigashi, H., Osawa, T., and Uchida, K. Cellular response
mentioned above. the ITC-induced oxidative stress is reported to beto the redox active lipid peroxidation products: induction of glutathiSrteansferase

. . . . . . P by 4-hydroxy-2-nonenal. Biochem. Biophys. Res. Comm2®6; 505-509, 1997.
involved in thel |TC'|nduced activation of JNK (13), which phosphozq Uchida, K., Shiraishi, M., Naito, Y., Torii, Y., Nakamura, Y., and Osawa, T.
rylates transcriptional factors, such as c-Jun, ATF-2, and Elk-1, and Activation of stress signaling pathways by the end product of lipid peroxidation.

strongly augments their transcriptional activity (42—45). Identification 4-Hydroxy-2-nonenal is a potential inducer of intracellular peroxide production.
of the factor(s) that binds GPEI and activates G8TP1lgene ex-
pression is required for further understanding of the regulation of
GSTP1 induction by BITC. In addition, it is noteworthy that the cIan
7 GST isozyme is closely related to the regulation of JNK signaling
(46). It is within the range of possibility that the primary target of

BITC or BITC-induced ROIs is GSTP1 itself, the modification of®

which may result in direct stimulation of the JNK signaling pathway.

The observation that GST activity was inhibited by the incubatiok-

with BITC for 30 mirf also supports this hypothesis.

In conclusion, intracellular ROIs are likely to mediate the BITCis.

inducedGSTP1gene expression, based on the observations #jast (

short exposure time (1 h) to BITC is sufficient to evoke the elevation 3
GST activity; (§ ROI-producing activities closely correlated with their17.

GST inducing potencies; and)[OEM enhanced the BITC-induced ROI

11.

J. Biol. Chem. 274: 2234-2242, 1999.

Pinkus, R., Weiner, L. M., and Daniel, V. Role of quinone-mediated generation of
hydroxyl radicals in the induction of glutathiong-transferase gene expression.
Biochemistry,34: 81-88, 1995.

2. Pinkus, R., Weiner, L. M., and Daniel, V. Role of oxidants and antioxidants in the

induction of AP-1, NF«B, and glutathioneS-transferase gene expression. J. Biol.
Chem.,271: 13422-13429, 1996.

Chen, Y-R., Wang, W., Kong, A-N. T., and Tan, T-H. Molecular mechanisms of
c-Jun N-terminal kinase-mediated apoptosis induced by anticarcinogenic isothiocya-
nates. J. Biol. Chem273:1769-1775, 1998.

Yamada, M., Okigaki, T., and Awai, M. Adhesion and growth of rat liver epithelial
cells on an extracellular matrix with proteins from fibroblast conditioned medium.
Cell Struct. Funct.12: 53-62, 1987.

Habig, W. H., Pabst, M. J., and Jakoby, W. B. GlutathiSaegansferase. The first
enzymatic step in mercapturic acid formation. J. Biol. Ché@#9: 7130-7139, 1974.
Laemmuli, U. K. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature (Lond927: 680—685, 1970.

Sugioka, Y., Fujii-Kuriyama, Y., Kitagawa, T., and Muramatsu, M. Cloning and the
nucleotide sequence of rat glutathid®dransferase P cDNA. Nucleic Acids Res3;
6049-6057, 1985.

production and accelerated both the basal and BITC-induced GST aqg('Fukuda, A., Osawa, T., Oda, H., Toyokuni, S., Satoh, K., and Uchida, K. Oxidative

ites and theGSTP1gene expression, whereas the antioxidant GSH

inhibited them. Although many researchers have confirmed that ITCs are
promising and effective anticarcinogen candidates, some of the IT{s

stress response in iron-induced renal carcinogenesis: acute nephrotoxicity mediates
the enhanced expression of glutathideransferase Yp isozyme. Arch. Biochem.
Biophys.,329: 39-46, 1996.

Bass, D. A, Parce, J. W., Dechatelet, L. R., Szejda, P., Seeds, M. C., and Thomas, M.

showed an enhancement of carcinogenicity or lack of chemopreventiveFlow cytometric studies of oxidative product formation by neutrophils: a graded

effects in rat liver and kidney, especially dosed at the postinitiation ph}%e

response to membrane stimulation. J. Immuri$0: 1910-1917, 1983.
Nakamura, Y., Murakami, A., Ohto, Y., Torikai, K., Tanaka, T., and Ohigashi, H.

(47, 48). Lee (49) has postulated that ITCs are oxidatively converted t0 suppression of tumor promoter-induced oxidative stress and inflammatory responses
the Corresponding isocyanates, causing chromosome aberration, mutar mouse skin by a superoxide generation inhibitor 1'-acetoxychavicol acetate.

tion, and cancer (50). These events may correlate with the intracell%r

ROI-producing potentials of the ITCs. In fact, cytotoxicity of ITCs at
high dose can be inhibited by the antioxidaiacetylcysteine (51). As

mentioned above, the profound relationship between GSTP1 and %

e

Cancer Res58: 4832—-4839, 1998.

Sakai, M., Okuda, A., and Muramatsu, M. Multiple regulatory elements and phorbol
12-O-tetradecanoate 13-acetate responsiveness of the rat placental glutathione trans-
ferase gene. Proc. Natl. Acad. Sci. US3%: 9456-9460, 1988.

Chen, C., and Okayama, H. High-efficiency transformation of mammalian cells by
plasmid DNA. Mol. Cell. Biol.,7: 2745-2752, 1987.

stress signaling pathways (46) indicated that GSTP1 is one of the mmstsparnins, V. L., and Wattenberg, L. W. Enhancement of glutath@transferase

important components that could influence key cellular functions, includ-

ing growth, apoptosis, and transformation. Because the cancer prevengjy

activity of the mouse forestomach by inhibitors of benzo(a)pyrene-induced neoplasia
of the forestomach. J. Natl. Cancer In§i6: 769-772, 1981.

e\/os, R. M. E., Snoek, M. C., van Berkel, W. J. H., Mueller, F., and van Bladeren, P. J.

or promoting potential, threshold, and target organ of ITCs have to be Differential induction of rat hepatic glutathior@-transferase isoenzymes by hexa-

distinguished in detail, further mechanistic studies on intracellular oxida-
tive stress and the subsequent events induced by the ITCs are essentjgl

provide supporting information.
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