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isothiocyanates and indoles. In all
these studies, the contribution of isoth-
iocyanates was difficult to assess
quantitatively because of the presence
of other active compounds in the veg-
etables (Loub et al., 1975; McDanell et
al, 1989). Nevertheless, there is little
doubt that the observed effects are
due in part to isothiocyanates, as
shown in studies with isothiocyanate
as the only agent (see below).

Some reports have emphasized
both the complexity of the phase |
response to Brassica vegeiables in rat
models and the fact that it depends
strongly on differences in the chemical
composition of vegetables. Vang ef al.
(1991) studied the effects of broccoli
on CYP1A1 and CYPIB mRNA and
proteins in rats fed freeze-dried
vegetables for 7 days. In the colon,
both CYP1A1 mRNA and protein were
induced by the broccoli diet. CYPIAZ2
protein was present in the colon, but it
was not altered by the diet, and the
mRNA was not detectable. Paradoxi-
cally, CYPIIB mRNA was reduced, but
the protein was increased. In the liver,
CYPIB and CYPIHE1 proteins were
increased by the broccoii diet, but
CYPIB mRNA was not affected. In a
later study in which different varieties
of broccoli were fed to rats, it was
also shown that modulation of
cytochrome P450 and other phase |
enzymes is critically dependent on the
concenirations  of  glucosinolates
and other biologically active phyto-
chemicals in plant tissue (Vang ef al,
2001). Various strategies have been
used to overcome the problems due
to the complexity of Brassica vegeta-
bles. Sorensen et al. (2001) fed rats a
Brussels sprout extract containing
a complex, incompletely characterized
mixture of glucosinolates and their
breakdown producis for 4 days.
No significant modulation of phase |
enzymes but significant up-regulation
of phase Il enzymes was observed.

Bradfield and Bjeldanes (1984) fed
rats a diet containing 25% (w/w)
Brussels sprouts for 10 days and com-
pared the effects on intestinal and
hepatic GST activity with those of a
diet containing indole-3-carbinol at
50-500 mgkg. The Brussels sprouts
diet increased GST activity by 1.9-fold
in the gut and by 1.6-fold in the lver,
but neither activity was significantly
affected by purified indole-3-carbinol,
even at the highest dose. The diet
containing sprouts significantly
increased the activities of Ah hydroxy-
lase (by 3.6-fold) and ethoxycoumarin
O-deethylase (by 3.2-fold). The same
group (Bradfield et a/, 1985) included
hepatic GST in a study of the effects of
12 vegetables on phase 1 and phase ||
activity in mice. Diets containing 20%
freeze-dried, powdered  Brussels
sprouts or cauliflower significantly
increased the activities of GST (by 2.0-
and 1.2-fold, respectively) and epoxide
hydratase (both by 1.6-fold): the activ-
ity of ethoxycoumarin O-deethylase
was increased significantly (by 2.2-
fold) by caulifower but that of Ah
hydroxylase was not affected. The
effects on enzyme activities were not
confined to Brassica vegeiables,
although the high doses used make
these results difficult to interpret.

Bogaards et al (1990) studied the
effects of dietary supplements of
Brussels sprouts (2.5-30%), the sini-
grin breakdown product allyl-ITC (0.03
and 0.1%) and goitrin (0.02%) on the
GST subunit pattern in the liver and
small intestinal mucosa of male rats. A
statistically significant linear relation-
ship was found between the amount of
Brussels sprouts in the diet and induc-
tion of GST, with similar increases in
the total amounts of GST subunits.
When the average concentrations of
sinigrin and progoitrin in the sprouts
were 1835 pmolkg and 415 pmolkg,
respectively, the subunit induction pat-
terns in the liver and the small intesti-
nal mucosa were similar to those

observed after feeding allyl-ITC, which
caused stronger enhancement of sub-
unit 2. When the average sinigrin con-
centration in the sprouts was as iow as
that of progoitrin (about 540 pmoi/kg),
however, a goitrin-like induction pat-
tern was observed. The authors con-
cluded that at least two compounds
(probably aliyl-ITC and goitrin) are
responsible for the induction of GSTs
in rat liver and small intestine by
Brussels sprouts.

Thus, much of the induction of
phase | and phase |l enzymes by
vegetables may be due to indoles. The
vegetables studied, Brussels sprouts,
cabbage, broccoli and cauliflower,
have high concentrations of indole glu-
cosinolates  (glucobrassicin)  and
relatively little isothiocyanate glucosi-
nolates (van Etten & Tookey, 1979;
Fenwick & Heaney, 1983). Isothio-
cyanate-rich vegetables with a small
amount of indoles might reduce phase
| enzyme activity, as was observed in
siudies with pure isothiocyanate
compounds (see below). The prepara-
tion of the vegetable diets for this type
of experiment is an important consid-
eration, as it might considerably alter
the bioavailability of the hydrolysed
products. The free isothiocyanates in
freeze-dried broccoli samples are less
bioavailable, as estimated from the
mercapturic metabolite excreted in
urine, and less effective in inducing
guinone reductase activity in colon than
freeze-dried broccoli samples contain-
ing intact glucosinolates (Keck ef al,
2003). Equally important is the method
of storage, which could have significant
effects on the stability of compounds
such as isothiocyanates.

A question of practical importance
is whether cooked vegetables affect
phase I and Il enzymes. Cooked vege-
tables are devoid of myrosinase, the
enzyme responsible for hydrolysing
glucosinolates to release bioactive
aglucones. In a study in which Wistar
rats were fed a diet supplemented with
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boxy-3-benzythiozolidine-2-thione.  In
confrast, dogs excreted the glycine
cohjugate, hippuric acid, possibly
because they readily hydroxylate ihe
benzylic moiety of benzyl-ITC, which is
subsequently oxidized io benzoic acid
and conjugaied.

Phenethyl isothiocyanate

The metabolism and tissue disposition
of phenethyt-ITC was first investigated
in A/J mice, a model of lung carcino-
genesis (Shimkin & Stoner, 1975)
widely used used to study the efficacy
and mechanisms of action of chemo-
preventive agents (Eklind ef al., 1990;
Chung, 2001). When ["C]phenethyl-
ITC, synthesized from 2-phenyl[i-
4Clethylamine  hydrochloride, was
administered by gavage (Eklind et al,
1990), 55.2% of the dose was excreted
in urine within 72 h, and 23.3%
appeared in faeces. Two major urinary
metabolites were isclated in urine and
identified by H- and
13C-nuclear magnetic resenance spec-
trometry and by HPLC co-chromatog-
raphy with ultraviolet standards, as the
cyclic mercaptopyruvic acid conjugate
4-hydroxy-4-carboxy-3-phenethylthia-
zolidine-2-thione {25% of the dose)
and the mercapturic acid of phenethyl-
ITC, N-acetyl-S-{N-phenethylthiocar-
bamoyl)-L-cysteine (phenethyl-ITC—N-
acetylcysteine) (10% of dose) (see
Figure 14). Radioactivity in major
organs was determined up to 72 h
after dosing: the maximum 14C activity
in liver and lung ccourred within 2-8 h
and 4-8 h, respectively. When glu-
conasturtiin, the glucoesinclate precur-
sor of phenethyl-ITC, was mixed into
AIN-76 diet with myrosinase and fed to
A/J mice, the same two metabolites were
identified in urine, with only 22% recovery
(Chung et al, 1992). These results indi-
cate that glucenasturtiin is hydrelysed to
phenethyl-ITC endogenously, presum-
ably mediated by micro-flora in the gut, as
described above.

The pharmacokinetics and metabo-

lism of ['*C]phenethyl-ITC were investi-
gated in Fischer rats. After receiving 10
pumol in corn oil by gavage, three rats
were killed at various times over 48 h,
and “C was evaluaied in whole blood
and in 13 major organs at each time,
while *#C in expired COg, urine and
faeces was assayed at 8, 24 and 48 h.
The *C in whole blood peaked at 2.9
h, with two compartments (o and B}
with half-times of 2.4 and 21.7 h. The
maximum activity of *C appeared in
the liver at 2.5 h, the lungs at 4.5 h
and brain at 6.5 h. The time course of
absorption and elimination in selected

tissues is presented in Figure 15. By 48
h, 88.7% of the “C was detected in
urine, 9.9% in faeces and 0.1% trapped
as CO2. More than 90% of the urinary
“C was identified by HPLC as
phenethyl-ITC—N-acetylcysteine on the
basis of co-chromatography with
authentic standards, but less than 1%
occurred as phenethyl-ITC in the urine.
Measurement of radioactivity in homo-
genates of liver and lung by HPLC
showed the presence of an additional
major unidentified metabolite (other
than phenethyl-ITC-GSH an phenethyl-
ITC—Cys). A considerable amount of the
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Figure 14 Detection of urinary metabolites of phenethyl-isothiocyanate

{ITC} in A4 mice by high-

performance liquid chromatography with radioflow and confirmation of the identities of metabolites
by nuclear magnetic resonance and mass speciroscopy

1. 4-Hydroxy~4-carboxy-3-phenethylthiazolidine-2-thione, a cyclic mercaptopyruvic acid conjugate
2. N-Acetyl-S-(N-phenethylthiocarbamoyl)-L-cysteine (phenethyl-ITC-N-acetylcysteine, a mercap-

turic acid) (Eklind et af., 1890)
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mixture, the pharmacological action of
which is due mainly to the S isomer
and which is eliminated mainly by the
action of the genetically polymorphic
CYP2C9 enzyme (Takahashi &
Echizen, 2001). It is not known whether
the effect of cruciferous vegetables on
warfarin elimination is related to the R
or the S enantiomer, and the clinical
consequence of this effect is therefore
also unknown.

Cruciferous vegetables and meiabo-
lism of cooked food mutagens
Consumption of cruciferous vegeta-
bles may affect the metabolism and
effects of heterocyclic amines in
cooked food, partly because CYP1A2
is involved in bioactivation of these
compounds to the pre-ultimate muta-
gens. Such interactions were investi-
gated in three studies.

Eight healthy non-smokers (five
women) received a dist containing
heterocyclic amines from various well-
cooked meat products, comparable to
300 g of well-coocked hamburger per
day, for 6 weeks (DeMarini et al,, 1997).
In addition, four of the persons ate
undescribed amounts of cauliflower,
Brussels sprouts and cabbage, whereas
the other four ate non-cruciferous
vegetables. The mutagenicity of urine
collected for 24 h every week was
measured with and without enzymatic
hydrolysis. Excretion of free urinary
mutagens increased significantly during
meat consumption, whereas the
excretion of conjugated mutagens was
unchanged. Excretion of free mutagens
increased non-significantly in  both
vegetable groups. [The small number of
persons and the relatively wide variation
appear to preclude any conclusions.]

The meiabolism of the heterocyclic
amines 2-amino-3,8-dimethylimidazo-
[4,5-flquinoxaline (MelQx) and 2-amino-
1-methyl-6-phenylimidazo[4,5-bjpyri-
dine (PhIP) was investigated in 20
healthy non-smokers who had eaten
250 g each of broccoli and Brussels

90

sprouts per day for 12 days and had
had two periods without cruciferous
vegetables (Murray et al, 2001). The
heterocyclic amines were present in
known amounts in a cooked meal
during each period. Excretion of MelQx
and PhIP in 10-h urine decreased by
23% and 21%, respectively, during
cruciferous vegetable intake. Similarly,
urinary mutagenicity was increased by
52% and 64% in the absence and pres-
ence, respectively, of a metabolic
aciivation system during consumption of
cruciferous vegetables. Interestingly, 12
days after the diet was discontinued, the
excretion of MelQx and PhIP was still
decreased by 17% (not significantly)
and 30%, respectively, and urinary
mutagenicity was still increased when
assessed in the presence of metabolic
activation. No adducts of PhIP to DNA in
lymphocytes could be detected during
the study. MelQx and fo a lesser extent
PhiP are metabolized by CYP1A2 as a
first step in activation to the ultimate
muiagens. The metabolism of the
CYP1A2 substrate caffeine was
increased only during cruciferous veg-
etable consumption, as desctibed
above. Accordingly, the transient
decrease in MelQx excretion and the
increase in urinary mutagenicity with-
out metabolic activation are consistent
with  increased CYP1A2-catalysed
bioactivation. The prolonged changes
in PhIP excretion and mutagenicity with
metabolic activation, however, appear
to be relaied to ofher alterations in
metabolizing enzymes.

Increased bicactivation of PhIP
after ingestion of well-cooked chicken
was shown in a study of six healthy
persons who ate broccoli for 3 days
(Knize et al., 2002)

Cruciferous vegetables, meiabolism
of tobacco-specific carcinogens and
CYP2E1, CYP2A6 and CYP2D6
activity

In an intervention study, the effect of
eating watercress (56.8 g at each meal

for 3 days) rich in phenethyl-ITC on the
metabolism of NNK, catalysed by
CYP1A2, was investigated in 11 healthy
smokers (Hecht ef al,, 1995). The partic-
ipanis were asked not to change their
smoking habits during the intervention.
Urine was collected over 24-h periods at
baseline, during the intervention and
during follow up. Urinary excretion of 4-
{methyl-nitrosamino)-1-(3-pyridyl)-1-
butanot (NNAL) and NNAL glucurenides,
which are detoxification products or
alternative metabolites of the putative
carcinogenic metabolites, increased by
34% on average during watercress con-
sumption but returned to baseline during
follow up. There was a significant corre-
lation between excretion of the N-acetyl
metabolite of phenethyl-ITC and excre-
fion of the two NNK metabolites.
Nicotine is 5-hydroxylated, forming coti-
nine, after an intermediate step, mainly
by CYP2A6. In the intervention
described above, there was no effect on
the excretion of oxidaiive nicotine
metabolites, although excretion of ihe
glucuronides of cotinine and trans-3"-
hydroxycotinine increased  significantly
(Hecht et af., 1999).

The metabolism of NNK was investi-
gated in a cross-sectional study in rela-
tion to habitual dietary intake of crucifer-
ous vegetables, assessed from a struc-
tured questionnaire including nine rele-
vant items, in 84 smokers in Singapore
(Hecht et al., 2004). Sam-ples of these
vegetables obtained on markets at three
times of the year were analysed, and
glucobrassicins were found to be the
main glucosinolates (70-93%) in seven
of the nine vegetables studied. Urine
was analysed for NNAL and its glu-
curonides. A significant inverse assodia-
tion (p = 0.01) was found between
increased consumption of glucobras-
sicins and concentrations of NNAL in
urine, after adjustment for the number of
cigarettes smoked per day; similar
trends were observed for NNAL glu-
curonides {p = 0.08) and all NNAL (p =
0.03).



Cancer preventive effecis

The effect of eating 50 g of water-
cress on the activity of CYP2D8, which
is important for elimination of many
drugs used in psychiatric and cardio-
vascular diseases, was assessed in 29
healthy persons. No effects were found
(Caporaso et al., 1994).

Acetaminophen is metabolized by
conjugation and to a minor extent by
oxidation to the reactive N-acetyl-para-
aminobenzoguinone imine, catalysed
by CYP2E1, CYP3A4 and CYP1A2,
the first appearing to be most impor-
tant in metabolism by human micro-
somes in vitro {Thummel ef at., 1993}
The imine is detoxified by glutathione
conjugation, and the products cysteine
and mercapturate acetaminophen can
be measured in plasma and urine. In a
cross-over study, the elimination and
metabolism of acetamincphen (1 g as
an oral tablet) were studied in 10
healthy, non-smoking volunteers, half
of whom had received 50 g of a
homogenate of watercress the previ-
ous evening (Chen, L. ef al., 1996).
The area under the plasma concentra-
tion—time curve (AUC) for the cysteine
and mercapturate metabolites was
decreased by 28% and 20%, respec-
tively, after watercress ingestion,
whereas the kinetics of the parent
compound and the cther metabofites
were unchanged. Similarly, urinary
excretion of the two metabolites was
decreased by 30% and 24%. In a
similar experiment, with only urine
coliection, the excretion of the cysteine
and mercapturate metabolites - was
decreased by 40% and 38%, respec-
tively, after watercress ingestion.
Excretion of cysteine conjugates of
acetaminophen was reduced by only
13% after a diet containing 500 g of
Brussels sprouts or cabbage per day
for 10 days (Pantuck et al., 1984).

Chlorzoxazone is metabolized
through  6-hydroxylation, mainly by
CYP2E1, and various metabolic

indices of chlorzoxazone have been
used as biomarkers of CYP2E1

activity. The oral pharmacokinetics of
this compound was studied in 10
healthy volunteers before and after a
single ingestion of 50 g of watercress
homogenate (Leclercq et al, 1998).
During watercress ingestion, the AUC
of chlorzoxazone was increased by
56%.

Sixteen healthy non-smokers (iwo
women) were studied after 12 days of
eafing a diet suppiemented with 500 ¢
of broccoli, after their usual diet or after
a diet free of known inducers and
inhibitors ~ of  cytochrome  P450
enzymes (Kall ef al., 1996). The ratio of
chlorzoxazone to its 6-hydroxylated
metabolite in plasma was not signifi-
cantly affected by these diets.

Cruciferous vegetables and metabo-
lism by phase Ii enzymes

The activity of GSTs, assessed from
oxazepam and acetaminophen metab-
olism, was found to be moderately
increased after ingestion of large
amounts of cabbage and Brussels
sprouts {Pantuck et al., 1984).

The effects of a diet rich in
Brussels sprouts on GST activity and
protein levels were investigated in two
intervention studies (Bogaards et al.,
1994; Nijhoff et al, 1995a,b). Ten
healthy non-smoking men were given
a diet containing 300 g of cooked veg-
etables per day for 6 weeks (Bogaards
ef al., 1994). During the first 3 weeks,
all the vegetables were non-crucifer-
ous. During the following 3 weeks, five
men continued with nen-cruciferous
vegetables (controls), whereas the
other five ate 300 g of Brussels sprouts
per day. In the last group, the amount
of GSTA1-1 protein in plasma, deter-
mined by radicimmunoassay, was
increased by 40%. In a cross-over
study, five male and five female non-
smokers ate a diet containing 300 g of
Brussels sprouts or non-crucifercus
vegetables for consecutive periods of 1
week in random order. The amounts of
GSTA1 and GSTP1 protein in rectal

mucosa increased by 30% and 15%
after consumption of Brussels sprouts
(Nijhoff et al., 1995a). No change was
found in the amounts of GSTA1,
GSTM1 or GSTP1 protein in duode-
num or of GSTP* or GSTM1 protein in
lymphocytes. The GST activity in cells
was unchanged by the diet. In the
men, the amount of GSTA1-1 protein
in plasma increased by 50% while
they were eatling the Brussels sprouts
diet, whereas there was no significant
effect in women. The amounts of
GSTP1 protein in plasma and GSTA1
and GSTP1 protein in urine were
unchanged (Nijhoff et al., 1995b).

The effect of a diet rich in Brassica
vegetables on GST protein and activ-
ity and modification by the GSTM1
genotype was investigated in 43
healthy persons (21 men) (Lampe et
al, 2000b). In a random cross-over
design, a basal vegetable diet was
supplemented with 16 g of fresh
radish sprouts, 150 g of frozen cauli-
flower, 200 g of frozen broceoli and 70
g of fresh shredded cabbage per day
for 6 days. During the intervention with
Brassica vegetables, the concentra-
tion of GSTA1 in serum increased by
26% in persons with the GSTM1-null
genotype, whereas there was no
change in persons with the non-null
GSTM1 type. GST enzyme activity
towards 1-chioro-2,4-dinitrobenzene
and 7-chloro-4-nitrobenzo-2-oxa-1,3-
diazole in plasma was unchanged.
GSTM1 activity towards trans-stilbene
oxide in lymphocytes increased signif-
icantly in women with the non-null
genotype, but there was no change in
men. The activity of this enzyme was
low in all persons with the GSTM1-null
genotype.

Biomarkers of oxidative DNA

damage

Oxidative medification of DNA may be
mutagenic, although many lesions are
efficiently repaired. Measurement of
8-oxoguanine or its corresponding
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y:t'e%fories OR 95% Cl I
Chyou et al. (1990) 2 0.7 0.4-12 F
Kneller et al. (1991) 4 1.3 0.67-2.68 ﬂ
Botterweck et al. (1998) 5 0.93 0.61-1.43 ‘ -
Summary value 0.91 0.67-1.23 v =

Heterogeneity test: ¢2 (2 df) = 1.9; p= 0.39

0.5 1 ‘2
Odds ratio

Figure 17 Estimated weighted means of relative risks for cancer of the stomach from evaluable cohort studies

No. of :

categories OR 95% Cl ]
Correa et al. (1985) (whites) 2 1.04 0.66-1.65 i
Correa et al. (1985) (blacks) 2 0.50 0.29-0.85 —
Gonzalez et al. (1991) 4 0.9 0.6-1.4 e
Hansson et al. (1993) (broccoli) 2 0.63 0.41-0.96 -
Lee ef al. (1995) 3 0.2 0.02-0.3 :
Ji et al. (1998) (men) a 0.8 0.6-1.1 8
Ji et al. (1998) (women) 4 0.8 0.5-1.1 —8
Ekstrém et al. (2000) (cardia) 4 07 0.3-1.4 —_—
Ekstrom et al (2000) (non-cardia) 4 0.8 0.6-1.2 ~-
Huang et al. (2000) (PFH) - 0.73 0.52-1.04 R
Huang et al. (2000) (NFH) . 0.85 0.70-1.04 ﬁ
De Stefani et al. (2001) 3 1.72 0.94-3.14 ! 4;—:1——-—-
lto et al. (2003) 4 0.79 0.55-1.13 —iﬁ-«
Summary value 0.81 0.73-0.90 o
Heterogeneity test: ¥2 (12 df) =17, p=0.16

L | - i
0.1 025 05 1 2
QOdds ratio

Figure 18 Estimated weighted means of relative risks for cancer of the stomach from evaluable case-control studies
PFH, positive family history; NFH, negative family history



Cancer preventive effects

No. of '

categories OR 95% Cl
Steinmetz et al. (1994) (colon) 4 1.12 0.74-1.70 el —
Hsing ef af. (1998) (colarectal) 4 1.4 0.9-2.2 e
Pietinen et al. (1999) (colorectal) 4 1.6 1.0-2.3 o
Michels ef al. (2000) (colon) 5 0.89 0.68-1.15
Michels et al. (2000) (rectum) 5 1.29 0.74-2.26 Tl
Voorrips ef al. (2000a) (M colon) 5 0.76 0.51-1.13 e
Voorrips et al. (2000a) (M rectum) 5 0.88 0.56-1.39
Voarrips et al. (2000a) (W colon) 5 0.51 0.33-0.80 .
Voarrips ef al. (2000a) (W rectum) 5 1.66 0.94-2.94 FE  E—
McCullough et af. (2003) (M colon) 5 0.74 0.51-1.08 g
McCullough et af. (2003) (W cofan) 5 0.91 0.58-1.44
Summary value 0.96 0.85~1.09
Heterogeneity test: ¥2 (10 ¢f) = 25; p = 0.005 — 05 . i

Odds ratio

Figure 18 Estimated weighted means of relafive risks for cancer of the colon and rectum from evaluable cohort studies
M, men; W, women

No. of |
categories OR 95% CI ‘
Kune et al. (1987) (colorectum) 5 0.57 0.44-0.75
Young & Wolf (1988) (colan) 4 0.5¢ 0.41-0.85
Lee ef al (1989) (colorectum) 3 ¢.50 0.32-0.78
Steinmetz & Potter (1293) (M colon) 4 1.1C 0.567-2.14
Steinmetz & Potter (1993) (W) (colon) 4 1.12 0.51-2.46
Deneo-Pellegrini et al. (2002) {colorecium) 4 1.2 0.8-1.6
Seow et al. (2002a) (colorectum, ITCs) 2 0.81 0.59-1.12
Summary value 0.73 0.63-0.84
Heterogeneity test: ¥? (6 df) = 18; p = 0.0055 SE— ‘ :
05 1 2
Odds ratio

Figure 20 Estimated weighted means of relative risks for cancer of the colon and rectum from evaluable case-conirol studies
M, men; W, women; ITCs, iscthiocyanates
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Cancer preventive effects

Heterogeneity test: x2 (1 df) = 0.38; p=0.54

No. of

categories OR 95% CI
Zhang et al. (1999) (pre-menopausal) 5 0.83 0.52-1.32
Zhang et al. (1999} (post-menopausal) 5 0.98 0.77-1.25
Summary value 0.95 0.76-1.17

1
Qdds ratio

Figure 23 Estimated weighted means of relative risks for cancer of the breast from evaiuabie cohort studies

No. of
categories OR 95% ClI '
Young (1989) (18-35 years) - 0.66 0.42-1.02 B f
Young (1989) (> 35 years) - 0.64 0.41-1.00 B
Ewortz & Gill (1990) 2 0.94 0.78-1.13 _'._
Challier et al. (1998) 3 1.45 1.03-2.06 ——
Potischman et al. (1999) 4 0.95 0.7-1.3 M_Ln_
Ronco et al. (1999) 4 1.07 0.72-1.60 g
Rosenrblatt et al. (1999) 4 0.8 0.4-1.3 B E
Terry et al. (2001) 4 0.76 0.62-0.93 _E
Fowke ot al. (2003) 4 0.8 0.5-1.8 NP T T
Fowke ef al. (2003} (ITCs) 4 05 0.3-0.8 B E
Summary values 0.87 0.78-0.96 <‘§>
Heterogeneity test: %2 (9 df) = 20; p= 0.015 j
l ' T
0.5 i 2
Odds ratio

Figure 24 Estimated weighted means of reiative risks for cancer of the breast from evaluable case-contro! studies

ITCs, isothiocyanates

97






























Cancer praventive effects

on mammary carcinogenesis induced
by DMBA in female Sprague-Dawley
rats. The animals fed a 20% Brussels
sprouts diet only during the initiation
period of carcinogenesis had a palpa-
ble mammary tumour incidence of
13%, while those fed a semi-purified
diet during this period had a tumour
incidence of 77% 15 weeks after the
dose of DMBA.

Stoewsand et al (1989) also
reported on the preventive effect of
Brussels sprouts cultivated with the
addition of inorganic selenium to the
plant growth medium. Groups of
female Sprague-Dawley weanling rats
were fed diets containing 20% Bru-
ssels sprouts supplemented with 0.03,
0.58, 1.29 or 6.71 mg/kg of naturally
occurring selenium 2 weeks before
and 2 weeks after a single dose of
DMBA. The rats were then placed on a
low selenium basal diet for an addi-
tional 25 weeks. All the Brussels
sprouts diets reduced the incidence of
DMBA-induced mammary carcinogen-
esis. Differences in selenium content
did not further influence mammary
tumorigenesis.

Bresnick ef al. (1990) examined the
effects of cruciferous vegetables in
combination with high dietary fat on
mammary tumorigenesis. Mammary
cancer was induced in female Sprague-
Dawley rats by a single injection of N-
methyl-N-nitrosourga, and the rats were
then randomized to control fat (5%) or
high fat (24.6%) diets. Dried cabbage
(5% and 10%) and collards (5%) were
included in the diets of some animals.
The rats on the control fat diet contain-
ing 5% cabbage had a significantly
lower incidence of mammary cancer
than rats fed the control fat diet without
cabbage. This effect was not observed
in comparable rats on the high-fat diet.
The inhibitory effect on mammary
tumorigenesis was also found with a
residue obtained from cabbage by ex-
haustive extraction with methanol, meth-
ylene chloride and petroleum ether.

Fahey et al (1997) reported that
extracts of 3-day-old broccoli sprouts
containing either glucoraphanin or sul-
foraphane were highly effective in
reducing the incidence, multiplicity and
rate of development of mammary
tumours in DMBA-treated rats. The
sprouts of many broccoli cultivars con-
tain negligible quantities of indole glu-
cosinolates, which predominate in the
mature vegetable and may give rise to
degradation  products that can
enhance tumorigenesis. The authors
concluded that small quantities of cru-
cifercus sprouts can protect against
mammary tumours as effectively as
much larger quantities of mature veg-
etables of the same variety.

Skin

Qiblawi and Kumar (1999) reported the
preventive properties of an ethanol
extract of the seeds of Brassica com-
pestris var. sarason (mustard seed) on
DMBA-induced skin tumorigenesis in
male Swiss albino mice. Significant
reductions in tumour incidence, tumour
burden and the cumulative number of
papilomas were observed in mice
treated orally with the seed extract,
continuously before and after the initia-
tion stages of tumarigenesis, com-
pared with the control groups. The
latency in the experimental group
increased significantly (o 11.3 weeks)
compared with the control group (7.8
weeks).

Transplacental and franslactationaf
carcinogenesis

Hashim ei al. (1998) reported the
chemopreventive potential of mustard
seed oil on DMBA-induced transpla-
cental and translactational carcinogen-
esis in Swiss albino mice. As the mus-
tard oif was a lipid component, the diet
is unlikely to have contained significant
quantitites of isothiocyanates. Mice
were treated with mustard oil at a con-
centration of 0.05 or 0.10 mi per day
on days 13-19 of gestation, each also

receiving 5 mg of DMBA on days
15—-17 of gestation. The tumour inci-
dence in the F, progeny was signifi-
cantly reduced at both concentrations,
from 65% in the control group to 29%
and 16%, respeciively, in the experi-
mental groups. The mean number of
tumours per effective F, progeny was
reduced from 1.56 in the control group
10 0.93 and 0.41 in the animals treated
with lower and higher doses of mus-
tard oil, respectively. When lactating
dams were given the mustard oil at
Q.05 or 0.10 mi per day for the first 15
days of laciation, in addition to 3 mg of
DMBA on days 3, 6, 9, 12 and 15, the
tumour incidence at multiple sites was
significantly reduced, from 70% in con-
frols to 32% and 18%, respectively, at
the lower and higher doses. The mean
number of tumours in F, mice was
reduced from a control value of 1.71 io
0.96 at the lower dose and 0.34 at the
higher dose.

Lung metastasis

Six-week-old female BALB/c mice
were fed diets supplemented with
dried cabbage or dried collards at a
conceniration of 9.1% or 4.8% for 6
weeks, and then received an injection
of BALB/c mammary tumour cells into
the lateral tail vein. The mice continued
to receive the diets for another 3
weeks. The incidence of surface
metasiases on the lungs was reduced
from the control value by about 50% at
both doses {Scholar ef al,, 1989).

Selenium-enriched broccoli

In the studies with selenium-enriched
broccoli summarized below, the main
chjective was to study the effects of
selenium and not those of broccoli.
These studies are summarized in
Table 42,

Finley et al. (2000) examined the
effects of high-selenium broccoli on
aberrant crypt focus formation. Fischer
344 rats were given diets supple-
mented with selenium at 0.1 or 1.0
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{Table 45) by isothiocyanates and the
relationship between prevention and
dose, alkyl chain length and time and
duration of treatment.

Rats

Oesophagus: Male Fischer 344 rats
aged 7 weeks were given AIN-76A diet
confaining phenethyl-ITC at 3 or 6
pmol/g for 2 weeks before N-nitro-
somethylbenzylamine (NMBA; 0.5
mg/kg bw by subcutaneous injection
once a week for 15 weeks), during
treatment with the carcinogen and for
the remaining 8 weeks of the study. In
rats treated with 3 or 6 pmol/g in the
diet, phenethyl-ITC reduced the tumour
incidence from 100% in controi rats to
13% and 0% and reduced tumour mul-
tiplicity from 11.5 in controls to 0.1 and
0, respectively, preventing hyperkerato-
sis and the formation of preneoplastic
{leukoplakia and leuko-keratosis) and
neoplastic (papilloma and carcinoma)
lesions (Stoner ef al,, 1991).

In view of the almost complete inhi-
bition of cesophageal tumours in rats
by phenethyl-ITC at 3 and 6 pmol/g in
the diet, Morse ef al. (1993) siudied the
dose-response relationship with con-
cenfrations ranging from 0.325 io 3
pmolig of diet. Rats were fed
phenethyl-ITC in the diet for 2 weeks
before, during and for & weeks after
NMBA {0.5 mg/kg bw subcutaneouly,
once a week for 15 weeks). Control
animals developed 9.3 + 0.9 oesopha-
geal tumours per rat with 100% inci-
dence, whereas the tumour multiplicity
in rats treated with phenethyl-ITC at
0.75, 1.5 and 3 pmol/g of diet were
reduced by 39%, 90% and 100%,
respectively, and the tumour inci-
dences were reduced by 0, 40% and
100%. The concentration of 0.325
pmol/g was ineffective in inhibiting
either tumour multiplicity or incidence.
When a single dose of NMBA at 0.5
mg/kg bw was given 2 weeks after the
beginning of phenethyl-ITC treatiment
and oesophagi were harvested 24 h
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later, the inhibition of tumorigenesis
correlated in a dose-dependent man-
ner with the percentage inhibition of
M- and CF-methylguanine adducts.
These findings indicated that the
inhibitory effect of phenethyl-ITC on
oesophageal cancer occurs during
tumour initiation or induction. In order
better to define this period, Siglin et al.
(1995) gave male Fischer 344 rais a
diet containing phenethyl-ITC at 500
mg/kg for 2 weeks before NMBA given
at 1 mg/kg bw three times a week for 5
weeks and throughout the 25 weeks of
the experiment or 1 week after com-
pletion of dosing with NMBA. The
tumour incidence and muttiplicity were
reduced from 100% 1o 46.7% and from
29 to 0.9, respectively, when
phenethyl-ITC was given before and
during carcinogen treatment. When it
was administered in the diet from 1
week after the final injection of NMBA,
there was no significant effect on either
tumour incidence or multiplicity (93.3%
incidence and 2.7 tumours per animat),
showing that phenethyl-ITC inhibits
tumour induction but not progression.
The strong inhibitory effect of
phenethyl-ITC prompted Stoner and
Morse (1997) and Wilkinson et al
(1995) to investigate the inhibitory
properties of other arylalkyl isothio-
cyanates, in the expectation that
longer-chain  compounds, including
synthetic ones, might be more potent
than phenethyl-ITC in inhibiting
oesophageal cancer. In addition to the
naturally occurring  phenethyl-ITC,
benzyl-ITC and 3-phenylpropyl-ITC,
the synthetic homologues 4-phenyl-
butyl-ITC, 5-phenylpentyl-lTC and &-
phenylhexyl-ITC were also evaluated
in the NMBA model in rat oesophagus.
Male Fischer 344 rats were given diets
containing the isothiocyanates at 2.5,
1.0 or 0.4 ymol/g 2 weeks before and
during the experimental period of 25
weeks. Neither benzyl-ITC nor 4-
phenylbutyl-ITC affected tumour inci-
dence, and they had little effect on mul-

tiplicity, with values similar to those
with NMBA alone, whereas 3-phenyl-
propyl-ITC had a stronger effect than
phenethyl-ITC, reducing the incidence
by 93-100% at all three doses and
reducing multiplicity by 99-100%. In
contrast, 6-phenylhexyl-ITC at 2.5, 1.0
or 0.4 ymol/g of diet increased tumour
multiplicity at all three doses by 69%,
61% and 21%, respectively. The
inhibitory effects on tumour multiplicity
were in good agreement with inhibition
of CF-methylguanine adducts; the rank
order for inhibition of oesophageal
DNA adducts was 3-phenyipropyl-ITC
> phenethyl-ITC > 4-phenylbutyl-ITC >
benzyl-ITC.

Colon: Sugie et al. (1994) evaluated
the preventive activity of benzyl thio-
cyanate and benzyl-iTC in the colon of
female ACI/N rats in relation to admin-
istration of the carcinogen methyla-
zoxymethanol. Rats aged 5 weeks
were given diets containing benzyl-ITC
(400 mg/kg) or benzyl thiocyanate
(400 and 100 mg/kg) for 1 week before
and during injection of methyla-
zoxymethanol at 25 mgkg bw
intraperitoneally once a week for 3
weeks. Control animals received three
intraperitoneal injections of methyl-
azoxymethanol alone. After treatment,
the rats were given basal diet for 45
weeks. Another group of animals
received methylazoxymethanol first, at
the same dose and schedule as
above; 1 week after the last injection,
the rats were given diets containing
benzyl-ITC or benzyl thiocyanate or
control diet for 45 weeks. The inci-
dence of tumours {adenomas and ade-
nocarcinomas) was 89% in controls,
53% with benzyl-ITC given in the diet
before and during carcinogen treat-
ment and 95% when benzyl-ITC was
given 1 week after the last injection.
Treatment with benzyl thiocyanate,
whether given before or after methyl-
azoxymethanol, resulted in no signifi-
cant decrease in tumour incidence















Cancer preventive effects

(81% and 92% when given beafore and
83% and 95% when given after methyl-
azoxymethanol). Nevertheless, both
benzyl-ITC and benzyl thiocyanate at
400 mg/kg given in the diet before and
during carcinogen treatment signifi-
cantly decreased tumour multiplicity in
the intestine (2.56 with methyl-
azoxymethanol alone versus 1.11 and
1.29, respectively). Neither agent had
a significant effect on multiplicity when
given after the carcinogen. Both ben-
zyl-fTC and benzyl thiocyanate inhib-
ited cell proiiferation in the colon when
given during the initiation phase of
methylazoxymethanol-induced tumori-
genesis, but were ineffective when
given after carcinogen treatment.
Chung ef al. (2000) evaluated the
efficacy of phenethyl-ITC and its A-
acetylcysteine conjugate, given either
before or after initiation, in inhibiting
azoxymethane-induced aberrant crypt
foci. Male Fischer 344 rats were given
two weekly subcutaneous injections of
azoxymethane at 15 mg/kg bw. They
were also given phenethyl-ITC (5
pmol) or its N-acetylcysteine conjugate
(20 mmol) three times a week by gav-
age for 8 weeks after the carcinogen
(post-initiation) or once a day for 3
days (20 or 50 pymol) before azoxy-
methane (inhibition of initiation). Ten
weeks after the last azoxymethane
injection, the animals were killed and
the aberrant crypt foci were counted.
When given post-initiation, phenathyl-
ITC and its conjugate inhibited the for-
mation of aberrant crypt foci by 35%
and 26%, respectively, and inhibited
the formation of foci with more than
four crypts by 48% and 27%. When
given for 3 days before azoxymethane,
phenethyl-ITC reduced the number of
foci and the number with multiple
crypts by 25% and 33%, whereas the
N-acetylcysteine conjugate increased
the number of aberrant crypt foci by
29% and the number with multiple
crypts by 42%. In contrast, Pereira and
Khoury (1991) found that the numbers

of azoxymethane-induced aberrant
crypt fodi in the colons of Sprague-
Dawley rats were unaffected by previ-
ous adminisiration of phenethyl-ITC,
ellagic acid or diallyl sulfide but were
inhibited 93% and 30% by N-acetyl-
cysteine and o-difluoromethylornithine,
respectively.

Liver. Sidransky et al. (1966) showed
that a diet containing 0.1% a-naphthyl-
ITC given before or with DL-ethionine
or N-2-fluorenylacetamide inhibited the
formation of hepatocelluiar carcinoma.
In the first set of experiments, male
Sprague-Dawley rats were given the a-
naphthyl-ITC diet for 4 or 8 weeks
before addition of 0.25% DL-ethionine
or both a-naphthyl-ITC and DL-ethion-
ine. The tumour incidence was 67%
with ethionine alone and 47% and
18%, respectively, after pretreatment
with o-naphthyl-ITC for 4 or 8 weeks;
the combined regimen did not cause
tumours. In the second set of experi-
ments, male Wistar rats were given
0.04% N-2-fluorenylacetamide in the
diet for 4 months; N-2-fluorenylac-
etamide plus 0.1% o-naphthyl-ITC for
2 months followed by N-2-fluorenylac-
etamide for 2 months; or a-naphthyl-
ITC in the diet for 2 months followed by
N-2-fluorenylacetamide in the diet for 4
months. The tumour incidences were
62% with  N-2-fluorenylacetamide
alone for 4 months, 25% with the com-
bined treatment and 24% after pre-
treatment with o-naphthyl-ITC. N-2-
Fluorenylacetamide induced a small
number of ear-duct tumours and myel-
ogenous leukaemia, which were
apparently inhibited by c-naphthyl-ITC
when given before or during dosing
with the carcinogen.

lto et al. (1969) showed that 0.1%
o-naphthyl-ITC given in the diet for 35
weeks at the same time as 0.1% meta-
toluylenediamine completely inhibited
the development of liver tumours in
male Wistar rats, from 100% in six con-
trols given the carcinogen to 0%. All

animals given diets containing meta-
toluylenediamine failed to gain weight.
Although there were relatively few ani-
mals per group, there was a marked
reduction in the number of nodular
hyperplasias.

Ogawa et al. (2001) presented evi-
dence that phenethyl-ITC promoted
liver tumours (see section 6) when
given post-initiation. This finding and
those for oesophagus, lung and liver
indicate that the preventive activity of
phenethyl-ITC is most evident when it
is given before or during carcinogen
treatment.

Lung: In studies designed to identify
agents that prevent the development of
lung cancer, Morse et al. (1989a) and
Hecht ef al (1996a) evaluated
phenethyl-ITC for its ability to prevent
lung tumours induced in rats by NNK.
In the first study (Morse ef al,, 1989a},
male Fischer 344 rats aged 8 weeks
were given a diet containing phenethyl-
ITC at a concentration of 3 pumol/g,
beginning 1 week before subcuta-
neous injection of NNK at a dose of
1.76 mg/kg bw three times a week for
20 weeks and during NNK treatment.
The experiment was terminated after
104 weeks, and the total numbers of
tumours in the lungs (adenomas and
carcinomas), liver and nasal cavity
were evaluated. The dose of
phenethyl-ITC, estimated to be 88
mg/day per rat, did not cause signifi-
cant differences in body weight, food
consumption or survival. Nevertheless,
there were adverse effects in the liver,
consisting of centrilobular and mid-
zonal fatty metamorphosis. Dietary
phenethyl-ITC reduced the incidence
of lung tumours from 80% in controls
10 43%, but the numbers of tumours in
the liver and nasal cavity were unaf-
fected. In addition, the treatment
resulted in no significant differences in
NNK-induced tumours in other organs
(pancreas, mammary, stomach, testis,
adrenal, thyroid), nor was there any
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the indole before, during and/or after
the carcinogen over a wide range of
doses. The end-points were usually
fumours or precursor lesions such as
hepatic GST* foci and aberrant crypt
foci in the colon.

Foresiomach

Female ICR/Ha mice received a diet
coniaining indole-3-carbinol at 0.03
mmol/g, 3,3-diindolylmethane  at
0.02 mmol/g or indole-3-acetonitrile at
0.03 mmol/g (Wattenberg & Loub,
1978). Eight days after beginning the
indole diets, the animals were given
benzo[alpyrene at 0.3 or 1 mg, orally,
twice a week for 4 weeks. Significant
reductions in the multiplicity of fore-
stomach tumours were seen with
indole-3-carbinol (5.0 to 1.9 tumours
per mouse), 3,3 -diindolylmethane (5.0
to 3.2} and indole-3-acetonitrile (5.9 to
1.6). Controls given the indoles alone
had no tumours.

Cofon

Several studies have indicated that
protection by indole-3-carbinol in mod-
els of colon carcinogenesis is depen-
dent on the protocol used. Dashwood
and co-workers (Guo et al, 1995)
treated male Fischer 344 rats with
PhIP by gavage (50 mg/kg bw every
other day during weeks 3 and 4) and
provided a diet containing indole-3-
carbinol at 1000 mg/kg either before
and during PhIP treatment, after PhIP
or continuously. Aberrant crypt foci in
the colon were measured at week 16.
All the indole-3-carbinol treatments
significantly and strongly reduced the
total number of aberrant crypts per rat,
the number of aberrant crypt foci per
rat, the ratio of aberrant crypts:aber-
rant crypt foci and the number of large
aberrant crypt foci (containing three or
four aberrant crypts).

In an experiment in which
azoxymethane was used as the colon
carcinogen, male Fischer 344 rais
received a diet containing indole-3-

carbinol at 0.875 or 1.75 g/kg for 5
weeks and received  azoxymethane
intraperitoneally at 15 mg/kg bw twice
a week during weeks 2 and 3. The
number of aberrant crypt foci per
colon, determined at the end of the 5-
week feeding period, was reduced to
54-63% of that in control animals by
inclusion of indole-3-carbinol in the diet
(Wargovich et al,, 1996).

Kim et al. (2003) examined the
effects of dietary indole-3-carbinol on
spontaneous intestinal polyps in
C57BL/6J-ApcM+ mica. In heterozy-
gous [Min/] male mice that ate a diet
containing indole-3-carbinol at 100 or
300 mg/kg for 10 weeks, the multiplic-
ity of polyps in all portions of the small
intestine and in the colon was not
significantly affected, although the low
dose reduced the multiplicity of polyps
{from 1.40 to 0.85 polyps per colon). In
mice treated with azoxymethane sub-
cutaneously at 5 mg/kg bw once a
week for 4 weeks before receiving
dietary indole-3-carbinol for 32 weeks,
both dietary concentrations of indole-
3-carbinol decreased the number of
aberrant crypt foci per colon (to
43-44% of control) and the total num-
ber of aberrant crypts per colon (to
38-40% of control).

Liver

Indole-3-carbinol inhibits numerous
hepatocarcinogens in experimenial
animals. Evidence that indole-3-
carbinol protects against liver carcino-
genesis was derived initially from stud-
ies of the lower vertebrate, the rainbow
trout (Bailey ef al, 1982). When trout
were fed diets containing indole-3-
carbinol at 1000 mg/kg before and dur-
ing initiation with aflatoxin B,, the inci-
dence of hepatocellular carcinoma
was reduced by 40% relative to that in
trout not given the indole. It was found
later, however, that feeding of indole-3-
carbinol after initiation by aflatoxin B,
strongly promoted liver tumour inci-
dence in trout (Bailey ef al, 1987;

Dashwood et af., 1991; Oganesian et
al., 1999). The studies showing promo-
tion of hepatocarcinogenesis in
rodents and fish by administration of
indole-3-carbinol  post-initiation  are
reviewed in section 6.

Manson et al. (1998) examined the
effects on hepatocarcinogenesis in
male Fischer 344 rats treated with
aflaioxin B, for 24 weeks, either alone
or with a high concentration of indole-
3-carbinol {5000 mg/kg) added to
lthe diet in weeks 6—24. A second pro-
tocol involved feeding the diet contain-
ing indole-3-carbinol for weeks 1-24
and adding aflatoxin B, during weeks
3-24. All groups were reared on con-
trol diet for an additional 19 weeks. The
animals were assessed for three
hepatic biomarkers, GST-P* and GGT
foci; cytokeratin 18 at weeks 13
and 43; and tumours at week 43.
Although only four o six animals were
examined for tumour development,
treatment with indole-3-carbinol in
either protocol reduced the tumour
response, from 4/4 tumour-bearing
animals and 6.5 tumours per liver in
controls receiving only aflatoxin B, to
0/5 tumour-bearing animals in each
group given indole-3-carbinol. Hepatic
biomarkers were also reduced in rats
given indole-3-carbinol at week 43.
Interestingly, at week 13, administra-
tion of indole-3-carbinol after aflatoxin
B, did not reduce the numbers of GST-
P+ or GGT foci, but, rather, the num-
bers of foci per amount of staining
were greater than in the livers of rats
receiving aflatoxin B, alone. These
results indicate that administration of a
high dose of indole-3-carbinol can
reduce hepatocarcinogenesis induced
in rats by prolonged treatment with
aflaioxin B,, even if the indole-3-
carbinol is delayed for 6 weeks.
Neverthless, two of three early
biomarkers (GST-P* and vy-glutamyl
transferase foci) predicted the uitimate
effects of indole-3-carbinol on tumour
outcome when given after aflatoxin B, .
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which is a marker for CYP2B1, was
increased by 10-fold after 24 h. The
last effect was associated with a sev-
enfold increase in CYP2B1 protein.
The rates of oxidation of NNK were
substantially reduced in liver, lung and
nasal tissue microsomes 2 h and 24 h
after treatment. Administration of
phenethyl-ITC resulted in a reduction
in the metabolic activation of the
oesophageal carcinogen N-nitroso-
methylamylamine and a reduction in
the formation of methylated DNA in rat
oesophagus (Huang ef al.,, 1993).

Studies with radioactively labelled
phenethyl-ITC indicate that the com-
pound, or a metabolite, is distributed to
the liver, lung and other target tissues
within a few hours (Eklind ef al., 1990)
and that it combines both covalently
and non-covalently with cellular pro-
teins. Phenethyl-ITC is also a competi-
tive inhibitor of NNK oxidation in lung
microsomes (Smith et al, 1990), and it
seems probable that the overall effect
of the compound or its metabolites is a
combination of covalent inactivation
and competitive inhibition of microso-
mal enzymes (Guo et al, 1992). The
last authors speculated that competi-
tive inhibition is more important early
on, while longer-term reductions in
enzyme activity are due primarily io
covalent inactivation.

Using a similar protocol, Guo et al.
(1993) examined the effects of
phenethyl-ITC, benzyl-ITC and two
synthetic compounds, 4-phenylbutyl-
ITC and 6-phenylhexyl-ITC, on NNK
oxidation and on phase | and Il
enzymes. In general, a single dose of
0.25 or 1.0 mmol/kg bw of these com-
pounds given 6 or 24 h before death
resulted in significant reductions in
NNK oxidation by lung, liver and
nasopharyngeal microsomes. Phen-
ethyl-ITC was generally a more potent
inhibitor than benzyl-ITC, but both
were less effective than the synthetic
compounds. The effects and the rela-
tive potencies of the different isothio-

cyanates correlated reasonably well
with their relative effectiveness as
inhibitors of carcinogenesis in vivo
(Morse ef al., 1989b, 1991).

The chemistry of tobacco smoke is
extremely complex, as is the sequence
of carcinogenic events leading ulti-
mately to lung cancer. Sticha ef al.
(2000) explored the hypothesis that
benzyl-ITC inhibits the formation of
DNA adducts induced by benzo[a]-
pyrene by blocking production of the
highly reactive metabolite 7,8-dihy-
droxy-9,10-epoxy-7.8,9,10-tetrahydro-
benzolajpyrene (BPDE). The metabo-
lism of benzo[alpyrene by mouse lung
and liver microsomes & or 24 h after
treatment  with  benzylITC  or
phenethyl-ITC was used as an inter-
mediate end-point of anticarcinogenic
activity. Both benzyl-ITC and phenethyl-
ITC inhibited the formation of
benzofalpyrene  metabolites  and
BPDE-DNA adducts. This finding was
interpreted as support for the hypothe-
sis for the mechanism of action of ben-
zyHTC. Although there were some dif-
ferences in the activities of the two
isothiocyanates, they did not entirely
explain the inefficacy of phenethyl-{TC
against lung tumours in this model. The
authors speculated that other mecha-
nisms, such as suppression of tumori-
genesis by benzyl-ITC by induction of
apoptosis, might explain the different
effects of the two isothiocyanates.

One unresolved issue is the rela-
tive importance of native isothio-
cyanates and their conjugates as
inhibitors of phase | enzyme activity.
The main route of isothiocyanate
metabolism in humans is conjugation
with GSH, followed by urinary excre-
tion as N-acetyl-L-cysteine conjugates
(Brusewitz et al, 1977). The target tis-
sues are therefore exposed primarily
to GSH conjugates of isothiocyanates
rather than the nakive compounds.
Conaway ef al. (1996) studied the
structure—-activity relationships of iso-
thiocyanates and their conjugates with

regard to inhibition of CYP1A1,
CYP1A2 and CYP2B1, using hepatic
microsomes  from  3-methylcholan-
threne- or phencbarbital-treated rats
as an assay system. In general, the
parent isothiocyanates were more
potent inhibitors than the conjugates.
The same group compared phenethyi-
ITC-GSH and 8-phenylhexyl-ITC-
GSH conjugates in the assay system
and showed that the 6-phenylhexyl-
ITC~-GSH conjugates were several
times more potent than those of
phenethyl-ITC; however both conju-
gated species showed anticarcino-
genic activity against NNK in the A/J
mouse pulmonary carcinogenesis
model (Jiao et al., 1997). Studies on
the  decomposition of isothio-
cyanate-GSH conjugates in vitro
{Conaway et al, 2001) suggested that,
in solution, an equilibrium is estab-
lished between free isothiocyanate
and its conjugate, and that it is the free
species (Moreno ef al, 1999) or
another metabolite (Goosen ef al.,
2001) that inhibits enzyme activity by
covalently modifying the protein.

Phase li enzymes

GST activity is abundant throughout
the mammalian alimentary tract and in
the liver, and in both locations it is
highly responsive to diet. In mice, a
diet of unrefined rodent chow led to
greater activity of small intestinal and
hepatic GST than semi-synthetic diets.
Brassica vegetables, as well as other
foods, including coffee and tea, all
induce GSTs in the alimentary tract, as
do benzyl-ITC, indole-3-carbinol and
indole-3-acetonitrile (Sparnins et al,,
1982a,b), but induction of phase ||
enzymes has not been used as an
intermediate biomarker of carcino-
genesis.

Guo ef al (1992) studied the
effects of a single oral dose of 1
mmol’kg bw of phenethyl-ITC on
phase | and phase il enzymes in the
liver, lung and nasal tissues of Fischer
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344 rats. The activities of the phase Il
enzymes NQO1 and GST were
increased in the liver, but a more vari-
able pattern of effects was observed in
other target tissues.

To explore the dose-response rela-
tionship of the effects of isothio-
cyanates on the induction of phase Il
enzymes, Kore et al. (1993) adminis-
tered iberin [1-isothiocyanato-3-
(methylsulfinyl)propane] over a con-
centration range of 1-100 pmol/kg bw
per day. Intestinal GST and NQO1
activities were significantly enhanced
by treatment, but only at the highest
dose. The authors estimated that the
human population is exposed {o about
1 mmol/kg bw per day of iberin, and
they concluded that a conventional diet
was unlikely to have a significant effect
on phase || enzyme activity.

Haemoglobin adducts

Prolonged administration of 6-phenyl-
hexyl-'TC and phenethyl-ITC strongly
inhibited lung carcinogenesis induced
by NNK in rats (see above). In one
study, under conditions in which the
induction of tumours by NNK was
reduced from around 70% in control
groups to less than 30% in treated
groups, the latter showed reduced
biood-borne  biomarkers of DNA
adduct formation  [4-hydroxy-1-(3-
pyridyl)-1-butanone-releasing haemo-
globin  adducts], together with
increased NNK detoxification and
urinary excretion (Hecht et al., 1996b).

DNA adducts

If modulation of phase | and/or Ii
enzyme activity is effective in blocking
mutagenesis, then the reduction in car-
cinogen activation should be accom-
panied by a reduction in the level of
DNA adducts induced by model cat-
cinogens, and this should be
deteciable in target tissues. Chung et
al. (1985) explored the effects of
phenyl-ITC, phenethyl-ITC and the glu-
cosinolate sinigrin on the o-hydroxy-
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lation of A-nitrosodimethylamine and
NNK by liver microsomes in vitro, and
observed that the isothiocyanates inhib-
ited demethylation of the nitrosamines.
Pretreatment of rats with the isothio-
cyanates or with sinigrin inhibited the
formation of 7-methylguanine and C5
methylguanine in rat hepatic DNA. The
authors concluded that this was the
probable mechanism for the anticar-
cinogenic effects of the isothiocyanates
towards these carcinogens.

Certain isothiocyanates have been
shown to exert significant anticarcino-
genic effects in rat models of oeso-
phageal carcinogenesis, and these
effects appeared io be well correlaied
with inhibition of adduct formation.
Stoner et al. {1991) showed that
administration of phenethyl-ITC before
and during treatment of Fischer 344
rats with N-nitrosobenzylmethylamine
suppressed oesophageal tumours and
preneoplastic lesions by as much as
99-100%. In cultured explants of rat
oesophageal tissue, phenethyl-ITC
reduced A-nitrosobenzylmethytamine
metabolism, reduced the formation of
DNA adducts by 53-97% and inhibited
DNA methylation at the 7 and OF posi-
tions of guanine. A similar inhibitory
effect of phenethyl-ITC on the metabo-
lism of N-nitrosomethyl-amylamine and
methylation of DNA in rat oesophagus
was described later (Huang et al., 1993).

Phenethy-ITC and a number of
synthetic  isothiocyanates  inhibited
lung carcinogenesis and DNA methy-
lation induced by NNK in mouse mod-
els (Morse et al.,1989b, 1991). Stareiz
et al. (1997a) investigated the effects
of phenethyl-ITC on the induction of
pyridyloxobutyl DNA adducts in the
NNK model of rat lung tumorigenesis.
Having established that there was a
significant relationship between the
extent of tumour induction and the
level of adducts in the appropriate tar-
get cells in lung tissue, they demon-
strated a 50% reduction in pyridyl-
oxobutyl DNA adducts in target cells,

which was consistent with the 50%
reduction in  NNK-induced lung
tumours by phenethy-ITC.

Wattenberg (1987) showed that
benzyl-ITC inhibited lung neoplasia
induced by benzolalpyrene in a mouse
model. This was confirmed by Lin et al.
(1993), but, as others have observed
(Adam-Rodwell et al, 1993), phen-
ethyi-ITC was not effective under the
same conditions. Sticha ef al. (2000)
tested the hypothesis that inhibition by
benzyl-ITC of benzofalpyrene-induced
lung carcinogenesis in the murine
model is due directly to suppression of
DNA adduct formation. They found a
significant reduction in the formation of
BPDE-DNA adducts in Jung and
hepatic DNA from A/J mice treated
with benzyl-ITC and phenethyl-ITC,
2—120 h after treaiment with the
carcinogen. Phenethyl-ITC was a
somewhat less effective inhibitor of
adduct formation than benzyl-ITC, but
the differences were not considered
great enough to explain the marked
differences in the anticarcinogenic
activity of the two isothiocyanates. In a
more complex model, Sticha et al.
(2002) studied the effects of phenethyl-
ITC and a mixture of phenethyl-ITC
and benzyl-ITC on the formation of
DNA adducts after treatment with a
mixture of benzo[dlpyrene and NNK.
The adducls  quantfied were
BPDE-A2-deoxyguanosine from ben-
zo[alpyrene, OF-methylguanine and 4-
hydroxy-1-(3-pyridyl)-1-butanone-releas-
ing adducts from NNK. Both phenethyl-
ITC and the mixture with benzyl-ITC
inhibited the formation of the adducis
from NNK, but they had no effect
on BPDE—Me-deoxyguanosine or CF-
methylguanine.

Administration of phenethyl-ITC
resulted in a reduction in the metabolic
activation of the oesophageal carcino-
gen N-nitrosomethylamylamine and a
reduction in the formation of methy-
lated DNA adducts in rat oesophagus
(Huang et al., 1993).



Apopiosis

Samaha et al (1997) studied the
effecis of various candidate chemopre-
ventive agents on the level of apopto-
sis in colorectal tumours of rats treated
with azoxymethane and observed a
correlation between the induction of
apopiosis and the effectiveness of the
treatment. Suiindac and curcumin both
increased apoptosis and suppressed
tumorigenesis; however, the synthetic
G-phenylhexyl-ITC, which is highly
protective against pulmonary tumori-
genesis (Morse ef al, 1891) but
enhances both oesophagea! (Stoner
ef al, 1995) and colonic tumorigenesis
(Rao et al., 1995), suppressed the rate
of apopiosis. This finding provides
circumstantial evidence for a role
of apoptosis in tumour suppression and
shows that isothiocyanates can have
adverse as well as beneficial effects.

Yang et al. (2002) investigated the
anticarcinogenic effects of N-acetyl-
cysteine conjugates of benzyl-ITC and
phenethyl-I TG against lung tumorigen-
esis incduced by benzo[alpyrene in A/J
mice. Both conjugates reduced tumour
multiplicity, and the reductions were
associated with increased apoptosis in
lung tissue, together with biochemical
evidence for activation of apoptosis-
related signalling pathways.

BAgostini et al. (2001) reported
that phenethyl-ITC amplified cigarette
smoke-induced apoptosis  in  rat
bronchial and bronchiolar epithelium.

Srivastava et al. (2003) reported
that a bolus intraperitoneal injection of
allyi-ITC (10 pmol) given to mice three
times a week after implantation of
human prostate cancer (PC-3) xeno-
grafts significantly inhibited tumour
growth by reducing mitotic activity and
inducing apoptosis. This effect may be
simitar to that observed by Smith et a/.
(1998) in dimethylhydrazine-treated
rats fed sinigrin, which is the parent
glucosinolate of allyl-ITC.

Indoles

Effecis on enzymes

Studies on the induction and inhibition
of enzymes by indole-3-carbinol are
reviewed in section 2. In this section,
only those effects observed in proto-
cols for chemical carcinogenasis or
effects that are clearly related to
chemoprevention are  summarized.
Studies on the effects of indole-3-
carbinol on the metabolism of carcino-
gens in vivo, as measured by quantifi-
cation of their metabolites, are not
included. The relevant studies are
described below and those in rats are
summarized in Tabie 47.

After 2 weeks of feeding male
Fischer 344 rats with an indole-3-
carbinol-containing ciiet (30 umol/g), the
activity of CP-methylguanine-DNA trans-
methylase, an enzyme that removes G°
methyl groups from guanine bases in
DNA, was quantified in liver, lung and
nasal mucosa. The indole-3-carbinol-
containing diet had no effect on this
enzyme (Morse et al., 1988).

In a study of mammary iumours
induced by BMBA or MNU in female
Sprague-Dawley rats, Grubbs et al.
(1985) measured induction of various
alkoxyresorufin-O-dealkylases by a
hepatic microsomal preparation {9000
X ¢ supernatant) after prolonged oral
dosing (by gavage) with indole-3-
carbinol (50 or 100 mg/day for 100
days). In parallel experiments, these
doses were shown to be effective in
preventing mammary tumour induction
when given either during or both dur-
ing and after carcinogen administra-
tion. The activities of methoxyresorufin-
O-dealkylase (MROD, specific for
CYP1A2), EROD (specific  for
CYP1A1) and benzyloxyresorufin-O-
dealkylase (BROD, specific for
CYP2B1) were increased in relation to
dose of indole-3-carbinol (up to 121-
fold for GYP2B1). The induction was
paralielled by induction of the respec-
tive mRANAs:; mRNA analysis also
showed induction of hepatic GST sub-
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family o (GST Ya/Yc) and epoxide
hydrolase.

The induction of hepatic alkoxyre-
sorufin-C-dealkylases (MROD, EROD,
BRCD and pentoxyresorufin-C-dealky-
lase [PROB]) in female Sprague-
Bawley rats was confirmed by Malejka-
Giganti ef al. (2000), in animals that
received indole-3-carbinol at a dose of
250 mg/kg bw three times a week for
12 weeks. In contrast io the results of
Grubbs ef al. {1995), this regimen
failed to result in inhibition of DMBA-
induced mammary tumours when
BMBA was given as a single dose
three weeks before the start of indole-
3-carbinol treatment.

The induction by 0.1% dietary
indole-3-carbinol of hepatic microso-
mal MRCD and EROD activities was
also confirmed in male Fischer 344
rals (Xu et al, 1996) in a protocol
whereby the animals received a dose
of 1Q that was sufficient to induce
colonic aberrant crypt foci. Xu et al
(1997) also examined the dose-
response relationship of single oral
doses of indole-3-carbinol in male
Fischer 344 rats. At doses equal to or
higher than the equivalent of 100
mg/kg of diet, the activities of both
ERCD and MROD were induced
(EROD twofold more than MROD) in
hepatic and colonic microsomes. The
induction was paralielled by decreased
formation of colonic IQ~DNA adducts
and by mutagenic activation of 1Q
catalysed by hepatic microsomes in
vitro. In contrast, at doses of indole-3-
carbinol less than the equivalent of 50
mg/kg of diet, hepatic EROD and
MRQOD were both inhibited, accompa-
nied by an increase in colonic IQ-DNA
adducts and by an increase in IQ
mutagenicity catalysed by hepatic
microsomes from animals receiving
these low doses. The authors consid-
ered it possible that the different effects
of indole-3-carbinol at lower and higher
doses might be related to the profile of
acid condensation products formed

ammmms
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1995). This finding was confirmed in a
study of simitar design, in which a
higher dietary concentration of PhIP
(0.04%, w/w) and two cancentrations
of indole-3-carbinol (0.02% and 0.1%,
w/w} were used. Only the highest con-
centration of indole-3-carbinol inhibited
PhIP-DNA adducts in mammary
epithelial cells, leukocytes, colon and
liver (by 67-82%) of female Fischer
344 rats (He ef al., 1887). In another
experiment, feraie Fischer 344 rats
were maintained on a diet containing
0.1% (w/w) indole-3-carbinol for 29
days and received an oral dose of
PhIP at 10 or 50 mg/kg bw on day 13,
PhIP-DNA adducts were determined
on days 14, 15, 1¢ and 29 in a number
of organs. Indole-3-carbinol inhibited
PhIP-DNA adduct formation in virtu-
alfy all organs, including the mammary
gland and colon, by 33-100% at
the four times. As before, dietary
indole-3-carbinol did not affect the rate
of adduct removal during the 14-29
days (He & Schut, 1999). In a similar pro-
tocol, but with repeated oral administra-
tion (daily for 3 weeks} of much lower
doses of PhlP that were closer to human
intake (1 mg/kg bw per day), diets con-
taining 0.02% or 0.1% (w/w) indole-3-
carbinol inhibited PhIP-DNA adducts
(by 35-95%) in 12 organs, including the
colon, but net in the mammary gland,
of femaie Fischer 344 rats (He ef al,
2000).

Only one study addressed the
effect of indole-3-carbinol on cigareite
smoke-induced DNA adducts in rats.
Female Sprague-Dawley rafs were
exposed to cigarette smoke (6 h/day, 7
days per week) for 4 weeks while
receiving indole-3-carbinol daily by
gavage (1.36 or 3.40 mmol/kg) during
this pericd as well as during the week
preceding exposure to smoke. The
main smeke-related adducts, some of
which were also detectable (albeit in
much smaller amounts) in animals
receiving only indole-3-carbinol or no
treatment, were inhibited (by 40-65%)

in the ilungs, trachea, bladder and
heart (Arif ef al., 2000).

Mice: Total covalent binding of *C to
hepatic DNA in ICR Swiss mice pre-
treated with indole-3-carbinol (167
mg/kg bw) and then given a single
dose of ["“Clbenzo[alpyrene by gav-
age was inhibited by up to 63% within
2-24 h (Shertzer, 1983, 1984). A sin-
gle oral dose of indole-3-carbino! (167
mg/kg bw) administered to male ICR
Swiss mice 1 h before a single oral
dose of [““C]Atnitrosodimethylamine
inhibited binding of '*C to hepatic DNA
by 68% 1 h after dosing with the
nitrosamine {Shertzer, 1984). In a
study of the effects of indole-3-carbinol
on DNA methylation of the tobacco-
specific nitrosamine NNK, A/J mice
received the indole by gavage for 4
days at a dose of 25 or 125
mmol/mouse per day. The last dose
was followed 2 h later by an intraperi-
toneal injection of [PHJNNK (10
mmol/mouse). Liver and lung DNA was
analysed for Of-methylguanine and 7-
methylguanine after 2 and 6 h. Both
doses of indole-3-carbinol inhibited
pulmenary Of-methylguanine by at
least 50% but enhanced both
OB-methylguanine and 7-methylgua-
nine in the liver at both times. The
decrease in Of-methyiguanine in the
lungs corresponded to a similar
decrease in lung tumour multiplicity in
mice receiving the same doses of NNK
and indole-3-carbinol (Morse ef al,
1990h).

Rainbow frout: The only other species
in which the chemopreventive effects
of indole-3-carbinol have been siudied
is the rainbow trout. Aflatoxin B, was
used as the liver carcinogen in ail
except one study, in which A-nitrosodi-
ethylamine was used (Fong ef al,
1988). Fingerling trout were given diets
containing A-nitrosodiethyiamine  at
250 mg/kg for 24 h, and liver DNA was
then analysed for CB-ethylguanine and

7-ethylguanine. Addition of indole-3-
carbinol at 2000 mg/kg of diet for 1
week before exposure to N-nitrosodi-
ethylamine resufted in 41% inhibition
of both CP-ethylguanine and 7-ethyl-
guanine.

In an early study on the chemopre-
ventive effects of indole-3-carbinol
against the carcinogenicity of aflatoxin
B, (Nixon et al., 1984), trout were fed
diets containing indole-3-carbinol
at 1000 mg/kg for 12 weeks and then
injected with [®M]aflatoxin B,. When
their liver DNA was analysed for total
binding of ®H 24 h fater, indole-3-
carbinol was found to have reduced
the binding to 55% of that in control
fish. Using a slightly different protocol
(diet containing indole-3-carbinol at
2000 mg/kg for 8 days), Fong et al.
(1990) found 58% inhibition of total
binding of 3H in trout liver DNA.
Similarly, Takahashi ef al (1995b)
showed dose-dependent inhibiticn of
total hepatic binding of [*H]aflatoxin B,
to DNA in trout given diets containing
indole-3-carbinol at 1000-4000 mg/kg
for 7 days. In a detailed study of the
dose-response relationship, Dashwood
et al. (1988) gave trout diets containing
a range of concentrations of indole-3-
carbinol (0-4000 mg/kg) for 6 weeks.
During the lasi 2 weeks, the fish also
received aflatoxin B, (10-320 pg/kg)
and a trace of [*H]aflatoxin B,. Liver
DNA was analysed for total °*H binding
on days 7 and f4 after the start of
feeding affatoxin B,. Binding depended
linearly cn both dose of aflatoxin and
time of concomitant treatment. Indole-
3-carbinol at all concentrations
< 2000 mg/kg linearly inhibited binding
of aflatoxin B,. At the highest concen-
tration of indote-3-carbinol (4000
mg/kg), aflatoxin B, binding was sup-
pressed by almost 85%. The linear inhi-
bition observed with low doses of
indole-3-carbinol indicates that there
may be no significant threshold for pro-
tection against aflatoxin B,—DNA bind-
ing. In a concurrent study with a similar
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it appeared that the Sp1 binding site in
the CDKB promoter leads to a specific
indole-3-carbinol-responsive DNA—
protein complex that contains the Sp1
transcription factor. Thus, indole-3-
carbinol appeared ito down-regulate
CDK® transcription by targeting Sp1 at
a composite site in the promoter of this
gene.

A synthetic stable tetrameric deriv-
ative of indole-3-carbinol, prepared by
oxidation, suppressed the growth of
MCF7, 734B and BT474 ({(estrogen
receptor-positive} and BT20, MDA-
MB-231 and BT532 (estrogen recep-
tor-negative) breast tumour cells,
inducing G, arrest, without evidence of
apoptosis (Brandi et al, 2003). It was
about five times more active than
indole-3-carhinol in this respect. The
tetramer inhibited CDKE expression
and activity, increased p27 and
reduced Rb protein expression. No
change was observed in CDK4.

Indole-3-carbinol (30 umol/l) inhib-
ited the growth of PG-3 prostate can-
cer cells by inducing G, arrest, leading
to apoptosis (Chinni et al., 2001). This
was accompanied by significant induc-
tion of p271 and p27 CDK inhibitors.
The induction of p27 appeared to be
independent of p53, but deletion of an
Sp1 site reduced promoter activity.
Induced expression of the CDK
inhibitors led to decreased kinase
activity of the cyclin D1 and E com-
plexes. Exposure to indole-3-carbinol
also led to a dose-dependent
decrease in CDK6 expression, appar-
ent from 24 h with a dose of 50 or
100 pmol/l. CDKe& activity was
decreased by as much as 70% in the
presence of 100 umoll indole-3-
carbinol for 48 h. Indole-3-carbinol
treatment also resulted in progressive
inhibition of Rb phosphorylation, which
was pronounced after 48 h of treat-
ment with 60-100 umold. These
resulis in a prostate cell line are similar
to those described above for a breast
cell line (Cover et al., 1998, 1999).

3,3 -Diindolylmethane induced
arrest in the G, phase of the cycle in
both MCF-7 and MDA-MB-231 breast
cells {Hong et al., 2002b). This was
accompanied by a decrease in the
activity of CDK2 and increase in
p21WaiCT mRNA (six- to sevenfold)
and protein in both celf lines, suggest-
ing that the latier was independent of
estrogen receptor signalling and p53.
Transient transfection with a series of
deletion constructs suggested that
3,3 -diindolylmethane responsiveness
is dependent on a segment of the
p21WEitpt - nromoter  containing  six
Sp1 elements. This conclusion was
reinforced by electrophoretic mobility
shift assays that showed that 3,3 -diin-
dolylmethane induced binding of Sp1
and Sp3 to the consensus Sp1 respon-
sive element. In a comparison of the
effects of indole-3-carbinol and 3,3"-
diindolylmethane on cell cycle arrest
(Firestone & Bjeldanes, 2003), a
fraction of indole-3-carbinol was found
to be converted intracellularly to 3,3"-
diindolylmethane, which accumulated
in the nucleus. In contrast, 3,3 -diin-
dolylmethane had no effect on the
CDK6 promoter. These results indicate
that the control of cell cycle gene
expression is mediated by a combina-
tion of the specific effects of indole-3-
carbinol and 3,3"-diindolylmethane.

Proteins of the growth arrest and
DNA  damage (GADD) family,
GADD153, 450, B and vy and 34,
induce growth arrest and apoptosis by
various pathways. Microarray analysis
suggested that 3,3 -diindolylmethane
up-regulates genes of the GADD
family (Carter et al, 2002). BRCA1,
which was induced by indole-3-
carbinol and 3,3"-diindolylmethane
(Meng et al, 2000a), induced expres-
sion of GADD45 but also inhibited
signalling by estrogen through estro-
gen receptor-c.. Auborn et al. {2003)
investigated the ability of 3,3 -diindolyl-
methane to up-regulate GADD genes
as a mechanism for overcoming estro-

gen induction of tumour growth. They
showed in MCF7 breast cells that
3,3 -diindolylmethane (50 or 100
umol/l, 6 h) increased expression of
GADD34, 153 and 45. Significant loss
of cell viability was also found at these
concentrations. 3,3 -Diindolyimethane
at 25 umol/l was not effective, but when
it was combined with genistein
(5 pmoll), even greater induction of
GADD genes was observed, with
significant induction of apoptosis at
48 h.

fnduction of apoptosis

A number of studies have been
reported on the efficacy of indoles in
inducing apoptosis. In some cases,
tumour cells were more sensitive than
non-transformed cells, and often the
condensation products of indole-3-
carbinol were more effective than the
parent compound.

In a study with reduction mammo-
plasty-derived 184-B5 cells initiated
with benzo[alpyrene or the oncogene
HER, and with MDA-MB-231 cells,
treatment with indole-3-carbinol at
50 umol/l resulted in a twofold increase
in apoptosis, as measured by the sub-
G, fraction after 24 h (Telang et al.,
1997¢).

Treatment of human mammary
epithelial 184-B5 cells with benzo-
[alpyrene reduced the sub-G, popula-
tion by more than 85%; this effect was
partially reversed (reduced to 41% of
control} by indole-3-carbinol  at
10 umol/l (Katdare et af., 1998). The
reversal was accompanied by a
twofold or greater increase in p53
immunoreactivity.  Treatment  with
indole-3-carbinol in combination with
benzo{ajpyrene doubled the immuno-
reactivity for the CDK inhibitor p16/NK4C
compared with treatment with benzo-
[a]pyrene alone.

Induction of apoptosis, as deter-
mined by DNA fragmentation and
nuclear condensation, was observed
in MCF-7 cells after 24 h of treatment

]
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analysis. Induction of apoptosis
appeared to be independent of p53
status.

In a later study, concentrations of
3,3 -diindolylmethane = 10 umal/,
were found to induce apoptosis in
MCF-7 and MDA-MB-231 cells, as
evidenced by externalization of phos-
phatidyl serine, chromatin condensa-
tion and DNA fragmentation {assessed
in the TUNEL assay). The protein
levels of Bel2 were decreased in both
cell lines {by 90% in MCF-7 and 60%
in MDA-MB-231). The mRNA levels of
Bcl2 were also decreased by 70% after
treatment of MCF-7 cells with 3,3 -diin-
dolylmethane at 100 umol/, as was the
amount of Be¢l2 bound to Bax. The lev-
els of the latter were increased by 3,3 -
diindolylmethane treatment, by up to
fourfold in MCF-7 and by sixfold in
MDA-MB-231 cells, with a maximum
effect afier 48 h of freatment (Hong et
al., 2002a). After co-immunoprecipita-
tion of Bel2—Bax complexes, 3,3"-diin-
dolylmethane caused a time- and con-
centration-dependent decrease in the
amount of Bel2 associated with Bax in
both cell lines (80% after exposure to
100 pmol/l for 24 h). Ectopic expres-
sion of Bel2 in MCF-7 cells blocked the
apoptotic  effect of 3,3"-diindolyl-
methane (by 50% after 24 h).

3,3"-Diindolylmethane and indolo-
[3,2-blcarbazole induced apoptosis in
the human colon LS-174 and CaCo2
adenocarcinoma cell lines (Bonnesen
et al, 2001), but no apoptosis was
observed in the SV40-T antigen
immortatized normal colon-derived cell
line HCEC.

The ability of indole-3-carbinol
(10-400 umoll) and 3,3"-diindolyl-
methane (10-100 pmol/) to affect pro-
liferation and apoptosis was examined
in three prostate cell lines with different
p53 status (LNCaP, wild-type; PC-3,
deficient; and DU145, mutant). The
results after 48 h of treatment sug-
gested the following median inhibitory
concentrations for inhibition of prolifer-

ation: indole-3-carhinol, 150 pmol/l for
LNCaP, 1680 pmol/l for DU145 and
285 umol# for PC-3; 3,3"-diindalyl-
methane, 40 pumol/l for LNCaP and
PC-3 and 20 pmol/ for DU145. Both
compounds induced apoptosis in all
celt lines in a p53-independent manner
(LNCaP, 24 h with 200 umol/l indole-3-
carbinol or 75 pmol/l 3,3"-diindolyt-
methane; DU145, 72 h with 200 nmo¥/|
indole-3-carbinol, 48 h with 75 umok¥|
3,3 -diindolylmethane; PC-3, 72 h with
400 umol/l indole-3-carbinol or 75 umok/|
3,3 -diindolylmethane) {Nachshon-
Kedmi et al, 2003). No effect were
observed on the levels of Bel-2, Bax or
fas . The results suggest that the well-
differentiated LNCaP cells were more
sensitive to inhibition of apoptosis by
3,3’-diindolylmethane and indole-3-
carbinol than the moderately (DU145)
and poorly {PC-3) differentiated cells.
After treatment for 24 h with indole-
3-carbinol (30 or 90 umoll), the
LNCaP cell line was sensitized to
tumour necrosis factor-related apopto-
sis-inducing figand (TRAIL)-mediated
(100 ng/ml) apoptosis. Treaiment with
indole-3-carbinal (90 pmol/l) induced
two TRAIL death receptors (DR4 and
DR5) at both the transcriptional and
translational level, without affecting the
expression of two decoy receptors
{Jeon et al, 2003). Treatment with
indole-3-carbinol (90 pumoif) alone for
24 h did not induce apoptosis, although
viability was affected (see above).

Effects on invasion and metastasis
Limited evidence from one laboratory
indicates that indoles can inhibit the
invasive capacity or metastasis of
breast cells. Nevertheless, a study with
rat hepatocytes suggested the oppo-
site effect.

Indole-3-carbinol (50 or 100 pmol/)
inhibited the adhesion, migration and
invasive properties of both MCF-7 and
MDA-MB-468 breast tumour cells in
vitro and also inhibited their ability to
metastasize to the lung when injected

into the tail vein of mice. Indole-3-
carbinol could also suppress 17B-
estradiol-induced migration and inva-
sion of MCF-7 cells (Meng et al,
2000a). It induced the expression of
several genes, including E-cadherin,
a-, B-, and y-catenin and BRCAT,
whose functions include suppression
of invasion. Disruption of the E-cad-
herin—catenin complex has been
shown to correlate with progression of
breast cancer by increasing prolifera-
tion, invasion and metastasis, while
restoration of E-cadherin  function
reduces invasiveness dramatically.

Up-regulation of the tumour sup-
pressor PTEN and the cell adhesion
molecule E-cadherin in T47D cells in
response io treatment with indole-3-
carbinot (25-125 umol/l) was associ-
ated with significant inhibition of cell
spread and invasion (Meng et al,
2000b). The results of this study also
suggested  that  indole-3-carbinoi
inhibited cell attachment to a laminin
substratum.

Other cellular effects

Antioxidant and anfi-inflammatory
mechanisms

Data derived from several experimen-
tat systems suggest that indole-3-
carpinol and derived compounds are
generally not highly efficient antioxi-
dants. In two of the earliest studies,
three in-vitro systems were used to
analyse the ability of indole-3-carbinol
to scavenge radical species (Shertzer
et al, 1986, 1988). The systems
involved phospholipid dissolved in
chlorobenzene with peroxidation initi-
ated by thermal and photodecomposi-
tion of azobisisobutyronitrile; sonicated
phospholipid vesicles in phosphate
buffer (pH 7.4} with peroxidation initi-
ated by ferrous or ascorbaie; and
mouse liver microsomes containing an
NADPH-regenerating system, with
peroxidation initiated with carbon tetra-
chloride. Lipid peroxidation was mea-
sured in each of these systems by the
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Figure 28 Possible mechanism of isothiocyanate-induced apoptosis of tumour cells based on current data

The circled numbers refer to the following notes:

1. Entry of isothiocyanates into cells by passive diffusion and concurrent slow inactivation by hydrolysis

2. Conversion of the isothiocyanate to the glutathione (G8H) conjugate RNHC(=8)-8G

3. Depletion of cellular GSH by expulsion of RNHC{=8}-3G from cells by multidrug-resistance-associated protein (MRP). As the GSH decreas-
es, protein thiocarbamoylaticn by the isothiocyanate increases and oxidative stress may occur.

4. Protein thiocarbamoylation induces changes in protein conformation and folding. Such chemical modification of cytosolic proteins leads to
their targeting to the proteasome and degradation, as found for JNK phosphatase M3/M8, and induces protein translocation to the cell mem-
brane, activating death receptors.

5. When protein thiocarbamoylation maximizes, activation of JNK and caspases is maximal and commitment to apoptosis is achieved.

6. Activation of caspases and cleavage of cytosolic BID protein. Activation of the JNK pathway may potentiate apoptesis by inducing expres-
sion of the Fas ligand for the Fas death receptor.

Subsequent evenis lead to activation of DNA endonucleases, DNA fragmentation and cell death.
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cytochrome P450; NQO1, NAD(P)H:quinone oxidoreductase; UGT, UDP-glucuronosyl transferase
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Cither beneficial effects of cruciferous vegetables, isothiocvanates and indoles

soluble in water, is more potent against
microorganisms in the gaseous state,
as indicated by lower values for the
50% inhibitory concentration. The
extent of inhibition appears to be
species-specific and concentration-
dependent. Interestingly, pathogenic
bacteria are strongly inhibited, while
lactic acid bacteria, which themselves
inhibit undesirable bacterial growth,
are largely unaffected (Ward et al,
1998). When tested for bactericidal
activities against a variety of bacteria,
allyl-ITC appeared to be effective at all
growth stages and not only on cells in

the exponential growth phase (Lin et
al., 2000a). Its ability to inhibit station-
ary cells is relevant to its application in
food preservation, as processing and
temperature  conditions  generally
reduce the metabolic activity of
bacteria in food systems. Allyl-ITC has
been reported to be an effective
bacteriostatic and bactericidal agent in
the preservation of letiuce and pre-
cooked roast beef and is being investi-
gated for use in controlling contamina-
tion of pre-packaged salads by
pathogens, as these can still retain
bacteria despite washing with chlori-

nated water (Ward ef al,, 1998; Lin et
al., 2000b).

Another member of the isothio-
cyanate family with significant antibac-
terial activity is 6-methylsulfinylhexyl-
ITC, extracted as a volatile fraction
from wasabi (Wasabia japonica
Matsum) stems and a variety of
cruciferous vegetables (Ono et al,
1998).

Fahey et al (2002) reported that
sulforaphane had a bactericidal
effect against intracellular Helicobac-
ter pyloriin a human epithelial cell line
(HEp-2).
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Working procedures

substance during collection, storage,
extraction, congentration and delivery.
Chemical and toxicological interactions
of the components of mixtures may
result in nonlinear dose-response
relationships.

As certain components of com-
monly used diets of experimental ani-
mals are themselves known to have
cancer-preventive activity, particular
consideration should be given fo the
interaction between the diet and the
apparent effect of the agent or inter-
vention being studied. Likewise,
restriction of diet may be important.
The appropriateness of the diet given
relative to the composition of human
diets may be commented on by the
Working Group.

Qualiiative aspects. An assessment of
the experimental prevention of cancer
involves several considerations of
qualitative imporiance, including: (1}
the experimental conditions under
which the test was performed (route
and schedule of exposure, species,
strain, sex and age of animals studied,
duration of the exposure, and duration
of the study); (2} the consistency of the
results, for example across species
and target organ(s); (3) the stage or
stages of the neoplastic process, from
preneoplastic lesions and benign
tumours to malignant neoplasms, stud-
ied and (4) the possible role of modify-
ing factors.

Considerations of importance to
the Working Group in the interpretation
and evaluation of a particular study
include: (1} how clearly the agent was
defined and, in the case of mixtures,
how adequately the sample composi-
tion was reported; (2) the composition
of the diet and the stability of the agent
in the diet; (3) whether the source,
strain and quality of the animals was
reported; (4) whether the dose and
schedule of treatment with the known
carcinogen were appropriate in assays
of combined treatment; {5) whether

the doses of the cancer-preventive
agent were adequately monitored; (6)
whether the agent{s) was absorbed, as
shown by blood congentrations; (7)
whether the survival of treated animals
was similar to that of controls; (8)
whether the body and organ weights of
treated animals were similar to those
of controls; (9) whether there were
adeguate numbers of animals, of
appropriate age, per group; (10)
whether animals of each sex were
used, if appropriate; (11) whether ani-
mals were allocated randomly to
groups; (12) whether appropriate
respective controls were used; (13)
whether the duration of the experiment
was adequate; (14) whether there was
adequate stafistical analysis; and (15)
whether the data were adequately
reported. If available, recent data on
the incidence of specific tumours in
historical controls, as well as in con-
current controls, are taken into account
in the evaluation of tumour response.

Quantitative aspects. The probability
that tumours will occur may depend on
the species, sex, strain and age of the
animals, the dose of carcinogen (if
any), the dose of the agent and the
route and duration of exposure. A
decreased incidence and/or decreased
muitiplicity of neoplasms in adequately
designed studies provides evidence of
a cancer-preventive effect. A dose-
related decrease in incidence and/or
muitiplicity further strengthens this
association.

Statistical analysis. Major factors con-
sidered in the statistical analysis by the
Working Group include the adequacy
of the data for each treatment group:
(1) the initial and final effective num-
bers of animais studied and the
survival rate; {2) body weights; and (3)
tumour incidence and multiplicity. The
statistical methods used should be
clearly stated and should be the gen-
erally accepted techniques refined for

this purpose. In particular, the statisti-
cal methods shouid be appropriate for
the characteristics of the expecied
data distribution and should account
for interactions in multifactorial studies.
Consideration is given as to whether
the appropriate adjustment was made
for differences in survival.

in-vitro models

Cell systems in vitro contribute to the
early identification of potential cancer-
preventive agents and to elucidation of
mechanisms of cancer prevention. A
number of assays in prokaryotic and
eukaryotic systems are used for this
purpose. Evaluation of the results of
such assays includes consideration of:
{1) the nature of the cell type used; (2}
whether primary cell cultures or cell
lines (tumorigenic or nontumorigenic)
were studied; (3) the appropriateness
of controls; (4) whether toxic effects
were considered in the outcome; (5)
whether the data were appropriately
summated and analysed; (6) whether
appropriate quality confrols were used;
(7) whether appropriate concentration
ranges were used; (8) whether ade-
quate numbers of independent mea-
surements were made per group; and
{9) the relevance of the end-points,
including inhibition of mutagenesis,
morphological transformation, anchor-
age-independent growth, cell~ cell
communication, calcium tolerance and
differentiation.

Intermediaie biomarkers

Other types of study include experi-
ments in which the end-point is not
cancer but a defined preneoplastic
lesion or tumour-related, intermediate
biomarker.

The observation of effects on the
occurrence of lesions presumed to be
preneoplastic or the emergence of
benign or matignant tumours may aid
in assessing the mode of action of the
presumed cancer-preventive agent or
intervention. Particular attention is
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