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ABSTRACT Dietary composition is a major determinant
of cancer risk in humans and experimental animals. Major and
minor components of the diet may enhance or suppress the
development of malignancy. Many dietary constituents also
modify the metabolism of carcinogens by induction of enzymes
involved in xenobiotic metabolism, and this is one well-
established mechanism for modulating the risk of cancer. We
have developed a simple system for rapid detection and mea-
surement of the induction of enzymes that detoxify carcinogens
(phase II enzymes), based on the direct assay of the activity of
quinone reductase [NAD(P)H:(quinone-acceptor) oxidoreduc-
tase, EC 1.6.99.2] in murine hepatoma cells grown in micro-
titer plate wells, Survey of extracts of a variety of commonly
consumed, organically grown vegetables for quinone reductase
inducer activity identifled crucifers (and particularly those of
the genus Brassica) as singularly rich sources. It is therefore of
interest that high consumption of these types of vegetables has
been correlated with decreased cancer risk in humans. The
assay system also measures toxicity, which was unrelated to
inducer potency among the vegetable extracts examined. By use
of mutant hepatoma cells (defective in regulation of certain
cytochrome P-450 enzymes) selective (monofunctional) induc-
ers of protective phase II enzymes can be distinguished from
(bifunctional) inducers that also elevate cytochromes P-450
(phase I enzymes) and thereby pose the risk of carcinogen
activation. The assay system therefore permits not only rapid
detection of inducers of anticarcinogenic enzymes in the human
diet but also elucidation of effects of storage and processing on
inducer activities.

Extrinsic factors, including personal life-styles, play a major
role in the development of most human malignancies (1-3).
Cigarette smoking and consumption of alcohol, exposure to
synthetic and naturally occurring carcinogens, radiation,
drugs, infectious agents, and reproductive and behavioral
practices are now widely recognized as important contribu-
tors to the etiology of cancer. But perhaps most surprising is
the inference that normal human diets play causative roles in
more than one-third (and possibly even two-thirds) of human
neoplasia (1-3). Our food contains not only numerous mu-
tagens and carcinogens but also a variety of chemicals that
block carcinogenesis in animal models (4-11). Furthermore,
carcinogens can even protect against their own toxic and
neoplastic effects or those of other carcinogens—i.e., car-
cinogens may act as anticarcinogens (12-14). Clearly, dietary
modifications modulate cancer risk in various ways: for
instance, through changes in caloric intake, by altering the
consumption of nutritive and nonnutritive major compo-
nents, and by providing exposure to numerous minor chem-
icals that may be genotoxic or protective (4-7, 9-11, 15-19).
Rational recommendations for modifying human diets to
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reduce the risk of cancer require identification of dietary
carcinogens and chemoprotectors, even though interactions
among such factors in the etiology of cancer are complex (20).
Whereas extensive efforts have been made to identify dietary
carcinogens and mutagens (4-6), chemoprotective compo-
nents have received far less attention. This paper describes
a method for detecting and identifying anticarcinogenic com-
ponents in human diets.

Since a major mechanism regulating neoplasia is the bal-
ance between phase I enzymes, which activate carcinogens,
and phase I enzymes? (25, 26), which detoxify them, we
have developed a cell culture system for simple and rapid
detection of dietary components that enhance phase Il detox-
ication enzymes. With this procedure we surveyed extracts
of a variety of vegetables for their ability to induce such
protective enzymes. In the accompanying paper (27) we
describe use of this method to isolate and identify a major
inducer of protective enzymes from broccoli.

We chose vegetables as sources of inducers of detoxication
enzymes for the following reasons. First, numerous epide-
miological studies suggest that high consumption of yellow
and green vegetables, especially those of the family Cru-
ciferae (mustards) and the genus Brassica (cauliflower, cress,
brussels sprouts, cabbage, broccoli), reduces the risk of
developing cancer of various organs (28-34). Moreover,
administration of vegetables or of .some of their chemical
components to rodents also protects against chemical car-
cinogenesis (9-11, 35). Second, well-documented evidence
established that feeding of certain vegetables (e.g., brussels
sprouts and cabbage) induces both phase I and phase II
enzymes in animal tissues (36-44) and stimulates the metab-
olism of drugs in humans (36, 45, 46). The elevations of
enzymes that metabolize xenobiotics may be highly relevant
to the protective effects of vegetables, since relatively mod-
est dietary changes not only affected the metabolism of drugs
(44) but also modified the ability of carcinogens to cause
tumors in rodents (15-19, 47-49).

Several lines of evidence provide compelling support for
the proposition that induction of enzymes of xXenobiotic

Abbreviatioii: QR, quinone reductase [NAD(P)H:(quinone-acceptor)

" oxidoreductase, EC 1.6.99.2].
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$Enzymes of xenobiotic metabolism belong to two families: (i) phase
I enzymes (cytochromes P-450), which functionalize compounds,
usually by oxidation or reduction; although their primary role is to
detoxify xenobiotics, several cytochromes P-450 can, activate pro-
carcinogens to highly reactive ultimate carcinogens (21); and (i)
phase II enzymes, which conjugate functionalized products with
endogenous ligands (e.g., glutathione, glucuronic acid, sulfate) and
serve primarily a detoxication role (22). Quinone reductase (QR) is
considered a phase II enzyme because it has protective functions
(23), is induced coordinately with other phase II enzymes, and is
regulated by enhancer elements similar to those that control glu-
tathione transferase (24). .
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metabolism, and particularly phase II enzymes, results in
protection against the toxic and neoplastic effects of carcin-
ogens (25, 26): (i) Many seemingly unrelated compounds
(including phenolic antioxidants, coumarins, cinnamates,
1,2-dithiole-3-thiones, isothiocyanates, lactones, thiocar-
bamates) can protect rodents against the effects of carcino-
gens under conditions that invariably evoke the induction of
phase II enzymes in many tissues. Indeed, novel anticar-
cinogens have been isolated and identified solely on the basis
of their ability to induce phase II enzymes (50, 51). (i) Such
anticarcinogens alter the metabolism of carcinogens and
decrease the formation of mutagenic metabolites (52-54). (iif)
Chemoprotection requires protein synthesis and is most
effective if it precedes carcinogen challenge (12-14). (iv)
Inducers of anticarcinogenic enzymes protect against a wide
variety of structurally dissimilar carcinogens, suggesting the
involvement of mechanisms that are not structurally fastid-
ious, such as xenobiotic metabolism. (v) The enzymes that
are ‘elevated, e.g., glutathione transferases, quinone reduc-
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tase [QR; NAD(P)H:(quinone-acceptor) oxidoreductase, EC
1.6.99.2], UDP-glucuronosyltransferases, protect against the
toxicities of electrophiles such as ultimate carcinogens. (vi)
Cells in which glutathione transferases are elevated (by
development of resistance to alkylating.chemotherapeutic
agents or by transfection with cloned enzymes) show de-
creased susceptibility to the toxicity of carcinogenic electro-
philes and reduced formation of DNA adducts (55-57).
Resolution of the issue whether the anticarcinogenic ef-
fects of vegetables are mediated through the induction of
enzymes of xenobiotic metabolism requires the systematic
bioassay of these plants for inducer activity. Since measure-
ment of enzyme induction in animals is laborious and expen-
sive, we developed a simple screening procedure in which the
specific activity of QR, a phase II enzyme,} is measured in
Hepa 1c1c7 murine hepatoma cells (58, 59). The feasibility of
measuring inducer activity directly in cells grown in 96-well
microtiter plates has simplified and accelerated the procedure
(60), and the use of heat- and charcoal-treated serum in-
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Fic. 1. Induction of QR in murine hepatoma cells by extracts of broccoli. (A and B) Photographs of sections of 96-well microtiter plates
showing the induction of QR (A) and the cell density (B). (C) Graph showing the analysis of absorbances obtained from the plates. The assays
were carried out on Hepa 1clc7 murine hepatoma cells grown in microtiter plate wells and induced with serial 2-fold dilutions of acetonitrile
extracts of lyophilized broccoli (Effie May). Details of the procedures are given in Materials and Methods. (A) The QR activities were measured
in cell lysates by reduction of a tetrazolium dye. Note that the color (blue-brown) increases in intensity with the concentration of extract,
indicating QR induction. (B) A parallel plate treated with the same dilutions of broccoli extract. The cells were stained with crystal violet. Note
that there is a slight decrease in cell density at the highest concentrations (4-8 mg/ml), indicating mild cytotoxicity. (C) Graphical analysis of
optical density information obtained from the above plates scanned at 610 nm (QR assay) and 490 nm (crystal violet assay) related to control
wells that received the equivalent volume of acetonitrile only (0.2%). The total and specific activities of QR and the cell densities, expressed
as ratios (treated/control), are shown on the ordinate. The concentrations of broccoli extract, shown below the designated microtiter plate wells
and on the abscissa of the graph, are expressed as the amount of extract obtained from a given dry weight of broccoli (mg) added to each ml
of culture medium (0-8 mg/ml). The QR activity and crystal violet density are related to cells that did not receive inducer. The columns of wells
designated 0 mg/ml received no broccoli extract. CON designates the wells that contained no cells and served as the optical controls.
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creased its sensitivity (61). These cells respond to nearly ail
compounds that induce phase II enzymes (e.g., QR and
glutathione transferases) in rodents, and conversely induc-
tion of QR in these cells is a reliable predictor of inducer
activity in various rodent organs in vivo (27, 61-63).

MATERIALS AND METHODS

Sources of Vegetables and Preparation of Extracts. All
vegetables were grown under organic conditions without
pesticides or artificial fertilizers that might contain enzyme
inducers. They were stored at —20°C after arrival in our
Jaboratory, although the intervening storage history of some
vegetables is not known. Vegetables were homogenized with
2 vol of cold water in a Waring Blendor for 2 min at 4°C. The
resultant soups were lyophilized to give dry powders, which
were stored at —20°C. Portions (400 mg) of these powders
were extracted for 6-24 hr with 14 ml of acetonitrile by
shaking in glass vessels at 4°C. The extracts were filtered
through 0.45 m porosity organic solvent-resistant filters and
evaporated to dryness either in a vacuum centrifuge (Speed-
Vac; Savant) or on a rotating evaporator (<40°C). The
residues were dissolved or suspended in 100 ul of acetoni-
trile.

Assay of Inducer Potency. Inducer activity was measured in
Hepa Iclc7 murine hepatoma cells grown in 96-well micro-
titer plates (60, 61). Duplicate plates were prepared. In a
typical experiment 10,000 Hepa 1clc7 cells were introduced
into each well initially, grown for 24 hr, and then induced for
48 hr by exposure to medium containing serial dilutions of the
extracts (or compounds) to be assayed. Usually 20 ul of the
acetonitrile solutions to be assayed were added to 10.0 ml of
mediumn and 2-fold serial dilutions were made in the micro-
titer plates so that the final volume in each well was 150 ul and
the organic solvent concentration was 0.2%. QR activity
(based on the formation of the blue-brown reduced tetra-
zolium dye) was measured with an optical microtiter plate
scanner in cell lysates prepared in one plate, and the cell
density was determined in the second plate by staining with
crystal violet. Quantitative information on specific activity of
QR, the inducer potency, and the cytotoxicity of the extract
or compound tested is obtained by computer analysis of the
absorbances (see Fig. 1). One unit of inducer activity is
defined as the amount that when added to a single microtiter
well doubled the QR specific activity.

RESULTS AND DISCUSSION

Fig. 1 illustrates the measurement of inducer potency of
extracts of organically grown broccoli (Effie May variety).
The specific activities of QR were raised nearly 6-fold at the
highest extract concentrations tested, at which less than 20%
cytotoxicity was observed. The inductions obtained with
broccoli (Fig. 1) and with other vegetable extracts (Fig. 2)
were proportional to the quantity of extract added over a
reasonably wide range. The toxicities of these extracts were
modest and were unrelated to their inducer potencies (Fig. 2).

Extracts of a series of organically grown vegetables culti-
vated under a variety of conditions showed large differences
in inducer potencies (Table 1), Because ‘the dry weight
content of the vegetables varied considerably, from 3.6% for
a sample of bok choi to 26.5% for red leaf lettuce (mean 10%
for 24 vegetables) (Table 1), we express the inducer activity
of an extract in terms of the dry weight of vegetable yielding,
upon extraction under standardized conditions, a given
amount of inducer activity. This provides a measure of
inducer potency, expressed as units per g of dry vegetable
weight (see Materials and Methods for definition of unit).
Although many vegetable extracts induced QR, certain fam-
ilies were consistently more potent inducers. For example,
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Fic. 2. Potency of induction of QR and toxicity of acetonitrile
extracts obtained from five organically grown lyophilized vegetables
(green onion, broccoli, bok choi, kale, and carrots) measured by the
microtiter plate assay in Hepa 1clc7 murine hepatoma cells. The
extracts were prepared and assayed as described in Fig. 1 legend and
Materials and Methods. The concentrations of extracts are ex-
pressed as the amount of extract per ml of culture medium derived
from the indicated weight of dried vegetable. (4) Ratio of the specific
activities of QR of treated to control cells. (B) Relative cell densities
as determined by crystal violet staining measured at 490 nm. Note
that the inductions are reasonably proportional to the amount of
extract at lower induction ratios and that the inducer potencies and
toxicities (which do not exceed 20% except in the case of bok choi)
are not correlated.

whereas extracts of several Crucifera¢ had potent inducer
activity, extracts of Solanaceae (peppers, potatoes, toma-
toes) had low inducer activity. Of the 24 vegetables examined
only 6 showed detectable toxicity; the others were nontoxic
at the highest concentrations tested. Thus cytotoxicity of
20% was observed for red leaf lettuce at 8.0 mg/ml, for beets,
cauliflower, and bok choi at 4.0 mg/ml, and for leeks and
ginger at 2.0 mg/ml.

Cytotoxicity measurements are important because phase I1
enzyme inducers may be toxic and/or carcinogenic. More-
over, by use of mutant Hepa cells defective in aryl hydro-
carbon receptor or cytochrome P-450 function (27, 63, 64),
our assay system can distinguish monofunctional inducers
(which elevate phase II enzymes selectively), from bifunc-
tional inducers (which elevate both phase I and phase II
enzymes) (63). Such information is crucial for identification
of chemoprotective enzyme inducers for potential use in
humans. Ideally such inducers should be monofunctional,
because clevated activities of phase I enzymes may lead to
carcinogen activation.

Since some crucifers (broccoli, brussels sprouts, cauli-
flower, cabbage) are consumed in substantial quantities in
Western diets and are believed to protect against cancer, we
examined the relation of inducer potency to variety, strain,
location of growth, time of sowing, and time of harvest (Table
2). Although systematic examination of these factors under
field conditions would require extensive studies over several
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Table 1. Potency of induction of QR in Hepa 1clc7 murine
hepatoma cells by acetonitrile extracts of representative
samples of various vegetable families and species
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Table 2. Potency of induction of QR in Hepa lclc7 murine
hepatoma cells by acetonitrile extracts of various cruciferous
vegetables of the species Brassica oleracea

Dry Potency of

Dry ~ Potency of

Vegetable ! " ! 4 A ¢
weight, QR induction, Vegetable (B. oleracea weight, QR induction,
Family Species/variety % units*/g subspecies and variety) % units/g
Chenopodiaceae Beets 17.3 <833 Brocceoli (B. oleracea italica)
Spinach 6.8 1.280 Florets
Compositae Red leaf lettuce 26.5 3,030 Emperor 9.6 6,670
Cruciferae Cauliflower 9.8 2,220 Emperor (late sowing) 9.9 22,200
Bok choi 3.6 3,170 Green Valiant 10.4 16,700
Broccoli (Effie May) 10.2 16,700 Green Valiant (late sowing) 8.8 16,700
Broccoli (Winchester) 8.0 2,380 SAGA (older sample) 6.8 4,170
Green cabbage 9.4 1.550 SAGA (younger sample) 8.0 11,100
Kale 9.2 2,220 SAGA (late sowing) 10.1 33,300
Radish 3.7 1,040 Violet Queen 9.6 3,700
Cucurbitaceae Zucchini 55 <833 Leaves only
Leguminosae Green beans 6.7 2,150 Emperor 7.0 5,560
Sugar snap peas 14.5 <833 SAGA (older sample) 9.4 3,030
Liliaceae Asparagus 5.6 1,110 SAGA (younger sample)- 10.0 16,700
Green onions 5.1 22,200 Violet Queen 10.6 7.410
Leeks 8.3 2,780 Brussels sprouts (B. oleracea gemnifera)
Rosaceae Apple 13.1 Inactive Jade Cross E 10.8 11,100
Solanaceae Green peppers 6.4 Inactive Oliver 15.6 6,060
Red potatoes 15.7 Inactive Teal 14.0 11,100
Sweet potatoes 20.2 Inactive Green cabbage (B. oleracea capitata)
Tomatoes 6.2 <833 Nagoda 50 4.6 2,560
Umbelliferae Carrots 10.8 1,230 Perfect Ball 7.6 5,560
. Celery 4.5 1,630 Primax 5.6 2,080

Zingerberaceae  Ginger 13.1 4,440 Red cabbage (B. oleracea capitata)

*One unit of inducer activity is defined as the amount of inducer Lasso Red 11.2 13,300
required to double the QR specific activity of Hepa lclc? cells Ruby Perfection 7.0 4,760
growing in a microtiter well containing 150 u! of medium. An entry Cauliflower (B. oleracea botrytis)
of <833 units/g indicates that at the highest concentration tested Florets
(extract from 1.2 mg of dry vegetable/150 ul medium) the QR Andes 88 5,560
specific activity was significantly elevated but not doubled. Inactive Montano 8.0 1,700
indicates lgss than 20% elevation of QR specific acti_vity at highest Leaves only
concentration tested: extract from 1.2 mg of dry weight per 150 ul Montano 14 3,330
of medium, . Snow Crown 6.6 2,780

years of cultivation, it was important to determine whether Kale (B. oleracea acephala)

such variables significantly affected the inducer activity. @‘.’“S“"a . 1(8)': i%g

Except for a sample of kohlrabi, Cruciferae belonging to the wgnterbor . . !

P . . : interbor (late sowing) 15.4 16,700

species Brassica oleracea consistently and potently induced K . .

. . ohlrabi (B. oleracea gongyloides)
QR (Table 2), with broccoli and brussels sprouts generally the Capri i 5.2 1,330
most potent inducers. The inductive capacity of most cruci- Kolpak (late sowing) 6.0 1:590

fers appears to be independent of geographic location of
growth and time of harvest, although late sowing may have
enhanced modestly the potency of the induction. On the basis
of these results a particular variety of broccoli (SAGA) was
selected for isolation and identification of monofunctional
inducer activity as described in the accompanying paper 27).
In summary, epidemiological studies point to the inverse
relationship between vegetable consumption and the risk of
" epithelial cancer, and they suggest a practical approach to
achieving protection by emphasizing that the typical Western
diet is low in fruits and vegetables (20). A striking but perhaps
not surprising conclusion is that the microtiter plate assay for
induction of QR identifies the same vegetables (crucifers) that
display protective properties in vivo (9-11, 28-35). It is
critical to our understanding of the relationship of diet to
cancer, however, that we assess dietary constituents not only
for their abilities to induce anticarcinogenic enzymes but also
for their toxic and carcinogenic properties. The simple and
rapid assay can also determine the toxicity of extracts and, by
use of appropriate mutant cells, distinguish monofunctional
inducers from less desirable bifunctional ones. Moreover, the
assay of phase Il enzymes makes possible further detailed
analysis of the effects of treatment of vegetables (e.g.,

The assays were performed as described in the text and legend to
Table 1. .

growth, storage, and cooking conditions) that might enhance
or depress such induction, and also more definitive exami-
nation of the relationship of induction to chemoprotection.
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ABSTRACT Sulforaphane [1-isothiocyanato-4-(methyl- Sulforaphane is of interest for three reasons: (i) it occurs
sulfinyl)butane] was recently isolated from one variety of broccoli naturally in a widely consumed vegetablt'a; () it is a very potent
as the major and very potent inducer of phase 2 detoxication inducer of phase 2 enzymes; and (ifi) it is a monofunctional
enzymes in murine hepatoma cells in culture. Since phase 2 inducer (4)--ie., it elevates phase 2 detoxication enzymes
enzyme induction is often associated with reduced susceptibility of without significantly changing the synthesis of cytochromes
animals and their cells to the toxic and neoplastic effects of P-450 (5). These findings allowed the design and the systematic
carcinogens and other electrophiles, it was important to establish synthesis of a large number of structurally related isothiocy-
whether sulforaphane could block chemical carcinogenesis. In anates (6). It was found that the methylsulfinyl (CH;80-)
this paper we report that sulforaphane and three synthetic function of sulforaphape coulqu replaced by a methylcarbonyl
analogues, designed as potent phase 2 enzyme inducers, block the (i.e., acetyl) group without significantly affecting inducer po-
formation of mammary tumors in Sprague-Dawley rats treated tency and that, in the most potent inducers, the isothiocyanate
with single doses of 9,10-dimethyl-1,2-benzanthracene. The an- function and the gcet)fl group were _sepa;ated l_)y three or four
alogues are exo-2-acetyl-exo-6-isothlocyanatonorbornane, endo- carbons of an aliphatic or cyclo-aliphatic chain. Several iso-
2-acetyl-exo-G-isothiocyanatonorbornane, and exo-2-acetyl-exo- meric norbornyl isothiocyanates substituted with acetyl groups
S.isothiocyanatonorbornane. When sulforaphane and exo-2- were found to apprqach or equal the potency of sulforaphane as
acetyl-exo-6-isothiocyanatonorbornane were administered by a pha_se 2 enzyme inducer (6). The mgrits qf these norbornyl
gavage (75 or 150 pmol per day for 5 days) around the time of isothiocyanates [exo-Z-acetyl_-exo-p-lsothlocyanatouorbor—
to the carcinogen, the incidence, multiplicity, and nane, 2; endo-2-acetyl-exo-6-isothiocyanatonorbornane, 3;

T tof P " ignificant} ’ reduced citheir and exo-2-acetyl-exo-5-isothiocyanatonorbornane, 4] are that
welght of mammary fumors were s Y » an they can be more easily synthesized (from commercial 2-acetyl-

development was delayed. The analogues endo-2-acetyl-exo-6- S-norbornene) than sulfora;

. . - phane and that they are probably
isothiocyanatonorbornane and exo-2-acetyl-exo-5-isothiocyana- more stable toward chemical and biological oxidation—
tonorbornane were less potent protectors. Thus, a class of func- reduction reactions.

tionalized isothiocyanates with anticarcinogenic properties has We report here that sulforaphane and synthetic cyclic iso-

been identified. These results validate the thesis that inducers of thiocyanate analogues block mamm :

€ ary tumor development in
phase 2 enzymes-in cultured cells are likely to protect against Sprague-Dawley rats treated with 9,10-dimethyl-1,2-benzan-
carcinogenesis. thracene (DMBA) (7, 8). These findings identify a class of
functionalized isothiocyanates as enzyme inducers that block

Enzymes that metabolize xenobiotics play a major role in carcinogenesis, and further strengthen the view that the search
regulating the toxic, mutagenic, and neoplastic effects of chem- for phase 2 enzyme inducer activity from natural sources can
ical carcinogens. Much evidence indicates that the activities of successfully identify chemoprotectors against cancer (1-3).
phase 2 detoxication enzymes (e.g., glutathione transferases, These results also encourage further efforts at rational design
NAD(P)H:quinone reductase, UDP-glucuronosyltransferases, and laboratory synthesis of even more potent chemoprotectors.
and epoxide hydrolase) in particular can modulate the response

of animals and their cells to carcinogen exposure. Induction of

these enzymes by a wide variety of chemicals (including com- @ o

ponents of the diet) results in protection against toxicity and O Nes Vol NGS

neoplasia (1). To identify such protective inducers and to
measure their potencies, a simple cell culture system has been
developed in our laboratory (2, 3). This system depends on
determining the specific activities of quinone reductase in

murine hepatoma cells grown in 96-well microtiter plates and
exposed to a range of concentrations of the inducers. Such NCS Q NCS
Meﬁ MeC.
o]
3 4

Sulforaphane, 1 2

measurements not only have reliably predicted the ability of
compounds to induce phase 2 enzymes in rodent tissues in vivo
but also have identified several chemoprotectors against car-
cinogenesis. By use of this system, sulforaphane [(—)-1- ;

isothiocyanato-4-(methylsulfinyl)butane, 1] was recently iso- MATERIALS AND METHODS
lated from Saga broccoli as the major phase 2 enzyme inducer

present in organic solvent extracts of this vegetable. Animals and Mammary Tumor Development. Female

Sprague-Dawley rats were obtained from Harlan-Sprague—

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement” Abbreviation: DMBA, 9,10-dimethyl-1,2-benzanthracene.
in accordance with 18 U.S.C. §1734 solely to indicaté this fact. $To whom reprint requests should be addressed.
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Dawley Laboratories at 40 days of age. They were housed
in plastic cages (four to five per cage) on Betachip hard-
wood laboratory bedding (Northeastern Product, Warrens-
burg, NY) and were fed unrestricted amounts of water and
a pelleted AIN-76A diet containing no ethoxyquin (Teklad,
Madison, WI). The temperature was 25°C, and 12-hr light/
12-hr dark cycles were maintained. All animal experiments
were in compliance with National Institutes of Health
Guidelines (9) and were approved by the Animal Care and
Use Committee of The Johns Hopkins University School of
Hygiene and Public Health. The rats were assigned ran-
domly to seven groups: a control group of 25 animals and
six treatment groups of 20 animals each. The animals were
weighed individually at weekly intervals. At age 47, 48, 49,
50, and 51 days; each animal received by gavage either 0.5
ml of Emulphor EL-620 (Rhone-Poulenc, Cranbury, NJ)
alone or the specified doses (75, 100, or 150 xmol daily) of
sulforaphane (1) or compound 2, 3, or 4 in 0.5 m! of
Emulphor EL-620. On day 50, 3 hr after administration of
the vehicle or protector, all rats also received an intragastric
instillation of 8.0 mg of DMBA (Sigma) dissolved in 1.0 ml
of sesame oil. This dose of DMBA was selected to produce
a substantial tumor incidence, but not one so high as to
overwhelm a potential chemoprotective effect. The animals
were examined once weekly for the appearance and loca-
tion of palpable tumors. At age 202 days, i.e., 152 days after
carcinogen administration, all animals were euthanized
with ether and weighed. The tumors were separated from
fat and connective tissue by dissection, weighed, and fixed
in buffered 10% formalin. All tumors were identified mi-~
croscopically by examination of stained sections.

Quantitative Assessment of Tumor Development. Of the 145

rats initially assigned to this experiment, 8 did not survive
until we terminated the experiment when the rats were 202
days old. The deaths were distributed among the groups as
follows: controls, 2 deaths with tumors; sulforaphane (150-
wmol dose), 1 death from gavage accident; sulforaphane
(75-pmol dose), no deaths; compound 2 (150-xmol dose), 1
death with tumors; compound 2 (75-umol dose), 1 death with
tumors; compound 3 (100 umol), 3 deaths, 2 with tumors, 1
without tumors; compound 4 (100 zmol), no deaths.

Since tumor and body weights were not measured on the
animals that died during the course of the experiment, we
report separately the tumor incidence and multiplicity for all
rats (two rats were excluded for reasons given in Table 1) and

Filed 05/09/2008
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for the 137 rats surviving to the termination of the experiment
(Tables 1 and 2, respectively).

The mean body weights (x SEM) of the animal groups at
the beginning of treatment (age 47 days) were between 116 =
1.7 and 126 = 1.9 g. The final weights at termination of the
experiment are given in-Table 2.

The development and characteristics of tumors in each
group were assessed in four ways: (/) incidence, the fraction
(percent) of animals that developed tumors; (i) multiplicity,
the total number of tumors divided by the total number of
animals at risk; (i) total number and weight of tumors
removed from each animal at the termination of the experi-
ment; and (iv) latency of tumor development. The propor-
tions of tumor-free animals in the control and each treatment
group were compared at the time of the weekly examinations
of the animals (Fig. 1).

Statistical Analysis of Results. Differences in tumor inci-
dence were evaluated by the Fisher exact test. Tumor
multiplicity differences were analyzed by a Poisson distribu-
tion model and average rates were compared. The overall
progression of tumor development was assessed by Kaplan-
Meier analyses followed by logarithmic rank tests.

Chemical Syntheses. The synthetic methods and character-
ization of the compounds have been described (6). Multigram
quantities of compounds 2-4 were prepared in one step from

commercial 2-acetyl-5-norbornene (2 mixture of exo and

endo isomers) obtained from Aldrich.

RESULTS

Administration of sulforaphane or of the 2-acetylnorbornyl
isothiocyanates 2, 3, and 4 reduced the incidence, multiptic-
ity, and weights and delayed the development of the mam-
mary tumors evoked by a single dose of DMBA in female
Sprague-Dawley rats (Tables 1 and 2; Fig. 1). There were
clear-cut differences in the potencies of the chemoprotective
compounds. )

In the ‘control group, not receiving any protector, the
incidence 'of mammary tumors for all animals was 68.0%
(Table 1). If the two animals that did not survive to the
termination of the experiment (rat age, 202 days) were
censored, the tumor incidence in the control group was very
similar, 65.2% (Table 2). The corresponding tumor multiplic-
ities (total number of tumors per number of animals at risk)
were 1.56 (all animals) and 1,43 (survivors to termination),

Page 7 of 25

Table 1. Protective effects of sulforaphane and norbornyl isothiocyanates 2, 3, and 4 on incidence and multiplicity of
mammary tumors in DMBA-treated female Spraguc-Dawley rats

No. of rats No. of tumors
Treatment In With Tumor incidence, % Multiplicity
group group tumors (% of control) Total (% of control)

Control 25 17 68.0 (100) 39 1.56 (100)
Sulforaphane

75 pwmol 20 7 35.0* (51.4) 9 0.45" (28.8)

150 wmol 19% 5 26.3* (38.7) 5 0.26t (16.7)
Compound 2

75 pumol 20 5 25.0* (36.8) 6 0.30" (19.2)

150 pmol 20 5 25.0* (36.8) 7 0.35t (22.49)
Compound 3

(100 wmol) - 198 9 47.3 (69.6) 14 0.74" (47.4)
Compound 4

(100 pmol) 20 8 40.0 (58.8) 8 0.40' (25.6)

A total of 145 rats were entered into the experiment. Each received 8 mg of DMBA at age 50 days. There were initially
25 controls and 20 animals in each of the six treated groups. The above analysis is based on 143 animals (see below).
*p < (.05 for differences from controls (Fisher exact test).
1P = 0.01 for differences from controls (Poisson distribution model).
$One rat died immediately after gavage and is not included.
$One rat died without palpable tumors at age 167 days and is not included.
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Table 2. Protective effects of sulforaphane and norbornyl isothiocyanates 2, 3, and 4 on incidence, multiplicity, and weights of mammary
tumors in DMBA-treated female Sprague-Dawley rats: Analysis of survivors to termination of the experiment at rat age 202 days

No. of rats Total no. )
————— Mean Tumor of Tumor Mean tumor
Treatment In With (+ SEM) final incidence, % tumors in multiplicity weight, g
group group tumors body weight, g (% of control)* group* (% of control)* (% of control)
Control 23t 15 287 = 4.6 65.2 (100) 33 1.43 (100) 2.79 (100)
Sulforaphane
75 pmol 20 7 272 £ 5.1 35.0 (53.8) 9 0.45 (31.4) 1.24 (44.4)
150 pmol 194 5 265 £ 4.9 26.3 (40.3) 5 0.26 (18.2) 0.68 (24.4)
Compound 2
75 pmol 198 4 268 £ 5.1 21,0 (32.2) 5 0.26 (18.2) 1.10 (39.4)
150 pmol 19% 4 274 £ 7.0 21.0 (32.2) 5 0.26 (18.2) 1.12 (40.1)
Compound 3 A
(100 pmol) 171 7 276 = 4.4 41.2 (63.3) 12 0.71 (49.7) 2.49 (89.2)
Compound 4
(100 wmol) 20 8 286 = 4.8 40.0 (61.3) 8 0.40 (27.9) 1.98 (71.0)
‘Inh:l r;xlts shown in these columns differ from those in Table 1 because only the 137 rats that survived to termination of experiment are
yzed.

+Two animals died with tumors before termination of the experiment and are not included.
$One rat died immediately following gavage and is not included.

$One rat in each group died with tumors before termination of experiment and is not included.
¥Three rats died (two with tumors) before termination of the experiment and are not included.

respectively. The mean weight of the control tumors at 0.016 and 0.0022 at low and high doses of suiforaphane,

termination of experiment was 2.79 g (Table 2). respectively) (Fig. 1).

Sulforaphane administered in five doses of either 75 or 150 Norbornyl isothiocyanate 2 was an equally potent chemo-
pmol blocked tumor development in a dose-dependent man- protector at the 75- and 150-umol doses, irrespective of
ner. At the higher dose of sulforaphane, the tumor incidence whether incidence, multiplicity, tumor weight, or latency of
and multiplicity for all animats in the group were reduced to tumor development was considered (Tables 1 and 2; Fig. 1).
38.7% and 16.7% of control values, respectively (Table 1). With these doses the protective effect appears to have
The magnitude of this protective effect was almost identical attained a plateau. Since 75-umol doses of compound 2
(40.3% and 18.2%, respectively) when only those animals reduced tumor incidence and multiplicity even more mark-
surviving to the termination of the experiment were analyzed edly than the same dose of sulforaphane, it is possible that 2
(Table 2). Sulforaphane also reduced the tumor weights to may be a more potent chemoprotector than sulforaphane.
44.4% and 24.4% of controls at the lower and higher doses, Compounds 3 and 4, both tested at five doses of 100 umol,
respectively (Table 2). Treatment with sulforaphane signifi- also blocked tumor formation, but these effects did not reach
cantly delayed the development of tumors during the course statistical significance for some indicators of protection (Ta-
of the experiment in comparison to the control group (P = bles 1 and 2). Thus, compound 3 was clearly the least potent

100 i 150 pmol | [ 150 umol | 100

80 | =t - 480
= t 4t 75 -
= 60| 4L - 80
B sl 1t 140
£ .t oLt ok
& 201 SULFORAPHANE 1F  compounp2 1%
5 0 1 1 1 1 1 1 I I ) 1 1 1 1 1 1 1 1 0
z L { 100
= i 1r 100 pmol |
g or 10 1%
€ el 100 pmol | [ 160
o L 1t .
Z st =L AF 51 19

20 COMPOUND 3 10 comPouND 4 1%

0 1 ] 1 1 1 L 1 L i 1 I 1 1 L 1 1 1 0
0 50 100 150 200 [} 50 100 150 200
AGE (DAYS)

Fic. 1. Effect of treatment with sulforaphane (1) and norbornyl isothiocyanates (2-4) on mammary tumor development in female
Sprague-Dawley rats that reccived 8 mg of DMBA at age 50 days. The proportion of tumor-free animals is shown at weekly intervals. The
progression of tumor development in the control animals that received no protector (designated 0) is repeated in each panel. Suiforaphane: 75
umol (P = 0.016); 150 pumol (P = 0.0022). Compound 2: 75 umol (P = 0.023); 150 umol (P = 0.0074). Compound 3: 100 umol (P = 0.13).
Compound 4: 100 umol (P = 0.023). Kaplan-Meier incidence curves were analyzed by the logarithmic rank test. The P values refer to
comparisons of differences in rate of tumor development in treated and control groups. All differences between treated and control groups are
significant except for compound 3. The numbers of animals analyzed in each group are shown in Table 1.
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protector. Although 3 produced some reduction in tumor
incidence and multiplicity in comparison to controls, there
was barely any reduction in tumor weights or significant
prolongation in latency of tumor development. Compound 4
was apparently more potent than 3 but less potent than
sulforaphane or compound 2 (Tables 1 and 2).

DISCUSSION

Sulforaphane, a naturally occurring isothiocyanate, and sev-
eral structurally related synthetic 2-acetylnorbornyl isothio-
cyanates were tested for anticarcinogenic activity in this
study, because they had previously been shown to be potent
monofunctional inducers of phase 2 enzymes in cultured cells
and in mouse tissues in vive (5, 6). Since monofunctional
induction has been proposed as a predictor of chemoprotec-
tive activity (7) and several structurally unrelated organic
_isothiocyanates have been shown to block chemical carcino-
genesis and to induce Phase 2 enzymes (10, 11), we examined
synthetic sulforaphane and the 2-acetylnorbornyl isothiocy-
anates 24 for chemoprotective activity. The present exper-
iments demonstrate that all of these compounds, when ad-
ministered around the time of carcinogen exposure, re-
duced-—to varied degrees—the incidence, the multiplicity,
and the weight of mammary tumors that developed in female
Sprague-Dawley rats treated with DMBA. These agents also
delayed tumor development. These observations further bol-
ster the validity of the prediction that chemical compounds
that induce phase 2 enzymes are promising candidates for
achieving chemoprotection.

Sulforaphane was isolated as the principal and very potent
phase 2 enzyme inducer from one variety of broceoli (5, 11).
Our findings raise the issue to what extent sulforaphane and
the many related inducers that are abundant in plants con-
sumed by humans contribute to the chemoprotective activity
of vegetables in man (12). There is insufficient information at
present to draw conclusions on this matter.

Although our experiments do not provide a rigorous basis
for comparing the relative potencies of sulforaphane (1) and
compounds 2—4 as chemoprotectors, we can obtain some
estimate of these potencies and relate them to the phase 2
enzyme inducer potencies (as measured by the concentra-
tions required to double quinone reductase activities in
murine hepatoma cells—i.e., the so-called CD values) @, 6).
These CD values are as follows: 0.2 pM (sulforaphane); 0.3
uM (compound 2); 0.8 uM (compound 3); and 0.4 M
(compound 4). A similar order of potency is reflected in the
protective potencies of these compounds in blocking DMBA-
induced mammary tumors. Compound 3 is the least potent
protector. Sulforaphane and compound 2 are approxXimately
equipotent, and 2 may be even more potent than sul-
foraphane. Sulforaphane and 2 are more potent than 3 or 4.
It is therefore gratifying that measurements of inducer po-
tencies in our cell culture assay not only correctly predicted
anticarcinogenic activity but also provided a reasonable
index of potency.

The reasons for the apparent differences in potencies of the
compounds tested are not clear. The possibly higher potency
of 2 in comparison to sulforaphane might be attributed to the
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fact that the isothiocyanate group of 2 is secondary whereas
that of sulforaphane is primary. Consequently, the former is
likely to be less reactive and might therefore resist metabolic
disposal or other promiscuous intracellular reactions with
nucleophiles to which all isothiocyanates are susceptible.
The differences in potencies of 2, 3, and 4 are more difficult
to explain. In compounds 2 and 4 the functional groups are
exo, whereas in compound 3 the 2-acety! group is endo and,
therefore, more protected. One aspect of this structure~
activity relation is noteworthy: the nearly equivalent effects
of methylsulfinyl (CH;S0—) and methylcarbonyl (CH;CO-)
functions on both inducer and chemoprotective potencies of
these agents. ' :

The mechanisms of the chemoprotective actions of these
compounds are not fully understood. Although isothiocy-
anates induce protective phase 2 enzymes, and the function-
alized isothiocyanates used in these experiments are espe-
cially potent in this regard, it is becoming increasingly clear
that some isothiocyanates also block activation of carcino-
gens by inhibiting phase 1 enzymes (10, 13). Whether sul-
foraphane and the 2-acetylnorbony! isothiocyanates inhibit
carcinogen activation is not known. Clearly, agents that are
monofunctional inducers of phase 2 enzymes and block
carcinogen activation by inhibiting phase 1 enzymes are
likely to be ideal chemoprotectors.
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Epidemiology. Schoo! of Hygiene and Public Health, The Johns
Hopkins University. We are grateful to Dr. Kirk J. Wojno, Depart-
ment of Pathology, The Johns Hopkins University School of Med-
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Aunticarcinegenk: earymse inducers are of two types: (a) bifusctional
Inducers [2,3,73-tetrachiorodibenzowp-dioxin, polycyclic aromates, azo
dyes, S-naphthoflavowe] that elevate both Phase If enzymes (eg.,
glutathions S-tramsfernses, UDP-glucaromosyltramsfernses, and
NAIDP)H:(quinone-acceptor) oxidoreductase] and certain Phase | en-
zymes [e.g., aryl hydrocarboa hydroxylase (AHH)); and (§) monofunc-
tiomal inducers fe.z., diphewels, thiocarbamates, 1,2-dithiol-3-thiones,
isachiocysaates) that elevate priearily Phase If enzymes without signif-
icantly affecting AHH. Since Phave I aazymes such as AHH muy activate
precarcinogens to ultimwte carcinogens wheress Phase 1T enzyme Induc-
tion suffices tm achieve chemopratection, an understanding of the molec-
wiar mechanisms that regulate these enrymes is critical for devising
methods for chessoprotection. We report a systematic analysis of
the iwductions of aryl hydrocarbon hydroxylase (AHH) and
NAIXP)H:quinone reductass (QR) by seven monofunctional and eight
bifunctions] inducers, singly or in combination, in & murine hepatoma
cell line (Hepa 1c1¢7) and two mutants defective in either Ak (Aryl
hydrocarbom) receptor function (BF"cl) or in AHH expressiou (c1). We
have also examined such inductions in genetically defined mouse strains
with high affiaity (CS7TBL/GT) amd low affinity (DBA/2J) Ak receptors.
" The combination of our earlier model for the induction of Phase 1 and
Phase [1 eazymes (H. J. Prochasis, M. J. De Long, and P. Talalay,
Proc, Natl, Acad, Scl. USA, 82: 8232, 1985) with mechanism(s) for
autoregulatioa of AHH (O. Hankinson, R. D. Anderson, B. W. Birren,
F. Sander, M. Negishi, and D. W, Nebert, J. BloL Chem., 260: 1790,
1985) I compatible with our resmits. Thus, induction of QR by mono-
Tunctional inducers does wot depend on a compatent A4 receptor or AHH

activity sud appears to involve so electrophilic chemical signal. In con-.

trast, bifunctional inducers require competent 4k receptors to lnduce both
AHH and QR, aithough the latter process appears to be regulated by
more than one mechanism. It is aur view that bifanctional indweers bind
to the Ak receptor thereby enhancing transcription of getes encoding
both AHH and QR. Metabolizable bifunctionsl inducers are then con-
verted by the induced AHH to products that resemble monefmctional
inducers and sre capable of generating the aforementioned chemical
signal. The existonce of mechanism(s) for AHH sutoregulation that also
affect Phase 11 enxyme expression would account for the high basal
activities of QR in the AHH-defective mutant (cl).

INTRODUCTION

The protection of rodents against the toxic and neoplastic
effects of chemical carcinogens can be achieved by a wide variety
of seemingly unrelated chemical agents, including polyeyclic
aromatic hydrocarbons, azo dyes, flavonoids, phenolic antioxi-
dants, isothiocyanates, diterpenes, indoles, unsaturated lac-
tones, 1,2-dithiol-3-thiones, and thiocarbamates (1-4). Al-
though a single mechanism cannot account for all forms of
chemoprotection, it is clear that the induction of electrophile-

Racelved 2/29/88; revised 5/17/88; acceptad 5/26/88.
The costs of publicutdon of this article were t&wud i part lw the mmim
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Phase 11 enzymes® (e.g., glutathlone S-transferases,
lJDP-glncuronosylmsfernus. and quinone reductase) is a ma-
jor protective mechanism (3, 4, 6-11), Indeed, the induction of
these enzymes is the single common biochemical effect shared
by the aforementionad compounds, and monitoring of Phase II
enzyme induction has permitted the isolation and identification
of new anticarcinogens (1, 3, 4, 6-10).

Although all of the chemoprotectors described above are
inducers of Phase II enzymes, large differences exist among
these agents in their capacity to induce certain Phase | enzymes
(3, 4). Thus, large planar aromatics such as polycyclic aromatic
hydrocarbons, flavonoids, TCDD,® and 220 dyes enhance se-
lected Phase 1 activities such as aryl hydrocarbon hydroxylase
in rodents and in cultured murine hepatocytes (10, 12-18), yet
minor and variable inductions of Phase 1 enzymes are evoked
by the remaining classes of compounds (3, 4), Thus, these
anticarcinogens can be segregated into bifunctional inducers
that induce both AHH and Phase II ¢enzymes and monofunc-
tional inducers that selectively induce Phase Il enzymes only
(3, 4, 6, 9). These families of inducers have been designated as
type A and type B by Wattenberg (3). Since Phase I enzyme
induction is an important mechanism for the activation of many
carcinogens to ulimate electrophiles (10, 19), and hence coun-
teracts chemoprotection, whereas Phase Il enzyme induction
results in chemoprotection, an understanding of the mecha-
nisms underlying these inductions is of critical importance for
devising appropriate strategies for chemoprotection,

The molecular mechanism whereby bifunctional inducers
(large planar aromatics) elevate AHH and related activities
appears to be well established. These compounds bind avidly to
the protein product of the 4h (4ryl Aydrocarbon) locus, and
ligand-bound receptors bind to enhancer regions of selected
cytochrome P-450 genes, resulting in elevation of AHH activity
and increased metabolism of aromatic hydrocarbons (12, 16,
18, 20-24)., Because the induction of Phase 11 enzymes by
planar aromatics generally occurs only in mouse strains and
cultured hepatocytes with a functional 44 locus, the regulation
of these enzymes has been assumed to occur through the same
mechanism as that regulating AHH (25-27). Nevertheless,
experiments attempting to demonstrate the direct participation
of the 4/ locus in the regulation of Phase IX enzymes have not
been convincing (28-30).

In contradistinction, monofunctional inducers have little ap-
parent structural similarity. Their mechanism does not appear

The tavoived in tha metabotism of xenob .
lnwmmmm(nnml (which incixds the cytochromes
P-450) functionaliza compounds by or hydrolysts, wheress

Fhase Il enzymes u-qmnuwmmormmw compounds with
endogenous ligands (2g, gincuronic acid, glutathione, amino acids, and sulfave).
Although quinone reductase does N0t promote a synthetic fanction, it may be
classified as » Phase I sines it does mot introduce new functonal groups,
inoften induced coo: with conjugation enzymes, and protects cells mhm
the ities of quinoaes (6)

of page charges. This article must therefore be
amﬂlmwith 18 U.8.C, Section 1734 solely to indicate this fact,
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* Abbrevistions aad trivial wand are: TCDD, LJT.anhIorodh
rdio:dlr. Ql. NAD(P)H:(quinow (EC 146.99.2) llm
s o P "

AHH, ary] hydrocarbon hy-
dmzy!nu(BClHl‘.l);m\. Aryl Aw thon, the locus ible for the
induction by plana aryl bydtocarbon hydroxylase (cytochrome Py
430); Sudan 11, H‘-phnnﬂuoplnnylm)-zwbm oltipraz, $-(2-pyrazinyl)-
4-methyl-1,2-dithiol-J-thione.
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to involve a conventional receptor and does not require a
functional AA receptor (31, 32). Indeed, data presented previ-
ously (33) indicate that the inductive capacity of a wide range
of phenolic andoxidants and phenylenedlnnlnes is critically
dependent on the chemical properties of the inducers rather
than their morphological features, Thus, in a murine hepatoma
cell culture, a variety of hydroquinones (1,4-diphenols) and
catechols (1,2-diphennls) are inducers of QR activity, whereas
resorcinols (1,3-diphenols) are completely inactive. We have
suggested that the observed inductions are the result of suscep-
tibility to oxidations since catechols and hydroquinones have
similar chemical properties in that they can undergo reversible
one- or two-electron oxidations to the ¢orresponding semiqui-
nomes or quinones, respectively, In contrast, resorcinols cannot
undergo such facile oxidations, Hence, appropriate chemical
reactivity rather than precise structure appears to be important
for enzyme induction by diphenols. We have suggested that
other classes of monofunctionsl inducers must possess electro-
philic centers such as a,S-unsaturated carbonyl functions in
order to exert inductive activity (34). Furthermore, we have
propondthﬂthlmhueof!’hmllenzymemdumonhy
bifunctional planar aromatics to 4k Jocus function may involve,
at least in part, a metabolic cascade. Bifunctional inducers bind

‘to the Ah receptor and thereby specify the enhanced synthesis

of cytochrome P,-450, which in turn converts bifunctional
planar aromatics into species (e.g., 1,2- or 1,4-diphenols, dis-
mines, aminophenols) that behave like monofunctional induc-
ers (see Fig. 3).
Because of uncertainty over the r¢lation between the regula-
tion of the induction of these enzymes, we have undertaken a
analysis of this relationship with a variety of struc-
lunlly dissimilar Phase II enzyme inducers in cultured celis
and genetically defined mice. The induction of AHH activity,
which is a measure of cytochrome P,-450 levels, was used as
an index of the induction of Phase ! ¢nzymes under the control
of the Ak locus (12). QR activities were used as markers for
Phase Il ¢cnzyme induction, The majority of the experiments
were done with the Hepa lele? murine hepatoma cell line in
which the induction of both of these types of enzymes has been
demonstrated (16-18, 20, 22-24, 31-33, 35-38). Induction
experiments have also been carried out in two mutants of the
Hepa Ic1¢7 cell line that are defective in the Ak receptor or in
AHH expression, 15 well as in mouse strains with high (C57BL/
6J) and low (DBA/2J) affinity 44 receptors (12). These results
have enabled the construction of a model for the mechanisms
of induction of Phase I and Phase Il enzymes.

MATERIALS AND METHODS

Materinls. Flavin adenine dinucleotide, menadione, 2,6-dichloroin-
dophenol, buvine serum albumin, Tris base, Tween 20, 1(2-pyridylazo)-
2-naphthol, aad 142-thinzolylszo)-2-naphthol were obtained Fom
Sigma (St. Louis, MO); 2,3,7,8-tetrachlorodibenzo-p-dioxin was from
IIT Research Institute (Chicago, IL); NADH was from Pharmucia P-L
Biochermicals (Piscataway, NI); 3-hydroxybenzo(a)pyrene was from the
Chetnicsl Carcinogen Reference Standard Repository (National Cancer
Institute, Bethesds, MD); 75-cm? culture plates were from Falcon
(Becton Dickinson Labware, Oxnard, CA); a-minimal essential medium
and fetal calf serum were from GIBCO (Grand Island, NY); dimethyl
suifoxide, hexane, scctonitrile, and ethyl acetate were from Burdick
and Jackson (Muskegon, MI); Emulphor EL-620P was from GAF
(Linden, NJ); sesame oil was from Figher (Fair Lawn, NJ). Other
inducing agents were obtained and prepared as described previously
(31, 33, 37). Hepa lcic7 cells and their mutunts were gifts of J, P.
Whitlock, Jr., Stanford University, and Q. Hankinson, University of
Californfa, Los Angeles, .

Trentment of Hepa 1c1¢7 Cells and Aseny of Earymatic Activities.
Wild-type and mutant Hepa Iclc? cells were plated, grown, and in-
duced st descrived (3133, 37). After 24 h of exposure to inducing
agests, the cells were washed with ice-cold 0.15 M KCI-10 mMm potas-
sium phosphate (pH 7.4), removed {rom the plates by Taping, and
sonically disrupted for 5 s (Branson Souifier Cell Disruptor 200). Two
200-u! aliquots of the resulting 1.0- to 1.5-ml suspensions were assayed
for AHH activity as described by Nebert (39). The remnining samples

were centrifuged at/ 5000 X g for 20 min snd smayed for quinons

reductase activity by measuring the rate of oxidation of NADH (200
M) by menadione (50 M) at 340 nm in the assay system dexcribed by
Prochaska and Talalay (40), Protein concentrations were determined
by the method of Bradford (41).

Treatmest of Animals. Female C57BL/6J and DBA/2) mlce (The
Jackson Laboratory, Bar Harbor, ME), § weeks old, were housed in
hanging stainless steel cages (5 mice/cage) without bedding at 24-25°C
with light-dark cycles of 12 b each. The mice were fed powdered 5001
Purina Isboratory chow (Ralston-Purina, St. Louis, MO). After the
mice were allowed to acclimatize 10 their new euviroament for 2 weeks,
they were cither: (a) fod by gavage one of the following test compounds:
75 umol of tere-butylhydroquinonie, 38 smol of 3,5-di-fert-butylcatechol,
or3s umol of 4,6-di-ter+-butyiresorcinol, in 0.1 ml of Emulphor; or ()
given i.p. injections of test compound (5 xmol of §-naphthoflavone,
Swdan 111, or ]1<2-thiazolylazo)-2-naphthol) in 0.2 m! of sesame oil.
Both types of treatments were given dalily for 5 days. Control groups
received the respective vehicles only by the same routes. Mice were
killed by cesvical dislocation 24 h after the lust dose and the livers were
excised, perfused with 0,15 M KCk2 mm EDTA (pH 7.4), frozen
immediately (n liquid nitrogen, and stored at —80°C until used.

Preparation of Mouse Liver Subcellular Fractions and Assay of Their
Eazymatic Activities, Portions (500 mg) from each liver were homage-
nized in 1.5 m! of 0.15 M KC, 10 mMm potassium phosphate, and 0.5
mum EDTA, pH 7.4 (“homogenization bulfer”). After unml‘ugatlon at
10,000 % g for 30 min, the postmitochondrial supe fr
ware centrifuged at 90,000 X g for 75 min. The resuiting cytosols were
collected and sssayed for: (2) QR by following the reduction of 2,6-
dichloroindophenol (40 um) by NADH (200 um) at 600 nm (40); (8)
gutathione S-transferase with glutathione and 1-chloro-2,4-dinitroben-
zene as substrates according to the procedure of Hablg ez al. (42); and
(¢) protein content by the method of Bradford (41), Microsomal pellets
wese suspended in S ml of homogenization buffer and centrifuged at
$0,000 x g for 90 min, resuspended i 0.5 m) of homogenization buffer,
frozen in liquid nitrogen, and stored at —80°C. The microsomal frac-
tions were subcequently assayed for: (o) AHH activity with
benzo(a)pyrene and NADPH as substrates according to the method of
Nebert (19); (8) P-450 levels sccording to the method of Omura and
Sato (43); and (c) protein content according to the method of Bradford
(41).

Statistical Treatment of Results. The results in the figures and Tables
1-3 are displayed as the ratios of the specific activities (or jevels) of
treated sampies to those of controls. The standard error for each ratio
was divided by the appropriate control value. The means =+ SE for the
coutrol groups are given in Tables 1 and 3 and in the appropriate figure
legends. All results shown were obtained from gt lesst duplicate meas-
urements of four individual animals or four culture plates per treatment
group.

RESULTS

In the studies described below we measured the specific
activities of cytosolic QR and AHH in Hepa 1clc? cells and
two mutants with defective AHH expression, as well as in livers
of two inbred mouse strains, one of which {CS7BL/6)) is
responsive to induction of AHH by polycyclic hydrocarbons,
while the other (DBA/2J) Is unresponsive (12). To analyze the
mechanisms of regulation of the induction of these enzymes by
various chemoprotective agents we examined: (a) the relation
of structure of the agents to their ability to induce the two types
of activities; (5) dose-response relationships; and () the effects
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inati i centrations of (a)pyrene and 3-methylcholanthrene were more effective than
of combinasions maxi_xmlly responsive €on was Sudan T in inducing QR, whereas Sudan IIT produced 2
much greater inducdonof.u-u:lmt!mdidthe,zmm

droxylase by Two Classes of Chemoprotectors. Fig. 1 provides hydrocasbons. Furthermore, 1-(2-pyridylazo)-2-uap!
adinamb:nparinouol‘memamioninl{ewlclﬂmuﬁm Iuwdmmalqnsly&omtbeothermdyahthnitwun
hepatoma cells of QR (top) and AHH (bottom) by 15 com- relatively poor inducer of AHH (about z-fo_ld) while raising the ‘
s that are known to be inducers of these enzymes in level of QR 3.5-fold. Since the ratios of induction of QR to !
rodent tissues (6). All of the compounds are recognized protec- AHH vary greatly from 0.0775 for Sudan 111 to 1.58 for 1-(2-
tors against the neoplastic ar toxic effects of chemical carcino- pyridylazo)-2-naphthol, i¢ seems evident that bifunctional in-
ducers regulate QR and AHH by different mechanisms, Further

ens (1-4, 6-9, 44, 45) under propriate experimental condi-
giontalthough se‘:'eral are alno‘;ninmns. In this experiment  evidence for several mechanism of induction will be developed
the hepatoma cells were grown to nesr confluence and then be(owonthebashofd?wremmtvel.rewm.obulmdin !
exposed for 24 b to concentrations of the inducers (10 nM to  mice in vivo, and the simultancous use of saturating doses of !
30 uM) selected to produce moderate to maximal inductions both types of inducers. ) :
without causing obvious cytotoxicity. The results provide a Dese-Response Relationships in the Induction of Quinose
urikiuudnuﬂyaholutadmincﬁmbetmnmmeﬂof MmMMIHMHymemen?c- !
inducers: () bifunctional inducers which are exemplified by Mndnlfnﬂlonllnllmmmmdladumn '
polyeyclic aromatics, S-naphthoflavone, s20 dyes, and TCDD; (ratio of treated to control specific activities) of AHH and QR
and (b) monofunctional inducers which include tert-butylhydro- by various inducers was not constant (Fig. 1), we examined the
quinone, 3,5-di-tert-butylcatechol, bisethylxanthogen, 1,2-di- dose responses of these enzymes to selected compounds in the
thiol-3-thione, oltipraz, and benzylisothiocyanate. Whereas i murine bepatoma Hepa lcic7 cell line (Fig. 2). The dose-
functional inducers elevated both QR (2 to 4 times control mmmdhdueﬁmorQRMAHthTCDDm
Jevels) and AHH (10 to 30 tines control levels), monofunctional  similar, suggestiog a common mechanism of induction, TCDD
inducers had po significant effect on AHH while inducing QR Was clearly the most potent inducer of both activities. TCDD
¢o values similar to those observed with bifimctional inducers. was also the most effective inducer of AHH, yet it was not the .
One other impartant observation (Fig. 1) was that under most effective inducer of QR. Furthermore, differences in the i
identical conditions, the relative induction of the two enzyime regulation of AHH and QR by bifunctional inducers are appar- ‘
activities by differcnt bifunctional inducers varied considerably, ~ ent since the dou responses to Sudan i1, 1,1’-azonaphthalene, .
For instance, at equimolar concentrations (2 sM), benzo- and 1-(2-pyridylazo)-2-naphthol for these enzymes are quite
different. Lastly, 1,2-dithiol-3-thione was completely inactive
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) . — Fig. 2. Conunmtbn;:gmofhdmwmmmbymnb.
) Sudan IIT, 1,1’-azonaphtbalens, 12-pyridyizra)-2-aaphthol, and 1,2-dithiol-3-
Fig. 1. Structare-activity study identifylug functional and bifunctional thioue. The specific activitits of QR and AHH im Heps 1¢167 murine hepatoma

inducers. The induction profiles for QR and AHH in Heps icie7 murine cells were detsrmined az a function of concemzations and are expreascd a8
hepatoma cells by.ls inducers of QR were determined and are expremsed as  of trested to control cells (minus l).TCDukdnulymmmindmof
specific activity ratios of treated to control cellL The concentrations of inducers  both activities. TCDID s also the wost effective inducer of AHH, yot it is not the
were 3 uM unless otherwise specificd. Note that among polycyclic aroraatics, the  most effoctive inducer of QR. 1,2-Dithiok-3-thione hat no effoct on AHH and the
relationships between QR and AHH specific activities are pot constant, The mmwm.muwmmmnum

activities for QR and AHH in control cells were 297 & 18 nmol/min/mg  that multiple meochasisass for the Induction of QR exist. ‘I'he contro] valwes for
and 1.40 # 0.14 pmol/min/mg, respectively. BEX, bissthyixanthogen; Sudan /, QR and AHH woro M9 3 18 nmol/min/mg and 1.22 & 0,08 pmol/min/mg.
1-{phenylazo)-2-napbthol; Sudan I, I-(z,Mimthylphuyhm)-z-uphuml. respectively.
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more than additive inductions of QR (Table 1), Thus 1-10 nM
TCDD and 10-30 gm 1,2-dithiol-3-thione elevated QR w0 38
and 2.6 times control levels, respectively, whereas the combi-
nation produced more than an 8-fold induction. In contrast,

. the induction of AHH in Hepa 1clc? cells by saturating con-

centrations of TCDD (10 nm) was not affected by 30 um 1,2+
dithiol-3-thione (Table 1) which by itself had a minimal effect
on AHH gctivity (Figs. 1 and 2, Table 1).

Role of Ak Receptor Function in the Indoction of Phase II
Enzymes. Although the participation of the Ak receptar in the
induction of Phase I} enzymes by bifunctional inducers has been
shown in inbred mice (25, 28, 29), such an association has not
been clearly demonstrated with monofunctional inducers in
vivo, We found that in livers of such inbred mouse strains (Table
2) monofunctional inducers acted independently of the Ak
receptor since fert-butylhydroquinone and 3,5-di-tart-butylca-
techol (but not 4,6-di-terv-butylresorcinol) induced glutathione

_$-transfernse and QR in DBA/2J mice which have low affinity

(defective) Ah receptors. The findings that 1,2- and 1,4-diphen-
ols but not a 1,3-diphenol are inducers of QR in mice are

Table | Induction of quinone reductase and aryl Aydrocgrbon Aydrosyiase (»
Hepa lclc? murine hepatome ceils by Lty Inducing concemirations of
TCDD and 1.2-ditkiok 3-thione, singly and in combination

The results are expremed as ratios of specific sctivities of inducec-treated cells
10 controls.

Ratio of specific activitles
{treated/control) -
Q Aryl hydrocarb
Inducers Concentration  reductase hydroxylase
TCDD 1nmM 3.66 = 0.09° 30418
10 am 192 0.0 168256
1,2-Dithial-3-thione 10 uM 2.87+0.49 1172015
30 um 267010 1.29 = 0.05
TCDD and 10 nm 8532007 27728
1,2-dithiol-3-hione 30 um

@ The standard ertor for each entry has been divided by the control valve.

* 1f tie effects of TCDD and 1,2-dithiol-3-thione on QR were grictly additive
a ratlo of 5.59 would have been expocted.

“The mean control vakues for QR and AHH were ( SE) 230 + § amol/min/
mg and 0.959 £ 0.069 pmol/min/mg, respectively.

" 4 "

Table 2 Induction patterns of hepatic quil

# S-traxgferase, arpl Aydrocarbon kydroxylase,
vecupior-patitive (CSTBL/6]) and -wegative (DBA] 1)) mice

completely compatible with those reported with cell cultures
(31-33). Furthermore, although planar aromatics such as Su-
dan 111 and S-naphthoflavone induced QR, glutsthione S-trans-
ferase, and AHH activities in CS7BL/6J but not in DBA/2J
mice, the finding that 1-(2-thiazolylazo)-2-naphthol could in-
duce Phase 1i enzymes in both strains of mice without greatly
influencing AHH activity demonstrates that some bifunctional
inducers may elevate Phase I enzymes in lacge part independ-
ently of the 4A receptor, Similar structure-activity relationships
have been reportad in rat liver and Hepa lelc? cells (14, 3,
32).

To assess the role of the AA receptot in the greater than
additive induction phenomenon described above, the effects of
combining saturating doses of monofunctional (1,2-dithiol-3-
thione) with bifunctional (TCDD or -naphthoflavonc) induc-
ers were examined in Hepa 1c1c7 cells as well as in its mutants
defective in either a functional A& receptor (BPcl) (31, 32, 46)
or the cytochrome P,-450 gene (c1) (18, 38, 47). The BPcl and
1 mutants have low and high basal specific activities of QR,
respectively (Table 3; Refs. 31, 32, and 38), Neither mutant has
detectable AHH activity. Table 3 shows that the combination
of 1,2-dithiol-3-thione with either TCDD or S-naphthoflavone
at ssturuting concentrations vesulted in augmented induction
of QR in Hepa 1clc? (wild-type) cells. Furthermore, an additive
elevation of QR was observed when TCDD was combined with
f-naphthoflavone, This increase in QR induction by addition
of f-naphthoflavone to concentrations of TCDD that saturate
all the Ak receptors argues that S-naphthofiavone induces QR
via an alterate pathway. No combination of compounds gave
AHH activities that were higher than those obtained with
TCDD alone (not shown). In cells with defective 44 receptor
function (BP'c1) or in mutants that produce a defective AHH
gene transeript (cl), 1,2-dithiol-3-thione was the only com-
pound tested that was capable of inducing QR effectively,
although slight elevations of QR by bifunctional inducers were
noted in the ¢! mutant. The addition of bifunctional inducers
to 1,2-dithiol-3-thione had no effect on the induction of QR in
the BP*cl mutant although marginal increases were found with
the ¢l mutant. Hence monofunctional inducers act independ-
ently of the Ak receptor, whereas bifunctional inducers require

and cytochrome P-450 levals in inbred Ak (aryi

“The results are expressed as ratios of specific activities (or Jevehs) of treated to control livers. The means = SE wers determined from four livers.

Ratio of wreated w control
CS7BL/6J mice DBA/2J mice
Ary) hydrocar- - Ayl hydrocar-
Dose/day Quinone  Glutathione bom hydroxyl- Cytachrome QQuinone  Glutsthione bon hydroxyl- Cytochrume
Inducer (mol)  reductase  S-transferawe =a P450 levels  reductase  S-ransferase ase P-450 levels
Sudan 1L 5 219019 1.45t010 B8.24+09 1492015 088004 092005 096+0.18 082=006
A-Naphthoflsvone 3 3592026 205:00% 670044 136017 1242 005 1.29+005 096+026 0932011
142~ Thinzolylazo)-2-naphthol s 447018 256041 2.20£041 085:010 194 016 1.8620.15 1051014 087005
3,5 di-terv-Butylcateciiol 35 - -- -— - 2832032 4742034 0692007 083x0.14
4,6-di-tevt-Butylresorcinol 35 - — - - 1212016 1132014 1012014 0932010
tent-Baxyihydroquinone 75 2124008 215£0.13 1234041 1222044 237013 265 2024 09832018 0.73+0.13
Control valwes for mouse fivers:
Glutathione Quinone Aryl hydeocar- Cytochrome
S-transferases reductase W P-450 Jovels
Mouse T (nmal/min/mg) (amol/min/ng) gy {pmaol/mg)

CS7BL/6) Sesame oil 2470 407 2037 769 % 9.8 583+ S4

Eraiphor 2950 + 380 21829 804 %72 415 30

DBA/2) Sesame oil 1890 & 100 160 = 16 84645 43745

Emulpbor 2190 £ 240 144 £ 14 74.9 £ 10.2 491+ 38

4 Significant taxicity. Livers were not assayed.
¢ Mean = SE of four vers,
4719
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Table 3 Effact of combining difunctionul inducers with monafunctionad inducers on the guinons reductase activity of Hepa lele? (wild-type), BPc] (dafective
translocation of AN receptor-ligand complex inio nucieus), and cl (defecrive eytockrome Py-450 gane) cell lines

hods.” The "y

1 catios showrt are the ranges for the means of (wo separate

grown, wnd ibed under “Materials and

Cells were duced, yed as d/
experiments. For sach coudition, lhmphmwmuuyedlnanmmudf«rh the other, Standard errars were ess than $% of the mean valucs, Note that
aryl hydrocurbom hydroxylase was assayed and was found 10 be ondetectable fa BPct and ol mutants, while the degree of induction of aryl
in Hepa lelc7 culls is consistent with the results shown in Figs. 1 aud 2 (i.¢., no compounds ot combination of more

Comtrol quinane reductass specific
cl, 901 = 20 and 957 * 69 nmol/min/mg protein.

compounds was effective than alone).
activities (:SEM) in the two experiments, respectively, were: Hepa Icic?, 333 & § and 223 # 10; BPcl, 164 3 milllzé

Ratio of quinooe reductase specific activities

. {treated/codtrol)
Concentration
Inducers(s) of inducers Hepa lcle? BPMel cl
1,2+Dithiot-}-thione 30 um 3.17-321 1.76~2.76 2.44-3.12
TCDD 10 am 3.834.10 0.90-1.00 1.33-1.66
#-Naphthofisvone S um 5.13-6.07 0.87-0.98 1.20-1.36
1,2-Dithiol-3-thione + TCDD 30 M + 10 nm 9.58-9.99 2.60-2.66 3.21-4.5)
1.2-Dithiot-3-thione + S-naphchoflavone 30 uM + 5 um 7.08-7.63 253-2.71 242-4.71
TCDD + f-naphthoflavone 10 nm + 5 M 7.23-8.08 0.34-1.08 1.11=1.53

competent 4A receptors (also see Ref. 31 and 32). Furthermore,
the role of AHH in the regulation of QR can be inferred from
the results obtained with the cl mutant since its genetic defect
lies in the P;-450 structural gene rather than the Ak receptor
“n.

DISCUSSION

A model for the regulation of Phase II enzymes by mono-
functional and bifunctional inducers proposed by us in 1985
(33) comprises three mechanisms (Fig. 3): In Mechanism A,
monofunctional inducers activate the synthesis of Phase II
enzyme by means of an electrophilic signal which operates
independently of A4 receptors or the induction of AHH: in
Mechanism B, complexes resulting from the combination of
bifuncdonal inducers with Ak receptors bind to specific regions
of nuclear DNA and thereby evoke enhanced transceiption of
both AHH and Phase 1I enzymes; and in Mechanism C, bi-

BFUNCTIONAL

CYTOPLASM 1

GYTO-
—=CHRGME
P-450

p.dto

t

®+—®
MONO

. J

Fig, 3. Metabolic cascade model for the relation between the mechanism of
action of monofunctionat (Mo) and bifunctiona! (B)) inducers of Phase [ and
Phase Il euzymes [slightly from dma of Prochaska et k. (33)]. Mopo-
function sigoal

al induoers enter the cell and gemerate the slectrophilic that
stimulutes the Induction af Phase 1L anly. Bifunctionsl ind re
participation of the Ah receptar in two distinct mechanisms of & Bifunc-
tonal inducers anter the cell and bind to the AR receptor, and the resulant
complen sctivates gene nmlgcm for both Phase I and Phase 1l enxymes. The
resulting eahsoced AHH activity fizable bifunctional ind!
into con ds anal in el hilic properties to monofunctional inducers,
which signal Phase 11 gene transcription. This model and mechanism(s) for AHH
tioa that also affect Phase 1] enzyma expression (18. 38) can il

the experimental findings.

functional inducers susceptible to metabolism by AHH (Induced
by Mechaniam B) are converted to electrophilic products that
elevate Phasc II enzymes by Mechanism A.

This model accounts for the observations obtained with Hepa
lclc7 morine hepatoma cells. Thus, we have identified two
families of Phase II enzyme inducers which are diffcrentiated
by their ability to induce AHH and their dependence (or inde-
pendence) on Ak receptors for their mechanism of action.
Nonmetabolizable bifunctional inducers such as TCDD (48)
act via the 4A receptor directly (Mechanism B) to induce AHH
and Phase 1 enzymes, while metabolizable inducers act also
via Mechanisms C and A, whereby the induced AHH converts
thess compounds to metabolites resembling monofimctional
induoers. This formulation would account for the similar dose-
response curves of induction of QR and AHH by TCDD, the
dissimilarity of these curves for metabolizable bifunctional in-
ducers, and the disparity in the degrees of induction of AHH
and QR evoked by various bifunctional inducers. Furthermore,
the operation of two different yet interactive mechanisms (B
and C/A) of induction on Phase I enzymes would be in agree-
ment with the more than additive inductions observed by the
use of combination of saturating concentrstions of monofunc-
tional and bifunctional inducers. The proposal that metaboliz-
able bifunctional inducers act via more than one mechanism is
also supported by the observation that saturating concentra-
tions of TCDD and 8-naphthoflavone produce virtually additive
inductions of QR.

Most of the observations obtained with AHH-defective mu-
tant cells are also consistent with the model showa in Fig. 3.
Thus, monofunctionsl inducers elevate QR to the same degree
in mutant a5 in wild-type cells, including the c1 mutant which
has high basal QR activity. Bifunctional inducers are cornpletely
inactive in the BP’ct cell line since these cells have defective
Ah receptors. This prevents bifunctional inducers from acting
directly via 44 receptors (Mechanism B) as well s participating
in a metabolic cascade (Mechanism C/A) since no AHH induc-
tion occurs. Surprisingly, bifunctional inducers were only weak
inducers of QR in the ¢! mutant. This was an unexpected result
since this mutant has intact 4k receptors [the ¢] mutant has its
genctic defect in the cytochrome P-450 gene 47). Thus,
bifunctional inducers should be able to induce QR by binding
Ah receptors and directly activating genes coding for Phase 11
enzymes (Mechanism B).

In addition to the resistance of the ¢l mutant to induction of
QR by bifunctional inducers, there are other experimental
findings with Hepa 1¢1c? cell mutants that cannot be accom-
modated by the above model. Hankinson et al. (18) observed
that mutants with defects in their cytochrome P-450 gene had

4780
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high levels of P,-450 mRNA which could not be clevated further
by TCDD. These high P;-450 mRNA levels were suppressed
by coculture or fusion with wild-type cells. Two models were
proposed to account for the regulation of cytochrome P-450
and the high basal activities of Phase I1 enzymes which are
refractoty to further clevations by TCDD (18, 38). In the first
mode, an endogenous ligand for the 4k receptor that is suscep-
tible to inactivation by AHH is postulated. I cells without
AHH, but which possess functional A& receptors, the ligand
aocumulates, binds to AA receptors, and activates the transcrip-
tional activity of AHH and Phase Il enzymes. In wild-type cells,
the ligand cannot accumulate since it is rapidly inactivated by
AHH. The second model proposes that prerepressors exist
which are activated by AHH. The active repressors then de-
crease the transcriptional activity for AHH and Phase II en-
rymes. Henge, cells defective in AHH wauld not be able to
CORVErT prerepressors tu active repressors that result in the high
constitutive expression of AHH and Phase Il enzymes.

We conclude that the model shown in Fig. 3 together with
the postulated existence of mechanism(s) for the autoregulation
of AHH that have similar effects on Phase Il enzyme expression
can account for the inductiop patterns of monofunctional and
bifunetional inducers (alone or in combination), as well as the
profiles of QR which Hepa 1clc7 mutants exhibit,
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Direct Measurement of NAD(P)H:Quinone Reductase from Cells Cultured
in Microtiter Wells: A Screening Assay for Anticarcinogenic
Enzyme Inducers

HANS J. PROCHASKA' AND ANNETTE B, SANTAMARIA

Department of Pha

logy and Molecular Sciences, Johns Hopkins University, School of Medicine,

Baltimore, Maryland 21205
Received August 27, 1987

We describe a rapid and direct assay of NAD(P)H:(quinone-acceptor) oxidoreductase (EC
1.6.99.2) activity in cultured cells suitable for identifying and purifying indncers of this detoxi-
eation enzyme. Hepa lcl¢7 murine hepatoma cells are plated in 96-well microtiter plates,
grown for 24 h, and exposed 10 inducing agents for another 24 h, The cells are then lysed and
quinone reductase activity is assayed by the addition of a reaction mixture containing an
NADPH-generating system, menadione (2-methyl-1,4-naphthoquinone), and MTT [3+(4,5-di-
methylthiazo-2-yl)-2,5-diphenylictrazalium bromide]. Quinone reductase catalyzes the reduc-
tion of menadione to menadiot by NADPH, and MTT is reduced nonenzymatically by mena-
diof resulting in the formation of & blue color which can be quantitated on 3 microtiter plate
absorbance reader. ‘The reaction is more than 90% dicoumarol inhibitable and menadione
dependent. The results are comparable to those obtained by harvesting cells from Jarger plwtes,
preparing cytosals, and carrying out spectrophotometric measurements.  © 1983 Acadesic Prew. inc.
KEY WORDS: quinone reductase; phase [[ enzymes; enzyme induction; microtiter plates;

anticarcinogens.

We have developed a rapid, efficient, and
inexpensive assay for measuring NAD(P)H:
(quinone-acceptor) oxidoreductase (EC
1.6.99.2) from cells cultured in microtiter
wells. Quinone reductase? is a widely distrib-
uted, primarily cytosolic, dicoumarol-inhib-
itable flavoprotein that catalyzes the reduc-
tion of a wide variety of quinones and quin-
oneimines (1,2). Quinone reductase protects
cells against the toxicity of quinones and
their metabolic precursors by promoting the
obligatory two-electron reduction of quin-
ones to hydroquinones which are then sus-

¥ To whom reprint requests should be add d

! Abbrevistions used: quinone reductase, NAD-
(PH:(quinone-aceeptor) oxidoreductase (EC 1.6.99.2);
DMSO, dimethyl sulfoxide; MTT, 3-(4,5-dimethyith-
iazo-2-y1)-2,5<liphenyltetrazoliurn bromide; Sudan i, -
phenylazo-2-naphthol; Sudan 11, 12 4-dimethylphenyl-
az0)-2-naphthol; Sudan 11, J44.phenylazophenylazo)-
2-ngphthol.

0003-2697/88 $3.00 328

Copyright ® 1988 by Acadernic Presa, fnc.
All rights of reproduction n stry form reserved.

ceptible to glucuronidation (3-10). In addi-
tion, quinone reductase is induced coordi-
nately with other electrophile-processing
Phase ! enzymes (glutathione S-transferases
and UDP-glucuronosyltransferases) by a va-
riety of compounds that protect rodents
from the toxic, mutagenic, and neoplastic ef-
fects of carcinogens (2,11-13), There is a
large body of evidence which suggests that
the induction of Phase II enzymes is the pre-
dominant mechanism by which these hetero-
geneous compounds are chemoprotective
(11-15), and it is clear that the monitoring of
Phase IT enzyme induction is a convenient
method for screening for anticarcinogenic
activity (11-13,15-23).

Although many anticarcinogenic enzyme
inducers have been discovered, other unrec-
ognized compounds may exist that are po-
{ent, effective, and nontoxic (e.g., the active
constituents from poorly characterized plant

' 2-F43
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extracts) (11,17,20-23). Unfortunately,
screening compounds for their ability to in-
duce Phase II enzymes in animals is difficult,
time-consuming, and expensive (17,20). Qur
laboratory has recently developed a more
rapid screening system by demonstrating
that quinone reductase is induced in the
Hepa lclc? murine hepatoma cell line by
many of the compounds that induce Phase 11
enzymes in vivo (24-26). Nevertheless, con-
ventional assay techniques (e.g, harvesting,
homogenizing, centrifuging, and assaying for
enzymatic activity and protein content) are
time-consuming and therefore limit the use-
fulness of this procedure. For this reason, we
have developed a direct assay of quinone re-
ductase from cells grown and induced in 96-
well microtiter plates by measuring the
NADPH-dependent menadiol-mediated re-
duction of MTT. This assay procedure is
rapid, accurate, inexpensive, capable of
screening many compounds and/or a series
of concentrations of compounds in a single
experiment, and amenable to computerized
data processing. This method should facili-
tate the identification of new and potentially
important chemoprotective compounds of
medicinal interest,

EXPERIMENTAL PROCEDURES

Materials

MTT, NADP, FAD, menadione, bovine
serum albumin, Tris base, glucose 6-phos.
phate, bakers’ yeast glucose-6-phosphate de-
hydrogenase, Tween-20, penicillin G, strep-
tomycin, and crystal violet were obtained
from Sigma Chemical Co. (St. Louis, MO);
NADH was from Pharmacia P-L. Biochemi-
cals (Piscataway, NJ); microtiter wells were
from Falcon (Becton-Dickinson-Labware,
Oxnard, CA);, a-minimal essential medium
and fetal calf serum were from GIBCO
(Grand Island, NY); and DMSQ and aceto-
nitrile were from Burdick and Jackson
(Muskegon, MI). 2,3,7,8-Tetrachlorodi-
benzo-p-dioxin (TCDD) was obtained from
IIT Research Institute (Chicago, IL). Other

inducing agents were obtained and prepared
as described previously (24-26). Hepa 1clc7
cells were a gift of J, P, Whitlock, Jr., Stan-
ford University. Muitiple pipettors (50- and
200-¢l Octapipets) were purchased from
Costar (Cambridge, MA). The absorbances
of microtiter wells were measured with an
automated optical scanner equipped with a
610-nm filter (Biotek, Winooski, VT),

Methods

Growth of cells. Hepa Iclc? cells were
plated at a density of 10 000 cells/well in 200
#l of a-minimal essential medium {without
ribonucieosides or deoxyribonucleosides)
supplemented with 10% fetal calf serum. The
cells were grown for 24 h in a humidified
incubator in 5% CO; at 37°C. The medium
was decanted and cach well was refed with
200 ul of a-minimal essential medium sup-
plemented with 10% fetal calf serum, 100
U/ml of penicillin G, 100 ug/ml of strepto-
mycin, and 0.1% DMSO. Compounds to be
tested as inducers were dissolved in DMSO
and were diluted into the media so that the
final concentration of DMSO was 0.1% by
volume. Control cells were always grown in
the second column of wells and were fed
media containing 0.1% DMSQ. The cells
were then incubated for an additional 24 h.

Assay of quinone reductase. The following
stock solution was prepared for each set of
assays; 7.5 ml of 0.5 M Tris-Cl (pH 7.4), 100
mg of bovine serum albumin, | ml of 1.5%
Tween-20, 0.! ml of 7.5 mM FAD, | mi of
150 mM glucose 6-phosphate, 90 ul of 50 mm
NADP, 300 U of yeast glucose-6-phosphate
dehydrogenase, 45 mg of MTT, and distilled
water to a final volume of 150 ml. Mena-
dione (1 gl of 50 mm menadione dissolved in
acetonitrile per milliliter of reaction mixture)
was added just before the mixture was dis-
pensed into the microtiter plates.

After the plates were exposed to test com-
pounds for 24 h, the media were decanted,
and the cells were lysed by incubation at
37°C for 10 min with 50 ul in each well of a
solution containing 0.8% digitonin and 2
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mMm EDTA, pH 7.8, The plates were then

adione. The absorbances were scanned $ min

e e e e .

MICR¢

agitated on an orbital shaker (100 rpm) for  after the addition of the reaction mixture, COMPARISON OF QUINON:
an additional 10 min at 25°C, after which Crysial violet staining. Since some qui- GROWN IN MICROTITER WEL)
200 ul of the complete reaction mixture was none reductase inducers or crude fractions ‘
added to each well with the aid of a multiple that are being screened for inducer activity
pipetting device (Octapipct). A blue colorde-  depress the rate of cell growth, it is desirable
veloped and the reaction was arrested after 5 to relate the observed quinone reductase ac-
min by the addition of 50 sl of a solution tivity to the number of cells or the amount of Compounds
containing 0.3 mM dicoumarol in 0.5% protein in each microtiter well. This normal- Polyeyclic aromatics
DMSO and § mm potassium phosphate, pH  ization can be canveniently accomplished by 2,3.7.8-Tewachiorodibenzc
7.4. The plates were then scanned at 610 nm,  staining a set of microtiter plates treated f-Naphthoflavone
The first column of wells in the plates always  identically to those used for the MTT assay Benzo{a)pyrene
contained the reaction mixture only and with crystal violet. We have used a slight 3-Methylcholanthrene
served as the nonenzymatic blank. The aver- modification of the method of Drysdale ef al. Ao dyes
age absorbance value of this column of wells  (27) for this purpose. The media were de- 1,1-Azonaphthalene
was subtracted automatically from all other canted, the plates were submerged in a vat of - 12-Pyridylazo)-2-naphth
absorbance readings. 0.2% crystal violet in 2% cthanol for 10 min 1<2-Thiazolylaza)-2-naph

In order to determine the proportion of and rinsed for 2 min with tap water, and the s“"‘“{
MTT reduction attributable to quinone re- bound dyc was solubilized by incubation at :"“::: ‘:l
ductase activity (Table 1), three sets of mi- 37°C for 1 h with 200 ul of 0.5% sodium :
crotiter plates were grown and induced dodecyl sulfate in 50% ethanol. The plates Diphenols
under identical conditions. The cells on one  were then scanned at 610 nm. Catechol
set of plates were assayed as described above. In order to demonstrate the validity of the ﬁmmml

. ; s ydroquinone

A second set of cell lysates was assayed in the  crystal violet assay as a convenient measure seri-Butylcatechol
presence of 50 x| per-well of 0.3 mum dicou- of protein content and cell number, five tert-Butylresorcinol
marol in 0.5% DMSO and 5 mM potassium  twofold serial dilutions of Hepa lclc7 cells tert-Butylhydroquinone
phosphate (pH 7.4). The third set of cells was  were plated in each of six identical 24-well Isothiocyanste
lysed in the standard fashion but assayed 2-c? plates (four wells per ditution of cells), Benzylisothiocyanate
with a reaction mixture containing no men- The cells were grown for 24 h, refed with Dithicithiones

1,2-Dithiol-3-thiorie
4-Phenyl-1,2-dithiol-3-th

5.(2-Pyrazinyl}4-methy!
B TABLE ! dithiol-3-thione
et et
RATESOF MTT REDUCTION OF CONTROL, 8-NAPHTHOFLAVONE OR 1,2-DITHIOL-3-THIONE-TREATED " :
) * o T “ Direct assay described 1
Hepa tele? CELLS GROWN IN MICROTITER WELLS 5 Hepa Iclc7 cells growr
. . . ¢ Mean vatue £ standard
Change in absorbance (%10%) in § min at 610 nm 4 Unpublished results (V
. /. .
Number Standard assay with Standard assay From Prochasks ef &
of wells prior dicoumarol minus
Treatment of cells assayed Standard assay addition menadione medium, and grown
N llular pro
Control 16 212 4 124 161 £ 4.4 220+28 lee total geeunnnl:ed
#-Naphthoflavone (2 uM) 8 862 £ 20 173240 123 x40 plate was -
1,2-Dithiol-3-thione (10 uM) 8 453+ 20 20334 203 %34 were ',”asned with phe
400 pl of water was a<

Note. Hepa 1c1¢7 cells were grown and induced in three parallel sets of microtiter wells as described under
Materials and Methods. One set of plates was lysed and assayed in the standard fashion, another set was assayed in the

sonicated. Aliquots f
sayed by the method

m: :cf. 50 u) of 0.3 mM dicournarol per well, and the third set was assayed with reaction mixture containing po bovine serum albumi
* Mean values + standard deviations. plate was used to detc
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ices were scanned S min ! TABLE2

the reaction mixture,

ning. Since some qui-
cers or crude fractions
ed for inducer activity
I growth, it is desirable
-quinone reductase ac-
feells or the amount of
titer well. This normal-
iently accomplished by

rotiter plates treated

Ve have uscd a slight
sthod of Drysdale 7 al,
. The media were de.
: submerged in a vat of
2% ethanol for 10 min
vith tap water, and the
lized by incubation at
0 ul of 0.5% sodium
% cthanol. The plates
310 nm.
rate the validity of the
a convenient measure
ad cell number, five
s of Hepa Icic7 cells
f six identical 24-well
s per dilution of cells).
for 24 h, refed with

-3-THIONE-TREATED

n 5 min at 610 nm

with Standard assay

rol minus
menadione
220+28
173+ 40
203t 34

* wells as described under

ther set was assayed in the

ion mixture containing no

COMPARISONOF QUINONE REDUCTASE INDUCTIONS OBTAINED BY DIRECT ASSAY OF HEPA fele? CELLS
GROWN [N MICROTITER WELLS AND BY CONVENTIONAL ASSAY OF HEPA [cle7 CELLS GROWN ON 75<m? PLATES

Ratio quinone reductase specific activity

(ereated/controt)
Concentration Direct assay in Counventional assay with
Compounds (M) microthter wells® 75-cm? plates®
Polycyclic aromatics :
2.3,7.8-Tetrachlorodibenzo-p-dioxin 00! 3.10 £ 0.51° 295 £ 0,407
B-Naphthoflavone 2 4.66 = 0.25 3.56 + 0.34¢
Benao{alpyrene 2 380034 3.58 £ 0.08*
3.Methylcholanthrene 2 3432040 1.29 £0.247
Azo dyes
1,1-Azonaphthalene 2 508 +0.36 447 £ 0.52¢
1+2-Pyridylazo)-2-naphthol 2 4.80 % 1.07 3,61 0264
142-Thiazolylazo)-2-naphthol 2 32504 3.00 £0.18¢
Sudan t 2 425 +0.31 3136 +0.12¢
Sudan Il 2 2.90 + .20 2.84 +020°
Sudan i1l 2 1.80 £ 0.08 2.28 £ 0.20¢
Diphenols
Catechol 30 198 £0.41 1.79'£0.20°
Resorcinol 30 1.09 0,08 0.88 + 0.04°
Hydroquinone 30 235+ 0.19 192%0.12°
1ert-Butylcatechol 30 1752017 1.65 £ 0.10°
teri-Butylresorcinol 30 097 +0.08 0.79 + 0.08"
tert-Butylhydroquinene 30 2,66 £0.23 2.87 £0.38°
Isothiocyanate
Benzylisothiocyanate 5 £.91 +6.20 3.16 £0.62¢
Dithiolthiones
1.2-Dithiol-3-thicne 10 265 £0.25 295 £ 0.407
4-Phenyl-1,2-dithiol-3-thione 30 3.53+£0.34 3,46 = 0,56°
542-Pyrazinyl)-4-methyl-1,2-
dithiol-3-thione 30 1.59 £ 0,14 2.32x0.347

s Direct assay described under Materials and Methods (N =8).
*tlepa lc)cT culls grown, treated, and assayed from 75-cm? plates as described by DeLong e al. (25).

“ Mcan value * standard deviation,
¢ Unpublished resutis (N = 4),
¢ From Prochaska e al. (24).

medium, and grown for an additional 24 h.
The total cellular protein of each well of one
plate was determined. The wells in this plate
were washed with phosphate-buffered saline,
400 gl of water was added, and the wells were
sonicated. Aliquots from each well were as-
sayed by the method of Bradford (28), with
bovine serum albumin as standard. A second
plate was used to determine cell number per

2-F46

well, and the remaining four plates were
stained with crystal violet and destained as
described for the 96-well plates. The stain
from each well was solubilized in 3 ml of
0.5% sodium dodecyl sulfate in 50% ethanol
and the ubsorbance of the resulting solution
was measured in 1.0-cm light path cuvettes
at 610 nm. The average absorbance for every
concentration of cells from each individual
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The menadiol reduces MTT to the blue formazan which

than the absorbance ckange in cach well can
be conveniently measured. The use of MTT
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8-PHOSPHO- GLUCOSE used for staining quinone reductase activity sorbance at 5 mi
GLUCONATE 6-PHOSPHATE  in gels (29). Although the bleaching of the change in absorba
LGOS, color of 2,6-dichloroindophenol (a substrate extinction coefficit
>—"-'ﬁ< for quinone reductase) by reduced nicotin- . found to be ll.;'tp(
N DEHY ONOGANASE NADP amide nucleotides can be followed in micro- The assay utiliz
ADPH QUINONE titer wells, its use is unsatisfactory in this system tha.t maint
>—< assay system for two main reasons. First, the concentration, wh
Q -~ heoucast OH depletion of 2,6-dichioroindophenol results sired. Because the
O%Y (I>' in the significant decline of reaction rate with the number of Hi
SPONTANEOU OH time, Second, smail errors in pipetting of the grown in a micto
reaction mixture containing 2,6-dichloroin. mﬁ convenie
dophenol (which has an absorbance of 1.8 to centration is satur:
REDUCED MTT MTT . Wz
(Fon‘:uzgu DYE) 2.0 under usual assay conditions) can result chosen (=4 Kp; (¢
Princioe of the " in significant variability. These errors ad- forthlsassg beca
Fla. 1. Principle of the assay of quinane reductase.  yersely affect the reproducibility of data since promoted by othe:
— o ot gucoe: e eae'™ only the absolute absorbance at 5 min rather genases that are nc

able nor menadio
use of NADH res

can be measured over a broad range of wavelengths  reduction avoids these difficulties since (a) rates. With NADI
(3%0-640 nm). The compietc reaction mixture is de-  ¢he menadione concentration remains con- dione-independen
weribed under Materials and Methods. Both NADPH : ive reduction of M
: : stant in the assay system because MTT re- tive
and menadione are regenerated, which obviates prob- A A . , 0% of the
lems encountered with substrate depletion, duction results in menadione regeneration less than 10% of
and (b) the assay depends on the generation the mndard assay
: ) of color from absorbances that are initially of reduction of M7
plate was used to determine the mean and negligible. Thus, all wells have negligible ab- diaphorases) is aln
standard error of absorbances shown in sorbance at zero time and the absolute ab- presence of dicourr:
Fig. 4. menadione, and it.
Determination of specific activities. The 3.0 of the specific NAI
results of quinone reductase specific activity " Because the basal )
measurements for Table 2 are reported as the 2.4f% by NADPH is low
ratios of specific activities of inducer-treated parallel dicoumarc
microtiter wells to those of controls. The rate w 1ef routine screening.
of MTT reduction and the crystal violet ab- H | Since both subst
sorbances for the inducer-treated groups g " absorbance is line
were compared to those of contral cells 2 oel amount of added ¢
grown on the same microtiter plates. The re- « sorbance change of
sults were calculated using a spread-sheet o rate of absorbance
program and the standard deviations shown ° enzyme is 0,001/m

in Table 2 were determined from the stan-
dard deviations of both the MTT and crystal
violet assays.

TIME (MIN)

Fic. 2. Dependence of MTT reduction rate on
amount of quinone reductase, Pure murine quinone re-
ductase (30) was added in the indicated quantitics and

of MTT reduction
microtiter wells is |
of NADH oxidat;

the rates of MTT reduction arded for $ min at standard menadion

rates of WEre rec

FESULTS AND DisCUSSION 610 nm in 1.0-cm light path cuvettes and in total vol- cbas_lm and Tal&;;y
The assay (Fig. 1) is based on the produc- umes of 3.0 mL. The reaction mixture was identical to of dicoumarol (50 +

tion of a blue color when MTT is reduced that used for microtiter well assays, Menadione was the cuvette under ¢

honenzymatically by menadiol that is gener-
ated enzymatically from menadione by qui-
none reductase. Similar systems have been

added to initiate the reaction. The assay was linear for §
min for absarbance chazges of up to 0.5/min. The rates
obtained were proportional to the amount of enzyme
udded (inset; 7 = 0.999),

2-F47

used for the micro
tually instantanet?u
duction. The rapid

e e e e, AA—




Case 1:07-cv-07844-SAS Document 43-25

Filed 05/09/2008 Page 22 of 25

__12/07/985 THU 16:56 FAX 312 702 3022

John Crerar Lib./UofC ido14

MICROTITER PLATE ASSAY FOR QUINONE REDUCTASE . 333
uctase activity sorbance at 5 min accurately reflects the € 5
eaching of the change in absorbance during this time. The &
ol (a substrate extinction coefficient of reduced MTT was 3 24
duced nicotin- found to be 11,300 s~ em™! at 610 nm. £
ywed in micro- The assay utilizes an NADPH generating 7 18 .
‘actory in this system that maintains a constant NADPH &
sons, First, the conceniration, which can be varied as de- 9 12
iphenol results sired. Because the rate of MTT reduction by §
ction rate with the number of Hepa el cells normally & ] -
sipetting of the grown in a microtiter well is too rapid to *
2.6-dichloroin- Tieasure conveniently if the NADPH con- z o8 - - o
bance of 1.8 10 centration is saturating, 24 uM NADPH was NADH DXIDIZED (nmol/min)
ons) can result chosen (x} Ku; (30))- NADH is unsuitable " o , .
ese errors ad- (or this assay because MTT roduction isalso FiG. i&“m‘g‘"h‘i‘l“o;ﬁ;‘_‘;'“m?“;‘;nﬂm
ty of dstasnce e ADH ke dehydro s o of MTT i b e ass
a1t 5 min rather genases that are neither dicoumarol inhibit-  ductase assay. Six amouits of pure quinone reductase
1 each well can able nor menadionc dependent. Thus, the (30) indicated in the figure were assayed in the siendard
1¢ use of MTT use of NADH results in high nonspecific assy for quinone reductase as described by Prochaska
ilties since (a) rates. With NADPH, however, the mena- and Talalay (30) by following the oxidatio of NADH
. remains con- dione-independent or dicoumarol-insensi- gf&“’wmﬂ“ﬁﬁ“&;ﬁ‘“ﬁ“m“
ause MTT re- tive reduction of MTT with control cells was yoymem e wellsby vy
the reduction of MTT by NADPH at 610 nm. Both
& regeneration less than 10% of the total activity obtained in  assays were performed at 25°C in §.0-cm light path cu-
the generation the standard assay (Table 1). This slow rate f'f; and in total vm;;n:ﬂora.o . 2:'“5 m
at are initially of reduction of MTT (caused by ponspecific by the w0 sssays are linearly correlated (7 = 0.998) ao
: negligible ab- diapHiorases) is almost the same in both the :;:HZ;;‘“ rate was 46.7% that of the standard
e absolute ab- presence of dicoamarol and in the absence of ’
menadione, and it i unaffected by induction
] of the specific NAD(P)H:quinone reductase. expected since the K; value for dicoumarol is
& Because the basal rate of reduction of MTT low (1 10 nM) and the concentration of the
&7 by NADPH is low, there is no need to run  competing substrate (NADPH) is also low
parallel dicoumarol-inhibited plates during (20 kM) (30). Thus, this system provides an
oh“‘ routine screening. appropriate assay for quinone reductase.
(Y. Since both substrates are regenerated, the Because we were interested in maximizing
/ absorbance is linearly proportional to the the rapidity with which the screening of in-
._.3}"“;’ amount of added enzyme up 1o a rate of ab-  ducers could be performed, we modified the
-—-%':‘Lg sorbance change of 0.5 per min (Fig. 2). The method of crystal violet staining described by
" rate of absorbance change in the absence of Drysdale et al. (27). This procedure has been
used with great success to determine the spe-

duction rate on

enzyme is 0.001/min. Furthermore, the rate
of MTT reduction in the assay utilized for
microtiter wells is linearly related to the rate

cific activity of cytotoxic factors in the
1929 murine fibroblast line, since it is a
rapid, simple, and reliable method for deter-

::;i :::::i;:i‘;m.;: of NADH oxidation as measured in the
wded for § min at standard menadione assay descrived by Pro-  mining cell number (27). Staining with crys-
chaska and Talalay (30; Fig. 3). The addition tal violet also appears to be well suited for the

¢ and in total vol-
e was identical to

of dicoumarol (50 uM final concentration) to

Hepa 1¢1c7 murine hepatoma cell line since
the degree of crystal violet absorption corre-

: M““l‘i‘”“‘ was the cuvette under conditions similar to those
1S i poield used for the microtiter assay results in vir- Jates well with cell number and total protein
c tually instantaneous inhibition of MTT re- (Fig. 4, r = 0.996 and 0.997, respectively).

moumt of enzyme

duction. The rapidity of inhibition is to be

Indeed, at exceedingly high cell densities/
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FIG. 4. Crystal violet staining corretates with total cel.
Iular protein (A) and cell aumber (B). Hepa 1¢i¢7 cells
were plated at five cell densities in six identical 24.well
2-cm? plates and grown as described under Materials
and Methiods. Aliquots from one plate were used to esti-
mate cell protein (presented as ug of protein per well) by
the method of Bradford (28). and a second plate was
used to determine cell number. The remaining four
plates were stained, destained, and solubilized in 3 ml of
0.5% sodium dodecyl sulfate in 50% ethanol. The solu-
tions were transferred to {.0-cm light path cuvettes and
the absorbances were then determined at 610 nm, The
average crysial viole: absorbance for every concentration
of cells from ¢ach plate was determined. from which the
maan absorbances afd standard ervors shown in the fig-
ure were calculated (N = 4), The absorbances of crystal
violet were lincarly correlaied with total protein and cell
number (¢ = 0.997 and 0.996, respecrively). Further-
more. the proportion of crystal violet absorbance rela.
tive to the highest absorbance was virually the same
between plates (insct).

cm?, the crystal violet absorbance continues
to correlate well with total protein, although
the ratio of crystal violet absorbances to cell
number increases (data not shown). Al-
though there is some variability of the abso-
lute absorbance of crystal violet between in-
dividual plates, the relative proportion of

staining of cells of different cell densities is
remarkably constant (Fig, 4, inset). Hence,
we find that crystal violet staining is a suit-
able method for the rapid estimation of total
cellular protein and/or cell number and the
data from Fig. 4 can be used to derive a sim-
ple formula for estimating quinone reductase
specific activity.’ We found that over many
(N = 32) experiments the specific activities
ranged between (104 + 3.4 and 355 + 18.7
nmol/min/mg, and the mean + standard de-
viation of the averages is 208 * 66 nmol/
min/mg. The specific activity of quinone re-
ductase in Hepa lcic7 cells grown in 75-cm?
plates and assayed in the conventional man-
ner with menadione (50 zM) and NADH
(200 um) as substrates ranged from 213 % 6.6
to 578 £ 81.6 nmol/min/mg of protein. The
mean and standard deviation of the averages

3 The specific activity of quinone reductase (nmol/
min/mg of proiein) can be estimated by using the ex-
tinction coefficient of MTT (11,300 M~ cm™! at 610
am} and the measure of total cellulsr protein as deters
mined by the proportionality constant calcutated from
the calibration curve for crystal violet, This constant
(37.8 ml/ma/cm light path at 610 nm) is the sfope of the
line depicted in Fig. 4A multiplied by 3.0 mi (the volume
in which the crystal violet stain wus sotubilized), Because
of the orientation of the light beam relative to the mi-
crotiter well, the absorbance of a given quantity of chro-
mophore is independent of volume: i.e., the product of
the concentration and path length is a constant. [n other
words, for a given amount of chromophaore, if the con-
cautration is halved by the addition of solvent, the path
tength is doubled und the total absorbance remains un-
changed. Thus, the moles of MTT reduced or the mass
of protein per well can be determined from their respec-
tive absorbances, the extinction coeficient or propor-
tionality constant, and the area of the microtiter well
{0.32 cm?). Furthermore, since both the MTT and crys-
1al violet assays are scanned in microtiter wells of the
sme diameter, the specific activity calculation becomes
lependent of ares. Therefore, specific activity can be
calculated from the simple I'ormula

specific activity
_, absorbance change of MTT/min
absorbance of crystal violet

where 3345 nmol/mg is the ratio of the proportionality
constant determined for crystal violet and the extinction
coefficient of MTT,

X 3345 nmol/mg,
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MICROTITER PLATE ASSAY FOR QUINONE REDUCTASE
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Fiu. 5. Photograph showing the color (blue} that de-
velops in the assays for quinone reductase activity of
Hepa lcic? cells grown in microtiter wells. The cells
were grown, induced, and assayed as described under
Materials and Methods. Blank wells contain no cells;
control wells contain Hepa 1elc? cells treated with me-
dium containing 0.1% DMSO (without inducer). Sudan
I, 11, and Tl wells contain cells that were treated with
media containing the respective azo dye (2 #M) in 0.1%
DMSO. All cells were grown for 24 h and then treated
with inducer or DMSO for another 24 h prior (o assay,
Four identical wells are shown for each condition,

—

of 15 experiments is 357 & 106 nmol/min/
mg of protein.

The usefulness of the microtiter system in
screening for inducers of quinone reductase,
is illustrated in Tabie 2 and Fig. 5. This assay
accurately identified inducers and nonin-
ducers and yielded virtuaily the same rank
order of induction as did experiments with
cells grown on 75-cm? plates and assayed in
the conventional manner. For example, we
have reported that resorcinol and its substi-
tuted congeners were inactive as inducers of
quinone reductase, whereas catechols and
tiydroquinones could significantly elevate
fevels of quinone reductase in the Hepa

leieT cell line (24). The same patierns were
observed with the diphenols tested in the di-
rect assay system (Table 2). Furthermore, the
rank order of induction potency of azo dyes
tested in the direct assay is the same as in the
conventional assay system. Figure $ demon-
strates that the degree of quinonie reductase
induction can be detected without the assis-
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tance of a microtiter scanner. Scanning of
the absorbances for the experiment shown in

Table 2 required less time than did harvest-

ing of cells from the equivalent number of
75-cm? plates. Data processing can be further
simplified by linking the scanner to a per-
sonal computer. We conclude that the direct

assay of quinone reductase from cells grown
in microtiter wells may facilitate the identifi-
cation and isolation of novel inducers of
chemoprotective enzymes such as quinone
reductase.
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