Cancer preventive properties of varieties

of Brassica oleracea: a review' ™
Christopher WW Beecher
ABSTRACT  Cabbage, broccoli, Brussels sprouts, and other

members of the genus Brassica have been widely regarded as
potentially cancer preventative. This view is often based on both
experimental testing of crude extracts and epidemiological data.
The experimental evidence that provides support for this possi-
bility is reviewed for the commonly consumed varieties of
Brassica oleracea. In a majority of cases the biological activities
seen in testing crude extracts may be directly related to specific
chemicals that have been reported to be isolated from one of these
closely related species, thus the chemical evidence further sup-
ports the data from testing extracts and epidemiology. AmJ
Clin Nutr 1994;59(suppl): 11665 -70S.
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Introduction

Although most botanists would hardly agree that **A rose may
be a rose by any other name™” there would be substantial agree-
ment that a cabbage and a caulifiower may be quite the same.
These vegetables, and other closely related members of the
Brassicaceae family, have received widespread notice recently as
public figures have disavowed their consumption and scientists
have upheld them as exemplary of medicinaly significant foods.
Thus, in this article we review all of the experimental evidence
that suggests that there may be a cancer preventive benefit from
consumption of members of these closely related and commonly
consumed vegetables (1, 2). Furthermore, in view of the exten-
sive data (3, 4) that-exist for these vegetables, we will restrict
ourselves to those vegetables commonly classified as subvarieties
of the species Brassica oleracea (Table 1).

From the outset it must be realized that the published experi-
mental data come from two different types of experimental pro-

tocols. [n the first type, evidence is published that concerns tests

conducted on the whole food (or from crude extracts). In the
second type, tests are conducted on specific chemical compounds
that have been isolated from these foods. Specifically, we will
cross-correlate these two bodies of data so that, whenever pos-
sible, the specific compounds that may be responsible for an ob-
servation seen in testing a crude extract are identified. It is worth
noting that this information is often not available in the original
article and lends credence to the initial observation.

It is our intention to provide support for observations made on
crude extract and identify those areas in which the biologically
active chemical species for a given observation may not yet be
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identified. Although various aspects of the chemistry (5), phar. ¥
macology (6, 7). biology (8~ 10), and general concepts of cancer
chemoprevention (11-13) have been reviewed separately, we *
will provide an overview approach that demonstrates the overap 7
between these various areas. Furthermore, it is important to ree. >
ognize that many clinical trials are currently underway, (14) "
which, in preliminary reports, lend credence to the cancer pre.

ventative approaches (15, 16).

Relevant biological activities

The etiology of cancer follows no single track but rather is the -.
result of an accumulation of diverse events that lead to a common -
endpoint, namely the uncontrolled growth of a normally quies- ;.
cent cell. Nevertheless, there are generally recognized to be many -

common stages to the development of cancer. These stages (Fig

1) include an initial insult {or mutation) to the genetic material

often delivered by a mutagen or other chemical agent but may
also be inherited or possibly viral in origin. A cell that has re-
ceived such an insult is said to be initiated. An initiated cell will
still be quiescent and not manifest its altered phenotype unil it

* is promoted. The promotional act may similarly take multiple

forms but it fundamentally involves achieving a physiological
state that signals the altered DNA to be read. Where the altered
message leads to an unquenchable cycle of cellular division, the
cell is considered cancerous. This aberrant equilibrium, where
the cell cannot reset itself, will become a tumor if it cannot regain
a “*normal’’ or self-restrained equilibrium.

Cancer chemotherapeutic agents are directed against cancerous
or fully promoted cells and seek to selectively kill the cell bascd
on some aspect of its aberrant biochemical equilibrium. As such,
all current cancer treatment i based on compounds that are toxic.
An ideal cancer chemotherapeutic agent would be toxic only to
cancer cells but the reality is that such specificity has not yet
been acheived. Although this is clearly a suitable course when
the fatality of the disease is considered, the approach to cancer
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TABLI: .
The most commonly consumed members of the genus Brassica

BRASSICA CHEMOPREVENTION

Specics Variety Common name

prassica campestris Field mustard

grassica chinensis Bok choy
Brassica juncea Mustard greens
Brassica napus var napabrassica Rutabaga
Brassica nigra Black mustard
Brassica oleracea var acephala Collards
Brassica oleracea var acephala Kate

Brassica oleracea var borrytis Broceoli
Brassica oleracea var botrytis Cauliflower
Brassica oleracea var capitata Cabbage
Brassica oleracea var gemmifera Brussels sprouts
Brassica oleracea var gorgylodes Kohlrabi
Brassica pekinensis var capitata Cabbage (Chinese)
Brassica rapa var rapifera Tumip

Brassica rapa var japonica Red turnip

chemoprevention must be based on a very different strategy. In
view of the fact that such agents must be used prophylactically,
they must exhibit few, if any, side effects and must have virtually
1o toxicity. In addition to these stringent requirements, it needs
10 be recognized that any compound that is to be considered as
acancer chemopreventive agent may also exhibit a suitable spec-
trum of biological activity.

In cancer chemoprevention the aim is to reduce the number of
initiated cells, inhibit the promotion of initiated cells, or even
reverse the promotion itself. Furthermore, each of these broad
categories has many strategies that may be useful to cancer pre-
vention. First, there are strategies that aim to reduce the initiation
rate. The agents here are classified as antimutagens, desmutagens,
inhibitors of enzymes that activate procarcinogens, or agents that
stimulate the metabolization of mutagens to less harmful metab-
olites. Also included here are antioxidants because a portion of
the genetic damage is likely the result of free radical damage
(17-21). Second, there are strategies that aim to reverse or inhibit
the promotion stages. Biological activities that act at this stage
may act specifically on the promoted cell to cause it to rediffer-
entiate and hence regain control of its own division or they may
act at any of the points in one of the secondary messenger (or
the related oncogene) systems that are frequently implicated as
destabilizing agents. In the same light, the biological conse-
quences of low-level inflammation or constant low-level estro-
genic stimulation are similarly considered destabilizing (22, 23)
and hence targets for chemopreventive approaches.

As we consider such an etiology, we can associate specific
bioassays that have been described in the literature in relation to
one or more of these points. Thus, as a basis for this article, we
have undertaken to review the reports of relevant biological ac-
tivities for Brassica oleracea varieties. They will be organized
as discussed above. With respect to initiation stages, the majority
of published literature in this area may be divided crudely into
wo broad groupings, namely reports of an anti- (or des-) muta-
genic activity and reports of stimulation of a detoxification mech-
2nism. With respect to antipromotion activity, there is a single
feport that suggests that this mechanism may play a role in
Brussica's cancer preventive potential. However, there are many
teports that may not be classified as either of these stages but
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FIG 1. The etiology of cancer. The steps shown are those generally
assumed in the development of cancer.

rather are of such a general nature that no specific mechanism of
protection may be ascribed to them.

Antimutagenic activities

The ability of a crude extract of a Brassica variety to reduce
the effect of a mutagen (either as a desmutagenic agent or as an
antimutagenic agent) has been reported no less than eight times.
In all of the cases in which a mechanism can be discerned it
appears that, although the term antimutagen is used routinely,
these are most likely all cases of desmutagenicity. These reports
are summarized in Table 2.

The major bulk of the reports concern ability of a protein, :':g
termed the desmutagenic factor, to inhibit various mutagens in g-:,‘
Ames-type assays. This factor, first described by Kada er al (24), ==

was later characterized (25) and patented (26) by Morita et al as
a heat-labile protein with a molecular weight of =53 kDa, which
contained a prosthetic group with a heme-like chromophore. This
protein was shown active against tryptophan pyrolysates (24),
ethidium Bromide (25), 2-aminoanthracene (25), autooxidized
linolenic acid (27), and pyrolysates for other amino acids (28).

TABLE 2
Summary of antimutagenic results

L rsntrt THATANTIY
TR RVANY

\

Plant
extracted Mutagen Percent reduction
%
Cauliflower Nitrate + methylurea 78
Cauliflower Nitrate + aminopyrine 57
Cabbage Nitrate + sorbic acid Moderate (not calculable)
Cauliflower Nitrate + sorbic acid Moderate (not calculable)
Cabbage Tryptophan pyrolysate 97
Broccoli Tryptophan pyrolysate-1 97
Broceoli Tryptophan pyrolysate-2 81
Broccoli Ethidium bromide 92
Broccoli 2-Aminoanthracene 84 .
Broccoli AF-2 0 '
Broceoli Oxidized linolenic acid 82
Cabbage Oxidized linolenic acid' 76
Red cabbage Oxidized linolenic acid 81
Cauliflower Oxidized linolenic acid 76
Cabbage Tryptophan pyrolysate-2 35
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In their 1980 paper, Yamaguchi et al (27) demonstrated a striking
correlation between the desmutagenic activity of the extracts and
their peroxidase activity and further demonstrated that the per-
oxidase activity required a cofactor. This activity was later con-
firmed in the purified protein by Morita et al (25), who did not
note the need for the cofactor. The signal characteristic to the
desmutagenic factor has always been the fact that it is both heat
labile and is inactivated by digestion with a proteinase. With this
in mind, some workers (29) have pointed out that after heat treat-
ment some crude extracts of Brassica extracts still exhibit resid-
ual activity, suggesting the presence of other antimutagenic com-
ponents. Munzer (30) demonstrates that some antimutagenic ac-
tivity acts by stimulating native detoxification systems in
Salmonella ryphimurium and thus some of these other agents are
also desmutagenic.

The identity of the other antimutagenic agents has been the
focus of other researchers. Two groups (31, 32) have reported
that extracts of cauliflower and cabbage, respectively, interfere
with the production of mutagens by nitrosation, There is consid-
erable agreement that the active agents include ascorbic acid,
cysteine, or other compounds acting as reducing agents. This is
actually demonstrated by Osawa et al (32), who show that the
ascorbic acid is responsible for the chemical reduction of the 1,2-
dinitro-2-methy! pyrrole, the mutagenic nitrosation product of
sorbic acid, to the nonmutagenic compound 1-nitro-2-methyl-4-
amino pyrrole. Barale et al (31) show that ascorbic acid and some
phenolic compounds can duplicate the activity seen in the crude
extract. On the other hand, Lawson et al (33) have identified four
specific compounds isolated from savoy chieftain cabbage that
demonstrated antimutagenic activity against specific mutagens,
N-methyl-N-nitrosourea (NMU) and 2-aminoanthracene (2-AA).
These compounds, §-sitosterol, pheophytin-a, nonacosane, and
nonacosanone, are notable because they are likely to be present
in a majority of plants. These authors also demonstrate that com-
mercial chlorophyll, the biological precursor to pheophytin-a, is
strongly antimutagenic. These compounds were shown to present
different activity profiles against the NMU and 2-AA; therefore,
the authors argue that these compounds were achieving their an-
timutagenicity through more than one biological mechanism.

Stimulation of detoxification mechanisms

As noted briefly above, Munzer (30) noted that the antimuta-
genic activity of many vegetables, including cabbage, Brussels
sprouts, and kohlrabi, was in stimulating the $-9 mix normally
used to metabolize and sometimes activate mutagens. This ob-
servation serves to bridge the antimwagenic potential discussed
above and the large body of data that makes it clear that in ani-
mals there is a strong stimulation of many of the native detoxi-
fication systems by extracts of various Brassica species. Al-
though this auribute has been fairly widely discussed recently,
because of the articles published by Talalay’'s group (34, 35), it
is important to note that this area has a long and honorable back-
ground. Furthermore, although the Talalay articles do demon-
strate a selectivity in the induction of phase-2 enzymes that
has not previously reported, the ability of members of the
Brassicaceae family to stimulate a broad spectrum of enzyme
systems has been widely reported.

The earliest work on the induction of these enzyme systems
was actually an attempt by Wattenberg (36) to explain variations
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in baseline aryl hydrocarbon hydroxylase concentrationy iy dif; .
ferent rat colonies. The variation ultimately was ascribed (o the )
presence of alfalfa as an occasional component in rat chow, Ty,
observation was followed by an examination of the ability of
many foods to stimulate this enzyme. Wattenberg and his g"oup'
demonstrated that many members of the Brassicaceae farnily
were also active in this regard (37) and, furthermore, the active
compounds were readily identified as indole-3-carbinol, 33
diindolymethane, and indole-3-acetonitrile, which stimulated 50.°%
fold, 20-fold, and 6-fold increases, respectively, in enzyme 5%
tivities in the livers of rats that consumed augmented basal chow,§
In subsequent papers they demonstrated that the ability of ines.'48
tinal enzymes to detoxify many xenobiotic compounds, including ;
the indoles noted above (38), correlated to Brussels sprouts or
cabbage consumption in rats (39) and in humans (40), The ¢ &
zyme systems involved included many mixed-function oxidasﬁ"
such as phenacetin O-dealykylase, 7-ethoxycoumarin O-dealky.}
lase, hexobarbital hydroxylase, and benzo[a]pyrene hydroxylase 3§
A direct correlation was later established between the induction '}
of these activities and the concentration of these compounds by §
McDanell et al (41, 42). These later studies also demonstrated 3
that the various active compounds had differing abilities to stim. %
ulate enzymes in different organs of -the body. They note for X
instance that the ascorbic acid conjugate of indole-3-carbinol is '@
the most active compound in stimulating the mixed-function
oxidase populations of the gut whereas indole-3-carbinol, of the #
compounds tested, was the strongest inducer of the liver en-
zymes. Tanaka et al (43) demonstrated recently the ability of 3
indole-3-carbinol to inhibit tongue carcinogenesis induced with 3§
4-nitroquinoline- -oxide. Y

Meanwhile, working in a parallel vein, Salbe and Bjeldanes 3
(44) not only confirmed the earlier results of the Wattenberg %
group but also demonstrated that the enzyme glutathione-S-trans- 3§
ferase was also strongly induced by Brussels sprouts, This en-' 3
zyme, unlike those discussed earlier, is not a P-450 type enzyme 4

conjugate and clear toxicants from the system. The significance
of this difference cannot be understated. For most of the P450 ;3
type enzymes, their ability to detoxify many mutagens must al-
ways be balanced by their ability to activate other mutagens (45). 41
For glutathione-S-transferase, there are no such drawbacks, 3
rather, as this group has shown (46), an increase in this enzyme |
alone directly resulted in an 87% reduction in the binding of
aflatoxin to hepatic DNA in vivo. A wide spectrum of compounds
(47, 48) including the glucosinolates, such as sinigrin and pro- _
goitrin, and their derivates, such as allyl isothiocyanate, goitrin.
indole-3-carbinol, and indole-acetonitrile, induce glutathione-$-
transferase. In other systems it is induced even more strongly by
xanthotoxin and some flavanoids (49).

T T oL T

Other relevant reports

There are some reports in which no mechanism can be easily
ascribed to the results or that do not fit into either of the abﬂj" :
two categories. These seports are nonetheless potentially signi-
icant with respect to the ability of brassicaceous plants 10 be
cancer chemopreventive. The first of these concerns a study €O
ducted by Bresnick et al (50) in which rats were fed a controlle
fat diet with and without cabbage. There was found to be a 54
tistically significant reduction in the rate of chemically induced

-
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; wmors in the rats with cabbage in their diet. This effect
was 1ot seen in rats on a high-fat diet. It is of interest to note
hat the experimental design allowed for the consumption of cab-
page only after the initiation event, administration of MNU, thus
indicating 2 potential antipromotion effect. This possibility is also
suggcsted by a report from Koshimizu et al (51), who use the
iphibition of Epstein-Barr virus induction as an indication of an-
ﬁpmmoliOH activity. In their assay an extracl of cauliflower is
very swongly active in inhibiting the normal promotion event. In
peither of these publications is it passible to ascribe a specific
mmpound to the activity observed.

Finally, note that protease inhibitors have been associated with
carcinogenesis inhibition (52, 53), so the relevance of a strong
in inhibitor from the seed of kale (Brassica oleracea var
sabellica) may be relevant (54). The presence of this agent in
other parts of the plant (much less in other varjeties) or its ability
1 overcome probiems of absorption and transport are totally un-

fmown.

Summary

It may at first seem surprising that so many biological activities
have been demonstrated for plants as commonly consumed as
these. Yet reflection on the complex chemical natre of most
plants suggests that there may be more biological potential in all
of them than we would expect from something that is generally
considered to be biologically neutral. Furthermore, although
some of these reports have been in humans, the majority are in
vitro results whase bearing on their effect on. humans is very
much an open question. The work of McDanell et al (41, 42)
clearly demonstrates the importance of transport and the variable
ability of different metabolites of even the same compound to
affect different organs. A report by Birt et al (55) amplifies this
by demonstrating that although the effect of cabbage is beneficial
in some cases it may act to increase tumorigenicity in other model
systems (or cancer types).

We have presented a case that strongly implies that the cancer
preventive potential of many members of the Brassicaceae family
is strong, yet it must always be stressed that to understand the
relevance of these reports on the human condition, many further
studies need to be done to specifically address questions of the
stability, bioavailability, transport, and metabolism. The additive
or even synergistic effects of these compounds are unknown. The
additional effects of normal food preparation procedures present
another factor that is yet largely unexplored with respect to the
cancer preventive properties. In brief, there is much exciting po-
tential in the cancer preventive properties and yet there is, as of
this writing, no absolute statement that can be made concemning
the ability of these foods to directly alter the course of carcino-
genesis. A
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ABSTRACT  Inductions of detoxication (phase 2) enzymes,
such as glutathione transferases and NAD(P)H:(quinone-
acceptor) oxidoreductase, are a major mechanism for protect-
ing animals and their cells against the toxic and neoplastic
effects of carcinogens. These Inductions result from enhanced
transcription, and they are evoked by diverse chemical agents:
oxidizable diphenols and phenylenediamines; Michael reaction
acceptors; organic isothiocyanates; other electrophiles—e.g.,

alkyl and aryl halides; metal ions—e.g., HgCl: and CdCly; .

trivalent arsenic derivatives; vicinal dimercaptans; organic
hydroperoxides and hydrogen peroxide; and 1,2-dithiole-3-
thiones. The molecular mechanisms of these inductions were
analyzed with the help of a construct containing a 41-bp
enhancer element derived from the 5’ upstream region of the
mouse liver glutathione transferase Ya subunit gene ligated to
the 5' end of the isolated promoter region of this gene, and
inserted into a plasmid containing a human growth hormone
reporter gene. When this construct was transfected into Hep
G2 human hepatoma cells, the concentrations of 28 compounds
(from the above classes) required to double growth hormone
production, and the concentrations required to double quinone
reductase specific activities in Hepa Iclc7 cells, spanned a
range of four orders of magnitude but were closely linearly
correlated. Six compounds tested were inactive in both systems.
A 26:bp subregion of the above enhancer olig leotid:
(containing the two fandem **AP-1-like” sites but lacking the
preceding ETS protein binding sequence) was considerably less
responsive to the same inducers. We conclude that the 41-bp
enhancer element mediates most, if not all, of the phase 2
enzyme Inducer activity of all of these widely different classes
of compounds.

Elevation of the activities of phase 2 detoxication enzymes?
of cells provides protection against neoplasia (6). This paper
analyzes the chemical and molecular specificity of the regu-
lation of phase 2 enzymes, as part of our efforts to develop
novel approaches to chemoprotection against cancer. Phase
2 enzymes, which are widely distributed in mammalian cells
and tissues, include the following: glutathione (GSH) trans-
ferases, which conjugate mostly hydrophobic electrophiles
with GSH; QR, which promotes obligatory two-electron
reductions of quinones, preventing their participation in
oxidative cycling and the depletion of intracellular GSH;
epoxide hydrolase, which inactivates epoxides and arene
oxides by hydration to diols: and UDP-glucuronosyltrans-
ferases, which conjugate xenobiotics with glucuronic acid,
thus facilitating their excretion. The induction of these en-
zymes is accompanied by elevations of intracellular GSH
levels which augment cellular protection (7-11).

Induction of phase 2 enzymes is evoked by an extraordi-
nary variety of chemical agents, including Michael reaction
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. by conjugating these functionalized

acceptors, diphenols, quinones, isothiocyanates, peroxides,
vicinal dimercaptans, heavy metals, arsenicals, and others
(12-14). With few exceptions these agents are electrophiles
{or can be converted to electrophiles by metabolism), and
accordingly, many of these.inducers are substrates for glu-
tathione transferases (13).

The molecular basis of the regulation of phase 2 enzyme
inductions has been analyzed by deletions of the 5' upstream
regulatory regions of glutathione transferase Ya subunit
genes and QR genes after transfection of cells with chloram-
phenicol acetyltransferase (CAT) constructs (3, 15-17). The
sequences of the upstream enhancer elements of the mouse
and rat liver glutathione transferase Ya subunit genes that
respond to the few inducers tested are very similar and have
been termed the electrophile-responsive element (EpRE) (18)
and the antioxidant-responsive element (ARE) (19), respec-
tively. These elements (Fig. 1) are contained within a 41-nt
segment located between base pairs -754 and -714 in the
mouse, and -722 and -682 in the rat Ya gene, The critical DNA
sequences responsive to monofunctional inducers appear to
be the TGACAT/AT/AGC regions, which resemble AP-1
binding sites (20). Similar enhancer sequences have also been
identified in the upstream regulatory regions of the rat and
human QR genes (3, 4, 17). We show that all the chemical
inducers of phase 2 enzymes that we tested stimulate ex-
pression of a reporter gene through this 41-bp enhancer
element.,

MATERIALS AND METHODS

Cell Culture. For the growth hormone (GH) transient gene
expression assays the cells were grown in Eagle’s minimal

Abbreviations and definitions: AP-1, a family of transcriptional
activator DNA-binding proteins that bind to the consensus sequence
TGAC/GTC/AA; CAT, chloramphenicol acetyltransferase; CDgu.
concentration of an inducer that doubles the production of growth
hormone in a transient gene expression assay; CDgr. concentration
of an inducer that doubles the quinone reductase specific activity in

Hepa lclc7 cells; DMSO, dimethyl sulfoxide; ETS, a family of

transcriptional activator DNA-binding proteins; GH, growth hor-

mone: QR, quinone reductase {NAD(P)H:(quinone-acceptor) oxido-
reductase, EC 1.6.99.2); sulforaphane, l-isothiocyanato-(4R)-

(methylsulfinyl)butane [CHy~SO—(CH2)+—NCS].

*To whom reprint requests should be addressed.

T'wo broad classes of enzymes metabolize xenobiotics: (i) phase 1
enzymes, which functionalize molecules by introducing hydroxyl or
epoxide groups and (if) phase 2 enzymes (1), which detoxify either

lecules with end

ligands (e.g., glutathione), thus facilitating their excretion, or by

destroying their reactive cénters by other reactions [e.g., hydrolysis

of epoxides by epoxide hydrolase or reduction of quinones by

quinone reductase (QR)]. Reasons for considering QR a phase 2

enzyme are presented elsewhere (2-4). Inducers of enzymes of

xenobiotic metabolism belong to two families (5): (/) bifunctional
inducers, which bind to the aryl hydrocarbon (Ah) receptor and

induce certain phase 1 enzymes and phase 2 enzymes and (i)

monofunctional inducers, which induce phase 2 enzymes indepen-

dently of the Ah receptor.

2-G6
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-722 G G
-754 TAGCTTGGAAATGACATTGCTAATGGTGACAAAGCA
- 41-mer -
— 26-mef -

Direct Repeat

Direct Repeat
ETS Binding Site GGE YGACATTGC‘
AP-1 Consensus Sequence | TGACTCA TGACTCA
G A G A

essential medium supplemented with Earle’s balanced salt
solution, nonessential amino acids, sodium pyruvate, gluta-
mine, and 10% fetal calf serum. All cells were maintained in
a humidified atmosphere of 5-7% CO1 at 37°C. Cell lines were
free from mycoplasma.

Compounds. Most inducers were obtained commercially.
Racemic sulforaphane was synthesized by C.-G. Cho and
G. H. Posner (21).

Plasmids and Their Constructions. The plasmids 41YaCAT
and -187YaCAT (15) and RSVgal were gifts of Violet Daniel
(The Weizmann Institute of Science, Rehovot, Israel). The
plasmid pCH110 was obtained from Pharmacia. p4lYaCAT
contains a portion of the upstream sequence of the mouse
glutathione transferase Ya gene from -1594 to the Bgl I site
at -1272 where the 41-bp EpRE is present in the reverse
orientation (20). The EpRE is linked directly to the intact Bg/
11 site at nucleotide -187 in the upstream region. p284YaGH
was prepared by ligating a 284-nt fragment (representing the
sequence from -186 to +98) containing the mouse glutathione
transferase Ya minimal promoter (as in -187 YaCAT) region
into the BamHl site of plasmid pOGH (22). The 284-nt
fragment was generated by PCR from the plasmid 41YaCAT
by use of the primers 5'-GGC TTC ACT CCA TCT AGA
AAG GG-3' and 5'-TTG CAG TGC TGC AGA CCT GGG
AA-3'. The fragment was gel purified, its cnds were blunted,
and BamHI linkers were added. It was then digested with
RBamHI1 and Bgl 11 to generate two fragments, the smaller,
284-nt, fragment containing 186 nucleotides of the upstream
region, the first exon, and 56 nucleotides of the first intron of
the mouse glutathione transferase Ya gene. The plasmid
p26-284GH was prepared by first ligating the oligonucleotide
5'.age ttA TGA CAT TGC TAA TGG TGA CAA AGC Ag-Y’
(lowercase letters indicating restriction overhangs) and its
complement 5'-gat ccT GCTTTG TCACCATTA GCAATG
TCA Ta-¥ into p0GH (which had been cleaved with Hind1II
and BamHI) to provide p26GH. The 284-nt fragment con-
taining the glutathione transferase Ya minimal promoter was
then inserted into the BamHI site of the plasmid p26GH. The
plasmid p41-284GH was prepared by ligating the oligonucle-
otide 5"-agc tTA GCT TGG AAA TGA CAT TGC TAA TGG
TGA CAA AGC AAC TTT g-3' and its complementary
oligonucleotide 5'-tcg acA AAG TTG CTT TGT CAC CAT
TAG CAA TGT CAT TTC CAA GCT A-3' into the HindIll
and Sal 1 sites of p284GH. The structures of all DNA
constructs were confirmed by automated sequencing.

Transfections and Transient Gene Expression Assays.
Transfections were performed by the calcium phosphate
methad (23). Briefly, the cells were plated at a density of 3.5
% 108 (Hepa 1¢1¢7) or 7 % 10¢ (Hep G2 in 10-cny plates and
medium was replaced after 14-16 hr, After a turther 3 hr, the
transfection mixture containing 20 pg of the specitied GH
construct and 12 ug of the B-galactosidase construct (RSVgal
for Hep G2 and pCH110 for Hepa 1clc7) was added. Five
hours later the cells were shocked with 15% (wt/vol) glycerol
for 2 min and then allowed to recover for 16~18 hr. The cells
from each 10-cm plate were trypsinized and pooled, One-
quarter of the cells from each plate were replated onto a

—
TGACAAAG

:

hancer sequences from the upstream re-
gion of the mouse and rat glutathione
transferase Ya subunit genes, represent-
ing bases -682 1o -722 (ra1) and -714 to
-754 (mouse) from the origins of replica-
tion, Two *‘AP-1-like'" regions are pres-
ent with a core ETS protein binding site
located next to the first AP-1 site in the
molse sequence,

10-cm dish for p-galactosidase assay, and the remaining cells
were distributed among the wells of three 24-well plates
containing 1.5 ml of medium per well. After 3—4 hr the cells
were treated with three or more concentrations of inducers
dissolved in either dimethyl sulfoxide (DMSO) or water
(arsenicals and metal salts). A final concentration of 0.2%
(vol/vol) DMSO was present in all assays. After a further 48
hr, 100 pl of medium was removed from each duplicate well
and assayed for GH (Allégro HGH Transient Gene Expres-
sion Assay Kit; Nichols Institute, San Juan Capistrano, CA).
CAT and B-galactosidase assays were performed (23), and
viability was determined by staining with crystal violet (24).

Standardization of GH Gene Expression Assay. Basal GH
secretions in six independent transfections with p41-284GH
in Hep G2 cells were as follows (ng of GH secreted per ml of
medium in 48 hr; means of n replicates * the coefficient of
variation): 2.20 = 2,3% (n = 6); 2.67 = 6.9% (n = 6); 2.80 %
§.2% (n = 6); 3.27 * 5.4% (n = 5); 4.93 + 12.5% (n = 4); and
6.54 = 4% (n = 4). The mean GH production in these six
transfections was 3.92 ng/ml with an uncorrected interassay
coefficient of variation of +45.7%; after normalization for
transfection efficiency by B-galactosidase measurements and
for cell number (by staining with crystal violet), the interas-
say coefficient of variation decreased to +17%. Similar
results were obtained in transfections of Hepa 1clc7 cells.
Before transfection, neither Hep G2 nor Hepa 1clc7 cells
expressed detectable GH. Furthermore, GH added to the
assay systems (0~10 ng/ml; n = 6) was recovered quantita-
tively from the medium. GH addition did not alter the
expression of GH by Hep G2 cells transfected with p4l-
284GH.

Comparison of Human GH and CAT Measurements. DNA
elements involved in transcriptional regulation of phase 2
enzymes were previously identified by use of constructs
containing the CAT reporter gene (3, 4, 15-17). To perform
large numbers of assays rapidly and reproducibly, we chose
the human GH gene as reporter (22) because the GH radio-
immunoassay is simple, extremely sensitive, and highly
quantitative. Transfection of cells in a single 10-cm culture
plate permits more than 100 measurements and avoids prob-
lems associated with differences in transfection efficiencies.
To verify that GH and CAT assays gave directly comparable
results with our specific enhancer elements, we showed that
GH and the CAT assays performed in both Hepa 1c1c7 and
Hep G2 cells transfected with the p41YaCAT and p41-284GH
plasmids and treated with 2,3-dimercapto-1-propanol gave
parallel inductions (Table 1). In both cell lines, however, the
GH assay was much more sensitive and the inductive re-
sponse range (expressed as treated-to-untreated ratios) was
much higher in the GH assay than in the CAT assay. Similar
response patterns were observed with several other chemi-
cally unrelated inducers such as sulforaphane (data not
shown). The expression of GH by Hepa lclc7 and Hep G2
cells transfected with the enhancerless but promoter-
containing plasmids (187YaCAT and p284GH) was not in-
creased by any of the inducers.

2-G7
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Table 1. Responses to 2,3-dimercapto-1-propanol of CAT and
human GH transient gene expression assays in Hepa lclc7 and
Hep G2 cells

Response ratio
(treated/untreated) of cells

CAT GH
2.3-Dimercapto- Hepa Hep Hepa Hep
1-propanol, uM lele? G2 1cle? G2

25 1.6 13 28 2.7
50 2.5 2.6 5.0 6.9
100 3.5 4.7 6.9 18.5

The cells were transfected with the CAT reporter p41YaCAT or
the GH reporter p41-284GH.

We conclude that the GH transient gene expression assay
in Hep G2 cells is a highly sensitive, quantitative, and
reproducible measure of transcriptional regulation and that
the results obtained parallel those of CAT assays.

Measurement of Potency for Induction of QR. The inducer
potency of all compounds was determined with Hepa 1clc7
cells grown in 96-well microtiter plates (24, 25). The inducers
were added in either DMSO or water. A final concentration
of 0.2% DMSO was present in all wells. The CDqg (concen-
tration required to double QR specific activity) values shown
in Table 2 are lower than those reported previously (12),
probably due to minor modifications [use of fetal calf serum
treated with charcoal (1 g/100 mi) for %0 min at 55°C, and the
inclusion of 0.2% DMSQ in all assays).

RESULTS AND DISCUSSION

Comparison of Efficiencies of Inducer Responses of Plasmids
p26-284GH and pd1-284GH in Transient Gene Expression
Assays. Prior studies of the mouse enhancer sequence used
the entire 41-nt segment containing both AP-1-like sites and
additional flanking sequences (Fig. 1). To determine whether
the two AP-1 sites are sufficient for maximal induction, we
compared the expression of GH by the complete construct
pd1-284GH and by p26-284GH. which contains both of the
AP-1-like sites but lacks 10 of the 5’ base pairs and 5 of the
3' base pairs of the 41-mer (Fig. 1) originally identified to
contain the enhancer element in the mouse and rat upstream
regions (16, 18, 26, 27). GH expression was measured with a
series of concentrations of the following inducers (for struc-
tures, see Table 2): l-nitro-l-cylcohexene (1), trans-4-
phenylbut-3-en-2-one (10), tert-butylhydroquinone (14), sul-
foraphane (15), 2,3-dimercapto-1-propanot (21), phenylarsine
oxide (26), sodium arsenite (27), mercuric chloride (28),
phenyimercuric chloride (31), 1,2-dithiole-3-thione (33), and
B-naphthoflavone (34) (Fig. 2).

The basal levels of GH production by both plasmids were
essentially identical when corrected for cell number and
transfection efficiency. All of these compounds produced
concentration-dependent inductions of GH synthesis. Sur-
prisingly, the maximal elevations of GH produced by these
compounds in cells transfected with p26-284GH were low
compared with experiments with p41-284GH (Fig. 2). How-
ever, the results obtained with p26-284GH were comparable
to those observed by us (data not shown) and others with
similar enhancer sequences in CAT assays (19). Thus, max-
imal inductions obtained with p26-284GH were 3.5-fold with
60 uM trans-4-phenylbut-3-en-2-one and 100 uM 1.2-dithiole-
3-thione. The absolute induction ratios obtained with the
plasmid containing the larger insert were dramatically higher;
the highest induction ratios were 24.6-fold for 60 uM fert-
butylhydroquinone and 22.5-fold for 6 M sulforaphane. All
compounds tested showed this difference in induction ratios
for the two constructs, but the effects with phenylarsine

Filed 05/08/2008
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Fig. 2. Effect of different concentrations of inducers on GH
production in Hep G2 cells transfected with p41-284GH (Upper) or
p26-284GH plasmids (Lower). The compounds are numbered as in
Table 2 and their concentrations (M) were as follows: 1, 1-nitro-
1-cyclohexene (2.5, 5.0); 10, trans-4-phenylbut-3-en-2-one (20, 40,
60); 14, tert-butylhydroquinone (20, 40, 60); 15, sulforaphane (1.5,
1.0, 6.0); 21, 2.3-dimercapto-1-propanol (25, 50, 100); 26, phenyl-
arsine oxide (0.05, 0.10); 27, sodium arsenite (2.5, 5.0, 10.0); 28,
mercuric chloride (1.25, 2.5); 31, phenylmercuric chloride (0.5, 1.0,
2.0); 33, 1,2-dithiole-3-thione (25, 50, 100); 34, p-naphthoflavone
(0.5, 1.0, 2.0). Open bars, low concentration; shaded bars, double the
low concentration; solid bars, high concentration,

oxide, sodium arsenite, HgCl;, and phenylmercuric chloride
were smaller (Fig. 2). There were also large differences in the
responses to inducers when p41-284GH and p26-284GH were
transfected into Hepa 1c1c7 cells, although the magnitudes of
induction ratios in this cell line were somewhat smaller.

In similar experiments with the rat enhancer sequence,
Rushmore et al. (19) obtained only a 2- to 2.5-fold enhance-
ment of CAT expression. In contrast, Friling et al. (18), using
the 41-bp mouse enhancer sequence and the same inducers,
obtained a 5- to 6-fold elevation in CAT activity, which is in
accord with our resuits (Fig. 2). The responses of the mouse
and rat enhancer sequences to inducers may differ because
the 5' region of the mouse 41-bp enhancer contains the core
ETS protein DNA-binding sequence GGAA (28) near the first
AP-1-like site. Adjacent ETS and AP-1 sites are known to
confer dramatic synergism on gene expression (29). The rat
gene lacks the first AP-1-like site, because the critical A of the
AP-1 consensus is replaced by G (Fig. 1). Whether the

A. Quinone Reductase B. Growth Hormone

10 25

0% 74 6 8 1012 % 12 3 4 5 6.7

Sulforaphane Concentration (M)

Induction Ratio {Treated/Untreated)

Fi6. 3. Effect of increasing concentrations of sulforaphane on
QR specific activity (A) and GH production (B). B includes data from
two independent transfections, normalized for transfection effi-
ciency.
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Table 2. Potencies of inducers in enhancing GH production in
Hep G2 cells transfected with p41-284GH and in elevating QR
activity in Hepa 1c1¢7 cells

Inducer CDon. Rank CDog, Rank
No. Name uM  order pM  order

Michael reaction acceplors
0.98 5 0.46 5

1 1-Nitro-1-cyclohexene
2  2-Methylene-4-butyrolactone 24 8 4.5 12
3 3-Methylene-2-norbornanone 3.1 9 1.5 9
4 5.6-Dihydro-2H-pyran-2-one 8.8 12 6.7 16
§ 1-Cyclohexen-2-one - 15 17 9.1 17
6 1-Cyclopenten-2-one 80 25 3 n
7 2(5H)-Furanone 240 28 36 23
8 2H-Pyran-2-one In 29 In 29
9 Coumarin In 29 In 29
10 trans-4-Phenylbut-3-en-2-one 16 20 15 20
Diphenols and quinones
1t Hydroquinone 12 16 53 14
12 Catechol 8.5 11 4.5 12
13 Resorcinol In 29 in 29
14  tert-Butylhydroguinone 1 14 6.0 15
Isothiocyanates

0.43 3 0.21 4
0.70 4 37 11

15 Sulforaphane
16 Benzyl isothiocyanate

17 Phenyl isothiocyanate In 29 In 29
Peroxides

18 Hydrogen peroxide 210 27 5e0 28

19 tert-Butyl hydroperoxide po] 23140 b2

20 Cumene hydroperoxide 21 21 210 26
Mercaptans

21 (%)-2,3-Dimercapto-1- 2% n R 19

propanol

22 3-Mercaptopropine-1,2-diol In 19 In 29

23  1,2-Ethanedithiol 15 17 2 21

24 2-Mercaptoethanol 180 26 170 25

28 (=)-1.4-Dithiothreitol In 29 In 29
Trivalent arsenicals

26 Phenylarsine oxide ‘ 0047 1 0057 2

27 Sodium arsenite 11 14 2.4 10
Heavy metal salts

28 HgCl 19 6 (.52 6

29 CdCh 7.3 10 1 18

30 ZnCl, 73 24 220 27

31 Phenylmercuric chloride 2 7 0.12 3

32 p-Chloromercuribenzoate 92 13 1.1 8
Other inducers

33 1,2-Dithiole-3-thione 15 17 1.0 7

34 p-Naphthoflavone 0051 2 0.029 1

Rank order refers to potencies. When two compounds were
equipotent they were assigned the same rank, and the subsequent
rank was omitted. Inactive {In) is defined as less than a 20% increase
in the induction ratio (treated/untreated) at the highest concentration
-at which there was less than 50% cell toxicity. (Structures are shown
at top of next column.)

differences in the inducer response of the mouse and rat
enhancers can be attributed to this change requires further
mutation and deletion experiments.

Comparison of Potencies of Inducers in Enhancing GH
Production in Hep G2 Cells Transfected with p41-284GH and
in Elevating QR Activities in Hepa Ie1c7 Cells. To determine
whether the transcriptional activation mediated through the
41-bp enhancer element accounted for the entire phase 2
enzyme induction produced by all classes of inducers, we
compared the concentrations of inducers required to double
GH production (CDgu) and QR activity (CDgg) in the two
systems. Typical response curves for sulforaphane (0-10
#M) are shown in Fig. 34 (QR induction) and Fig. 38 (GH
production). Notably, the response ratios at high concentra-

2-G9
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tions of sulforaphane (6 uM) were much higher in the GH
assay (22-fold) than in the QR assay (6.4-fold). These graphs
generated CDqgg = 0.21 % 0.05 uM and CDgu = 0.42 £0.18
1M for sulforaphane (Table 2).

An extraordinary diversity of chemical compounds are
active in both systems. Various chemical classes of com-
pounds were tested (Table 2); (i) Michael reaction acceptors
(olefins conjugated to electron-withdrawing functions). As
shown for QR induction (12, 13), the potency orders for GH
production paralleled the electrophilicity of these com-
pounds. For example, 1-nitro-1-cyclohexene (CDgu = 0.98
#M; CDgr = 0.46 pM), with the olefin conjugated to the
powerful electron-withdrawing nitro group, is much more
potent in both systems than coumarin (inactive) which is an
olefinic lactone. (i) Diphenols. Oxidizable diphenols—
hydroquinone, catechol, and tert-butylhydroquinone—were
all comparably potent in both systems, whereas the nonox-
idizable resorcinol was inactive (30). (iii) Isothiocyanates.
Sulforaphane was very potent, benzyl isothiocyanate less
potent, and phenyl isothiocyanate inactive (12). (iv) Perox-
ides. These compounds were all weakly active. Cumene
hydroperoxide was slightly more active than tert-butyl hy-
droperoxide, and both compounds were considerably more
active than hydrogen peroxide, which induced weakly in both
systems (13). (v) Mercaptans. Mercaptans (which are not
electrophiles) were especially active when two thiol groups
were adjacent, as in 1,2-ethanedithiol and 2,3-dimercapto-1-
propanol (14). 2-Mercaptoethanol was only weakly active,
and both dithiothreitol and 3-mercaptopropane-1,2-diol were
inactive. Thus two adjacent thiol groups appear to lead to
significant inductive potency (14). (vi) Trivalent arsenicals.
Phenylarsine oxide was the most potent inducer tested and
was very much more potent than sodium ‘arsenite (14). (vii)
Heavy metal salts. HgCla, CdCls, and ZnCly were also
inducers, with potencies decreasing in this order, which
parallels their binding affinity for sulfhydryl groups (14). (viii)
Other inducers. The metabolizable polycyclic aromatic hy-
drocarbon B-naphthoflavone, & bifunctional inducer, was
also a very potent transcriptional activator, doubling the GH
production at a concentration of only 0,051 uM. Further-
more, 1,2-dithiole-3-thione also enhanced transcriptional ac-
tivation through the same enhancer element.
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Table 2 shows that 6 of 34 compounds from the eight
chemically dissimilar classes were inactive in both systems
and none was inactive in only one system. The remaining 28
active inducers ranged in potencies over nearly four orders of
magnitude from phenylarsine oxide (CDgu = 0.047 uM:
CDgg = 0.057 uM) to hydrogen peroxide (CDgu = 210 uM:
CDgr = 560 uM), and many compounds were nearly equi-
potent in the two assay systems. A plot of potencies of QR
induction with respect to potencies of GH production for all
active inducers (Table 2) gave a good linear correlation. with
an r value of 0.89 and a slope of 0.89 (Fig. 4). We conclude
that the induction of QR by all of the very different types of
inducers is probably mediated entirely through the 41-bp
enhancer element and that GH production and QR induction
are controlled by the same or very similar rate-limiting
processes. Furthermore, comparison of absolute CD values
in the two assays gave a linear correlation (r = 0.64), and the
slope of the correlation line was 1.17, indicating that the
compounds were nearly equipotent in the two assays.

Conclusions, We have demonstrated that a 41-bp enhancer
element from the 5’ upstream region of the mouse glutathione
transferase Ya gene (20) is responsive to a wide variety of
xenobiotic compounds that also induce phase 2 detoxication
enzymes in cultured cells and in animals. Transcriptional
activation through this element accouats for most, if not all,
of the enzyme elevations produced by these inducers. The
inducers belong to many different chemical classes; most
contain electron-deficient centers and their potencies parallel
the strengths of the electron-withdrawing functions. Further-
more, inducers are also substrates for glutathione trans-
ferases, thus emphasizing their electrophilicity (13). Para-
doxically, dimercaptans were also found to be inducers, The
only apparently universal property of all inducers is their
capacity for reaction with sulfhydryl groups (by oxidoreduc-
tion or alkylation), We suggest, therefore, that a mechanism
involving protein thiol modifications modulates the transcrip-
tional activations mediated by the 41-bp enhancer element. In
this connection, it is of considerable interest that the redox
state of sulfhydryl groups has been implicated in AP-1
binding to DNA (31-33).
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Abstract

Organic isothiocyanates block the production of tumors induced in
rodents by diverse carcinogens (polycyclic aromatic hydrocarbons, azo
dyes, ethionine, N-2-fluorenyl ide, and nitrosamines). Protection is
afforded by a-naphthyl-, B-naphthyl-, phenyl-, benzyl-, phenethyl-, and
other arylalky!l isothiocyanates against tumor develop in liver, lung,
mammary gland, forestomach, and esophagus. Many isothi and
their glucosinolate precursors (B-thioglucoside, N-hydroxysulfate) occur
naturally and sometimes abundantly in plants d by | eg.,
cruciferous vegetables, Nevertheless, the possible contributions of isothio-
cy and gl | to the well recognized protective effects
against cancer of high consumptions of vegetables are unclear. The anti-
carcinogenic effects of isothiocyanates appear to be mediated by tandem
and cooperating mechanisms: (a) suppression of carcinogen activation by
cytochromes P-450, probably by a combination of down-regulation of
enzyme levels and direct inhibition of their catalytic activities, which
thereby lower the levels of ultimate carcinogens formed; and (b) induction
of Phase 2 enzymes such as glutathlone transferases and NAD(P)H:

reduct: which d fy any residual electrophilic metabolites
genersted by Phase 1 enzymes and thereby destroy their ability to damage
DNA. Since isothiocyanates block carcinogenesis by dual mechanisms and
are already present in substantial quantities in human diets, these agents
are ideal candidates for the development of effective chemoprotection of
humans against cancer.

Introduction

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

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

As shown in Fig. 1, a number of other products may also arise from

! Presented at the 4th 1 jonal C is & Radiation
Protection, April 18-23, 1993, Baltimore, MD. Sludm fmm the laboratory of the authors
were supported by a grant ftom the National Cancer Institute, Department of Health and
Human Services (PO1 CA 44530), Y. Z. is a Fellow of the Cancer Research Foundation
of America,

the hydrolysis of glucosinolates by myrosinase. The quantities and
nature of these products are variable and appear to be controlled by
the chemical nature of the glucosinolate, the pH, and the origin and
multiplicity of the myrosinases. A full discussion of the formation of
these products is provided by Fenwick et al. (2).

Our interest in isothiocyanates stemmed from the observations that
several members of this family of substances could block the toxic
and neoplastic effects of a wide variety of chemical carcinogens (6).
Furthermore, many isothiocyanates are monofunctional inducers of
Phase 2 enzymes (7, 8), a property that is associated with protection
against chemical carcinogenesis (9). Recently, a very potent isothio-
cyanate inducer (sulforaphane) has been isolated from broccoli (10).
These observations point to the potential importance of isothiocya-
nates as chemoprotectors against cancer in humans.

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

Chemical Properties and Metabolism of Isothiocyanates

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

R'-OH R'~SH R'=NH,
-—\ .l_'
- -
- .-
e l e
i e
R~N=C=3§
- -~
- ~a
- e
- t-
- Y
R~-NH ~C =5 R-NH=-C=58 R=NH =-C =28
- R' é-R' NH - R!'

thiourea detivatives, respectively.

These reaction products have been useful for the spectroscopic
identification and characterization of isolated isothiocyanates. The
—NCS group of isothiocyanates absorbs UV light with low intensity
near 240 nm (a,, about 1000 M~' cm™"), Reactions of isothiocyanates
with monothiols at pH 7-9 yield thiocarbamates (carbamate thio-
esters) that show markedly enhanced UV absorption intensity (a,,
10,000 M~' cm~') and a characteristic maximum at 270 nm with a
broad shoulder near 250 nm (11-13). Zhang et al. (13) have reported
recently that isothiocyanates react with vicinal dithiols, such as 2,3-
dimercaptopropanol or ethane-1,2-dithiol, to give rise initially to the
expected monothiocarbamates. However, upon further incubation
these primary products undergo attack by the free thiol group on the
electrophilic carbon, resulting in a cyclization reaction with release of
the free amine (13, 14). Thus the reaction of any R-NCS with
ethane-1,2-dithiol, 2,3-dimercaptopropanol, and 1,2-benzenedithiol
gives rise to ethylene trithiocarbonate (1,3-dithiolane-2-thione, A,
316 nm; a, 16,500 m~' cm™), 4-hydroxymethyl-1,3-dithiolane-2-
thione (A, 316 nm; a,, 16,400 m™' cm™"), and 1,3-benzodithiole-2-
thione (A, 363 nm; a,, 22,500 M~" em™"), respectively. Based on the
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Fig. 1. Hydrolysis of glucosinolates by myrosinase and formation of isothiocyanates
and other products {from Pessina et al. (5)].

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

Metabolism of Isothiocyanates in Vivo. Whereas the nonenzy-
matic reaction of GSH? with benzyl-NCS is rapid, this reaction is also
catalyzed by rat liver cytosols, presumably promoted by the glutathi-
one transferases present in these preparations (15). The principal
metabolic products of isothiocyanates administered p.o. to mammals
are the corresponding thiocarbamates. When six male volunteers were
fed about 100 umol of benzyl-NCS, 53.7% of the dose administered
was excreted in the urine as N—acetyl-S-(N-benzylthiocarbamoyl)-l.—
cysteine, a mercapturic acid, in the first 12 h. No other metabolites
were detected, and the excretion appeared to be complete in this
period (16). Similar results were observed in two men and two women
who were fed watercress, a rich source of phenethyl-NCS and its
glucosinolate (gluconasturtiin), which is hydrolyzed by the myrosi-
nase present in this plant (17). When 30- or 57-g portions of fresh
watercress (containing 0.72 mg of gluconasturtiin/g) were consumed
by each individual, 30 to 67% of the phenethyl-NCS was excreted as
N-acetylcysteine derivative in the urine in 24 h, and the majority of
this conjugate was recovered within the initial 8 h (17). This experi-
ment does not provide unequivocal evidence for the hydrolysis of the
glucosinolate to isothiocyanate in the body, since no information on
the content of free phenethyl-NCS in the watercress was provided.
Furthermore, it is not clear whether breakdown of the glucosinolate to
isothiocyanate resulted from the myrosinase activity of the watercress
or from enzymes present in the test subjects (either in the host tissues
or the microbial flora of the gastrointestinal tract). We are not aware
of any experimental information on the ability of human subjects to
hydrolyze glucosinolates to isothiocyanates.

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

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

— e

2 The abbreviations and definitions used are: GSH, gl QR, quinone
{NAD(P)H:(quinone acceptor) oxidoreductase; EC 1.6.99.2; GST, glutathione trans-
ferases (EC 2.5.1.18); Phase | enzymes (principally cytochromes P-450) functionalize
xenobiotics largely by oxidative or reductive reactions; Phase 2 enzymes conjugate

ionalized compounds with g ligands (e.g.. GSH, glucuronic acid). QRis
classified as a Phase 2 enzyme. Monofunctional inducers clevate Phase 2 enzymes without
intervention of the Ak (Aryl hydrocarbon) receptor and do not significantly affect Phase
| enzyme activities: DMBA, 9,10-di ethyl-1,2 hracene; NNK, 4-(methylnitro-

samino)-1-(3-pyridyl)-1-butanone; 1.g., ln(r'ugasuicnlly.

_generally regarded as a detoxication mechanism, recent attention has

been directed to the role of GSH and cysteine conjugates (thiocar-
bamates) as a means of transporting isothiocyanates to peripheral
organs where they can undergo cleavage and contribute to toxicity
(22, 23) or induce enzymes that protect against toxicity (see below).

Isothiocyanates as Protectors against Chemical Carcinogenesis

The capacity of organic isothiocyanates to block chemical carcino-
genesis was recognized 30 years ago (24, 25). Interest in naphthyl-
NCS arose from its ability to produce profound proliferative damage
in the liver. In long-term feeding experiments a-naphthyl-NCS sig-
nificantly reduced (ina dose-dependent manner) the formation of liver
tumors by 3'-methyl-4-dimethylaminoazobenz,ene, ethionine, and
N-2-fluorenylacetamide in male Wistar rats. Furthermore, animals fed
o-naphthyl-NCS did not develop ear duct carcinomas and leukemia,
unlike rats receiving the N-2-fluorenylacetamide alone (24, 25).
Lacassagne et al. (26) confirmed and extended these findings by
demonstrating that not only dietary c-naphthyl-NCS but also B-naph-
thyl-NCS (which does not cause marked proliferative changes in the
liver) blocked hepatic tumor formation in rats fed 4-dimethylamino-
azobenzene. Both isothiocyanates produced profound effects on he-
patic enzymes that metabolize xenobiotics (27, 28).

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

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

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

The effects of isothiocyanates on lung tumors resulting from administra-
tion of the potent tobacco-derived nitrosamine carcinogen NNK have been
studied intensively and reviewed recently by Chung (39). In male F344 rats,
phenethyl-NCS was fed for 1 week prior to and during the course of
treatment with NNK (1.76 mg/kg s.c., 3 times weekly for 21 weeks). At the
termination of the experiment (104 weeks), the pulmonary tumor incidence
(adenomas and carcinomas) was reduced from 80% to 43% by the isothio-
cyanate treatment, which also inhibited the methylation and pyridyloxobu-
tylation of lung DNA (32)-

In shorter term experiments, female A/J mice received 5 wmol of
various phenyl-(CH,),-NCS (n = 0-6) daily by gavage for 4 days.

1977s
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Table | Protection against chemical carcinogenesis by aryl and arylalkyl isothiocyanates in rats and mice

Species

Carcinogen (sex/strain) Tumor target organ Protective isothiocyanate Ref.

3'-Me-DAB” Rat (4, Wistar) Liver a-Naphthyl- Sasaki (25)

Ethionine Rat (3. $-D) Liver a-Naphthyl- Sidransky er al. (24)

AAF Rat (d, Wistar) Liver, leukemia, ear duct a-Naphthyl- Sidransky et al. (24)

DAB Rat (8. Wistar) Liver a- and B-naphthyl- Lacassagne et al. (26)

DMBA Rat (%, 8-D) Mammary gland Phenyl—, benzyl-, phenethyl- Wattenberg (29, 30)

bMBA Mouse (2, [CR/Ha) Lung, forestomach Benzyl-, phenethyl- Wattenberg (29)

BP Mouse {2, [CR/Ha) Forestomach Benzyl- Wattenberg (29)

DEN Mouse (2, A/D) Forestomach Benzyl- Wattenberg (31)

BP Mouse (2, A/J) Lung, torestomach Benzyl- Wattenberg (31)

NNK Rat (&, F344) Lung Phenethyl- Morse et al. (32)

NNK Mouse (2, A/ Lung Phenyl- (CH,)p~(n = 0-6) Morse er al. (33-35)

NBMA Rat (3, F344) Esophagus Phenethyl- Stoner er al. (36, 37)
“3'-Me-DAB, 3'-methyl-4-dimethylami t DAB. 4-dimethylami t AAF, N-2-fl y ide; BP, benzo(a)pyrene; DEN, diethylnitrosamine; NBMA,

N-nitrosobenzylmethylamine.

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

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

Tumors of the Esophagus. Stoner ef al. (36) have reviewed their
studies on the inhibition by phcnethyl-NCS of esophageal tumor
production in the rat by the asymmetrical nitrosamine, N-nitrosoben-
zylmethylamine. The importance of these studies derives from the
belief that N-nitroso compounds and their precursors are probably
causative factors for esophageal cancers in some high incidence
regions (37). Male F344 rats treated with N-nitrosobenzylmethyl-
amine, (0.5 mg/kg s.c. once per week for 15 weeks) developed 100%
esophageal tumors at the end of the 25-week assay period, and the
tumor multiplicity was 11.5/animal. In experimental groups also fed
phenethyl-NCS (3 pmol/g of diet), tumor incidence was only 13% and
average tumor multiplicity was negligible (0.1 * 0.3/animal). At a higher
dose of phenethyl-NCS (6 umol/g of diet) no tumors were observed (37).,
Phenethyl-NCS treatment blocked the .formation of both preneoplastic and
neoplastic lesions in the esophagus; even at the lower dose of the isothio-
cyanate, there was complete inhibition of the appearance of the more ad-
vanced (papilloma and carcinoma) lesions (37).

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

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

cyanate hydrolysis products. The most clear-cut results have been
obtained with the DMBA-induced mammary tumors of the Sprague-
Dawley rat. Administration of large single doses of glucobrassicin
(indolylmethy! glucosinolate) or of glucotropaeolin (benzyl glucosino-
late) 4 h prior to the carcinogen substantially reduced both the incidence
(from 75% to 25-38%) and the multiplicity (from 1.25 to 0.50-0.69
tumor/rat) of mammary tumors. Administration of these glucosinolates or
of glucosinalbin (4-hydroxybenzyl glucosinolate) produced some reduc-
tion in the multiplicity, but usually not the incidence, of forestomach
tumors and pulmonary adenomas of mice treated with benzo(a)pyrene
(40). The interpretation of these experiments is complicated. It is not
known to what extent these glucosinolates are degraded in the rodent
bodies or to what extent the glucosinolates or their degradation products
are responsible for the tumor-blocking effects. If the glucosinolates are
hydrolyzed, it is not known whether endogenous or microbial enzymes
are responsible and what products are formed, These issues are especially
complicated for glucobrassicin, since three known degradation products
of this glucosinolate (indole-3-acetonitrile, 3,3'-diindolylmethane, and
indole-3-carbinol) are anticarcinogens and inducers of cytochrome P-450
(41, 42). A further potentially confounding effect is the conversion of
indole-3-carbinol under mildly acid conditions (such as prevail in the
stomach) to cyclic derivatives that bind at very low concentrations to the
Ah receptor and thereby become very potent inducets of cytochrome
P4501A1 (43).

Mechanisms: Effects of Isothiocyanates on Carcinogen
Metabolism

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

Ratio of enzyme
specific activities

Enzyme R-NCS Species (sex/strain) Tissue (treated/ control) Ref.
GST Benzyl-NCS Mouse (female; ICR/Ha) Esophagus 2.08-2.59 Spamins ef al. (38, 49, 50)
Forestomach 2.46
Liver 3.20
Small bowel 4,38-9.36
GST Benzyl-NCS Mouse (female; ICR/Ha) Forestomach 3.43-4.29 Benson and Barretto (51)
Liver 3.0-3.5 Benson et al. (52)
Lung 1.63-1.73
Kidney 1.35-1.37
Small bowel 5.27-8.31
Colon 1.25
GST Allyl-NCS Rat (male; F344) Liver 1.26-2.25 Bogaards et al. (53) .
. Small bowel 3.07-393
GST Phenethyl-NCS Rat (male; F344) Liver 13 Guo et al. (47)
GST Phenylbutyl-NCS Rat (male; F344) Liver 1.35 Guo et al. (57)
Phenylhexyl-NCS Liver 137
GST Sulforaphane Mouse (female; CD-1) Forestomach 1.08-3.00 Zhang et al. (10)
Erucin Glandular stomach
Erysolin
Liver
Small bowel
Colon
QR Benzyl-NCS Mouse (female; CD-1) Forestomach 257 Benson and Barretto (51)
Liver 2.05
Lung 282 Benson et al. (52)
Kidney 2.27
Small bowel 4,78
Colon 1.80
Bladder 241
QR Phenethy!-NCS Rat (male; F344) Liver 5.1 Guo et al. (47)
Lung ~1
Nasal mucosa ~1
QR Phenylbutyl-NCS Rat (male; F344) Liver 1.44 Guo et al. (57)
Phenylhexyl-NCS Liver 1.63
QR a-Naphthyl-NCS Rat (male; F344) Liver 2.844 Leonard er al. (27, 28)
B-Naphthyl-NCS Liver 223
QR Sulforaphane Mouse (female; CD-1) Forestomach 1.05-3.10 Zhang et al. (10)
Erucin Glandular stomach
Erysolin Liver
Small bowel
Colon

rates of activation of carcinogens and levels of Phase 1 enzymes; and ageal tumors by N-nitrosobenzylmethylamine in rats also paralleled

(¢) activities of Phase 2 enzymes and levels of GSH. inhibition of the binding of the carcinogen to DNA and the formation
Reactions of Carcinogens with DNA. There is a striking parallel of N7-methylguanine and Of-methylguanine.
between the inhibitory effects of various arylalkyl isothiocyanates on Regulation of Phase 1 Enzymes by Isothiocyanates. Administra-

lung tumor formation by NNK, the potent carcinogenic nitrosamine of  tion of isothiocyanates to rodents produced either increases or de-
tobacco, and the ability of these isothiocyanates to block 0S-methyl-  creases of microsomal cytochrome P-450 content and the activities of
guanine formation in lungs of rats and mice. The very systematic several cytochrome P-450-dependent mONOOXygenases. The effects
studies by Chung, Hecht and their colleagues should be consulted for  appear to depend on experimental conditions: the nature of the iso-
details [Refs. 32, 39, and 45; reviewed by Chung (46)]. These workers  thiocyanate; the treatment regimen; the target tissue examined; and
and others (46) have also studied the metabolic activation of NNK by the specific monooxygenase measured.
lung tissue and microsomes and have concluded that the chemopro- The most dramatic increases have been reported with indole-3-carbi-
tective isothiocyanates act principally on the enzymes involved in the nol and 3,3'-diindolylmethane and to a lesser degree with indole-3-
metabolic activation of NNK. By the use of inhibitory antibodies acetonitrile. These indoles are hydrolytic rearrangement products of glu-
specific for cytochromes P-450, Guo et al. (46) identified cyto-  cobrassicin (indotylmethyl glucosinolate). Single i.g. administrations of
chromes P4SOITB1 and 2 but not P4501A1 or P450IIEL as important  10-100 ol of these indoles to female Sprague-Dawley rats raised the
participants in the activation process. aryl hydrocarbon hydroxylase activities of homogenates of liver and
Similar experiments by Stoner ef al. (36, 37) have established that  smiall intestine as rmuch as 25-fold. Clearly these effects cannot be directly
the inhibitory clfects of phenethyl-NCS on the production of esoph- attributed to the actions of isothiocyanates (41). As already mentioned,
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recent experiments. (43) have shown that indole-3-carbinol is readily
converted both in vitro and in vivo, under mildly acid conditions to
polymeric indoles that bind with very high affinity to the A receptor, and
thereby enhance transcription of cytochrome P450[A1.

Single ig. doses (100 umol) of phenethyl-NCS to male F344 rats
caused marked increases of liver microsomal pentoxyresorufin O-de-
alkylase activity (10-fold) and the content of cytochrome P4501IB1
protein (6.6-fold) (47). In contrast, cytochrome P-450 content,
ethoxyresorufin O-dealkylase, and erythromycin N-demethylase activi-
ties all fell moderately during the first 12-18 h and then recovered by the
end of the experiment at 48 h (47). Although these effects appear to be
somewhat contradictory, the above-described treatment with phenethyl-
NCS depressed the formation of reactive metabolites of NNK by lung
(and to a lesser degree by liver) microsomes. The principal effect of
phenethyl-NCS appears to be depression of the a-hydroxylation of NNK
which is critical for DNA adduct formation. Furthermore, the direct
addition of a number of isothiocyanates to microsomes of rat and mouse
lungs and rat nasal mucosa potently depressed the metabolic activation
reactions of NNK. Thus, 50% inhibition was achieved by phenylethyl-
NCS at 120-200 nM, by phenylbutyl-NCS at 3075 nm, and by phenyl-
hexyl-NCS at 15-90 nM depending on the specific metabolites. The K
values for the inhibition of NNK metabolism by phenylhexyl-NCS were
very low (10.9~16.8 nm) for various reactions (57).

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

Although both a- and 8-naphthyl-NCS block neoplasia in the liver
(see above), dietary administration of these compounds to male F344
rats for 2—-4 weeks had opposite effects on cytochrome P-450 content
and monooxygenase activities of liver microsomes. Whereas the
a-naphthyl-NCS depressed total P-450 content, as well as ethoxycou-
marin O-deethylase and benzphetamine O-demethylase activities, the
B isomer had the opposite effects (27, 28). For instance, dietary
B-naphthyl-NCS (5.4 umol/g diet for 28 days) raised microsomal
cytochrome P-450 content, ethoxycoumarin O-deethylase, and benz-
phetamine N-demethylase 1.6-, 1.74-, and 2.2-fold, respectively (28).

In Hepa 1¢1¢7 murine hepatoma cells in culture, benzyl-NCS had
no effect on aryl hydrocarbon hydroxylase activity (8).

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

Regulation of Phase 2 Enzymes and Glutathione Levels by
Isothiocyanates

- In contrast to the complex effects of isothiocyanates on Phase 1
enzymes, the effect of these agents on Phase 2 enzymes of rodent
tissues is quite straightforward. Table 2 summarizes the changes in
specific activities of GST and QR in the cytosols of several organs of
mice and rats treated with benzyl-NCS, phenethyl-NCS, allyl-NCS,
a-naphthyl-NCS, B-naphthyl-NCS, ot sulforaphane [1-isothiocya-
nato-(4R)-(methylsulfinyl)butane). The compounds were given either
in the diet (3-34 umol/g diet) for 5-28 days or by i.g. administration
(5-100 pmol in single or several daily doses). The organs examined
included: liver; esophagus; forestomach; glandular stomach; small
bowel; colon; lung; kidney; and bladder. Inductions of GST and QR,
expressed as ratios of specific activities of tissues obtained from
treated and control animals varied from 1.2 to 9.4 and were mostly in
the 2-4-fold elevation range. Phase 2 enzyme induction, as repre-

Table 3 Effects of benzyl isothiocyanate on glutathione levels in female ICR/Ha mouse
tissues

Ratio of GSH
concentrations
Tissue (treated/control) Ref.
Esophagus 1.63-1.75 Sparnins et al. (49)
Forestomach 0.77 . Sparnins and Wattenberg (38)
Small bowel 1.64-1.66 Sparnins et al. (49)

Table 4 Induction of quinone reductase in Hepa Iclc? murine hepatoma cells by

isothiocyanates®
Concenteation required
to double QR

Isothiocyanate (um)
Sulforaphane [CH;SO(CH,),NCS] 0.2
N-Hexyl-NCS 15
Benzyl-NCS 19
Cyclooctyl-NCS 10
Cyclohexyl-NCS 50

@ From Prestera et al. (55).

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

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

Much has been learned about the chemical structure and mecha-
nism of induction of chemoprotective compounds by the measurement
of QR activity in Hepa 1clc7 murine hepatoma cells in culture (7),
and especially in cells grown in 96-well microtiter plates (56). Ele-
vation of QR in this cell line accurately predicts induction of both QR
and GST in animal tissues. This system played a critical role in the
identification of sulforaphane as the major Phase 2 enzyme inducer in
SAGA broccoli (10). Extensive information is now available on the
inducer potency of a wide variety of isothiocyanates in Hepa cells.
Some illustrative inducer concentrations required in the assay system
to double the specific activity of OR in Hepa 1¢1c7 murine hepatoma
cells are given in Table 4.

In an effort to understand the basis for the high inducer potency of
sulforaphane, a large number of bifunctional isothiocyanates were re-
cently synthesized and evaluated as inducers (58). It was found that
among these analogues, the methylsulfinyl group (CH,S0—) of sulfora-
phane could be replaced by either CH,CO-- or CH,S0,— groups
without significant effect on inducer potency. For optimal potency, these
functional groups had to be separated from the ~NCS function by 3 or
4 carbon atoms. In some of the analogues, the link separating the two
functions was flexible whereas in others it was relatively rigid. Certain
bifunctional norbornyl-NCS analogues were potent inducers of QR in
murine hepatoma cells and inducers of QR and GST in mouse tissues.

Since there is much persuasive evidence that induction of Phase 2
enzymes plays a major role in the chemoprotective effects of many
different classes of compounds (9), it appears very likely that isothio-
cyanates also exert at least a part of theit protective actions through
this mechanism. Isothiocyanates are potent electrophiles like most
other inducers of Phase 2 enzymes (7, 54, 55). Isothiocyanates resem-
ble other monofunctional enzyme inducers in that they stimulate
transcription of Phase 2 enzymes via a common AP-1-like enhancer
element present in the upstteam regulatory regions of certain GST and
QR genes (54, 55).

References

1. Challenger, F. Aspects of the Organic Chemistry of Sulphur, pp. 151-161, London:
Butterworths, 1959,

19805

2-G15




Case 1:07-cv-07844-SAS Document 42-23

wooN

>

b

~

oo

w

20.

21

=

22

2

25.

26,

-3

27,

2

2.

30.

31

32,

33

. Kjaer, A.

b

*

Filed 05/08/2008 Page 16 of 26

ANTICARCINOGENIC ACTIVITIES OF ORGANIC {SOTHIOCYANATES

. Feawick, G. R., Heaney, R. K., and Mullin, W. J, Glucosinolates and their breakdown

products in food and food plants. CRC Crit. Rev. Food Sci. Nutr., 18: 123-201, 1983,
ily derived isothi (mustard oils) and their parent glucosides.

O%-methylguanine f ion and ism of
)-1-(3-pyridyl)-1-butanone in

Y on tumori,
the tobacco-specific ni ine 4-(
A/} mouse lung. Cancer Res., 49 2894-2897, 1989,

2-G16

Fortschr. Chem. Org. Naturst,, /8: 122-176, 1960. 34. Morse, M. A,, Eklind, K. [, Hecht, S. 8., Jordan, K. G., Chei, C-1., Desai, D. H,,
Tookey, H, L., Van Etten, C. H., and Daxenbichler, M. E. Glucosinolates. /n: I. E. Amin, S. G., and Chung, F-L. ctivity relationship for inhibition of 4-(meth-
Liener (ed.), Toxic Constituents of Plant Foodstuffs, Ed. 2, pp. 103142, New York: ylnitrosamino)-1-(3-pyridyl)- 1-butanone lung tumorigenesis by arylalkyl isothiocya-
Academic Press. 1980, nates in A/J mice, Cancer Res., 51: 1846-1850, 1991.

Pessina, A., T?umas. R. M, Palfnieri, S., and Luisi, P. L. An \mpmvedAr:\e‘:ho(! forthe  35. Morse, M. A., Reinhardt, J. C., Amin, 5. G., Hecht, S. ., Stoner, G. D., and Chung,
purification of myrosinase and its physi ical ch izati ch. F-L. Effect of dietary ic isothiocy fed sub 1o the administration
Biophys., 280: 383389, 1990. , ) of 4-(methylnitrosamino)-1-(3-pyridyl)-1 on lung tumorigenicity in mice.
Wattenb L. W. Inhibition of Carcinogenesis by Minor Dietary Constituents. Cancer Lett,, 49: 225-230, 1990.

Cancer Res. (Suppl.), 52: 20855-2091s, 1992. o 36. Stoner, G. D., Mandal-Chaudhuri, S., Daniel, E. M., Heur, Y-H., and Morrissey,
Talala_y, PA.. De Long, M J., and Prgchaska, H. J. Identification o'l' a gﬁmr{loq D.T. Ch ion of } cancer by ellagic acid and phenethyl isothio-
gen}ml S-sgsalpkegu:nns the Induction of Enieymas "?2'6 I;w:;vgsﬂs“ﬂ!' emica cyanate. [n: L. Watienberg, M. Lipkin, C. W. Boone, and G. J. Kelloff (eds.), Cancer
P 'CLHOE:"CE'S'J roc& _;tll.lAcacli; S,,c" L{SA‘ 8‘?', 2‘6 " 'f e ional and Chemoprevention, pp. 407-439. Boca Raton, FL: CRC Press, 1992.

- Prochaska, H. 1., anc 1alaiay, ©. SeBEE ‘ ms of and 39 Stoner, G. D., Morissey, D. T., Heur, Y-H,, Daniel, E. M., Galati, A. J., and Wagner,
Bi A 8 Enzyme in Murine Liver. Cancer Res., 48: o N Aomieroc b ot
47764782, 1988 S. A. Inhibitory effects of phenethyl
Talalay, P. Mechani of Ind of Enzy that Protect against Chemical o v L“" ""; rat ¢sopl chloer }les.. 51: 2[)6{.’5—72068,.1991é
Carcinogenesis, Advan. Enzyme. Regul., 28: 237250, 1989. . v o . and W b T . ,° Nl A !

. Zhang, Y., Talalay, P., Cho, C-G., and Posner, G. H. A major inducer of anticarci- activity of the mouse Y of Lajpyren P
nogenic p Ny from b i+ isolation and elucidation of structure. of the forestomach. J. Natl, Cancer Inst,, 66: 769771, 1981,

Proc. Natl. Acad. Sci. USA, 89; 2399-2403, 1992. 39. Chung, F-L. Chemop n of lung carcinogenesis by ic isothiocyanates.

. Svétek, M., Zahradnik, R., and Kijaer, A, Absorption spectra of alkyl isothiocyanates In: L. W. w“,‘e“b"@' M. Lipkin, C, W. Boone, and G. I. Kelloff (eds.), Cancer
and N-alkyl monothiocarbamates. Acta Chem. Scand., 13: 442-455, 1959, Chemoptevention, pp. 227-245. Boca Raton, FL: CR(': Press. 1992.

Fabian, J., Viola, H., and Mayer, R, Quantitative Beschreibung der UV-S-Absorp- 40 w"“_’“_’“g- ;W-.'ﬂ{nle)gff\- B., 3“‘“):- gw Sparnins, v‘d['“; Lam, L':(. T; ﬂlﬂd
tionen Einfacher Thi | Verbind Tetrahedron, 23: 4323-4329, 1967. » O 2 y some minor dietary constituents. [n/
Zhang, Y., Cho, C-G., Posner, G. H., and Talalay, P, Spectroscopic quantitation of ‘s{éiHayu;hi et a:; (Gdﬁ-l)é BDGiﬂa Nutrition and Cancer, pp. 193-203. Tokyo: Japan
organic isothiocy by cycl jon with vicinal dithiols. Anal. Biochem., ence Society Press, -

205: 100-107, 1992, 41. Loub, W. D,, Wattenberg, L. W., and Davis, D. W. Aryl hydrocarbon hydroxylase

. Posner, G. H., and Cho, C-G. Alkyl and aryl isothiocyanates as masked primary induction in rat tissues by naturally occurring indoles of cruciferous plants. J. Natl.
amines. Tetrahedron Lett,, 33: 3599-3602, 1992. %anoel Inst., 54: 985-988, 1975. .

. Briisewitz, J., Cameron, B. D,, Chasseaud, L. F., Gétler, K., Hawkins, D. R., Koch, 42 attenberg, L. W., and Loub, W. D, Inhibition of polycycli ic hy b
H., and N icke, W. H. The bolism of benzyl isothiocyanate and its cysteine induced neoplasia by naturally occurring indoles. Cancer Res., 38; 1410-1413, 1978.
conjugate. Biochem. J., 162: 99-107, 1977. 43, Bjeldanes, L. F., Kim, 1-Y., Grose, K. R., Bartholomew, J. C., and Bradfield, C. A.
Mennicke, W, H., Gorler, K., Krumbiegel, G., Lorenz, D., and Rittman, N. Studies on Aromatic hydrocarbon responsiveness-receptor agonists generated from indole-3-
the metabolism and excretion of benzyl isothi in man. Xenobiotica, 4 carbinol in vitro and in vivo: Comparisons with 2,3, 7, 8-tetrachlorodibenzo-p-dioxin.
441447, 1988. Proc. Natl. Acad. Sci. USA, 88: 9543-9547, 1991,

. Chung, F-L., Marse, M. A, Eklind, K. I., and Lewis, J. Quantitation of human uptake 4. Block, G., Patterson, B., and Subar, A. Fruit, vegetables, and cancer p ion: A
of the anticarcinogen phenethyl isothiocyanate after a watercress meal. Cancer review of the epidemiological evidence. Nutr, & Cancer, 18: 129, 1992,
Epidemiol. Biomarkers & Prev., I: 383-388, 1992. 45. Morse, M. A., Eklind, K. L, Amin, 8. G., Hecht, S. S., and Chung, F-L. Effects of

. loannou, Y. M., Burka, L. T., and Matthews, H. B. Allyl Isothiocyanate: Comparative alkyl chain length on the inhibition of NNK-induced lung neoplasia in A/J mice by
dEi:lgu;iﬁgn ;n r;{ts and 1\1-:;ic:;, Tm:iicg‘l'; APPIX'-‘T';)T“DJ" 75: 173—181,;?93. ‘i i Erylalkzyl i;otl}i:c?nzws_.rfminogpemssis (L:ng.), 10;: 1757;;‘75:, 11;389. ;

ind, K. 1., Morse, M. A., an ung, F-L. Distril ution and metabolism of the . Guo, Z., Smith, T. J., omas, P. E., am ang, C. 5. Metabolic activation of

natural anticarcinogen phenethyl isothiocyanate in A/] mice. Carcinogenesis (Lond.), 4-(melhylniuosnmino):l-(3-pyridyl)-l-bntnnune as measured by DNA alkylation in
11: 2033-2036, 1990. vitro and its inhibition by isothiocyanates, Cances Res., 51: 47984803, 1991
Gérler, K., Krumbicgel, G., Mennicke, W. H., and Siehl, H-U. The metabolism of  47. Guo, Z., Smith, T. J., Wang, E., Sadrieh, N., Ma, Q., Thomas, P., and Yang, C. S.
benzyl isothiocyanate and its cysteine conjugate in guinea-pigs and rabbits. Xenobi- Effects of phenethyl isothiocyanate, a carcinogenesis inhibitor, on xenobiotic-metab-
otica, 12: 535-542, 1982. olizing enzymes and ni i bolism in rats. Carci is (Lond.), 13:
Mennicke, W. H., Gorler, K., and Krumbiegel, G. Metabolism of naturally occurring 2205-2210, 1992.

isothi in the rat, Xenobiotica, 13: 203-207, 1983, 48. Lewerenz, H-I., Plass, R., and Macholz, R. Effect of allyl isothiocyanate on hepatic
Bruggeman, L. M, Temmink, J. H. M., and Van Bladeren, P. I. Gl and MONOOXYE! and serum fi in tats. Toxicol. Lett., 44: 65-70, 1988,
Cysteine-mediated cytotoxicity of allyl and benzyl isothiocyanates. Toxicol. Appl. 49, Sparnins, V. L‘.. Chuan, J., and Wattenb L w of glutathi
Pharmacol., 83: 349-359, 1986, S-transferase activity of esophagus by phenols, lactones and benzyl isothiocyanate,
Baillie, T. A., and Slatter, J. G. Glutathione: a vehicle for the transport of chemically Cancer Res., 42: 1205-1207, 1982, .
reactive metabolites in vivo. Acc. Chem. Res., 24: 264270, 1991. 50. Sparnins, V. L., Venegas, P.L,and W L. W. Glutathi S- £
Sidransky, H., Tto, N., and Verney, E. Influence of a-naphthyl-isothiocyanate on liver activity: ent by compounds inhibiting ical i and by
tumorigenesis in rats i i hionine and N-2-fl yl ide. I. Natl. Cancer dietary constituents. J. Natl. Cancer Inst., 68: 493496, 1982,

Inst., 37: 677-686. 1966. 51. Benson, A. M., and Baretto, P. B. Effects of disulfiram, diethyldithiocarbamate,
Sasaki, S. Inhibitory effects by phthyl-isothiocy on develop of hepa- bisethylxanth and benzyl isothi on g i £ ivities in
toma in rats treated with 3'-methyl-4-dimethyl-ami J. Nara Med. mouse organs, Cancer Res., 45! 4219-4223, 1985,

Assoc., 14: 101-115, 1963. ’ 52. Benson, A. M., Barretto, P. B,, and Stanley, J. S. Induction of DT-diaphorase by
Lacassagne, A., Hurst, L., and Xuong, M. D. Inhibition, par deux naphthylisothio- anticarci ic sulfur pounds in mice, J. Natl, Cancer Inst., 76 467473, 1986.
y , de 1'hép 2! produite, chez le Rat, par le p iméthylami 53, Bogaards, J. J. P, Van Ommen, B., Falke, H. E., Willems, M. I., and Van Bladeren,
azobenzéne (DAB). C. R, Séances Soc. Biol. Fil, 164: 230-233, 1970. P. 1. Glutathione §- fi subunit induction patterns of brussels sprouts, allyl
Leonard, T. B., Popp, J. A., Graichen, M. E., and Dent, I. G. a-Naphthylisothi - isoth and goitrin in rat liver and small intestinal thucosa: a new approach for
induced alterations in hepatic drug metabolizing enzymes and liver morphology. Impli- the identification of inducing xenobiotics. Food Chem. Toxicol., 28: 81—88, 1990.
cations i icarci is, Carci is (Lond.), 2: 473-482, 1981, 54, Prestera, T., Holtzclaw, W. D, Zhang, Y., and Talalay, P. Chemical and molecular
Leonard, T. B., Popp, I. A., Graichen, M. E., and Dent, J. G, B-Naphthylisothi - gulation of enzymes that detoxify carcinogens. Proc. Natl, Acad. Sci. USA, 90:
nate-induced afterations in hepatic drug metabolism and liver morphology. Toxicol. 2965-2969, 1993
Appl. Pharmacol., 60: 527-534, 1981. 55. Prestera, T., Zhang, Y., Spencer, $. R., Wilczak, C., and Talalay, P. The electrophile
W berg, L. W. Inhibition of ¢ ic effects of polycyclic hydrocarbons by k resp p ion against neoplasia and toxicity. Advan. Enzyme
benzyl isothiocyanate and related compounds. J. Natl. Cancer Inst., 58: 395-398, Regul., 33: 281-296, 1993,

1977. 56. Prochaska, H. J., and Santamaria, A. B. Direct of NAD(P)H:
Wattenberg, L. W. Inhibition of i induced neoplasia by sodium cyanate, reductase from cells cultured in microtiter wells: A assay for anticarcino-
rert-butyl isocyanate, and benzyl isothiocyanate administered subsequent to carcino- genic enzyme inducers. Anal. Biochem., 169; 328-336, 1983.
gen exposure. Cancer Res., 4/: 2991-2994, 1981. 57. Guo, Z., Smith, T. J., Wang, E., Eklind, K. L, Chung, F-L., and Yang, C. 8.
Wattenberg, L. W. Inhibitory effects of benzyl isothiocyanate administered shortly Structure-activity relationships of arylalkyl i hil for the inhibition of
before diethylnitrosamine or benzo[a]pyrene on pulmonary and forestomach neopla- 4-(m:thylnilrosnmino)-l-(3-pyridyl)-1 lism and the modulation of
sia in A/l mice. Carcinogenesis (Lond.), 8: 1971-1973, 1987. bioti bolizi y in rats and mice. Carcinogenesis 14; 1167-1173,
Morse, M. A., Wang, C-X,, Stoner, G. D., Mandal, S., Conran, P, B., Amin, §. G., 1993,
Hecht, S. ., and Chung, F-L. Inhibition of 4-(methylni ino)-1-(3-pyridyl)-1-  58. Posner, G. H,, Cho, C-G., Green, J. V., Zhang, Y., and Talalay, P. Design and
butanone (NNK)-induced DNA adduct formation and tumorigenicity in lung of F344 synthesis of bifunctional i hil analogs of h correlation between
rats by dietary phenethylisothiocyanate. Cancer Res., 49; 549-553, 1989, structure and potency as ind of anticatcinogeni enzymes. J. Med.
Morse, M. A., Amin, S. G., Hecht, 8. S, and Chung, F-L. Effects of aromatic Chem. 37: 170176, 1994.
1981s




Case 1:07-cv-07844-SAS  Document 42-23  Filed 05/08/2008 Page 17 of 26

Cancer Chemoprevention, edited by L. Wr ‘berg, M. Lipkin, C.W. Boone and
u.J. Kelloff, CRC Press, Boca Raton, FL, 1%., pp- 469-478.

THE ROLE OF ENZYME INDUCTION IN PROTECTION
AGAINST CARCINOGENESIS'

Paul Talalay

Department of Pharmacology and Molecular Sciences
The Johns Hopkins University School of Medicine
Baltimore, Maryland

I. INTRODUCTION AND BACKGROUND

The notion that protection against the neoplastic effects of carcinogens can be achieved
by administration of chemical agents is by no means new. Twenty-five years ago, in a
review entitled "Chemo-prophylaxis of Carcinogenesis,” Wattenberg' recorded experiments
going back to 1929, in which chemical induction of tumors in rodents had been blocked by a
variety of chemicals, including polycyclic aromatic hydrocarbons, phenothiazines,
actinomycin D, a,B-unsaturated dicarboxylic acids and anhydrides, dichlorodiethyl sulfide
(mustard gas), metal jons, 2,3~dimercaptopropanol, 4-nitroquinoline N-oxide, and others.
Although mouse skin was the experimental model for most of these studies, protection was
also observed against systemic tumor formation in liver, mammary gland, and connective
tissue, thereby indicating that protection did not arise solely from a local interaction between
carcinogen and protector. One striking feature of these observations was that the protective
agents were often carcinogens themselves and that under appropriate experimental conditions
established carcinogens could act as protectors. Indeed, prior treatment with low doses ofa
carcinogen protected against higher doses of the same carcinogen.?

The striking finding of Richardson and Cunningham?® that small doses of 3-
methylcholanthrene (a potent carcinogen) provided substantial protection against the
generation of liver tumors by the azo dye butter yellow (3’-methyl-N,N,-
dimethylaminoazobenzene) was followed many years later by the demonstration of the
reverse phenomenon: protection against hydrocarbon (7,12-dimethylbenz(a) anthracene)-
induced mammary tumor formation in rats by small doses of the the azo dye, Sudan IIL.*

“This solicited summary of work from our laboratory on chemoprotection against cancer is
based on several recent reviews that are referenced in the bibliography. A similar chapter
will appear as part of the Proceedings of a Workshop on "Cellular and Molecular Targets for
Chemoprevention,” sponsored by the National Cancer Institute and held in Charleston, South
Carolina, on March 16-19, 1991.

R
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Insight into the mechanisms responsible for these phenomena was provided by James and
Elizabeth Miller and their coworkers,** who in the course of their analyses of the )
biochemical basis of chemical carcinogenesis attributed the protective effects to the greatly
enhanced rates of oxidative and reductive detoxication of the carcinogenic azo dye
(reduction of the azo linkage, ring hydroxylation, and N-demethylation) resulting from the
induction of enzymes of xenobiotic metabolism. The responsible enzymes are now known as
cytochromes P-450 (Phase I enzymes).” In retrospect this explanation is probably incomplete
because enhancement of metabolic conjugation by Phase II enzymes (see below) undoubtedly
also played a role in the protective phenomenon.

Carcinogenesis is a complex and protracted multistage process. Until recently,
reduction or avoidance of exposure to carcinogens and early diagnosis were the only hopes of
reducing the incidence of cancer or achieving better therapeutic results, It is now evident
that the events that occur between exposure to carcinogens and the ultimate development of
overt malignancy offer many opportunities for blocking or even reversing the neoplastic
process., Our laboratory has focused on developing strategies for protecting cells against the
effects of carcinogens by enhancing their metabolic inactivation, thereby promoting their
elimination and reducing the opportunities for damaging interactions with cellular
macromolecules.*® Several considerations make this an especially appealing target for
achieving chemoprotection: (a) protection is implemented at a very early step of the
carcinogenic process, before damage to DNA occurs; (b) the enzymology of the metabolic
reactions involved in carcinogen activation and inactivation is reasonably well understood; (c)
many inducers of enzymes of carcinogen metabolism have been identified and the structures
of others can now be predicted; and (d) a number of inducers of detoxication enzymes are
relatively nontoxic; some occur naturally in living matter, and others are already minor
components of the human diet.

II. ENZYME INDUCTION AND CHEMOPROTECTION

M M OF R EN

The critical importance of metabolic activation of chemical carcinogens to their
ultimate reactive forms was uncovered by the Millers and their colleagues™ to whom we owe
the central dogma of carcinogenesis: that ultimate carcinogens are electrophilic species that
enter into damaging interactions with nucleophilic centers on the bases of DNA and thereby
participate in carcinogenesis. These metabolic activations are generally promoted by one or
more members of the family of inducible cytochromes P-450 (designated Phase I enzymes),
which are membrane-bound hemoproteins that carry out mainly oxidations and reductions.
Many (perhaps the majority) of the metabolic reactions catalyzed by cytochromes P-450 do
not, however, lead to metabolic activations but to the formation of more water-soluble,
nonelectrophilic detoxication products. Prominent among enzymes responsible for activation
are cytochrome P-450IA1, involved in conversion of benzo(a)pyrene and other polycyclic
aromatics to highly carcinogenic diol epoxides, and cytochrome P-4501A2, which participates
in the enhancement of the carcinogenic functions of aromatic amines through their N-
hydroxylation. Both of these cytochromes P-450 are inducible by a mechanism that requires
the participation of the cytosolic Ak (Aryl hydrocarbon) receptor. The liganded Ah receptor
is transported to the nucleus where it binds and activates XRE (Xenobiotic Responsive
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Elements) in the upstream regions of these cytochrome P-450 genes.!! Strong evidence for
the importance of the Ah receptor in carcinogenesis is provided by the greatly reduced
susceptibility to carcinogens of inbred mouse strains that lack or have low levels of this
receptor. 21

Protection of cells against the very reactive electrophilic metabolites of carcinogens
and other xenobiotics is provided by the high intracellular levels of glutathione, which acts as
a nonctitical nucleophile scavenger to inactivate these toxic substances. Important defenses
against electrophile toxicity are also provided by families of Phase IT enzymes that inactivate
these electrophiles by conjugation with glutathione (glutathione S-transferases), or with
glucuronic acid (UDP-glucuronosyltransferases), or by hydrolysis. Another important
detoxication enzyme is NAD(P)H:quinone reductase (quinone reductase), which catalyzes the
obligatory two-electron reductions of quinones and thereby shields cells against the damaging
electrophilicity of quinones and their ability to generate oxidative stress by oxidative
cycling.* Phase II enzymes also conjugate and otherwise modify the nonelectrophilic
products of Phase I enzyme action.

A simplied general scheme for the role of Phase I and Phase 11 enzymes in carcinogen
metabolism is shown below:

DNA DAMAGE ——> NEOPLASIA

REACTIVE
ELECTROPHILES
(ULTIMATE
CARCINOGENS)
PHASE | PHASE Il
ENZYMES ENZYMES DETOXICATION
PROCARCINOGENS PRODUCTS
NONELECTROPHILIC
METABOLITES

The discovery by Wattenberg'*** that the phenolic antioxidant food additives, BHA
[2(3)-tert-butyl-4-hydroxyanisole] and BHT (2,6-di-tert-butyl-d-hydroxytoluene), protected
rodents against the the toxic and neoplastic effects of a variety of carcinogens provided an
important impetus to the development of the field of chemoprotection. Because these
phenolic antioxidants were already present in the human diet, and clearly could not be very
toxic, the prospects that other nontoxic chemoprotectors would be identified seemed much
brighter.

Our analysis of the mechanism of the protective effects of these agents led to the
startling observation that administration of phenolic antioxidants (and as subsequently shown,
a wide variety of other chemoprotectors) produced marked elevations of glutathione
transferases and other Phase I enzymes in many tissues without major effects on
cytochromes P-450 (Phase I enzymes)."”? These findings suggested strongly that elevation
of Phase I1 enzymes was a critical (and sufficient) condition for achieving chemoprotection.
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An obvious corollary of this conclusion was that the balance between Phase I and Phase II
enzymes could exercise critical control over the fate of carcinogens and that shifting this
balance toward Phase II enzyme predominance could result in protection against electrophile
toxicity and carcinogenesis. Subsequent observations from many laboratories have fully
corroborated these suggestions.

B. MODULATION QF ENZYMES OF CARCINOGEN METABOLISM AND CONTROL
b F

Since Wattenberg’s 1966 review! of chemoprotectors, the list of compounds capable
of protecting animals against the toxic and neoplastic effects of carcinogens has grown
substantially, both in number and chemical diversity.®* Chemoprotectors include not only
small doses of polycyclic aromatics (some of which are themselves carcinogens) and azo dyes
but also phenolic antioxidants such as BHA and BHT, coumarins, flavonoids, organic
isothiocyanates, thiocarbamates (for example, disulfiram, diethyldithiocarbamate,
bisethylxanthogen), 1,2-dithiole-3-thiones, indoles, and cinnamates,?? It was difficult to
understand how administration of such a bewildering variety of compounds could protect
against carcinogenesis. Yet many experiments showed that these chemoprotectors were
endowed with a singular and universal property: they were inducers of enzymes of xenobiotic
metabolism in many tissues in vivo and in a variety of cells in culture. Many lines of
evidence suggested that the ability to enhance the metabolic inactivation of carcinogens was
largely responsible for the chemoprotective properties of these agents.’

More detailed analysis of the enzyme induction patterns evoked by these
chemoprotectors led to the recognition that they fell into two quite distinct families, which we
have designated monofunctional and bifunctional inducers.** Monofunctional inducers
elevate the specific activities of Phase 11 enzymes without producing significant effects on the
activities of cytochromes P-450 that are under the regulation of the Ak receptor. By contrast,
bifunctional inducers are generally large planar aromatic compounds that bind to the Ah
receptor and elevate the activities of both Phase I and Phase II enzymes. Because elevation
of Phase II enzymes appears to be a sufficient condition for achieving protection against
carcinogenic electrophiles, and Phase I enzymes can participate in carcinogen activation,
chemoprotective strategies should ideally be implemented with monofunctional rather than
bifunctional inducers.

C. EXPERIMENTAL SYSTEMS FOR THE STUDY OF MONOFUNCTIONAL
INDUCERS '

Because of the compelling evidence that Phase II enzyme induction is associated with
a chemoprotected state (reduced susceptibility to the toxic and neoplastic effects of chemical
carcinogens), we have developed simple experimental systems for identifying novel
monofunctional inducers, for measuring their potencies, and for elucidating the molecular
events responsible for induction. NAD(P)H:quinone oxidoreductase is a widely distributed
FAD-containing flavoprotein that protects cells against the toxicities of quinones.* It is
coordinately induced with other Phase II enzymes in most tissues. The murine hepatoma cell
line designated Hepa 1¢1c7 contains inducible quinone reductase that is easily measurable.
This cell line therefore provides a reliable system for detecting and for measuring potency of
monofunctional as well as bifunctional inducers.®* The utility of this system has been
greatly extended by growing Hepa 1c1c7 cells in microtiter plate wells and measuring

2-G20




Case 1:07-cv-07844-SAS Document 42-23  Filed 05/08/2008 P'age 21 of 26

Talalay v 473

directly the specific activities of quinone reductase by means of a computer-coupled
microtiter plate reader.® Quinone reductase is induced in these cells by all of the
chemoprotectors shown in Figure 1.

ENTITY OF CHEMICA A NCTIONAL
INDUCTION )
Monofunctional inducers appear to act independently of any conventional receptor and

hd . superficially reveal few, if any, common structural features, Nevertheless a systematic study
of the relation of structure to inducer potency led to the conclusion that all monofunctional
inducers contain (or acquire by metabolism) electrophilic reaction centers,®® This conclusion
was reached in the following manner. When the inducer potencies of a series of alkyl ethers
of 1,4-diphenols (designed as analogues of BHA) were examined, unsubstituted zert-
butylhydroquinone was the most potent inducer and was active in tissues in which the ethers
were only feebly active.® When these experiments were extended to include not only 1,4-
diphenols but also 1,2-diphenols (catechols) and 1,3-diphenols (resorcinols), it was
consistently found that only 1,2-diphenols and 1,4-diphenols were inducers, whereas 1,3-
diphenols were completely inactive.” The appropriate orientation of the phenolic hydroxyl
groups was absolutely critical, whereas the presence or absence of other ring substituents had
only minor effects on inducer potency. Similarly, among phenylenediamines the 1,2- and
1,4-isomers were inducers, but the 1,3-phenylenediamine was not. Since in these two series
of compounds the 1,2- and 1,4-isomers are readily oxidized to quinones or quinoneimines
whereas the 1,3-isomers cannot undergo such oxidations, we concluded that oxidative lability
was an essential requirement for inducer activity.” Nevertheless, these experiments did not
disclose whether the oxidative process (and for instance the attendant generation of reactive
oxygen species) was responsible for the induction of Phase II enzymes, or whether the
quinones or quinoneimines themselves provided the inductive signals.

Dissection of the structure of coumarin (an inducer lactone) and related compounds
revealed that only the o,8-unsaturated lactone moiety was required for inducer activity, and
that indeed o, -unsaturated ketones were even more potent inducers.” These findings

. suggested that the critical structure responsible for inducer activity was the electrophilic
olefin, which was activated by conjugation to a carbonyl or another electron-withdrawing
group. The reactivity of such olefins is the basis for the well-known Michael reaction of
electrophilic olefins with nucleophiles. This finding explained the inducer activity of
oxidizable diphenols and phenylenediamines because their quinone and quinoneimine
oxidation products, respectively, are excellent Michael reaction acceptors.

These generalizations not only explained the activities of many known inducers but
also led to the prediction of inducer activity among acrylates, crotonates, cinnamates,
fumarates, maleates, vinyl ketones, vinyl sulfones, and others.*®*** Fuyrthermore, the
inducer potency of these compounds generally correlated well with their reactivity as Michael
reaction acceptors. For instance, nitro-olefins such as 1-nitro-1-cyclohexene were very
potent inducers, as expected on the basis of the highly potent electron-withdrawing effect of
the nitro group.

In light of the natural occurrence of fumarates in animal tissues and the generally
recognized low toxicity of fumarate, which is used as a food additive, we have examined the

2-G21




Case 1:07-cv-07844-SAS Document 42-23

474

Filed 05/08/2008 Page 22 of 26

Cancer Chemoprevention

EXAMPLES OF MONOFUNCTIONAL INDUCERS
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FIGURE 1. Examples of monofunctional inducers that elevate Phase II enzymes selectively
and bifunctional inducers that raise Phase I and Phase Il enzymes. For dithiocarbamates:
disulfiram (R = (C,H,),N); bisethylxanthogen (R = CH,0-).
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inducer activity of dimethyl fumarate in rodent tissues. Dietary administration of this
compound to mice and rats raised the specific activities of quinone reductase and glutathione
transferase in many tissues two- to elevenfold.™ These findings have encouraged us to
suggest that dimethy! fumarate be examined for its protective activity against carcinogenesis.
This suggestion gains validity from the finding that fumaric acid itself is a plant product and
is endowed with a variety of pharmacological properties, including the ability to block
chemical carcinogenesis and other forms of electrophile toxicity (see ref. 32 and references
therein).

E F ATHI

The striking similarity of the requirements for inducer activity and for substrates of
glutathione transferases became immediately apparent as the structure/activity relationship
was developed.® Thus in an extensive survey of glutathione transferase substrates,
Chasseaud™ described many of the very same compounds that were subsequently shown to be
inducers of Phase II enzymes. A systematic survey of the ability of a broad range of
glutathione transferase substrates to induce quinone reductase activity in Hepa lclc7 cells
revealed virtual identity of structural requirements. Thus, for instance, the following
transferase substrates were all inducers: 1-chloro-2,4-dinitrobenzene, methyl iodide, 1,4-
dichloro-2-nitrobenzene, ethacrynic acid, cumene hydroperoxide, and terz-butyl
hydroperoxide.® However, it is not clear whether this correlation of requirements for
inducer and substrate activity occurs because both processes depend on the presence of
electrophilic centers, or whether glutathione transferases participate in the transmission of the
electrophilic inducer signal to activate the enhanced transcription of Phase II enzymes.

III. CONCLUSIONS AND SUMMARY

The susceptibility of biological systems to carcinogens is controlled at least in part by
the balance between Phase I enzyme systems (cytochromes P-450), which activate
carcinogens to their ultimate and highly reactive electrophilic forms, and Phase I enzymes
(for example, glutathione transferases, epoxide hydrolases, and NAD(P)H:quinone
reductase), which convert these carcinogens to less toxic products. Both Phase I and Phase II
enzymes are induced by a variety of chemical agents. Such inducers fall into two families:
bifunctional inducers (mostly large planar aromatics) that induce both Phase I and Phase Il
enzymes, and monofunctional inducers that elevate Phase II enzymes selectively. Protection
can be achieved by raising the levels of Phase II enzymes only, and because Phase I enzymes
are involved in the activation of carcinogens, practical strategies for chemoprotection ideally
should concentrate on monofunctional inducers. Monofunctional inducers contain, or acquire
by metabolism, electrophilic centers, and many are Michael.reaction acceptors. It is
therefore quite easy to design or to identify monofunctional inducers, and many inducers of
this type are already present in the human diet. The feasibility of modifying the human diet
to increase the consumption of foods containing monofunctional inducers needs consideration
as a strategy for chemoprotection.
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