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Abstract

Organic isothiocyanates block the production of tumors induced in
rodents by diverse carcinogens (polycyclic aromatic hydrocarbons, azo
dyes, ethioni ide, and nitr i Pr is
afforded by a-naphthyl-, B-naphthyl-, phenyl-, benzyl-, phenethyl-, and
-other arylalky! isothiocyanates against tumor development in liver, lung,
y gland, for h, and I Many isothiocyanates and
their glucosinolate precursors (B-thioghucoside, N-hydroxysulfate) occur
naturally and t abundantly in plants c d by h egy
cruciferous vegetables Nevertheless, the possible contributions of isothio-
Y and gl 1 to the well recognized protective effects
against cancer of high consumptions of vegetables are unclear. The anti-
carecil ic effects of isothiocy appear to be mediated by tandem
and cobperating mechanisms: (a) suppression of carcinogen activation by
cytochromes P-450, probably by a combination of down-regulation of
enzyme levels and direct inhibition of their catalytic activities, which
thereby lower the levels of ultimate carcinogens formed; and (b) induction
of Phase 2 enzymes such as glutathione transferases and NAD(P)H:
quinone reductase, which detoxify any residual electrophilic metabolites
generated by Phase 1 enzymes and thereby destroy their-ability to damage
DNA. Since isothiocyanates block carci is by dual h
are already present in substantial quantities in human diets, these agents
are ideal didates for the de of effective chemoprotection of
humans against cancer.
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Introduction

Organic isothiocyanates (R—N==C==$), also known as mustard
oils, are widely distributed in plants, many of which are consumed by
humans. They are responsible for the pungent and acrid flavor and
-odor of condiments such as mustard and horseradish and the familiar
biting taste that develops when some cruciferous vegetables are eaten.
The designation “mustard oil” originates from the flavor of mustard
seeds which is largely due to the presence of abundant quantities of
allyl isothiocyanate (CH,=CH—CH,—NCS). In plants, isothiocya-
nates are invariably accompanied by usually much larger quantities of
their cognate glucosinolates (B-thioglucoside, N-hydroxysulfate). In
addition to their characteristic flavors and odors, isothiocyanates have
a variety of other pharmacological and toxic activities. These include:
goitrogenic activity; antibacterial, antifungal, and .antiprotozoal ac-
tioris; the-ability to attract or repel insects; cytotoxicity; the induction
of. chromosome abnormalities and neoplasia; .and the blocking of
chemical carcinogenesis. The interesting early history of the chemis-
try and biology of these compounds has been reviewed by Challenger
{(1). Several more recent encyclopedic and scholarly reviews of the
chemistry, distribution in plants, biosynthesis, and biological proper-
ties of glucosinolates and isothiocyanates are available (2-4).

Isothiocyanates arise in plants as a result of enzymatic cleavage of
glucosinolates by mlyrosinase (thioglucoside glucohydrolase, EC
3.2.3.1), which is released when plant cells are injured. Myrosinase
promotes the hydrolysis of glucosinolates and intramolecular (Lossen)
rearrangement of intermediates to yield isothiocyanates, hydrogen
sulfate, and glucose as the major products (Fig. 1).

As shown in Fig. 1, a number of other products may also arise from
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the hydrolysis. of glucosinolates by myrosindbc The quantities and
nature of these products are variable and appear to be controlled by
the. chemical nature of the. glucosinolate, the pH and the origin and
multiplicity of the myrosinases. A full dlSCUSSan of the formation of
these products is provided by Fenwick et al. (2):

Our interest in isothiocyanates stemmed from the observations that
several members of this family of substances!could block the toxic
and neoplastic effects of a wide variety of chemical carcinogens (6).
Furthermore, many 1sothlocyanales are monofunctional inducers of
Phase 2 enzymes (7, 8), a property that is associated with protection
against chemical carcinogenesis ). Recemly, a very potent isothio-
cyanate inducer (sulforaphane) has been 1sola(ed from broccoli (10).
These observations point to the potential 1mporlance of isothiocya-
nates as chemoprotectors against cancer in humans.

This review focuses on the metabolism of isothiocyanates and on
the mechanisms of their anticarcinogenic effects We discuss only
experiments in which pure isothiocyanates have been used and omit
corroborating. information obtained with plants and their extracts,
because of the presence of other potentially confounding substances.

Chemical Properties and Metabolism of Isothiocyanates
. - 1

Chemical Reactivity and Spectroscopic i’rnperﬁes. The highly
electrophilic central carbon atom. of the —N=C==S group reacts
rapidly, and under mild conditions with oxygén-, sulfur-, or nitrogen-
centered nucleophiles to. give rise to carbamates, thiocarbamates, or

R'=OH_ R'-SH R'-NH,
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thiourea derivatives, respectively.

These reaction products have been useful for the spectroscopic
identification and characterization of isolated isothiocyanates. The
—NCS group.of isothiocyanates absorbs .UV light with low intensity
near 240 nm (a,, about 1000 M~* cm™"). Reactions of isothiocyanates
with monothiols at~pH 7-9 yield thiocarbamates (carbamate thio-
esters) that show markedly enhanced, UV absorption intensity (2,
10,000 m~! cm™) and a characteristic maximum at 270 nm with a
broad shoulder near 250 nm (11-13). Zhang et al. (13) have reported

"recently that lsothlocyanates react with vicinal dithiols, such as 2,3-

dimercaptopropanol or ethane-1,2-dithiol, to give rise initially to the
expected monothiocarbamates. However, upon further incubation
these primary products undergo attack by the free thiol group on the
electrophilic carbon, resulting in a cyclization reaction with release of
the free amine (13, 14). Thus the reaction of any R-NCS with
ethane-1,2-dithiol, 2,3-dimercaptopropanol, and 1,2-benzenedithiol
gives rise to ethylene trithiocarbonate (1,3-dithiolane-2-thione, Apax
316 nm; a, 16,500 M~* cm™"), 4-hydroxymethyl-1,3-dithiolane-2-
thione (Amax 316 nm; a, 16,400 M~* cm™), and 1,3-benzodithiole-2-
thione (A 363 nm; a, 22,500 M™" cm™"), respectively. Based on the
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Fig. 1. Hydrolysis of glucosi and formation of isothiocyanates
and other products [from Pessina er al. (5)] N

favorable spectroscopic properties of 1,3-benzodithiole-2-thione, a
general method for the sensitive, specific, and quantitative analysis of
isothiocyanates was developed (13).

Metabolism of Isothiocyanates in Vivo. Whereas the nonenzy-
matic reaction of GSH? with benzy!-NCS is rapid, this reaction is aJso
catalyzed by rat liver cytosols, presumably promoted by the glutathi-
one transferases present in these preparations (15). The principal
metabolic products of isothiocyanates administered p.o. to mammals
are the corresponding thiocarbamates. When six male volunteers were
fed about 100 pmol of benzyl-NCS, 53.7% of the dose administered
was excreted in the urine as N-acetyl-S-(N-benzylthiocarbamoyl)-L-
cysteine, a mercapturic acid, in the first 12 h. No other metabolites
were detected, and the excretion appeared to-be complete in this
period (16). Similar results-were observed in two men and two women
who were fed watercress, a rich source of phenethyl-NCS and .its
glucosinolate (gluconasturtiin), which is hydrolyzed by the myrosi-
nase present in this plant (17). When 30--or 57-g portions of fresh
watercress (containing 0.72 mg of gluconasturtiin/g) were consumed
by each individual, 30 to 67% of the phenethyl-NCS was excreted as

. N-acetylcysteine derivative in the urine in 24 h, and the majority of
this conjugate was recovered within.the initial 8 h (17). This experi-
ment does not provide unequivocal evidence for the hydrolysis of the
glucosinolate to isothiocyanate in the body, since no information on
the content of free phenethyl-NCS in the watercress was provided.
Furthermore, it is not clear whether breakdown of the glucosinolate to
isothiocyanate resulted from the myrosinase activity of the watercress
or from enzymes present in the test subjects (either in the host tissues
or the microbial flora of the gastrointestinal tract). We are not aware
of any experimental information on the ability of human subjects to
hydrolyze glucosinolates to isothiocyanates.

Rats, mice, guinea pigs, and rabbits likewise converted isothiocya-
nates efficiently to N-acetylcysteine conjugates, but other metabolites,
including cyclic mercaptopyruvate derivatives (not detected in hu-
mans) were also formed (17-20). However, when phenyl-, a-naph-
thyl-, B-naphthyl, or tert-butyl isothiocyanate were given to rats, no
cysteine conjugates were detected (15, 16, 21).

The conversion of isothiocyanates to their N-acetylcysteine deriv-
atives (mercapturic acids) proceeds by the conventional route of
conjugation with glutathione presumibly promoted by glutathione
transferases. The resulting conjugates are then hydrolyzed to the
cysteine derivatives and acetylated. Although this pathway has been

Q
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generally regarded as a detoxication mechanism, recent attention has ,
been directed to the role of GSH and cysteine con]ugates (thiocar-
bamates) as a means of transporting lsothxocyanates to peripheral
organs where they can undergo cleavage and cnnlnbu(e to toxicity
(22, 23) or induce enzymes that protect agamst tox1c1ty (see below).

Isothiocyanates as Protectors against Chemical 'Carcinogenesis

The capacity of organic isothiocyanates to block;chemical carcino- °

genesis was recognized 30 years ago (24, 25). Interest in naphthyl-
NCS arose from its ability to produce profound prohferatlve damage
in the liver. In long-term feeding experiments a-naphthyl-NCS sig-
nificantly reduced (in a dose-dependent manner) the'formatlon of liver
tumors by 3’-methyl-4- dlmethylammoazobenzene, ethionine, and
N-2-fluorenylacetamide in male Wistar rats. Furthermore animals fed

a-naphthyl-NCS did not develop ear duct carcmomas and leukemia,
unlike rats receiving the N-2- ﬂuorenylacetamde alone (24, 25).
Lacassagne ef al. (26) confirmed and extended these findings by
demonstrating that not only dietary a-naphthyl-NCS but also S-naph-
thyl-NCS (which does not cause marked. proliferative changes in the
liver) blocked hepatic tumor formation in rats fed ‘4-dimethylamino-
azobenzene. Both isothiocyanates produced profound effects on he-
patic enzymes that metabolize xenobiotics (27, 285.

These findings laid the groundwork for many subsequent studies on
the tumor blocking activities of isothiocyanates, whlch were admin-
istered usually for only short time periods (Table 1)

Mammary Tumors. In the single dose 9,10- dlmethyl 1,2-ben-
zanthracene (DMBA)-induced mammary tumor ;model in female
Sprague-Dawley rats, ‘single doses of phenyl-NCS, phenethyl-NCS,
and benzyl-NCS-markedly reduced the incidence and multiplicity of
mammary tumors. In a detailed experiment Wattenberg (29) showed
that the timing of administration of the amlcarcmngen with respect to
the DMBA was very important. Thus, when benzyl-NCS was -adminis-
tered by gavage 2 h prior to the single dose of carcinogen, the average
number of rats bearing tumors was reduced from 77% to 8%, and the number
of tumors per animal dropped from 1.6 to 0.08. Administration of the
isothiocyanate 4 h prior to the carcinogen was somewhat less éffective; but if
the isothiocyanate was given 24 h before or 4 h after the DMBA, the tumor
blocking effect was largely abolished. In other experiments with the same rat
tumor model, Wattenberg (30) observed that dietary benzyl isothiocyanate
fed for the entire experimental period, beginning 1 week after the DMBA
dose, was also highly effective in reducing mammary tumor incidence and
multiplicity.

Forestomach and Lung Tuiuors. Administration of benzyl-NCS

.(1 mg) to female A/J mice by gavage 15 min prior to each exposure

to dimethylnitrosamine (20 mg/kg; once weekly for 8 weeks) reduced
forestomach tumor incidence and muitiplicity but had no effect on
pulmonary adenoma formation. In contrast, administration of benzyl-
NCS (1 or 2.5 mg, 15 min before carcinogen) reduced, in a dose-
dependent manner, both pulmonary adenomas and forestomach tu-
mors evoked by benio(a)pyrene (3-doses of 2 mg each, given p.o. at
2-week intervals) (31). Benzyl-NCS also suppressed the formation of
forestomach tumors in ICR/Ha mice (38). -

The effects of isothiocyanates on lung. tumors resulting from administra-
tion of the potent tobacco-derived nitrosamine carcinogen NNK have been
studied intensively and reviewed recently by Chung (39). In male F344 rats,
phenethyl-NCS was fed for 1 week prior to and during the course of
with NNK (1.76 mg/kg s.c., 3 times weekly for 21 weeks). At the

* The abbreviations and definitions used are: GSH, QR, quinone
[NAD(P)H:(qui acceptor) oxidored EC 1.6.99.2}; GST, glulathlone (rans«
ferases (EC 2.5.1.18); Phase 1 enzymes (pri h P-450) .

i largely by oxidative or i ; Phase 2 enzymes conjugate
fi i with ligands (e.g., GSH, glucuronic acid). QR is

classified as a Phase 2 enzyme. Monofunctional inducers elevate Phase 2 enzymes without
intervention of the Ak (Aryl hydrocarbon) receptor and do not significantly affect Phase
! enzyme activities; DMBA, 9,10-dimethyl-1,2-b h NNK, 4-(s yIni
samino)-1- (3~pyndyl) 1-butanone; i.g., intragastrically.

termination of the experiment (104 weeks), the pulmonary tumor incidence
(adenomas and carcinomas) was reduced from 80% to 43% by the isothio-
cyanate treatment, which also inhibited the methylation and pyridyloxobu-
tylation of lung DNA (32).

In shorter term experiments, female A/J mice received 5 wmol of
various phenyl-(CH,),-NCS (n = 0-6) daily by gavage for 4 days.
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Table 1 Protection against chemical carcinogenesis by aryl and arylalkyl isothiocyanates in rats and mice
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Species
Carcinogen (sex/strain) Tumor target organ Protective isothiocyanate Ref.
3'-Me-DAB? Rat (3, Wistar) Liver a-Naphthyl- asaki (25)
Ethionine Rat (8, $-D) Liver ' a-Naphthyl- Sidransky ef al. (24)
AAF Rat (3, Wistar) Liver, leukemia, ear duct a-Naphthyl- Sidransky et al. (24)
DAB Rat (&, Wistar) Liver a- and B-naphthyl- Lacassagne er al. (26)
" DMBA Rat (9, S-D) Mammary gland Phenyl-, benzyl-, pt yl W berg (29, 30)
DMBA Mouse (¢, ICR/Ha) Lung, forestomach Benzyl-, phenethyl- Wattenberg (29)
b BP Mouse (9; ICR/Ha) Forestomach Benzyl- attenberg (29)
DEN Mouse (2, A/J) Forestomach Benzyl- \ Wattenberg (31),
BP Mouse (2, A/J) Lung, forestomach Benzyl- Wattenberg (31)
NNK Rat (&, F344) h Lung Phenethyl- Morse ef al. (32)
i B
NNK Mouse (2, AlJ) Lung « Phenyl- (C!{z)n-(n = 0-6) jMorsc et al. (33-35)
NBMA Rat (4, F344) Esophag Phenethyt- ;Stoner et al. (36, 37)
°3'-Me-DAB, 3'-methy}-4-dimethylami b DAB, 4-dimethyl: b AAF, N-2-fluoreny

N-nitrosobenzylmethylamine.

Two h after the final treatment with isothiocyanates, a single dose of
NNK (10 pmol by ip. injection) was administered and pulmonary
tumors were quantitated 16 weeks later. Phenyl-NCS and benzyl-NCS
were inactive, but phenethyl-NCS (n = 2) and isothiocyanates With
n = 3-6 produced marked reductions in lung tumor formation; the
inhibition was progressively more pronounced as the methylene chain
was lengthened (33, 34). Thus phenythexyl-NCS (5 umol daily for 4
days) reduced pulmonary tumor multiplicity from 7.9 to essentially zero.
DNA methylation, as measured by O°-methylguanine formation, was
likewise blocked by these arylalky! isothiocyanates, again more markedly
as the methylene chain of the isothiocyanates was made longer (34).

If the administration of benzyl-NCS or phenethyl-NCS (1-3
wmol/g of diet) was delayed for 1 week after treatment with NNK and
then continued to the end of the experiment at 16 weeks, no effect on
pulmonary tumer formation was observed at nontoxic doses of the
isothiocyanates (35).

Tumors of the Esophagus. Stoner et al. (36) have reviewed their
studies on the inhibition by phenethyl-NCS *of esophagealf tumor
production in the rat by the asymmetrical nitrosamine, N-nitrosoben-
zylmethylamine. The importance of these studies derives from the
belief that N-nitroso compouiids and their precutsors are probably
causative factors for esophageal cancers in some high incidence
regions (37). Male F344 rats treated with N-nitrosobenzylmethyl-
amine, (0.5 mg/kg s.c. once per week for 15 weeks) developed 100%
esophageal tumors at the end of the 25-week assay period, and the

! tumor multiplicity was 11.5/animal. In experimental groups also fed

phenethyl-NCS (3 pmol/g of diet), tumor incidence was only 13% and

average tumor multiplicity was negligible (0.1 * 0.3/animal). At a higher.
dose of phenethyl-NCS (6 pmol/g of diet) no tumors were observed (37).

Phenethyl-NCS treatment blocked the formation of both preneoplastic and

neoplastic lesions in thé esophagus; even at the lower dose of the isothio-

cyanate, there was complete inhibition of the appearance of the more ad-

vanced (papilloma and carcinoma) lesions (37). ’

Parallel measurements of the effects of phenethyl-NCS on the
metabolism of [*H]nitrosobenzylmethylamine in rat ésophageal ex-
plants demonstrated concentration-dependent inhibition of both me-
tabolism of the carcinogen and methylation of DNA, as indicated by
decreased formation of N’-methylguanine and OS-methylguanine.

Tumor-blocking Effects of Glucosinolates. A few experiments
have examined the chemoprotective effects of glucosinolates, which are
often present in plants in much higher concentrations than their isothio-

BP, benzo(a)pyrene; DEN, diethylnitrosamine; NBMA,
{

cyanate hydrolysis products. The most clear}cut results have been
obtained with the DMBA-induced mammary fumors of the Sprague-
Dawley rat. Administration of large single doses of glucobrassicin
(indolylmethy! glucosinolate) or of glucotropaéolin (benzyl glucosino-
late) 4 h prior to the carcinogen substantially reduced both the incidence
(from 75% to 25-38%) and the multiplicity (from 1.25 to 0.50-0.69
tumor/rat) of mammiary tumors. Administration of thesé glucosinolates or
of glucosinalbin (4-hydroxybenzy! glucosinolate) produced some reduc-
tion in the multiplicity, bt usually not the incidence, of forestomach
tumors and pulmonary adenomas of mice treated with benzo(a)pyrene
(40). The interpretation of these experiments is complicated. It is not
known to what ‘extent these glucosinolates are degraded in the rodent
bodies or to what ‘extent the glucosinolates or. their degradation products
are responsible for:the tumor-blocking effects. TIf the glucosinolates are
hydrolyzed, it is not known whether endogenous or microbial enzymes
are responsible and what products are formed. These issues are especially
complicated for glucobrassicin, since three known degradation products
of this glucosinolate (indole-3-acetonitrile, 3,3'-diindolylmethane, and
indole-3-carbinol) are anticarcinogens and inducers of cytochrome P-450
(41, 42). A further potentially.confounding effect is the conversion of
indole-3-carbinol under mildly acid conditions (such as prevail in the
stomach) to cyclic derivatives.that bind at-very low concentrations to the )
Ah: receptor and. thereby become very potent inducers of cytochrome
P4SOLAL (43), ‘

Mechanisms: Effects-of Isothiocyanates on Carcinogen
Metabolism-

Understanding of the mechanisms of the-chemoprotective effects of
isothiocyanates is of great importance not only because these sub-
stances block the formation of a wide variety of carcinogen-induced
tumors in rodents, but also because isothiocyanates and their glucosi-
nolate precursors are widespread in human dietary plants and are
consumed in substantial quantities. To what extent these substances
contribute to the well-recognized protective effects'of vegetables
against cancer is unclear (44). The only plausible mechanisms pro-
posed for the anticarcinogenic effects of isothiocyanates implicate
modulation of carcinogen metabolism, both depression of activation
of carcinogens and acceleration of their disposal. Evidence for these
conclusions is based on measurements of: () carcinogen-DNA ad-
duct formation and the.accompanying nucleotide modifications; (b)
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Table 2 Induction of Phase 2 enzym:

Bocument 4

210

es by isothiocyanates in rodent tissues

- Ratio of enzyme
specific activities

Enzyme R-NCS Species (sex/strain) Tissue (treated/ control) Ref.
GST Benzyl-NCS Mouse (female; [CR/Ha) Esophagus 2.08-2.59 Sparnins et fl. (38, 49, 50)
Forestomach 2.46
Liver 3.20 H
Small bowel 4.38-9.36 '
i
GST Benzyl-NCS Mouse (female; ICR/Ha) Forestomach 343429 Benson and; Barretto (51)
Liver 3.0-35 Benson et al. (52)
Lung 1.63-1.73 -
Kidney 1.35-1.37
Small bowel 5.27-8.31
Colon 125 .
. i
GST Allyl-NCS Rat (male; F344) Liver 1.26-2.25 Bogaards ez‘ al. (53)
Small bowel 3.07-3.93 .
GST Phenethyl-NCS Rat (imale; F344) Liver 13 Guo et al. (47)
GST Phenylbutyl-NCS Rat (male; F344) Liver 135 Guo et al. (57)
Phenylhexyl-NCS Liver 137 . : .
GST Sulforaphane Mouse (female; CD-1) Forestomach 1.08-3.00 Zhang et ai, (10)
Erucin - Glandular stomach .
Erysolin
- Liver
Small bowel
«Colon
QR Benzyl-NCS Mouse (female; CD-1) Forestomach 2.57 Benson and Barretto {51)
Liver 205 .
Lung 2.82 Benson et al. (52)
Kidney 227 '
Small bowel 4.78
Colon 1.80
Bladder 241
QR Phenethy!-NCS Rat (male; F344) Liver o 5.1 -~ Guo et al. (47)
Lung ~1 .
Nasal mucosa . ~1
OR Phenylbutyl-NCS Rat (male; F344) Liver v 144 Guo et al. (57)
Phenylhexyl-NCS Liver ., 163
QR «-Naphthyl-NCS Rat (male; F344) Liver 28-4.4 Leonard et al. (27, 28)
B-Naphthyl-NCS Liver 2.23
QR Sulforaphane Mouse (female; CD-1) Forestomach 1.05-3.10 Zhang et al. (10)
Erucin Glandular stomach
Erysolin Liver .
' Small bowel
Colon

rates of activation of carcinogens and levels of Phase 1 enzymes; and
(c) activities of Phase 2 enzymes and levels of GSH.

Reactions of Carcinogens with DNA. There is a striking parallel
between the inhibitory effects of various arylalkyl isothiocyanates on
lung tumor formation by NNK, the potent carcinogenic nitrosamine of
tobacco, and the ability of these isothiocyanates to block O%-methyl-
guanine formation in lungs of rats and mice. The very systematic
studies by Chung, Hecht’am\i their colleagues should be consulted for
details [Refs. 32, 39, and 45; reviewed by Chung (46)]. These workers
and others (46) have also studied the metabolic-activation of NNK by
lung tissue and microsomes and have concluded that the chemopro-~
tective isothiocyanates act principally on the enzymes involved in the
metabolic activation of NNK. By the use of inhibitory antibodies
specific for cytochromes P-450, Guo et al. (46) identified cyto-
chromes P4501IB1 and 2 but not P4501A1 or P450IIE1 as important:
participants in'the activation process.

Similar experiments by Stoner et al. (36, 37) have established that
the inhibitory effects of phenethyl-NCS on the production of esoph-

ageal tumors by N-nitrosobenzylmethylamine in rats also paralleled
inhibition of the binding of the carcinogen to DNA and the formation
of N7-methylguanine and O°-methylguanine. )

Regulation of Phase 1 Enzymes by Isothi tes. Administr:
tion of isothiocyanates to rodents produced-either increases or de-
creases of microsomal cytochrome P-450 content.and the activities of
several cytochrome P-450-dependent monooxygenases. The effects
appear to depend on experimental.conditions: the nature of the iso-
thiocyanate; the treatment regimen; the target tissue examined; and
the specific monooxygenase measured. X

The most dramatic increases have been reported with indole-3-carbi+
nol and 3;3'-diindolylmethane and to a lesser degree with indole-3x
acetonitrile. These indoles-are hydrolytic rearrangement products of glos

cobrassicin (indolylmethyl glucosinotate). Single i.g. administrafiom o
10-100 yemol of these indoles to female Sprague-Dawley rats raised e

aryl hydrocarbon hydroxylase activities of homogenates of liver ed
small intestine as much as 25-fold. Cleatly these effects cannot be directly
attributed to the actions. of isothiocyanates (41). As already m
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recent experiments (43) have shown tha[ indole-3-carbinol is readily
converted both in vitro and in vivo, under mildly acid conditions- to
polymeric indoles that bind with very high affinity to the A receptor, and
thereby enhance transcription of cytochrome P450IA1.

Single i.g. doses (100 wmol) of phenethyl-NCS to male F344 rats
caused marked increases of liver microsomal pentoxyresorufin O-de-
alkylase activity (10-fold) and the content of cytochrome P4501{B1
protein (6.6-fold) (47). In contrast, cytochrome -P-450 content,
ethoxyresorufin O-dealkylase, and erythromycin N-demethylase activi-
ties all fell moderately during the first 1218 h and then recovered by the
end of the experiment at 48 h (47). Although these effects appear to be
somewhat contradictory, the above-described treatment with phenethyl-
NCS depressed the formation of reactive metabolites of NNK by lung
(and to a lesser degree by liver) microsomes. The principal effect of
phenethyl-NCS appears to be depression of the a-hydroxylation of NNK
which is critical for DNA adduct formation. Furthermore, the direct
addition of a number of isothiocyanates to microsomes of rat and mouse
lungs and rat nasal mucosa potently depressed‘the metabolic activation
reactions of NNK. Thus, 50% inhibition was achieved by phenylethyl-
NCS at 120~200 nM, by phenylbutyl-NCS at 30-75 nM, and by phenyl-
hexyl-NCS at 15-90 nm depending on the specific metabolites. The K;
values for the inhibition of NNK metabolism by phenylhexyl-NCS were
very low (10.9-16.8 nm) for various reactions (57).

Straightforward results were obtained in experiments in which
100-300 pmol daily i.g. doses of allyl-NCS were given to male
outbred rats for 3 days. The hepatic aminopyrine N- demethylase,
p-nitroanisole O-demethylase, and aniline p-hydroxylase activities
were all decreased in a dose-dependent manner to as low as 31-46%
of control values (48)! )

Although both a- and B-naphthyl-NCS block neoplasia in the liver
(see above), dietary administration of these compounds to male F344
rats for 2—4 weeks had opposite effects on cytochrome P-450 content
and monooxygenase activities of liver microsomes. Whereas the
a-naphthyl-NCS depressed total P-450.content, as well as ethoxycou-
marin O-deethylase and benzphetamine O-demethylase activities, the
B isomer had the opposite effects (27, 28). For -instance, dietary
B-naphthyl-NCS (5.4 umol/g diet for 28 days) raised microsomal
cytochrome P-450 content, ethoxycoumarin O-deethylase, and benz-
phetamine N-demethylase 1.6-, 1.74-, and 2.2-fold, respectively (28).

In Hepa 1c1c7 murine hepatoma cells in culture, benzyl-NCS had
no effect on aryl hydrocarbon hydroxylase-activity (8).

Although the effects of isothiocyanates on Phase 1 enzymes appear
to vary greatly with experimental conditions and the activity meas-
ured, the conclusion that these compounds depress the activational
metabolism of two carcinogens, NNK and N- mtrosobenzylmethyl-
amine, appears to be firmly estabhshed

Regulation of Phase 2 Enzymes and Glutathione Levels by
Isothiocyanates

In contrast to the complex effects of isothiocyanates on Phase 1
enzymes, the effect of these agents on Phase 2 enzymes of rodent
tissues is quite straightforward. Table 2 -summarizes the changes in
specific activities of GST and QR in the cytosols of several organs of
mice and rats treated with benzyl-NCS, phenethyl-NCS, allyl-NCS,
a-naphthyl-NCS, B-naphthyl-NCS, or sulforaphane [1-isothiocya-
nato-(4R)-(methylsulfinyl)butane}. The compounds were given either
in the diet (334 umol/g diet) for 5-28 days or by i.g. administration
(5-100 pmol in single or several daily doses). The organs examined
included: liver; esophagus; forestomach; glandular stomach; small
bowel; colon; lung; kidney; and bladder. Inductions of GST and QR,
expressed as ratios of specific activities of tissues obtairied from
treated and coritrol animals varied from 1.2 to 9.4 and were mostly in
the 2-4-fold elevation range. Phase 2 enzyme induction, as repre-

\\W”llocyanares"
. e

Table 3 E isothiocy ;
3 flects of benzyl isothiocyanate on glutathione levels in female ICR/Ha mouse
tissues

Ratio of GSH i

. concentrati
Tissue lons

(treated/control) |

< 1 Ref.

Esophagus - < '
Forestomach 1’6”3_717'75 Spamiins et al, (49)

Small bowel 1,64—[ % Sparninsiand Watienberg (38)

Spamins'er al, (N]
i

Table 4 Induction of quinone réductase in Hepa

; lcle? murine hepatoma cells by

i
Concentration required

Isothiocyanate © da(ublc QR
)
Sulforaphane [cu SO(CH —
S oraphane [CHoSO(CH, NG| [ —
Benzyl NCS i Y
Cyclooctyl-NCS : " o
Cyclohexyl-NCS ¥ ?ll)

# From Prestera et.al. (55).

sented by elevations of GST and QR in various ussues, appears to be
a constant property.of a variety of lsotluocyanates Benzyl-NCS also
raised GSH levels in esophagus and small bowel (but not forestom-
ach) of mice by 63-75% (Table 3; Ref. 38). |

In common with many chemically unrelated chemoptotective -com-
pounds, the administration of isothiocyanates to‘rodents evokes a gener-
alized “electrophile counterattack” response, charactenzed by the induc-
tion of Phase 2 enzymes and increases in ussue GSH levels (54, 55).

Much has béen learned about the chemical structure and mecha-
nism of induction of chemoprotective compounds by the measurement
of QR activity in Hepa lclc7 murine hepatoma cells in culture (7),
and especially in cells grown in’ 96-well microtiter plates (56). Ele-
vation of QR in this cellline accurately predicts induction of both QR
and GST in animal tissues. This system played a critical role in the
identification of sulforaphane as the major Phiase 2 enzyme inducer in
SAGA broccoli (10). Extensive information is-now available on the
inducer potency' of a wide variety of isothiocyanates in Hepa cells.
Some illustrative inducer concentrations required in the assay system
to double the specific activity of QR in Hepa ‘1clc7 murine hepatoria
cells are given in Table 4.

In an effort to understand the basis for the hlgh inducer potency of
sulforaphane, .a large fumber of bifunctional isothiocyanates were re-
cently synthesized and ‘evaluated as inducers (58). It was found that

- among these analogues, the methylsulfinyl group (CH,S0O—) of sulfora-

phane could be replaced by either CH;CO— or CH,S0,— groups
without significant effect on inducer potency. For optimal potency, these
functional groups had to be separated from ttie —NCS function by 3 or
4 carbon atoms. In some of the analogues, the link separating the two

functions was flexible whereas in others it was relatively rigid. Certain

bifunctional norbornyl-NCS analogues were potent inducers of QR in
murine hepatoma cells and inducers of QR and GST in mouse tissues.
Since there is much. persuasive evidence that induction of Phase 2
enzymes plays a major role in the chemoprotective effects of many
different classes of compounds (9), it appears very likely that isothio-

.cyanates also exert at least a part of their protective actions through

this mechanism. Tsothiocyanates are potent electrophiles like most
other inducers of Phase 2 enzymes (7, 54, 55). Isothiocyanates resem-
ble other monofunctional enzyme inducers in that they stimulate
transcription of Phase 2 enzymes via a common AP-1-like enhancer
element present in the upstream regulatory regions of certain GST and
QR genes (54, 55).
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THE ROLE OF ENZYME INi)UCTION IN lsROTECTION
e T AGAINST CARCINOGENESIS

2t

et
2 Dcpurtm:nt uf Phnrmacology and Molecular Sclcnoes
The Johns Hopkins University. School. of Medicine
° Baltimore, Maryland i

i

b INTRODUCTION AND BXC:'(GROUND !

; . |
The notion that protectlcn against the eoplastlc effects of carcinogens can be achieved
by adiinistration of chemical agents is by,no means new., Twenty-ﬁve years ago ina

" review entitled "Chemo-prophylaxis of Carcmogenesxs, ,Wattenberg reoorded experiments

going:-back to 1929, in which.chemical induction of tumors in rodents had been blocked: bya
variety: of chemlcals including polycyclic, aromatic hydrocarbons phenothiazifies, :
actinomycin D, o, 8-unsaturated dicarboxylic acids and anhydrides, drchlorodlethyl sulfide
(mustard gas), metal ions, 2,3-dimercaptopropanol, 4~mtroqumolme N-oxide, and others.
‘Although mouse skin was the experimental model for most of these studies, protectlon was

*also observed against systemic tumor formation in liver, mammary. gland, and connective

tissue, thereby indicating that protection did not’ anse solely from 4 local interaction between
carcinogen and protector. One striking feature’ of these observations was that ‘the protective
agents were often carcinogens themselves and thatwnder appropriate experimental conditions

established carcinogens could act as protectors. Indeed, prior treatment with low doses of a

carcinogen protected .against hlgher doses of the same carcmogen i .

“The striking finding of Richardson’ and Cunmngham3 that small doses of 3-

' methylcholanthrene (@ potent carcmogen) prov1ded substantlal protectlon agairist the

,dlmethylammoazobenzene) was fol]owed many years ‘later \by the demonstratuon of lhe
i reverse phénomenoni: protection agamst hydrocarbon (7 12-d1methylbenz(a) anthracene)-

induced mammary tumor formation in rats by small doses of the the azo dye, Sudan IIL*

[ S T

" *This solicited summary of work from our laboratory on chemoprotectlon against cancer is

baséd on several recent reviews that are referénced in the bibliography. A similar chapter

will appear as part of the Proceedmgs of a Workshop on-*Cellular and Molecular Targets for

Chemoprevention, sponsored by the Natxonal Cancer Insmute and held in Charleston, South

. ‘Carolma on March 16-19, 1991. R L *

ISBN 0-8493-4715-7
© 1992 by CRC Press, Inc. 469
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Insxght into the’ mechamsms responsrble for these phenomena was provided by James and

"Elizabeth Miller and their coworkers,™ who in the course of their analyses of the

biochemical basis of chemical carcinogenesis attributed the protective effects to the greatly
enhanced rates of oxidative and reductive detoxication of the carcinogenic aﬁo dye

(reduction of the azo.linkage, ring hydroxylation, -and N~demethylatron) resultmg from the -
induction of ‘enzymes of xenobiotic metabolism. The responsiblé enzymes re now known as
cytochromes P-450 (Phase I enzymes).” In retrospect this explanation is probably incomplete
because enhancement of metabolic conjugation by Phase II enzymes ‘(see below) undoubtedly

: also played a role‘i in the protective phenomenon L ¢

'

Carcinogenesis is'a complex and protracted multistage process Until recently,
reduction or avoidance of exposure to-carcinogens and early diagnosis were t.he only hopes iof
reducing the incidence of cancer or achieving better therapeutic results. It i 1s now evident
that the events that occur between exposure to carcinogens and the ultimate development of’

. ,overt malignancy offer many opportunities for blocking or even reversing th‘e neoplastic
" *process.” Our’ laboratory has focused on-developing strategies for protecting:cells against the

effects of carcinogens by enhancmg thelr metabolic macuvatlon theréby promoting their

-_elimination. and reducing the opportumtles for damagmg interactions with cellular

“ macromolécules.®  Several considerations’ make this an ‘especially appealing|target for

achieving chemoprotecuon ‘(a) protectron is 1mplemented at a very early step of the

" carcinogenic process; before damage to DNA occurs;, (b), the enzymology of the metabolic ,

' reactions involved in carcinogen actlvatron and inactivation is reasonably well understood; (¢)
" many ‘inducers ‘of enzymes of carcmogen metabohsm have been identified and the structutes;
"+ of othérs can’now’ be predicted; and (d).a number of mducers of detoxication enzymes are

* relatively nontoxic some dccur naturally‘
components of the human dlet

"' A METABOLISM OF CARCINOGENS

- enter into damagmg mteractlons ‘with’ nucleophrlrc

lrvmg matter and others are alréady minor

il. ENZYME INDUCTION AND CHEMOPROTECTION

_ The critical importance of metabolic. actlvatlon of chemieal carcmogens to their
ultimate reactive forms was uncovered by t the. Mlllers and their colleagues™ to whom we owe
the ‘central dogma of carcmogenes1s that ultimate, carcmogens are electrophilic species that
ers on the bases of DNA and thereby-

* participate‘in carcinogenesis. These etabolic activations are generally promoted by one or:

more memibers of the family of indue cytoch

es P—450 (destgnated Phase I enzymes),

" “which are membrane-bourid hemoprotems that' carry out mainly oxidations and reducticns.

*aré cytochrome P-4501AL; ‘involved in

Many (perhaps the majority) of the metabolic Teactions catalyzed by cytochromes P-450 do
not, however, lead to metabolic activations but tq the formation of more water-soluble,
nonelectrophilic’ detoxication' products.’ Promment among enzymes responsible for activation
nversion of. bi:nzo(a)pyrEne and other polycyclic
aromatics’to- highly carcmogemc dlol epoxx es, “and cytochrome P-450IA2, which participates
in the enhancement of the carcmogemc functlons ‘of aromatic amines through their N-
hydroxylation. Both of these cytochromes P-450°aré inducible by a mechdnism that requires
the participation of the cytosolic 4h (Aryl hydrocarbon) receptor. The liganded 4k receptor
is transported to the nucleus where it binds and.activates XRE (Xenobiotic Responsive

1-F8
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"-An obvious corollary of this conclusion' was that the balarice between Phase I and Phase 11
enzymes could exercise critical control over the fate of carcinogens and that shtftmg this
“" balance toward Phase Il enzyme predominance could result i in protectlon agamst electrophile
toxicity and carcinogenesis. Subsequent observations from many laboratories have fully
corroborated these suggestlons

3

i

© o440 B, MODULATION-OF ENZYME GEN METABOLISM AND CONTROL
ot OF ARCINOGENESIS Ny ’ f
b “Since Wattenberg’s 1966 revxew ‘of moprotectors the list of compounds capable
“eof protectmg animals dgainst the toxic and neoplasnc ‘effects of carcinogens has grown
"+ substantially, both in number and chemical dwersnty g Chemoprotectors include not only
small doses of polycychc aromatics (some of ‘which are themselves carcinogens) and azo dyes
“’but also phenolic’ ant|ox1dants suchi’ as BHA and BHT ¢oumarins, flavonoids Lorganic
" isothiocyanates, thiocarbamatés (for example disulfiram, dlethyldluuocarbamate
bisethylxanthogen), 1,2-dithiole-3-thiones, idoles, and_ cinnamates, 2 It was difficult to
understand how administration of such a bewildering varlety of compounds could protect
against carcinogenesis. Yet many expeuments showed that these chemoprotectors were
endowed with a singular and universal property lhey were inducers of enzymes of xenobioti¢
metabolism in many tissues in vivo and in a Variety of cells in culture. Many lines of
evidence suggested that the ability to enhance the metabolic inactivation of carcinogens was
largely responsible for the chemoprotective properties of these agents.®

More detailed analysis of the enzyme induction patterns evoked by these
chemoprotectors led to the recognition that they fell into two quite distinct famxlles which we
have designated monofunctional and bifunctional inducers. Monofunctional inducers

__elevate the specific activities of Phase Il enzymes without producing sngmﬁcant effects on the

" .activities of cytochromes P-450 that are under the regulation of the Afi receptor. By contrast,

. bifunctional inducers are generally large planar-atomatic'compounds that bind to the Ak
receptor and elevate the activities of both Phiase I and Phase Il enzymes. Because elevation
of Phase II.enzymes appears to be a sufficient condition for achlevmg protectton against
carcinogenic electrophiles, and Phase T enzymes can ‘participate in carcmogen activation,
chemoprotective strategies should ideally be 1mp1ememad with monofunctional rather than
blfuncuonal mducers : i

EXPERIMENTAL YSTE

. ND[JCER ) "
Becausé of thé compellmg evxdence 12 yme mducuon is associated with

** a chemoprotected ‘staté (reduced. suscepublllty to the toxlc and- ‘neoplastic effects of chemical
"+ carcinogens), we have developed simplé experlmental systems for identifying novel
monofunctional inducers, for measuring their potencxes, ‘and for -elucidating the molecular
events responsible for induction, NAD(P)H: qumone ox1doreductase is a widely distributed
*FAD=containing flavoprotein that protects cells ‘against theé toxicities of quinones.” It is |

coordinately induced’with other Phase Il enzymes in most tissues. The murine hepatoma cell
line designated Hepa'lc1c7 contains® mdumble qumone reductase that is easily measurable.
This cell line thereforé provides a reliable’ system for detectmg and for measuring potency of
R ' ‘monofunctional as well as blfunctlonal indcers, ’”’ The utility of this system has been
greatly extended by growing Hepa 1c1c7 cells i in mtcrotlter plate wells and measuring

‘
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Elements) in the upstream regions of these cytochrome P450 genes. ! Strong evidence for
the importance of the 4h receptor in carcinogenesis is provxded by the greatly reduced
susceptibility to carcmogens of mbred jmouse strams that lack or have low levels of this
Cer receptor‘ 213 - :

Protection of cells against the very Teactive electrophilic metabolites of carcinogens
and other xenobiotics is provided by the high intracellular levels.of glutathlon%, which acts as
a noncritical nucléophile scavenger to’ inactivate thesé toxic substances. Impoktant defenses -
. against-electrophile toxlclty‘are also"provided by familiés of Phase'Il enzymes that inactivate
these electrophiles by conjugation with glutat.hlone (glutathione S- transferases), or with
““ghacuronic'acid (UDP-glucuronosyltransferases) or by hydrolysis. i Another lmportant
" detoxication enzyme ‘is NAD(P)H:quinone reductase (qulnone reductase) whxch catalyzes the
obligatory two-electrori-reductions of quinones and thereby, shields cells agamst the damaging
"electroph:hclty of quinones and thelr ability to generat idative stress by oxidative
© “cycling." " Phase Il enzymes also conjugate and otherwnse modrfy the nonelectrophilic
‘jproducts of PhaseI enzyme actlon y

e A sxmplled general scheme for the role of.Phase I and Phase II enzymes in carcinogen
) metabollsm is shown below:

1“&'

_ DNA DAMAGE ———3 NEOPLASIA

Sy et © #¢ . REACTIVE'd!} H
: : < ELECTROPHILES s .

_(ULTIMATE ./
; CAHCINOGENS)

¥

PHASE |
ENZYMES -

T " PHASE Il
B ENZYMES

| DETOXICATION
| PRODUCTS

" NONELEGTR(

The discovery by Wattenberg'!6 that the phienolic antioxidant food additives, BHA
[2(3)-tert-butyl-4-hydroxyanisole] and BHT, (2,6-di-tert butyl -4-hydroxytoluene), protected
-rodents ‘against the the ‘toxic and neoplasuc éffects of a “variety of carcinogens provided an
.important impetus to the developmem of the field 'of chemoprotection. Because these
o ‘phenolic antioxidants were alréady present in the human diet, and clearly could not be very
" toxic, the prospects that other nontoxnc chemoprotectors would be identified seemed much
'brlghter S R

" "Our analysis of the mechanlsm of the prot tive effects of Lhese agents led to the
start]mg observation that administration of phenohc ant10x1dants (and’as subsequently shown,
a wide varlety of other chemoprotectors) produced marked elevations of glutathione
* transferases‘and other Phase I enzymes in’ many /ithout major effects on
"'+ ! ~cytochromes P-450 (Phase I' enzymes) 1724 Thése f}ndm suggested strongly -that elevation
v . of Phase I enzymes was a crmcal (and suff‘ment) condmon for achieving chemoprotectlon
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directly the specific activities of quinone reductase by means of a computer~coupled
miicrotiter plate reader.”® Quinone reductase is induced in these cells by all of the
chemoprotectors shown in Figure 1. . "
D. IDENTITY OF CHEMICAL SIGNAL RESPONSIBLE FOR MONOFUNCTIONAL
JINDUCTION g P !

ek Monofunetlonal mducers appear: i t'mdependently of any convennonal receptor and
superﬁcnally teveal few, if any, common structural features. Nevertheless a systematic study
of the relation of structure to inducer potenty‘led to-the conclusion that all rdonofunctlonal
inducers contain (or acquire by metabolism)- electrophilic reaction:centers. 92} This conclus:on
was reached:in the following manner. When the inducer potencies of a series of alkyl ethers
of 1 4-dlphenols (designed as’analogues of BHA) were examined, unsubsntuted tert-
-butylhydroquinone was-the most potent mducer and was active in tissues in which the ethers;
were only feebly active,® 'When these éxperiments were. extended to mcludeznot only 1,4- |
diphenols but also 1,2-diphenols (catechols)‘and 1 3—dlphenols (resorcinols), it was
consistently found that only 1,2-diphenols and 1,4-diphenols were,inducers, \ilhereas 1,3-
diphenols were completely inactive.?’*! The appropriate orientation of the phenohc hydroxyl

.- groups was absolutely critical, whereas the presence or absence’ ‘of other ring!substituents had

-only minor effects on:inducer potency. *Similarly, among phenyléned1am1nes ithe 1,2- and
1,4-isomers were inducers, hut the 1,3-phenylenediamine was not, .Since in these two serie$

_ of compounds the 1,2- and 1;4-isomers "are readily oxidized to quinones or qumonelmmes %
whereas the 1,3-isomers cannot undergo such oxldatlons we concluded that 0x1datxve labUnty

*.was an-essential requirement for inducer -activity.?’ Nevertheless, :these expenments did not;
disclose whether the oxidative process (and for instance the ‘attendant generation of reactive *
oxygen species) was responsible for the induction of Phase I enzymes, -or whether the

- quinones or quinonéimines themselves provlded the mductlve 51gnals ’

DlSSCCthﬂ of the structure of coumarm(an mducer lactone) and related compounds
revealed that only the «,(-unsaturated lactone monety was required for mducer activity, and
that indeed o,8-unsaturated ketones weré even morg potent inducers.? Thesé findings
suggested that the critical structiire responsiblé for inducer activity was the electrophilic
olefin, which was activated by conjugation to a carbonyl or another electron-withdrawing
group. ~The reactivity of such olefins i$ the basis for the well-known Michael reaction of

 electrophilic olefins with nucleophiles. This- finding explained the inducer activity of
oxidizable diphenols and phenylenedlammes because their, quinone and quinoneimine
oxidation-products, respectively, are excellent Michael reaction acceptors.

These generalizations not only explained the activities of many known inducers but
also led to the prediction of inducer activity among acrylates, crotonates, cinnamates,
fumarates, maleates, vinyl ketones, vinyl sulfones, and others.”#*>** Furthermore, the
inducer potency of these compounds generally correlated well with their reactivity as Michael
reaction acceptors. For instance, nitro-olefins such as-1-nitro-1-cyclohexene were very
potent inducers, as expected on the basis of the hlghly potent electron-wnthdrawmg effect of
the'nitro group, .~ i« ey i X

In light: of the natural ocpurfence, of fumarates in animal tissues arid the generally
recognized low toxicity of fumarate, which is used as a food additive, we have examined the
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FIGURE 1. Examples of monoﬁmctidnal inducers that:elevate Phase Il enzymes selectively
-and bifunctional inducers that raise Phase I and Phase Il enzymes. For-dithiocarbamates:
disulfiram (R = (CH,),N); bisethylxanthogen (R = CH,0-). : :
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compound to ‘mice and rats raised the specific activities of quinone reductaseland glutathione o
, transferase in many tissues two- to elevenfold.”, These findings have encouraged us to - [
suggest that dimethyl fumarate be examined for:its. protective activity against{carcinogenesis;
This.suggestion gains validity from-the finding- that fumaric acid itself is a plant product and - .
is endowed with a variety of pharmacological properties, including the ability to block
chemical carcmogenesrs and other forms of ‘electrophile. toxicity (see ref. 32.and references
therein).... .

~

.

‘The striking similarity of the requirements.for inducer activity and for substrates of
glutathione transferases became immediately apparent as the structure/acuvnti relationship
. was developed:® ; Thus:in an extensive survey;of glutathrone transferase substrates,
. Chasseaud™ descnbed ‘many.of the very'same compounds that were subsequently shown to be
inducers of Phase 1I enzymes. A systematic survey of the ability of a broad range of
. glutathione transferase substrates to induce quinone reductase activity in Hepz} lelc7 cells
revealed virtual identity.of structural requirements.-, Thus, ‘fof instance, the following
transferase substrates were all inducers: I-chloro-z 4—dnmtrobenzene methyl iodide, 1,4-
dichloro-2-nitrobenzene, ethacrynic acid, cumene hydroperoxrde and zert- butyl
- hydroperoxide.” , However, it is not clear whether this correlatlon of requlremems for
+ inducer and. substrate activity, occurs because,both processes depend on the presence of
electrophlhc centers, ‘or whether glutathione transferases participate in the transmission of the
electrophilic inducer signal to activate the enhanced transeription of Phase II enzymes. *

. I éONCLﬁéIéXI:(JS:V ND SUMMARY

The susceptibility of biological systems to carcmogens is controlled at least in part by

Al
. the balance between Phase Lenzyme systems, (cytochromes P-450), which activate |

‘carcinogens to' therr ultrmate and highly reactive electrophilic forms, and Phage II enzymes
(for example, glutathlone transferases epoxlde hydrolases and NAD(P)H: qumone ¢

,,reductase), which convert these carcinogens to less toxic products. Both Phase I and Phase II

enzymes are induced by a variety of chemical agents, ‘Such inducers fall into two families:
bifunctional inducers (mostly large planar aromatics) that induce both Phase I'and Phase II
,enzymes, and monofunctional inducers that elevateyPhase II enzymes selectively. Protection
ymes only, and because Phase I enzymes
are involved i in-the activation of carcinogens practrcal strategies for chemoprotection ideally

- should concentrate on monofunctlonal inducers, ‘Monofunctional inducers contain, or acquire

by metabolism, electrophilic, centers,,and many are,Michael. reactlon acceptors. It is

o therefore quite easy to design or to identify. monofunctlonal inducers, and many inducers of

this typé aré already present in the human diét. The feasibility of modifying the human diet
to. lncrease the consumption of foods containing | monofuncnonal mducers needs consideration
. as a strategy for chemoprotectlon T e
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Analysis of the amicarcindgenic'mech"anisms of; BHA “identified the
important protective role of the electrophile counterattack response. It
was found that administration of- BHA to rodents mcreased the specific

Y : “3. v« . activities of glutathione transferases, UDP-glucuronosyltransferases ep0x1de
i .~ “hydrolase; NAD(P)H:quinone reductase, and other Phase 2 enzymes in the
Y . " liver and peripheral tissues of these animals, and also ralsed levels of reduced
GSH (1-4). The activities of Phase 1 enzymes that are regulated by the Ah
receptor (i.e. cytochromes P-450-1A1 and IA2) were largely unaffected by
- BHA treatment, (5). BHA was thus classified as a monofunctional inducer,
- ’tin contrast to bifunctional inducers (e.g., Epolycyclnc;aromaucs azo dyes,
- . » - flavonoids); which -elevate both Phase 1 and Phase- 2 enzymes (5). These
' ©o i e 2 M findings led to the formulation of the now, widely held view that elevation
o of Phase 2 enzymes is mainly responsibie for the protectlve effects of BHA
against neoplasia. and other. forms: of. electrophile toxicity (7). Many lines
. of evidence attest;tothe. validity, of this conclusion. @Indeed several novel
anucarqnogens have. .been identified on the basis of their ability to evoke
Phasc 2 enzyme | inductions (8-10).
-t .+ This paper, deseribes the blologlcal scope of thelelectrophlle gounter-
ey attack response; the’ chemlstry of the inducers, and the molecular regula-
| -, tion.of the response.(6). . L i
for [ S TN S TH UL Y L Ay
! BIOLOGICAL SCOPE OF THE ELECTROPHILE
COUNTERATTACK RESPONSE

Inductzon of phase 2 enzymes. The earliest and up to now most complete
mformatlon on the biochemistry of the electrophile counterattack response
-has been obtained,.on_animals and cells treated’ with BHA or fers-
butylhydroqumone whlch is presumed t6 be its active metabolite. Feeding
. 0f 0.5-1.0%_ BHA in the diet to mice or rats for§5—7 days profoundly
.1 reduced the conversion of benzo(a)pyrene to mutagemc metabolites (1).
..The llVCl‘S and peripheral tissues of these animals showed large increases
-+ +in the specxﬁc activities of GSTs (2, 4) and their cognate mRNAs (11-13).
‘; Indeed, these: normally rather abundant’ enzymes iricreased’ even further
"~ and bccame the most prominent proteins on two-dimensional electro-
. . phoresis of meuse liver cytosols (11). Subsequent studies revealed that
s ) L the elevated GSTs belonged to the a, u, and famllles and that the

: . * - inductions showed‘considerable tissue specificity (12, 14-16).
" Further studies. démonstrated that the capability of chemoprotective
... .. agents to.elevate enzymes of xenobiotic metabolism was riot limited to
BHA and was.a’ w1despread property'of many chemoprotectors. Moreover,
. the'variety "of ‘enzymes induced was -diverse (7), and included UDP-" "

) ' glucuronosyltransferases NAD(P)H:(quinone acceptor) oxidoreductase,
... . epoxide-hydrolase and a number. of additional.Phase 2 enzymes (3, 4,
o © 17, 18):'A-comprehiensive review of the ;protective effects of BHA and

’

1-F17




Case 1:07-cv-07844-SAS Document;.’42-10 Filed 05/08/2008 Pége 18 of 32

t

Advan. Enzyme Regul. Vol."33, pp. 281-296, 1993 0065-2571/93/$24.00
Printed in Great Britain. All rights reserved © 1993 Pergamon Press Ltd

R + THE ELECTROPHILE
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FON B
INTRODUCTION
’Ncoplasxa is one- 1mportant manifestation of genotoxicity, and commonly
+» e .. 5 arises from-the interaction of éxogenous or endogenously-generatedielec-
-#.1 i trophileswith “critical nucleophilic centers of DNA. {Oxidative cyclmg,
‘which ‘generates: reactive oxygen species (superoxide,jperoxide, and hy-
«+ n:droxyl.radicals), also contributes to DNA damage and to the dcvelopment
-~ of mallgnancy ‘Both electrophiles and reactive oxygen species deplete
intracellular glutathione and thereby aggravate these| toxicities. Hence,
it :is. not surprising that cells have developed elaborate mechanisms to

* counteractthese dangers.
o .o Saesi L ocw Exposure'of animals or their cells ‘in -culture to jlow but tolerated
) e i concentrations-of -electrophiles evokes a series of characteristic and wide-
“ranging metabolic ‘responses including the coordindted induction (by
Cw s o ov leenhanced transcription) of a number of Phase 2* enzymes that detoxify

o it electrophiles, and'the’ elevation of intracellular levels of reduced GSH (by
s s s - craccelerated synthesis). These responses reduce the susceptlblhty of célls to
S " higher, potentially hazardous, or even lethal, concentfations of the:same
RPN 1+ -or other toxic electrophiles: We suggest that this constellation of protéctive

e e o metabollc responses be desngnated as: “Electrophile Coumerattack”
= . N | e s

ES FEE

Abbrevmuons and - deﬁnmons Ah - reccptor Aryl hydrocarbon recepmr, BHA, 2(3)-
. tert-butyl-4-hydroxyanisole;; CD, concentration of a compound that doubles the speclﬁc‘
activity of quinone reductase in Hepa 1¢1c7 cells under specified conditions; t GSH,
* reducéd ‘glutathione; QR, quinone reductase, NAD(P)H:(quinone acceptor) oxidoreductase
«*(EC 1.6.99.2); GST, glutathione transferase (EC 2.5.1.18).
" J*Enzymcs involved ‘in the metabolism of xendbiotics. have been ‘classified |nto two broad
. ¢ategories, Phase 1 enzymes (principally cytochromes P-450) functionalize compounds
““largely by “oxidative or reductive reactions, whereas Phase 2 enzymes carry out ‘the
- ‘conjugations' of such'functionalized compounds with endogenous ligands (e.g.,.glutdthione
g . -and glucuronic acid);;Quinone reductase is classified*as a Phase 2 enzyme because it serves
protective functions, is induced coordinately with other Phase 2 enzymes, and is regulated
by enhancer elements that are similar to those controllmg Phase 2 enzymes (6).

“281
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other synthetic antioxidants, their biological effects, and eénzyme induction
.patterns has been provnded by R. Kah! (19).

Typlcal changes in the -activities' of Phase 2 enzymes in the livers
of mice; treated with BHA are ‘shown in Figure 1A. iFrom 5- to :10-

ELECTROPHILE COUNTERATTACK RESPONSE

,_fold, increases_ in specific “activities of GST; QR, epoxide hydrolase,
- and ,UDP-glucuronosyltransferases were observed. In fcontrast, several
- cytochrome P-450-related functions (total cytochrome P-450 hemoprotein,

.aniline, hydroxylase, and aminopyrine demethylase) were unaffected or
.even depressed by such treatment. Based on the mdrked changes in

Phase 2 enzymes in response to BHA admlmstratlon it \w;as suggested that

Phase 2 _

- QR UDPGT GST EH

AHH
[T v s P LR

ic ;Activl!igs- (freatiedluh‘treaied)}

Aminopyrine
Demel?&lase

P-450
"

;" QR UDPGT GST EH -

* UDPGT GST EH

F :

‘FIG: 1 Effect’ of monofunctional inducers on spemﬁc activities of Phase 1 and Phase 2
_.enzymes’ in -rodent. livers, expressed as-the ratios of specific activities of cytosols or
. microsomes ‘of treated, to, untreated dmmals (A).Feeding of BHA to fernale CD-1-mice
* (from Refs (24 17; 18)) (B) Feeding of 1,2-dithiole-3-thione to male F 344 rats (from

Ref. (21)): (C) Intraperitoneal ddmlmslratlon of bromobenzene to male Sprague-Dawley
rats (from" Ref.! (22)). Note the large increases in ‘the specific activities of glutathione
transferases (GST) .quinone reductase (QR), UDP-glucurcnosyltransferases (UDPGT),
and epoxidg hydrolase (EH). Also note the lack of increase (or possibly decline) in the total
cytochrome P-450 content-(P-450), and aminopyrine demethylase, aniline hydroxylase, aryl
. hydroearbon hydroxylase (AHH), and ethoxyresorufin. O-deethylase (ERD) activities.
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: "+ BHA: might block* chemical carcmogenesm by enhancmg the detoxication
, ta7 e capadity’ of tissues' for the ultimate. carcinogenic electrophlles, and that
fwx o+ -0 e the'balarice between Phase 1 and Phase 2 enzymes played a major role
v.i w0 inidetermining<the outcome of the interaction offcells with carcinogens
S+, (2, 7,20).- Aswealth-of evidence from ' ‘many laboratories supports the”

weo e b Dvalidity - of. these suggestions (20).
: Ceme 4+ The-wide range of chemical agents that evoke thc electrophile counter-
t i attack is exemplified-in this paper by the effects on liver enzyme profiles
-~ =+ of 'two’otherixenobiotics: 1,2-dithiole-3-thione, whu;h belongs to a class
++.-1of compounds-that-are recognized chemoprotectofrs (Fig. 1B) (21), and
bromobenzene (Fig. 1€) (22), which has not to ouriknowledge been tested
as a chemoprotector. Thus "administration of two agents that appeared
_ . to be chemically unrelated to each other and té BHA evokes similar
v ) and characteristic alteranons in the profiles of xenoblotlc-metabollzmg

o L enzymes S : A

.+ Elevations of cellular glutathione levels. It has been recognized for
i many years that the normally high intracellular GSH levels protect
4 cells against a wide variety of toxic chemicals mcludmg électrophiles
“and reactive, oxygen species. These protective processes involve both
“enzymatic (GSTs, glutathione peroxidase) and nonenzymatic reactions
(23;.24). Administration of BHA and other substances that elevate
-.Phase 2 enzymes also raised the levels of GSH in the liver and
-other mouse tissues (1, 4). Similarly, the feeding of low concentrations
of 1,2-dithiole-3-thione raised rat hepatic GSH levels 3-fold (21).
¢ With the recognition that many chemoprotectors are electrophlles
PR ST these observations initially seemed paradoxical,ibecause electrophiles
(e g., diethyl maleate) have been used extensively to deplete the
intracellular GSH levels (25). However, depletlon of GSH requires high
(i.e."stoichiometric or millimolar) concentratxons of such electrophiles.
i Consequently, the findings of Bannai (26-28) ‘and 'those of Deneke
L0y etall (29) that exposure of fibroblasts, endothelial cells, or peritoneal
o macrophages to micromolar,concentrations of diethyl maleate or other
electrophiles resulted in substantial elevations of GSH levels are par-
ticularly pertinent. The electrophile concentrations required to raise
:GSH. levels.are similar to those that induce Phase 2 enzymes. The
increases in: GSH-have been shown to involve enhanced ‘synthesis of -
“a highly_spécific,; sodium-independent, transport system for anionic
" “Cystine:; (m‘ exchange for glutamate). The intracellular concentration
. L e Lo -of. cysteine*(dérivedfrom imported cystine) is rate-limiting for GSH
; R T A . synthesis. The electrophlles that were shown by Bannai (26) to enhance
o R cystme transportiand to raise GSH levels include cyclohex-2-en-1-one,
3 methylcyclohex -2-en-1-one, ethacryriate, maleate, fumarate, cinna-

e g I
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.+. their. phenylenediamine analogs) undergo facile oxndatlons to quinones,
. whereas 1,3-diphenols and 13-phenylened1ammcs cannot participate in
- such oxidations., Although these experiments d1d not establish whether
the oxidation products or the oxidation processes (potentlally, involving

. ;; multiple one--and two-electron oxido- reductions and' the generatlon of '

. Teactive -oxygen ,species) were the inductive signal, subseqﬁent work
,sh_owmg the. important role of Michael reaction acceptors as inducers
strongly suggested that the quino'ne (or quinonein’]ine) oxidation products .

- ,.were-the ultlmate inducers, since these products are strongly electrophxllc
X i

(30 31), e

2) ‘Michael reacuon acceptors. Thct recognition that many inducers
,were compounds containing olefins or acetylenes‘con]ugated to, electron-
"withdrawing groups. was a major advance. in understanding the nature
. of the inducer ‘signal (30, 31). Such inducers include olefins conjugated -
w1th aldehydes, ketones (including thxoketonesg and qumones) esters
“(e.g, acrylatcs ‘crotonates and cinnamates, as well as lactones), nitriles,
“and nitro. groups, i,6. Michael reaction acceptors. The potencies of
these compounds ¢ mducers were generally related to the avidities of
“the “electron-withdrawing functions and parallelcd the efficiencies of the
compounds as Michael reaction acceptors. The concentration dependence
of the induction of QR in murine hepatoma cells’ by a number of selected
Mlchacl reactlon acceptors is shown in Figure 2.

o
T

<
S PV JE U PRSP
Ot
o;l
I

(3
=T

Ratio of Specific Activities
g

_ (Treated/Untreated)
P
LA
3

5. Concenlratson (uM) ,

FIG 2. Inductmn nf quinone reductase in Hepa lele7 murine hepatoma cells by a range of

. .concentrations of Michael reaction acceptors.-The increases in-the specific activities of QR

| are expressed as the ratiog of values obtained from treated to untreated cells. Assays were

" performed in microtiter plates by slight modifications (6,°30) of the method of Prochaska
and Santamaria.(32).-The inducers shown are identified as Nos 1-6 in Figure 7.
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. mate, 1,2-epoxyethylbenzene, 1,2-ethoxy-3-(p- nitropthoxy)propane,
“ p-nitrobenzyl chloride, and bromosulfophthalein. It is remarkable that
- the same or very similar electrophiles are also inducers of QR in murine
hepatoma cells (30, 31). In connection with!findings to be discussed
below; it is also of “interest that stimuli commonly fassociated with
- -stress :protein ‘synthesis, such as sodium arsenite, cadmium chloride,

and hyperoxiaalso enhanced cystine transport and GSH levels (28).

It may be*concluded therefore that'low Loncentrallons of electro-
philes,. or of compounds that are converted to electrophlles by meta-
bolism (e.g:, BHA), induce a variety of Phase 2 enzymes, and elevate

, GSH levels through enhanced precursor transport.

' ';C}HEMISTRY OF INDUCERS
Stiucture-activity studies have provided considerable] insight into the
chemical requirements for inducer activity and the nature of the chemical
signal that evokes the elevations of Phase 2 enzymes and GSH levels. Most
" "of the quanutanve information on inducer potency has been obtained; by
measuring QR levels'in Hepa 1clc7 murine hepatomajcells grown and
‘exposed to these inducers in 96-well platcs (30, 32). Welhave established
““that the ‘response of QR to compounds in this cell culture system is a
" reliable predxctor of inducer activity for QR; GST, and other Phase 2
_ enzymés in the liver and peripheral tissues of rodents (5! 33, 34).

The growipg number and variety of compounds known to evoke these
Phase 2 enzyme inductions include -at least, seven chemically distinct
“families of monofunctional inducers, i.e. selective indlcers of Phase 2
enzymes (6, 30, 31).

1

. y

(1) Diphenols, phenylenediamines, and quinones. From studies of the
induction of QR and GST in murine liver by a series of 1/4-dialkyl phenols
related to BHA, it was concludéd that induction depended on conversion
of these compounds to 1,4-diphénols such as tert-butylhydroquinone (35).
These findings raised the issue whether the 1 4-dispositidn of the hydroxyl

. - groups was essential for inducer ‘activity. Extensive comparisons of the -
inducer potencies of 1,2-diphenols (catechols), 1,3- -diphenols (resorcmols),
.and 1,4-diphenols (hydroquinones) demonstrated conclusively that only
the 1,2- and 1,4-diphenols were inducers of Phase 2 enzymes, whereas the
1,3-diphenols were always inactive (33 36). The presence or absence of
alkyl substituents on the aromatic nuclei played a relatively minor role in
determining inductive potency. Analogous experiments with phenylenedia-
mines ‘demonstrated similar structural requirements, i.e. only the 1,2--and
' 1,4-phenylenediamines were inducers, but the 1,3-phenylenediamines were
Cnot,. These findings ‘led to the conclusion that oxidative lability was
».+ - essential: forvinducer activity since catechols and hydroquinones (and

1-F22



Case 1:07-cv-07844-SAS Document 42-10  Filed 05/08/2008 Page 23 of 32

1

wi288" ) T. PRESTERA, ¢/ al.

. (5) Mercaptans. -Vicinal dimercaptans such as 2, 3 -dimercaptopropanol
(CD =13 uM) and1;2-ethanedithiol (CD’= 34 uM) were reasonably po-
.tent- inducers-of QR*in murine hepatoma cells (T!ible 1). This was an

.- unexpected ﬁndlng since most: previously tknown inducers were electro-
v philes: Meso-2,3-dimercaptosuccinic acid (CD = 120§,uM) ‘and its dnmethyl

ester (CD =26 uM)"were also inducers! However, the monothiol 2-
mercaptoethanol (CD‘= 220 uM) was a much weaker inducer, and -non-

= vicinal +dithiols such-as 1,4-dithiothreitol®and 1,4- dlthloerythnto] were
..~ inactive. The relatively high poteney of the vicinal mer”captans asinducers is
-+ difficult-to reconcile with the other structure—actwnty{results Dimercapto-
. ‘propanol and dlmercaptosuccmates are widely used

as metal chelators in
the: treatment -of ‘heavy metal poisonings: These compounds also react
with sulfhydryl groups. Whether the redox. propernes the metal chelation
properties; the:ability to react with mercaptans, or some other property

- of dimercaptans: is. responsible for: the induction of{ Phase 2 enzymes is
currcnt[y unclcar

i

£

ek oo

. . TABLE 1 INDUICTION OF QUINONE REDUCTASE (QR) IN HEPA 1c1c7 CELLS

. BY MERCAPTANS

Concentration requu‘ed to
double QR specific activity

Compound i (um)

_ 2,3-Dimercaptopropanol (BAL) 12.9 % 3.8* (N = 12)
1, 2 Ethanedithiol X . 33.6+98 (N= 6)
1,2-Propanedithiol . é 20 .
2-Mercaptoethanol - 30220
meso-2,3-Dimercaptosuccinic acld ; 120
Dimethyl meso-2,3- D|mercaptosuccmate s 26
Dithiothreitol o Int

- Dithioerythritol B . Y In
1,4-Butanedithiol L ¢ In

*+SD. :
TLess than 20% increase at 100 uM.

Vo

(6) Arsenicals. Trivalent arsenic derivatives are excellent inducers of
QR in Hepa Iclc7 cells (Fig. 4). The hydrophobic phenylarsine oxide
(CD = 0.057 uM)'is one of the most potent inducers so far uncovered, and
is considerably more potent than sodium arsenite (CD = 2.1 uM). Sodium
arsenate, a pentavalent arsenical, was much less active (CD = 12 uM).
The greater potency of the trivalent arsenicals correlates well with their
-much higher teactivity with vicinal (or closely-spaced) sulfhydryl groups,

" and the greater; facility with which trivalent arsenicals enter cells (39)

These findings are also consistent with the notion that pentavalent arsenic
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L (3) Isothiocyanates (R-N=C=S). These co'mpounds §are widely distrib-
_uted in plants and their seeds, where they are often present in the form
.of glucosinolates, (thioglucoside, N-hydroxysulfate derivatives) and are
;accompamed by thioglucoside hydrolases (myrosmases)lthat convert these
..compounds . to. isothiocyanates, HSO,~, and glucose (37).. The inducer

. potencies -of isothiocyanates ‘vary widely; only those:possessing at least

a single hydrogen on the a-carbon atom are’ inducers (&.g., tert-butyl and
phenyl isothiocyanates are inactive) (30). Sulforaphane[1-isothiocyanato-

. (4R)- (methylsulﬁnyl)butane CH;-SO—(CH,) ~N=C=S8}, isolated from broc-

. .+coli and other crucifers, is a very potent inducer.(CD = 0.21 M) (10). The
o Yesponses of QR.in murine hepatoma cells to sulforaphane and several
_other 1soth10cyanates are shown in Flgurc 3

(4) Hydroperoxldes Cumene hydroperoxtdc (CD =210 um) and}‘ tert-
_butyl, hydroperoxide (CD = 140 pM), as well as extremely high concen-
trations of hydrogen: peroxide (CD = 560 uM) are also inducers (6, 38).
Whereas the hydroperoxides are substrates for GST, hydrogen peroxide
is not thought to be-a substrate for these transferases? although it is not
“clear that it has been te ed at the high concentrations fequired to achieve

S

it

inductions. i
I
!
o e !
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<
T e
AR Ao - §
. | N=c=s |
g 35k . ] @? ‘
29 i *
20 \ .
38 31
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L FIG, 3. Induction of'quinone reductase in Hepa-lclc7 murine hepatoma cells by a range
et of -concentrations of isothiocyanates. The specific activities of QR are presented and were
oo - obtained as described in Fig: 2. The inducers are: sulforaphane (CD = 0.21 uM), and benzyl
¢ v.. (CD =1.9 umy), cyclooctyl (CD = 10 uM), and cyclohexyl (CD = 50 pm) isothiocyanates.
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"derivatives- must undergo cellular reduction in order to exert biological

(chemotherapeutic or toxic) activity (40). Trivalent arsemcals are classical
sulfhydryl reagents that form covalent heterocyclic adducts with vicinal or
adjacent sulfhydryl groups (see review in:(41)). The potent induction of
QR by such compounds suggests the critical presence of two neighboring
sulfhydryl groups on the protein(s) that receive and transmlt the inductive
sngnal

(7) Heavy "metals. The potencies of HgClz, CdClz, and ZnCl, as
inducers of QR :in:murine hepatoma cells correlated with their affinities
for 'sulthydryl groups- (Fig..5). HgCl,. (CD = 0.76 uM) was much more
potent than CdCl, (CD = 10.5 uM), whereas ZnClf (CD = 230 uM) was
only,weakly active..Cadmium and mercury are soft electrophiles which
are ideal reagents:for. thiol groups as these are {soft nucleophiles. It
may therefore be -of special significance that phenylmercurlc chloride

- (CD=:0.1 uM) and pchloromercunbenzoate (CD = 5 1.2 uM) which were

designed as’ su!fl}ydry) reagents are both potent inducers.

MOLE‘CULA‘lR REGULATION OF ELECTROPHILE
COUNTERATTACK RESPONSE

Recently, deletion analyses.of the 5’-upstream §egu1atory regions of

.two Phase 2 enzyme genes: the Ya GST gene (of ‘mouse and rat liver)

and the. QR gene (of human and rat liver), have been carried out

_ by, transient -gene” expression -assays with the use of chloramphenicol

acetyltransferase (CAT). The upstream regions of the mouse apd rat liver
GST Ya genes contain very similar enhancer sequences located within a
41-bp region. These similar, but not identical, enhancer sequences have
been ‘designated the Electrophile- Responsive Element (EpRE) in the
mouse (42) and the Antioxidant Responsive Element (ARE) in. the rat
(43, 44) GST Ya genes, respectlvely The 41-nucléotide DNA segment
is located between bp ~714 and 754 in the mouse, and —682 and —722
in the rat from the- transcnptlon start (Fig. 6). In the mouse, the critical
DNA- sequences responsive to the few monofunctional inducers testéd
appear to-be the two tandem TGACAT/AT/AGC regions separated
by a’'6:bp sequence. These two regions have béen likened to AP-1
sites, and evidence has been obtained for their functioning in this
capacity (45). In the rat GST Ya gene, the single enhancer sequence
has been deduced to have the consensus: 5'-puGTGACNNNGC (44).
Similar enhancer sequences have also been identified in the upstream
regulatory régions of the rat and human quinoné reductase genes (45, 47).

"', Only very few of the. wide variety of inducers described above had been
- -examined withithese transient gene expression constructs. Consequently
" we' recently undertook a comprehensnve comparison of the potencies of
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. FIG 4 Inductlon of qumone reductase in Hepa 1clc7 murine hepatoma cells by 'a range
. of concentrations of arsenic.derivatives. The ‘specific-activities-of QR are presented and
" * ! 'were obtained as described in Fig. 2. The arsenicals are: phenylarsine oxide (No. 26 in
Fig. 7; CD 0.057 }LM), sodium - arsenite (No. 27; CD = 2.1 uM), and sodium arsenale
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. FIG. 5 Inducuon of qumone reductase in Hepa 1cl¢7 murine hepatoma celis by a range
“of concentrauons of ‘metal derivatives. ‘The specific -activities of QR are presented and
+ ., were obtained as described in Figure 2. The inducers are: phenylmercuric chloride:(No. 31
in Flg T CD =-0.1 um); HgCl,. (CD = 0.76 uM); p-chloromercuribenzoic acid (No. 32;
1.2 pM); CdCl (€D = 10.5 pm); and ZnCl, (CD = 230 pM).
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-722 G G -682 Rat
-754 TAGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTT -714  Mouse

— 41-mer L.
-t !

Direct Repeat Dicect Repeat H
—Pl, a4
ITGACATTGC] TGACAAAG(J

iAP-1 Consensus Sequence | TGACTCA TGACTCA
T G A . G A

e

b
FIG 6. The homologous 41-bp enhancer sequences from the upstream regions of the
mouse and rat glutathione transferase Ya genes (42-44). The lower, sequence represents
the mouse enhancer region (=714 to ~754) and .the two base differences in the rat 41-bp
-,  sequence (—682 to -722) are shown above. This 41-bp sequcnceicomams two direct
¥ §. semiconserved repéats which are homologuus to AP-1 sites (45).

= ¥ i

: " many of the Phase 2 type of inducers in enhancmg QR induction in
Hepa 1c1c7 murine hepatoma cells, and in /stimulating transient gene
expression in Hep -G2- cells transfected with- constructs containing the
© .« .= . 41-bp mouse enhancer sequence.and the.promoter regions of the GST

~ % 1o iYa.gene (6). Instead of using CAT as the reporter gene, we chose to
' - 'make constructs expressing human growth hormone (48) so that large
o numbers of compounds could be screened rapidly and quantitatively.
7 by The: concentration required to double the! expression of the growth
‘ ) hormone reponer gene (CDgy) and:the: concentrations requlred to double
the? quinone reductase specific activity (CDqgr) were comparcd for 28
compounds belongmg to all of the above classes. A plot of the potencies
L u«showed a reasonably linear correlation over nearly *four@orders of magni-

T tude of concentrations varying from ‘phenylarsine oxide. (CDGH = 47 nM;

CDgr =57 nM) to hydrogen peroxide (CD gy = 210 uM; CDQR = 560 uM)

(Fig. 7). In addition, six compounds were inactive in both'assays (Nos 8, 9,

13, 17, 22, 25). These findings demonstrate that this enhancer element(s) is
. responswe to all of the chemlcally diverse types of inducers.

o SUMMARY

Exposure of rodents or their cells’in culture to low doses of a wide
T variety of chemical agents, many of which are electrophiles, evokes a

... coordinated metabolic response that protects these systems against the
" “toxicity (including mutagenicity and carcinogenicity) of higher doses of the

- -same or other electrophiles. This response involves enhanced transcription

of Phase 2 enzymes: glutathione transferases, NAD(P)H:quinone reduc-
tase, UDP-glucuronsyltransferases, and epoxide hydrolase, as well as the
elevation of intracellular levels of reduced glutathione. We suggest that
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and the illustrations. .
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.+ this cellular ‘adaptation, which occurs in the liver and many peripheral
tissues, be designated as the “Electrophile Counterattack” response. Seven
families of highly diverse chemical agents that elicit thi§ response include:
oxidatively labile diphenols and quinones; ‘Michael. feaction acceptors
(olefins' conjugated to electron-withdrawing groups); 1§othlocyanates or-
. ganic, hydroperoxides; vicinal dimercaptans; trivalent! arsenicals; heavy
B metals (HgCl,, CdClZ) as well as mercury derivatives w1th high affinities
LR ofor sulfhydryl -groups; and 1,2-dithiole-3-thiones. An analysis of the
R ", molecular mechanisms of these enzyme inductions was carried out by
“transient expression in hepatoma cells of atplasmid-Containing a 41 -bp
sttt tenhancer ‘élement derived from . the5’-upstream region of the mouse
K .- glutathione transferase Ya gene, and the promoter région of this gene,
-+ linked to a-human growth hormone reporter gene. The concentrations
“of 28 ‘inducers . (belonging to the seven chemical classes) required to
. double ‘growth:hormone production in this: system spanned a range of
. four orders -of magmtude and were closely, and lineatly correlated: with
the concentrations of the same compounds required toldouble the specific .
' activity. of .quinone reductase in murine hepatoma cells We therefore
conclude-that the regulation of these Phase 2 enzymes (and possibly also
’ that’ of glutathlone synthesis) by all of these inducers (ls mediated by the
same ‘enhancer element that contains AP-1-like sites, Similar enhancer
sequences are present in the rat glutathione transferase Ya gene, and in
“the upstream regulatory regions of the quinone reductase genes of rat and
human hver FE
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FIG.:7. Comparison of potencies of 28 as ind of quinone reductase and
stimulators .of growth hormone' production:in a transient gene expression assay. A total of
...34 compounds-were ‘tested both for their ability to induce QR in Hepa 1clc7 cells and

¢ for their ability to increase‘transcription in Hep G2 cells-of a reporter gene linked to the
it -41-bp EpRE .clement-from the mouse GST Ya upstream region (6). Twenty-eight of the
compounds tested wete active in both assays. These potencnes are plotted according to the
i~concentration of each* ‘compound required to double the quinone reductase spec\ﬁc activity.

dinate) ‘and the concentration of compound rcqulred to double the expression of the

R “ growth hormone-reporter construct (abscissa). The numbers on the graph correspond to

s the stmctures shown below. Compound Nos 8, 9, 13, 17, 22, and 25 were inactive:and are
L not included.
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