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ABSTRACT Sulforaphane [1-isothiocyanato-4-(methyl-
sulfinyl)butane] was recently isolated from one variety of broccoli
as the major and very potent inducer of phase 2 detoxication
enzymes in murine hepatoma cells in culture. Since phase 2
enzyme induction is often associated with reduced susceptibility of
animals and their cells to the toxic and neoplastic effects of
carcinogens and other electrophiles, it was important to establish
whether sulforaphane could block chemical carcinogenesis. In
this paper we report that sulforaphane and three synthetic
analogues, designed as potent phase 2 enzyme inducers, block the
formation of mammary tumors in Sprague-Dawley rats treated
with single doses of 9, lo-dimethyl-l 2- benzanthracene. The an-
alogues are exo-2-acetyl-exo-6-isothi bornane, endg;
2-acetyl-exo-6- lsothlocyanatonorbomane, and ‘exo-2-acetyl-exo-
5-isothi bornane. When sulforaphane and exo-2-
acetyl-exo-6 -isothiocyanatonorbornane were administered by
gavage (75 or 150 pmol per day for 5 days) around the time of

posure to the carcinogen, the incidence, multiplicity, .and
weight of mammary tumors were significantly reduced, and their
development was delayed. The analogues endo-2-acetyl-exo-6-
isothiocyanatonorbornane and exo-2-acetyl-exo-5-isothiocyana-
tonorbornane were less potent protectors. Thus, a class of func-
tionalized isothiocyanates with anticarcinogenic properties has
been identified. These results validate the thesis that inducers of
phase 2 enzymes in cultured cells are- hkely to protect against
carcmogenmls

Enzymes that metabolize xenobiotics play a major role in
regulating the toxic, mutagenic,.and neoplastic effects of chem-
ical carcinogens. Much evidence indicates that the activities of
phase 2 detoxication enzymes (e.g., glutathione transferases,
NAD(P)H:quinone reductase, UDP-glucuronosyltransferases,
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-
ponents of the diet) results in protection against toxicity and
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
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-
lated from Saga broccoli as the major phase 2 enzyme inducer
present in organic solvent extracts of this vegetable.
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Sulforaphane is of interest for three reasons: (i) it occurs
naturally.in a widely consumed vegetable; (u) it is a very potent
inducer of phase 2 enzymes; and (iii) it is a monofunctional
inducer (4)—i.e., it elevates phase 2 detoxication enzymes
without significantly changing the synthesns of cytochromes

P-450 (5). These findings allowed the des1gn and the systematic
synthesis of a large number of .structurally related isothiocy-
anates (6). It was found that the methylsulﬁnyl (CH3S0-)
function of sulforaphane could be replaced by a methylcarbonyl
(i.e., acetyl) group without significantly affectmg inducer po-
tency and that, in the most potent mducers the isothiocyanate
function and the acety! group were separated by three or four
carbons of an aliphatic or cyclo-aliphatic chain. Several iso-
meric norborny! isothiocyanates subsumted with acetyl groups
were found to approach or.equal the potency of sulforaphane as
a phase 2 enzyme inducer (6). The merits of these norbornyl
isothiocyanates [exo-2-acetyl-exo-6-isothiocyanatonorbor-
nane, 2; endo-2-acetyl-exo-6-isothiocyanatonorbornane, 3;
and exo-2-acetyl-exo-S-isothiocyanatonorbornane, 4] are that
they can be more easily synthesized (from commercial 2-acetyl-
S-norbornené) than sulforaphane and that'they are probably
more stable toward chemical and blologlcal oxidation—
reduction reactions.

We report here that sulforaphane and symhctlc cyclic iso-

- thiocyanate analogues block mammary tumor development in

Sprague-Dawley rats treated with 9,10-dimethyl-1,2-benzan-
thracene (DMBA)\(7, 8). These findings identify a class of
functionalized isothiocyanates as enzyme inducers that block
carcinogenesis, and further strengthen the view that the search
for phase 2 enzyme inducer activity from natural sources can
successfully identify chemoprotectors against cancer (1-3).
These results also encourage further efforts at rational design
and laboratory synthesis of even more potent chemoprotectors.
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MATERIALS AND METHODS

Animals: and Mammary Tumor Development. Female
Sprague-Dawley rats were obtained from Harlan-Sprague—

Abbrevmuon DMBA, 9,10-dimethyl- 1 2| benzanthracene
$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 hzgrd-
wood laboratory bedding (Northeastern Product, Warrens-
burg, NY) and were fed unrestricted amounts of water and
apelleted AIN-76A diet containing no ethoxyquin (Teklad,
Madison, WI). The temperature was 25°C', and 12-h1f light/
12-hr dark cycles were maintained. All am_mal 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
m! of Emulphor EL-620 (Rhone-Poulenc, Cranbury, NJ)
alone or the specified doses (75, 100, or 150 umol daily) of
sulforaphane (1) or compound 2, 3, or 4 in 0.5 ml 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-
umol dose), 1 death from gavage accident; sulforaphane
(75-umol dose), no deaths; compound 2 (150-umol dose), 1
death with tumors; compound 2 (75-pmol dose), 1 death with
tumors; compound 3 (100 pmol), 3 deaths, 2 with tumors, 1
without tumors; compound 4.(100 umol), 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
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for the 137 rats surviving to the termination of the experiment
(Tables 1 and 2, respectively). :

The mean body weights (+ SEM) of the animal groups at
the beginning of treatment (age 47 days) weré 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 itumors in each
group were assessed in four ways: (i) incidence, the fraction
(percent) of animals that developed tumors; (i7) multiplicity,
the total number of tumors divided by the total number of
animals at risk; (i) total number and wéight of tumors
removed from each animal at the termination of the experi-
ment; and (iv) latency of tumor developmefnt. The propor-
tions of tumor-free animals in the control anq 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 (a mixtire of exo and

1]

endo isomers) obtained from Aldrich. !

RESULTS

Administration. of sulforaphane or of the 2-§ace(ylnorbomyl
isothiocyanates 2, 3, and 4 reduced the incidence, multiplic-
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 1and 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),

Table 1. Protective effects of sulforaphane and norbornyl isothiocyanates 2; 3, and 4 on incidence and multiplicity of

mammary tumors in DMBA-treated female Sprague-Dawley rats

No. of tumors

No. of rats
Treatment In With Tumor incidence, % Multiplicity
group | group tumors (% of control) Total (% of control)
Control 25 17 68.0 (100) T 1.56 (100y
Sulforaphane .
75 pmol 20 7 35.0* (51.4) ) 9 ‘0.457 (28.8)
150 pmol 19% 5 26.3* (38.7) 5 0.26" (16.7)
Compound 2
75 pmol \ 20 - 5 25.0* (36.8) 6 0.30t (19.2)
150 -umol 20 5 25.0* (36.8) 7 0.35t (22.4)
Compound 3
(1OQ pmol) 19§ 9 47.3 (69.6) 14 0.741 (47.4)
Compound 4 -
(100 umol) 20 8 40.0 (58.8) 8 0.40f (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
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25 controls and 20 animals in each of the six treated groups. The above analysis is based on 143 animals (see below).

*P < 0.05 for differences from controls (Fisher exact test).

P = 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 isothioc; ini iplici i
. yanates 2, 3, and 4 on incidence, multiplicity, and weights of mamm:
tumors in DMBA-treated female Sprague-Dawley rats: Analysis of survivors to termination of the experiment at rat age 202 days v
No. of rats ' Total no:
- Mean Tumor of Tumor Mean tumor
Treatment In With (= SEM? final incidence, % tumors in multiplicity weighl:, g
group group tumors body weight, g (% of control)* group* (% of control)* (% of control)
Control 23t 15 287 % 4.6 65.2 (100) 3
+ 4, . 3 K

Sulforaphane : 143000 275 000

75 pmol 20 7 272 £ 5.1 35.0 (53.8) 9 0.45 (31.4) 1.24

! X R 24 (4.4

150 umol 19% 5 265 + 4.9 26.3 (40.3) 5 0.26 (18.2) i 0.68 524 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 198 4 - L4k 7.0 21.0 (32.2) 5 0.26 (18.2) 1.12 (40.1)
Compound 3

(100 umol) 171 7 276 + 4.4 41.2 (63.3) 12 0.71 (49.7) 2.49 (89.2)
Compound 4 .

(100 pmol) 20 8 286 * 4.8 40.0 (61.3) 8 040@79)  198(7.0)

*The results shown in these columns differ from those in Table 1 because only the 137 rats that survived to termination. of experiment are

analyzed.

tTwo 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
‘termination of experiment was 2.79 g (Table 2).
Sulforaphane administered in five doses of either 75 or 150
pmol blocked tumor development in a dose-dependent man-,,
ner. At the higher dose of sulforaphane, the tumor incidence
- and multiplicity for all animals in the group were reduced to
38.7% and 16.7% of control values, respectively (Table 1).
The magnitude of this protective effect was almost identical
(40.3% and 18.2%, respectively) when only those animals
surviving to the termination of the experiment were analyzed
(Table 2). Sulforaphane also reduced the tumor weights to
44.4% and 24.4% of controls at the lower and higher doses,
respectively (Table 2). Treatment with sulforaphane signifi-
cantly delayed the development of tumors during the course
of the experiment in comparison to the control group (P =

0.016 and 0.0022 at low and high doses of sulforaphane,
respectively) (Fig. 1). i

Norborny! isothiocyanate 2 was an-equally potent chemo-
protector at the 75- and 150-umol doses, irrespective of
whether incidence, multiplicity, tumor weight, or latency of
tumor development was considered (Tables 1 and 2; Fig. 1).
With these doses the protective effect appears to have
attained a plateau. Since 75-pumol dosesjof compound 2
reduced tumor incidence and multiplicity even more mark-
edly than the same dose of sulforaphane, it'is possible that 2
may be a more potent chemoprotector than sulforaphane.

Compounds 3 and 4, both tested at five doses of 100 gmol, -
also blocked tumor formation, but these effects did not reach
statistical significance for some indicators.of protection (Ta-
bles 1 and 2). Thus, compound 3 was clearly the least potent

i
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Fic. 1. Effect of treatment with sulforaphane (1) and norbornyl i y (24) on y tumor development in female
Sprague-Dawley rats that received 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. Sulforaphane: 75
pmol (P = 0.016); 150 pmol (P = 0.0022). Compound 2: 75 umol (P = 0.023); 150 pmol (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. Al 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 vivo (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 2-4 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 broccoli (5, 11).
Our findings raise the issue to what extent suiforaphane 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) (5, 6).
These CD values are as follows: 0.2 uM (sulforaphane); 0.3
uM (compound 2); 0.8 pM (compound 3); and 0.4 pM
(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 approximately
equipotent, and 2 may be even more potent than sul-
foraphane. Sulforaphane and 2 are more potent than 3 or 4.
1t 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

1
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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 aré more difficult
to explain. In compounds 2°and 4 the functnonal groups are
exo, whereas in compound 3 the 2-acetyl group is endo and,
therefore, more protected. One aspect of thls structure—
activity relation is noteworthy: the nearly equxvalent effects
of methyisulfinyl (CH;SO-) and methylcarbonyl (CH,CO-)
functions on both inducer and chemoprotectxve 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 1sothlocyanates used in these expenmems are espe-
cially potent in this regard, it is becoming increasingly clear
that somé isothiocyanates also block activation of carcino-
gens by inhibiting phase 1 enzymes (10, 13). Whether sul-
foraphane and the 2-acetylnorbonyl 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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ABSTRACT

Anticarcinogenic enzyme inducers are of two types: (4) bifimctional
inducers {2,3,7,8-tetrachlorodibenzo-p-dioxin, polycyclic aromatics, azo
dyes, g-naphthoflavouef that elevate buth Plxue n enzynm g
glutathione S-transferases, UD; glue! s, and
NAD(P)H:(qui ) d undmlnl’hnelup—
zymes (e.g., aryl hydmrbon hydroxylase (AHH)]. and () monofunc-
ticual inducers leg., diphesols, thiocarbamates, 1,2-dithiol-3-thiones,
isothlocyanstes) that elevate primarily Phase IT enzymes without signif-
icantly affecting AHH. Since Phase | enzymes such as AHH may activate

gens to ultimate inog h
tlon suffices to achieve chemoprotection, an understanding of the molec-

-ln hank that regulate these Y is_critical for devising
ds for ch ction, We report a systematic analysis of
the imducth of aryl hyd bon hydroxylase (AHH) and

NAD(P)H:quinone reductiase (QR) by seven monofunctional and eight
bifunctional inducers, singly or in combinstion, in a murine heputoma
cell line (Hepa 1c1c7) and two wutants defective in either Ak (Aryl
kydrocarbon) receptor fimction (BF’cl) or in AHH expression {(c1). We
have slso examined such inductions in geneticaily defined mouse strains
with high affinity (CSTBL/SJ) and low affinity (DBA/2J) Ak recepitocs.
" The combination of our carlier model for the induction of Phase I and
Phase 11 enzymes (. J. Prochsska, M. J. De Long, and P. Talalay,
. Proc, Nutl. Acsd. Sci. USA, £2: 8232, '1988) with mechanisa(s) for
autoregulation of AHH (O. Hankinson, R. D. Anderson, B. W. Birren;
F. Sander, M, Negishi, and'D. W. Nebert, J. Blol. Chem,, 260; 1790,
1985) is compatibie with our results. Thus, induction of QR by mono-
functional inducers does not depend on & competent 4% receptor or AHH

activity aud appears to involve an electrophilic chemical signal. In con-.

trast, bifunctional inducers require competent .4k receptors to induce both.
AHH and QR, although the Iatter process appears to be regulated by
more than one mechanism. It i is our view that bifunctiona! indecers bind
to the Ak receptor iption of genes di

both AHH and QR. Metaboltzable bifunctionsl isducers are tlun mn-

verted by the induced AHH to di that bl

indacers snd are ble of ing the afor ioned chemical
aignal. The exi of mech (s) for AHH lation that also
affect Phase Il P would t for the high basa)

activities of QR in the AHH-defective mutant (c1).-

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 polycyclic
aromatic hydrocarbons, azo dyes, flavonoids, phenolic antioxi-
dants, isothiocyanates, diterpenes, indoles, unsaturated lac-
tones, 1,2-dithiol-3-thionés, and thiocarbamates (1-4). Al-
though a single mechanism cannot account for all forms of
chemoprotection, it is clear that the induction of elcctrophile-

Recelved 2/29/88; revised 5/17/88; acoepted 5/26/88.
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processing Phase 11 enzymes* (¢.2., glutathione S-transferases,
UDP-glucuronosyltransferases, and quinone reductase) is a ma-
jor protective mechanism (3, 4, 6-11). [ndeed, the mduction of
these enzymes is the single common biochernical effect shared
by the aforementioned compounds, and monitoring of Phase I1
enzyme induction has permitted the isolation and identification
of new anticarcinogens (1, 3, 4, 6-10). | i

Although all of the chemoprotectors described above are
inducers of Phase IT enzymes, large differences éxist among
these agents in their capacity to induce certain Phase I enzymes
(3, 4). Thus, large planar aromatics such as polycyclic aromatic
hydrocarbons, flavonoids, TCDD,® and azo dyes ‘enhance se-
fected Phase I activities such as aryl hydrocarbon hydroxylase
in rodents and in cultured murine hepatocytes (10§ 12-18), yet
minor and variable inductions of Phase I enzymes are evoked
by the remaining clssses 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 II 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 ultimate electrophiles (10, 19), and-hence coun-
teracts chemoprowcuon, 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 Ak (Aryl hydrocarbon) 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 I1 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 AA locus in the regulation of Phase II enzymes have not
been convincing (28-30). .

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

“The involved in the bi have been classified
lnmtwohmadeuqorm - thlnzynus(wlkh Includz d‘ncyux:hmm
ds by

carry out the coriju of fy d ds with

endosmu Ilnnds (q,. glacuronic udd. ;lmnhlom, amigo n:ﬂ-. and suifate).
does not. it may be
classified a8 s Phase 1l enzymse gince it does not imrodwe tiew functional groups,
:::fu- induced monﬁumly) with conjugation enzymes, and protects cells against

of page- This article must thercfore be bercby marked
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

! These studies were supported by a Specisl Institutional Grant (SIG-3) from
the American Cancer Socicty and 3 grant from the National Cancer Institute,
NTH (NIH 1 POl CA 44530). A preliminary account of these experimeats has
been published (49),
 Supporsed by NCI Training Grant ST32 CA09243.
* To whom requests for reprints should be addressed.

s Abhwhtiom aad trivial nares used are: 1‘CDD 2.3 ,7,8-tetrachlorodibenzo-

p-dioxin; QR, NAD(P)H ) (EC 1.6.99.2) also

known as di d AHH. aryl bon hy-

droxylase (F.C 1.14.14.1% Ah. Aryl ydrocarbon, the locus ible for (he
by planar aryl hydroxylasc (

450); Sudan I, .1-(4-phenyl penyl 6)-2-4aphthol oluyn.t, HZ pyrazinyl)»

4- methyl-l,z-dlthlol -3-thiome.
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to involve a conventional receptor and does not require a

functional 4h receptor (31, 32). Indeed, data presented previ-
ously (33) indicate that the inductive capacity of a wide range
of phenolic antioxidants and phenylenediamines is critically
dependent on the chemical propertics 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-diphenols) 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-

Treatment of Hepa 1c1e7 Cells and Assay of Fazymatic Activities.
Wild-type and mutant Hepa Iclc7 cells were pléled, grown, and in-
duced as described (31-33, 37). After 24 h of exposm to inducing
agents, the cells were washed with ice-cold 0.15 M KCI-10 mm potas-
sium ph ate (pH 7.4), d from the plates by scraping, and
sonically disrupted for 5 s (Branson Sonifier Cetl Dmmplor 200). Two
200 aliquots of the resulting 1.0- to 1.5-ml suspensnons were assayed
for AHH activity as described by Nebert (39). The remaining samples

were centrifuged at/ 5000 X g for 20 min and myed for quinone

reductase activity by measuring the rate of oxuhnon of NADH (200
yM) by menadione (50 xM) at 340 nm in the assny system described by
Prochaska und Tulalay (40). Protein’ ions were determined

tibility to oxidations since catechols and hydroqui have
similar chemical properties in that they can undergo reversible
one- or two-electron oxidations to the corresponding semiqui-
nones 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 monofunctional inducers must possess.electro-
philic centers such a8 a,8-unsaturated carbonyl functions in
ordeér to exert inductive activity (34). Furthermore, we have
proposed that the linkage of Phase II enzyme induction by
bifunctional planar aromatics to 44 locus function may involve,
at least in part, 8 metabolic de. Bifunctional Ind 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, dia-

mines, aminophenols) that behave like monofunctional induc- ‘

ers (see Fig, 3). i

Because of uncertainty over the relation between the regula-
tion of the induction of these enzymes, we have undertaken a
systemnatic analysis of this relationship with a variety of struc~
turally dissimilar Phase II enzyme inducers in cultured cells
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 I enzymes under the control
of the Ak locus (12). QR activities were used as markers for
Phase II enzyme induction. The majority of the experiments
were done with the Hepa 1¢le7 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 1clc7 cell line that are defective in the A4 receptor or in
AHH expression, as well as in mouse strains with high (CS7BL/
6J) and low (DBA/21J) affinity A4 receptors (12). These results
have enabled the construction of a model for the mechanisms
of induction of Phase I and Phase II enzymes.

MATERIALS AND METHODS:

by the method of Bradford (41).

Treatmeat of Animals. Female CS7BL/6J and| DBA/2J mice (The
Jackson Laboratory, Bar Harbor, ME), § weeks ©0ld, were housed in
hanging stainless steel cages (5 mice/cage) wnlhout bedding at 24-25°C
with light-dark cycles of 12 h each. The mice were fed powdered 5001
Purina laborstory chow (Ralston-Purina, $t. Louis, MO). After the
mice were allowed (o acclimatize to their new environment for 2 weeks,
they were cither: (a) fed by gavage one of the rnllowlnu test compounds:
75 umol of rer-butylhydroquinone, 3§ umol of 3,5-diert-butylcatechol,
or 35 umol of 4,6-di-fert-butylresorcinol, in 0.1 m! of Emulphor; or (3)
given i.p. injections of test compound (5 xmol of S-naphthoflavone,
Sudan I, or I{Z«hlmlyhno)-Zmnphtllol) in 0.2 m! of sesame il
Both types of treatments were given daily for § dlyl Control groups’
received the respective vehicles only by the same routes. Mice were
kitled by cervical dislocation 24 b after the last dose and the livers were
excised, perfused with 0.15 M KCI2 mm EDTA (pH 7.4), frozen

immediately (n liquid nitrogen, and stored at —80°C until used.

Preparation of Mouse Liver Subceliular Fractioas and Assay of Their
Enzymatic Activities. Portions (500 mg) from ach liver were homoge-
mM EDTA. pH 7.4 (“homogemzation buffer™). After centrifugation at
10,000 X g for 30 min, the postrnitochondrial supcrnatant fractions
were centrifuged at 90,000 X g for 75 min. The resulting cytosols were
collected and sssayed for: (g) QR by following the reduction of 2,6-
dichloroindaphenol (40 um) by NADH (200 uM) at 600 nm (40); (8)
glutathione S-transferase with giutathione and 1-chloro-2,4-diaitroben-
zene as substrates ding to the p dure of Habig et al. (42); and
(c) protein by the method of Bradford (41), Microsomat pellets
were suspended in S 'ml of homogenization buffer and centrifuged at
90,000 x g for 90 min, resuspended in 0,5 ml of homogenization buiter,
frozen in liquid nitrogen, and stored at —80°C. The microsomal frac-
tions were subsequently assayed for: (@) AHH activity with
benzo(a)pyrene and NADPH as substrates according to-the method of
Nebert (39); (5) P-450 levels according to the method of Omura and
Sato (43); and (¢) protein coni ding to the method of Bradford
(41).

Stutistical Treatment of Resiilts. The results in the figures and Tables

1-3 are displayed as the ratios of the specific activities (or levels) of
treated samples to those of controls. The standard ervor 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 least duplicate meas-

Materials. Flavin adenine dinucleotide, di 2,6-dichloroin-
dophencl, buvine serum albumin, Tris base, Tween 20, 12-pyridylazo)-
2-naphthol, and 142-thiazolylazo)-2-naphtho! were obtained from
Sigma (St. Louis, MO); 2,3,7,8-tetrachlorodibenzo-p-dioxin was from
IIT Research Institute (Cluuso IL); NADH was from Pharmacia P-L
Blocbcmwals (le(awny, NIJ); 3-hydroxybenzo{a)pyrene was from the
Chemi i fe Standard Repository (National Cancer
lastitute, Bethudn, MD); 75-cm® culture plates were from Fnlcon
(Becton Dickinson Labware, Oxnard, CA); inimal
and fetal calf serum were from GIBCO (Grand Island, NY); dimethyl:
sulfoxide, hexane, acetonitrile, and ethyl acetate were from Burdick
and Jackson (Musk , MI); Emulphor EL-620P was from GAF
(Linden, NJ); sesame oil was from Fisher (Fau- ann, NJ) Othsr

of four individual animals or four cuiture plates per treatment
group.. .

RESULTS
In the studies described below we measured the specific
activities of cytosolic QR and AHH in Hepa 1cic7 cells and

two mutants with defective AHH expression, as well as in livers -

of two-inbred mouse strains, one of which (CS7BL/6J) is
responsive to induction of AHH by polycyclic hydrocarbons,
while the other (DBA/2J) is unresponsive (12). To analyze the

hanisms of regulation of the induction of these enzymes by

inducing agents were obtained and prepared as

(31, 33, 37). Hepa lelc7 cells and their mutants were gifts of J. P.
Whitlock, Jr., ford Uni y, and O. Hankinson, University of
C-lifomit, Los Angeles.

various chemoprotective agents we examined: (a) the relation
of structure of the agents to their ability to induce the two types
of activities; (b) dose-response relationships; and (c) the effects
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of combinations of maximally responsive concentrations of
various types of inducers.

Induction of Quinone Reductase and Aryl Hydrocarbon Hy-
droxylase by Two Classes of Chemoprotectors, Fig. 1 provides
a direct comparison of the induction in Hepa lclc7 murine

" hepatoma cells of QR (top) and AHH (botrom) by 15 com-

pounds that are known to be inducers of these enzymes in
rodent tissues (6). All of the compounds are recognized protec-
tors against the neoplastic or toxic effects of chemical carcino-
gens (1-4, 6-9, 44, 45) under appropriate experimental condi-
tions, although several are also carcinogens, In this experiment
the hepatoma cells were grown to near confluence and then
exposed for 24 h to concentrations of the inducers (10 nM to
30 uM) selected to produce moderate to maximal inductions
without causing obvious cytotoxicity. The results provide a
striking and nearly absolute distinction between two types of
inducers: (@) bifunctional inducers which are exemplified by
polyeyclic'aromatics, S-naphthoflavone, azo dyes, and TCDD;
and (b) monofunctional inducers which include ter-butylhydro-
quinone, 3,5-di-fert-butylcatechol, bisethylxanthogen, 1,2-di-

thiol-3-thione, oltipraz, and benzylisothiocyanate. Whereas. bi- .

functional inducers elevated both QR (2 to 4 times control
levels) and AHH (10 to 30 times control levels), monofunctional
inducers had no significant effect on AHH while inducing QR
to values similar to those observed with bifunctional inducers.

One other important observation (Fig. 1) was that under-

identical conditions, the relative induction of the two enzyme
activities by different bifunctional inducers varied considerably.
For instance, at equimolar concentrations (2 xm), benzo-
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Fig. 1. Structure-activity study identi fy 1 and bifunctional

inducers. The induction profiles for QR -nd AHH in Hepa 1¢1¢? murine
hepatoma cells by 15 inducers of QR were determiined and are expressed as
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(a)pyrene and 3-methylcholanthrene were more effective than
was Sudan I in inducing QR, whereas Sudan IIT produced a
much greater induction of AHH than did the two polycyclic
hydrocarbons. Furthermore, l-(2-pyndylno)-2-naphmol be-
haved anomalously from the other azo dyes in that it was a
relatively poor inducer of AHH (about 2-fold) while raising the
level of QR 3.5-fold. Since the ratios of induction of QR to
AHH vary greatly from 0.0775 for Sudan III to 1.58 for 142-
pyridylaza)-2-naphthol, it seems evident that bifunctional in-
ducers regulate QR and AHH by different mechanisms, Further
evidence for several mechanism of induction will'be developed
below on the basis of dose-response curves, results ‘obtained in
mice in vivo, and the simultaneous use of saturating doses of
both types of inducers. . }
Dose-Response Relationships in the Induction of Quinone
Reductase and Aryl Hydrocarbon Hydroxylase by Monofanc-
tional and Bifunctional Indncers. Because the dzgree of induction
(ratio of treated to control specific activities) of AHH and QR
by various inducers was not constant (Fig. 1), we ! examined the
dose responses of these enzymes to selected compounds in the
murine hepatoma Hepa lclc? cell line (Fig. 2) The dose-
response curves of induction of QR and AHH by TCDD were
similar, suggesting a common mechanism of induction, TCDD
was clearly the most potent inducer of both activities, TCDD
was also the most effective inducer of AHH, yet it was not the

“ most effective inducer of QR. Furthermore, dlﬂ'eunm in the

regulation of AHH and QR by bifunctional inducers are appar-
ent since the dose responses to Sudan (11, 1,1'-azonaphthalene,
and 12-pyridylazo)-2-naphthol for thesc enzymes are quite
different. Lastly, 1,2-dithiol-3-thione was completely inactive

" as an inducer of AHH yet it induced QR about hs effectively as

did Sudan 11 or TCDD.

Induction of Quinone Reductase and Aryl Hydroearbon Hy-
droxylase by Combinations of Saturating Concentrations of Mono-
functional and Blfunctiona) Inducers. Fig.. 2 shows that concen-
trations of TCDD higher than 200 pM and of 1,2-dithjol-3-
thione greater than 10 uM produced maxima) inductions of QR
in Hepa-1¢lc7 cells. The exposure of these cells to satura!ing

concentrations of both eompounds imultaneously prod

.
-
o

)

[-3

ATED SPECIFIC ACTIVITY
TROL SPECIFIC ACTIVITY,

&

=10 -8 -
LOG CONCENTRATION (M)

- Fig. 2. C lon di ep d of"‘ ul‘ QK nnd AHH by TCDD,
Sudan 11, 1,1° 1{2-p and 1,2-dithiol-3-
thione. The specific lnhridas orQK and AHH in Hcp: 1617 murine hepatoma
cells were a8 fi of and are expresacd as ratios

of treated to control cells (minus 1). TCDD is clearly the most potent inducer of
both sctivitles. TCDD is also the most effective inducer of AHH, yet it is not the

specific activity ratios of treated to contro! cells. The attons of

were 2 uM unless otherwise specified. Note that among polycydlic aromatics, the

rotationships between QR and AHH specific activitics are not constant, The
specific activities for QR and AHH in :cnuvl cells were :91 + 15 nmol/ntin/mg
und 1 40 + 0. IA pmol/min/mg, BEX, b Sudan I,

maost effective inducer of QR. 1,2-Dithiol-3-thione has no effect on AHH and the
mdyutemduhqw [ mmy of dose-concentration respanses. These dain suggest
that for the Indouction of QR exist. The cantrol values for

.L.sm“,.l_(z“: Biph 2 nephthol

QR and AHH were 349 : ll nmol/min/mg and 1.22 % 0.08 pmol/min/my.

! ly.
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more than additive inductions of QR (Table 1). Thus 1-10 nm
TCOD and 10~30 pm 1,2-dithiol-3-thione elevated QR to 3.8
and 2.6 times control levels, respectively, wheress the combi-
nation produced more than an 8-fold induction. In contrast,
the induction of AHH in Hepa 1clc7 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 activity (Figs. 1 and 2, Table 1).

Role of 44 Receptor Fuaction in the Induction of Phase 1
Euazymes. Although the participation of the Ak receptar in the
induction of Phase Il 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) moenofunctional inducers acted independently af the Ak
receptor since fert-butylhydroquinone and 3,5-di-terr-butylca-
techol (but not 4,6-di-ferr-butyiresorcinol) induced glutathione
S-transferase and QR in DBA/2J mice which have fow affinity
{defective) 4h receptors. The findings that 1,2- and 1,4-diphen-
ols but not a 1,3-diphenal are inducers of QR in mice are

Tadle { Indu q[quime i and aryl hydrocarbon hydroxylase in
Nepa Icle? murine b culls by imally inducil
7CDD and 1,2-dishiok3-thione, singly and in combluation
The resuits ane expressed s ratios of specific sctivitios of inducer-treated cells
10 controls.

Ratio of specific activitles
{treated/comtrol)
Concentration 280n Ary ydrocarbon

TCDD 1om 3.66 3 0.09* N4x18
10am 392 £ 0.03 368+ 5.6

1,2-Dithiol-3-tbioae 10.4M 257019 LIT 018

_ 10 M 267010 1.29 1 0.05
TCDD and 10 v 8532007 27.7:28

1,2-dithiol-3<hiane - 30 um

““The standard error for each enwry hes been divided by the control valye.
* ¥f the effects of TCDD and 1,2-dithicl-3-thione on QR were gtrictly additive
2 ritio of 5.59 would have been expected.
*The mean control values {or QR and AHH were (+ SE) 230 £ § nmol/min/

completely compaiible with those reported vélth cell cultures
(31-33). Furthermore, although planar aromatics such as Su-
dan [11 and S-naphthofiavone induced QR, zluutl\ione S-trans-
ferase, and AHH activities in CSTBL/6J but not in DBA/2J
mice, the finding that l-(2—thmzolylm)—2—naphthol could in-
duce Phase Il enzymes in both strains of nuoe without greatly
influencing AHH activity demonstrates that some bifunctional
inducers may elevate Phase IJ enzymes in large part independ-
ently of the 44 receptor. Similar structure-activity relationships
have been reported in rat liver and Hepa 1¢1¢7 cells (14, 31,
32).

To assess the role of the A& receptor in the gruter than
additive induction phenomenon described above, the effects of
combining saturating doses of monofunctiona) (1,2-dithiol-3-
thioné) with bifunctional (TCDD or ﬂ—napmhollavone) induc-
ers wete examined in Hepa 1c1c7 cells as well as in its mutants
defective in either a functional 4h receptor (BP°cl) (31, 32, 46)
or the cytochrome P,-450 gene (c1) (18, 38,/47), The BP'cl and

<l 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-naphthoslavone
at saturating concentrations resulted in augmented induction
of QR in Hepa lclc7 (wild-type) cells. Furthermore, an additive
elevation of QR was observed when TCDD was combined with
B-naphthofiavone. This increase in QR induction by addition
of S-naphthoflavone 10 concentrations oﬁTCDD that saturate.
all the A4 receptors argues that a-nnphthunavone induces QR
via an alternate pathway. No combination of compounds gave
AHH ectivities that were higher than}those obtained with
TCDD alone (not shmvn) In cells with defective 4h receptor
function (!!P'c]) or in mutants that produce a defective AHH
gene tmucrlpt {cl), 1,2-dithiol-3-thione was the only com-
pound tested- that was capable of inducing QR effectively,
although sfight elevations of QR by bifunctional inducers were
noted in the ¢l mutant. The addition of bifunctional inducers
to 1,2-dithiol-3-thione had no effect on thc induction of QR in
the BP’c1 mutant although marginal increases were found with
the c1 mutant. Hence monofunctional inducers act mdepend-

mig and 0.989 & 0.069 pmol/min/mg, respectively. ently of the Ah ré ,‘ , whereas bifunétional inducers q
Table 2 Induction patterns of hepatic quinone redu jone 5. aryl Rydracerbon hyds and cytockrome P-450 levels In inbred Ak (ary!
hydncahod nﬂmrnpnm‘m (C57BL/6)) ond -wegative (DBA[2J) mice

The results are expressed as ratios of specific activities (or fevels) of treated to coutrol tivers. The means + SE were determined from four tivess.
Ratio of trestod 1o control
CSTBL/6J mlcc DBA/2J mies
Ary} hydrocur- . Azyl hydrocar-
Dose/day Quinone. Gliniath boa hydroxyl- Cy ~Quinone: Gl i bon hy y+ Cytoch
Inducer (umol):  reductass.  S-éramferase e P450 lovels. reductase  S-transferase ase P-450 levels
Sudan 1L S 219009 1452010 . 8.24%096 149205 088004 0923005 096x018 082006
$-Naphthoflavone b} 3592026 2.45£005 670+044 156%0.17 1242005 1.29£005 096%026 0932011(
142-Thiszolylazo)-2- mvl«ho} ‘S 417%048 256+0.01 220+04Fr 0854010 1942016 1.86+0.15 1L0S+0.14 0.387+005
3,5-di-terr-Butylcatechol .35 - - -— 383x032 474034 069%007 04832014
4,6-di-terr-Butylresorcingl 35 - ~ — - 121018 1.13+0.14: 1012014 0932010
ter1-Butylhydroquinone 75 212008 215%013 1.23£001 1222014 237x0.13 2683024 098x018 0.73:013
Controt values for mouse lvers:-
Glutathione Quinone Aryl hryd ytoch
A reductise: bon hydroxylase P-450 levels
Mouse: Treatment. (nmol/min/mg) (smol/min/mg) (pmol/min/mg). ~ (puol/mg)
Cs78L/61 Sesame.qil- 2470 & 40 2037 76998 $83x 54
. Emulphor- 2950 + 380 U829 80472 415% 30
DBA/2S Sesame ol 1890 % 100 160 £ 16 846k 45 437245
Emuipbor 2190 £ 240 144 14 4.9 & 10.2 491 % 38
Y Significant toxicity. Livers were not assayed.
* Mean = SE of four livers.
47719
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Table 3 Effact of combining bifunctionul inducers witk monafunctional inducers on the quinone reductase activity of Hepa utc? ovud-cypcj, BPel (dcfamn
transiocation of Ak receptor-ligand complex into nucleus), und c! (defective cytochrame P50 gane) cel

Celly were grown, iud\w:d. «ndunyedu ibed under “Material
For each

in Hepa Iclc? cells is consistent with the results shown in Flgs. 1 aud 2 (i.e.. no

and Methods.” The o4/
three plates were assuyed in one experiment and four in the odm Standard errars were l:nthm 5% of the mean vdnu Noa that
aryl hydrocarbon hydroxylase was asssyed and was found 10 be undetectable in BP'cl gnd ct muunu, while the dnme of i B

nﬂonhwnunh:mwfor the unmnl‘m separste

of aryl hyds

hina b

ds wus more effective than TCDD alone).

Control quinone reductase specific activities (tSF.M) in the two experiments, nnnm;dy. wtn: Hepa Iclc?, 333 25and223 £ 10; BPC), 164 £ 3and 113 = 6§
i

c1, 901 x 20 and 957 = 69 nmiol/min/mg protein.”

) Rmoofmdnoneudumnspedﬁcumvma j

P - (treated/controd)
Inducers(s) of inducers Hepa icle? BPcl el |

1,2-Dithiol-3-thione " 30 um 317-3.21 2.76-2.76- 2.44-3.12

CDD 10am 383410 0.90-1.00 1.33-4.66
#-Naphthofisvone S um 5.13-6.07 0.87-098 1.20-1.36.
1,2-Dithiol-3-thione + TCDD N 30um+10nm 9.55-9.59 2.60-2.66 3.21-4.583
1,2-Dithiol-3-thione + S-naphthoflavone 30 uM + 5 uM 7.08-7.63 2.53-2.71 242-4.71
TCDD + S-naphthoflavone 10 nM + 5 uM 7.23-8.08 1.11-1.53

0.84-1.08

competent AA receptors (also sce Ref. 31 and 32), Furthermore,
the role of AHH in the regulation of QR can be inferred from
the results obtained with the c1 mutant since its genetic defect
lies in the Py-450 structural gene rather than the A4k receptor’
7.

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 I
enzyme by means of an electrophilic signal which operates
independently of 4A receptors or the induction of AHH: in
Mechanism B, complexes resulting from the combination of
bifunctional inducers with Ak receptors bind to specific regions

of nuclear DNA and théreby evoke enhanced transcription of
both AHH and Phase II enzymes; and in Mechanism C, bi-

BIFUNCTIONAL
INDUCER

Fig, 3. Metabolic cuud: modol for the’ relation bcmm the mechanism of
siction of i I (Mo) and. ¢ [! d of Phase | and-
Phase 1l enzymes (slightly modified from data of Prochuska at-a. (33)]. Mono-
functional inducers enter the cell and gemerate the -Iocmwhilu- mml tbn
stimulutes the induction of Phase 1 only. Bifu ! in
participsation of the A receptor in two distinct mochaniams of induction. mfunc-
unnd inducers enm’ tlu cell and bind to the 4A receptor, and the resultant

\ ipti furbolh?hmlm!'hmllcnxynu The
resulting uhnmed AHH nr.ﬂvity m
into hilic
which signal Phase 11 geme mmipuon Thu lllodlund mechamism(s) for AHH
autaregutation that also affect Phase 11 enzyme exp (18, 38) can
the experimental findings.

- £
functional inducers susceptible to metabolism by AﬁH(mduced
by:Mechanism B) are convérted to electrophilic pmducts that
elevate Phase II enzymes by Mechanism A.

This model accounts for the observations obwmd with Hepa
Iclc7 murine hepatoma cells. Thus, we have identified twa
families of Phase II enzyme inducers which are differentiated
by their ability to induce AHH and their dependence (or inde-
pendence) on Ah receptors for their mechanism of action.
Nonmetabolizable bifunctional inducers such as TCDD (48)
get via the 4k 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
these compounds to metabolites resembling monofunctional
inducers. 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 bifunctionat inducers. Furthermore,
the operation of two-different yet interactive mechanisms (B
and C/A) of induction on Phase 11 enzymes would be in agree-
ment with the more than additive inductions observed by the
use 0f combination of saturating concentrations 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 ﬁ«naphthoﬂavone produce virtually additive: -

inductions of QR.

Most of the observations obtained with AHH-defective mu-
tant cells are also consistent with the model shown in Fig. 3.
Thus, monofunctional inducers elevate QR to the same degree
in mutant as in wild-type cells, including the cl mutant which
has high basal QR activity. Bifunctional inducers are completely
inactive in the BPcl ee[}__!l_ne since ‘these cells have defective:
directly via Ak receptors (Mechanism B) as well as 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 c1 mutant. This was an unexpected resuit
since this mutant has intact 44 receptors [the c1 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 c1 mutant to induction of
QR by bifunctional inducers, there .are other experimental
findings with Hepa Iclc7 cell mutants that cannot be accom-
modated by the above modet. 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 elevated further’

icros drug, ism by azo
tionship. Chem.-Biol, fnteract., 52: 15-37, 1984, §

ds:'a tivity rels-

by TCDD. These h.igh PA,—450‘ mRNA levels were suppressed 1. Lubet, R. A Connolly, G., Kouri, R. E., Nebert, D. W., and Bigelow, S, W.
by coculture or fusion with wild-type cells, Two models were Biological effects of the Sudun dyes, Role of the A cytosolic receptor.
proposed to account for the regulation of cytochrome P,450 Biochem, Pharmacol, 32: 3053-3058. 1983. |
. . 16. Legraverend, C., Hannah, R. R, Eisen, H. J., Owens, L S, Nebert, D, W,,
and the high basal activities of Phase Il enzymes which are and Hankinson, O, wummmmmme.m Tocus. J. Biol, Chem.,
refractory to further elevations by TCDD (18, 38). In the first " g{h“%mu. 8 :
maodet, an endogenous ligand fof the AA receptor that is suscep- |7~ Dufhun G-, and Hankinson. O. m"‘ in all "“‘“m Sydrocarban
tible to inactivation by AHH is postulated. Ia cells without lyzed I Nso'c;nmu«.,za 249-254, 1983,
AHH, but which possess functional Ak receptors, the ligand '8 ""‘*mo Anderson, R. D., - Disren, B, W., 5“"‘; F, ’*m M--f‘x
alccumula.ze.s’ binds to 4k receptors, and activates the transcrip-. cytuchmme P.-4so genc in the riose Heps-1 cell lie. J. Biol. Chc'al\ta 260:
tional activity of AHH and Phase I1 enzymes. In wild-type celis, 9 :790-;258“{1 Purke, D,V The cveochra ;-us e femiyof
the ligand cannot accumulate since it is rapidly inactivated by > Joan! 0 Cytochromnes P-448—a unique familya
. enzymoes invalved in chemical toxiciry and carcinogenesis. Biochem. Phar-
AHH. The second model proposes that prerepressors exist macol,, 36: 419742071987, i
which are activated by AHH. The active repressors then de- 20 lsrack D. lra-:go Wﬂ'ﬂ&i* 1. Pd ;':dlmm of mRNA specific for
crease the transcriptional activity for AHH and Phuse Il en-  Zo0wt Toogh 1 d s pod veraat s "’““g bepatoma cefis. J. Bial.
zymes. Hence, cells defective in. AHH would not be able to 21, Neberr, D. W., Eisen, H. J., and Hanki O, The Ak binding
CONvert prerepressors to active repressors that result in the high specificity oaly for foreign chemicals? Biochem. . Pharmacol,, 13917624,
constitutive expression of AHH and Phase II enzymes. . 21. Jones, P, B. C, Galearzd, D; R.. Fisher, 3. M‘ and Whitlock, J, P., Jr.
We conclude that the model shown in Fig. 3 together with goakzn; ;!fl ‘99‘;5“2‘ ‘5‘;450 ene *\:y dioxin. Science (Wash.
the postulated existence of mechanism(s) for the autoregulation ,; ;" "5" B¢ "Durrin, L K., Galexz, D. K, sod Whittock, J. P, Jr.
of AHH that have similar effects on Phase Il enzyme expression Control of cy 1’.-4:5}3‘I gene exp Analysis of a dioxi
can for the induction patterns of monofunctional and sive enhanoer system. Proc, Natl Acad, Sci. USA, 83; 2802-2806, 1986,
bifunctional inducers (alone or in combination), as well as the 2% Jooes P B.C- Durma, L. K., Piaher,J. M., uné Whidock,J.P_ir Concrl
profiles of QR which Heps 1clc7 mutants exhibit. 261; e«ucsso. 1986, :
25. Owens. 1. S. Genedic R ion of UDP-glucuror ferase ind
by polycycli ds in mice. Ci -gation with aryl hydro-
carban (benzo] ) hydroxylase induction. J. Biol. Chem., 252: 2827-
@ 2833, 1977, i
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