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Preface 

Why a Handbook on cruciferous vegetables, 

isothiocyanates and indoles 
Nutritional epidemiology provides the 
only direct approach to the assess-
ment of the health effects of the human 
diet. During the past 10 years, various 
study designs and sophisticated 
methods have been used to establish 
relationships between dietary habits 
and risks for noncommunicable 
diseases, including cancer. In the light 
of reports that fruit and vegetables are 
important dietary components for 
reducing the risks for various cancers, 
IARC considered it important to evalu-
ate the current evidence on the health 
effects of a diet rich in fruit and vegeta-
bles. 

Volume 8 of the IARC Handbooks 
of Cancer Prevention confirmed that a 
high consumption of fruit and vegeta-
bles is associated with lower risks for 
cancer at several sites. More specifi-
cally, the final evaluation stated that 
consumption of fruit probably lowers  

the risks for cancers of the oesopha-
gus, stomach and lung, while con-
sumption of vegetables probably 
lowers the risks for cancers of the 
oesophagus and colorectum. Various 
fruit and vegetables have been investi-
gated separately, to identify the most 
effective cancer preventing groups and 
active ingredients. Cruciferous vegeta-
bles have been considered good can-
didates. 

Consumption of cruciferous vege-
tables, such as broccoli, cabbage, 
cauliflower, watercress and Brussels 
sprouts, was shown to be associated 
with decreased risks for cancer in 
epidemiological studies In the 1980s. 
These vegetables contain substantial 
amounts of glucosinolates, which are 
hydrolysed to isothiocyanates and 
indoles when normal portions of these 
raw vegetables are chewed or other-
wise macerated. Experimental studies  

have shown that these compounds 
inhibit carcinogenesis, and plausible 
mechanisms of action have been 
investigated extensively. 

This Handbook provides an 
up-to-date review of knowledge on the 
efficacy of cruciferous vegetables and 
naturally occurring isothiocyanates and 
indoles as chemopreventive agents. 
Data from human, experimental and 
mechanistic studies are reviewed. In the 
epidemiological studios, cancer risk 
was examined in relation to consump-
tion of cruciferous vegetables, which 
was assessed either from food fre-
quency questionnaires or by measur-
ing markers of cruciferous vege-table 
intake. In some recent studies of 
intake, individuals were stratified on 
the basis of genetic polymorphisms. 

The volume also provides recom-
mendations for future research and 
public health action. 



Chapter 1 

Cruciferous vegetables 

Botanical classification 

From the botanical point of view, the 
term vegetable' broadly refers to any 
plant, whether edible or not (IARC, 
2003). In common language, however, 
it applies to one of the main groups of 
edible plant foods apart from fruit and 
cereals. Specific types of vegetables, 
such as tubers, legumes and pulses, 
are often considered separately. In epi-
demiological studies, vegetables are 
further classified into subgroups, 
mainly on the basis of their content of 
nutrients or bioactive compounds. 
Cultural and culinary groupings are 
often used in household and nutritional 
surveys, for reporting food supply and 
food consumption, as well as in dietary 
assessments. 

The botanical classification of veg-
etables is based on the structure, 
organization and physiological charac-
teristics of plants. Cruciferous vegeta-
bles belong to the botanical family 
Brassicaceae, order Capparales 
(National Resources Conservation 
Services, 2003). Within this order, 
there are 16 families, all of which con-
tain glucosinolates; some of these are 
minor vegetable crops (Mithen, 2001). 

Brassicaceae is a large family, with 
about 3000 species in 350 genera, 
including several types of edible 
plants. It was formerly known as 
Cruciferae or Cruciferaceae, and is 
sometimes referred to as 'the cabbage 
family' or 'the mustard family', after the 
names of some of its components. The  

petals of plants of this family have a 
distinctive cruciform arrangement, 
which is the origin of the terms 
'Cruciferae' and 'cruciferous'. These 
plants can be annuals, biennials or 
perennials. They are well adapted to 
average temperatures of 16-18 C 
and are thus grown during the cool 
season in temperate areas. Crops of 
Brassicaceae are distributed mainly in 
temperate regions of the Northern 
Hemisphere: in areas of Southwest 
and Central Asia, China and Japan, 
Europe, the Mediterranean region and 
North America. 

Despite the great diversity among 
the Brassicaceae, members of only a 
few genera are eaten. The most com-
monly eaten cruciferous vegetables 
belong to the genus Brass/ca, and 
many belong to several varieties of the 
species B. oleracea, including cab-
bage, cauliflower, broccoli and 
Brussels sprouts. Other edible species 
in the genus Brass/ca are B. rapa and 
B. napus, which include, respectively, 
Chinese cabbage and rape. Other cru-
ciferous vegetables used in the human 
diet, such as radish and cress, belong 
to other genera of the Brassicaceae 
family. A list of the main cruciferous 
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Table 1. Main cruciferous vegetables in the human diet: Scientific and common names 

Genus 	 Species and variety 	 Common name 

Brass/ca 	 B. oleracea var. botrytis Cauliflower 
B. oleracea var. capitata Cabbage, white cabbage 
B. oleracea var. costata Portuguese cabbage 
B. oleracea var. gemmifera Brussels sprouts 
B. oleracea var. gcngyioides Kohlrabi, turnip cabbage, stem turnip 
B. oleracea var. italica Broccoli 
B. oleracea var. rubra Red cabbage 
B. oleracea var. sabauda Savoy cabbage 
B. oleracea var. sabellica Curly kale 
B. oleracea var. v/rid/s Kale, collards 
B. oleracea var. alboglabra Kai Ian, Chinese kale 

Brassica 	 B. rape var. chinensis Chinese cabbage, pak-chol, bok chef 
B. rape var. oleifera Turnip rape 
B. rape var. pekinensis Chinese cabbage, pe-tsai, Napa cabbage, celery, cabbage 
B. rape var. rapa Turnip 
B. rapa var. parachinensis Choi sum 

Brassica 	B. na pus var. napobrassica Swede, Swedish turnip, rutabaga 
B. na pus var. oie/fera Rape, cane la, colza 

Brass/ca 	 B. aibe White mustard 
B. juncea Indian mustard, brown mustard, spinach mustard 
B. juncea var. rugosa Kai choi 
B. nigra Black mustard 

Raphanus R. sati vus Radish 
Armera c/a A. rusti cana Horseradish 
Nasturtium N. off/c/nails Watercress 
Lepidium L. sativum Cress, garden cress 
Eruca E. yes/carla Arugula, rocket, Italian cress 
Wasabia W. japonica Wasabi 
Beta S. vulgar/s flavesceris Swiss chard 
Crambe C. abyssin/ca Crambe 

vegetables with their botanical classifi-
cation is given in Table 1 (National 
Resources Conservation Services, 
2003). 

Estimated intake by 
region and country 

Methods used 
Consumption of cruciferous vegeta-
bles in several countries and world 
regions was assessed from published 
data. To ensure that the information 
was up-to-date and took into account 

any time trends in intake, only papers 
published in 1993 or later were 
included; when two or more papers 
reported data on the same population 
or study, the most recent one was 
used. A review based on data that 
were originally published before 1993 
was therefore also used. The two main 
criteria for including a paper were that 
intake of cruciferous vegetables was 
explicitly reported or could be easily 
estimated from the data, and that the 
population to which the consumption 
applied was clearly identified. Further-
more, the search was restricted to 

adult populations. The results and the 
main features of the studies included 
are summarized in Table 2. 

Various methods are used for esti-
mating food intake, as reviewed in the 
Handbooks of Cancer Prevent/on on 
fruit and vegetables (IARC, 2003). 
Usually, data on dietary intake are 
derived from dietary surveys of repre-
sentative populations. In most of these 
studies, however, data on energy and 
nutrient intake and on the consump-
tion of main food groups are reported, 
while individual food consumption or 
the intake of specific subgroups is not. 

2 



Cruciferous vegetables 

Table 2. Estimated intakes of cruciferous vegetables by control subjects in epidemiological studies 

Reference Country Sex Age 
(years) 

Type of 
study and 
no. of 
controls 

Diet infor- 
mation 
method 

Cruciferous 
vegetables 
included 

Mean or 
median 

Intake 
(glday) 

Proportion of 
all vegetable 
intake (%) 

Asia 
Bosetti et al. Japan M. W NB CC. 365 FF0 Broccoli, cabbage, Mean 83.5 21.2 
(2002) radish, turnip, 

mustard greens 

Memon etal. Kuwait M, W <70 CC, 311 FF0, 13 Broccoli, Brussels Median 59.8 NH 
(2002) items sprouts. cabbage, 

cauliflower 

National Institute Japan M, W 30-70 Survey, no. Household Cabbage, Chinese Mean 59.8 8.1 
01 Health & not given food intake cabbage, Japanese 
Nutrition (2002) radish 

Scow etal. Singapore M, W 45-74 CC, 1194 Seni Chinese white Mean W: 43.4 NB 
(2002a) quantitative cabbage, Chinese M: 42.1 

FF0, 165 mustard, 
items Chinese flowering 

cabbage, water- 
cress, Chinese 
kale, head cabbage, 
celery cabbage, 
broccoli, cauliflower 

Shannon etal. Thailand W 30-60 CC, 509 FF0, 80 Cruciferous, Median 46.3 NR 
(2002) items unspecified 

Ci etal. Shanghai, M, W 30-74 CC, 1552 1 86 Bok oho!, Median W: 102.4 W: 24.4 
(2003) China items cabbage, M: 101.8 M: 24.2 

Chinese cabbage, 
cauliflower 

Rajkumar et al. Southern M, W 18-80 CC, 582 FF0. 21 Cruciferous, Median 17.1 15 
(2003) India items unspecified 

North America 

Lin et al. Southern M, W 50-74 CC, 507 Semi- Broccoli, Brussels Mean 40 11.7 
(1998) California, quanti- sprouts, cabbage 

USA tative kale, coleslaw, 
FF0, cauliflower, 
126 items mustard, chard 

greens 

Yuan etal. Los M,W 25-75 CC, 1204 FF0, 90 Broccoli, cabbage, Median 29.7 NR 
(1998) Angeles, items coleslaw, 

USA Brussels sprouts, 
collard, kale, 
mustard, turnip 
greens 

3 
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Table 2 (contd) 

Reference 	Country Sex 	Age 	Type of 	Diet infor- Cruciferous 	Mean or Intake 	Proportion of 
(years) study and mation 	vegetables 	median 	(giday) 	all vegetable 

no. of 	method 	included 	 intake (%) 
controls 

Cohen eta). Seattle, M 40-64 CC, 602 FF0, 99 Broccoli, cole- Geometric 20.5 9.6 
(2000) USA items slew, cabbage. mean 

sauerkraut, 
Brussels sprouts, 
cauliflower 

Feskanich et al. Boston, M, W W: 30-55 Prospective: Semi- Broccoli, cabbage Median 32.0 14.3 
(2000) USA M: 40-75 W: 77 283 quantitative coleslaw, sauer- 

M: 47 778 FF0, 116 kraut,cauliflower, 
tens (W), Brussels sprouts, 
131 items kale, mustard, 
(M) chard greens 

Johnston et al. USA M, W 25-75 Survey, Two non- Broccoli, cauli- Mean 16 5.6 
(2000) 4806 consecutive flower, kale 

24-h recalls Brussels sprouts 

Kolonel etal. Canada & M 65-84 CC, 168 Diet history Broccoli, Brussels Median 20 15.4 
(2000) USA sprouts, green 

mustard cabbage, 
head cabbage, 
mustard greens, 
pak-choi, red 
cabbage, turnip 
greens, watercress, 
won bok 

Slattery et al. USA, M, W >55 CC, 1989 Diet history Broccoli, Brus- Mean 30.8 
(2000) several sels sprouts, 

areas cauliflower, 
cabbage, cole- 
slaw, greens, 
turnip, rutabaga 

Smith-Warner Minnesota, M, W 30-74 Randomized Diet records Cruciferous, Mean 26.4 8.9 
et al. (2000) USA controlled unspecified 

trial, 101 

Spitz etal. Texas, M, W 60.9 CC, 465 Semi- Broccoli, cauli- Mean 29.1 NR 
(2000) USA (mean) quantitative flower, Brussels 

FF0, sprouts, coleslaw, 
135 items cabbage, 

sauerkraut, mus- 
tard greens, turnip 
greens, collard 
greens, kale 

Lanza eta). USA M, W 35-89 Intervention, FF0 & Cruciterous, Mean 23.6 8.9 
(2001) 1042 4-day food unspecified 

records 

4 
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Table 2 (contd) 

Reference 	Country Sex 	Age 	Type of 	Diet infor- Cruciferous 	Mean or Intake 	Proportion of 
(years) study and mation 	vegetables 	median 	(glday) 	all vegetable 

no. of 	method 	included 	 intake (%) 
controls 

Bosetti at al. Hawaii, 	M, W NP CC, 441 FF0 Broccoli, cabbage, Mean 33.2 14.8 
(2002) USA Chinese cabbage. 

cauliflower, 
Brussels sprouts, 
turnip, rutabaga, 
mustard cabbage, 
Swiss chard 

Connecti 	M, W NR CC, 184 1 Brussels sprouts, 	Mean 28.5 NFl 
cut, USA broccoli, cabbage 

Smith-Warner Minnesota, M W 30-74 CC, 1237 Semi Broccoli, cabbage, 	Mean W: 38.8 W: 12.6 
etal. (2002) USA quantitative cauliflower M: 27.5 110.3 

FF0. 153 
items 

Cerhan etal. Iowa, USA W 55-69 Prospective, Semi- Cabbage, cauli- 	Median 27.5 12.1 
(2003) 29 368 quantitative flower, broccoli 

FIFO, 127 
items 

South America 
Pacin at al. Argentina 	M. W 18-50 Survey, 24-h recall Brocco I i 	Mean W: 2.43 NH 
(1999) 449W, 

378 M 

Ata I ah at al. Chile 	M, W >20 CC, 1066 FF0, 58 Cabbage, cauli- 	Median W: 11.1 W: 5.0 
(2001) W, 547 M items flower, broccoli, M: 14.3 M: 6.6 

Brussels sprouts 

Australia 
Nagle et al. Australia W 18-79 CC, 609 Semi- Broccoli, cauli- Median 49.6 13.1 
(2003) cases quantitative flower, cabbage 

FPO, coleslaw, 
119 items Brussels sprouts 

Europe 
Bosetti et a]. Sweden M, W NH CC, 252 1 Cabbage, Mean 11.5 147 
(2002) broccoli, 

Brussels sprouts, 
cauliflower 

Norway M, W NP CC, 173 FF0 Cabbage, Mean 17.2 23.1 
broccoli, 
Brussels sprouts, 
cauliflower 

Italy M, W NR 00, 617 FF0 Cruciferous, Mean 11.5 6.9 
unspecified 

Switzer- M, W NP CC, 412 FF0 Crucifercus, Mean 11.5 6.7 
land unspecified 
Greece M, W NH CC, 140 NR Broccoli, cauli- Mean 5.7 78 

flower 

5 
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Table 2 (contd) 

Reference 	Country Sex 	Age 	Type of 	Diet irifor- Cruciferous 	Mean or Intake 	Proportion of 
(years) study and mation 	vegetables 	median 	(g/day) 	all vegetable 

no. of 	method 	included 	 intake (%) 
controls 

Terry etal. 	Sweden W 	50-74 	CC, 2887 	FF0 	Cabbage, 	Median 	28.5 	NR 

(2002) 	 Chinese cabbage, 
broccoli, cauli-
flower 

Median 	9.7 	9.8 Michaud etal. 	Finland 	M 	50-69 
(2002) 

Prospective, FF0, 276 	Broccoli, cauli- 
27 111 	items 	flower, cabbage, 

Brussels sprouts, 
rutabaga 

Voorrips et al. 	Nether- 	M, W 55-69 	Prospective, Semi- 	Brussels sprouts, Mean 	W: 31.6 	W: 16.5 

(2000a) 	lands 	 1497W, 	quanti- 	kale, cauliflower 	 M: 32.7 	M: 17.5 
1456 M 	tative 

FF0, 150 
items 

Africa 
Steyn et al. 	South 	M, W > 10 	National 	FF0, 24-h Brass/ca 	Mean 	15.0 	16.5 
(2003) 	Africa 	 food survey, recall 

no. not qiver 

M, men; W, women; CC, case—control study; FF0, food frequency questionnaire; NR, not reported 

Most of the data in this Handbook 
corne from analytical studies of the 
effects of intake of cruciferous vegeta-
bles on several disease outcomes; 
these are mainly case—control studies, 
with some intervention studies. From 
these studies, data for the controls or 
the reference group were used. In 
prospective or intervention studies, 
estimates are made from information 
collected at baseline. It should be 
borne in mind that the results are for 
specific populations and are not nec-
essarily representative of the country 
in which the study was conducted. 

In this Handbook, intake of 
cruciferous vegetables is always 
expressed in grams per day, as the 
mean or the median of consumption, 
depending on how it was reported in 
the original work or on the data avail-
able. Intake of cruciferous vegetables 
was estimated directly in grams in a  

few cases, but usually it was reported 
in servings per day or per week. 
Except when the authors explicitly 
stated the portion size assigned to a 
serving, it was assumed that a stan-
dard serving of vegetables corre-
sponds to 80 g (Williams, 1995; 
Department of Health and Human 
Services, 2000). Usually, consumption 
of cruciferous vegetables was report-
ed for both sexes together; when the 
data were available, separate 
estimates are given for men and 
women. In addition to the absolute 
amount, the consumption of crucifer-
ous vegetables is given as the propor-
tion of total vegetable intake, when the 
information was available for such a 
calculation. 

In order to improve the inter-
pretability of the results, the following 
data were reported: place, sex and 
age of the population studied, type  

and size of study, method used to 
assess intake of cruciferous vegeta-
bles and the individual foods consid-
ered within the group cruciferous 
vegetables'. 

Various countries and regions 
In the studies that were reviewed 
(Table 2), the highest intake of crucifer-
ous vegetables was reported to be that 
of people in Shanghai, China, who 
consumed more than 100 g/day, repre-
senting about one-fourth of their total 
vegetable intake (Chiu et al., 2003). 
Other Asian and some Middle Eastern 
populations (in Japan, Singapore and 
Thailand and Kuwait) had relatively 
high intakes of cruciferous vegetables, 
ranging from 40 to 80 g per day 
(Bosetti et aI., 2002; Memon et aL, 
2002; National Institute of Health and 
Nutrition, 2002; Scow et al., 2002a; 
Shannon et al., 2002); the only study 
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carried out in India (Rajkumar of al., 
2003) showed a lower daily intake, of 
about 17 g. Studies in China (Chiu of 
al., 2003) and Singapore (Seow et al., 
2002a) that gave separate estimates 
for men and women, showed similar 
intake by sex. 

Studies of cruciferous vegetable 
intake in North America covered a 
variety of populations (Table 2). 
Overall, the daily estimated consump-
tion was about 25-30 g, with a range 
of 16-40 g, representing 5-15% of 
total vegetable intake. Although most 
of the studies included both men and 
women, only one gave separate 
results, showing higher consumption 
by women (38.8 g per day) than by 
men (27.5 g per day). Two studies in 
South America showed low consump-
tion of cruciferous vegetables, with 2.4 
g per day for women in Argentina 
(Pacin et al., 1999) and 14 g per day 
for men and 11 g per day for women in 
Chile (Atalah et al., 2001). 

The only study with data for 
Australia was a case—control study of 
women with ovarian cancer (Nagle et 
al., 2003), who were reported to have 
a consumption of 49.6 g per day, com-
parable to the intake observed in most 
Asian countries. 

In Europe, the lowest intake of cru-
ciferous vegetables was reported for 
Greece, at 5.7 g per day (Bosetti of al., 
2002), whereas the estimates for 
Finland, Italy, Norway, Sweden and 
Switzerland were between 10 and 30 
g per day (Bosetti et al., 2002; Terry et 
aL, 2002). The results of two prospec-
tive studies in which information on 
diet was based on answers to exten-
sive, detailed questionnaires showed 
an estimated intake of 9,7 g per day in 
Finland (Michaud et al., 2002) and a 
daily consumption of 32.7 g by men 
and 31.6 g by women in The 
Netherlands (Voorrips of al., 2000a). 

In one study performed in South 
Africa, the combined results of several 
surveys among adults showed a mean  

consumption of Brass/ca vegetables of 
15g per day (Steyn et al., 2003). 

European countries 
The European Prospective Investi-
gation into Cancer and Nutrition (the 
EPIC study) is a multicentre prospec-
tive study being carried out in 27 cen-
tres in 10 countries of Europe (Riboli 
et al., 2002). Information on intake of 
cruciferous vegetables, obtained from 
a 24-h dietary recall interview, is avail-
able for a subset of 35 644 persons, 
about one-third of whom were men 
(36%) and two-thirds women (64%) 
with mean ages of 57 and 55 years, 
respectively. The participants were 
interviewed during 1 year between 
1995 and 2000, on any day of the 
week. The quality of the instrument 
and the logistics of the study resulted 
in valid, reliable and comparable data 
on dietary consumption across coun-
tries. Further details about the study 
and the participants have been given 
elsewhere (Slimani of al., 2002). The 
results presented below were derived 
from an extension of analyses previ-
ously reported for all vegetables 
(Agudo of al., 2002). Although most of 
the participants represented the gen-
eral population, the estimates given 
below cannot be considered to reflect 
intake in a particular country. 

Geographical pattern 
The average daily consumption of cru-
ciferous vegetables by the participants 
in each country is shown in Table 3. 
Overall, intake was about 21 g per day. 
Consumption by country varied 
markedly: intake in the United King-
dom was reported to be about three 
times that in Spain, which had the low-
est intake. Three groups of countries 
can be distinguished: participants in 
Germany, Norway and the United 
Kingdom ate more than 30 g per day; 
those in France and The Netherlands 
ate between 20 and 30 g daily; and 
those in Denmark, Greece, Italy, Spain 

and Sweden ate between 10 and 20g 
per day. The pattern was consistent for 
individual centres and countries as a 
whole (results not shown). 

This geographical pattern is quite 
different from that of consumption of all 
vegetables, which shows a clear 
south—north gradient (Agudo of al., 
2002): consumption of cruciferous veg-
etables is high in countries of central 
Europe and Great Britain, while the 
lowest intake is seen in countries of 
southern Europe, with intermediate 
intake in France. The Scandinavian 
countries show differences in con-
sumption, with a high intake in Norway 
and an intake in Sweden similar to that 
in southern countries. The discrepancy 
between intake of cruciferous and of all 
vegetables is even clearer when 
expressed as a proportion: about 13% 
of all vegetables eaten are of the 
cruciferous type, but cruciferous vegeta-
bles constitute more than 20% of total 
vegetable intake in countries with high 
consumption and account for only 
5-10% in countries with low consump-
tion. 

Overall, about 80% of all crucifer-
ous vegetables are eaten cooked by 
both men and women. Raw prepara-
tions represent 30-40% of cruciferous 
vegetable intake in Greece, Norway 
and Sweden and less than 10% in 
other countries (Figure 1). This pattern 
does not, however, appear to be 
related to the amount consumed but to 
the way all vegetables are eaten, and 
thus to the eating habits in each country. 

Cruciferous vegetables eaten 
Table 4 shows the contributions of indi-
vidual cruciferous vegetables to total 
consumption. Of the 21 items reported, 
cauliflower was the most commonly 
consumed variety, accounting for 250% 

of the total; cabbage', comprising 
white cabbage, the commonest variety, 
plus unspecified cabbage, accounted 
for another 25%, and broccoli 
accounted for 18%. These three 
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Table 3. Consumption of cruciferous vegetables by participants in the 
EPIC study 

Country 	No. of Intake (giday) 
participants 

Mean 	Standard Proportion of total 
error vegetable intake (%) 

Denmark 	3918 18.9 	0.9 13 

Francea 	4639 23.5 	0.8 11 

Germany 	4418 30.2 	0.9 18 

Greece 	2686 13.4 	1.1 6 

Italy 	 3956 18.4 	0.9 9 

Netherlands 	3984 26.8 	0.9 20 

Norway 	1798 32.2 	1.4 26 

Spain 	3220 12.0 	1.0 6 

Sweden 	6050 15.8 	0.8 13 

United Kingdom 	975 34.4 	1.9 21 

Means and standard errors adjusted by age, day of the week, season and sex when 
the two were combined 

Only women 

Table 4. Consumption of cruciferous vegetables by participants in the 
EPIC study, as a proportion of total vegetable intake 

Cruciterous vegetable Proportion of all vegetables 

Cumulative % 

Cauliflower (including romanesco) 25 25 

Broccoli 18 43 

White cabbage 13 56 

Cabbage, unspecified 12 68 

Radish 6 74 
Brussels sprouts 6 80 
Red cabbage 5 84 

Swede, Swedish turnip, rutabaga 4 88 

Turnip 3 91 

Other (12 items) 9 100 

Only cruciferous vegetables accounting for at least 900/. of total consumption are listed. 

Two or three commonly eaten cru-
ciferous vegetables accounted for one-
half of total intake, and six or fewer 
accounted for about 90%. In countries 
with the lowest absolute intake, there 
was also less variety in the vegetables 
eaten: only eight items were reported 
to be eaten in Greece and Spain, and 
only four accounted for more than 900% 

of total consumption. France was the 
only country where a frequently eaten 
cruciferous vegetable did not belong to 
the genus Brass/ca: radish (Raphanus 
sativus) accounted for 190/. and ranked 
second. In Norway, the most com-
monly eaten cruciferous vegetable was 
rutabaga (B. napus var. napobras-
s/ca), which accounted for 27% of total 
intake, and this the only country where 
the most commonly consumed crucif-
erous vegetable was not a variety of B. 
oleracea. 

Intake by sex, age and smoking habit 
Table 5 shows the intake of cruciferous 
vegetables according to sex, age and 
smoking habits in the EPIC study. All 
the means were adjusted by day of the 
week, season and centre. No differ-
ence in cruciferous vegetable intake 
was found between men and women. 
Differences in consumption were seen 
by age but might reflect differences in 
recruitment among countries. Current 
smokers ate an average of 20 g per 
day of cruciferous vegetables, while 
former smokers and lifelong non-
smokers ate 21 g per day. Neverthe-
less, the overall differences by 
smoking status did not reach statistical 
significance. 

Production 
represented more than two-thirds of all 
cruciferous vegetables eaten. 

Most of the cruciferous vegetables 
(90%) eaten by participants in the 
EPIC study belonged to the genus 
Brass/ca; cruciferous vegetables 
belonging to other genera accounted  

for more than 10% (22.3%) of intake 
only in France (Figure 2). Within the 
genus Brass/ca, several varieties and 
subspecies of the species B. c/era cea 
(including cauliflower, cabbage and 
broccoli) predominated in most 
European countries. 

Information on the production of crucif-
erous vegetables between 1961 and 
2000 in selected regions of the world is 
shown in Figure 3. Total production 
(13a) and production per capita (3b) 
show similar trends. The highest 
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production voJume was in eastern 

	

35 	 Cooked 	 Europe, with little variation over time. A 
decreasing trend in production was 

	

30 	 Raw 	 seen in some regions over time, from 

	

25 	 18% to 9c/ in western Europe and 
from 22% to 9% in Australia and New o 

20 Zealand. The production volume in 
E South and South-East Asia increased 

15 from about 10% in 1961 to 15% in iii IIi jI o 
1980 and then fell to 10% in 2000. In o 

10 
Canada and the USA, cruciferous veg a a, 

	

5 	 etables accounted for about 7% of all 
vegetable production. Per capita pro- 

0- 
UK 	NO 	GE 	NL 	FR 	DK 	FT 	SW GR 	SP 	

duction changed little over time, except 
in western Europe, where it decreased 
from 20 to 13 kg per person per year, 
and in East and South-East Asia, 

Figure 1 Mean consumption of cruciferous vegetables, cooked and raw, by participants 	where it increased from 7 to 19 kg per 
in 10 countries in the EPIC study 	 person per year. 
UK, United Kingdom; NO, Norway; GE, Germany; NL, Netherlands; FR, France; DK, Denmark; IT 
Italy; SW, Sweden; GR, Greece; SP, Spain 

Table 5. Consumption of cruciferous vegetables by participants in the 
EPIC study, by sex, age and smoking habit 

No. of 	 Mean consumption (g/day) 
participants 

Sex 
Men 12 917 20.8 
Women 22727 21.4 

Age (years) 
35-44 3 302 18.7 
45-54 12431 20.3 
55-64 14 799 22.5 
65-74 5 102 21.2 

Smoking status 
Never 17160 21.3 
Former 10138 21.5 
Current 7 668 20.3 

Intake adjusted by centre, day of the week and season and by age and sex for smoking 
status 

J'  
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Figure 2 Consumption of cruciferous vegetables by participants in the EPIC study, as a proportion of consumption of all vegetables 

Only women in France and Norway. Proportions for the United Kingdom exclude vegetarians. n.s., not specified 
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Figure 3 Production of cruciferous vegetables in selected regions worldwide: (a) relative to all vegetables and (b) per capita 

production 
Sources: a) FAOSTAT (2000); b) FAOSTAT (2000), United Nations (2002) 
The regions defined by FAO do not correspond exactly to those defined by the United Nations; furthermore, there are discrepancies in the countries 
included in western Europe, the near East and sub-Saharan Africa by the two bodies. 
'Sub-Saharan Africa' comprises: all countries south of the Sahara Desert except South Africa, West Sahara and Sudan, which are included in the FAD 
data but not those from the United Nations. 
East and South-East Asia comprise: Brunei Darussalarn, Cambodia, China, Democratic People's Republic of Korea, Indonesia, Japan, Democratic 
Lao People's Republic. Malaysia, Mongolia, Myanmar, Philippines, Singapore, Thailand, Timor Leste and Viet Nam. Note that the data for China are 

not reliable. 
'Near East' comprises: Algeria, Afghanistan, Azerbaijan, Bahrain, Cyprus, Egypt, Georgia, Palestine, Islamic Republic of Iran, Iraq, Israel, Jordan, 
Kuwait, Lebanon, Lybian Arab Jamabirya, Morocco, Oman, Qatar, Saudi Arabia, Syrian Arab Republic, Tunisia, Turkey, United Arab Emirates and 
Yemen. Azerbaijan, Georgia, Israel and Palestine are included in the United Nations data but not in those from FAO. 
Eastern Europe:  comprises: Albania, Bosnia Herzegovina, Bulgaria, Croatia, Czech Republic, Hungary, Macedonia, Poland, Romania, Serbia-
Montenegro. Slovakia and the former Yugoslavia. 
Western Europe includes: Austria, Belgium, Denmark, Finland, France, Germany, Greece, Iceland, Ireland: Italy, Luxembourg, Malta, Netherlands:  
Norway, Portugal, Spain, Sweden, Switzerland and United Kingdom. 



Chapter 2 

Glucosinolates, isothiocyanates and indoles 

Although isothiocyanate and 
indole compounds derived from crucif-
erous vegetables appear to be struc-
turally unrelated, they are both derived 
from glucosinolates. These sulfur-con-
taining glycosides are found in the 
order Capparales, which includes the 
large family Brassicaceae. The glu-
cosinolate molecule comprises a com-
mon glucone moiety and a variable 
aglucone side-chain, derived from one 
of seven amino acids. Isothiocyanates 
are formed by the degradation of glu-
cosinolates that have either aliphatic 
or aromatic side-chains (Figures 4 & 
5), derived (mainly) from methionine 
and phenylalanine, respectively, 
whereas indoles are derived from glu-
cosinolates with indolyl side-chains 
derived from tryptophan (Figures 6 & 
7) (Rosa et al., 1997). Cruciferous 
vegetables also contain other phyto-
chemicals that have been associated 
with potential health benefits, includ- 

ing phenolics, vitamins and other sul-
fur-containing compounds. 

Isothiocyanates are familiar to 
many of us as they are largely respon-
sible for the characteristic hot, pun-
gent flavours of salad vegetables such 
as radish, cress, mustard leaves and 
watercress, and contribute to the 
flavour of cooked cruciferous vegeta-
bles. Indoles do not contribute to the 
flavour of crucifers. Many of the bio-
logical and chemico-physical proper-
ties of these compounds (e.g. volatility 
and lipophilicity) are determined by 
the chemical structure of the isothio-
cyanate side-chain (Figure 5; Appen-
dix 1), which, in turn, is determined by 
the structure of the parent glucosino-
late molecule. The bioactivity of these 
compounds to humans is thus influ-
enced by a combination of the chemi-
cal structure of the isothiocyanates 
and their concentration. 

Major dietary sources of 
specific isothiocyanates 
and indoles 
The concentrations and forms of glu-
cosinolates in commonly eaten crucif-
erous vegetables are summarized in 
Table 6. Several surveys of variations 
in glucosinolate content between 
Brass/ca cultivars have been reported, 
for example for B. rapa (Carlson et al., 
1987a; Hill et al., 1987) and B. oler-
acea (Carlson et al., 1987b; Kushad et 
al., 1999), and these are also summa-
rized in Table 6. While over 90 different 
isothiocyanate (ITC) glucosinolates 
have been described, only about six 
occur frequently in the diet (Figure 5; 
Table 6). Sulforaphane (4-methyl-
sulfinylbutyl-ITC) is obtained predomi-
nantly from broccoli but may also be 
obtained from rocket (Eruca sat/va) 
and some cultivars of cabbage and 
Brussels sprouts. 2-Propenyl (allyl')-, 

S—Glucose 	 SH 

R-C 	 R—C"  
Myrosinase  

R—NCS N 	 N 

os03 	 os03 	 Isothiocyanate 

Glucosinolate 	 Unstable intermediate 

Figure 4 General scheme of the hydrolyss of glucosinolates to isothiocyarates 
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Figure 5 Structures of isothiocyanates and side-chain structures (R) found in commonly 

eaten cruciferous vegetables 

3-butenyl- and 3-methylsulfinyipropyl-
ITC (iberin') are derived from con- 
sumption of certain cultivars of B. 0/er- 
acea. Propenyl-ITC can also be 
obtained from leafy mustard vegeta- 
bles. 3-Butenyl- and 4-pentenyl-TC 
are obtained from leafy B. rapa crops 
and particularly Chinese cabbage. 
Phenyl-ethyl-ITC is obtained from 
watercress and to a lesser extent from 
root crops such as turnips and 
rutabaga. 6-Methylsulfinyihexyl- ITC is 
derived from the Japanese vegetable 
wasabi (Wasabia japonica). Benzyl- 
ITC is relatively rare in the diet, as it is 
obtained from Lepidium (cress) 
species. In addition to cruciferous veg- 
etables, isothiocyanates may also be 
derived from mustard condiments, 
which are eaten mainly in western 
countries. Hydroxy-benzyl-ITC is found 
in 'English' mustard and is obtained 
from the seeds of white mustard, 
Sinapis alba. Allyl- (2-propenyl-) and 3- 
butenyl-ITCs are found in French and 
American mustards and are derived 
from the seeds of brown (or Indian) 
mustard, B. juncea. Allyl-ITC is also 
derived from the grated roots of horse- 
radish (Armoracia rusticana), which is 
used as a condiment in western 
Europe and North America. 
Cruciferous vegetables may also be 
processed by pickling or fermenting, as 
in sauerkraut in western Europe and in 
some forms of kimchi in the Korean 
peninsula. Consumption of these prod-
ucts is an additional source of isothio-
cyanates in the diet. 

Six different indolyl glucosinolates 
have been identified, but only four 
have been found in cruciferous crops 
(Figure 7), and, of these, only two, 
indolylmethyl ('glucobrassicin') and 1- 
methoxy-3-indolylmethyl ('neogluco-
brassicin'), are found frequently. The 
types of indole glucosinolates vary 
from species to species (Table 6), and 
there is wide variation in the concen-
trations of specific indole glucosino-
lates. In broccoli, the concentration of 

14 
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Table 6. Main glucosinolate side-chains of isothiocyanates occurring in cruciferous vegetables 

Cruciferous vegetable 	 Glucosinolate side-chain 	 Content (!LmolIlOO g fresh weight) 

Broccoli (B, oleracea var. ita/ica)a 3-Meihylsulfinylpropy 0-330 
4-Methylsulfinylbutyl 29-190 

Indole-3-methyl 42-100 

1 -Methoxyindole-3-methyl 2-18 

Cabbage (B. oleracea var. capitata)L 2-Propeny! 4-160 

3 Mathylsulfinylpropyl 5-280 

Indolylmethyl 9-200 

Brussels sprouts (B. oleracea var. gemmifera)G 2-Propenyl 4-390 

3-Methylsulfinylpropyl 0-150 
3-Buterryl 0-220 

4-Methylsulfinylbutyl 0-23 
2-1--Iydroxy-3-bulenyl 1-300 

lndcle-3-methyl 45-470 

1 -Methoxyindole-3-methyl 2-34 

Cauliflower (B. oleracea var. botrytis) 2-Propenyl 1-160 

3-MethylsuJfinylpropyl 0-330 

4-Methylsulfiny butyl 2-190 

lndole-3-methyl 14-160 

1 -Methoxyindole-3-methyl 1-32 

Kale (B. oleracea var. acephafa) 2-Propenyl 62-200 

3-Methylsulfinylpropyl 0-50 
3-But eryl 6-38 

2-Hydroxy-3-butenyl 17 130 

I ndole-3-methyl 67-160 

Rape (B. rapa, including Chinese cabbage 3-Butenyl 38-290 

and turnip tops)d 4-Fertenyl 20-150 

All the crops can also contain low concentrations of other glucosinolates (Carlson et al., 1987a,b; Hill et al., 1987; Rosa et aL, 1997; 
Kushad et al., 1999). The concentrations must be interpreted with care, as different methods of analyses were used in the different stud- 
ies, and the concentrations are affected by a wide range of environmental factors. In addition, generalizations cannot be made about 
the glucosinolate content of cabbages and Brussels sprouts as there are large genetic differences between cultivars. The values 
quoted ndicate the greatest range of values in the reviews referred to above. 
a All broccoli cultivars produce predominantly 4-netbylsulfinylbutyl glucosinolate, the precursor of sulforaphane. 
b Some cabbage varieties produce the elongated glucosinolates, 3-butenyl and 4-methylsulfirylbutyl; some also produce their precur-

sors, 3-meihylthiopropy and 4-nethylthiobutyl. 
Surpr singly, the glucosinolate content of Brussels sprouts vanes: some cultivars produce high concentrations of 2-propenyl, while 
others produce high concentrations of 3-butenyl and 2-bydroxy-3-buteny . Recently developed cu tivars either have low concentrations 
of these glucosinolates or moderate concentrations of 3-methy sulfinyipropyl or 4-methyl sultinylbutyl. 
Cultivars tend to have both 3-butenyl and 4 pentenyl (and hydroxylated forms) or just 3-butenyl 
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Figure 6 Degradation pathways of indole gluco&nolates 

neoglucobrassicin was found in some 
studies to be even higher than that of 
glucobrassicin (yang et at., 2001; 
Vallejo et al., 2003a). In Brussels 
sprouts, neoglucobrassicin occurs at a 
much lower concentration than gluco-
brassicin (Kushad et al., 1999; Ciska 
et al., 2000), while 4-hydroxy-3-
indolylmethyl glucosinolate and gluco-
brassicin are found at similar concen-
trations in cauliflower (Kushad et al., 
1999). In white cabbage, the main 

indole glucosinolate is glucobrassicin, 
and 4- met hoxy-3-Lndolylrnethyl glu-
cosinolate is present at half the con-
centration (Ciska et al., 2000). 

Four factors interact to determine 
the exposure of the gastrointestinal 
tract to isothiocyanates and indoles: 

the biochemical genetics of the 
biosynthesis of glucosinolates and 
isothiocyanates within the crop 
plant, which determines the chemi-
cal structure of the glucosinolate 

side-chain and partially determines 
the overall amount; 
abiotic and biotic environmental 
factors, which can influence the 
overall amount of isothiocyanates 
produced by the plant; 
post-harvest storage, processing 
and cooking; and 
the thioglucosidase activity of the 
intestinal microbial flora. 
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Biochemical genetics of 
glucosinolate biosynthesis 

Side-chain structures 
Glucosinolates with more than 115 
side-chain structures derived from one 
of eight amino acids (alanine, valine, 
leucine, isoleucine, phenylalanine, 
methionine, tyrosine and tryptophan) 
have been described. These glucosi-
nolates all form isothiocyanates upon 
hydrolysis, except for those derived 
from tryptophane, which release 
indoles. The glucosinolate contents of 
wild and cultivated plants have been 
surveyed by IJaxenbichler et at. (1991) 
and Fahey et al. (2001). 

Biosynthesis of these glucosino-
lates and their resultant isothio-
cyanates or indole derivatives can be 
separated into four parts: amino acid 
chain elongation, core glucosinolate 
synthesis, chain modification and pro-
duction of isothiocyanates and indoles 
(Figure 8). The side-chain structure of 
glucosinolates in any one genotype is 
under strict genetic control, whereas 
the overall level is determined by inter-
actions between genotype and envi-
ronment. Only an overview is provided 
here; for further details, see Halkier 
and Du (1997) and Mithen (2001). 

Amino acid elongation 
While some glucosinolates are synthe-
sized from chain-elongated forms of 

valine and phenylaanine, about 50% 
of all known glucosinolates, only from 
the Brassicaceae and the Cappara-
ceac, are synthesized from elongated 
forms of methionine. Methionine can 
be elongated by the addition of one to 
nine methyl groups, but most taxa 
within the Brassicaceae have only a 
restricted chain length, which can be 
divided into three classes: short 
chains', from the addition of one, two, 
three or (rarely) four methyl groups to 
methionine, such as found in Brassica 
crops; long chains', from the addition 
of five or six methyl groups; and 'very 
long chains'from the addition of seven, 
eight or nine methyl groups. 

Biochemical studies in which 
[14Clacetate and 14C-labelled amino 
acids were administered, with subse-
quent analysis of the labelled glucosi-
nolates, suggest that the amino acid 
elongation is similar to that which 
occurs during synthesis of leucine 
from 2-keto-3-methylbutanoic acid and 
acetyl coenzyme A (Strassman & Ceci, 
1963; Graser et al., 2000). The amino 
acid is transaminated to produce an 
a-keto acid, followed by condensation 
with acetyl coenzyme A, isomerization 
involving a shift in the hydroxyl group, 
and oxidative decarboxylation to result 
in an elongated keto acid which is 
transaminated to form the elongated 
amino acid. It is likely that the elon-
gated keto acid can undergo further 
condensation with acetyl coenzyme A 
to result in multiple chain elongations. 

Molecular genetics studies in 
Ara bidopsis thallana resulted in identi-
fication of a small gene family, desig-
nated MAM (methylthionlky/malate), 
which catalyse condensation of the 
keto acids with acetyl coenzyme A 
(Kroymann etal., 2001). Differences in 
expression and allelic variants of the 
MAM genes appear to explain the vari-
ety of chain lengths observed, 
although the details remain to be clari-
fied (Kroymann et al., 2003). Thus, 
differences in the chain length of 

CH2 	3-Indolylmethyl (ylucobrassicin) 

H 

CH2 	1-Mthoxy-3-indolyImethyI (neoglucobrassicin) 

N 

00H3 

OH 

CH2 	4-Hydroxy-3-indolylmethyl 

H 

00H3  

4-Methoxy-3-indolyrmethyl 

H 

Figure 7 Structures of the four indolyl glucosinolates found in cruciferous crops 
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methionine-derived glucosinolates in 
cruciferous crops is probably due to 
allelic differences in MAM genes that 
result in different specificities of their 
enzymic products for elongated keto 
acids. 

Core g I ucosi nolate biosynthesis 
The first step in glucosinolate biosyn-
thesis is conversion of the amino acid 
to an oxime. Recent studies, largely 
with A. thaliana, suggest that all amino 
acid—oxime conversions are catalysed 

by cytochrome P450 (GYP) monooxy-
genases of the CYP79 family. The best 
characterized system is conversion of 
tyrosine and phenylalanine to their cor-
responding oximes (Du et al., 1995; 
Bak et al., 1999) as precursors of ben-
zyl and hydroxybenzyl glucosinolates. 
In Arabidopsis, oximes from chain-
elongated methionine homologues are 
formed by the action of the GYP 79Ff 
and GYP 79F2 genes. The first of these 
can catalyse many homologues of 
chain-elongated forms of methionine, 
whereas the latter can catalyse only 
long-chain methionine homologues. 

In Arabidopsis, conversion of the 
oxime to the thiohydroximate is proba-
bly catalysed by another cytochome 
P450, CYP83131 (Hansen et al., 2001). 
As thiohydroximates would be toxic to 
plant tissue, they are effectively detox-
ified by glycosylation by a soluble 
U D PG :thiohydroximate 	S-gl ucosyl- 
transferase to produce a desulfoglu-
cosinolate (Reed et al. 1993; Groot-
wassink et al., 1994: Guo & Poulton, 
1994). This is sulfated by a soluble 3'-
phosphoadenosine 5'-phosphosulfate: 
desulfoglucosinolate sultotransferase 
(Jain et al., 1990), to produce the glu-
cosinolate. 

Chain modification 
The chain structure of glucosinolates 
derived from any amino acid can 
undergo modification. As for other 
aspects of glucosinolates, most atten-
tion has been paid to methionine-
derived compounds. 

After the biosynthesis of methylth-
ioalkyl glucosinolates from methionine, 
the side-chain can undergo various 
modifications. Initial oxidation results in 
methylsulfinylalkyl, which accumulates 
in broccoli. Additional oxidation results 
in methylsulfonylalkyl glucosinolates, 
which accumulate in certain non-culti-
vated cruciferous vegetables. Remo-
val of the methylsulfinyl group and 
desaturation result in alkenyl glucosi-
nolates. Alternatively, hydroxylation 

Amino acid 

Chain elongation (MAM genes) 

Elongated amino acid 

CYP79 

Oximes 

1 	CYP83, glycosylation, 
sulfotransferase 

G I ucosi nol ate 

Oxidation, desatura tien, hydroxylation etc. 

+ 	(2-0x0 glutarate-dependent dioxygenases) 

Chain modification 

I 	Degradation (plant myrosinases, epithiospeci- 
fier protein and microbial thioglucosidases) 

Degradation products, 
isothiocyanates, nitriles etc. 

Mammalian metabolism of isothiocyanates 

I 	(glutathione-S-transferases and enzymes 
T 	 of mercapturic acid pathway) 

N-Acetylcysti ne—isoth iocyanate 
conjugates 

Excretion 

Figure 8 Biosynthesis and metabolism of glucosinolates and isothiocyanates 
Indole glucosiralate degradation products are not metabolized via the nrercapturic acid pathway 
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results in 3-hydroxypropyl or 4-hydroxy-
butyl glucosinolate (Mithen et al., 
1995; Giamoustaris & Mithen, 1996; 
Hall et al., 2001). There is considerable 
scope for variation in this part of the 
pathway. For example, 4-methyl-
sulfinylbutenyl glucosinolate, found 
exclusively in Raphanus, probably 
results from desaturation of the corre-
sponding methylsulfinylbutyl glucosi-
nolate but without associated methyl-
sulfinyltransferase activity. The alkenyl 
glucosinolates 3-butenyl and 4-pen-
tenyl can undergo 3-hydroxylation, with 
important consequences for the nature 
of the hydrolytic products. While the 
details of the biochemical processes 
and the genes that determine these 
modifications are not fully understood, 
studies with Arabidopsis suggest that 
many of the processes are due to the 
activity of 2-oxogluturate-dependent 
dioxygenases (Hall et al., 2001). As for 
side-chain elongation, genetic control 
of the side-chain structure is very 
strict. Thus, a specific genotype always 
produces the same chain structure, 
regardless of the environment in which 
it is grown. 

ndole glucosinolates derived from 
tryptophan are also modified by addi-
tion of hydroxyl or methoxy groups 
(Figure 7), but the biochemical mecha-
nisms and genetic basis of these mod-
ifications are unknown. Although mod-
ification of the side-chains of isothio-
cyanates, producing glucosinolates, is 
under strict genetic control, environ-
mental factors can affect modification 
of indole side-chains. 

Genetic basis of glucosinolate 
accumulation 
While several genes that determine 
side-chain structure have now been 
cloned, the genetic control of total glu-
cosinolate accumulation is still far from 
understood. Most studies have been 
conducted on spring or winter rape (B. 
riapus), in which breeders have sought 
to reduce the content of 2-hydroxy-3- 

butenyl glucosinolate (progoitrin') 
owing to the goitrogenic achvity of its 
major hydrolysis product, 5-vinyloxazo-
lidine-2-thione (goitrin), when incorpo-
rated into animal feed. Thus, glucosi-
nolate concentrations have been 
reduced from greater than 80 ftmol/g 
to less that 5 pmol/g in spring rape and 
to less than 15 imol/g in winter rape. 
This was shown to be a complex 
genetic trait determined by alleles at 
four or five quantitative trait loci 
(Toroser et al., 1995; Howell et al., 
2003). Studies in broccoli have 
focused on increasing the concentra-
tion of methylsulfinylalkyl glucosino-
lates. Surveys of glucosinolates in 
existing broccoli cultivars showed that 
the concentration of 4-methylsu Ifinyl-
butyl glucosinolates varied from 0.8 
mmollg dry weight to 21.7 mmol!g 
(Kushad et al., 1999). In an effort to 
obtain higher concentrations, Faulkner 
et al. (1998) used B. viiosa and other 
wild members of the nine B. oleracea 
species complex. Hybrids between 
these accessions and broccoli con-
tained concentrations in excess of 80 
imol/g dry weight. After several back-
crosses, isothiocyanate-enriched broc-
coli was developed from these initial 
hybrids (Mithen et al., 2003). Some of 
the quantitative trait loci important in 
enhancing the glucosinolate concen-
tration of broccoli are in positions in the 
genome similar to those that deter-
mine reduction of glucosinolate levels 
in rape. Identification of the genes 
involved in these quantitative trait loci 
might facilitate a genetic approach to 
enhancing glucosinolates in horticul-
tural crops. 

Glucosinolate hydrolysis and for-
mation of isothiocyanates 
When tissue is disrupted, an endoge-
nous plant thioglucosidase ('myrosi-
nase', see below) causes cleavage of 
the thio—glucose bond to give rise to 
unstable thiohydroximate O-sulfonate 
(Figure 4). This aglycone sponta- 

neously rearranges to several prod-
ucts. Most frequently, it undergoes a 
Lessen rearrangement to produce an 
isothiocyanate. If the glucosinolate 
side-chain contains a double bond, 
and in the presence of an epithiospec-
ifier protein (see below), the isothio-
cyanate may rearrange to produce an 
epithionitrile (Figure 9a). If the glucosi-
nolate lacks a double bond, the sulfur 
may be lost and a nitrile formed. 
(Figure 9b). A few glucosinolates have 
been shown to produce thiocyanates, 
although the mechanism by which this 
occurs is unknown. Aglucones from 
glucosinolates which contain j3-hydroxy-
lated side-chains, such as progoitrin 
found in the seeds of oilseed rape and 
in the edible parts of Chinese cabbage 
and Brussels sprouts, spontaneously 
cyclize to form the corresponding 
oxazolidine-2-thiones (Figure Oc). 

Glucosinolate hydrolysis and 
formation of indoles 
The formation of indoles from indole 
glucosinolates has been reviewed by 
yang and Dragsted (1996). After tissue 
disruption, myrosinase cleaves the 
thioglucose bond, like other glucosino-
lates, but the resulting isothiocyanate 
is unstable and degrades to the corre-
sponding alcohol (Figure 5). The alco-
hol can condense to 3,3' -diindoyl-
methane. As with methionine-derived 
glucosinolates, 	indolyl-3-acetonitrile 
can be formed instead of an unstable 
isothiocyanate. The factors that deter-
mine the degradation pathway are 
largely unknown. Moreover, in the 
acidic conditions of the stomach, 
indole-3-carbinol (and related products 
from other indolyl glucosinolates) can 
undergo several condensation reac-
tions, to produce at least 15 different 
oligomeric products (Anderton et al., 
2003). lndole-3-carbinol can also react 
with ascorbic acid to form ascorbigen 
(Piironen & Virtanen, 1962; Hrncirik et 
al., 2001). As for isothiocyanate-pro-
ducing glucosinolates, if cooking 
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Figure 9 (a) Production of 2-propenyl- or 1 -cyano-2,3-epithiopropane by hydrolysis of 2-propenyl glucosinolates, which are a result of  
expression of the epithiospecifier protein. (b) Production of 4-methylsulfinylbutyl isothiocyanate or nitrile by hydrolysis of the corre-
sponding glucosinolate, as a result of expression of e pith iospecifier-li ke protein. (c) Production of 54nyioxazolidine-2-thione (goitrin) 
from 2-hydroxy-3-butenyl glucosinolate 

denatures myrosinase activitiy, the 
intact indole glucosinolate can be 
degraded in the colon, in which the 
contrasting pH may result in production 
of different degradation products and 
their absorption into the bloodstream. 

Myrosinases 
Bones and Rossiter (1996) and Rask 
et aI. (2000) have reviewed the data on 
myrosinases, and only a brief sum-
mary is provided here. Many myrosi-
nase isozymes have been detected in 

glucosinolate-containing plants, and 
myrosinase 	(i.e. 	thiogl ucosidase) 
activity has also been detected in 
insects, fungi and bacteria. In plants, 
the expression of isozymes varies both 
between species and within the organs 
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of the same individual (Lenman et al., 
1993). In general, isozymes with 
activity towards the glucosinolate chain 
structure appear to have little substrate 
specificity, although a myrosinase 
highly specific to epiprogoitrin was 
described in Crambe (Bernardi of al., 
2003). Molecular studies with A. 
thaliana, Brass/ca and Sinapis have 
shown that myrosinases comprise a 
gene family (Xue et al., 1992) with 
three subclasses, denoted MA, MS 
and MC. Members of each of these 
subfamilies occur in A. thaliana (Xue et 
al., 1995). As would be expected, 
many more copies occur in the B. 
napus genome, because of genome 
replication. All myrosinases are glyco-
sylated, and the extent of 
glycosylation varies between sub-
classes. It is likely that the subdivision 
of myrosinases will be revised as new 
data on sequences become available. 
MB and MC myrosinases are linked 
with myrosinase-binding proteins and 
myrosinase-associated proteins, res-
pectively (Lenman et al., 1990). The 
roles of these proteins are not under-
stood, but they seem to have no signif-
icance for the generation of glucosino-
late degradation products after con-
sumption of cruciferous vegetables. 

Epithiospecifier protein 
The epithiospecifier protein was first 
described by Tookey (1973) and was 
purified from B. napus (Bernardi et al., 
2000; Fee et al., 2000). This protein 
appears to have no inherent enzymatic 
activity; it does not interact with glu-
cosinolates but only with the unstable 
thiohyd roximate 	O-sulfonate 	after 
myrosinase activity. Fee et al. (2000) 
suggested that the mode of action of 
epithiospecifier protein is similar to that 
of a cytochrome F450, such as in iron-
dependent epoxidation reactions, 
While this protein has been considered 
only in the context of the generation of 
epithionitriles, it might also be involved 
in the production of nitriles from glu- 

cosinolates, such as those with methyl-
sulfinylalkyl side-chains found in broc-
coli and watercress. In this case, the 
sulfur from the glucone is lost, as it 
cannot be re-incorporated into the 
degradation product since it lacks a 
terminal double bond. 

The ratio of isoth iocyanates: n itri les 
varies according to genotype 
(Matusheski et aI., 2003; Mithen et al., 
2003), and this may be related to 
expression of the epithiospecifier pro-
tein. Glucosinolates in ecotypes of A. 
f/ia/lana vary with respect to the 
relative ratio of isothiocyanate to 
epithionitrile or to nitrile they form after 
tissue disruption, due partly to allelic 
variation at a quantitative trait locus 
associated with gene coding for 
epithiospecifier protein (Lambrix of al., 
2001). Likewise, while in standard 
cultivars of broccoli hydrolysis results 
in about a 20:80% ratio of isothio-
cyanates:nitriles, isothiocyanate en-
riched broccoli produces about 95% 
isothiocyanates 	after 	hydrolysis 
(Mithen et al., 2003). 

Factors that affect gluco-
sinolate concentrations 

Abiotic and biotic environmental 
factors 
In general terms, while the ratio of indi-
vidual glucosinolates within a particu-
lar class (e.g. those derived from 
methionine) is relatively constant and 
is unaffected by environmental factors, 
the total concentration is affected by 
several such factors. Our understand-
ing of these is relatively poor, and it is 
likely that there are often significant 
genotype—environment interactions. 
Soil fertility is probably a major factor. 
Zhao et al. (1994) reported that the 
sulfur and nitrogen supply affected the 
glucosinolate content of rapeseed and 
described minor alterations in the 
ratios of individual methioninederived 

glucosinolates and larger alterations in 
the ratio of indolyl:methionine-derived 
glucosinolates. In contrast, sulfur fertil-
ization alone had either a small effect 
or no effect at all on the glucosinolate 
content of broccoli (Vallejo of al., 
2003a,b). It is likely that any effect of 
sulfur depends strongly on the nitrogen 
supply. Soil fertilization (combined N 
and S) was reported to have a signifi-
cant effect on glucosinolates in broc-
coli (Mithen et al., 2003). This study 
also showed that certain genotypes 
have a greater response than others. 
Nitrogen fertilizer in a hydroponic 
system enhanced the concentration of 
glucosinolates in pak-chol (Shattuck & 
Wang, 1994). Water stress induced 
glucosinolates in rapeseed and rape 
(Bouchereau et al., 1996; Jensen et 
al.•. 1996) and is likely to have a similar 
effect in horticultural cruciferous 
vegetables. The effect of temperature 
has not been studied in detail, and, like 
other environmental factors, affects 
general plant growth parameters. 
Pereira et al. (2002) reported that tem-
perature affected the glucosinolate con-
centrations in seedlings ('sprouts') of 
broccoli, those grown at higher temper-
atures having more glucosinolates than 
those grown at lower temperatures. 

Not only abiotic factors but also 
insects and pathogens induce glucosi-
nolate accumulation, although the 
effects are mainly on indolyl glucosino-
lates as opposed to methionine- 
derived 	(isothiocyanate-producing) 
glucosinolates (Birch et al., 1992; 
Shattuck & Wang, 1994). Jasmonic 
acid, a signalling molecule involved in 
several plant—insect or —pathogen 
interactions, also induced glucosino-
lates (Bodnaryk, 1994). 

Post-harvest storage, processing 
and cooking 
Few studies have been conducted on 
the effects of post-harvest events on 
the concentration of glucosinolates in 
horticultural cruciferous vegetables. 
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Vallejo et al. (2003c) reported a loss of 
70-80% of the total glucosinolate con-
tent alter a period of simulated cold 
storage during transport and storage 
before sale. Storage of cut cabbage 
reduced methionine-derived glucosi-
nolates, as expected, but enhanced 
the concentration of indolyl glucosino-
lates (Verkerk et at, 2001). Storage of 
broccoli under various conditions also 
enhanced 	indole 	glucosinolates 
(Hansen et al., 1995). 

As described above, myrosinase-
mediated glucosinolate degradation 
results in initial formation of an unsta-
ble intermediate and then in the forma-
tion of an isothiocyanate or a nitrile 
(Figure 9a and b), the latter due to the 
presence of an epithionitrile specifier 
or an opithiospecifier nitrile-like protein. 
When raw Brassica vegetables are 
macerated, about 80% of the methion-
ne-derived glucosinolates can be con-
verted to nitriles, as opposed to isoth-
iocyanates, the precise ratio of isothio-
cyanates:nitriles depending on geno-
type (Mithen et at., 2003). Both myrosi-
nase and ethiospecific protein can be 
degraded by cooking. Mild cooking, for 
example steaming broccoli florets for 
less than 3 mm, denatured the epi-
thionitrile specifier protein while leav-
ing at least some of the endogenous 
myrosinase intact, enhancing the 
isothiocyanate content. Further cook-
ing, e.g. heating broccoli for 10 or 20 
min at 50 C, subsequently denatured 
myrosinase, preventing any immediate 
isothiocyanate production. Thus, the 
degree of cooking can have significant 
effects on the delivery of isothio-
cyanate to the gastrointestinal tract: 
consumption of raw vegetables may 
result in exposure to a significant 
amount of nitriles; mild cooking may 
result in consumption of large amounts 
of isothiocyanates, with topical expo-
sure of the upper gastrointestinal tract 
to biologically significant concentra-
tions; while more extensive cooking pre-
vents isothiocyanate formation, and  

intact glucosinolates will be consumed 
which may be degraded to isothio-
cyanates or other compounds by the 
intestinal microflora, as discussed below. 

Glucobrassicin is chemically and 
thermally stable, as no degradation was 
observed after 2 h in aqueous media 
with pH values ranging from 2 to 11. 
Moreover, glucobrassicin was weakly 
degraded by heat treatment (10% after 
1 h) (Chevolleau et al., 1997). 

Intestinal microbial flora 
Cooking glucosinolate-containing veg-
etables for more than 2 min inactivates 
myrosinase, as described above. 
Several studies have shown that isoth-
iocyanate metabolites can be detected 
in blood and urine after cooked glu-
cosinolate-containing foods are eaten, 
although to a lesser extent than when 
raw glucosinolate-containing foods are 
consumed (Getahun & Chung, 1999; 
Conaway et al., 2000). A likely source 
of isothiocyanates is microbial degra-
dation of glucosinolates by the intesti-
nal microflora. Thus, isothiocyanates 
can be generated by incubation of 
cooked (i.e. myrosinase denatured) 
watercress with human faeces under 
anerobic conditions (Getahun & 
Chung, 1999). Rouzaud et al. (2003) 
compared urinary isothiocyanate 
metabolites in gnotobiotic rats harbour-
ing whole human faecal flora and in 
germ-tree rats and found, as expected, 
that after feeding with glucosino-late-
containing food the greatest excretion 
of isothiocyanates was observed when 
the plant myrosinase was intact. When 
the plant myrosinase was denatured by 
heat treatment, the amount of isothio-
cyanate produced was estimated to be 
reduced by > 85% in the gnotobiotic 
rats. Some isothiocyanates also 
appeared to be produced in the germ-
free rats, and some evidence was 
obtained that the presence of human 
faecal flora actually reduced the 
amount of isothiocyanate available for 
absorption. 

Indole glucosinolates are likely to be 
degraded in the gastrointestinal tract. 
When they were fed to rats, similar bio-
logical effects were seen as when 
degradation products were fed, sug-
gesting microbial degradation of intact 
glucosinolates (Bonnesen et ai., 1999). 

Estimates of dietary intake 
of isothiocyanates and 
indoles 

Estimates of dietary intake of isothio-
cyanates and indoles are clearly 
needed. The existing databases on 
consumption of crucifers (section 1) 
and glucosinolate content (Table 6) 
might be considered adequate to pro-
vide a basis for such estimates, but the 
wide variation in glucosinolate content 
due to the factors described above and 
the difficulty in estimating the conver-
sion of glucosinolates to isothio-
cyanates and indoles during consump-
tion reduce the confidence with which 
such estimates can be made. 

Measurement of isothiocyanates 
in vegetables before consumption 
Jiao et aL (1998) in Singapore and 
Shapiro et al. (1998) in the USA 
reported the isothiocyanate concentra-
tiens found in vegetables. In each 
case, the vegetables were analysed by 
condensation with 1 ,2-benzenedithiol 
(see section 3), which results in quan-
tification of total isothiocyanates. 
Endogenous plant myrosinase was 
denatured by cooking before treatment 
with exogenous myrosinase (Table 7). 
Thus, the estimate of isothiocyanate 
production is probably higher than that 
which occurs within the gastrointesti-
nal tract, on the assumption that 
myrosinase activity is a limiting factor. 

Intake of indole glucosinolates 
Estimates of the average daily intake 
of indole glucosinolates are based on 
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Table 7. Isothiocyanate (ITC) content of cruciferous vegetables in 
Singapore and the USA 

Vegetable Mean content (pmol/100 g fresh weight 
(range)) 

Singapore 	 USA (Shapiro 
(Jiao et ai., 1998) 	etaL, 1998) 

Broccoli (B. oleracea var. itailca) 38.6 (10.1-62.0) 13.7 
Cabbage (B. oleracea var. cap/tata) 27.5 (11.9-62.7) 4.4 
Cauliflower (B. oleracea var. botrytis) 11.6 (2.7-24.0) 

Kale (B. oleracea var. acephala) 18.2 
Kai Ian (B, oleracea var. alboglabra) 15.4 (3.1-35.9) 

Turnip (B. raps var. rapa) 1.4 
Bok chol (B, rapa var. chinensis) 4.9 (2.0-7.5) 

Choi sum (B. rape var. parachinensis) 11.1(3.5-23.4) 

Watercress (Nasturtium officinale) 81.3 (17.1-144.6) 

Kai choi (B. juncea ver. rugosa) 71.2 (25.6-1384) 

Sones et al. (1984) estimated the 
per-capita intake of indole glucosino-
lates in the United Kingdom to be 19.4 
mg/day for glucobrassicin and 3.1 
mg/day for neoglucobrassicin. yang 
and Dragsted (1996) estimated the per 
capita intake in Denmark to be 5 
mg/day for glucobrassicin and 0.5 
mg/day for neoglucobrasscin, and the 
respective values in Finland to be 2.5 
mg/day and 0.3 mg/day. Broadbent 
and Broadbent (1998a) in the USA 
estimated the per capita intake of 
glucobrassicin to be 8.1 mg/day. The 
total intake of indole glucosinolates, 
including the two major ones and both 
fresh and cooked cruciferous vegeta-
bles, was about 22.5 mg/day per 
capita. The more recent estimates 
indicate wide variations between coun-
tries, which are due to the use of dif-
ferent methods for estimating intake of 
cruciferous vegetables and indole 
glucosinolates. 

the intake of specific cruciferous 
vegetables and their content of the var-
ious indole glucosinolates. The esti-
mates are only approximate, as the 
concentrations of indole glucosinolates 

vary considerably depending on grow-
ing conditions, the cultivar, storage and 
preparation conditions, as consider-
able amounts of glucosinolates can be 
lost during storage and processing. 
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Chapter 3 

Metabolism, kinetics and genetic variation 

Observations in humans 

Isothiocyanates 
Metabolism and disposition 
The –N=C=S group of most isothio-
cyanates is electrophilic and can react 
readily with various nucleophiles, 
including thiols. Studies in both 
humans and experimental animals 
have established that isothiocyanates 
are metabolized in vivo to various 
dithiocarbamates principally by the 
mercapturic acid pathway. An initial 
conjugation with glutathione (aSH, the 
most abundant cellular thiol), which 
takes place spontaneously but is fur-
ther promoted by glutathione S-trans-
ferase (GST), gives rise to the corre-
sponding conjugates. 

In the spontaneous reaction, isoth-
iocyanates react reversibly with cys-
teinyl thiols, forming dithiocarbamates: 

The equilibrium position and the chem-
ical relaxation time for equilibrium have 
been estimated for phenethylisothio-
cyanate (ITC) reacting with cysteinyl 
residues in blood plasma (cysteinyl 
thiol concentration, about 500 pmol/l) 
and cells (cysteinyl thiol concentration, 
5 mmol/l). The equilibrium constant, /Ç 
was 730 per mol. At equilibrium, about 
27% of phenethyl-ITC is bound to 
plasma thiols in blood, and about 88% 
is bound to thiols in cells. For a plasma 
concentration of 5 pmol/l of phenethyl-
ITC, the equilibrium relaxation time for 
formation of adducts with protein thiols 

is about 17 min in plasma and about 3 
min in cells (Xu &Thornalley, 2000a). 

The 05H conjugates undergo fur-
ther enzymatic modification, in the 
GSH portion, to give rise sequentially 
to the cysteinyiglycine, cysteine and N-
acetylcysteine conjugates, which are 
excreted in urine (Brüsewitz et al., 
1977), as shown in Figure 10. Urinary 
excretion of N-acetylcysteine conju-
gates is the principal route of disposi-
tion of ingested isothiocyanates. For 
example, when benzyl-ITC was admin-
istered orally to six men, 54% of a dose 
of 14.4 mg was recovered in the urine 
as 	N-acetyl-S-(N- ben zylthiocarba- 
moyl)-L-cysteine (benzyl-ITC--N-ace-
tylcysteine). This compound was 
excreted rapidly: maximum excretion 
occurred within 2-6 h, and the com-
pound was essentially undetectable 
10-12 h after dosing (Mennicke et al., 
1988). Watercress is rich in gluconas- 

turtiin (constituting more than 30% of 
total glucosinolates), the precursor of 
phenethyl-ITC. When four volunteers 
ate 30 g of watercress containing 21.6 
mg of gluconasturtiin, an average of 
47% of the amount was recovered as 
the N-acetylcysteine conjugate in 24-h 
urine (Chung etaL, 1992). The amount 
of phenethyl-ITC–N-acetylcysteine in 
urine is probably greater when 
phenethyl-ITC is administered, because 
the my rosin ase-catalysed conversion 
of gluconasturtiin to phenethyl-ITC 
may be incomplete after ingestion of 
watercress. In these studies, the 

amount of urinary  N-acetylcystei ne 
–ITC might have been underestimated, 
because these conjugates are unsta-
ble and readily dissociate to isothio-
cyanates (Conaway et al., 2001). The 
metabolic disposition of other isothio-
cyanates, including allyl-ITC and cul-
foraphane, are similar in humans, as 
discussed below. 

Measurement of isothiocyanates and 
isothiocyanate metabolites 
The cyclocondensation assay is a 
highly sensitive quantitative method for 
measuring isothiocyanates and their 
metabolites (referred to collectively 
here as isothiocyanate equivalent) 
(Zhang et al., 1996) and is a valuable 
tool for studying dietary consumption 
of isothiocyanates and their metabo-
lism. The assay is based on the almost 
universal ability of isothiocyanates to 
react quantitatively with 1,2-ben-
zenodithiol, a vicinal dithiol, to give rise 
to a five-membered cyclic product and 
a free amine (Zhang et al., 1992a), as 
shown in Figure 11. Reactive isothio-
cyanates are converted to the same 
cyclic product, 1 ,3-benzodith iole-2-
thione, and conversion is complete in 
the presence of excess 1,2-ben-
7enedithiol. The resultant 1,3-bon-
zodithiole-2-thione can be measured 
accurately in amounts as low as a few 
picomoles, with a simple high-perfor-
mance liquid chromatography (HPLC) 
procedure. Conjugation products of 
isothiocyanates with thiols (dithiocar-
bamates), including N-acetyl-cys-
teine–isothiocyanate, also react quan-
titatively with 1 ,2-benzenedithiol, giving 
rise to the same cyclic product. Thus, 
this assay allows detection of the total 
amount of isothiocyanates and their 

cystine residue—SH + RN=C=s 	- cystine residue -S—C —NHR 
11 
s 
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Figure 10 Isothiocyanates are conjugated to glutathione by glutathione S-transferase (GST), metabolized sequentially by y-glutamyl 
transpeptidase (GGT), cysteinyiglycinase (CG) and N-acetyltransferase (AT) to form, ultimately, mercapturic acid. 
NAC, N-acetylcysteine 
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Figure 11 Cyclocondensation reaction of isothiocyanate and dithiocarbatrate with 1,2-ben7enedithiol 

thiol conjugates. The assay has 
allowed quantitative assessment of 
total isothiocyanates in cruciferous 
vegetables and isothiocyanate equiva-
lents in human fluids, including blood 
and urine. Because it reveals both 
isothiocyanates and their thiol metabo-
lites, the total urinary concentrations of 
these compounds are not affected by 
dissociation of thiol conjugates to 

isothiocyanates. Even though individ-
ual isothiocyanates and isothiocyanate 
metabolites can be quantified sensi-
tively by other methods, including 
HPLC-mass spectrometry (Ji & 
Morris, 2003; Vermeulen et al., 2003), 
such analyses might not provide accu-
rate values, since the metabolites are 
unstable and can dissociate to isothio-
cyanates. 

Use of the cyclocondensation 
assay is nevertheless subject to some 
caveats. Although there are no endo-
genous sources of urinary isothio-
cyanates or dithiocarbamates in humans 
(Shapiro et cL, 1998), non-dietary 
sources may exist. The contributions of 
cigarette smoke (possibly due to the 
presence of carbon disulfide, which is 
also detected in the assay), agricul- 
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tural chemicals, chemicals used in the 
rubber industry and medical com-
pounds such as disulfiram and anti-
septics, should be considered (Zhang 
etaL, 1996; Shapiro of al., 1998; Ye of 
aL, 2002). Shapiro of al. (1998) found 
that when urine samples were stored 
at —20 °C, the cyclocondensation reac-
tivity remained stable, but 35% of the 
dithiocarbamate content was lost in 
samples stored for 18 months at the 
same temperature. 

Measuring metabolic disposition of 
isothiocyanates 
Studies on dietary intake of isothio-
cyanates are still extremely limited, 
and the information below was 
obtained from studies of a small num-
ber of volunteers. Ye et al. (2002) deter-
mined the metabolic disposition of 
isothiocyanates from broccoli sprouts 
by giving four volunteers a single serv-
ing of a myrosinase-treated extract of 
3-day-old broccoli sprouts containing 
200 pmol total isothiocyanate. The 
isothiocyanate composition of the 
preparation was 77.2% sulforaphane 
or iberin and 22.8% iberin (aliphatic 
isothiocyanates with closely related 
chemical structures). The isothio-
cyanates were absorbed rapidly and 
reached peak plasma concentrations 
of 0.94-2.27 pmol/l 1 h after ingestion, 
which declined according to first-order 
kinetics (half-Fife, 1.77 ± 0.13 h). The 
cumulative urinary excretion of isothio-
cyanate equivalent at 8 h was 58.3 ± 
2.8% of the dose. In a similar experi-
ment, the cumulative urinary excretion 
of isothiocyanate equivalent at 72 h 
was 88.9 ± 5.5% (Shapiro etal., 2001). 
Similar results were obtained in volun-
teers given horseradish isothio-
cyanates (Shapiro of al., 1998), most 
of which are allyl- or phenylethyl-ITC 
(Liebes of al., 2001; Ji & Morris, 2003). 
For example, after a single serving of 
20 ml of horseradish juice containing 
74 pmol of isothiocyanates to 10 vol-
unteers, 42 ± 5% of isothiocyanate 

equivalent was recovered in urine 
within 10h (Shapiro of al., 1998). Thus, 
isothiocyanates are rapidly and effi-
ciently absorbed, rapidly cleared from 
blood and eliminated almost exclu-
sively in urine. 

The molecular basis for the rapid 
metabolic disposition of isothio-
cyanates in humans was elucidated by 
studying cultured human cells with the 
cyclocondensation assay (Zhang & 
Talalay, 1998; Zhang, 2000, 2001; 
Zhang & Callaway, 2002). Exposure of 
cells to an isothiocyanate led to rapid 
accumulation of the compound 
through conjugation with cellular thiols. 
f3SH, the most abundant intracellular 
thiol, is the major driving force for 
isothiocyanate accumulation, and cel-
lular GST enhances isothiocyanate 
accumulation by promoting conjuga-
tion reactions. Peak intracellular isoth-
iocyanate accumulation was achieved 
within 0.5-3 h after the beginning of 
exposure to isothiocyanate, reaching 
100-200 times the extracellular isoth-
iocyanate concentration. Intracell ularly 
accumulated isothiocyanate and con-
jugates were also rapidly exported by 
membrane transporters, including the 
multidrug resistance-associated pro-
tein (MRP)-1 and P-glycoprotein-1: the 
half-life of the accumulated isothio-
cyanate and conjugates in human 
prostate cancer LNCaP cells was only 
about 1 h. 

These studies have begun to 
reveal the pharmacokinetics of 
ingested isothiocyanates in humans; 
however, the question remains as to 
when urine should be collected for 
assessment of dietary isothiocyanate 
intake. As dithiocarbamates are 
excreted rapidly in urine after ingestion 
of isothiocyanates, continuous urine 
collection over a sufficient period (e.g. 
8 or 24 h) after isothiocyanate inges-
tion might be important for comparing 
urinary total isothiocyanate equivalents 
among individuals. Analysis of random 
spot urine samples might lead to incor- 

rect conclusions about long-term 
dietary intake of isothiocyanates. 

Cellular uptake of isothiocyanates 
is enhanced by GST isozymes (Zhang, 
2001); however, export of intracellular 
isothiocyanate—GSH conjugates is 
also highly efficient without GST 
involvement (Zhang & Calloway, 2002). 
While GSTs are likely to be important 
in isothiocyanate metabolism, current 
understanding does not allow a predic-
tion of the consequences of GST poly-
morphism on exposure of tissues or 
the rates and extent of urinary excre-
tion of isothiocyanates and isothio-
cyanate conjugates. 

Bioavailability of isothiocyanates 
from cru ciferous vegetables 
In a study designed to compare the 
bioavai ability of isothiocyanate in 
fresh and steamed broccoli, 12 men 
were asked to eat 200 g of fresh or 
steamed broccoli, and urine samples 
were collected during the subsequent 
24 h. The total content of isothio-
cyanate in fresh and steamed broccoli 
after treatment with myrosinase was 
virtually identical (1.1 and 1.0 pmol/g 
wet weight); however, the average 24-
h urinary excretion of isothiocyanate 
equivalent was 32.3 ± 12.7% and 10.2 
± 5.9% of the amount ingested in fresh 
and steamed broccoli, respectively. 
Thus, the bioavailability of isothio-
cyanates from fresh broccoli was 
approximately three times greater 
than that from steamed broccoli, in 
which myrosinase was inactivated by 
heat (Conaway of al., 2000). In 
another study (Getahun & Chung, 
1999), 350 g of watercress (containing 
475 pmol total glucosinolates) was 
cooked in boiling water for 3 min to 
inactivate myrosinase and then eaten 
by nine volunteers. The 24-h urine 
samples showed a total urinary excre-
tion of isothiocyanate equivalent rang- 
ing from 5.6 to 34.8 p.mol, correspond-
ing to 1.2-7.3% of the total glucosino-
lates ingested. In contrast, ingestion of 
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150 g of uncooked watercress resulted 
in excretion of 172-77.7% of the total 
ingested glucosinolates in 24-h urine. 
Clearly, myrosinase in the original veg-
etable contributed to the release of 
isothiocyanates from glucosinolates. It 
can also be inferred from these results 
that human myrosinase, known to exist 
in the intestinal flora (Shapiro et al., 
1998; Getahun & Chung, 1999; Krul et 
aL, 2002), might hydrolyse only a frac-
tion of the glucosinolates ingested and 
might also vary widely in activity 
among individuals. Nevertheless, 
when enteric flora were reduced by a 
combination of mechanical cleansing 
and oral antibiotics after ingestion of 
100 iimol of a broccoli glucosinolate 
preparation in which myrosinase had 
been inactivated, a dramatic reduction 
was seen in 72-h urinary excretion of 
isothiocyanate metabolites, falling from 
11.3 ± 3.10% of the dose before treat-
ment to 1.3 ± 13% after treatment 
(Shapiro et al., 1998). Not surprisingly, 
the extent of glucosinolate conversion 
to isothiocyanates by the myrosinase 
in vegetables is also affected by the 
length of time the vegetable is chewed. 
In a study in which four volunteers 
were each given 12 g of fresh broccoli 
sprouts containing 109 i.tmol total glu-
cosinolates and were asked to either 
swallow without chewing or chew thor-
oughly before swallowing, thorough 
chewing resulted in significantly 
greater excretion of isothiocyanate 
equivalent (42.4.t: 7.5 pmol and 28.8 ± 
2.6 pmol, respectively) in 24-h urine 
(Shapiro et al., 2001). 

Assessing consumption of crucifer-
ous vegetables by measuring isoth-
locyanate equivalents in urine 
Controlled metabolic studies have 
shown that urinary isothiocyanate 
equivalent assayed by the cyclocon-
derisation reaction reflects the amount 
of cruciferous vegetables eaten. 
Shapiro and colleagues (1998) found 
that the disposition of ingested isothio- 

cyanates was consistent between vol-
unteers in different studies and that the 
urinary concentration of dithiocarba-
mates was proportional to an escalat-
ing dose regimen (r2 = 0.976). The uri-
nary concentrations peaked within < 8 
h of consumption, but complete excre-
tion took 24-72 h. In studies in which 
volunteers were given glucosinolates 
and isothiocyanates from broccoli 
sprouts, measurements of urinary 
isothiocyanate equivalent with this 
assay were highly reproducible (coeffi-
cient of variation, < 10%), and their 
concentrations accurately reflected the 
absorption, metabolism and excretion 
of the isothiocyanate consumed. A 
strict linear relationship was observed 
between isothiocyanate dose and 
isothiocyanate equivalent in 72-h urine 
over an eightfold range of isothio-
cyanate dose (25-200 pmol) (Shapiro 
et al., 2001), with no evidence of a 
threshold. Fowke and colleagues 
(2001) reported that an acceptable 
dose—response relationship between 
intake of cruciferous vegetables and 
urinary dithiocarbamate was found 
only at intake levels of 100 200  g/day. 
The intake levels were achieved in a 
planned dietary intervention and were 
much higher than the 0.2 serving per 
day (one serving 	one cup of raw 
leafy or one-half cup of cooked or 
chopped raw) estimated to be the aver-
age intake of cruciforous vegetables by 
residents of the USA in 1994-96 
(Johnston et al., 2000). 

In an Asian population (n = 246) 
who frequently ate cruciferous vegeta-
bles (mean daily intake of cooked, 40.6 
g; mean daily isothiocyanate intake, 
9.1 pmol), concentrations of total isoth-
iocyanate in spot urine samples were 
significantly associated with crucifer-
ous vegetable intake and isothio-
cyanate intake, estimated from a semi-
quantitative food-frequency question-
naire (Seow et al., 1998). In 34 post-
menopausal women who provided 24-
h dietary recalls, responded to a ques- 

tionnaire on vegetable and fruit intake 
and collected a 24-h urine sample 
(Fowke et al., 2001), the urinary isoth-
iocyanate correlated well with the 24-h 
consumption of cruciferous vegetables 
(Pearson correlation coefficient, 0.57; 
p < 0.01) and with an 'unknown but 
true intake' calculated from a struc-
tural equation (Ocké & Kaaks, 1997). 
Single-void urine samples are clearly 
less reliable markers than urine col-
lected over 8 or 24 h (Scow et al., 
1998; London et al., 2000). The former 
are useful mainly for assigning partici-
pants to reasonable categories of 
intake (e.g, negative, positive, low, 
high), while the 	latter, especially 
repeated 8- or 24-h urine collection, 
allow realistic assessments of con-
sumption of cruciferous vegetables or 
isothiocyanates. 

lndoles 
Metabolism and disposition 
The mildly acid environment of the 
stomach induces chemical modifica-
tion of indole-3-carbinol, which is 
dehydrated in acidic solutions and is 
converted to its active derivates 
(Grose & Bjeldanes, 1992). Thus, 
indole-3-carbinol administered intra-
peritoneally does not exert metabolic 
change in the host (Bradfield & 
Bjeldanes, 1987a). The main products 
of this chemical reaction are 3,3'-df n-
dolylmethane, triindolylmethane and 
indolo[3,2-b]carbazole (Figure 12). 
Many other indole-3-carbinol-derived 
compounds were detected in experi-
mental animals exposed to this com-
pound (Stresser et al., 1995a; 
Anderton et al., 2003). 

Most of the information derives 
from studies in vitro in which conden-
sation products were collected without 
ascorbic acid. When glucobrassicin 
and neoglucobrassicin are degraded 
in the presence of ascorbic acid, vari-
ous ascorbigens are formed. It has 
been estimated that 20-60% of indolyl 
glucosinolates are converted to 
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Figure 12 Ind6e-3-carbinol and its by-products 

ascorbigens, depending on the pH 
(Buskov et al., 2000; Hrncirik et aL, 

2001). 
Asoorbigen is unstable in acidic 

media (as in the stomach), giving rise 
to indolo[3,2-b]carbazole. About 20 
times more indolo[3,2-b]carbazole was 
formed in vitro after incubation with 
ascorbigen than after incubation with 
indole-3-carbinol under identical condi-
tions (Preobrazhenskaya etal., 1993a). 

3,3-DiindoIylmethane is the most 
common of derivative of indole-3- 

carbinol, and it is the most stable, with 
the longest biological lite (Broadbent & 
Broadbent, 1998a,b). pH affects the 
oligomerization process: only 5% of 
indole-3-carbinol was converted to 
3,3'-diindolylmethane at neutral pH 
(Amat-Guerri et al., 1984), but 80% 
was transformed at pH 4.5 (de Kruif et 
al., 1991). As the pH falls, the produc-
tion of indolo[3,2-b]carbazole and 
larger oligomers increases over that of 
3,3 '-diindolylmethane. 	Dilution 	of 
indole-3-oarbinol favours the formation 

of higher-order oligomers (Grose & 
Bjeldanes, 1992). In vitro at physiolog-
ical pH, only 3,3'-diindolylmethane 
was detected after 48 h (Niwa et al., 
1994). In contrast, Staub et ai. (2002) 
found that indole-3-carbinol was stable 
in cell-free medium or in cultured MCF-
7 cells, with a half-life of about 40 h. 

3,3'-Diindolylmethane can be 
extracted from the urine of volunteers 
given indole-3-carbinol.This assay has 
been used to estimate indole-3-
carbinol intake, in order to correlate it 
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with the severity of cervical dysplasia. 
In one volunteer given 150 mg of the 
indole, from whom urine was collected 
over the next 18 h, peak urinary excre-
tion was observed after 7 h. In the 
same study, 10 women were treated 
with indole-3-carbinol for 4 weeks. In 
five treated with 200 mg/day, the mean 
urinary concentration of 3,3-diindolyl-
methane was 12.1 ± 2.5 pg/mg creati-
nine; in the remaining five women, 
treated with 400 mg/day, the concen-
tration was 15.6 ± 22.2 pg/mg creati-
nine (Sepkovic et aI., 2001). 3,3'-
Di indolyl methane was also measured 
in plasma and blood of four women 
treated with 400 mg of indole-3-
carbinol orally. The concentrations in 
plasma and serum were 0.1-0.4 
pg/mi. No indole-3-carbinol was recov-
ered in blood, confirming that it under-
goes oligomerization in the stomach 
(Arneson et al., 1999). 

When indolo[3,2-b]carbazole was 
measured in two samples of faeces of 
volunteers eating controlled diets, both 
samples showed a chromatographic 
peak in the range 2-20 pg/kg (dry 
weight, w/w) (Kwon et al., 1994). 

The presence of other metabolites 
in human blood, urine or faeces has 
not been tested. 

Induction and inhibition of metabo-
lizing enzymes 
Indoles modulate the activity of genes 
involved in the metabotsm of both 
endogenous and exogenous compounds 
(Nho & Jeffery, 2001). Differences in 
dietary habits, in conjunction with meta-
bolic gene polymorphisms, may partially 
explain ethnic differences in the ratio of 
2-hydroxy-: 	1 6-hydroxyestradiol 	in 
women's urine (Taioli et al., 1996). 

The metabolism of tobacco can 
also be influenced by dietary indole  

intake (Morse et al., 1990a;Taioli et al., 
1997). Thirteeen healthy smokers 
treated with 400 mg of indole-3-
carbinol for 5 days showed a change in 
the urinary levels of two metabolites of 
4-(methylnitrosamino)-1 -(3-pyridyl)-1-
butanone (NNK): 4-(methylnitro-
samino)-1 -(3-pyridy-1 -butanol and its 
glucuronide. These changes suggest 
that indole-3-carbinol increases NNK 
metabolism in smokers. It may also 
affect the metabolism of several other 
substances, including aflatoxins, alco-
hol and certain drugs (Fong et al., 
1990; Chung et ai., 1993; Manson et 
al., 1997; Oganesian et al., 1999). 

In a study of structure—activity rela-
tionships of 3,3-diindoiylmethane ana-
logues in human cells, substitutions at 
the 5 and 5' positions induced the 
activity of both aromatase and 
ethoxyresorufin O-deethylase (EROD) 
activity, whereas analogues with a sub-
stitution in the bridging methylene car-
bon induced neither enzyme 
(Sanderson et al., 2001) 

Dimethyl 	3,3'-diindolylmethane 
and tetramethyl 3,3 '-diindolyl methane 
derivatives did not induce bacterial 
chloramphenicol 	acetyltransferase 
(CAT) reporter gene activity in T47D 
cell lines, and no aryl hydrocarbon (Ah) 
receptor antagonist activity was 
observed; however, no comparison 
was made with the induction ability of 
3,3 '-diindolylmethane under these 
conditions (McDougal et al., 2001). 

Experimental studies 

Cruciferous vegetables 
Metabolism and disposition 
Few studies have been reported on the 
metabolism of isothiocyanates and 
indoles in experimental animals fed 
cruciferous vegetables. 

Modulation of phase I and Il 
enzymes' 
The effects of cruciferous vegetables 
on phase I and Il enzymes have been 
studied extensively (see also the 
section on intermediary biomarkers). 
Some of the studies addressed the 
effects of the vegetables themselves, 
while others focused on the effects of 
specific compounds in vegetables 
(e.g., glucosinolates, precursors of 
isothiocyanates and indoles). The veg-
etables studied were usually Brussels 
sprouts, cabbage, broccoli and cauli-
flower. The diets were often prepared 
by mixing lyophilized vegetables into 
the regular diet at concentrations of 
2.5% up to 50% (wlw). in some stud-
ies, vegetables extracts were mixed 
into the regular diet after evaporation 
of the solvent, which was usually 
water, methanol or ethanol. Regard-
less of the study protocol and diet 
preparation, most of these studies 
showed that feeding cruciferous 
vegetables to animals generally 
induces phases I and II enzymes in the 
liver and intestinal tract. 

Many biologically active com-
pounds in cruciferous vegetables are 
likely to contribute to the effects on 
phase I and Il activities, and the 
increased enzyme activities reflect a 
combined effect of these active com-
pounds. Isothiocyanates and indoles 
are likely to have opposite effects on 
phase I enzymes, as indoles are 
strong inducers of cytochrome P450 
enzymes, whereas isothiocyanates 
usually inhibit these enzymes (see 
below). Indoles also inhibit cytochrome 
P450 activity, however (Stresser et al., 
1995b; Takahashi et al., 1995a). The 
induction of phase Il enzymes such as 
GST by cruciferous vegetables is prob-
ably due to the concerted action of 

'Usually, xenobiotic metabolizing enzymes are subdivided by toxicologists into phase I and phase il enzymes on the basis of whether 
they catalyse oxidation—reduction or conjugation reactions. Thus, NAD(P)H:quinone oxidoreductase 1 is sometimes classified as a phase 
I enzyme. In this Handbook, however, it is referred to as a phase II enzyme becuase it is coordinately regulated with xenobiotic conju-
gating enzymes through an antioxidant response element. 
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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 ai., 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 I 
response to Brass/ca vegetables in rat 
models and the fact that it depends 
strongly on differences in the chemical 
composition of vegetables, yang et al. 
(1991) studied the effects of broccoli 
on CYP1A1 and CYPIIB 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. CYPFA2 
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, 
CYPIHB and CYPIIE1 proteins were 
increased by the broccoli diet, but 
CYPIIB 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 I 
enzymes is critically dependent on the 
concentrations of glucosinolates 
and other biologically active phyto-
chemicals in plant tissue (yang et al., 
2001). Various strategies have been 
used to overcome the problems due 
to the complexity of Brass/ca vegeta-
bles. Sorensen et al. (2001) fed rats a 
Brussels sprout extract containing 
a complex, incompletely characterized 
mixture of glucosinolates and their 
breakdown products for 4 days. 
No significant modulation of phase I 
enzymes but significant up-regulation 
of phase II 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 mg/kg. The Brussels sprouts 
diet increased GST activity by 1.9-fold 
in the gut and by 1.6-fold in the liver, 
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 
Q-deethylase (by 3.2-fold). The same 
group (Bradfield et al., 1985) included 
hepatic GST in a study of the effects of 
12 vegetables on phase I and phase Il 
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 cauliflower but that of Ah 
hydroxylase was not affected. The 
effects on enzyme activities were not 
confined to Brass/ca vegetables, 
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 ally]-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 pmol/kg and 415 pmol!kg, 
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 low as 
that of progoitrin (about 540 pmol/kg), 
however, a goitrin-like induction pat-
tern was observed. The authors con-
cluded that at least two compounds 
(probably allyl-ITC and goitrin) are 
responsible for the induction of OSTs 
in rat liver and small intestine by 
Brussels sprouts. 

Thus, much of the induction of 
phase I and phase Il 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). lsothio-
cyanate-rich vegetables with a small 
amount of indoles might reduce phase 
I enzyme activity, as was observed in 
studies 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 
quinone reductase activity in colon than 
freeze-dried broccoli samples contain-
ing intact glucosinolates (Keck et 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 H and 11 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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cooked Brussels sprouts at 2.5-20% 
(w/w), various phase I and II enzymes 
were measured, including CYP1A1, 
CYP1A2 and CYP2B, GST, UDP-giu-
curonosyl transferases (UGTs) and 
NAD(P)H-quinone reductase (Wortel-
boer et al., 1992a). Almost all the 
enzymes were induced by the diet con-
taining Brussels sprouts, and effects 
were seen as soon as 2 days after 
feeding. Although no direct compari-
son was made of the effects on these 
enzymes of cooked and uncooked 
vegetables, they appeared to have 
similar effects. This suggests that glu-
cosinolates are hydrolysed to agly-
cones after ingestion of Brussels 
sprouts by a myrosinase-like microflo-
rai activity in the rat intestinal tract. In a 
study of the influence of the ntestinal 
microflora and dietary glucosinolates 
on hepatic cytochrome P450 enzymes 
(Nugon-Baudon et al., 1998), conven-
tional rats and germ-free rats were fed 
a diet containing myrosinase-free 
rapeseed. While the effects of the glu-
cosinolate-rich diet on these enzymes 
appeared to be complex, the rapeseed 
meal decreased total cytochrome 
P450 activity in conventional rats but 
not in germ-free rats, suggesting that 
the microflora present in the gut play a 
role. 

The ability of nitriles to induce 
phase Il enzymes was investigated in 
two studies. In a comparison of the 
effects of the major broccoli isothio-
cyanates and nitrile, groups of five 
4-week-old male Fischer 344 rats were 
given 5-(methylsu lfinyl)pentane nitrile 
in saline at 200, 500 or 1000 pmol/kg 
bw, sulforaphane in saline at 500 
pmol/kg bw or saline, by gavage for 
5 days. Controls and test animals given 
nitrile were pair-fed with semi-synthetic 
food throughout the study. The animals 
were killed 24 h after the last dose, and 
the activities of quinone reductase and 
GST were determined in cytosolic frac-
tions from the liver, pancreas and 
colon mucosa. The nitrile had no effect,  

while suiforaphane statistically signifi-
cantly reduced both enzyme activities 
(Matusheski & Jeffery, 2001). In a sub-
sequent study, groups of three male 
Fischer 344 rats [age not specified] 
were given the rapide seed nitrile 
crambene or suiforaphane at a dose of 
50 mg/kg bw by gavage in corn oil for 
7 days (515 pmol/kg bw for crambene, 
282 pmol/kg bw for suiforaphane) 
(Keck et al., 2002). Controls were 
given corn oil only. Hepatic cytosolic 
quinone reductase activity was 
induced 1.5-fold by crambene and 1.7-
fold by suiforaphane. 

Isothiocyanates 
Metabolism and disposition 
The metabolism and tissue disposition 
of several isothiocyanates have been 
investigated extensively in rodents. 
These studies showed that the mer-
capturic acid pathway is the main route 
of metabolism of isothiocyanates, 
involving initial conjugation with GSH 
mediated by GSTs, followed by enzy-
matic degradation to its N-acetyicys-
teine conjugate (Meyer et al., 1995; 
Whalen & Boyer, 1998). Other, minor 
metabolites of isothiocyanates with an 
alkyl or aryl moiety have also been 
identified in animals. This section sum-
marizes the data from these studies 
(Table 8). 

Allyl isothiocyanate 
In Wistar rats, the main urinary 
metabolite of aHyi-ITC was the mer-
capturic acid N-acetyi-S-(N-aflyfthio- 
carbamoyl)-L-cysteine 	(aHyi-1TC-N- 
acetyicysteine) (Mennicke et al., 
1983). Studies of pharmacokinetics 
and metabolism were conducted after 
oral administration of [14C]aHyi-ITC 
labelled in the isothiocyanate moiety to 
Fischer 344 rats and B6C3F1  mice 
(Bollard et al., 1997). Within 96 h, male 
and female mice had excreted -80% of 
the 140  in urine, and the rats had 

excreted 50-55%. The rats had 
retained 20-25% of the dose in the 
carcass after 96 h. Faecal 14C 
accounted for 6-12% and expired 002  

for 4-7% of the dose. In this study, 
67-85% of the 140  in rat urine samples 
was identified as aliyi-1TC--N-acetyi-
cysteine by HPLC and positive-ion 
electrospray mass spectroscopy. Three 
metabolites were found in mice: 
48-85% of the urinary 140  was on 
thiocyanate, 7-52% on aHyi-1TC-
cysteine (Cys) conjugate and 8-12% 
on aHyi-ITC-N-acetyicysteine (males 
only). in B6C3F1  mice, aiIyi-1TC-N-
acetyicystei ne represented less than 
20% of total urinary radioactivity; three 
other major and two minor unidentified 
urinary metabolites were also detected 
(loannou et al., 1984). in both rats and 
mice, 70-85% of the administered 
dose was collected in the urine by 
72 h, while 13-15% was trapped as 
CO2  (in rats only), and 3-6% of the 
140, consisting of a single unidentified 
metabolite, was found in faeces. The 
urinary bladders of animals given 
[14C]ally[-ITC showed sex and species 
differences, more 140  being found in 
the bladder tissue of male rats. The 
amount of 140  detected in bile from 
cannulated rats was greater than that 
in faeces, indicating possible entero-
hepatic circulation of metabolites and 
eventual urinary excretion (Borghoff & 
Birnbaum, 1986; Bollard et al., 1997). 
Biliary metabolites of allyl-ITC from 
Fischer 344 rats given [U-14C]aHyi-ITC 
by gavage were similar to urinary 
metabolites, as identified by HPLC, but 
the relative proportions differed consid-
erably (loannou et al., 1984). 

Benzyl isothiocyanate 
Brüsewitz et al. (1977) identified the 
mercapturic acid of benzyi-FTC (ben- 
zyi-ITC--N-acetyicysteine) 	as 	its 
dicyciohexylam me salt after adminis-
tration of benzyi-ITC and various thiol 
conjugates orally or by intraperitoneal 
or intravenous injection to rats. The 
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Table B. Urinary metabolites in experimental animals after administration of isothiocyanates (ITCs) 

Isothiocyanate Route 	Main metabolite(s) Administered 	Strain and 
dose recovered (%) species 

Reference 

Allyl-ITC Oral 	Ally -ITC-NAC 40-50 Wistar rat Mennicke et al. (1983) 
Ally ITC NAC 76-82 Fischer 344 rat loannou eta). (1984) 
Ally -ITC-NAC 8-20 B6C3F1  mouse loarinou eta]. (1984) 

Ally -ITC-NAC 67-85 Fischer 344 rat Bollard et al. (1997) 
Ally -ITC-NAC 8-12 B6C3F1  mouse Bollard et al. (1997) 

Ally ITC Cys 7 52 B6C3F1  mouse Bollard et al. (1997) 

-SCN-- 15-33 Fischer 344 rat Bollard et al. (1997) 
-SON- 48-85 B6C3F mouse Bollard et al. (1 997) 

Ally-ITC 0.3-0.4 Fischer 344 rat loannou eta). (1984) 
Ally -ITC 1.9 B6C3F1  mouse loannou et at. (1984) 

Butyl-ITC Oral 	Butyl-ITC-NAC 10-20 Wistar rat Mennicke et al. (1983) 

Benzyl-ITC Oral 	Benzyl ITO NAC Only metabolite Wistar rat BrOsewitz et al. (1977) 
Benzyl-ITC-NAC Trace Guinea-pig GorIer et a). (1982) 
4H4CBTT 23 ± 3 Guinea-pig GOrIer et cl. (1982) 

Benzyl-ITC-Cys Oral 	Benzyl-ITC-NAC 62 W star rat BrOsewitz et al. (1977) 
Benzyl-ITC < 1 Wstar rat BrOsewitz et al. (1977) 
Benzyl-ITC Cys < 1 w star rat BrOsewitz et al. (1977) 
Hippuric acid 40 Beagle dog BrOsewitz etal. (t 977) 
4H4CBTT 33 ± 4 Guinea-pig GorIer et cl. (1982) 

Benzyl-ITC-NAC Oral 	Benzyl-ITC-NAC Trace Guinea-pig GOrIer et al. (1982) 
4H4CBTT 4-9 Guinea-pig GOrier et cl. (1982) 

Phenethyl-ITC Oral 	Phenethyl-ITC-NAC 9-10 A1J mouse Eklind etal. (1990) 
4H4CFETI 25 NJ mouse Eklind et cl. (1990) 
Phen ethyl- ITC-NAC > 90 Fischer 344 rat Conaway et al. (1999) 
Phenethyl-ITC < t Fischer 344 rat Conaway et al. (1999) 

Gluconasturtiin Diet 	Phen ethyl- ITC-NAC 22+8 NJ mouse Chung et at. (1992) 

6-Phenylhexyl-ITC Oral 	Unidentified 7 ± 1 Fischer 344 rat Conaway et al. (1999) 
6-Phenylbexyl-ITC-NAC Tracea Fischer 344 rat Conaway et aI. (1999) 

Sulforaphane Intraperitoneal Suiforaphane-NAC - 60 Sprague-Dawley rat Kassahun eta]. (1997) 
Erucin-NAC - 12 Sprague-Dawey rat Kassahun et al. (1997) 

Erucin Intraperitoneal Sulforaphane-NAC - 67 Sprague-Daw ey rat Kassahun et al. (1997) 
Erucin-NAC -29 Sprague-Dawey rat Kassahun et al. (1997) 

NAC, N-acetylcysteine; Cys, cysteine; 4H4CBTT, 4-hydroxy-4-cardoxy-3- ben zyJthiazo[dine-2-thione 4H4CPETT, 4-hydroxy-4-cardoxy-
3-phenylethylthiazolidine-2-thione 

Most metabolites found in faeces 

thiol conjugates studied were GSH tion of benzyl-ITC was studied [14C]benzyl-ITC-Cys was adminis- 
(benzyl-ITC-GSH), 	cysteinylglycine with 14C-labelled compound synthe- tered 	orally 	to 	fasted 	male 

(benzyl-ITC-Cys-Gly) and cysteino sized by radiolabelling the carbon adja- and female rats, the mean peak 

(benzyl-ITC Cys). The tissue disposi- cent to the isothiocyanate group. When plasma concentration of 140  occurred 
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within 45 min. The plasma radioactivity 
declined rapidly, with a half-time of 1-2 
h. A total of 92.4% of the 14C was 
collected in urine, while 5.6% 
appeared in faeces, and 0.4% was 
detected in expired air over 3 days. 
Metabolites in urine were analysed by 
mass spectrometry after isolation by 
thin-layer chromatography, and most of 
the recovered 14C in the urine was 
identified as the mercapturic acid 
(see Figure 13A). Free [14C]benzyl-ITC 
or [14C]benzyl-ITC-Cys accoun-ted for 
less than 1% of the administered dose 
in urine. No other metabolite was iden-
tified in rat urine after oral administra-
tion of benzyl-ITC or its thiol conju-
gates. Small amounts of free benzyl-
ITC were recovered in urine after 
administration of the conjugates by the 
other routes, those presumably having 
been formed by dissociation of the 
conjugates in vivo. When the [35S]Cys 
conjugate of benzyl-ITC was adminis-
tered orally to the rats or unlabelled 
benzyl-!TC-Cys was given to rats pre-
treated with [35S]Cys to label the body 
sulfur pool, [35S]mercapturic acid was 
recovered in the urine. Excretion of 
benzyl-ITC-[35S]N-acetylcysteine after 
dosing with benzyl-ITC-[35S]Cys indi-
cates that the conjugate was at least 
partially absorbed unchanged, subse-
quently acetylated and then excreted. 
The excretion of benzyl-ITC-[35SN-
acetylcysteine after administration of 
unlabelled benzyl-ITC-Cys and 
-[35S]Cys suggests that the benzyl-
ITC-Cys was deconjugated and then 
reconjugated with [35S]Cys  or GSI-1. 

The metabolism of benzyl-ITC in 
other species differs from that in the 
rat. When male guinea-pigs were 
given a single dose of benzyl-ITC or 
benzyl-ITC-Cys by gavage, 23.3 ± 
2.8% and 33.1 ± 4.0 %, respectively, 
of the dose excreted in 24-h urine was 
identified as the cyclic 4-hydroxy-4-
carboxy-3-benzylthiazol idi ne-2-thione, 
a mercaptopyruvic acid conjugate of 
benzyl-ITC (Grler et al., 1982; see 

Figure 1313). The mechanism for its 
formation is thought to involve the cys-
teine conjugate, which is transaminat-
ed to the S-substituted mercaptopyru-
vate, followed by enolysis and cycliza-
tion to form the cyclic metabolite 
instead of the expected N-acetylated 
product. Benzyl- ITC-N-acetylcysteine 
was, however, also identified as a 
minor metabolite. Similar results were 
observed after administration of ben-
zyl-ITC or benzyl-ITC-Cys to rabbits. 
Thus, guinea-pigs and rabbits excrete 
little mercapturic acid after isothio-
cyanate metabolism and apparently 
do not readily form mercapturic acids 
after receiving other types of xenobiotic. 

In beagle dogs given a single dose 
of ["Cbenzyl-ITC-Cys by gavage, 
absorption occurred more slowly than 
in rats, with a peak mean plasma 
concentration of 14G within 1.5-6 h 
(Brûsewitz et al., 1977). After 3 days, 
86.3% of the dose had been excreted  

in urine and 13.2% in faeces. Rather 
than the mercapturic acid metabolite, 
[14C]hippuric acid (40% of the dose) 
was identified (see Figure 13C). 
Moreover, when benzyl-ITC-[ 5S]Cys 
was administered, the radiolabelled 
metabolite was not recovered in urine, 
indicating that the conjugate had lost 
the cysteine moiety by dissociation. 
Components in dog urine with reten-
tion times on thin-layer chromatogra-
phy corresponding to the unchanged 
cysteine conjugate, free benzyl-ITC or 
other metabolites represented less 
than 5% of the administered dose. The 
fate of the free [11S]Cys formed was 
not reported. 

In summary, rats metabolized ben-
zyl-ITC via the mercapturic acid path-
way, and the major urinary metabolite 
formed was ben zyl -ITC-N-acetylcys-
teine. Guinea-pigs and rabbits 
excreted primarily the cyclic mercap-
topyruvate conjugate 4-hydroxy-4-car- 
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Figure 13 Variations in urinary metabolites of benzyl-isothiocyanate (ITC) and benzyl-ITC-cysteine 
A) N-Acetyl-S-(N-benzylthiocarbamoy-L-cysteine (benzyl-ITC-N-acetylcysteine), the mercapturic 
acid of benzyl-ITC 
B) 4-Hydroxy-4-carboxy-3-benzothiazolidine-2-tbicne, major benzyl-ITC--cysteine metabolite in 
urine of guinea-pigs and rabbits (Gorier et al., 1982) 
C) Hippuric acid, major metabolite in urine of beagle dogs (Brüsewitz et al., 1977) 
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boxy-3-benzythiozolidine-2-th ione. In 
contrast, dogs excreted the glycine 
conjugate, hippuric acid, possibly 
because they readily hydroxylate the 
benzylic moiety of benzyl-ITC, which is 
subsequently oxidized to benzoic acid 
and conjugated. 

Phenethyl isothiocyanate 
The metabolism and tissue disposition 
of phenothyl-ITC was first investigated 
in NJ 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 et al. 1990; 
Chung, 2001). When [14C]phenethyl-
ITC, synthesized from 2-phenyl[1 - 
14C]ethylami ne hydrochloride, was 
administered by gavage (EkIind at 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 isolated in urine and 
identified 	by 	 and 
13C-nuclear magnetic resonance spec-
trometry and by HPLC co-chromatog-
raphy with ultraviolet standards, as the 
cyclic mercaptopyruvic acid conjugate 
4- hyd roxy-4-carboxy-3-phenethylthia-
zolidine-2-thione (25% of the dose) 
and the mercapturic acid of phenethyl-
ITC, N-acetyl- S-(N-phenethylth iocar-
bamoyl)-L-cysteine (phenethyl-ITC-N-
acotylcystoine) (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 occurred within 2-8 h 
and 4-8 h, respectively. When glu-
conasturtiin, the glucosinolate precur-
sor of phenethyl-ITC, was mixed into 
AIN-76 diet with myrosinase and fed to 
NJ mice, the same two metabolites were 
identified in urine, with only 22% recovery 
(Chung et al., 1992). These results indi-
cate that gluconasturtiin is hydrolysed to 
phenethyl-ITC endogenously, presum-
ably mediated by micro-flora in the gut, as 
described above. 
The pharmacokinetics and metabo- 

lism of [ 4C]phen ethyl- ITC were investi-
gated in Fischer rats. After receiving 10 
imol in corn oil by gavage, three rats 
were killed at various times over 48 h, 
and 14C was evaluated in whole blood 
and in 13 major organs at each time, 
while 14C in expired 002, urine and 
faeces was assayed at 8, 24 and 48 h. 
The 14C in whole blood peaked at 2.9 
h, with two compartments (a and 1) 
with half-times of 2.4 and 21.7 h. The 
maximum activity of 14C 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 14C was detected in 
urine, 9.9% in faeces and 0.1% trapped 
as CO2. More than 90% of the urinary 
4D 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 metabottes of phenetbyl-isothiocyanate (ITC) in NJ mice by high-
performance liquid chromatography with radioflow and confirmation of the identif es of metabolites 
by nuclear magnetic resonance and mass spectroscopy 
1. 4-Hydrcxy4-carboxy-3-phenethylthiazolidine-2-thione, a cyclic nercaptopyruvic acid conjugate 
2, N-Acetyl S-(N-phenethylthiocarbamoy-L-cysteine (phenethyl-ITC-W-acetylcysteine, a mercap-
turic acid) (Eklind et ai., 1990) 
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radioactivity was not extractable, sug-
gesting covalent binding with proteins. 
Significant amounts of [14C]phenethyl-
ITC occurred in ethyl acetate extracts ai' 
faeces, indicating incomplete absorption 
from the intestinal tract (Conaway et al., 
-1999). 

In beagle dogs given phenethyl-ITC, 
phenethylamine was identified in plasma 
by gas chromatography with mass spec-
trometry and was proposed to be a 
degradation product of phenethyl-ITC 
formed at the [ow pH of the stomach 
(Negrusz et al., 1998). The urinary meta-
boutes of phenethyl-ITC were not repor-
ted, however. Therefore, as in humans, 
phenethyl-ITC is metabolized mainly via 
the mercapturic acid pathway in rats and 
appears in the urine as phenethyl-
ITC-N-acetylcysteine; other pathways 
appear to predominate in mice and dogs. 

Sulforaphane 
Only one large study has been reported 
on the metabolism of sulforaphane in 
rodents (Kassahun et al., 1997). After 
intraperitoneal administration of sul-
foraphane to male Sprague-Dawley 
rats, its metabolites were studied in 
urine and bile. Those identified in 24-h 
urine were the N-acetylcysteine conju-
gates of sulforaphane and erucin, its 
reduction sulfur analogue, and 
accounted for -60% and -12% of the 
dose, respectively. When erucin was 
administered, the metabolites in 24-h 
urine consisted of -67% sulfora-
phane-N-acetylcysteine and -29% 
erucin-N-acetylcysteine, indicating that 
oxidative metabolism of erucin was 
favoured over reductive metabolism of 
sulforaphane. Sulforaphane appeared 
to be metabolized by the phase I reac-
tions of S-oxide reduction and dehydro-
genation; the mercapturic acid pathway 
via GSH conjugation was the main 
route by which sulforaphane and its 
phase I metabolite erucin were elimi-
nated. In another group of animals, bile 
was collected 0-4 h after administration 
of sulforaphane or [1,1 -211121sulforaphane. 

Biological fluids were analysed by liquid 
	

Modulation of phase I and phase II 
chromafogra-phy--mass spectroscopy. enzymes 
Five meta-bolites were detected in bile, 	Although the focus of this section is 
two of which were identified as GSH 

	
studies in experimental animals in vivo, 

conjugates of sulforaphane and erucin 
	

the following section also briefly dis- 
on the basis of synthesized standards. cusses some in-vitro studies which 
Two other metabolites were identified 

	
should contribute to the interpretation 

as the N-acetylcysteine conjugates of of the in-vivo studies. Modulation of 
these compounds. A fifth biliary 

	
drug metabolizing enzymes by isothio- 

metabolite was tentatively identified as 	cyanates has been investigated exten- 
the GSH conjugate of a desaturated sively to determine the mechanism of 
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Hecht, 2000; Smith & Yang, 2000; 
Chung, 2001). 

Phase I enzymes 
Studies of structure—activity relation-
ships in vivo and in vitro show that the 
length of the alkyl chain in arylalkyl 
isothiocyanates is critical for inhibition of 
cytochrome P450 enzymes, and 
increasing the alkyl chain length up to 
six carbons increases their chemopre-
ventive efficacy (Morse et at, 1991; Guo 
of aI., 1993; Jiao et al., 1994; Conaway 
et al, 1996). Considerable variability in 
the selectivity and potency of inhibition 
of cytochrome P450 enzymes by isoth-
iocyanates has been found in vitro 
(Smith of al., 1993; Conaway et at, 
1996; Jiao of al., 1996; Smith of al., 
1996). Isothiocyanates are particularly 
strong inhibitors of CYP2131, as deter-
mined by assays for pentoxyresorufin O-
dealkylase (PROD). The inhibitory 
potency appeared to be positively corre-
lated with the lipophilicity of the isothio-
cyanates. The most potent inhibitor of 
PROD was the synthetic 6-phenylhexyl-
lIC. Morse of al. (1991) showed that it is 
also a remarkably effective inhibitor of 
lung tumorigenesis induced by NNK. 

Oral administration of phenethyl-
ITC to male Swiss-Webster mice inhib-
ited the metabolism of acetaminophen 
by CYP2E1. Pretreatment with this 
isoth iocyanate significantly reduced 
the amount of metabolites of aceta-
minophen in plasma and urine, pre-
vented depletion of hepatic GSH and 
significantly reduced liver damage (Li 
et al., 1997). 

Typically, administration of isothio-
cyanates to mice shortly before treat-
ment with a carcinogen inhibits its 
metabolic activation (Chung et al., 
1984a,b; Morse et al., 1989a, 1991). 
Nevertheless, isothiocyanates given 
24 h before sacrifice as a single dose 
or in the diet sometimes enhanced 
cytochrome P450 activity measured at 
sacrifice (Guo etat, 1992, 1993; Smith 
et al., 1996). For example, an oral dose  

of phenethyl-ITC to Fischer rats 24 h 
before death selectively inhibited 
CYP2E1-mediated N-nitrosodimethyl-
amine demethylation by its demethyl-
ase, but the activity of PROD and the 
amount of CYP2131 (measured by 
immunoblot analysis) were both 
markedly induced (Ishizaki et al., 
1990). These results illustrate a com-
plex mechanism in which regulation of 
cytochrome P450 enzymes by isothio-
cyanates is highly specific. In contrast 
to Fischer rats, mice given phenethyl-
ITC in the diet showed induction of 
CYP2E1 activity in liver microsomes by 
a factor of 1.2 and of CYP2E1 
activity in lung microsomes by a factor 
of 1.6 (Smith of al., 1993). 

Phase II enzymes 
Isothiocyanates induce phase Il detox-
ification enzymes, including GSTs, 
quinone reductase, sulfatase and 
UGTs (Zhang & Talalay, 1994). GSTs 
catalyse the otherwise relatively slow 
conjugation reaction of GSH with elec-
trophiles, including genotoxic chemi-
cals and isothiocyanates. In verte-
brates, GSTs are dimeric enzymes 
consisting of seven families: alpha, mu, 
kappa, pi, sigma, theta and zeta (Coles 
& Ketterer, 1990; Whalen & Boyer, 
1998). Some isothiocyanates are read-
ily conjugated by human GSTs M-1 
(mu-1) and Pi-1 (pi 1-1) but are slowly 
conjugated by other forms (Koim et at, 
1995; Meyer of al., 1995; Zhang et al., 
1995). The rates of catalytic conjuga-
tion of isothiocyanates by various 
forms of GST apparently depend on 
the structure of the isothiocyanates. It 
is conceivable that isothiocyanate, as 
an inducer of GST, facilitates its own 
excretion by increasing its rate of con-
jugation with GSH. 

Phenethyl-ITC is a tissue-specific 
inducer of phase Il enzymes. In rats, a 
single administration of phenethyl-ITC 
by gavage induced quinone reductase 
and GST activity by 5.0- and 1.5-fold, 
respectively, in the liver, but the activi- 

ties of these enzymes in lung and 
nasal mucosa were not significantly 
affected (Guo et al., 1992). Hepatic 
GST alpha and GST mu activity, pro-
tein levels and specific mRNAs were 
induced in a dose-dependent manner 
in rats given phenethyl-ITC orally for 3 
days, and the hepatic GSH content 
increased twofold (Soo of at, 2000). In 
another study, administration of a rela-
tively high concentration of phenethyl-
ITC in the diet (1000 mg/kg) for 2 
weeks induced both phase I and 
phase Il enzymes in Fischer rats 
(Manson of al., 1997). The concentra-
tien of GST Ti-i in gastric mucosa 
was significantly increased after 
dietary administration of phenethyl-ITC 
at 450 mg/kg to male Wistar rats, but 
no such effect was observed in 
oesophagus, colon or liver (van 
Lieshout of al., 1998a). 

Benzyl-ITC induced GST activity in 
the small intestine and liver of female 
ICRJHa mice (Sparnins of ai., 1982a). It 
was also the most potent component of 
papaya juice in inducing GST pi in cul-
tured rat liver epithelial cells. Subsequent 
investigations suggested that reactive 
oxygen intermediates are also involved 
(Nakamura of al., 2000a,b). 

Sulforaphane was an extremely 
potent inducer of phase Il enzymes in 
primary cultures of rat and human 
hepatocytes and in murine hepatoma 
cells (Prochaska et al., 1992; Zhang et 
al., 1992b; Mahéo et al., 1997). 
Related three- to eight-carbon (C3—C8) 
analogues of sulforaphane, the C3—05 
methyl sulfide isothiocyanates, C3—05 
methyl sulfone isothiocyanates and the 
methyl dithiocarbamyl analogue of 
sulforaphane, sulforamate, were also 
active inducers of a phase Il detoxifica-
tion enzyme (quinone reductase) in 
murine hepatoma cells (Zhang et al., 
1992b; Oerhäuser et ai., 1997; Rose 
of al., 2000). Northern blotting analysis 
of rat hepatocytes after treatment 
with sulforaphane showed dose-depen-
dent induction of the mRNA of GST 
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A1/A2 and Pi, but not Mi (Mahéo etat, 
1997). 

In order to understand better the 
relationship between structure and 
inducer activity, the effects of modify-
ing the structural features of sul-
foraphane (including its chirality, oxida-
tion state of the methylthiol moiety and 
the number and rigidity of methylene 
bridging units) were evaluated, with 
quinone reductase as the marker of 
induction of phase li enzymes in 
murine hopatoma Hepa 1c1c7 cells 
(Zhang at al., 1992b; Posner at al., 
1994). Sulforaphane is chiral, the nat-
ural compound having the R configura-
tion; however, (R)-sulforaphane and 
synthetic (R, S)-sulforaphane had iden-
tical inducing potency. The chirality of 
the molecule has also not been found 
to affect its other anticarcinogenic 
activities. Changing the oxidation state 
of the sulfur atom in the methylthiol 
group from sulfoxide to sulfone, how-
ever, reduced the inducing activity only 
slightly, and the sulfide analogue was 
three to six times less active. 
Moreover, when the sulfoxide group 
was replaced by a methylene group, 
the inducing activity was reduced 75-
fold (Posner et al., 1994). Significantly, 
the sulfoxide group could be replaced 
by a carbonyl group with no loss of 
inducing activity; this is important 
because the latter compound is more 
easily synthesized. Changing the num-
ber of methylene units from four to five 
or three did not significantly affect 
inducing activity, nor did the rigidity of 
the methylene bridge appear to have 
much effect, as the norbonyl isothio-
cyanates were almost equally active. It 
should be noted, however, that these 
analyses of structure activity relation-
ships were based only on induction of 
quinone reductase in specific murine 
cells. 

Sulforaphane, erucin (C4 methyl 
sulfide analogue) and erysolin (C4 
methyl sulfone analogue) induced GST 
and quinone reductase in various tis- 

sues (including liver, stomach, small 
intestine and lung) of female CD-1 
mice (Zhang at al., 1992b). 

When Fischer rats were given sini-
grin, the glucosinolate of allyl-ITC, at 
24 mg/day for ii days, total liver GST 
activity was induced but phase I 
enzymes were not significantly 
affected (Manson at al., 1997). The 
relative potency of nine isothio-
cyanates in inducing phase Il enzymes 
in several cultured cell lines depended 
on the rate of cellular uptake of the isoth-
iocyanates (Zhang & Talalay, 1998). 

Limited results indicated that thiol 
conjugates of isothiocyanates also 
induced GSTs in various organs. 
Specifically, the cysteine conjugates of 
benzyl-ITC and 3-phenylpropyl-ITC 
induced GST in liver, small intestine 
mucosa, forestomach, lung, colonic 
mucosa and urinary bladder of female 
A/J mice (Zheng, G.Q. at al., 1992). 

Genetic variation 
No studies were available on 
intraspecies genetic variation in exper-
imental animals. There is, however, 
strong evidence from studies in several 
species (see above) that genetic varia-
tion influences isothiocyanate metabo-
lism. The evidence derives from detec-
tion of the cyclic mercaptopyruvate 
conjugate in the urine of mice, guinea-
pigs and rabbits, but not rats or 
humans, after ingestion of benzyl-ITC 
or phenethyl-ITC. Detection of mercap-
turic acid as the sole urinary product in 
rats and humans after ingestion of 
isothiocyanate suggests that these two 
species process dietary isothio-
cyanates similarly. The results also 
indicate that the metabolism of isothio- 
cyanates 	is 	species-dependent. 
Although only limited information is 
available on genetic variation and 
isothiocyanate metabolism, the evi-
dence indicates that genetic differ-
ences among species can affect isoth-
iocyanate metabolism quantitatively 
and qualitatively. 

Indoles 
The indoles ascorbigen and indole-3-
carbinol are naturally occurring plant 
alkaloids formed by the hydrolysis of 
indole glucosinolate (glucobrassicin) 
during grinding or chewing of crucifer-
eus vegetables. Ascorbigen is the main 
indole formed in the presence of L-
ascorbic acid, whereas indole-3-
carbinol is the main one formed in the 
absence of ascorbic acid. Both indoles 
are further converted to several 
oligoniers, including 3,3'-diindolyl-
methane and indolo[3,2-b]carbazole, 
in the acid environment of the stomach 
(Grose 	& 	Bjeldanes, 	1992; 
Preobrazhenskaya at al., 1993b). 
Indole-3-carbinol and 3,3-diindolyl-
methane are both available as over-
the-counter dietary supplements, 
implying that relatively large amounts 
of dietary indoles may be ingested 
from sources other than cruciferous 
vegetables. 

Metabolism and disposition 
The metabolism and disposition of 
dietary indoles in experimental animals 
in vivo has not been studied exten-
sively. The distribution of indole-3-
carbinol has been monitored in rat and 
trout models, while the fate of ascor-
bigen has been examined only in the 
mouse model and in vitro. Under mild 
acidic conditions with gastric juice in 
vitro, ascorbigen was converted to 
indolo[3,2-b]carbazole and 3,3-dim-
dolylmethane, vitamin C and several 
other oligomers (Preobrazhenskaya at 
al., 1993a). The oligomerization com-
ponents of ascorbigen in an acidic 
environment were similar to those 
obtained from indole-3-carbinol in 
acids in vitro, although about 20 times 
more indolo3,2-b]carbazole was pro-
duced from ascorbigen than indole-3-
carbinol. After incubation of ascorbigen 
in bovine serum or with mouse liver 
microsomes and serum in vitro after 
oral administration of ascorbigen to 
mice in vivo, the main products were 
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similar to those produced in buffer at 
pH 7, and included 1 -deoxy-1 -(indol-3-
yl)-a-sorbopyrenose and 1 -deoxy-1 - 
(I ndol-3-yI)-u-tagatopyrenoso 	rather 
than indolo[3,2-b]carba7ole, 3,3-diin-
doly1methane or vitamin C (Reznikova 
et al., 2000). Within 1 h of oral admin-
istration to mice, ascorbigen had 
almost completely disappeared from 
the stomach and intestine and the 
concentrations in blood and liver had 
reached a maximum. Neither 
indolo3,2-bIcarbazole nor vitamin C 
was detected. 

Acid condensation products were 
observed in the gastric and intestinal 
contents of rats and trout after dietary 
administration of indole-3-carbinol. 
Similarly, indole-3-carbinol was con-
verted to higher-order oligomers 
under mild acidic conditions in vitro 
(Dashwood et al., 1980a; Beldanes et 
al., 1991; de Kruif et at, 1991; 
Stresser et al., 1995b). When rats 
were given indole-3-carbinol at 
0.2-0.5 mmol/kg bw by gavage, the 
gastric and small intestinal contents 
contained primarily 3,3'-diindolyl-
methane and higher-order oligomers, 
with small amounts of indolo[3,2-
b]carba70le and no detec-table indole-
3-carbinol (Bjeldanes et at, 1991; de 
Kruif et al., 1991). Similar results were 
obtained after 7 days of dietary admin-
istration of indole-3-carbinol at 0.88 
mmol/kg bw to rats, in which the liver 
concentration of indole-3-carbinol 
equivalent (1.15 pmol/l) exceeded that 
found in lung and blood by 2.6-fold 
and 3.6-fold, respectively (Stresser et 
al., 1995b). These results suggest that 
indole-3-carbinol acid condensation 
products are absorbed systemically 
and preferentially target the liver. All 
studies in rats showed little conversion 
and distribution of indole-3-carbinoï to 
indolo[32-bcarbazole. Bjeldanes et 
al. (1991) estimated that gastric con-
version to indolo[3,2-b]carbazole 
before absorption represented 0.01% of 
the administered dose, whereas the  

amounts measured in the liver after 
absorption were in the order of 1 x 
10'% to 1 x 10% (Kwon et al., 1994; 
Stresser et at, 1995b). In rats, the 
urine was the main route of elimination 
during the first 24 h after dietary intake 
of ndole-3-carbinol, but faecal excre-
tion was greater after 40 h and up to 
three times greater after 110 h of 
dietary intake (Stresser et al., 1995b). 

These findings in rats are consis-
tent with observations on the distribu-
tion of indolo-3-carbinol in trout after 
administration in the diet or gavage 
with indole-3-carbinol at 40 mg/kg bw 
(Dashwood et al., 1 989a). Uptake from 
the stomach into blood occurred within 
the first hour after exposure and corre-
sponded to 4-7% of the administered 
dose. Hepatic indole-3-carbi nol-related 
compounds were detected within the 
first hour, but the amounts increased 
significantly between 12 and 72 h. 
While 3,3-diindolylmethane was the 
main acid condensation product in 
both rat and trout liver, it comprised 
40% of the dose in liver in trout and 
only 1.5% in rats. Furthermore, about 
20% of the dose in trout liver was par-
ent fndole-3-carbinol, which was not 
detected in rat liver. These disparities 
may be due to species differences in 
the oligomerization, absorption and 
elimination of indole-3-carbinol in the 
stomach and and even to differences 
in hepatic 3,3'-diindolylmethane meta-
bolism, as observed previously 
(Stresser et ai., 1995a; Shilling et al., 
2001). Excretion by trout occurred pri-
marily through the urine or gills; how-
ever, biliary excretion was also impor-
tant in this model. Biliary excretion 
might also contribute to faecal elimina-
tion in rats (Stresser et ai., 1995b). 

In the transpiacental rat model, 
dietary indole-3-carbi nol acid conden-
sation products crossed the placenta 
and differentially induced neonatal 
hepatic CYPIA1 and CYP1131 in a 
sex-specific manner (Larsen-Su & 
Williams, 2001). Interestingly, only a  

single peak was detected by HPLC in 
liver extracts from all male and female 
pups examined, which corresponded 
by retention time to a linear trimer of 
indole-3-carbinol. As the pups were not 
nursed after birth, it was assumed that 
this derivative had selectively crossed 
the placenta. These results indicate 
that indole-3-carbinol can change the 
overall metabolic profile of xenobiotics 
to which the fetus is exposed transpia-
centally. 

Overall, the studies of the disposi-
tion of indole-3-carbinol and ascor-
bigen indicate that acid condensation 
products are formed in the gastric 
contents in vivo and are absorbed. The 
liver appears to be a main target organ 
after absorption, implying effects on 
xenobiotic metabolism. Nevertheless, 
indole-3-carbinol and ascorbigen acid 
condensation products were also 
detected in blood, lung, kidney and 
intestinal tract. The main indole-3-
carbinol acid condensation product 
found in the liver was 3,3'-diindolyl-
methane, in both rat and trout models; 
however, other higher-order oligomers 
were also found, including indolo[3,2-
b]carbazole, at lower concentrations. 
These studies indicate that the overall 
effects of indole-3-carbinol and ascor-
bigen on metabolizing enzymes in vivo 
depend on tissue-specific distribution 
of their acid condensation products. 

Modulation of phase I and phase II 
enzymes 
The ability of dietary indoles to modu-
late xenobiotic-metabolizing enzymes 
is well documented and was reviewed 
by yang & Dragsted (1096). 

Phase 1 enzymes 
Phase I enzyme activities, protein lev-
els and mRNA expression were 
induced in the liver, intestine and colon 
of mice and rats given indole-3-
carbinol or ascorbigen in the diet, 
indole-3-carbinol 	having 	greater 
hepatic activity (Loub et al., 1975; 
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Shertzer, 1982; Miller & Stoewsand, 
1983; Cha et al., 1985; Bradfield & 
Bjeldanes, 1987b; McDanell et al., 
1987; yang et al., 1990; Shertzer & 
Sainsbury, 1991a,b;Vang et al., 1991). 
In studies in which lower dietary 
concentrations of indole-3-carbinol 
were given, cytochrome P450-associ-
ated activity was induced only in the 
intestine and not in liver, indicating that 
relatively large amounts of inciole-3-
carbinol are required to alter systemic 
cytochrome P450 activity (Bradfield & 
Bjeldanes, 1984; Salbe & Bjeldanes, 
1986). Generally, the rainbow trout 
model appeared to be less sensitive 
than mammalian species to sustained 
induction of phase I enzymes by 
indole-3-carbinol. This disparity might 
be due to differences in gastric 
oligornerization or disposition in vivo 
(Eisele et al., 1983; Fong et al., 1990; 
Takahashi et al., 1995b; Oganesian et 
al., 1999). Conversion of indole-3-
carbinol to acid condensation products 
was found to be necessary for effects 
on metabolizing enzymes to be 
exerted. lndole-3-carbinol did not alter 
cytochrome P450 enzymes when 
given in vivo by routes of administra-
tion that bypass the stomach or when 
enzymatic induction was examined in 
vitro (Bradfield & Bjeldanes, 1987a; 
Renwick et al., 1999). 

Loft et al. (1992) and 'fang et al. 
(1999) showed that purified indolyl glu-
cosinolates, individually or as a mix-
ture, efficiently induced phase I 
enzyme activity and altered carcino-
gen and drug metabolism after oral 
administration to rats. 

Examples of the effects in animals 
of indole-3-carbinol, its acid condensa-
tion products and purified glucobras-
sicins on phase I metabolizing 
enzymes are summarized in Table 9. 
While many cytochrome P450 
enzymes are induced in a tissue-spe-
cific manner by dietary indole in animal 
models, inhibition has also been 
observed. 3,3-Dindolylmethane was a  

potent, non-competitive inhibitor of rat, 
trout and human liver microsomal 
EROD and rat liver microsomal PROD 
(associated with CYP21B1), with inhibi-
tion constants in the low or submicro-
molar range (Stresser et al., 1995a). 
This range would seem to be relevant 
for the concentrations of 3,3'-diindolyl-
methane measured in trout and rat 
liver after systemic uptake of indole-3-
carbinol from the diet (Dashwood et 
al., 1989a; Stresser et al., 1995b; 
Takahashi et al., 1995a). 3,3 V-
Diindolylmethane and indole-3-carbinol 
also down-regulated flavin-containing 
mono-oxygenase protein and activity, 
while upregulating CYP1A1 in rat liver 
and intestine (Larsen-Su & Williams, 
1996; Katchamart et al., 2000). These 
indoles could alter the metabolism of 
drugs that are substrates for both 
cytochrome P450 and flavi n-containing 
monooxygenase families. There-fore, 
while alterations in phase I enzyme 
metabolism by dietary indoles is a 
mechanism for modulation of carcino-
gen metabolism, these results also 
show that there might be drug—drug 
interactions. Furthermore, the fact that 
dietary indoles have been found to 
both induce and inhibit phase I 
enzymes suggests that they are impor-
tant for both activation and detoxifica-
tion of carcinogens. 

Phase II enzymes 
Dietary indoles have been found to 
function as bifunctional modulators of 
metabolism, altering both phase Il and 
phase I enzymes. Dietary indole-3-
carbinol induced GST, UGT, quinone 
reductase and epoxide hydrolase 
activities in the livers of both rats and 
mice (Cha et ai., 1985; Shertzer & 
Sainsbury, 1991a,b; Wortelboer et al., 
1992b; Manson et al., 1997; Staack et 
al., 1998). A mixture of glucosinolate 
breakdown products also induced 
GSH and quinone reductase and GST 
activity in rat pancreas, while indole-3-
carbinol alone had no effect (Wallig et 

al., 1998). Doses of indole-3-carbinol 
lower than those required to induce 
phase I enzymes generally did not 
alter phase Il enzymes in various ani-
mal models (Fong et al., 1990; Wong 
et al., 1995). 

The family of GST enzymes, 
including soluble cytosolic GST and 
membrane-bound microsomal GST 
includes many subclasses, which are 
regulated differentially by dietary 
indoles. Dietary indole-3-carbinol (at 
250 mg/kg) did not induce total GST 
activity in the rat model after 2 weeks 
but did increase GST alpha levels in 
the liver and GST mu levels in the 
stomach, without affecting GST-P (van 
Lieshout et al., 1998b). A number of 
studies consistently found that GST-A5 
(also known as GST Yc2) is up-
regulated by indole-3-carbinol in rat 
liver, males being more sensitive than 
females (Stresser et al., 1994b; Manson 
et al., 1997; Hayes etal., 1998; Nho & 
Jeffery, 2001). GST AS is important for 
the scavenging and phase Il metabo-
lism of the carcinogenic aflatoxin 
B1  intermediate, aflatoxin B,-8,9-epox-
ide, produced by cytochrome P450 
activation. Another phase Il enzyme 
that is important in metabolizing the 
aflatoxin B1  epoxide, by a separate 
pathway, is aflatoxin B1  aldehyde 
reductase, which was also up-regu-
lated by indole-3-carbinol (Manson et 
al., 1997). The ability of dietary indoles 
to up-regulate phase Il enzymes in 
most animal models, depending on 
dose and target organ, suggests that 
this mechanism is important in their 
ability to act as chemopreventive 
agents. 

Structure—activity relationships 
The potent inducer, 2,3,7, 8-tetra-
chloro-para-dibenzodioxin (TCDD) is 
known to regulate CYPIAI gene 
expression by binding with high affinity 
to the Ah receptor, a ligand-induced 
transcription factor that interacts with 
the dioxin response element or 

40 



Metabolism, kinetics and genetic variation 

Table 9. Modulation of phase I enzymes by dietary indoles in experimental animal models 

Indole Species Dose Duration Organ Effect on phase I 
enzymes  

Reference 

Indole-3-carbinol Rat 25 	imol/I 2 28 days Hepatocytes - EROD Wortelboer et al. 

3,3'-Diirdolylrrethare Î EROD (1992b) 

lndole-3-carbinol Rat 2000 mg/kg 7 days Liver 1 CYP1A1/2 Stresser etal. 
I CYP2B1/2 (1994a) 
I CYP3A1/2 
I EROD 

lndole-3-carbinol Fingerlings 2000-4000 7 days Liver î CYF1AI Ta kahashi etal. 
mg/kg I EROD (1995b) 

(transient only) 

lndole-3-carbiriol Rat 2000 mg/kg 1-28 days Liver. I FMO1 Larsen Su & 
intestine I CYP1A1 Williams (1996) 

lndole-3-carbinol Rat 10-50 mg/kg 12h Liver - MROD. EROD Xu etal. (l 997) 
- CYP1A1/2 

100-1000 12 h Liver, colon I MROD, EROD 
mg/kg ICYP1A1/2 

3,3 -Diindolylmethane Rat 5 mg/kg 20 days Mammary - EROD Chen, I. etal. 
gland (t 998) 

Aseorbigen Mouse 1-1000 PmQl1l 24h Hepalcic7 t EROD Stephenson etal. 
cells I CYP1AI (1999) 

3-3 -Diindoylmethane and Rat 1000, 2500 4 weeks Liver I FMO1 Katchamart etal. 

indole-3-carbinol mg/kg (2000) 

Indo e-3-carbinol Mouse, 2000 mg/kg 4 weeks Liver ICYPA1/2 Katchamart & 
rabbit. FMO1 Williams (2001) 
guinea-pig 

Indole 3 carbinol Rat 250 mg/kg 4 days Liver I CYP1AI Horn at al. (2002) 
I CYP2B1/2 
I CYPIB1, total P450 
I EROD, MROD, 
BROD, PROD 
TI NIFOX 

Mammary ICYP1A1 only 
gland 

lndolo[3,2-b]carbazole Rat 127 1ig/kg 4 days L ver, I CYP1 At Pohjanvirta at al. 
stomach, I EROD (2002) 
intestins 

3,3'Diindoylmethane Rat 20 mg/kg 1 year Liver î CYPIA1/2 Leibelt etal. 
I CYP3A2 (2003) 
(tamales only) 
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Table 9 (contd) 

Indole 	 Species 	Dose 	Duration 	Organ 	Effect on phase I 	Reference 
enzymes 

Glucobrassicin, 	 Rat 	88 pinol/kg bw 1/day, 	Liver 	I CYP1A 	 Bonnesen et ai. 

neoglucobrassicin, 	 3 days 	 I EROD 	 (1999) 

ascorbic acid 	 CYP1A2 
I MROD 
- CYP2BI/2 
- CYP2E1 

Increase (I), decrease (I) or no change (—) in phase I enzymes measured as protein, mRNA or activity 

EROD, etboxyresorufin O-deethylase; GYP, cytochrome P450; FMO, fiavin-related monooxygenase; MROD, methoxyresorufin 
O-deethylase; BROD. benzyloxyresorufin O-deethylase; PROD, pentoxyresorufin O-deethylase; NIFOX, nifedipine oxidation 

enhancer sequences of the CYP1A1 

gene (Swanson & Bradfield, 1993). 

Structure—activity studies showed a 
general correlation between binding 

affinity for the Ah receptor and the 

CYP1A1-inducing capacity of various 

poLycylic aromatic hydrocarbons (Safe, 

1998). 
The Ah receptor-binding affinities 

of 	indole-3-carbi nol, 	3,3 '-diindolyl- 

methane and indolo[3,2-b]carbazole in 

mouse liver cytosol were 2.6 x 10, 

7.8 x iO and 3.7< 10 2, respectively, 

relative to that of TCDI, standardized 

at 1.0 (Bjeldanes et al., 1991). There-

fore, indole-3-carbinol and 3,3 -diin-
dolylmethane are weaker ligands for 

the Ah receptor than indolo[3,2-b]car-
bazole. These findings are generally 

consistent with other observations of 

the binding of indoles to the Ah recep-

tor and CYP1A1 induction. The binding 

affinity of 3,3 -diindolylmethane, how-

ever, is lower than would be expected 
from its activity in vivo (Gillner et al., 

1985; Rannug et aL, 1991; Safe, 

1998). 

lndolo[3,2-b]carbazole is an ex-
tremely potent agonist for the Ah 

receptor and competitively inhibited 

TCDD, with a median inhibitory con-

centration of 3.6 nmol/l, suggesting 

that the two ligands bind to the same 

site on the receptor (Gillner et ai., 
1985). The factors important for Ah 

receptor binding are mainly compound 
size and structural stability or planarity, 
which may explain why indolo[3,2- 

b]carbazole is a better Ah receptor hg-

and than either indole-3-carbinol or 

3,3'-diindolylmethane. The finding of 

only low concentrations of indolo[3,2-

b]carbazole in vivo, however, cast 

doubt on the significance of this 
metabolite in the effects of indole-3-
carbinol in the whole animal. Although 

dietary indoles are less persistent than 

their environmental polycylic aromatic 

hydrocarbon counterparts, they are 
eaten in relatively large amounts in the 
diet and elicit common Ah receptor-

mediated responses, which should be 
considered in their ultimate effects, 

individually or in combination. 
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Chapter 4 

Cancer preventive effects 

Humans 

The epidemiological studies of con-
sumption of cruciferous vegetables, 
isothiocyanates and indoles and can-
cer fall into three groups. In many stud-
ies, exposure was assessed from food 
frequency questionnaires, and these 
studies are considered in this sub-sec-
tion. In a second group of studies, 
exposure was assessed by measuring 
markers of cruciferous vegetable 
intake. In some of these, groups were 
stratified by risk on the basis of genetic 
polymorphisms. These studies are 
considered in the sub-section headed 
Epidemiological studies with exposure 
biomarkers'. A third group of studies 
was based on use of biomarkers of 
effect, and these are considered in the 
sub-section headed Studies of inter-
mediate effect biomarkers in humans'. 

The section concludes with a dis-
cussion of the evidence from the pre-
ceding sub-sections. Studies des-
cribed in the first two sub-sections, in 
which odds ratios (ORS) and 95% con-
fidence intervals (Cis) were given, 
were considered to be evaluable, and 
the data are summarized in plots. 
Studies of biomarkers of effect cannot 
be related to specific cancer sites, and 
therefore could not be included in the 
plots; however, the conclusions that 
could be drawn from these studies are 
also discussed. 

A number of methodological issues 
should be borne in mind in evaluating 
the results of these studies. Problems 
of misclassification, confounding, bias 
and study design that concern the 
studies summarized in this first sub-
section were discussed in detail in 
Handbook 8 ([ARC, 2003; section 4,  

pp. 53-62). In general, cohort studies 
are less prone to bias, but many were 
conducted with less comprehensive 
dietary assessment instruments than 
were used in some of the case—control 
studies. As the number of food items 
included on a questionnaire is an index 
of the comprehensiveness of a dietary 
instrument, this information is given, 
when available, in the relevant table. 
Misclassification of cruciferous veg-
etable intake affects the design of stud-
ies, however, and recall bias is a major 
concern in case—control studies. Both 
cohort and case—control studies are 
susceptible to confounding from nutri-
tional and other life-style factors, 
although comparisons of genes that 
metabolize 	isothiocyanates 	might 
avoid such confounding. Relevant 
studies in which analyses were strati-
fied for GST genes are summarized in 
the second sub-section. The Working 
Group noted that the classification of 
cruciferous vegetables used in the var-
ious studies was not Consistent, in part 
because of differences in consumption 
patterns around the world, as dis-
cussed in section 1. In some countries, 
the gradient of intake of cruciferous 
vegetables is limited, and this can 
affect the results. 

Epiderniological studies on con-
surnption of cruciferous vegeta-
bles and cancer and precancer-
ous lesions 
Relatively few epidemiological studies 
have been performed specifically to 
evaluate cruciferous vegetable con-
sumption. The exceptions are those 
studies in which a specific hypothesis 
was evaluated of the role of a dietary 

factor in vegetables, believed to be 
potentially causal for the relevant can-
cer, especially thyroid cancer. There-
fore, many of the associations reported 
arose within sub-analyses of a number 
of components of vegetable consump-
tion. There is therefore concern about 
publication bias, as it is possible that 
associations were reported in some 
studies only because they were signifi-
cant, and that non-significant associa-
tions with this class of vegetables were 
not reported. 

In interpreting the findings from the 
studies reported here, the Working 
Group pad particular attention to those 
on cancer sites for which there was 
some evidence of an inverse associa-
tion with consumption of all vegetables. 
Almost without exception, however, the 
associations found with consumption 
of cruciferous vegetables were similar 
to or weaker than those for all vegeta-
bles, as reported in Handbook 8 
(IARC, 2003). In the following, associa-
tions for which the OR was less than 
0.8 were considered to be inverse and 
those for which the OR was greater 
than 1.2 were considered to be posi-
tive. 

Oral cavity and pharynx 
Cohort study: In one cohort study of 
cancers of the upper gastrointestinal 
tract as a whole (including larynx), a 
non-significant positive association 
was noted with consumption of 
cabbage but not with consumption of 
cauliflower (Table 10). 

Case—control studios: Seven case—
control studies with relevant data were 
identified (Table 11). The results were 
inconsistent. 	Significant 	inverse 
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associations with consumption of cru-
ciferous vegetables were noted only in 
white males in one and only in black 
females in another. 

One study of salivary gland cancer 
(Table 12) and one of nasopharynx 
cancer (Table 13) were identified. 
Inverse associations were found in 
both; only that for consumption of 
Chinese flowering cabbage and nasa-
pharyngeal cancer was significant. 

Oesophagus 
Case controlstudies: Four studies 
were identified; two showed inverse 
associations with consumption of cru-
ciferous vegetables, but only one was 
significant (Table 14). 

Stomach 
Cohort studies: Three cohort studies 
included relevant data; one showed a 
non-significant inverse association with 
consumption of cruciferous vege-
tables, and one showed a non-signifi-
cant positive association (Table 15). 

Case—control studies: Twelve studies 
were identified (Table 16). Inverse asso-
ciations with consumption of cruciferous 
vegetables were found in seven, which 
were statistically significant in four. In 
one study, the inverse association was 
significant only for blacks. 

Colon and rectum 
Cohort studies: Seven studies with rel-
evant data on colorectal cancer were 
identified (Table 17). In two, inverse 
associations were found with con-
sumption of cruciferous vegetables 
only for colon cancer and not that of 
the rectum. In another cohort study of 
colorectal cancer, a significant positive 
association was found. In one cohort 
study, no association was found for 
polyps, over half of which were hyper-
plastic. 

Case—control studies: Ten studies had 
data on colorectal cancer (Table 18). In 

five, inverse associations with 
consumption of cruciferous vegetables 
were found, four of which were 
significant. In five other studies on ade-
nomas, non-significant inverse associ-
ations were found in two and a signifi-
cant inverse association in one. 

Liver 
No studies were identified by the 
Working Group. 

Biliary tract 
No studies were identified by the 
Working Group. 

Pancreas 
Cohort studies: One cohort study 
included data on diet and pancreas 
cancer, showing no association with 
consumption of cruciferous vegetables 
(Table 19). 

Case—control studies: Four relevant 
studies were identified; in three, 
inverse associations were found (Table 
20). In the study of Baghurst et al. 
(1991), no numerical estimates of 
associations for vegetables were 
reported, although the authors 
indicated that the patients ate 
significantly fewer vegetables than 
controls (including cole slaw, Brussels 
sprouts and broccoli). Silverman et al. 
(1998) interviewed only living patients, 
which might have resulted in selection 
bias. 

Larynx 
Case—control studies: Two studies 
were identified (Table 21). In one, a 
significant positive association with 
consumption of cruciferous vegetables 
was found in women and a non-signifi-
cant inverse association in men; in the 
other, there was no association. 

Lung 
Cohort studies. In three of six cohort 
studies, inverse associations with con-
sumption of cruciferous vegetables 

were reported, all of which were 
statistically significant (Table 22). One 
of the latter was in the follow-up of the 
3-carotene and Retinal Efficacy Trial 
(CARET) in the USA, the inverse asso-
ciation being found in the placebo arm 
but not in the intervention arm. In one 
study, a non-significant positive associ-
ation was reported. In a pooled analy-
sis of eight cohort studies, covering 
3206 cases of lung cancer, no associ-
ations were found with consumption of 
broccoli or cabbage (Smith-Warner et 
al., 2003). 

Case—control studies: In five of nine 
case—control studies, inverse associa-
tions were found with consumption of 
cruciferous vegetable, but none was 
statistically significant (Table 23). 

Breast 
Cohort studies: In one cohort study, an 
inverse association was found with 
consumption of broccoli but not with 
cabbage. In another cohort study and 
in a pooled analysis of seven cohort 
studies (Table 24), cruciferous 
vegetable consumption was not asso-
ciated with the risk for breast cancer. 

Case—control stud/os: Three case—
control studies showed an inverse 
association with cruciferous vegetable 
consumption, two of which were signif-
icant. Seven others found no relation-
ship, and one found a significant posi-
tive association (Table 25). 

Cervix 
Case—control studies: Intake of crucif-
erous vegetables and invasive cancer 
of the cervix were inversely associated 
in one case—control study and posi-
tively associated in another, the asso-
ciation being statistically significant 
(Table 26). A positive association was 
also found in one study of in-situ can-
cers of the cervix (Table 27). 
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Cancer preventive effects 

Endometrium 
Case—control studies: The intake of 
cruciferous vegetables and erido-
metrium cancer was addressed in six 
studies (Table 28). Most provided no 
evidence of a protective effect of these 
vegetables, although a significant 
inverse association was found in one. 

Ovary 
Case—control studies: Three case—
control studies were identified, one of 
which showed a significant inverse 
association with consumption of crucif-
erous vegetables (Table 29). 

Prostate 
Cohort studies: Three studies were 
identified; none showed inverse asso-
ciations with consumption of crucifer-
ous vegetables, but one showed a 
non-significant positive association 
(Table 30). 

Case—control studies: Seven studies 
were identified (Table 31). In three, sig-
nificant inverse associations with con-
sumption of cruciferous vegetables 
were noted, one only for prostate can-
cer in blacks. 

Testis 
No studies were identified by the 
Working Group. 

Urinary bladder 
Cohort studies: One of two cohort 
studies showed a significant inverse 
association with consumption of crucif-
erous vegetables, while the other 
showed no association (Table 32). 

Case—control studies: One case—con-
trol study on cruciferous vegetable 
consumption showed non-significant 
inverse associations (Table 33). 

Kidney 
Case—control studies. Associations 
with cruciferous vegetable consump-
tion were evaluated in seven 

case—control studies and a multicentre 
study (Table 34). In two studies, 
significant inverse associations were 
found, although only in a subgroup in 
one of the studies. In the pooled analy-
sis, no association was found, but a 
significant association was reported 
among non-smokers, with an OR of 
0.6 for people eating more than 1.7 
servings of cruciferous vegetables per 
week. 

Brain 
Case—control studies: Two studies of 
childhood brain cancer were identified 
by the Working Group. Neither showed 
a significant association with maternal 
consumption of cruciferous vegetables 
during pregnancy (Table 35). 

Thyroid 
Case—control studies: The association 
between 	cruciferous 	vegetable 
consumption and the risk for thyroid 
cancer has been investigated in seven 
case—control studies (Table 36). All 
except one in Kuwait were subse-
quently subsumed in a collaborative 
re-analysis, which thus covered a total 
of 2241 patients (1784 women, 457 
men) and 3716 controls (2744 women, 
972 men). Multivariate summary ORs 
for 11 studies combined, with adjust-
ment for history of goitre, thyroid 
nodules or adenomas and radiation, 
were computed as the weighted 
averages of the estimates from each 
study. Decreased risks associated with 
the highest level of cruciferous 
vegetable intake, as compared with the 
lowest, were observed in northern 
Norway, south-eastern Sweden, 
Switzerland and the USA; the ORs 
were above unity in Japan and central 
Sweden, whereas no strong associa-
tion was found in Greece, Italy or 
northern Sweden. The ORs for all 11 
studies combined were 0.87 (95% 
Cl, 0.75-1.01) for moderate and 0.94 
(95% Cl, 0.80-1.10) for high intake of 
cruciferous vegetables. The results 

were similar in studies from iodine-rich 
areas and areas endemic for goitre 
and were consistent when the analysis 
was restricted to papillary carcinomas 
or to women. 

Non-Hodgkin lymphoma 
Cohort studies: One of two cohort 
studies found no association with cru-
ciferous vegetable consumption, while 
a significant inverse association was 
found in the other (Table 37). 

Leukaemia 
No studies were identified by the 
Working Group. 

Epidemiological studies with 
exposure biomarkers 
Epidemiological studies of isothio-
cyanate intake and cancer risk 
While intake of cruciferous vegetables 
is commonly estimated in epidemiolog-
ical studies from responses to food-
frequency questionnaires, in some 
studies an attempt was made to esti-
mate dietary intake of isothiocyanatos 
by combining information on intake 
with measured concentrations of isoth-
iocyanates in samples of vegetables 
(Jiao et al., 1998). Although this 
method covers differences in the isoth-
iocyanate concentrations of vegeta-
bles, the other limitations of dietary 
questionnaires remain, including mea-
surement error, potential misclassifica-
tion of exposure and, in case—control 
studies, recall bias. 

Biomarkers of exposure, i.e. 
urinary isothiocyanate, offer several 
potential advantages to dietary 
methods of assessment of cruciferous 
vegetable intake, in terms of objectivity, 
overcoming differences in cooking and 
dietary habits, and accuracy. Issues 
that remain to be addressed include 
variability, 	repeatability 	of 
measurements and cost-effectiveness 
in large epidemiological studies. 
Nonetheless, the few studies in which 
isothiocyanate markers in urine 
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Table 10. Cohort study of cruciferous vegetable consumption and risks for all cancers of the upper gastro-intestinal tract 

(including larynx) 

Author, 	Years of 	Cases/ 	Exposure Range 	Relative Statistical 	Adjustment for 	Comments 

year, 	follow-up 	cohort 	assessment contrast 	risk (95% significance 	confounding 

country 	 size, sex 	(no. of (no. of 	Cl) (p for trend 

items) categories) when 

applicable) 

Kjaerheim 	25 71/10 960, 	FF0 (32), 	6 Cauliflower 	>0.5 Age, frequency 	Incidence 

et al. male 	self-adminis- 	times/month 0.8 (0.3-2.1) of alcohol 

(1998), tered 	vs <monthly Cabbage 	0.09 consumption, 

Norway (3) (0.8-4.1) smoking level 

FF0, food frequency questionnaire 



Population-based 

Hospital-based 

Hospital-based 

Hospital-based 

Three areas 

C, 

Table 11 Case-control studies of cruciferous vegetable consumption and risks for oral and pharynx cancers 

Author, year, 
country 

Cases (cancer 
siles)/controls, 

sex 

Exposure 
assessment 
(no. of items) 

Range 
contrast 
(no. of 
categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance (p 
for trend when 
applicable) 

Adjustment for 
confounding 

Commenta 

McLaughlin et 871 (oral cavity FFQ about Highest vs Male: 0.6 0.006 Smoking and Population-based 
al. (1988), and pharynx)/ usual adult lowest Female: 0.8 0.83 alcohol habits Whites only 
USA 979 male, diet (61), (4) Closest next of kin 

female interview interviewed in 22% 

of cases 

Gridley et ai. 190 (pharynx, FF0 about Highest vs Male: 0.5 0.10 Smoking and Population-based 
(1990), tongue and usual adult lowest Female: 0.2 0.03 alcohol habits Blacks only 
USA other parts of diet (61), (4) and calories Interviews With next- 

oral caviiy)/21J1 interview of-kin in 56 cases 
male, female and 3 controls 

Franceschi et 302 (oral cavity FF0 about Highest vs 1.0 Age, sex Hospital-based 
al. (1991a), and pharynx)!- recent diet lowest No individual 
Italy 699 male, (40) (3) matching 

female 

Zheng et al. 	204 (oral cavity 
(1992e), 	and pharynx) 

China 

Garrote et al. 	200 (oral cavity 
(2001), 	 and pharynx)! 
Cuba 	 200 

male, female 

Lissowska et 	122 (oral cavity, 
al. (2003), 	and pharynx)! 
Poland 124 male, 

female 

Sanchez etal. 375 (cancer of 
(2003)r oral cavity and 
Spain oropharynx) / 

375 male, 

female 

F70, food frequency questionnaire 

FF0 about Highest vs Male 0.76 
usual diet in lowest Female 152 
previous 10 (3) 
years (41,30 
fruit and 

vegetables), 

interview 

FF0 about > 4 vs D 1.11 	 0.54 
lifetime dietary servings! (0.62-2.01) 
habits, week(3) 
interview 

FF0 (25), > I vs 0.59 
interview <1/week (2) (0.33-1.06) 

FF0 (25), ~! 2 vs 0 1.33 	 0.19 
interview serving!- (0.85-2.07) 

week (3) 

Smoking and 
education 

Sex, age, area 

of residence, 
education, 
smoking and 

drinking habits 

Sex, age, 

residence, 
smoking and 

drinking habits 

Sex, age, 

centre, years of 
schooling, 
smoking and 

drinkinq habits 
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Table 12. Case—control study of cruciferous vegetable consumption and risk for salivary gland cancer 

Author, Cases! Exposure Range 	Relative 	Statistical 	Adjustment for 	Comments 

year, controls, assessment contrasts 	risk (95% 	significance 	confounding 

country sex (no. of (no. of 	Cl) 	 (p for trend when 

items) categories) 	 applicable) 

Zheng et 41/414 FF0 about Highest vs 	0.6 (0.3-1.3) 	>0.10 	 Sex, age and 	Population -based 

al. (1996), male, female usual lowest (3) 	 income 

China frequency in 

previous 10 

years (41. 

30 fruit and 

vegetables), 

interview 

Table 13. Case—control study of cruciferous vegetable consumption and risk for nasopharynx cancer 

Author, Cases! Exposure Range 	Relative risk 	Statistical 	Adjustment Comments 

year, controls, assessment contrasts (no. 	(95% CI) 	 significance 	for 

country sex (no. of items) of categories) 	 (p for trend 	confounding 

when 

applicable) 

Armstrong 282/282 FF0 about diet 5 	Chinese 	0.64 (0.40-1.04)' 	0.02 Population- 

et al. male, years before flowering 	0.47 (0.29_0.77)b based 

(1996), female diagnosis and at 	cabbage (OR = 0.5 for 

Malaysia age of 10 years ~i weekly vs lifetime 

(55), interview <weekly (2) consumption) 

Chinese kale 	0.63 (0.39-1 .01)' 	0.07 

:~ weekly vs 

monthly (3) 	0.71 (0.46 1.09)' 

FF0, food frequency questionnaire; OR, odds ratio 

Diet in recent 5 years 

bUict stage 10 



0.8 	0.38 	 Alcohol, smoking, 	Hospital-based 
(0.4-1.7) 	 income, occupation 

0.3 	<0.001 	 Age, area, smoking, 
alcohol drinking, 
income, calories from 
food, body mass index 

Population-based 
Included broccoli, 
cooked cabbage, 
coleslaw, cauliflower 
and 'southern greens' 

Table 14. Case—control studies of cruciferous vegetable consumption and risk for oesophagus cancer 

Author, Cases! Exposure Range Relative Statistical Adjustment for 	Comments 
year, controls, assessment contrasts risk (95% significance confounding 
country sex (no. of items) (no. of Cl) (p for trend when 

categories) applicable) 
Gao et aI. 902 (524 FF0 on diet 5 Highest vs Male: 0.8 0.51 Age, education, 	Population-based 
(1994), male, 278 years before lowest (4) Female: 0.28 birthplace, tea 
China female)! interview (81), 1.1 drinking, cigarette 

1552 (851 interview smoking and alcohol 
male, 701 drinking (only for men) 
female) 

Hu et al. 196/392 FF0 about Chinese 
(1994), male, female recent diet and cabbage 
China diet in 1966 (fresh) 

(32), interview >54 vs < 18 
(no mention kg/year (4) 
which data 
used) 

Brown et 174 adeno- FF0 about Highest vs 
al. (1995), carcinoma/ usual adult lowest (4) 
USA 750 white diet (60), 

male interview 

Brown et 	333 (114 	FF0 about 	Highest vs 
al. (1998), 	white, 219 	usual adult 	lowest (4) 
USA 	black) 	diet (60) 

squamous- 
cell cancer I 
1238 (681 
white 557 
black), male 

FF0, food frequency questionnaire 

Population-based 
Included broccoli, 
cooked cabbage, 
coleslaw, cauliflower 
and 'southern greens' 

White: 0.7 	0.33 	 Age, area, smoking, 
Black: 0.8 	0.50 	 alcohol drinking, food 

calories 

ZE 



(n 
CD 

Table 15. Cohort studies of cruciferous vegetable consumption and risk for stomach cancer 

Author, year, Years of Casesi Exposure Range Relative Statistical Adjustment for Comments 

country follow- cohort size, assessment contrasts (no. risk (95% significance confounding 

up sex (no. of of categories) Cl) (p for trend 
items) when 

applicable) 

Chyou et al. 18 111/361 24-h recall Consumer vs 0.7 (0.4-1.2) 0.07 Age, smoking Case—cohort 

(1990), (subcohort), (54), non-consumer Incidence 

Hawaii male interview (2) analysis 

(Japanese) Whole cohort: 
8006 

Kneller et a]. 20 75/17 633, FF0 (35), Highest vs 1.3 Not significant Age, cigarette Mortality 

(1991), USA male self- lowest (4) (0.67-268) smoking 

administered 

Botterweck et 6.3 281/3123 FF0 (150) 58 vs log/day 0.93 0.29 Age, sex, Incidence 

ai. (1998), (subcohort), (5), median (0.61-1.43) smoking, Case—cohort 

Netherlands male, female values education, analysis 
stomach Whole cohort: 
disorders, family 120 852 
history of gastric 
cancer, total fruit 
consumption 

FF0, food frequency questionnaire 



Table 16. Case-control studies of cruciferous vegetable consumption and risk for stomach cancer 

Author, year, 	Cases/ 	Exposure 	Range 	Relative risk 	Statistical 	Adjustment for 	Comments 
country 	 controls, sex 	assessment 	contrasts 	(95% Cl) 	significance 	confounding 

(no. of items) 	(no. of 	 (p for trend 
categories) 	 when 

Correa at al. White: 94/99 FF0 (59), Broccoli White: 1.04 
(1985), USA Black: 52/72 interview Above vs (0.66-1.65) 

male, female below Black: 0.50 
Matched by median (2) (0.29-0.85) 
race, sex and 
age (within 5 
years) 

Risch at al. 246/246 male, Dietary history Increase of 0.65(0.38— 
(1985), Canada female (94), interview 100 g/day 1.12) 

Matched by 
sex, age, 
province cf 
residence 

Boeing et al. 741/741 FF0 (43), Highest vs Cabbage; 
(1991), Poland male, female interview lowest (3) 0.62 

Cauliflower: 
0.81 

Gonzalez et al. 354/354 Dietary history Highest vs 0.9 (0.6-1.4) 
(1991), Spain male, female questionnaire lowest (4) 

Matched by (77), interview 
age, sex and 
area of 
residence 

Hansson at al. 338/669 FF0 (45), Broccoli, 0.63(0.41— 
(1993), Sweden male, female interview, highest vs 0.96) 

diet in lowest (2) 
adolescence Cabbage. 0.64(0.41— 

highest vs 0.98) 
lowest (3) 

Age, sex, race, 	Hospital-based 
respondent 
status, 
education, 
income, tobacco 
and alcohol use 

0.11 	 Total food 	Population-based 
intake, ethnicity 

0.01 	 Age, sex, Hospital-based 
occupation, Multicentre 

0.07 	 education, 
residence 

Total calories Hospital-based 
and other Multicentre 
vegetables 

Age, sex, socio- 	Population-based 
economic status 	Slightly weaker 

associations for 
diet 20 years 
before interview 

Lee at al. 	 213/213 	FF0 (64), 	Cabbage 	0.2 (0.02-0.3) 	<0.05 
(1995), Republic 	male, female 	interview 	>2-3 
of Korea 	 times/week 

vs none (3)  

Age, sex, 	Hospital-based 
education, 
economic status, 
residence, other 
dietary factors 

01 
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Table 16 (contd) 

Author, 	- 
year, 
country 

Cases! 
controls, sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative risk 
(95% Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Commenta 

Harrison et 91 (60 intestinal, FF0, self- Increase in Intestinal: 0.6 Calorie intake, age, sex, Hospital-based 

ai. (1997), 31 diffuse)/132 administered one (0.5-15) race, education, smoking, 

USA male, female standard Diffuse: 0.9 alcohol, body mass index 

deviation (0.5-1.7) 

Ji et ai. 770/619 male FF0 (74), 260 vs Male: 0.8 0.07 Age, income, education, Population-basod 

(1998), 354/632 female interview a 37.6 (0.6-1.1) smoking, alcohol drinking Response rate: 65.3% 

China Matched by age servings! Female: 0.8 0.20 cases, 85.8% controls 

and sex month (4) (0.5-1.1) 

Ekstrôm et Cardia 73, non- FF0 (45), > 2/week vs Cardia: 0.7 0.24 Age, sex, total calorie Population-based 

al. (2000), cardia 401/1052, dietary never or (0.3-1.4) intake, smoking, body Similar finding by 

Sweden male, female habits 20 seldom (4) Non-cardia: 0.19 mass index, area, no. of histology 

Matched by age, years before 0.8 (0.6-1.2) siblings, socio-economic Included broccoli, 

sex ntervïow status, no. of meals/day, Brussels sprouts, kale 
multi-vitamin supplements, and white cabbage 
table salt use, urban 
residence 

Huang etal. 1111/26996 FF0, self- Cabbage Gastric cancer Age, sex Hospital-based 

(2000), male, female administered >3 family history: 

Japan times/week (+)0.73 
vs'c3 (0.52-1.04) 
times/month (-)0.85 

(0.70-i-04) 

De Staten 160/320 male, FF0 (64), > 16.0 g/day 1.72 0.21 Age, sex, residence, urban Hospital-based 

etal. (2001), female interview vs none (3) (0.94-3.14) or rural status, education, 

Uruguay Matched for sex, body mass index, total 

age, residence energy intake 

and urban or 
rural status 

Ito etal. 508/36490 FF0, self- Cabbage 0.79 Age, year, season of first Hospital-based 

(2003) controls administered ~ 5 vs < 1 (0.55-1.13) hospital visit, smoking Findings similar for 

presenting at times/week habits, family history of differentiated and 

same centre at (4) gastric cancer undifferentiated gastric 

cama time cancer 

Female 
FF0, food frequency questionnaire 



Table 17. Cohort studies of consumption of cruciferous vegetables and risk for colorectal cancer 

Author, Years of Cases! Exposure Range Relative Statistical Adjustment for Comments 
year, follow- cohort assessment contrasts risk (95% significance confounding 
country up size, sex (no. of (no. of Cl) (p for trend when 

items) categories) applicable) 
Steinmetz 5 212 colon! FF0 (127), >4.0 vs 1.12 >0.05 Age, energy Incidence 
et al. 41 837, at baseline, <1.5 (0.74— Iowa Women's 
(1994), female self-adminis- servings!- 1.70) Health Study 
USA tered week (4) 

Platz et 	9 	690 FF0 (131), 	1 vs 01 	0.98 	0.60 
al. (1997), 	 (polype)/ sell-adminis- 	servings/day 	(0.71— 
USA 	 16448, tered 	(5), median 	1.35) 

male values 

0.2 

Pietinen Mean 	185 FF0 (276), 
etal. 8 	colorectall at baseline, 
(1999), 26926, self-adminis- 
Finland male tered 

0.04 

>4.5 vs 
<1.2 times! 
month (4) 

39 vs O 
g/day 
(median 
values) (4) 

1.4(0.9— 
2.2) 

1.6 (1.0- 
2.3) 

Age, endoscopy 
before 1986, 
family history of 
colorectal cancer, 
body mass index, 
pack—years 
smoked, use of 
multi-vitamins, 
physical activity, 
regular aspirin 
use, intake of 
energy, alcohol, 
red meat and 
methion me 

Age, energy, 
smoking, alcohol 

Age, intervention 
group, years 
smoking, body 
mass index, 
alcohol, education, 
physical activity, 
calcium 

Incidence 
Members of Health 
Professionals study 
who had left-sided 
adenomas and 
hyperplastic polyps 
at endoscopy 

Mortality 
Lutheran 
Brotherhood cohort; 
whites 
Risks for colon and 
colorectal cancer 
deaths almost 
identical 

Incidence 
Originally a vitamin 
supplement trial 
All smokers 

Hsing et 	11.5 
al. (1998), 
USA 

145 (colo- 	FF0 (35), at 
rectal)/1 7 	baseline, 
633 male 	self-adminis- 

tered 



o' 
Table 17 (contd) 

Author, year, 
country 

Years of 
follow- 
up 

Cases! 
cohort size, 
sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative risk 
(95% Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Michels etal. 16 569 colon, FF0 (61 and k 5 vs <1 Colon: 0.89 (0.68— Age, family history of Incidence 

(2000), USA 155 rectum! then 127), at servings! 1.15) colorectal cancer, Nurses Health 

88764, baseline, week (5) (RR for 1 sigrrioidoscopy, Study cohort 

female self-ad minis- additional height, body mass (female) and 

tered serving/day: 1.00 index, smoking, Health 

(0.83-1.21)) alcohol, physical Professionals 

10 368 colon, Rectum: 1.29 activity, menopausal Follow-up Study 

89 rectum! (0.74-2.26) status, hormone (male) 

47 325 male (RR for 1 replacement Pooled analysis 

additional therapy, aspirin, of two cohorts 

serving/day: 1.08 vitamin supple- 

(0.75-1.54)) nents, energy 
(standard), red meat 

Voorrips eta?. 6.3 313 colon, FF0 (150), 58 vs 11 Men Age, family history, Incidence 

(2000e), 201 rectum/ at baseline, g!day Colon: 0.11 alcohol 

Netherlands 58 279 male self-adminis- (median 0.76(0,51— 
tered values) (5) 1.13) 

Rectum: 0.88 0.94 
(0.56-1.39) 

274 colon, Women 
122 rectum! Colon: 0.51 0.004 

62 573 (0.33-0.80) 

female Rectum: 
1.66 (0.94-2.94) 0.05 

McCullough et 6 298/62609 FF0 (68), Men: >0.41 Men: 0.74 0.15 Age, exercise, Incidence 

al. (2003), male 210170 self Vs <0.08 (0.51—1 .08) aspirin, smoking, Follow-up of 

USA 554 female administered Women: Women: 0.91 0.55 family history of American 

Colon only > 0.5 vs o (0.58-1.44) colorectal cancer, Cancer Society 

0.11 body mass index, cancer 

(5) education, energy, prevention study 
multivitamins, total II 
calcium, red meat, 
hormone replace- 
ment therapy  

FF0, food frequency questionnaire7 RR, relative risk 



>385 vs <105 
(5) 

Above and 	Colorectal 	- 
below median 	adenoma: 

0.92 

Highest vs 	Colon: 1.09 
lowest (3) 	Rectum: 

0.86 

S times/month 	0.59 

vs 1/month (4) 	(0.41-0.85) 

Hoff eta). 40/77 Dietician 
(1988), male, female enquiry 
Norway 

La Vecchia et Colon 339, FF0 (29) 
a). (1988), rectum 
Italy 236/778 

male, female 

Young & Wolf Colon 353/ FF0 (25), 

(1988), USA 618 diet after 

male, female age 35 

- 	 Endoscopy 
screening study, 
population-based; 
subjects aged 50-59 
only 

Age, sex 	 Hospital-based 

Age, sex and age 	Population-based 

X sex 	 Whites 

Similar findings for 

distal and proximal 

colon 

Table 18. Case—control studies of consumption of cruciferous vegetables and risk for colorectal cancer 

Author, year, 
country 

Cases/ 
controls, sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts (no. 
of categories) 

Relative 
risk (95% 
Cl) 

Stastistical 
significance (p 
for trend when 
applicable) 

Adjustment for 
confounding 

Comments 

Miller et al. Colon 348 FF0 Highest vs Male Age, saturated fat, Hospital-based and 
(1983), (171 male, (>150), lowest (3) Colon: 0.9 0.35 other foods population-based 
Canada 177 female), interview Rectum:0.9 0.28 

rectum 194 Female 
(114 male, 80 Colon: 0.7 0.05 
female)/535 Rectum: 0.8 0.26 
hospital and 
542 population 
controls 

Kure eta). Colon 392, Dietary Males: >425 0.57 <0.05 Age, sex Population-based 
(1987), rectum history vs < 105 g/ (0.44-0.75) 
Australia 323/727 (>300) week (5) 

male, female Females: 

CL 



(J' 
Table 18 (contd) 

Author, year, Cases! Exposure Range Relative Stastistical Adjustment for Comments 

country controls sex assessment contrasts (no. risk (95% significance (p confounding 

(no. of of categories) Cl) for trend when 
items) applicable) 

Lee eta[. Colon 131, FF0 (116), Highest vs Colorectal: <0.01 Age, sex, dialect, Hospital-based 

(1989), rectum 71/426 interview lowest (3) 0.50 education, Response: 82% 

Singapore male, female (0.32-0.78) occupation cases, 871/6 

(Chinese) controls 

Benito etal. Colon 144, FF0 (99), 25 limes! 0.54 <0.05 Age, sex, weight 10 Population-based 

(1990), Spain rectum interview month vs no years previously 

130/295 consumption 
male, female (4) 

Bidoli et al. Colon 123, FF0, Highest vs Colon: 0.6 Age, sex, social Hospital-based 

(1992), Italy rectum interview lowest (3) Rectum: 0.6 status 

125/699 male, 
female 

Peters et al. Colon 746/746 Semi- Risk increase 1.00 Age, sex, Population-based 

(1992), USA White male, quantitative per 10 (0.99-1.01) neighbourhood, fat, 

female FF0 (116), servings/ protein, carbo- 

interview month hydrates, family 
history, weight, 
physical activity, 
pregnancy history, 
alcohol, calcium 

Steinmetz & Colon 121/241 FF0 (141), Male: > 5.8 vs Male: 1.10 Age, occupation, Population-based 

Potter (1993), mate, 99/197 self-adminis- 1.7 (0.57-2.14) Quetelet index, 

Australia female tered Female: ~ 6.7 Female: alcohol intake, 

vs 	2.2 1.12 protein intake, age 

servings/week (0.51-2.46) at first live birth for 

(4) women 

Witte et al. 488/488 Semi- 7 vs 0.5 Colorectal 0.07 Race, body mass Subjects for 

(1996), USA male, female quantitative servings/week adenomas index, physical screening 

FF0 (126) (5), median 0.67 activity, smoking, sigmoidoscopy 

- values (0.41-1.09) calories, saturated Analysis within 
fat, dietary fibre, matched pairs 
folate, (3-carotene, 
vitamin C 

C) 



Table 18 (contd) 

Author, year, Cases! Exposure Range Relative Stastistical Adjustment for Comments 
country controls, sex assess- Contrasts risk (95% significance confounding 

ment (no. of (no. of Cl) (p for trend 
items) categories) when 

applicable) 
Lin et aI. 459/507, male, Semi- Highest vs Colorectal 0.04 Age, smoking, date of Persons 
(1998), USA female quantitative lowest (4) adenoma: signoidoscopy, clinic, undergoing 

FFQ (126) 0.66 sex, saturated fat, sigmoidoscopy at 
(0.44-1.0) energy, fruit and 2 clinics 

vegetable intake Significant inverse 
association with 
broccoli alone 

Almendingen 87/35 hospital 5-day 61 vs rr 6 Colorectal Body mass index, Hospital-based 
et ai. (2001), and 35 healthy dietary gfday (3) adenoma colorectal cancer and population- 
Norway controls, record Hospital 0.06 among first-degree based 

referred for controls: relatives, energy, fat, Subjects in a 
sigmoidoscopy, 0.3 (0.1-1.1) fibre, smoking status randomized trial, 
male, female Healthy 0.8 age- and sex- 

controls; 0.9 matched 
(0.2-4.6) 

Deneo- Colon 260, rectum FF0 (64), Highest vs Colorectum 0.31 Age, sex, education, Hospital-based 
Pellegrini et 224/1452 interview lowest (4) 1.2 (0.8-1.6) residence, urban or Response rate: 
al. (2002), male, female rural status, family cases 97%, controls 
Uruguay history of colon 98% 

cancer, body mass 
index, total energy, 
red meat intake 

Smith- 5641535 Semi- Highest vs Colorectal Age, energy intake, fat Population-based 
Warner et male, female quantitative lowest (3) adenomas intake, body mass Cases from 
ai. (2002), FF0 (153) Mean Male: 0.84 0.74 index, smoking, colonoscopy clinic, 
USA values; (0.56-1.25) alcohol, use of community controls 

male, 4.9 vs Female: 0.44 NSAIDs, multi- (response rate: 
0.6, female, 1.37 vitamins, hormone cases 68%, controls 
6.7 vs 1.0 (0.83-2.25) replacement therapy 65%) 
servings! 
week 

FF0, food frequency questionnaire; NSAID, non-steroidal anti-inflammatory drug 



Table 19. Cohort study of cruciferous vegetable consumption and risk for pancreas cancer 

Author, year, 	Years of 	Cases! 	Exposure Range 

country 	follow- 	control, 	assessment contrasts 
up 	sex 	(no. of (no. of 

items) categories) 

Relative 	Statistical 	Adjustment for 	Comments 

risk (95% 	significance (p 	confounding 

Cl) 	for trend when 

applicable) 

Stolzenberg- 	13 	163127 	FF0 (> 	Highest vs 	0.82 	0.44 	 Age, years of 	Incidence 

Solomon et al. 	 1 11 	200), self- 	lowest (5) 	(0.50— 	 smoking, energy 	Alpha-Tocop hero l 

(2002), 	 male 	adminis- 	 1.32) 	 n-Carotene trial 

Finland 	 smokers 	tered, por- 

tion size 

FF0, food frequency questionnaire 



Table 20. Case—control studies of cruciferous vegetable consumption and risk for pancreas cancer 

Author, 	Cases / 	Exposure 	Range 	Relative risk (95% 	Statistical 	Adjustment for 	 Comments 
year, 	controls, 	assess- 	contrasts 	Cl) 	 significance 	confounding 
country 	sex 	ment (no. 	(no. of 	 (p for trend 

of items) 	categories) 	 when 

applicable) 

Olsen et ci. 212/220 FF0 2 9 vs o 2 0.57 (0.31-1.04) Age, education, history Population-based 
(1989), USA male times/month of diabetes, cigarette Data for 81% of cases 

(3) smoking, alcohol and ascertained 
meat consumption Results similar in interviews 

with spouses 

Baghurst et 104/253 FF0 (179) Significantly higher Population-based 
al. (1991), male, intake of Brussels Response rate: 62% for 
Australia female sprouts, coleslaw, male and 63% for female 

broccoli by controls cases, and 571% and 51% for 
than cases controls 

Bueno de 164/480 Semi- Highest vs 0.32 	 <0.05 Age, sex, response Population-based 
Mesquita et male, quantita- lowest (5) status (direct or proxy), Overall response rate, 72% 
at. (1991), female tive FF0 smoking, energy More than half the cases 
Netherlands (116) interviewed directly 

Silverman 436/2003 FIFO (60), >4 vs < 1.5 0.5 (0.4-0.8) 	 0.004 Age, race, study area, Population-based 
et al. male, interview servings/ calories from food, Multicentre study 
(1998), USA female week (4) diabetes mellitus, 1153 cases identified Only 

cholecystectomy, body direct interviews of survivors 
mass index, cigarette performed (no proxy 

smoking, alcohol, interviews) 

income (men), marital 78% of ascertained potential 
status (women) controls interviewed 

FF0. food frequency questionnaire 

w 



Table 21. Case—control studies of cruciferous vegetable consumption and risk for larynx cancer 

Author, Cases I Exposure Range Relative risk Statistical Adjustment for 	Comments 

year, controls, assessment contrasts (95% Cl) significance (p confounding 

country sex (no. of (no. of for trend when 

items) categories) applicable) 

Zheng, W. 201/414 FF0 (41 26 Highest vs Male: 0.7 0.21 Age, education, 	Population-based 

etal. male, vegetables), lowest (3) Female: 3.0 smoking 	 No control for alcohol 

(1992b), female interview, (1.0-9.2) 

China frequency, 

portion size 

De Stefani 	148/444 FF0 (62, 11 Incremental Age, residence, 	Hospital-based 

et ai. 	male vegetables), risk: urban or rural, 

(2000), interview, Cabbage 0.98 body mass 

Uruguay frequency, 3.6 g/day (0.74-1.30) index, smoking, 

portion size Cauliflower 0.85 intake of alcohol 

1.3 &dav (0.63-1.16) and eneroy 

FF0, food frequency questionnaire 



Table 22. Cohort studies of cruciferous vegetable consumption and risk for lung cancer 

Author, 
year, 
country 

Years of 
follow- 
up 

Cases/ 
cohort size, 
sex 

Exposure 
assessment 
(no. of items) 

Range 
Contrasts 
(no. of 
categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable)  

Adjustment for 
confounding 

Comments 

Chow et a/. 20 219117633 FF0 (35), self- >8 vs <2 0.8(0.5- Age, smoking Mortality 
(1992), USA male administered, times/month 1.4) status (Six Lutheran 

frequency (4)  categories), Brotherhood 
occupation 

Feskanich Female: 519/77823 FF0 (116,23 Female: 0.74(0.55— Age, follow-up Incidence 
eta/. 12 female vegetables), >4.6 vs< 0.99) cycle, smoking Nurses Health 
(2000), USA Male: 10 274147778 self-adminis- 1.4 status, years since Study: risk for one 

male tered, f re- servings!- quitting, additional 
quency, week (5) cigarettes/day serving/day 0.78 
portion size; Male: > 5.0 1.11 (0.76— (current smokers), (0.59-1.04) 
validated vs < 1.4 1.64) age at start of Health 

servings/ smoking, total Professionals 
week (5) energy intake, Study: risk for one 

availability of data additional serving/ 
on diet after day 1.20 (0.88— 
baseline measure 1.63) 

Voorrips et 6.3 1010/2953 FF0 (150, 21 58 vs 10 0.7 (0.5-1.0) 0.009 Age, sex, family Incidence 
al. (2000b), male, female vegetables), g/day history of lung Total cohort, 120 
Nether- self-adminis- (median cancer, education, 852 
lands tered, values) (5) current smoker Findings 

frequency, >3 times!- 0.5 (0.3-0.9) 0.003 (yes/no), years of attenuated when 
portion size; week vs < 1 smoking, adjusted for total 
validated time/month cigarettes/day vegetable 

(5)  consumption 

Neuhouser 12 414)7072 in FF0 (45 fruits 33.5 vs Intervention 0.36 Sex, age, smoking Incidence 
et si, intervention and vegeta- <0.5 arm: 0.91 status, total Follow up of 
(2003), USA arm, 326/ bles), self- servings! (0.65-1.28) pack—years of participants in 

7048 in administered week (5) Placebo arm 0.01 smoking, asbestos )3-Carotene and 
placebo 0.68(0.45— exposure, race or Retinol Efficacy 
arm,nale, 1.04) ethnicity, enrol- Trial (CARET) of 
female ment centre smokers and 

asbestos workers 

0)1 
55 



Table 22 (contd) 

Author. 
year, 
country 

Years of 
follow- 
up 

Cased 
cohort 
size, sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Smith- 6-16 3206/430, FF0 (study- > 1 vs no Broccoli: 0.33 Age, education, Incidence 
Warner et 281 male, specific, servings! 1.05(c.89— body mass Pooled analysis of 

a/. (2003), female 9-54 fruits week (3) 1.24) 0.62 index, alcohol eight cohort studies 

North and Cabbage: intake, calories, Only data from five 

America vegetables) 1.01 (0.88— smoking status, cohorts included in 

and Europe 1.02 1.17) amount, duration each analysis 

Miller et al. 0-14 860/478 FF0 (300), Highest vs 1.21(0.92— 0.25 Age, sex, Incidence 

(2004). 10 (mean, 6 021 male, self-adminis- lowest (5) 1.60) weight, height, No association in 

European years) female tered or centre, smoking northern Europe, 

countries interview, positive association 
frequency, in southern Europe 
portion size; 
calibration 

(0f 

FF0, food frequency questionnaire 



Table 23. Case—control studies of cruciferous vegetable consumption and risk for lung cancer 

Author, 
year, 
country 

Cases! 
controls, sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts (no. 
of categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance (p 
for trend when 
applicable)  

Adjustment for 
confounding 

Comments 

Bond et 308 dead/308 FF0 (29, six Broccoli 4-6 0.33 0.001 Age, sex, centre, Analysis with living 
al. (1987), dead contrcls/ vegetables), times/week vs (0.03— smoking, education, controls only 
USA 308 living interview by never (6) 3.26) vitamin supplements 

controls telephone, 
male frequency 

Koo 88/137 female, FF0 (three Highest vs [0.96] 0.358 Age, no, of live Population-based 
(1988), never smokers vegetables), lowest (3) births, schooling 
China interview, (yes/no) 

frequency 

Le 332/865 FF0 (>130, Highest vs Male: [0.6] Male: 0.06 Age, ethnicity, Population-based 
Marchand male, female 22 vege- lowest (4) Female: Female: 0.06 smoking status, Response rate: 67% 
et al. tables), [0.4] pack—years, choies- cases, 70% controls 
(1989), interview, teroi intake (males 
USA frequency, only), carrot, tomato, 

portion size; dark-green vega- 
validated table intake 

Alavanja 429/1021 FF0 (60,28 >4.Ovs< 1.04 0.73 0.36 Age, smoking Population-based 
et al. female non- vegetables), servings! history (never, ex- Response rate: 70% 
(1993), smokers self-adminis- week (5) smoker), previous cases, 68% controls, 
USA tered, fre- lung disease, 58% of case interviews 

quency, interview type, with proxies 
portion Size calories 

Agudo et 103/206 FF0 (33, 11 Highest vs 0.54 0.13 Age, residence, Hospital-based 
ai. (1997), female vegetables), lowest (3) (0.26— hospital, smoking Response rate: 90% 
Spain interview, 1.13) status, peck—years cases, OR 	1.01 for 

frequency, adenocarcinoma; OR = 
portion size 0.59 for never smokers 

(only subgroups) 

0)1 



Table 23 (contd) 

Author, 
year, 
country 

Cases/ 
controls, 
sex 

Exposure 
assessment 
(no. of items) 

Range 
contrasts (no. 
of categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Nyberg et 1241235 FF0 (19, four >1/week vs 1.06(0.68— 0.33 Age, sex, urban Population-based 

ai. (1998), male, female vegetables), <1/week (3) 1.92) residence, 

Sweden (never interview, occasional 

smoked) frequency smokng, occu- 
pation, passive 

smoking, 
carrots, non- 
citrus fruits 

Brennan 506/1045 Quantitative Several times! 1.1 (0.7-1.6) 0.76 Age, sex, centre Hospital-based and 

et ai. male, female FF0 (varied week vs population-based 

(2000), 8 (non- by centre) <1 /month (3) Part of large 

centres in smokers) multicenire study, 

Europe primarily designed to 
evaluate effects of 
passive smoking 

Hu etal. 161/483 FF0 (70), >6vs 2~0.9 0.6 (0.4-14) 0.43 Age, province of Population-based 

(2002), female frequency, servings! residence, 

Canada (never portion size week (4) education, social 

smoked) class, total 
energy intake 

Seow et 303/765 FF0 (39, 19 > 14.3 vs<7.5 Smokers: 0.06 Age, date Hospital-based 

a!, females vegetables, servings/week 0.46(0.22— admission, place Non-smokers = 
(2002b), interview, (3) 0.96) of birth, family lifetime non-smokers 

Singapore frequency, Non- 0.6 history of any 

portion size smokers: cancer (yes/rio) 

0.89(0.59— (for smokers: 
1.35) duration, 

no./dav) 

FF0, food frequency questionnaire; OR, odds ratio 



Table 24. Cohort studies of cruciferous vegetable consumption and risk for breast cancer 

Author, 
year, 
country 

Years of 
follow- 
up 

Cases! 
cohort 
size, age 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Zhang et 15 2697 (784 Semi- > 1 vs <0.25 Premeno- 0.19 Age, length of follow-up, Incidence 
al. (1999), premenc- quantitative servings/day pausai: 0.83 energy intake, parity, age Nurses Health 
USA pausai, FF0 (0.52-1.32) at birth of first child, age at Study 

1913 post- (61-126), Poatnienc- 0.83 menarche, history of 
meno- past year, pausai: 0.98 breast cancer in mother or 
pausai)! estimated (0.77-1.25) sister, history of benign 
83 234 frequency; breast disease, alcohol t 
33-60 validity and intake, body mass index at 
years reliability age 18, weight change 

assessed from age 18, height 

Smith- 5-10 7377/ FF0 (study- increment, 0.96(0.87— 0.95 Age at menarche, parity, Pooled analysis 
Warner et 351 825 specific, 100 g/day 1.06) age at birth of first child, of seven cohort 
ai. (2001), 28-90 9-54 fruits oral contraceptive use, studies 
North years and vege- history of benign breast Study-specific 
America tables) disease, menopausal ARs calculated 
and status, hormone from primary 
Europe replacement therapy, data and then 

family history of breast combined in 
cancer, smoking, random-effects 
education, body mass model f, 
index, height, alcohol and t 
energy intake 

Frazier et 7 843/8430 FF0 (24, 6 increment, 1 Broccoli: Age at diagnosis, age at Nested 

al. (2003)' 40-65 fruits and serving/day 0.74 (0.39— menarche, menopausal case—control 

USA 
years vegetables), 1.41) status, family history, study within 

diet at high Cabbage: benign breast disease, Nurses' Health 
School, 1.00 adult height, parïty or age Study 
estimated (0.64-1.57) at birth of first child, post- Number of 
frequency menopausal hormone use, cases 	64% of 

body mass index at age those diagnosed o 
187  1980 alcohol intake, 1980-86 
1980 vitamin A intake Similar relative 
excluding supplements risks for 

premenopausal t 
and postmen o- 
pausai breast 
cancer 

FF0, food frequency questionnaire; RA, relative risk :: 



Table 25. Case—control studies of cruciferous vegetable consumption and risk for breast cancer 

Author, 	Cases! 	Exposure 	 Range 	Relative risk 	Statistical 	Adjustment 	Comments 

year, 	controls, 	assessment (no. 	contrasts 	(95% Cl) 	significance (p 	for 
country 	age 	of items) 	 (no. of cale- 	 for trend when 	confounding 

gories) 	 applicable) 

Graham et 2024/ FF0, year before 
ai. (1982), 1463 symptoms, 
USA interview, estima- 

ted frequency; 
assessed reliability 

Katsouyanni 120/120 FF0 (120), before 
et al. (1986), Mean age onset of disease, 
Greece of cases, 55 interview, 

years estimated 
frequency 

Young 277/372 FF0, < 18 years, 
(1989), USA 35-89 18-35 years, >35 

years years (but 
excluding past 5 
years) (25), self- 
administered 

Ewertz & Gill 1474/1322 Semi-quantitative 
(1990), <70 years FF0 (21), year 
Denmark before diagnosis, 

estimated 
frequency and 
amount; included 
summary question 
on vegetables 

Levi eta]. 107/318 Questionnaire (50, 
(1 993a), r( 75 years 13 fruits and 
Switzerland vegetables), 

estimated 
frequency 

Challier et 345/345 Recalled 7-day 
al. (1998), 30-78 years food diary 
France 

>2Ovs 	1.00 
3/month 

(4) 

Broccoli 
Cabbage, 
raw 
Cabbage, 
Cooked 
Cauliflower 

8 vs 0/month Age 18-35: 
0.66(o.42— 
1.02) 
Age >35: 
0.64(0.41— 
1.00) 

Highest vs 0.94(0.78— 
lowest (2) 1.13) 

Highest vs 	0.5 
lowest (3) 

>3 vs; 	1.45 
<2/month 	(1.03-2.06) 
(3) 

> 0.05 Age Hospital-based 
No association among 
women 	55 years or 
women <55 years studied 
separately 

Not significant Age, Hospital-based 
<0.05 interviewer, Response rate = 92% for 
Not significant year of cases 

schooling 
Not significant 

Age, alcohol 	Population-based 
consumption 	Response rate = 64% for 

cases, 57% for controls 

Age, 	 Population-based 
residence 	Response rate: 88% for 

cases, 79% for controls 
Questionnaire completed 1 
year after diagnosis 

<0.05 	 Age, 	 Hospital-based 
education, 	Response rate> 85°k 
energy intake 

0.03 	 Age, socio- 	Population-based 
economic 	Response rate: 84% for 
status, energy 	cases, 70% for controls 
intake, parity, 
weight, body 
surface 



Table 25 (contd) 

Author, Cases/ Exposure Range Relative Statistical Adjustment for confounding Comments 
year, controls, age assessment contrasts risk (95% significance 
country (no, of items) (no. of Cl) (p for trend 

categories) when 
applicable)  

Fotischrnan 566 (in situ or FF0, past year > 3.5 vs 0.95 Age at diagnosis, study site. Population-based 
et at. (1999), invasive (100. 25 fruits, <1.4 (0,7-13) ethnicity, education, age at birth Response rate: 
USA localized 34 vegetables), times/week of first child, alcohol intake, 84% for cases, 

disease; did estimated (4) years of oral contraceptive use, 70% for controls 
not report frequency and smoking status 
chemo- amount 
therapy/-I 451 validated 
20-44 years 

Ronco et ai. 400/405 FF0 (64, nine Highest vs 1.07 0.12 Age, residence, urban or rural Hospital-based 
(1999), 20-89 years fruits, 15 vege- lowest (3) (0.72— status, history of breast cancer Response rate: 97% 
Uruguay tables), 1.60) in a first-degree relative, body for cases, 94% for 

interview; mass index, age at menarche, controls 
reliability parity, menopausal status, No effect of 
assessed energy intake menopausal status 

Rosenblatt 220/291 male FF0 (125), self- Highest vs 0.8(0.4— 0.32 Age, study site, energy intake Population-based 
et ai. (1999), administered lowest (4) 1.3) Response rate: 75% 
USA for cases, 45% for 

controls 

Terry et ai. 283212650 FF0, past year 1.1 vs 0.1 0.76 001 Age, height, body mass index, Populatïon-based 
(2001), All post-menU- (65, 19 fruits and servings/ (0.62— current smoking, socle- Response raie: 841/. 
Sweden pausai vegetables), day (4), 0.93) economic status, intake of for cases, 821/6 for 

self-adminis- median alcohol, high-fibre grains and controls 
tered, estimated values cereals, fatty fish, multivitamins, 
frequency parity, hormone replacement 

therapy, history of benign breast 
disease, family history of breast 
cancer, type of menopause, age 
at menopause, age at 
menarche. age at birth of first 
child, non-Brass/ca vegetables, 
total fruit 

Fowke et ai, 337/337 FF0, past 5 Highest vs 0.8 (0.5— 0.79 Age. soya protein, fibro- Population-based 
(2003), 28-64 years years, validated lowest (4) 1.3) adenoma, family history of Selected from 
China breast cancer, leisure activities, Shanghai Breast 

waist:hip ratio, body mass index, Cancer Study 
age at menarche, no. of children Overall response; 

911% cases, 90% 
controls 



Ii 
	

im 
Table 26. Case—control studies of cruciferous vegetable consumption and risk for invasive cervix cancer 

Author, Cases! 	Exposure Range Relative Statistical Adjustment for 	Comments 
year, controls 	assessment (no, contrasts risk (95% significance (p confounding 
country of items) (no. of Cl) for trend when 

categories) applicable) 
Marshall 513/490 	FF0 (28), 100-g ~: 16 vs <3 1.9(12-3.0) <0.05 Marital history, parity 	Hospital-based 

et al. portion size servings/ Mean response, no. of 

(1983), assumed, month (5) 1.14 for  marriages, marriage 

USA interview SD increase before and after age 25, 

in dietary cigarette smoking, beer 
factor drinking, interaction of 

no. of marriages and 
cigarette smoking 

Shannon 	134/384 FF0 (80), open- > 1.2 vs 	0.51 	 0.22 Age, total energy, 	Hospital-based 

et al. ended frequency, <0.17 	(0.25-1.05) interviewer 	 (excluded women 

(2002), portion calculated servings/day with conditions 

Thailand from standard (4) associated with 

recipes, interview use of steroid 

FF0, food frequency questionnaire 

Table 27. Case—control study of cruciferous vegetable consumption and risk for in situ cervix cancer 

Author, Cases! 	Exposure Range Relative Statistical Adjustment for Comments 
year, controls 	assessment contrasts (no. risk (95% significance (p confounding 
country (no. of items) of categories) Cl) for trend when 

applicable) 
Shannon 50/125 	FF0 (80), >0.39 vs 1.30 0.58 Age, total energy, Hospital-based, 

et al. open-ended, <0.17 (0.51-330) interviewer age <60, resident 

(2002), portion servings/day of Thailand for at 

Thailand calculated (3) least 1 year, 

from standard screened controls, 

recipes, matched on region 

interview and age 

FF0, food frequency questionnaire 



Table 28. Case—control studies of cruciferous vegetable consumption and risk for endometriuni cancer 

Author, year, 
country 

Cases/ 
controls 

Exposure 
assessment (no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative 	Statistical 
risk 	significance 
(95% Cl) 	(p for trend 

when 
applicable) 

Adjustment for 
confounding 

Comments 

Levi et al. 274/572 Questionnaire (50), Highest vs 1.20 	Not Age, study centre Hospital-based 
(1993b). frequency interview lowest (3) significant 
Switzerland, 
northern Italy 

Potiscbman et 399/296 FF0 (60), Open- > 3.1 vs 0.8(().S— Age group, body mass Population-based 
al. (1993), ended frequency of <I .0 time! 1.3) index, ever estrogen Only controls with intact 
USA intake, one of three week (4) use, ever oral uterus 

portion sizes, contraceptive use, no. Five regions 
interview of births, Current Response: 87% of eligible 

smoking, education, cases, 66% of eligible 
total calories controls 

Shu et al. 268/268 FF0 (63, three Highest vs 1.1 	0.67 Age, no. of preg- Population-based 
(1993), China cruciferous voge- lowest (4) nancies, body mass Response: cases 91 

tables), usual intake index, total calories Controls 961/6 

frequency, interview 

Goodman et 332/511 FF0 (250), open- >55.1 vs 0.8 	0.26 Pregnancy history, Population-based 
al. (1997), ended usual intake <16.5 g/day oral contraceptive use, Response rate: cases 66%, 
USA frequency, portion (4) history of diabetes, Controls 73% 

size from pictures of body mass index, total 
three different calories 
portions, interview 

Littman et al. 679/944 FF0 (98, five cruci- > 0.8 vs 0.71 	0.03 Age, county of rosi- Population-based 
(2001), USA ferous vegetables), <0.3 (0.54— defoe, total calories, Response rate: cases 721%, 

frequency 5 years servings/day 0.95) unopposed oestrogen Controls 731/. among those 
previously, portion (3) use, ever smoking, eligible 
size relative to three body mass index 
categories, interview 

Terry etal. 709/ FF0, nine frequency >7.4 vs 0.8 11 	0.13 Age, body mass index, Population-based 
(2002), 2887 categories, validated <0.8 1.1) smoking, physical Post-menopausal women 
Sweden with four 7-day diet servings/ activity, prevalence of with intact uterus, no 

records, self- week (4) diabetes, fatty fish previous history of 
administered (median consumption, quintiles endometrial or breast cancer 

values) of total food Response rate: 751/. among 
consumption, other cases, 801% among controls, 
dietary factors 681/. of eligible controls with 

usable FF0 
FF0, food frequency questionnaire 



Table 29. Case—control studies of cruciferous vegetable consumption and risk for ovary cancer 

Author, 
year, 
country 

Cases! 
controls 

Exposure 
assessment (no. 
of items) 

Range 
contrasts (no. 
of categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Shu at a]. 172/172 FF0 (63, four Highest vs 1.2 0.55 
(1989), cruciferous lowest (4) 
China vegetables), open- 

ended, usual 
intake frequency, 
portion per Unit 
time, interview 

Cramer et 549/516 FF0, frequency of Broccoli 0.90 0.76 

al. (2001), consumption of r 5 times! (0.42— 
USA fixed portion; week vs c 1.92) 

validated, self- 1/month (5) 
administered 

Zhang et 	254/652 	FF0 (120), portion 	> 728 vs 
	

0.67(0.4— 	<0.05 

al. (2002), 	 size from eight 	<34.22 
	

1 .3) 
China 	 categories, 	kg/year (4) 

cooking method, 
vitamin and 
mineral supple- 
ments; validated, 
interview  

Adjustment for 
confounding 

Education 

Total calorie intake, 
age, site, parity, body 
mass index, oral 
contraceptive use, 
history of breast, 
ovarian or prostate 
cancer in a first-
degree relative, tubal 
Ligation, education, 
marital status 

Age, education, area 
of residence, body 
mass index 5 years 
previously, smoking, 
alcohol, tea, family 
income, marital status, 
menopausal status, 
parity, tubal ligation, 
oral contraceptive use, 
pfysical activity, family 
history of ovarian 
cancer, total energy 
intake, other food 

Comments 

Population-based 
Response rate: for 
eligible cases 891/., for 
controls 100% 

Population-based 
Cases in two states 
Response rate: cases 
64%, controls 72% of 
those determined 
eligible by random-digit 
dialling, 31% for voter 
list controls 

Hospital- and 
population-based 
Response: cases 99% 
controls > 92% 

FF0, food frequency questionnaire 



Table 30. Cohort studies of cruciferous vegetable consumption and risk for prostate cancer 

Author, 	Years of Cases! 	Exposure 	Range 	Relative 	Statistical 	Adjustment for 	Comments 
year, 	follow- 	cohort size 	assessment 	contrasts 	risk (95% 	significance 	confounding 
country 	up 	 (no. of items) 	(no. of 	Cl) 	(p for trend 

categories) 	 when 
applicable) 

Haing etal. 	20 149/17633 	FF0 (35), self- >4.5 vs 13 Age, tobacco use Mortality 
(1990), administered <1.2 times! (0.8-2.0) 
USA month (4) 

Giovannuce 	7 759/47894 	FF0, past Broccoli 1.05 	0.17 Age, energy intake Incidence 
etal. year (131), 2-4 (0.83— Health 
(1995), self-adminis servings! 1.34) Professionals 
USA te red week vs Study 

none (4) 

Schuurman 	6.3 610/58279 	FF0 (150), 58.3 vs 10.7 0.82 	0.06 Age, family history of Incidence 
et al. self-adninis- g/day (5), (0.59— prostate cancer, 
(1998), tered median 1.12) socioeconomic 
Netherlands values status, total fruit 

consumotion 

FF0, food frequency questionnaire 



r') 

Table 31. Case-control studies of cruciferous vegetable consumption and risk for prostate cancer 

Author, year, Cases/controls 	Exposure 	Range contrasts Relative risk Statistical 	Adjustment for 
country 	 assessment (no. of 	 (95% Cl) 	significance (p confounding 

(no. of 	categories) 	 for trend when 

Schuman et 	240/223 hospital FF0, self- 	Cabbage >6 l-t: [0.84] 
al. (1982), 	(H) and 223 administered 	times/month vs N: [0.72] 
USA 	 neighbourhood never (5) 

(N) controls Cauliflower> 3 H: [0.883 
times/month vs N: [0.83] 
never (4) 
Rutabaga and H: [0.67] 
kohlrabi N: [1.03] 

once/month vs 
never (3) 

0.40 

Age, total energy 	Population-based 
intake, area of Response: cases: 
study, vasectomy, 74% Ontario, 81% 
ever smoked, Quebec, 88% British 
marital status, Columbia 
study area, body Controls: 52% 
mass index, Ontario, 50% 
education, vitamin Quebec, 87% British 
supplements, other Columbia 
foods 

Ross etal. 	Black: 142 pairs, 	FF0 (20), 
(1987), USA 	population-based interview 

White: 142 pairs, 
retirement 
community 

Le Marchand 	452/899 	 Diet history 
etal. (1991), 	 (>100), 
USA 	 interview 

Jain etal. 	617/636 	 Diet history 
(1999), 	 (1129, 
Canada 	 summarized 

in 142 food 
groups), 
validated 

Cooked spinach, 
cabbage, collards 
Black: > 3/week 0.6 
vs fewer (2) 
White: >2/week 1.3 
vs fewer (2) 

Highest vs lowest Age < 70 
(4) years: 0.8 

Age > 70 
years: 1.1 

>44.6 vs <8.7 0.85 
g/day (4) (0.64-1.13) 

Comments 

Hospital-based and 
population-based 
Response rates: 83% 
cases, 89% hospital, 
90% neighbourhood 
controls 

Population-based 
Response: cases 
57%, controls 74% 
Retirement 
community 
Response: cases 
75%, controls 71 "k 
Population-based 

Matched on age 
and race or length 

<0.05 	 of residence in 
community 

>0.05 

0.27 	 Age, ethnicity 



Table 31 (contd) 

Author, 	Cases/con- 	Exposure 	Range contrasts Relative 	Statistical 	Adjustment for 	Comments 
year, 	trois 	assessment 	(no. of 	 risk (95% 	significance confounding 
country 	 (no. of items) 	categories) 	Cl) 	(p for trend 

when 
applicable) 

Villeneuve at 1623/1623 	FF0 (60), self- 	>4vs< 1 	0.9 	0.57 
al. (1999), 	 administered 	servings/week (4) (0.7-1.1) 
Canada 

Cohen at al. 628)602 	FF0 (99), self- 	> 3 vs < I 	0.59 	0.02 
(2000), USA 	 administered 	serving/week (3) 	(0.39-0.90) 

Kolonel at 	1619/1618 	Diet history 	>72.9 vs < 8.8 	0.78 	0.02 
al. (2000), 	 (147), interview g/day (5) 	(0.61-1.00) 
Canada and 	 Advanced 	0.006 
USA 	 disease: 

0.61 

Age, province of Population-based 
residence, race, Response: 69% for both 
years since quilting cases and controls 
smoking, cigarette 
pack—years, body 
mass index, 
alcohol, other 
foods, income, 
family history of 
cancer 

Age, fat, energy, Population-based 
race, family history Response rates: 82% 
of prostate cancer, cases, 75% controls 
body mass index, 
PSA in previous 5 
years, education, 
total fruit and 
vegetable 
consumption 

Age, education, Population-based 
ethnic group, Response rates: overall, 
geographical area, cases 70%, controls 58% 
calories 

FF0, food frequency questionnaire; PSA, prostate-specific antigen 



Table 32. Cohort studies of cruciferous vegetable consumption and risk for urinary bladder cancer 

Author, 
year, 
country 

Years of 
follow- 
up 

Cases I 
cohort size, 
sex 

Exposure 
assessment 
(no. of items) 

Range 
contrasts 
(no. of 
categories) 

Relative 
risk (95% 
CI) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Michaud 10 252/47909 FF0 (131) 5 	v !~ I 0.49 0.008 Age, geographic Incidence 

et al. male serving/week (0.32-0.75) region, smoking, Health Professionals 

(1999), (5) fluid and caloric Study 

USA intake Inverse association 
restricted to persons 
who had never 
smoked 

Michaud Median, 344/27111 FF0 (276, 45 33 vs O g/day 1.15 0.05 Age, duration of Incidence 

et ai. 11 male, fruits and (5), median (0.83-1.60) smoking, Follow-up of 

(2002), smokers vegetables) values smoking dose, (x-Tocopherol 

Finland total energy, trial )-Carotene trial 

- interventions 

FF0, food frequency questionnaire 

Table 33. Case—control study of cruciferous vegetable consumption and risk for urinary bladder cancer 

Author, Cases / Exposure Range Relative risk Statistical Adjustment for Comments 
year, controls, sex assessment contrasts (95% Cl) significance (p confounding 

country (no. of (no. of for trend when 

items) categories) applicable) 

Mettlin & 377 male, FF0 (29), _Z! 15 vs Male: Age, occupation, Hospital-based 

Graham 112 female/ interview 0-4 /month [0.76 tobacco use Controls had a wide 

(1979), 645 male, (0.50-1.15)] variety of diseases 

USA 257 female Female: other than cancer 

(white) [0.73 
(0.36-1.45)] 

FF0, food frequency questionnaire 



Table 34. Case-control studies 01 cruciterous vegetable consumption and risk for kidney cancer 

Author, year, 
Country 

Cases/ 
controls, 
sex 

Exposure 
assessment 
(no. of 
items) 

flange contrasts 
(no. of 
categories) 

Relative risk 
(95% Cl) 

Statistical 
significance (p 
for trend when 
applicable) 

Adjustment for 
confounding 

Comments 

McLaughlin et 313/428 FF0 (28), Highest vs lowest Male 0.8 Not significant Age, cigarette Population-based 
ai. (1984), male, interview (4) Female 1.0 Not significant smoking, relative Response rate 98/ 
USA 182/269 weight 

female 

Maclure & 203/605 Semiquanti- Cabbage: > 113 0.60 0.03 Age, sex Population-based 
Willett (1990), male, tative FF0 g/week vs < 65 (0.35-1.1) 
USA female (57), g/month (3) 

interview Broccoli: > 85 0.85 0.69 
g/week vs < 57 (0.57-1.3) 
g/month (3) 
Brussels sprouts: 0.95 0.94 
? 85 g/week vs (0.38-2.3) 

57 9/month (3) 
Cauliflower: 0.75 0.58 
?85 g/weekvs (0.43-1.3) 
<57 9/month (3) 

McLaughlin et 154/157 Structured Cabbage, Not Population-based 
aI. (1992), male, question- cauliflower, associated Response rate: 87% 
China female naire, Chinese cabbage cases, 100% controls 

interview 

Chow et at. 415/650 FF0 (65), Male > 1.5 vs 1.0 (0.7-1.5) Age, sex, smoking, Population-based 
(1994), USA male, self- <0.3, female> body mass index Response rate 79% 

female administered 1.9 vs < 0.5 
servings/week (4) 

Melleniçjaard 351 (216 FF0 (92), > 1/week vs Male: 0.5 0.09 Age, smoking, body Population-based 
et ai. (1996), male, 135 interview, rarely or never (4) (0.2-1.0) mass index, socio- Response rate: 73% 
Denmark* female)/ validated Female: 1.4 0.41 economic status for cases, 68% for 

340 (0.5-3.9) controls 



Age, sex, study Population-based 
centre, body mass Mulbcentre analysis 
index, smokÊng, total Response rate: 
calories 54-72% for cases, 

53-78% for controls 

Age, sex, body mass Population-based 
index, smoking, 	Response rate: 70% 
education 	 for cases, 72% for 

controls 

-J) 
Table 34 (contd) 

Author, year, Cases/ 	Exposure 	Range 	Relative risk Statistical 	Adjustment for 	Comments 

country 	controls, 	assessment 	contrasts 	(95% Cl) 	significance (p 	confounding 
sex 	(no. of items) 	(no. of 	 for trend when 

categories) 	 applicable) 

Wolk eta). 	1185)1526 FF0 (63-205, 	Highest vs 0.83 	 0.07 

(1996), 	male, depending on 	lowest (4) (0.65-1.05) 

Australia, 	female study centre), Non-smokers 
Denmark, interview or 0.6 (0.4-0.9) 
Sweden, USA self-adminis- 

tered 

Lindblad etal. 378/350 	FF0 (63), 	>138 vs <41.2 0.87 
(1997), 	male, 	interview 	ci/week (4) 	(0.57-1.32 
Sweden* 	female 

	
Non- 
smokers: 
0.64 
(0.35-1.16) 
Smokers: 
	

0.99 
1.12 
(0.61-2.07) 

Yuan et al. 	1204/1204 	FF0 (40), 	> 21.6 vs <4.2 	0.53 
(1998), USA 	male, 	interview 

	
times/month (5) (0.39-0.72) 

female 

FF0, food frequency questionnaire 
Substudy in multicenire analyses (Walk et aI., 1996) 

0.25 

0.10 

<0.001 	 Age, sex, education, Population-based 
body mass index, Response rate: 74% 
hypertension, for cases, 69% of 
smoking, analgesics, controls 
amohetamines 



Table 35. Case—control studies of cruciferous vegetable consumption and risk for childhood brain cancer 

Author, Cases! Exposure Range Relative Statistical Adjustment Comments 
year, controls, assessment contrasts risk (95% significance (p for 
country sex (no. of (no. of CI) for trend when confounding 

items) categories) applicable) 
BunFn et 166/166 FF0 Weekly vs Cabbage Age, race, Population-based 
ai. (1993), Interviews of (designed to less (2) 0.91 residence Study of primitive 
Canada, mothers evaluate (0.45-1.81) neuroectodermal 
USA about their nitrosamine Kale, tumours (mostly 

diet during hypothesis) nullards, medulloblastomas) 
pregnancy greens 74% first eligible 

1.50 controls contacted 
(0.36-7.22) 

Cordier et 	75/113 	Interview 	Cabbage 	0.7 	 >0.05 Child's age Population-based 
al. (1994), 	male, female 	about 	Weekly vs and sex, Response: 69% of 
France 	 maternal 	less (2) maternal age, identified cases, 71.51/. 

diet during no. of years of of eligible controls 
pregnancy schooling of contacted 

mother 

FF0, food frequency questionnaire 

CA 



co 	
Table 36. Case—control studies of cruciferous vegetable consumption and risk for thyroid cancer 

Author, Cases / Exposure Range Relative Statistical Adjustment 	Comments 

year, controls, assessment contrasts (no. risk (95% significance (p for 

country sex (no. of of categories) Cl) for trend when confounding 

items) applicable) 

Ron etal. 159/265 FF0 (12), Frequent (a few 0.77 0.17 (one-sided Age, sex, prior 	Population-based 

(1987), USA male, interview times a week or test) radiotherapy 

female daily) vs to head and 

infrequent neck, thyroid 
(never or a few nodules, goitre 
times a year) (3) 

Kolonel et 191/441 Diet history Goitrogenic Male: 1.0 0.63 Age, ethnic 	Population-based 

al. (1990), male, (150), vegetables (0.3-3.0) group 

USA female question- Highest vs Female: 0.10 
naire lowest (4) 0.6 
interview (0.3-1.2) 

Franceschi 385/798 FF0 (30-38) Highest vs 0.8 	> 0.05 Centre, age, Hospital-based Pooled 

et al. male, lowest (3) sex, education analysis of three studies 

(1991 b), female in northern Italy and one 

Italy and in Switzerland 

Switzerland 

Wingren et 93 (papi- FF0 related Several [0.2 	0.05 Univariate Population-based 

al. (1993), llary)/187, to diet at times/week vs (0.06-0.8)1 

Sweden female > 20 years, seldom or never 
self-adminis- (4) 
tered 

Hallquist et 171/325 FFQ about Several Cabbage: Age, sex Population-based 

al. (1994), male, diet at two times/week vs age <20: 

Sweden female age periods, less than some 1.0 (0.5— 
self- times/week (3) 2.0) 
administered age >20: 

1.1 (0.6- 
1.8) 



Table 36 (contd) 

Author, 
year, 
country 

Cases / 
controls, 
sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts (no. 
of categories) 

Relative risk 
(95% Cl) 

Statistical 
significance (p 
for trend when 
applicable) 

Adjustment 
for 
confounding 

Comments 

Galanti et 246 J 440 FF0 (56), > 6 vs <2 0.9 (0.6-1.4) > 0.05 Univariate Population-based 
aI. (1997), male, self- portions/month 
Norway and female administered (3) 
Sweden 

Memon et 313/313 Frequency 2 days/week Cabbage: 1.9 0.08 Education Population-based 
ai. (2002) male, of 13 vs never or (1.1-3.3) Cases from cancer 
Kuwait female habitual occasionally (3) Cauliflower: 0.16 register (66 known to 

dietary 1.8 (1.0-3.2) have died excluded) 
items, Brussels 0.44 
interview sprouts: 0.7 

(0.1-4.3) 
Broccoli: 0.9 0.90 
(0.2-3.6) 

Pooled 2241/ Highest vs 0,94(0.80— Age, sex, Collaborative re- 
estimate 3716 lowest (3) 1.10) history of analysis of 11 
Bosetti et at. male, Weighted goitre, thyroid case—control studies 
(2002) (see female mean of ORs nodules and Test for heterogeneity 
text) from each adenomas, between studies: p 

study history of 0.016 
irradiation 

FF0, food frequency questionnaire; OR, odds ratio 

(I) 



Table 37. Cohort studies of cruciferous vegetable consumption and risk for malignant lymphoma 

Author, 
year, 
country 

Years of 
follow- 
up 

Cases / 
cohort size, 
sex 

Exposure 
assessment 
(no. of 
items) 

Range 
contrasts 
(no. of 
categories) 

Relative 
risk (95% 
Cl) 

Statistical 
significance 
(p for trend 
when 
applicable) 

Adjustment for 
confounding 

Comments 

Chiu et cl. 7 104/35 Semi- > 12 vs <8 1.01 0.97 Age and total Incidence 
(1996), 156, female quantitative servingsl (0.63-1.62) energy intake Iowa Women's 
USA FF0 (126), month (3) Health Study 

self -ad min s- 
tered 

Zhang et 14 199/86 Semi- > 5-6/week 0.69 0.04 Age, total Incidence 
a/. (2000), 410, female quantitative vs<2lweek (0.41-1.15) energy, length of Nurses' Health 
USA FF0 (61). (3) follow-up, geo- Study 

self-adminis- graphical region, 
tered cigarette 

smoking, height, 
beef, pork or 
lamb as a main 
dish 

FF0, food frequency questionnaire 



Cancer preventive effects 

were measured gave promising 
results. Those available are reviewed 
below. 

The few published epidemiological 
studies on the relationship between 
exposure to isothiocyanates and can-
cer risk are summarized in Table 38. 
Four of the five studies were con-
ducted in Asian populations who have 
a high intake of cruciferous vegetables. 
In three studies, intake of isothio-
cyanates was measured from food-fre-
quency questionnaires about usual 
intake and from food composition data-
bases. In one prospective study 
(London et al., 2000) and one case—
control study (Fowke et al., 2003), uri-
nary isothiocyanate was used as a bio-
marker of exposure. 

Colorectal cancer 
Dietary intake of isothiocyanate was 
evaluated in a nested case—control 
study conducted within the Singapore 
Chinese Health Study (Seow et al., 
2002a). The mean energy-adjusted 
intake of cruciferous vegetables was 
26 gIl 000 kcal among cases and 28.0 
0/1000 kcal among controls, corre-
sponding to isothiocyanate intakes of 
5.4 pmol/1 000 kcal and 6.0 pmolIl 000 
kcal, respectively. While the risk esti-
mates (above median versus at or 
below median consumption) indicated 
an inverse association, they were not 
statistical y significant for smokers, 
non-smokers or both combined (Table 
38). 

Lung Cancer 
London et al. (2000) conducted a 
nested case—control study on a cohort 
of 18 244 men in Shanghai, China, 
each of whom provided a sample of 
blood and a single-void urine sample 
[no details given] and responded to a 
structured questionnaire covering 45 
dietary items. Of the 232 patients with 
lung cancer and 710 controls, 81.5% 
and 47.5% were smokers, respec-
tively; 77.60% of the patients and 84.4% 

of the controls had detectable isothio-
cyanates in their urine, with a median 
concentration of 1.71 (range, 0.04-
77.7) .Lmol/mg creatinine. The OR for 
lung cancer was 0.65 for persons with 
detectable urinary  isothiocyanate in 
comparison with those without, 
although no dose—response relation-
ship was observed for persons with 
detectable urinary isothiocyanate 
(Table 38). 

Spitz and colleagues (2000) exam-
ined the effect of isothiocyanate intake 
from food-frequency questionnaires in 
a case—control study, in which controls 
were recruited from a large managed 
care organization. When the associa-
tion was examined separately for cur-
rent and ox-smokers, a significant 
inverse relationship was found with 
intake among current smokers [OR, 
0.58; 95% Cl, 0.38-0.88]. The authors 
observed that this finding was consis-
tent with the effects of isothiocyanate 
against rung cancer induced by NNK 
and benzo[apyrene (Hecht, 1999). 

Similarly, Zhao et al. (2001) con-
ducted a hospital-based case—control 
study among Singapore Chinese 
women, with isothiocyanate intake 
estimated from a food-frequency ques-
tionnaire, and reported an inverse 
association, which appeared to be 
greater among smokers (OR, 0.31) 
than among women who had never 
smoked (OR, 0.70). 

Breast cancer 
Fowke et at. (2003) collected first morn-
ing urine specimens from a subset of 
337 case—control pairs in the Shanghai 
Breast Cancer Study. The response rate 
in the overall study was 98.7% for 
patients and 99.8% for controls. A 
small, non-significant difference in 
dietary intake of Brassica vegetables 
was found between women with breast 
cancer and controls (median intake, 
77.4 g/day for patients and 81.5 g/day 
for controls, p = 0.16), and a sig-
nificant inverse relationship (OR, 0.5) 

was found with quartile of urinary 
isothiocyanate concentration for all 
women and for premenopausal 
women. [The Working Group noted 
that the concentration of the biomarker 
might have been affected by the dis-
ease status of the women at the time 
of specimen collection.] 

Studies of Mendelian randomization 
Genes that are polymorphic in a popu-
lation and that code proteins which 
metabolize specific environmental 
(including nutritional) factors may act 
as determinants of response to an 
environmental exposure. Furthermore, 
studies of associations with such 
genes might, under certain assump-
tions, obviate confounding as an expla-
nation for an association between an 
environmental factor and disease. This 
phenomenon, known as 'Mendelian 
randomization', arises from Mendel's 
'principle of independent inheritance', 
whereby a genetic variant is unlikely to 
be related to other lifestyle characteris-
tics or even to the vast majority of other 
genes (Davey Smith & Ebrahim, 2003). 

Several assumptions are required 
for a Mendelian randomization com-
parison to be valid: 
• the gene does not influence behav-

iour, 
• there is no linkage disequilibrium 

with other genes that influence dis-
ease, and 

• the gene does not have other func-
tions that influence disease sus-
ceptibility. 

Effect of glutathione S-trans ferase 
genotype on the association 
between intake of isothiocyanates 
and cancer 
The GSTM1 null genotype, which 
affects 50% of most populations 
(Garte et al., 2001), has been 
hypothesized to increase cancer 
risk by reducing the capacity to 
detoxify activated carcinogens. 
This relationship has not been 



i 	Table 38. Observational epidemiological studies on the association between dietary isothiocyanate (ITC) intake and risk for cancer 

Author, Cancer Type of No. of Exposure variable; Relative risk Adjustment for confounding Comments 

year, site study cases! contrast, (95% CI) 
country controls stratification  
Seow etal. Colo- Cohort 213/119 Average daily ITC intake Sex, year of birth, year of Dietary 

(2002a), rectum (nested 4 from semi-quantitative recruitment, dialect group information 

Singapore case— FFQb; high (>5.16 (matching factors), education, collected at 

control) pmol/l 000 kcal, cohort body mass index, smoking, recruitment 

median) vs low strenuous sports or vigorous 

All 0.81 (0.59-1.12) work, alcohol, saturated fat 
Never smokers 0.89 (0.58-1.36) 
Ever smokers 0.77 (0.44-1.36) 

London et Lung Cohort 232/710 Urinary ITC; detectable Age, age started to smoke, Dietary 

al. (2000), (nested (all men) vs undetectable cigarettes/day, years since information and 

Shanghai, case— All 0.65 (0.43-0.97) quitting urine specimens 

China control) Smokers only 0.60 (0.39-0.93) collected at 
recruitment 

Spitz et al. Lung Case— 503/465 ITO intake from semi- Controls 

(2000), control, quantitative FFQ; high recruited from a 

USA popula- (>0.39 mg/1 000 kcal) vs large managed 

tion-based low care organi- 

Current smokers [0.58 (0.38-0.88)] zation 

Ex-smokers [0.77 (0.53-1.11)] 

Zhao etal. Lung Case— 233/187 ITC intake from semi- Age, smoking at recruitment, Frequency 

(2001), control, (all quantitative FF05; high years of smoking, matching for 

Singapore hospital women) (>53 pmoltweek) vs low cigarettes/day age, date of 

based All women 0.63 (0.41-0.95) admission, 

Smokers 0.31 (0.10-0.96) hospital 

Never smokers 0.70 (0.45-1.11) 

Fowke eta! Breast Case— 337/337 Urinary ITO; highest vs Matched by age, menopausal Individually 

(2003), control, lowest quartile status, date of sample matched 

Shanghai, popula- All subjects 0.5 (0.3-0.8) collection and interview. ORs case—control 

China tion-based Ptrend < 0.01 adjusted for soya protein, pairs within the 

Postmenopausal 0.6 (0.2-1.7) fibroadenoma, family breast Shanghai Breast 

= 0.38 cancer, leisure activity, Cancer Study 

Premenopausal 0.5 (0.2-0.9) waist:hip ratio, body mass 

Prow = 0.01 index, age at menarche, 
number of children  

FF0, food frequency quesSu unaire; OR, odds ratio 
Estimates and confidence intervals n square brackets were calculated by the Workng Group from data presented in the paper. In reports in which odds ratios for low 

vs high intake were given, the inverse was calculated. 
Cruciferous vegetables listed in questionnaire, from which ITO intake was derived: Chinese white cabbage, Chinese mustard, Chinese flowering cabbage, watercress. 

Chinese kale, head cabbage, celery cabbage, broccoli, cauliflower 
Oruciterous vegetables listed in questionnaire, from which ITC intake was derived: broccoli, cauliflower, Brussels sprouts, coleslaw, cabbage, sauerkraut, mustard greens, 
turnip greens, collard greens, kale 



Cancer preventive etfects 

found in all studies, but a recent meta-
analysis showed an overall risk for lung 
cancer of 1.17 (95% Cl, 1.07-1.27) 
with the null genotype (Benhamou et 
al., 2002). Some authors have sug-
gested that, if GST plays a role in the 
metabolism of isothiocyanate, differ-
onces in isothiocyanate-related risk 
would be expected between individu-
als who are null and non-null for these 
enzymes. 

Five of the epidemiological studies 
summarized in Table 38 included strat-
ification by GST genotype. Three more 
studies in which the frequency of 
intake of cruciferous vegetables was 
used as an exposure variable also 
included stratification by GST geno-
type. Fowke et al. (2003) examined the 
effect of genetic polymorphisms in 
NAD(P)H:quinone 	oxidoreductase 
(NQ01), another phase IF detoxifying 
enzyme. The results of studies on can-
cer risk and intake of cruciferous vege-
tables or isothiocyanates according to 
GST genotype are summarized in 
Table 39. 

With respect to GST, the assump-
tion that the gene does not have other 
functions that influence disease sus-
ceptibility is particularly relevant, given 
that both GSTM1 and GSTT1 are 
responsible for deactivating highly 
reactive polycyclic aromatic hydrocar-
bon substrates, which are ubiquitous in 
the diet. An overall analysis of GSTs 
and lung cancer might therefore not 
distinguish between the potentially 
increased risk due to greater exposure 
to these compounds and the 
decreased risk associated with higher 
isothiocyanate concentrations. If there 
is a real effect associated with higher 
isothiocyanate concentrations, the 
pleiotropic effects of GSTM1 and 
GSTT1 would either dilute or negate 
this effect, instead of resulting in a 
false-positive result. 

Colon and colorectal cancer 
A case—control study conducted by Lin 

of al. (1008) of 966 persons showed a 
significant interaction between broccoli 
intake and GST genotype in the risk for 
adenomatous polype of the colon, 
which are considered to be precursors 
to cancer. A statistically significant 
trend in an inverse relationship with 
broccoli and cruciferous vegetable 
intake was restricted to individuals with 
the GSTM1 null genotype. This interac-
tion was more marked for intake of 
broccoli alone than for intake of all cru-
ciferous vegetables. After stratification 
by GSTT1 genotype alone, however, 
the inverse relationship with intake of 
both broccoli and all cruciferous veg-
etables was stronger for persons with 
the GSTT1 non-null genotype (Lin of 
al., 2002). 

Slattery and colleagues (2000) 
examined the relationship between 
cruciferous vegetable intake and inci-
dent colon cancer in a study of mem-
bers of a large medical care pro-
gramme and population controls. They 
reported an effect of age, an inverse 
relationship between cruciferous vege-
table intake and risk for colon cancer 
being observed only in persons aged 
55 years or less. The relationship was 
once again strongest among GSTM1-
null individuals (OR for four or more 
servings per week versus none: 0.23 
compared with 0.59 for GSTM1 non-
null persons). [The number of individu-
als in the study who were aged 55 
years and below was not reported.] 
When people under 65 years of age 
were stratified by smoking, the inverse 
relationship was more consistent for 
smokers than for non-smokers (smok-
ers, 0.36 versus 0.80; non-smokers, 
0.96 versus 0.50 for GSTM1 null and 
non-null individuals, respectively). 

A nested case—control study 
among Singapore Chinese (Seow of 
al., 2002a) showed a significant reduc-
tion in the risk for colorectal cancer 
associated with isothiocyanate intake, 
only among persons null for both 
GSTM1 and GSTT1 (OR, 0.43; 95% 

Cl, 0.20-0.96). The authors also exam-
ined the role of the GSTP1 polymor-
phism, this isoform being the most 
abundant in the colon, and found no 
evidence that absence of the high 
activity (A) allele interacts with isothio-
cyanate intake to influence risk. 

Lung cancer 
In the study of London and colleagues 
(2000), described earlier, 60% of the 
controls were null for GSTM1, and a 
similar percentage were null for 
GSTT1. These genotypes were not 
associated with an elevated risk for 
lung cancer. When the isothio-
cyanate—lung cancer relationship was 
examined by GST genotype, the 
reduction in risk associated with 
detectable urinary isothiocyanate was 
restricted to individuals with the 
GSTM1-null or GSTT1 -null genotype, 
or both. The difference in relative risks 
was significant (p < 0.01) for GSTM1 
and the combined null genotype, but 
not for GSTT1 (p = 0.15). 

Among men and women in the 
USA (Spitz of al., 2000), the effect of 
GSTM1 and GSTT1 genotypes was 
inconsistent. The ORs for current 
smokers were 0.47 for GSTM1 non-
null and 0.70 for GSTM1 null; for 
GSTT1, the corresponding figures 
were 0.58 and 0.41. There appeared 
to a stronger inverse association for 
individuals null for both GSTM1 and 
GSTT1 than for persons who were 
non-null for either genotype (OR, 0.20 
and 0.60, respectively). 

Zhao et al. (2001) conducted a 
study in a population containing a high 
proportion (72.9%) of non-smokers 
who were known to have a relatively 
high isothiocyanate intake. The 
inverse association with isothio-
cyanate intake was evident in all 
groups and was particularly marked 
among smokers, but the interaction 
with GST could not be examined 
among smokers because of small 
numbers. No main effects were 
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Slattery at ai. 	Colon 1579/1898 	Intake in 
(2000), USA servings per 
Case—control, week from 
population- FF0 (>4 vs 
based none) 

Scow etal. 	Colo- 213/1194 	Average daily 
(2002a), 	rectum ITC intake 
Singapore from semi- 
Cohort (nested quantitative 
case—control) FF0; high 

(>5.16 mmolt 
1000 kcal, 
cohort 
median) vs 
low 

GSTM1 
<55 years [0.59] 0.23 (0.10-0.54) 
55-64 years [0.87] 1.31(0.60-2.87) 
>65 years [1.05] 1.47 (0.94-2.30) 

GSTMI 0.71 (0.45-1.1) 0.85 (0.54-1.35) 
GSTT1 0.97 (0.64-1.47) 0.63 (0.37-1.07) 
GSTM1/T1 0.92 (0.64-1.32) 0.43 (0.20-0.96) 

I 	Table 39. Epidemiological studies on intake of cruciferous vegetables or isothlocyanates (ITCs) and cancer risk, by glutathione S-transferase 
(GST) genotype 

Lin at ai. 	Colorectal 	4591507 Weekly 	GSTM1 
(1998, 2002), 	adenomas servings of 
USA cruciferous 
Case—control vegetables 	GSTT1 
with sigmoid- from semi- 
oscopy quantitative 
controls FFQ; highest 	GSTM1/ Ti 

vs lowest 
quartile 

Relative risk (95% CI) by urinary ITC Adjustment for Comments 
or ITC fcruciferous vegetable confounding 

intake'  
Non-null Null 

[0.77] 0.52 (0.29-0.93) Smoking, age, Cruciferous 
p 	= 0.71; 0.02 date of sigmoid- vegetables; 

Pt = 0.26 oscopy, clinic, broccoli, cabbage 
[0.55] 0.89 (0.41-1.96) sex, saturated or coleslaw, 

0.003; PIed = 0.46 fat, energy cauliflower, 

PnL = 0.45 intake, intake of Brussels sprouts, 
[0.64] 0.57 (0.34-0.90) other fruit and kale or mustard or 

Pd = 0.20 0.017 vegetables chard greens 
Pint = 0.66 

Author, year, 	Cancer - No. of 
	

Exposure 	Stratif i- 
country 	site 	cases! 

	
variable; 	cation 

Type of study 	 controls 	comparison 

Age, sex, body 	Cruciferous 
mass index, vegetables; 
long-tern broccoli, Brussels 
vigorous sprouts, cabbage, 
physical activity, cauliflower, 
total energy greens, kale, 
intake, smoking mustard, turnip, 

rutabaga 

Sex, year of Dietary information 
birth, year of collected at 
recruitment, recruitment 
dialect group 
(matching 
factors), educa- 
tion, body mass 
index, smoking, 
strenuous sports 
or vigorous 
work, alcohol, 
saturated fat 

Age, age started Age- and smoking- 
to smoke, adjusted relative 
cigarettes/day, risks were similar, 
years since restriction to 
quitting smokers (89.7%) 

gave similar 
results 

London etal. 
(2000), 
Shanghai, 
China 
Cohort (nested 
case-control) 

Lung 	232/710, 	Urinary lIC. 	GSTMI 	1.22 (0.67-2.24) 	0.36 (0.20-0.63) 
men 	detectable vs 	GSTT1 	0.95 (0.50-1.80) 	0.51 (0.30-0.86) 

undetectable 	GSTM1/T1 	1.04 (0.60-1.67) 	0.28 (0.13-0.57) 



Table 39 (contd) 

Country 	site 	cases 	variable; 	cation 
Type of study 	 controls 	comparison 

Relative risk (95% Cl) by urinary 	Adjustment for 	Comments 
ITC or ITC/ cruciterous vegetable 	confounding 
intake'  

Non-null 	 Null 

Lewis etal. 
(2002), 
Europe and 
South America 
Case-control 
multicentre 

Lung 503/465 ITC intake Current 
from semi- smokers 
quantitative GSTM1 
FF0; high vs GSIT1 
low GSTM1IT1 

Lung 233/187 (all ITC intake All 
women) from semi- GSTM1 

quantitative GSTTI 
FF0; high GSTM1/T1 
(>53 mmol/- Non- 
week) vs low smokers 

GSTMI 
GSTM1 
GSTM1/T1 

Lung 122/123 Cruciferous All 
vegetable 
intake from GSTMI 
FF0 (high 
vs low) 

Age, sex 

0.47 (0.26-0.87)] 	[0.70] 
[0.58 (0.35-0.96)] [0.41) 
[0.60 (0.38-0.93)] [0.20 

Age, smoking at 
0.78 (0.39-1.59) 0.5 (0.33-0.93) 	recruitment, years 
0.75 (0.40-1.40) 	0.54 (0.31-0.95) 	of smoking, 
0.69 (0.41-1.17) 	0.47 (0.23-0.95) 	cigaretteslday 

1.07 (0.50-2.29) 0.54 (0.30-0.95) 
0.82 (0.41-1.62) 0.62 (0.33-1.13) 
0.83 (0.47-1.46) 0.50 (0.23-1.08) 

0.64 (0.25-1.67) Age, sex, centre 
Prea = 0.35 
0.65 (0.16-2.66) 0.27 (0.06-1.33) 

Arend 	0.57 Ptr,,d = 	0.12 

(2000), LISA 
Case-control, 
population-
based 

Zhao etal. 
(2001), 
Singapore 
Case-control, 
hospital-based 

Controls 	- 
recruited from 
a large 
managed care 
organisation 

Fowke et ai. 
(2003), 
Shanghai, 
China 
Case-control, 
population-
based 

Breast 	337/337 	Urinary ITC, 	GSTM1 0.6 (03-1.4) 
highest vs = 0.20; 
lowest p= 0.82 
quartiles 

GSTT1 0.6 (0.3-1.3) 

Pteri 	0.20; 

Pin 	044 

0.5 (0.2-0.9) Matched by age, Individually 
Arend = 0.05 menopausal matched 

status, date of case-control 
sample collection pairs within 

0.4 (0.2-0.9) and interview, the Shanghai 

Plrer,d = 0.03 ORs adjusted for Breast Cancer 
soya protein, study 
fibroadenoma, 
family breast 
cancer, leisure 
activity, waist:hip 
ratio, body mass 
index, age at 
menarche, number 

ub P iviii ii non-null incicales non-null Tor either or both genotypes; l-I-U, food frequency questionnaire 
Estimates and confidence intervals in square brackets were calculated by the Working Group from data in the paper. When odds ratios for low vs high intake 

were given, the Inverse was calculated. When separate reference groups were not used for the null and non-null genotypes, the odds ratio for the other genotype 
was computed empirically from the ratio of the highest to lowest intake in that stratum. 
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observed for the GSTM1 and GSTT1 
genotypes. When the population was 
stratified by GST genotype, the inverse 
association with high isothiocyanate 
intake was consistently greater and 
statistically significant only among 
persons with the null or combined null 
genotypes. For non-smokers, a 
significant inverse association with 
high isothiocyanate was restricted to 
persons with the GSTMI-null geno-
type. 

Lewis et al. (2002) examined the 
association between GSTM1 geno-
type, cruciferous vegetable intake and 
lung cancer among non-smokers 
recruited at nine centres throughout 
Europe and South America. The 
majority were women. The risk for lung 
cancer among non-smokers who were 
of the GSTM1-null genotype was 1.53 
(95% Cl, 0.87-2.71) relative to those 
who were non-null. Although the study 
was limited by a small sample size, a 
dose—response pattern for reduction in 
risk with increasing intake of crucifer-
eus vegetable was observed only 
among GSTM1-null individuals. 

Breast cancer 
Among women in Shanghai, China 
(Fowke et al., 2003), the inverse rela-
tionship with isothiocyanate intake was 
more consistent among those who 
were null for GSTM1 and GSTT1. 
Inverse relationships by quartile of uri-
nary isothiocyanate concentration 
were significant for women who were 
GSTT1 null (quartile 4 versus quartile 
1: OR, 0.4; p for trend 0.03), margin-
ally significant for those who were 
GSTM1 null and not significant for non-
null genotypes. The interaction terms 
were not statistically significant. There 
was no apparent effect of the GSTP1 
or NQ01 genotype on the isothio-
cyanate-related risk for breast cancer 
in this study. The OR for women with 
the GSTP1 high-activity (AA) genotype 
was 0.6 (95% Cl, 0.4-1.3) whereas 
that of women with the AG/GO geno- 

type was 0.5 (0.2-1.2). Similarly for 
N001, the ORs were 0.6 (0.3-1.1) for 
women with the CC/CT genotype and 
0.5 (0.1-1.8) for those with the TT 
genotype. 

Studies of intermediate effect 
biomarkers 
The biological effects of cruciferous 
vegetables, indoles and isothio-
cyanates can be studied by means of 
biomarkers. intermediate biomarkers 
include; 
• detectable precancerous changes 

in an organ (confirmed by histol-
ogy); 

• alteration of a gene that is consid-
ered to play a causative role; 

• DNA damage; 
• other indicators of carcinogenesis, 

such as the expression of a marker 
of an exposure known to be a cause 
of a cancer (e.g. positivity for human 
papilomavirus [HPV DNA); and 

• effects on metabolic factors 
thought to be involved in cancer eti-
ology, e.g. effects on phase I and Il 
enzymes, antioxidant pathways 
and steroid hormone metabolism 
(IARC, 2003). 

Cruciferous vegetables 
The mechanisms of the chemopreven-
five effects of cruciferous vegetables 
might include alterations to the metab-
olism of carcinogens and reduction of 
oxidative DNA damage. These mecha-
nisms can be studied by short-term 
intervention studies in limited numbers 
of healthy persons by measuring inter-
mediate effect biomarkers, as listed in 
Table 40 (see also section 3). Most of 
the studies included only biomarkers 
related to metabolism of substrates, 
including some carcinogens, by phase 
I and Il enzymes, whereas three stud-
ies included DNA damage as a bio-
marker. None of the studies therefore 
included biomarkers that can be 
directly related to cancer risk. In none 
was an assessment made of the con- 

tent of glucosinolates, isothiocyanates 
or indoles in the diets of controls or 
those receiving the diets enriched with 
cruciferous vegetables, although uri-
nary excretion of phenethyl-ITC, the 
putative active principle of watercress, 
and the glucosinolate content of the 
diet of the general population were 
each assessed in one study. 

Cruciferous vegetables and CYP1A2 
activity 
The activity of CYP1A2 in humans eat-
ing diets rich in cruciferous vegetables 
was assayed in a number of studies. 
As demethylation of caffeine at the 3 
and 7 positions is catalysed mainly by 
CYP1A2, various indices of caffeine 
metabolism, e.g. clearance and urinary 
metabolic ratios, are used as biomark-
ers of CYP1A2 activity. Similarly, 
antipyrine and phenacetin, which have 
been used to assess the effects of cru-
ciferous vegetables, are at least partly 
metabolized by CYP1A2. 2-Hydroxy-
lation of estradiol and estrone is also 
partly catalysed by CYP1A2, whereas 
16(y.-hydroxylation is catalysed mainly by 
other enzymes. The six published stud-
ies on CYP1A2 activity consistently 
showed that its activity is moderately 
enhanced by diets containing relatively 
large amounts of cruciferous vegetables. 

The importance of the GSTM1 
genotype in the effect of Brassica veg-
etables on CYP1A2 activity was inves-
tigated in one study, which found no 
effect (Lampe et al., 2000a). An inter-
action with the GSTM1 genotype had 
been suggested by an observational 
study showing higher caffeine meta-
bolic ratios in frequent consumers of 
cruciferous vegetables who had the 
GSTM1 null genotype than among per-
sons with the non-null genotype 
(Probst-Hensch et al., 1998). 

The elimination rate of the antico-
agulant warfarin was increased by 
290% after a diet containing 400 g of 
Brussels sprouts per day (Ovesen et 
al., 1988). Warfarin is a racemic 
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Pantuck et aL Supplementation with 2009 of 10 healthy 
(1979), USA cabbage and 300 g of Brussels volunteers 

sprouts for 7 days 

Vistisen etal. Supplementation with 500 g of 9 healthy, non- 
(1992), cooked broccoli or non- smoking persons 
Denmark cruciferous vegetables per day (five women) 

for 10 days 

AUC for phenacetin 	49% decrease 
Antipyrine clearance 	11% increase 

Caffeine metabolic 
	

12% increase 
ratio 

Table 40. Studies of intermediate effect biomarkers of the biological effects of cruciferous vegetables 

Author, year, 	Intervention 	 Study sample 	Biomarker 	 Effect during diet rich - Comment 
country 	 in cruciferous 

Kall et al. 	12-day periods on a diet 
(1996), 	supple-mented with 500 g of 
Denmark 	broccoli, habitual diet and a 

diet free of known inducers 
and inhibitors of cytochrome 
P450 enzymes 

16 healthy non- 	Caffeine metabolic 
Smoking persons 	ratio 
(two women) 	2-/1 6a-hydroxyestrone 

ratio in urine 
Plasma ratio of 
chlorzoxazone and its 
6-hydroxylated 
metabolite 

19% increase 
29.5% increase 

No effect 

Lampe et al. 16 g of fresh radish sprouts, 36 healthy Caffeine metabolic 18-37% increase 
(2000a), USA 150g of frozen caulïflower, persons (19 men) ratio No influence of f3STM1 

200 g of frozen broccoli and genotype 
70 g of fresh shredded 
cabbage per day for 6 days 

Murray etal. 250 g each of broccoli and 20 healthy, non- Caffeine clearance 7% increase 12 days after stopping the 
(2001), United Brussels sprouts per day for smoking men Excretion of MelOx 23% and 21% decrease diet, excretion of MalQx 
Kingdom 12 days or no cruciferous and PhIP in 10-h 64% /52% increase and FhIP was still 

vegetables urine decreased by 17% (not 
Urinary mutagenicity significantly) and 30%, 
with! without Undetectable respectively, whereas 

Known amounts of metabolic activation urinary mutagenicity was 
heterocyclic amines present Adducts of PhIP to still increased with 
in cooked meal DNA in lymphocytes metabolic activation 

Fowke etal. 	Increased consumption of 
(2000), USA 	Brass/ca vegetables for 5 

weeks; average consumption 
reached 193 g/day 

34 healthy 	2-:1 6a-hydroxyestrone Increased by - 3.5% 
women 	 ratio in urine 	 per log/day increase 

in Brass/ca vegetable 
consumption 
(regression analysis) 

w 



Warfarin clearance 	27% increase 

Urinary excretion of non- 	34% increase 
toxic NNK metabolites 
Oxidative nicotine 	 No effect 
metabolites 

Urinary excretion of non- 	Inverse association 
toxic NNK metabolites 	with calculated 

glucobrassicin intake 

Debrisoquine metabolite 	No effect 
ratio 

Significant correlation 
between excretion of 
phenethyl-ITC and NNK 
metabolites 
Increased excretion of 
glucuronidated metabolites 
of cotinine 

Table 40 (contd) 

Author, year, Intervention Study sample Biomarker Effect during diet 	Comment 

country rich in cruciterous 
vegetables 

DeMarini at al. 6-week exposure to Eight healthy Mutagenicity of 24-h urine No significant 

(1997), USA heterocyclic amines from non-smoking with and without enzymatic difference in 

various well-cooked neat subjects (five hydrolysis mutagenicity of urine 

products, comparable to women) from women also 

300 g of well-cooked eating cru ciferous 

hamburger per day. Four vegetables 

persons also ate 
undescribed amounts of 
cauliflower, Brussels 
sprouts and cabbage 

Knize et al. 	Al least one cup of 	6 healthy persons Excretion of PhlP 	 Increased in live 

(2002), USA 	broccoli for 3 days before 	 metabolites in 6-h urine 	persons 

well-cooked chicken 

Ovesen at al. 400 g of Brussels sprouts 10 healthy 

(1988), Denmark per day for 2 weeks persons 

Hecht at at. 56.8 g of watercress at Il healthy 

(1995, 1999), each meal for 3 days smokers 
USA 

Hecht at al. Cross-sectional study of 84 smokers 

(2004), habitual intake of 
Singapore cruciferous vegetables 

Capo raso etal. 50g of watercress 2h 29 healthy 
(1994); United before measurement persons 
Kingdom and 
USA 

Pantuck at a). 200 g of cabbage and 300 10 healthy 
(1984), USA g of Brussels sprouts per persons 

day for 10 days 

Oxazepam elimination 	19% increase 
Acetaminophen 	 17% increase 

g lu ou ron idation 
clearance 	 131% decrease 



Table 40 (contd) 

Author, year, Intervention Study sample Biomarker Effect during diet rich in Comment 
country cruciferous vegetables 
Bogasrds et 300 g of cooked glucose- 10 healthy male GSTA1-1 protein in plasma 40% increase 
al. (1994), nolate-free vegetables per non-smokers 
Netherlands day for 6 weeks; 300 g of 

Brussels sprouts for five 
persons for last 3 weeks 

Nijhoff etal., 300 g of Brussels sprouts or S male and 5 GSTA1-1 protein in rectal 30% and 15% increase 
(t 995a) non-cruciferous vegetables female ion- mucosa No effect 
Netherlands for consecutive periods of 1 smokers GSTA1, Mi and Pi protein in 

week in random order duodenum No effect 
GSTPI and Ml protein in 
lymphocytes No effect 
GST acivily in duodenum, 
rectum, lymphocytes 

Ni)hoff etal., 300 g of Brussels sprouts or 5 male and 5 GSTA1-11 protein in plasma 50% increase in men; no 
(I 995b) non-cruciferous vegetables female non- effect in women 
Netherlands for consecutive perïods of 1 smokers GSTP1-1 in plasma GSTA1 No effect 

week in random order and Fi in urine 

Verhagen et 300 g of cooked 1 D healthy male 8-oxodG excretion in 24-h 26% increase 
ai. (1995), glucosinolate-free vegetables non-smokers urine 
Netherlands per day for 6 weeks; 300 g of 

Brussels sprouts for five 
persons for last 3 weeks 

Verhagen et 300 g of Brussels sprouts or 5 male and 5 6-oxodG excretion in 24-h No significant effect Decrease in 
al. (1997), non-cruciferous vegetables female non- urine four men and 
Netherlands for consecutive periods of 1 smokers two women 

week in random order 

Lampe etal. 	16g of fresh radish sprouts, 	43 healthy 	GSTA1-1 protein in serum 	26% increase in GSTMI 	No change ln 
(2000b), USA 150 g of frozen cauliflower, 	persons (21 	GST activity in serum 	null 	 GSTM1 non- 

200 g of frozen broccoli and 	men) 	 GSTMI activity in 	 No change 	 foil 
70 g of fresh shredded 	 lymphocytes 	 36% increase in non-null 
cabbaae Der day for 6 days 	 women 

AUC, area under the time plasma concentration curve; CYP, cytochrome P450 enzymes; GST, glutathione S-transferase; ITC, isotbiocyanate; 
PhIP, 2-amino-i-methyl-6-phenylimidazo[4,5-b]pyridine; MelQx, 2-amino-3,8-dimethylimidazo[4,5-t]quinoxaline; NNK, 4-(methylnitrosamino)1 -(3-
pyridyl)-1 -butanone; 8-oxodG, 8-oxo-7,8-dihydro-2'-deoxyguanosine 



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 metabo-
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 diet containing 
heterocyclic amines from various well-
cooked meat products, comparable to 
300 g of well-cooked hamburger per 
day, for 6 weeks (DeMarini et aI., 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 metabolism of the heterocyclic 
amines 2-amino-3,8-dimethylimidazo-
[4,5-f]quinoxaline (MelQx) and 2-amino-
1 -methyl-6-phenylimida7o[4,5-b]pyri-
dine (PhIP) was investigated in 20 
healthy non-smokers who had eaten 
250 g each of broccoli and Brussels  

sprouts per day for 12 days and had 
had two periods without cruciferous 
vegetables (Murray et at, 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 
activation 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 to a lesser extent 
PhiP are metabolized by CYP1A2 as a 
first step in activation to the ultimate 
mutagens. The metabolism of the 
CYP1A2 substrate caffeine was 
increased only during cruciferous veg-
etable consumption, as described 
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 related to other alterations in 
metabolizing enzymes. 

Increased bioactivation 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) 

Crucifernus vegetables, metabolism 
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 et al., 1995). The partic-
ipants 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 - 
butanol (NNAL) and NNAL glucuronides, 
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-
tion 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 oxidative nicotine 
metabolites, although excretion of the 
glucuronides of cotinine and trans-3'-
hydroxycotinine increased significantly 
(Hecht et at, 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 associa-
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 effects 

The effect of eating 50 g of water-
cress on the activity of CYP2D6, 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 ai., 1994). 

Acetaminophen is metabolized by 
conjugation and to a minor extent by 
oxidation to the reactive N-acetyl-para-
ami nobenzoqu i none imine, catalysed 
by CYP2E1, CYP3A4 and CYP1A2, 
the first appearing to be most impor-
tant in metabolism by human micro-
somes in vitro (Thummel of al., 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 acetaminophen (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. et al., 1996). 
The area under the plasma concentra-
tion—time curve (AUC) for the cysteine 
and rnorcapturate metabolites was 
decreased by 28% and 20%, respec-
tively, after watercress ingestion, 
whereas the kinetics of the parent 
compound and the other metabolites 
were unchanged. Similarly, urinary 
excretion of the two metabolites was 
decreased by 30% and 24%. In a 
similar experiment, with only urine 
collection, 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 (two 
women) were studied after 12 days of 
eating a diet supplemented with 500 g 
of broccoli, after their usual diet or after 
a diet free of known inducers and 
inhibitors of cytochrome P450 
enzymes (Kall of 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 It 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 of al., 1984). 

The effects of a diet rich in 
Brussels sprouts on GST activity and 
protein levels were investigated in two 
intervention studies (Bogaarcls of al., 
1994; Nijhoff of 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 
et aI., 1994). During the first 3 weeks, 
all the vegetables were non-crucifer-
ous. During the following 3 weeks, five 
men continued with non-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 radioimmunoassay, 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-cruciferous 
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 GSTPI 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 eating 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 of 
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 broccoli and 70 
g of fresh shredded cabbage per day 
for 6 days. During the intervention with 
Brass/ca 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 -ctiioro-2,4-din itrobenzene 
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 modification of DNA may be 
mutagenic, although many lesions are 
efficiently repaired. Measurement of 
8-oxoguanino or its corresponding 
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nucleoside 8-oxo-7,8-dihydro-2 deoxy-
guanosine (8-oxodG) is one of the 
most widely used markers of oxidative 
DNA damage. The level of 8-oxodG in 
DNA isolated from cells or tissues is 
believed to reflect steady-state dam-
age to DNA resulting from damage 
and repair, whereas excretion of 8- 
oxodG 	and 	8-oxo-7,8-dihydro-2- 
deoxyguanine in urine provides an 
estimate of the rate of damage to DNA 
in the whole body (Loft & Poulsen, 
2000). 8-oxodc3 in urine may originate 
from nucleotide excision repair but also 
from removal of oxidized 2-
deoxyguanosine phosphate from the 
cellular pool of GTP by the MT1 
enzyme and from turnover of mito-
chondria and cells. The effect of a diet 
rich in Brussels sprouts on 8-oxodG 
excretion was investigated in two 
studies. 

Ten healthy non-smoking men 
were given a diet containing 300 g of 
cooked vegetables per day for 6 weeks 
(Verhagen et al., 1995). During the first 
3 weeks, the vegetables were all non-
cruciferous. During the next 3 weeks, 
five men continued with non-crucifer-
ous vegetables (controls), whereas the 
other five ate 300 g of Brussels sprouts 
per day. Urinary excretion of 8-oxodG 
was measured on days 12 and 33. The 
group eating Brussels sprouts had a 
28% decrease in 8-oxodG excretion 
(95% Cl, 2-54%; p = 0.039, paired t 
test), whereas there was no significant 
change 	 in 	 the 
control group (95% Cl, 46% decrease 
to 35% increase). No test of signifi-
cance between the two groups was 
reported. 

In a cross-over study, five male and 
five female non-smokers ate a diet 
containing 300 g of Brussels sprouts or 
non-cruciferous vegetables for consec-
utive periods of 1 week in random 
order (Verhagen et al., 1997). 8-oxodG 
excretion was measured at the end of 
each week. Excretion decreased in 
four of five men, whereas it increased  

by about fourfold in a man who already 
had an excretion rate that was higher 
(>5000 pmol/kg bw per 24 h) than any 
found by others using HPLC-based 
analytical methods. Two of the women 
showed decreased excretion while eat-
ing sprouts, whereas the other three 
women showed increased excretion. 

The two studies suggest that a diet 
rich in Brussels sprouts might 
decrease the rate of oxidative damage 
to DNA and/or deoxynucleotides. 

Isothiocyanates 
No data were available. 

Indoles 
Ratio of 2-:16a-hydroxylation of 
estrogens 
Seven volunteers were given 500 mg 
of ndole-3-carbinol in a capsule daily 
for 1 week and then a dose of [2-
3H]estradiol. The dose of indole-3-
carbinol was equivalent to 300-500 g 
of cabbage per day. The extent of 2-
hydroxylation was measured by deter-
mining the amount of tritium released 
into the medium after hydroxylation at 
the C2 position. All seven persons 
showed increased 2-hydroxylation 
after treatment (Michnovicz & Bradlow, 
1990). In a second study, groups of 20 
persons received 400 mg of indole-3-
carbinol, pure fibre ((Y-cellulose) or a 
placebo daily for 3 months. Increased 
2-hydroxylation was observed only in 
those given indole-3-carbinol, and the 
response was stable over 3 months 
(Bradlow et al., 1994). 

To determine the minimum effec-
tive dose of indole-3-carbinol, groups 
of 10 persons were given increasing 
doses, from 50 mg/day to 100 mg/day, 
200 mg/day, 300 mg/day and finally 
400 mg/day. Clinical chemical parame-
ters were normal in all persons at all 
times. No increase in 2-hydroxylation of 
estradiol was observed at doses up to 
200 mg/day, but significant increases  

were seen at 300 mg/day and 400 
mg/day (Wong et al., 1997). 

Cervical intra-epithelial neoplasia 
is a premalignant lesion associated 
with HPV infection, and malignant pro-
gression has been linked to particular 
subtypes, including HPV16, 18,33 and 
35. In a placebo-controlled trial involv-
ing 30 patients with cervical intra-
epithelial neoplasia, the group given 
indole-3-carbinol orally at 200 or 400 
mg/day showed a higher tendency to 
regression of their lesions than the 
placebo group, in a dose-dependent 
pattern (Bell et al., 2000). [The 
Working Group noted that the period of 
observation in this study might not 
have been long enough to detect the 
extent of spontaneous regression that 
might have occurred.] 

Cervical tissue and foreskin tissue 
have a high rate of 16(x-hydroxylation, 
which is further increased by HPV 
infection. In addition, 1 6a-hydroxy-
estrone has been shown to promote 
viral proliferation, resulting in a positive 
feedback loop. lndole-3-carbinol and 2-
hydroxyestrone have been shown to 
inhibit viral proliferation by blocking 
exons E6 and E7 of the virus, which 
are diminished (Yuan et al., 1999). As 
a result, further growth of the virus is 
inhibited. Recurrence In a case of 
laryngeal papillomatosis was blocked 
(Auborn et al., 1998) (Figure 16). 

Less oncogenic types of HPV are 
believed to cause benign tumours, 
including recurrent respiratory papillo-
matosis, which, while rare, is the com-
monest benign laryngeal tumour of 
childhood. lndole-3-carbinol has been 
investigated for use as a non-invasive 
means of treating this condition. A 
case report (Coil et al., 1997) and the 
preliminary results of a phase I trial 
(Rosen et al., 1998) indicated cessa-
tion of papilloma growth in children 
given iridole-3-carbinol. In the trial, clin-
ical response correlated well with 
changes in urinary 2-:1 6ri-hydroxy-
estrone ratios. [The Working Group 
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Figure 16 Relationship between ratio of 2-:16Œ-hydroxyestradiol and severity of 
laryngeal papillomatosis 

Cancer preventive effects 

noted that a high proportion of the 
patients in complete remission were 
adults and had presumably had the 
condition for a long time, so that there 
may have been substantial age-related 
confoundThg in the study.] Positive 
treatment responses were associated 
with an increase in 2-hydroxylation. 
Failure of treatment to raise the 2-:16a 
metabolite ratio was associated with 
absence of a therapeutic response. 

Dietary supplementation with 3,3'-
diindolylmethane given to one breast 
cancer patient treated after surgery 
with tamoxifen resulted in a significant 
increase in the 2-:16 a-hydroxyestrone 
metabolite ratio (Zeligs et al., 2003). 

Discussion 
Few studies were available for evaluat-
ing the relationship between intake of 
cruciferous vegetables or their con-
stituents and cancers at several sites; 
for others, the findings with regard to 
intake of cruciferous vegetables were 
inconsistent. The sites investigated 
include the oropharynx, oesophagus, 
pancreas, 	larynx, 	cervix, 

endometrium, ovary, prostate, urinary 
bladder, kidney and brain, and malig-
nant lymphoma. Studies on associa-
tions with cancers at these sites are 
summarized in Handbook 8 (IARC, 
2003), and the findings are therefore 
not further discussed here. With regard 
to cancers of the thyroid and stomach, 
data were available only from studies 
in which food frequency questionnaires 
were used. For cancers of the colorec-
tum, lung and breast, however, at least 
one study was available in which an 
exposure marker or assessment of 
genetic polymorphism had been used. 

Studies were considered in the 
evaluation of cancer preventive activity 
only if the reports provided estimates 
of risk for estimated consumption of all 
or individual cruciferous vegetables 
(e.g. broccoli) and 95% confidence 
intervals. 

Figures 17-24 show the estimated 
weighted means of the reported rela-
tive risks (represented as d'amonds) 
for cancers at some sites. In the fig-
ures, the width of the confidence inter-
val is represented by the horizontal  

line, and the relative size of the study is 
shown by the size of the squares. If a 
study report included estimates for dif-
ferent sub-groups, e.g. males and 
females, both were included. In inter-
preting weighted means, it should be 
recognized that they do not represent 
the result of a formal meta-analysis 
and that contrasts of high versus low 
consumption were not consistent 
among studies. 

Figures 17 and 18 summarize the 
evaluable data for stomach cancer. 
Two of the three cohort studies were 
based on incident cases, but one, 
which reported a positive association 
with cruciferous vegetable intake, was 
based on deaths. The lack of informa-
tion on incident cases in that study is, 
however, probably not critical, as stom-
ach cancer is usually fatal. The overall 
OR was 0.91 (95% Cl, 0.67-1.23). 
This value is similar to the overall OR 
from five studies on intake of all veg-
etables (PARC, 2003). The results of 
the case—control studies were more 
consistent, resulting in an overall sig-
nificant inverse association with crucif-
erous vegetable intake (OR, 0.81; 95% 
Cl, 0.73-0.90). It is impossible, how-
ever, to exclude recall bias and con-
founding from unmeasured con-
founders (including other dietary fac-
tors) in the case—control studies, and it 
is relevant that the overall OR for 
intake of all vegetables was 0.66 
(0.61-0.71) (IARC, 2003). 

Figures 19 and 20 summarize the 
evaluable data for colorectal cancer. 
Overall, there was no association with 
cruciferous vegetable intake in the 
cohort studies. In the case—control 
studies (Figure 20), a significant 
inverse association was found (OR, 
0.73; 95% Cl, 0.63-0.84). A large 
case—control study (Peters et al., 

1992) could not be included in Figure 
20, however, as findings were reported 
only for a small increment in consump-
tion, and this showed no association 
with cruciferous vegetable intake. 
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No. of 
categories 	OR 	95% CI 

Chyou etal. (1990) 	 2 	 0.7 	04-1.2 

Kneller et al. (1991) 	 4 	 1.3 	0.67-2.68 

Botterweck etal. (1998) 	 5 	 0.93 	0.61-1.43 	 - 

Summary value 	 0.91 	0.67-1.23  

Heterogeneity test: x2 (2 df) 1.9; p = 0.39 

0.8 	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% CI 

Correa at al. (1985) (whites) 2 1.04 0.66-1.65 

Correa et al. (1985) (blacks) 2 0.50 0.29-0.85 

Gonzalez et al. (1991) 4 0.9 0.6-1.4 

Hansson etal. (1993) (broccoli) 2 0.63 0.41-0.96 

Lee etal. (1995) 3 0.2 0.02-0.3 

Ji etal. (1998) (men) 4 0.8 0.6-1.1 

Ji etal. (1998) (women) 4 0.8 0.5-1.1 

Ekström at al. (2000) (cardia) 4 0.7 0.3-1.4 

Ekstrôm etal. (2000) (non-cardia) 4 0.8 0.6-1.2 

Huang etal. (2000) (PFH) - 0.73 0.52 1.04 

Huang etal. (2000) (NFH) - 0.85 0.70-1.04 

De Stefani etal. (2001) 3 1.72 0.94-3.14 

Ito etal. (2003) 4 0.79 0.55-1.13 

Summary value 0.81 0.73-0.90 

Heterogeneity test: x2 (12 df) = 17; p—  0.16 

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 
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Woof 

	

categories OR 	95% CI 

Steinmetz et al. (1994) (colon) 	 4 	 1.12 	0.74-1.70 

Hsing etal. (1998) (colorectal) 	 4 	 1.4 	0.9-2.2 
Pietinen etal. (1999) (colorectal) 	 4 	 1.6 	1.0-2.3 	 ------ 

Micheis et al. (2000) (colon) 	 5 	 0.89 	0.68-1.15 

Michels et al. (2000) (rectum) 	 5 	 1.29 	0.74-2.26 	 -H 
Voorrips et al. (2000a) (M colon) 	 5 	 0.76 	0.51-1.13 	 -- 

Voorrips et al. (2000e) (M rectum) 	 5 	 0.88 	0.56-1.39 

Voorrips et al. (2000a) (W colon) 	 5 	 0.51 	0.33-0.80 
Voorrips et al. (2000a) (W rectum) 	 5 	 1.66 	0.94-2.94 	 1 

McCullough eta;. (2003) (M colon) 	 5 	 0.74 	0.51-1.08 

McCullough et ai. (2003) (W colon) 	 5 	 0.91 	0.58-1.44 

Summary value 	 0.96 	0.85-1.09 

Heterogeneity test: X2  (10 5f) = 25; p  0.005 	 05 

Odds ratio 

Figure 19 Estimated weighted means of relative risks for cancer of the colon and rectum from evaluable cohort studies 
M, men; W, women 

No. of 
categories OR 95% Cl 

Kune etal. (1987) (colorecturn) 5 0.57 0.44-075 

Young & Wolf (1988) (colon) 4 0.59 0.41-085 

Lee et al. (1 989) (colorectum) 3 0.50 0.32-0.78 

Steinmetz & Potter (1993) (M colon) 4 1.10 0.57-2.14 

Steinmetz & Potter (1993) (W) (colon) 4 1.12 0.51-2.46 

Deneo-Pellegrini et al. (2002) (colorectum) 4 1.2 0.8-1.6 

Seow et al. (2002a) (coforectum, ITCs) 2 0.81 0.59-1.12 

Summary value 0.73 0.63-0.84 

Heterogeneity test: 2  (6 5f) 18; p = 0.0055 

0.5 	 1 	 2 

Odds ratio 

Figure 20 Estimated weighted means of relative risks for cancer of the colon and rectum from evaluable case—control studies 
M, men; W, women; lTCs, isothiocyanates 
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No. of 

categories OR 	95% Cl 

Chow et al. (1992) 	 4 	 0.9  

Feskanich etal. (2000) (men) 	 5 	 1.11 	0.76-1.64 

Feskanich et al. (2000) (women) 	 5 	 0.74 	0.55-0.99 

London etal., (2000) (ITCs) 	 2 	 0.65 	0.43-0.97 

Voorrips et al. (2000b) 	 5 	 0.5 	0.3-0.9  

Neuhouser et al. (2003) (intervention arm) 	5 	 0.91 	0.65-1.28 

Neuhouser et al. (2003) (placebo arm) 	5 	 0.68 	0.45-1.04 

Miller et al. (2004) 	 5 	 1.21 	0.92-1.60 

Summary value 	 0.86 	0.75-0.98 

Heterogeneity test: y2  (7 df) = 15; p  0.03 

0.5 

Odds ralio 

Figure 21 Estimated weighted means of relative risks for cancer of the lung from evaluable cohort studies 
ITCs, isothiocyanates 

No. of 
categories OR 95% Cl 

Bond etal. (1987) 3 0.33 0.03-3.26 

Agudo etal. (1997) 3 0.54 1126-1.13 

Nyberg et at. (1998) (never smoked) 3 1.06 0.58-1.92 	 -4- i— 
Brennan etal. (2000) (non-smokers) 3 1.1 0.7-1.6 

Spitz etet al. (2000) (ITCs, smokers) 2 0.58 0.38-1188 

Spitz etal. (2000) (ITCs, ex-smokers) 2 0.77 0.53-1.11 

Zhao et al. (2001) (ITCs, smokers) 2 0.31 0.10-0.96 

Zhao et al. (2001) (ITCs, never smoked) 2 0.70 0.45-1.11 

Hu et et al. (2002) (men) 4 0.8 0.4-1.4 	 - 

Seow et al. (2002b) (smokers) 3 0.46 0.22-0.96 

Seow et ai. (2002b) (non-smokers) 3 0.89 0.59-1.35 	 -1 
Summary values 0.76 0.65-0.89 

Heterogeneity test: x2 (lOdt) = 12; p = 0.31 

	

I 	1 

	

0.1 	0.25 	0.5 	1 	2 	4 
Odds ratio 

Figure 22 Estimated weighted means of relative risks for cancer of the lung from evaluable case—control studes 
ITCs, isothiocyanates 
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No. of 

categories OR 	95% CI 

Zhang et al. (1999) (pre-menopausal) 	5 	 0.83 	0.62-1.32 

Zhang at al. (1999) (post-menopausal) 	5 	 0.98 	017-1.25 

Summary value 	 0.95 	0.76-1.17 

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

Odds ratio 

Figure 23 Estimated weighted means of reIatve risks for cancer of the breast from evaluable cohort studies 

No. of 
categories OR 95% CI 

Young (1989) (18-35 years) - 0.66 0.42-1.02  

Young (1989) (> 35 years) - 0.64 0.41-1.00 

Ewertz & Gill (1990) 2 0.94 0.78-1.13  

Challier etal. (1998) 3 1.45 1.03-2.06 _______________ 

Potischman etal. (1999) 4 0.95 0.7-1.3  

Ronco etal. (1999) 4 1.07 0.72-1.60  

Rosenblatt etal. (1999) 4 0.8 0.4-1.3  

Terry etal. (2001) 4 0.76 0.62-0.93 

Fowke at al. (2003) 4 0.8 0.5-1.3 

Fowke a! al. (2003) (ITCa) 4 0.5 0.3-0.8 	_________M  

Summary values 0.87 0.78-0.96 

Heterogeneity test: z2  (9 dl) 	20; p 	0.015 

I 
0.5 	 1 

- 	1 
2 

Odds ratio 

1-igure Z4 Lamatea weigflted means of relative risks for cancer of the breast from evaluable case—control studies 
ITCs, isothiocyanates 
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Further, in the only case—control study 
in which isothiocyanate intake was 
used as an index of cruciferous 
vegetable consumption (Seow et al., 
2002a), no association was found. It is 
possible that there was confounding by 
other dietary factors in the studies 
included in Figure 20. The overall OR 
from the case—control studies on 
intake of all vegetables was 0.63 (95% 
Cl, 0.56-070) (IARC, 2003). 

Figures 21 and 22 summarize the 
evaluable data for lung cancer. In the 
cohort studies in which cruciferous 
vegetable intake was estimated from 
food frequency questionnaires, both 
positive and inverse associations were 
reported, with an overall estimate of 
0.86 (95% Cl, 015-098). This 
estimate is weaker than the overall OR 
for intake of all vegetables of 0.80 
(95% Cl, 0.73-0.88) (IARC, 2003). The 
one case—control study nested within a 
cohort, 	in 	which 	urinary 
excretion of isothiocyanate was used 
as an index of cruciferous vegetable 
consumption, showed, however, a 
significant inverse association. The 
results of the case—control studies 
were also inconsistent, although there 
was a tendency for larger inverse 
associations in smokers than in non-
smokers. The overall estimate in 
Figure 22 is 016 (95% Cl, 0.65-0.89), 
which is again weaker than the overall 
OR for all vegetable intake of 0.69 
(95% Cl, 0.63-0.76) (IARC, 2003). In 
the two case—control studies in which 
dietary isothiocyanate was used as a 
marker of cruciferous vegetable intake, 
significant inverse associations were 
found. Further, the studies that 
included assessment of genetic poly-
morphisms (not included in Figure 22) 
showed significant associations for 
individuals null for GST. 

Figures 23 and 24 summarize the 
evaluable data for breast cancer. The 
only cohort study showed no associa-
tion, as was also found for intake of all 
vegetables (IARC, 2003); a pooled  

analysis of cohort studies (Smith-
Warner et al., 2001) also showed no 
association. In the case—control stud-
ies, the overall inverse association of 
0.87 (95% Cl, 0.78-0.96) is dominated 
by large studies conducted in 
Scandinavia (Ewertz & Gill, 1990; Terry 
et al., 2001), a statistically significant 
inverse association being reported by 
Terry et al. (2001). The associations 
were weaker than those reported for 
intake of all vegetables, with an overall 
OR of 0.66 (95% Cl, 0.57-0.75) (IARC, 
2003). The only study in which urinary 
isothiocyanate was used as a marker 
of intake of cruciferous vegetable also 
showed a statistically significant 
inverse association; in the same study, 
when GST polymorphism was consid- 
ered, 	 a 
significant inverse association with 
isothiocyanate in urine was found in 
GST-null individuals. Although the 
cohort studies in particular may be 
affected by measurement error (espe-
cially the pooled analysis, as the 
reported results were not calibrated for 
differences between studies), it is 
impossible to exclude unmeasured 
confounding, especially from dietary 
and other factors, in the case—control 
studies. 

The thyroid is the only site of can-
cer for which cruciferous vegetable 
consumption was evaluated in relation 
to a specific hypothesis, namely that 
the presence of goitrogens in crucifer-
eus vegetables would result in an 
increased risk. The available studies,  

including a re-analysis of data from il 
case—control studies (Bosetti et al., 
2002), indicate no association with 
cruciferous vegetable consumption. 

The findings from the studies of 
genetic polymorphism have two 
related implications: they indicate a 
role for isothiocyanate in the associa-
tion between cruciferous vegetable 
intake and lung cancer (although more 
studies are needed with respect to 
breast and other cancers); and they 
illustrate the complexities of gene—
environment interactions in cancer pre-
vention. As discussed in section 3, 
while it is likely that GSTs play a role in 
the metabolism of isothiocyanate, 
more evidence is needed to show 
whether GSTM or GSTT polymor-
phisms affect tissue levels of isothio-
cyanate. A better understanding of 
these mechanisms would make it eas-
ier to interpret the finding of decreased 
risk ratios in GSTM1 /GSTT1 -null indi-
viduals in the context of Mendelian 
randomization. 

Studies of intermediate effect bio-
markers 
The evidence consistently indicates 
that consumption of cruciferous veg-
etables in substantial amounts, e.g. 
300-500 g of broccoli, Brussels 
sprouts or cabbage per day, can mea-
surably increase the elimination of 
substrates of CYP1A2, including 2-
hydroxylation of estrogens, and might 
increase the elimination of warfarin. 
The studies suggest that the formation 
of mutagenic metabolites from hetero-
cyclic amines and tobacco-related car-
cinogenic nitrosamines, such as NNK, 
might be increased by intake of crucif-
erous vegetables rich in glucobras-
sicin. In contrast, watercress, and pos-
sibly phenethyl-ITC, appear to inhibit 
CYP1A2 (decreasing NNK bioactiva-
tien) and CYP2E1, but not CYP2A6 or 
CYP21D6, whereas other Brassica veg-
etables, which usually contain less 
phenethyl-ITC, have less effect on 
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Cancer preventive effects 

Experimental studies 

inhibition of care iogenoss in 
experimehiliall ainrals 
This section contains summaries of 
studies of the inhibition of carcinogen-
esis by cruciferous vegetables, isothio-
cyanates and indoles. Studies that 
showed enhancement of tumour 
responses are presented in section 6. 
In assessing the weight of evidence for 
protective effects, those studies in 
which histologically defined tumours 
were the end-point were given greater 
weight than those in which only inter-
mediate biomarkers of neoplasia were 
used (e.g. hepatic enzyme-altered foci, 
colon aberrant crypts and aberrant 
crypt foci). 

Cruciferous vegetables 
Studies on the inhibition of carcinogen-
esis by diets containing cruciterous 
vegetables are summarized in Table 
41. Models of colon, mammary gland, 
liver, skin and stomach tumeurs in rats, 
mice and toads were used- The ani-
mals were treated with carcinogens or, 
in the case of multiple intestinal neo-
plasia (Mm) mice, were untreated. 
Models of transplacental and translac-
tational carcinogenesis and lung 
metastasis were also reported. The 
cruciferous vegetables cabbage, broc-
coli, cauliflower, sprouts, garden cress, 
mustard seed and wasabi have been 
investigated for their capacity to pre-
vent carcinogenicity in animals. These 
vegetables were given in the diet or 
juice or by gavage. Interventions were 
made before, after or throughout car-
cinogen treatment. The end-points 
were tumours or preneoplastic lesions, 
including colonic aberrant crypt foci 
and GST placental-form positive (GST-
P) liver cell foci. 

Forestomach 
One study was carried out to examine 
the modifying effects of cruciferous 

vegetables on stomach tumorigenesis. 
Tanida et al. (1991) examined the 
effect of wasabi ( Wasabia japan/ca) on 
N-m ethyl- N-n it ro- N-n itrosog uan idine 
(MNNG)-induced gastric carcinogene-
sis in rats. Male Wistar WKY rats 
received drinking-water containing 50 
gIml of MNNG or tap water alone and 

a basal diet ara diet containing 10% at 
wasabi powder for 40 weeks. At 
autopsy, nine rats given MNNG alone 
(30%) had seven glandular stomach 
tumours (two adenocarcinomas, two 
adenomatous polyps and three adeno-
matous glandular hyperplasias) and 
three duodenal adenocarcinomas, 
whereas two rats given MNNG plus 
wasabi (7%) had one forestomach epi-
dermoid cyst and one duodenal carci-
nosarcoma (p < 0.05 for incidence of 
glandular stomach tumeurs). 

Colon 
Cancer preventive effects of crucifer-
ous vegetables have been shown 
mainly in the intestine, especially the 
colon, of mice and rats. Two studies in 
mice showed that cruciferous vegeta-
bles reduce the frequency of induced 
or spontaneous tumours of the large 
and small intestine. Moreover, in rats, 
diets containing cruciferous vegetables 
consistently inhibited colon tumorigen-
osis induced by PhIP, azoxymethane, 
3',2 -dirrethyl-4-amino biphenyl or 2-
amino-3-methylimidazo-[4,5-t]quino-
line (10), as ascertained from aberrant 
crypt focus formation as an intermedi-
ate end-point. 

Barrett et aI. (1 998) reported a pro-
tective effects of diets containing cru-
ciferous seed meals or hulls against 
1 ,2-dimethylhydrazine-induced colon 
tumours in male CR mice. The inci-
dences of colon tumours were signifi-
cantly lower (25-80%) in mice fed 
commercial crambe meal, autolysed 
crambe meal, crambe hulls, rapeseed 
meal with a high glucosinolafe content 
or canola meal at a dietary concentra-
tion of 12% (w/w) for 34 weeks and  

given 20 weekly subcutaneous injec-
tions of 1 ,2-dimethylhydrazine. The 
incidence in mice fed a control diet was 
100%. 

Hagiwara et al. (2002) investigated 
the potential of red cabbage colour, a 
natural anthocyanin, to modify colorec-
tal carcinogenesis in male Fischer 344 
rats treated with 1 ,2-dimethylhydrazine 
and receiving PhIP in the diet. After ini-
tiation with the carcinogen, red cab-
bage colour was given at a dietary 
concentration of 5.0% in combination 
with 0.02% PhIP until week 36. The 
incidences and multiplicities of colorec-
tal adenomas and carcinomas in initi-
ated animals were clearly increased by 
PhIP, whereas lesion development was 
suppressed by red cabbage colour. 
Furthermore, rats that did not receive 
1 ,2-dimethylhydrazine but were given 
red cabbage colour showed signifi-
cantly decreased induction of aberrant 
crypt foci by PhIP. 

Rijken et al. (1999) investigated the 
effect of diets supplemented with 
freeze-dried vegetables on surrogate 
end-points for colorectal cancer in an 
azoxymethane-induced rat model. In 
groups of 15 Sprague-Dawley rats 
given diets supplemented with sprouts 
or with a mixture of peas, spinach and 
broccoli, the numbers of foci with more 
than two aberrant crypts were signifi-
cantly reduced by 23% and 26% com-
pared with control diet (p < 0.05). The 
aberrant crypt focus formation in 
groups fed the sprout-supplemented 
diet before or after azoxymethane 
treatment was similar, indicating that 
the effect was due to inhibition of post-
initiation progression rather than to ini-
tiation of colorectal carcinogenesis. 

Kassie et al. (2002) reported a pro-
tective effect of garden cress against 
10-induced aberrant crypt foci. 10 was 
administered in corn oil at a dose of 
100 mg/kg bw by gavage on 10 alter-
nating days; 5 days before and during 
10 treatment, subgroups received 
drinking-water containing 5% cress 
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Table 41. Studies of prevention of carcinogen-induced tumours of preneoplastic lesions by cruciferous vegetables in experimental 

animals 

Organ Age at No. of 	Carcinogen, Cruciferous Timing of Preventive efficacy by Summarized Reference 
site, start animals 	dose, vegetables, treatment tumour incidence (TI) or effect 
species, (weeks) per 	route, amount, multiplicity (TM) 
strain group 	duration duration 

Stomach 

Rat 8 30 	MNNG, 50 Wasabi, Through- Glandular  stomach TI (%): Wasabi Tends et al. 

Wistar pg/nil 10% diet, 40 out MNNG alone, 20b , + wasabi, 0h suppressed (199) 
WKY (M) drinking- weeks Gastroduodenal TI (%): MNNG glandular 

water, killed alone, 30b, + wasabi, 3'  stomach 
at 40 weeks tumours 

Co/on 
Mouse Weanlin 20-22 	DMH. 20 Cruciferous Init ation or Colon TI (%) at 20 weeks: Cruciferous Barrett et aL 

CF1 (M) g mg/kg bw x seed meals throughout DMH alone, 70b; + commercial seed meals (1998) 
20 sc., killed and hulls crambe, 14h;  and hulls 
at 20 and 34 (crambe, + autoLysed crambe, 50; reduced 
weeks rapeseed + crambe hulls/soya bean, 42; incidence of 

and canula), + rapeseed, 	5h; + cano a, 32'  colon tumours 
Control diet: 12% diet, 20 Colon TI (%) at 34 weeks: 
soya bean or 34 weeks DMH alone, 100b; 
meal extract, + comrnerc:al crambe. 67h;  + 

44% protein autolysed crambe, 25' (high 
mortaitty); + crambe hulls/soya 
bean, 79h; 
+ rapeseed, 80b; + canola, 67h 

Rat 6 20 	DMH: 20 Red Post- Adenoma incidence: DMH + Red cabbage Hagiwara et a], 
Fischer mg/kg bw x cabbage initiation PhIP, 16b;  + red cabbage colour diet (2002) 
344(M) 4 sc. + colour, 5% (DMH) or colour, 8' suppressed 

PhIP: 0.02% diet, 32 through- Adenocarcinoma incidence: both colorectal 
diet; killed 36 weeks out (PhIP) DMH + PhIP, 11b; + red tumours and 
weeks after cabbage colour, 4'  ACEs 
first DMH Total tumours/rat: DMH + 
Contml diet: PhIP, 2/b;  + red cabbage 
commercLal colour, 1 0b  

powdered ACF/rat: PhIP, 2•50;  + red 
d et (Labo cabbage colour, 0.9a 
MR stock) AC/ACF. PhIP, 1.75b; + red 

cabbage colour, 0.73° 



Table 41 (contd) 

Organ Age at No. of 	Carcinogen, Cruciferous Timing of Preventive efficacy by Summarized Reference 
site, start animals 	dose, route, vegetables, treatment tumour incidence (TI) effect 
species, (weeks) per 	duration amount, or multiplicity (TM) 
Strain group duration 
(sex) 
Rat 8 15 	AOM, 15 Sprouts, 10% Throughout ACF multiplicity reduced Sprouts reduced Rij ken etal. (1999) 
Sprague- mg/kg bw x det or post- (23%) by sprouts (p < ACFs 
Dawley i.p., killed after Broccoli, 10% initiation 0.05) 
(M) 14 weeks diet 

Control diet: 
AIN-93M 

Rat 250 g 8 	10, 100 mg/kg Garden cress Initiation ACF/ rat. 10 alone, Garden cress Kassie etal. 
Fischer bw x 10 juice, 5%, 816h; + gardon cress, reduced ACFs (2002) 
344 (M) gavage, killed drinking-water 3.900  

16 weeks after ACF with 4 or more 
the last 10 crypts: 10 alone, 2,27; + 
Control diet: garden cress, 1.00'  
modified AIN- 
76 

Rat 4 8 	0, 100 mg/kg Brussels Initiation ACF/rat: IQ aune, 10.33 Brussels sprouts Kassie etal. 
Fischer bw X 10, sprouts and b; + Brussels sprouts reduced ACFs (2003a) 
344 (M) gavage, killed red cabbage (Cyrus, raw), 5.50; + 

16 weeks after Juice, 5%, Brussels sprouts (Cyrus. 
last IQ drinking-water cooked), 5.00e; + 
Control diet: 5 deys before brussels sprouts 
modified AIN and during 10 (Maximus. raw), 6.00; + 
76 treatment brussels sprouts 

(Maximus, cooked), 
6.14; + red cabbage 
(Roxy, raw), 8.25; + red 
cabbage (Roxy, cooked), 
9.66; + red cabbage 
(Reliant, raw), 8.25; + 
red cabbage (Reliant,  t 
cooked), 8.57 

Rat 7 7 	DMH, 30 Freeze-dried, Post- ACF/colon: DMH alone, Brussels sprouts Smith et al. (2003) : 
Wistar (M) mg/kg bw x 2 raw or initiation 24.1; 	raw sprout. 15.3; reduced ACFs 

s.c., killed 42 blanched blanched sprout, 21.6 
days after Brussels 
second DMH sprouts, 10% 
Control diet: juice or diet, 4 
semi-synthetic weeks 
basal diet 
appropriate for CD 

growing rats I 	Ct, 



Throughout 	Survival (%): AFB1 alone, 0; 
+ caulifower, 100 
Hepatic TL (%): AFB1  alone, 
f00; + cauliflower, 100 
Histopathology of hepatic 
tumeurs AFB1  alone, very 
large and metastasized; 
+ cauliflower, small and 
localized 

Throughout 	L iver tumours/rat: AFB 
anne, 392. + cabbage, 13 

Initiation or 	Liver-cell TI: DMBA alone, 
post- 	29b. + I ml cabbage diet 
initiation 	before, 15e; + 2 ml cabbage 

diet before, 12e ; + 2m1 
cabbage diet after, 27 

Cauliflower Stoewsand et 
reduced mortality aI. (1978) 
from and pro- 
gression of hepatic 
tumours 

Dried cabbage Boyd et al. 
decreased liver (1982) 
tumeurs 

Cabbage inhibited Sadak et al. 
liver tumours (1995) 

Initiation 	Liver GGT foc (no/cm) Brussels sprouts 
after 6 weeks: AFB alone, and its extract 
13.12; + Brussels sprouts, inhibited hepatic 
5.9; + extract, 6.02 ;  GGT foci 
+ residue, 13.1 
Liver GGT foci (no/cm2) 
after 12 weeks: AFB1 alone, 
12.52;  + Brussels sprouts, 
8,62; + extract, 7,92;  + 

residue, 11.3 

Godlewski et 
ai. (1985) 

N) Table 41 (contd) 

Organ 	Age at No. of Carcinogen, 	Cruciferous 	Timing of Preventive efficacy by 	Summarized 	Reference 

site, 	start animals dose, 	vegetables, 	treatment tumour incidence (TI) or 	effect 

species, 	(weeks) per route, 	amount, duration multiplicity (Ti 
strain group duration 
(sex) 

Liver 

Rat 	Weanhing 	1D 
Fischer 
344 (M) 

Rat 	Weaning 	8-11 
Fischer 
344 (M) 

Toad 	40 g 	50/50 
Bufo viii dis 
(M, F) 

Rat 	Weanling 	7-8 
Fischer 
344 (M) 

AFB1, 2 Freeze-dried 
mg/kg diet cauliflower head, 
for 26 20% diet, 26 
weeks, killed weeks 
at 41 weeks 
Control diet: 
purified diet 

AFB, I 	Freeze-dried 
mg/kg diet 	cabbage, 25% 
for 26 	diet, 26 weeks 
weeks, killed 
at 42 weeks 
Control diet: 
modified 
AIN-76 

DMBA, 0.5 	Ground 
mg per toad 	cabbage, 1 2 
x 36 injected 	ml, 12 weeks 
into dorsal 
lymph sac, 
killed after 
12 weeks 
Control diet: 
earthworms 

AFB , 250 	Brussels 
pg/kg bw per sprouts, 
day, gavage 	glucosinolate 
>: 10, killed 	extract and non- 
after 6 and 	glucosnolate 
12 weeks 	residue, 20% 
Control diet: 	diet, 5 weeks 
purified diet 



Table 41 (contd) 

Organ Age at 	No. of 	Carcinogen, 
site, start 	animals 	dose, route, 
species, (weeks) 	per 	duration 
strain group 
(sex)  

Cruciferous 	Timing of 	Preventive efficacy by 
	

Summarized 	Reference 
vegetables, 	treatment 	tumour incidence (TI) or 	effect 
amount, duration 	 multiplicity (TM) 

Rat 	4 	8 	IC, 100 mg/kg Brussels sprouts 
Fischer 	 bw x 10 and red cabbage 
344 (M) 	 gavage, killed juice, 5%, drinking- 

16 weeks after water, 5 days 
last 10 before and during 
Control diet: IC treatment 
modified AIN- 
76 

Through- 	GST-P' foci/ cm": 10 alone, 
out 	13.00"; + Brussels sprouts 

(Cyrus, raw), 4.32"; + 
Brussels sprouts (Cyrus, 
cooked), 7.01; + Brussels 
sprouts (Maximus, raw), 
9.45; + Brussels sprouts 
(Maximus, cooked), 5.38e; 
- red cabbage (Roxy, raw), 
10.25; + red cabbage (Roxy, 
cooked), 7.47"; + red 
cabbage (Reliant, raw), 
6.52"; + red cabbage 
(Reliant, cooked), 10.51 
GST-P foci area (mm2/çm2): 
10 alone, 0.0903 + 
Brussels sprouts (Cyrus, 
raw), 0.0079"; + Brussels 
sprouts (Cyrus, cooked), 
0.0105"; + Brussels sprouts 
(Maximus, raw), 0.0137'; + 
Brussels sprouts (Maximus, 
cooked), 0.0078 

Brussels 	Kassie et al. 
sprouts and 	(2003a) 
red cabbage 
reduced GST-
Pc  

Mammary gland 

Rat 	7 	16 	DMBA, 12 mg, Dehydrated 
Sprague- 	 gavage, killed 18 powdered 
Dawley (F) 	 weeks after cabbage, 10% 

DMBA diet, 17 weeks 
Control diet: Cauliflower, 10% 
semi-puritied diet diet, 17 weeks 
(casein 27%, 
starch 59%, corn 
oil 10%, salt mix 
4%, vitamins) 

Post- TI (%): DMBA alone, 94"; Cabbage and 	Wattenberg 
initiation (1 + cabbage diet, 63"; cauliflower 	(1983) 
week after + cauliflower diet, 63" inhibited 
DMBA) No. ottumours/rat: DMBA mammary 

alone, 3.4"; + cabbage diet, tumours 
1.1"; + cauliflower diet, 1.4" 

—t' 
	

l CD 
'0 
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Table 41 (contd) 
Organ Age at 
site, start 
species, (weeks) 
strain 
(sex) 

Rat 6 
Sprague- 
Dawley (F) 

Rat 	6 
Sprague-
Dawley (F) 

No. of 	Carcinogen, Cruciferous 	Timing of 
animals 	dose, route, vegetables, 	treatment 
per 	duration amount, 
group duration 

160 mg/kg Freeze-dried Initiation Palpable mammary TI Brussels sprouts Stoewsand 
bw, gavage, Brussels (%): DMBA alone, 77; + reduced etal. (1988) 
observed 15 sprouts, 20% Brussels sprouts, 13 mammary 
weeks after diet, 4 weeks tumours 
DMBA 
Control diet: 
semi-purified 
(sucrose 18.7%, 
fibre 1.3%) 

DMBA, 50 mg/kg Freeze-dried Initiation Papillary carcinoma Brussels sprouts Stoewsand 
bw, gavage, Brussels incidence (%): DMBA reduced etal. (1989) 
killed 27 weeks sprouts, 20% alone, 50; + Brussels mammary 
after DMBA diet, 4 weeks sprouts, 35 tumours 
Control diet: Adenocarcinoma 
AI N-76, except incidence (%): DMBA 
glucose 25%, alone, 35; + Brussels 
sucrose 25% sprouts, 10 

Fibroadenoma incidence 
(%): DMBA alone, 10; + 
Brussels sprouts, 5 
No statistical evaluation 

MNU, 50 mg/kg Dried cabbage, Post- TI (%): Cabbage diets Bresnick et 
bw, iv., killed 5% diet and 10% initiation MNU alone, 84; + 5% reduced tumours ci. (1990) 
when palpable diet; collards, cabbage, 63k; 10% 
tumours reached 5%; cabbage cabbage, 70; 5% 
0.5 cm residue, 3.2% collards, 80 
Control diet: diet MNU alone, 85b; + 5% 
American Insti- cabbage, 53; 3.2% 
tute of Nutrition, cabbage residue, 56 
except dextrin/ 
dextrose substi- 
tuted for sucrose 

Preventive efficacy by 	Summarized 	Reference 
tumour incidence (TI) 	effect 
or multiplicity (TM) 

5 

16-20 

Rat 	50 days 	25-35 
Sprague-
Dawley (F) 



DMBA, 5 mg, 	Mustard seed oil, 	Initiation 
gavage, days 	0.05 and 0.1 ml, 
15-17 of gavage, days 
gestation, F1  13-19 of 
progeny killed at gestation 
56 weeks of age 

DMBA, 3mg, Mustard seed oil, 	Initiation 
gavage, days 3, 0.05 and 0.1 ml, 
6, 9, 12 and 15 gavage, days 
of lactation, F1  1-150f lactation 
progeny killed at 
56 weeks of age 

Tronspfaccntal and Iactational 
Mouse 	Pregnant 6-8 
Swiss 	(13-14 
albino (M, 	weeks) 
F) 

Lactating 6-8 

Table 41 (contd) 

Organ 	Age at 	No. of 	Carcinogen, 
site, 	start 	animals 	dose, route, 
species, 	(weeks) 	per group 	duration 
strain 
L scL. 

Cruciferous 
vegetables, 
amount, 
duration 

Timing of 	Preventive efficacy by 
treatment 	tumour incidence (TI) 

or multiplicity (TM) 

Summarized 	Reference 
effect 

Rat 	50 days 	20 	DMBA, 10 mg, Dried broccoli 
Sprague- 	 gavage, killed 18 sprouts extract 
Dawley (F) 	 weeks after (25 or 100 pmol 

DMBA glucosinolates; 
Control diet: 25, 50 or 100 
Emulphor 620F pmol ITC), 
and water gavage x5 

Initiation 
	

All treatments markedly 	Broccoli sprout 	Fahey et 
reduced total number of 	extracts reduced 	ai. (1997) 
tumours: DMBA alone, 	mammary 
34; + treatments, 11-19 	tuniours 

TI (%): DMBA alone, 100b; Brass/ca Qiblawi & 
treatment, 50 compestris Kumar 
Cumulative number of reduced skin (1999) 
papillomas: DMBA tumours 
alone, 71b  treatment, 9 
Latency of tumeurs 
(weeks): DMBA alone, 
7,8b; treatment, 11 .3 

TI of F1  (%): OMBA Mustard seed oil Hashim et 
alone, 65b;  0.05 mustard inhibited trans- ai. (1998) 	j 
oil, 29; 0.1 mustard oil, placental and j 
16 translactational 

carcinogenesis 

TI of F1  (%) DMBA 
alone, 70; 0.05 mustard 
oil, 32a;  0.1 mustard oil, 
18 

Skin 

Mouse 	7-8 	8 
Swiss 
albino (M) 

DMBA, 100 pg + 	Mustard seed), 
croton Gil 	 800 mg/kg bw, 
topically x 48, 	gavage, 18 
killed at week 16 	weeks 

Through-
out 

Metastasis j 
Mouse 	6 	15 	BALB/c 	 Dried cabbage 	Through- 	Pulmonary colonies in 	Cabbage and 	Scholar cl 
BALB/c (F) 	 mammary 	and collards, 	out 	experiment 1: Control, 	collards 	 at. (1989) 

tumour cells 	9.1% and 4.8% 	 100; diet, 60 	 decreased j 
(410.4), 5 x tO, 	diet, 9 weeks 	 Pulmonary colonies in 	pulmonary I, 
iv., killed 3 	 experiment 2: Control, 	metastasis :1 -cs  
weeks later 	 200; diet, 125 

'1< 
CD 

.,b 	statistically significant when letters are different  
AC, aberrant crypts; ACE, aberrant crypt foci; GG-7, y-glutamyl transferase; GST-P, glutatbione S-transferase placental positive; AFB1, aflatoxin B1; AOM, 
azoxymethane; DMBA, 7,12-dimethylbenzja]anthracene; DMH, 1,2-dimetby1bydrazine; F, female; M, male; MINING, 
N-methyl-N'-nitro-N-nitrosoguanidine; MNU, NmethylN-nitrosourea; PhIP, 2amino-1 -methyl-6-phenylimidazo[4,5-b]pyridine; IQ, 2-amino-3-methy5midazo- 

Q' r 	[4,5-fjquinoline; s.c., subcutaneously; 	p., intraperitoneally; iv., intravenously 
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juice. The total numbers of IQ-induced 
aberrant crypts and crypt foci and the 
number of foci with four or more aber-
rant crypts were significantly reduced 
in the group that received 10 plus gar-
den cress juice compared with the 
group that was given 10 only. 

Kassie et al. (2003a) also reported 
the preventive effects of widely eaten 
cruciferous vegetables such as 
Brussels sprouts and red cabbage 
against 10-induced aberrant crypt foci. 
Male Fischer 344 rats were given 10 
on 10 alternate days and received 
drinking-water supplemented with 
Brussels sprouts and red cabbage 
juice (5% v/v) before and during car-
cinogen treatment. Two cultivars of 
each vegetable were tested. Brussels 
sprouts reduced the frequency of 10-
induced aberrant crypt foci by 
41-52%, but no protection was seen in 
the colon after treatment with red cab-
bage. Cooking of the vegetables at 100 
°C for 10 min had no influence on their 
protective effect. The stronger effects 
of the Brussels sprouts may be due to 
the fact that the overall glucosinolate 
content was substantially higher than 
that of the cabbage cultivars, but it was 
not possible to attribute the reduction 
in preneoplastic lesions to specific glu-
cosinolates. 

Smith et al. (2003) explored the 
effects of both raw and thermally 
processed Brussels sprout tissue on 
the frequency of aberrant crypt foci 
induced by 1,2-dimethylhydrazine in 
rat colon. Oral administration of 
uncooked Brussels sprouts as a 
freeze-dried powder reduced the num-
ber of foci, significantly enhanced the 
level of apoptosis and reduced mitosis 
in colonic crypts. There was little evi-
dence of these effects when intact glu-
cosinolates were administered in 
blanched sprout tissue, which lacked 
active myrosinase. [The Working 
Group concluded that glucosinolate 
breakdown products derived from 
Brass/ca vegetables can affect the bal- 

ance of colorectal cell proliferation and 
death.] 

Liver 
Diets containing cruciferous vegeta-
bles such as cauliflower, cabbage and 
Brussels sprouts consistently inhibited 
liver tumorigenesis induced in rats and 
toads by aflatoxin B1, IQ or DMBA. 

Stoewsand et al. (1978) reported 
that a cauliflower diet attenuated the 
toxic effects of aflatoxin B1  in Fischer 
344 rats, preventing death and internal 
haemorrhage and consequently reduc-
ing liver tumour size and metastasis. 

Boyd et al. (1982) reported the 
inhibitory effects of cabbage on hepa-
tocarcinogenesis in weanling male 
Fischer 344 rats fed a purified diet or 
diets containing 25% (w/w) freeze-
dried cabbage with or without aflatoxin 
B1  at 1 mg/kg for 26 weeks. Within 3-7 
weeks, the cabbage diet had dimin-
ished the aflatoxin B1  -induced increase 
in plasma a-fetoprotein. When the 
experiment was extended to 42 weeks 
by maintaining the animals on the 
basal diet for a further 16 weeks, the 
rats given the control diet had 30 
tumours per liver, whereas those 
receiving the cabbage diet had 13 
tumeurs per liver. 

Sadek et al. (1995) induced hepa-
tocellular carcinoma in 29 of 100 toads 
(Bufo viridis) by administering 0.5 mg 
of DMBA 3 times per week for 12 
weeks. Toads treated with I or 2 ml of 
cabbage slurry 3 h before the carcino-
gen every day for 12 weeks had a 
lower incidence of liver tumours, but 
administration of 2 ml of cabbage 3 h 
after DMBA treatment was ineffective 
in 27 of 100 toads. 

Godlewski et al. (1985) determined 
whether the liver detoxication enzymes 
GST-P+ and GOT induced in foci by 
aflatoxin B1  were changed by feeding 
weanling rats a diet containing 
Brussels sprouts, a glucosinolate frac-
tion of Brussels sprouts (extract) or a 
non-glucosinolate fraction (residue). All  

three of these diets induced high levels 
of hepatic GST-specific activity as 
compared with purified basal diet fed 
to control rats. The Brussels sprouts 
and the extract, but not the residue, 
inhibited hepatic GGT foci induced by 
aflatoxin 131. 

Kassie et al. (2003a) reported the 
preventive effects of Brussels sprouts 
and red cabbage against 10-induced 
liver GST-P+ foci. Male Fischer 344 rats 
were given 10 at 100 mg/kg bw per day 
on 10 alternate days and received 
drinking-water supplemented with 
Brussels sprouts and red cabbage 
juice (5% v/v) before and during car-
cinogen treatment. The size of the liver 
GST-P+ foci was reduced by 85-91% 
with Brussels sprouts and by 41-83% 
with the red cabbage, whereas the fre-
quency of foci was only moderately 
decreased (by 19-50%). Cooking of 
the vegetables at 100 C for 10 min had 
no effect on their protective effects. 

Mammary gland 
Diets containing cruciferous vegeta-
bles such as cabbage, cauliflower, 
Brussels sprouts and broccoli consis-
tently inhibited mammary tumorigene-
sis in rats induced by 7,12-dimethyl-
benz[ajanthracene (DMBA) or N-
methyl-N-nitrosourea. 

Wattenberg (1983) reported that 
several plant materials, including cab-
bage and cauliflower, inhibited mam-
mary carcinogenesis when fed after 
carcinogens. Female Sprague-Dawley 
rats were given 12 mg of DMBA by 
gavage and 1 week later were fed a 
basal diet or a diet supplemented with 
10% (w/w) cabbage or cauliflower. The 
experiment was terminated 18 weeks 
after DMBA administration. The inci-
dences and multiplicity of mammary 
tumours were significantly reduced in 
the groups fed cabbage or cauliflower 
as compared with the group fed the 
basal diet. 

Stoewsand et al. (1988) examined 
the effect of dietary Brussels sprouts 
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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 et 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-n itrosou rea, and the rats were 
then randomized to control fat (5%) or 
high fat (24.8%) diets. Dried cabbage 
(5% and 100%) 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-
forapliane were highly effective in 
reducing the incidence, multiplicity and 
rate of development of mammary 
tumours in DMBA-treatod 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-
ciforous 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 corn-
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 
papillomas were observed in mice 
treated orally with the seed extract, 
continuously before and after the initia-
tion stages of tumorigenesis, com-
pared with the control groups. The 
latency in the experimental group 
increased significantly (to 11.3 weeks) 
compared with the control group (7.8 
weeks). 

Transpiacental and translactational 
carcinogenesis 
Hashim et 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 oil 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 ml 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 F1  progeny was signifi-
cantly reduced at both concentrations, 
from 65% in the control group to 29% 
and 16%, respectively, in the experi-
mental groups. The mean number of 
tumours per effective F1  progeny was 
reduced from 1.56 in the control group 
to 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 
0.05 or 0.10 ml per day for the first 15 
days of lactation, 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-
trols to 32% and 18%, respectively, at 
the lower and higher doses. The mean 
number of tumours in F1  mice was 
reduced from a control value of 1.71 to 
0.98 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 
concentration 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 
metastases on the lungs was reduced 
from the control value by about 50% at 
both doses (Scholar et al., 1989). 

Selenium-enriched broccoli 
In the studies with selenium-enriched 
broccoli summarized below, the main 
objective 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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DMABP, 100 
mg/kg bw x 2 
s.c., killed 8 
weeks after 
second DMABP 
DMH, 25 mg/kg 
bw x 2 s.c., killed 
8 weeks after 
second DMH 
Control diet: low-
selenium toruls 
yeast 

- Throughout 	• AC/rat: DMABP 4 selenate, Selenium from 	Finley et al. (2000) 
8.&; DMABP + high-selenium broccoli 
broccoli, 43C reduced ACFs 
ACFlrat: DMABP + selenate, in colon 
34C; DMABP + high-selenium 
broccoli, 21e 
AC/rat: DMH 4-  selenite> DMH 
+ high-selenium broccoli 
AC F/rat: DMH + selenite> 
DMH + high-selenium broccoli 

High selenium 
broccoli (1 mg/kg 
selenium), diet, 
11 weeks 

High selenium 
broccoli (2 mg/kg 
selenium), diet, 
11 weeks 

o 
Table 42. Studies of prevention of carcinogen-induced colon preneoplastic lesions by selenium-rich broccoli 

Organ 	Age at 	No. of 	Carcinogen, 	Cruciferous 	Timing of 	Preventive efficacy by 	Summarized 
site, 	start 	animals 	dose, route, 	vegetables, 	treatment 	tumour incidence (TI) or 	effect 
species, 	(weeks) 	per 	duration 	amount, 	 multiplicity (TM) 
strain 	 group 	 duration 
(sex) 
Rat 	Wean- 	18 
Fischer 	ling 
344 (M) 

Reference 

Rat 	Wean- 	18 DMH, 25 mg/kg High-selenium 	Throughout Total ACFs: DMH alone, 137e;  Selenium- 
Fischer 	ling bw x 2 s.c., killed broccoli forets + high- selenium broccoli, enriched 
344 M) 8 weeks after (2 mg/kg 68e;+ high-selenium sprouts, broccoli 

second DMH selenium), diet, 71 decreased 
Control diet: 11 weeks; High- ACEs in colon 
selenium- selenium 
deficient torula broccoli sprouts 
yeast (2 mg/kg 

selenium), diet, 
Il weeks 

Rat 	7 	30 MNU, 50 mg/kg High-selenium 	Throughout Mammary TI: MNU alone. g0E; Selenium- 
Sprague- bw, killed at 22 broccoli (3 mg/kg + high selenium broccoli, 37C enriched 
Dawley weeks selenium), diet, broccoli 
(F) Control diet: 22 weeks decreased 

AIN76A#0.1 mammary 
mg/kg selenium tumeurs 

Rat 	Wean- 	18 	DMABP, 100 High-selenium 	Through-out AC/ret: DMABP alone, 97b; Selenium from 	Finley & Davis 
Fischer 	ling 	 mg/kg bw x 2 broccoli (1 mg/kg + 0.1 mg/kg selenium as broccoli 	(2001) 
344(M) 	 s.c. 0rDMH, 25 selenium), diet, broccoli, 8.4; + 1.0 mg/kg reduced ACFs 

mg/kg bw x 2 11 weeks selenium as broccoli, 43C in colon 
s.c, killed 8 High-selenium AC/rat: DMH alone, 95; + 2.3 
weeks after broccoli (2 mg! kg mg/kg satan ite + low-selenium 
second treat- selenium), diet, broccoli, 102b; 4- 2.0 mg/kg 
ment 11 weeks selenite as high-selenium 
Control diet: broccoli, 56 
selenium- ACF/rat: DMH alone, 239; 
deficient torula + 2.0 mg/kg selenite 4- low- 
yeast selenium broccoli, 299b;  + 2.0 

mg/kg selenite as high- 
selenium broccoli, 153e 

AC, aberrant crypta; AC 	berrantcryptfooi; biviAp, 3',2' -dimethyl4-arninobiphenyl; iiMF), 1,2 -dimethylhydrazine; s.c., subcutaneoùsly;MNU, N-methyl-N-nitrosourea 

Finley etal. (2001) 

Finley et ci. (2001) 
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pg/g as selenized broccoli. In another 
experiment, rats were given the same 
diet supplemented with selenium at 2.0 
ig/g diet as selenite plus low-selenium 
broccoli or as selenized broccoli. The 
rats received the diets for 3 weeks and 
were then injected with 3,2-dimethyl-
4-aminobiphenyl or I ,2-dimethylhydra-
zine. Supranutritional amounts of sele-
nium supplied as high-selenium broc-
coli significantly decreased the inci-
dences of aberrant crypts and aberrant 
crypt foci compared with other dietary 
treatments. 

Finley et al. (2001) examined the 
ability of high-selenium broccoli or 
high-selenium broccoli sprouts to pro-
tect against 1 ,2-dimethylhydrazine-
induced aberrant crypt foci in the 
colon. Fischer 344 rats fed diets 
containing selenium at 2.0 

1 
 ug/g as 

either high-selenium broccoli florets or 
high-selenium broccoli sprouts had 
significantly fewer aberrant crypt foci 
than rats fed a diet containing sele-
nium at 0.1 or 2 jig/g supplied as 
selenite with or without the addition of 
low-selenium broccoli. In another 
experiment (Finlay & Davis, 2001), 
weanling Fischer 344 rats were fed 
diets containing various amounts of 
selenium from broccoli and were 
injected with 3,2-dimethyl-4-amino- 
biphenyl 	or 	1 ,2-dimethylhydrazine. 
After 11 weeks on the diets, the ani-
mals were killed and their colons exam-
ined for aberrant crypt foci. The 
incidence was significantly reduced in 
animals fed high-selenium broccoli. 

Finley et al. (2001) also reported 
that Sprague-Dawley rats given diets 
containing either low- or high-selenium 
broccoli had significantly fewer mam-
mary tumours induced by N-methyl-N-
nitrosourea (MNU) than rats fed 0.1 
mg of selenium as selenite without the 
addition of broccoli. High-selenium 
broccoli was more protective than low-
selenium broccoli. 

Glucosinolates 
The first study on inhibition of carcino-
genesis by glucosinolates was 
described by Wattenberg et al. (1980). 
When glucotropaeolin, glucosinalbin 
and gi ucobrassicin were administered 
to rats before benzoa]pyrene, gluco-
brassicin inhibited the occurrence of 
forestomach tumeurs and pulmonary 
adenomas, whereas glucotropaeoli n 
and glucosinalbin inhibited only fore-
stomach tumeurs. 

Tanaka et al. (1990) observed a 
significant reduction in the incidences 
of hepatic tumeurs and preneoplastic 
foci in rats fed a diet containing sinigrin 
at 1200 mg/kg and treated with NDEA 
at 40 mg/I in drinking-water for 5 weeks 
compared with controls treated only 
with NDEA. They also observed a sig-
nificant reduction in preneoplastic 
lesions and carcinomas of the tongue 
in rats fed a diet containing sinigrin at 
1200 mg/kg during or after administra-
tien of 4-nitroquinoline 1-oxide at 10 
mg/I in drinking-water for 12 weeks 
(Tanaka etal., 1992). 

Sinigrin, which yields the break-
down product allyl-ITC, increased 
apoptosis and decreased aberrant 
crypt foci in the colon of Wistar male 
rats initiated with 	1 ,2-dimethylhy- 
drazine (Smith et al., 1998). For the 
studies of apoptosis, rats received two 
subcutaneous injections of 1,2-
dimethy1hydrazine at 30 mg/kg bw 5 
days apart; sinigrin was given in the 
diet at 400 pg/g after 6 h. Colons were 
harvested at intervals of 18, 24, 38, 48, 
and 72 h, and the frequency of apop-
tosis was determined in isolated 
crypts. Apoptotic cells were not 
observed in control rats, but their fre-
quency was significantly increased in 
rats initiated with 1 ,2-dimethylhy-
drazine; e.g., after 18 h on the sinigrin-
free diet, rats had approximately 4.5 
and 2.5 apoptotic cells per crypt in the 
mid- and distal colon. The number of 
apoptotic cells was significantly 
increased by sinigrin at all times 

except 72 h, the most substantial 
difference being seen at 48 h. In a 
second experiment, the number of 
apoptotic cells per crypt increased 
from 0.28 to 0.61 in the mid-colon of 
rats initiated with two subcutaneous 
doses of 1 ,2-dimethylhydrazine at 30 
mg/kg bw given 5 days apart, and 
given a diet containing sinigrin at 400 
pg/g after 22 h. Colons harvested after 
42 days from rats treated with 1,2-
dimethy1hydrazine alone had a mean 
of 25.3 aberrant crypt foci per colon, 
whereas those from rats treated with 
sinigrin had 15 aberrant crypt foci per 
colon; however, the numbers of crypts 
per focus were not significantly differ-
ent with 1,2-di m ethyl hydrazi n e  and 
with 1,2-dimethyihydrazine plus sini-
grin (2.1 versus 2.33). 

Isothiocyanates 
The numerous studies on the prevention 
of cancer in animals by isothiocyanates 
stem from early work by Lopez and 
Mazzanti (1955) and McLean and Roes 
(1958), who, in the 1950s, observed no 
liver cancers in the presence of bile-duct 
hyperplasia induced by the same isoth-
iocyanate compound. Later, Sasaki 
(1903) and Sidransky et al. (1066) 
demonstrated the inhibitory effects of o-
naphthyl-ITC on liver cancer induced by 
several carcinogenic agents given in 
various regimens. 

After these early demonstrations of 
the inhibitory activity of isothio-
cyanates, various compounds (princi-
pally phenethyl-ITC and benzyl-ITC) 
were tested for their capacity to inhibit 
oesophagus, lung, stomach, pancreas, 
colon, liver, mammary and bladder 
tumour formation in rats, mice and 
hamsters. Comprehensive reviews on 
the preventive activity of isothio-
cyanates in animal models have been 
reported by Hecht (1995, 2000) and by 
Zhang and Talalay (1004). This section 
presents the experimental evidence for 
the prevention of cancer in rats (Table 
43), mice (Table 44) and hamsters 



(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 
containing 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 control 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 etal., 1991). 

In view of the almost complete inhi-
bition of oesophageal tumours in rats 
by phenethyl-ITC at 3 and 6 pmol/g in 
the diet, Morse et al. (1993) studied the 
dose—response relationship with con-
centrations ranging from 0.325 to 3 
pmol/g of diet. Rats were fed 
phenethyl-ITC in the diet for 2 weeks 
before, during and for 8 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 1001% 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 treatment 
and oesophagi were harvested 24 h  

later, the inhibition of tumorigenesis 
correlated in a dose-dependent man-
ner with the percentage inhibition of 
M- and 03-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 rats 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 multiplicity were 
reduced from 100% to 46.7% and from 
2.9 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 tumeurs per animal), 
showing that phenethyl-LTC 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-ITC and 6-
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 jimol/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 pmol/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 f?-methylguanine adducts: the rank 
order for inhibition of oesophageal 
DNA adducts was 3-phenylpropyl-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 AOl/N rats in relation to admin-
istration of the carcinogen methyla-
zoxymethanol. Rats aged 5 weeks 
were given diets containing benzyl-LTC 
(400 mg/kg) or benzyl thiocyanate 
(400 and 100 mg/kg) for 1 week before 
and during injection of methyla-
zoxymethanol at 25 mg/kg 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 m ethyl azoxymethanol 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 
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Table 43. Effects of isothiocyanates (ITCs) on carcinogen-induced tumours in rats 

Organ 	Age at 	No. of 	Carcinogen, 	ITC, dose, 	Length and 	Preventive efficacy by 	Summarized 	Reference 
site, 	start 	animals 	route, dose, 	route 	 timing of ITC 	tumour incidence (TI) 	effect 
strain 	(weeks) 	per 	duration 	 treatment 	or multiplicity (TM) 
(sex) 	 group 	 (low to high dose) 

Oesophagus 

Fischer 	7 15 	NMBA, s.c., Phenethyl-ITC, 25 weeks, 2 TI reduced by 100% Phenetbyl-ITC Stoner etal. 
344 0.5 mg/kg 3 or 	pmol/g, weeks before, and 87% prevented (1991) 
(M) bw, once a diet during and TM reduced by 99% tumour 

week, 15 after NMBA and 100% formation when 
weeks giver before and 

during NMBA 

Fischer 	6-7 13-27 	NM BA, s.c., Phenethyl-ITC, 25 weeks, 2 TI reduced by 0, 40% Phenethyl-ITC Morse et al. 
344 0.5 mg/kg 0.325, 0.75, weeks before, and 100% prevented (1993) 
(M) bw, once a 1.50 or 3.0 during and TM reduced by 39%, tumeurs when 

week, 15 prnol/g, diet after NMBA 90% and 100% at 0.75, given before and 
weeks 1.5 and 3.0 pmol/g during NMBA 

Fischer 	6 15 	NMBA, s.c., Phenethyl-ITC, 25 weeks, 2 TI reduced by 53% Phenethyl-ITC Siglin et al. 
344 1.0 mg/kg 3.1 pmoilg, weeks before when given with NMBA prevented (1995) 
(M) bw, three diet during and and 7% when given tumeurs when 

times a after NMBA after NMBA given before but 
week, 5 TM reduced by 69% not after NMBA 
weeks when giver with NMBA 

and 7% when given 
after NMBA 

Fischer 	6-8 15 	NMBA, s.c., Benzyl-ITC, 25 weeks, 2 TI reduced by 43%, Benzyl-ITC, 4- Wilkinson et al. 
344 0.5 mg/kg phenethyl-ITC, weeks before, 60%, 93% with phenylbutyl-ITC (1995); Stoner & 
(M) bw, once a 3-phenyl- during and phenethyl-ITC; 93%, and 6-phenyl- Morse (1997) 

week, 15 propyl-ITC, after NMBA 93%, 100% with 3- hexyl-ITC did 
weeks 4-phenyl-butyl- phenyl-propyl-ITC rot inhibit 

ITC and TM reduced by 83%, incidence. TM 
6-phenyl- 94%, 99% with inhibited by 
hexyj-ITC at phenethyl-ITC; 93%, pherethyl-ITC, 
0.4, 1.0 and 99%, 100% with 3- 3-phenylpropyl- 
2.5 imoI/g, phenyl-propyl-ITC; 41%, ITC and 4- 
diet 24%, 40% with 4- phenylbutyl-ITC. 

phenylbutyl-ITC; Inhibition 
increased by 21%, 61%, correlated with 
69% with 6-phenylhexyl- chain length 
ITC 
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Table 43 (contd) 

Organ Age at No. of 	Carcinogen, ITC, dose, route Length and timing Preventive efficacy Summarized effect Reference 

site, start animals 	route, dose, of ITC treatment by tumour incidence 

strain (weeks) per 	duration (TI) or multiplicity 

(sex) group (TM) (low to high 
dose) 

Co/on 
ACl/N (F) 5 19-21 	Methylazoxy- Benzylthiocyanate 4 weeks, 1 week TI reduced by 47% Tumours inhibited by Sugie et al. 

methanol, irnp., 400 and IOU mg/kg before and during (intestine) with benzyl-ITC in both (1994) 

25 mg/kg bw, Benzyl-ITC, 400 rnethyLazoxy- benzyl-ITC in both small intestine and 

once o week, mg/kg diet methanol 45 small intestine  and colon; tumour size not 

3 weeks weeks, 1 week colon; tumour size not affected 
after methylazoxy- affected 
methanol 

Fischer 6 6 	 Azoxy- Phenethyl-ITC or 3 days, 2 h before ACF Phenethyl-ITC Chung et al. 

344 methane, s.c., phen ethyl -lTC—N azoxy-methane Reduced by 25% with inhibited total number (2000) 

(M) 15 mg/kg bw, acetylcysteine, 20 (pre-initiation), phenethyl-ITC, of aberrant crypt foci 

twice at 7-day or 50 pmol, once a repeated during increased by 29% and no. of foci with 

interval day (pie-initiation) second week with phenothy!- multiple crypts when 

and 5 prnoles or 20 8 weeks, 2 days ITC—N-acetylcystoine given before or after 
mmci, three times after azoxy- Reduced by 35% with azoxymethane; 

a week (post- methane (post- phonethyl-ITC and by phenethyl-lTC—N 
initiation), gavage initiation) 26% with phenethyl- acetylcysteine 

ITC—N-acetylcysteine inhibited when given 
after but not before 

Sprague 8 7-10 	Azoxy- Phenetbyl-ITC, 5 weeks, I week 228 ACF per animal Phenethyl-ITC did not Pereira & 
Dawley methane, s.c., 0.65 g!kg diet before and 4 weeks in controls, 191 with significantly alter Khoury (1991) 

(M) 15 mg/kg bw, after first azoxy- phenethyl-ITC number of ACF 

twice at 7-day methane 
interval 

Liver 
Sprague- - 228 g 11-22 	D,L-Ethionine, -Naphthyl-[1C, 4 or 8 weeks TI, 67% with DL- u.-Naphthyl-ITC Sidransky Of 

Dowley 0.25% diet 0.1% diet before D,L- ethionine, 47% and inhibited hepato- al. (1996) 

(M) ethionine or in 18% after 4 and 8 cellular carcinomas 
combination weeks pretreatment when given either 

with cr-nap hthyl-ITC, O before or with 
with combination carcinogen 

Wistar - 200 g 6-20 	FAA, 0.04% cz-Naphtbyl-ITC, FAA 4 months TI, 62% 

(M) diet 0.1% diet FAA + cz-naphthyl- TI, 250/. 
ITC 2 months and 
FAA 2 months 
cr-Naphthyl-ITC 2 TI, 24% 
months + FAA 2 
months 



Table 43 (contd) 

Organ Age at No. of Carcinogen, ITC, dose, Length and Preventive efficacy Summarized effect Reference 
site, start animals route, dose, route timing of ITC by tumour incidence 
strain (weeks) per duration treatment (TI) or multiplicity 
(sex) group (TM) (low to high 

dose)  
Wistar(M) 150-130 6-9 Meta-Toluylene cr-Naphthyl- 35 weeks, TI reduced by 100% in cr-Naphthy -ITO inhibited Ito etal. (1 969 	t 

g diamine, 0.1%, ITO, 0.1% in during mete- 30 weeks cancer and nodular 
diet diet toluylene- hyperplasia 

diamine 

Lung 
Fischer 0 20-40 NNK, s.c., 1 76 Phenethy 21 weeks, 1 TI at 104 weeks Pbenetbyl-ITC reduced Morse eta! 
344 mg/kg bw three ITO, 3 pmol/g,  week before reduced from 80% to liver but not other (19892) 
(M) times a week, diet and during 43°% tumeurs 

20 weeks NNK 

Fischer 6 36 NNK s.c. 	1.5 6-Phenyl- 22 weeks, 1 TI reduced by 72%, Phenethyl-ITC and 6 Chung at e!. 
344 mg/kg bw. three hexyl-ITC, 2 week before 64% with 6-phenyl- phenyl-hexyl-ITC had (1996) 
(M) times a week, 014 pmol/g, and 1 week hexyl ITC equal activity: no 

20 weeks diet after NNK TI reduced by 75%, dose—response 
Phenethyl- 87% with phenethyl- relationship  
ITC, 4or8 ITO 
pmol/g, diet 

Fischer 7 20-60 Ni 2mg/I in Pherethy 112 weeks, 1 TI reduced by 931/D in Phenetbyl-ITC inhibited Hecht etal. 
344 water, Ill ITO, week before lung, 100% in lung tumeurs and (1996a) 

(M) weeks 3 pmo 1g, diet and during pancreas (malignant malignant tumours in 
NNK exocrine) pancreas. No effect on 

liver or nasal cavity t 

Hscrier 7 60 NNK, 2mg/I in 6-Phenyl- 112 weeks, 1 TI reduced by 63% in Phenetby ITO inhibited Hecht at al. 	t 

344 water, 111 hexyl-ITC, week before lung lung tumeurs, leukaerria (1996b) 	t 

(M) weeks 1 pmol/g, diet and during TI reduced by 59% for and lymphoma. No effect 
NNK leukaemia and on other tumeurs 

ymphoma 

Sprague- 7 16-27 DMBA , 12 mg Benzy -ITO 15 weeks, 1 TI reduced by 37°4 Benzyl-ITC Inhibited Wattenberg 
Dawley once, oral 17 pmol/g, Week after TM reduced by 59% mammary TI and TM (1981) 

(F) diet DMBA 
CD 

«(D 
-t 

(D 

CD 
CD 

Ç) 



Table 43 (contd) 

Organ Age at No. of Carcinogen, ITC, dose, 
site, start animals route, dose, route 
strain (weeks) per duration 
(sex) group 

Mammaty gland 
Sprague- 7 20 DMBA, 50 Phenethyl- 
Dawley mg/kg bw ITC, 0.1%, 
(F) once, oral diet 

20-25 	DMBA, 8 mg 	Sulfora- 
once, oral 	phone, 75 

and 150 
pmol, oral 

Length and Preventive efficacy Summarized 
timing of ITC by tumour effect 
treatment incidence (TI) or 

multiplicity (TM) 
(low to high dose)  

35 weeks, 1 TI not reduced Phenethyl-ITC 
week after TM not significantly had no effect on 
DMBA different TI or TM but 

Size reduced by 51% reduced size of 
tuniou ra 

3 In before After 152 days, TI Sulforaphane 
DMBA reduced by 49% and reduced tumour 

61% and TM reduced incidence arid 
by 71% and 85% multiplicity 

TI not significantly 	6-Fhenyl-hexyl- 
reduced ITC but not 
TM reduced by 47% pbenethyl-ITC 
with 6-phenylhexyl- reduced no. of 
ITC papillcmas per 
Phenetbyl-ITC rat 
ineffective 

TI and TM of Benzyl-ITC 
dysplasia, papillomas reduced tumour 
and carcinoma incidence and 
inhibited in dose- multiplicity 
response relationship induced by BBN, 

but alone it 
increased 
epithelial 
hyperplasia at 
100 and 
1000 mg/kg 

Sprague- 	7 
Dawley 
(F) 

Urinary bladder 
Wistar 	8 
(M) 

Fischer 	6 
344 
(M) 

30-40 

NE 

Reference 

Futakuchi et al. 
(1998) 

Zhang et al. (1994) 

Nishikawa eta! 
(2003) 

Okazaki et ai. 
(2002) 

BBN, 0.025% 	Fhenethyl- 	16 weeks, 1 
for 15 week, 	ITC and 6- 	week before 
water 	 phenyihexy BBNI 

l-ITC, 0.5 
Ijmol/g, diet 

BBN, 50 mg/I, 	Benzyl-ITC, 	40 weeks, 
40 weeks, 	10, 100 	during BBN 
water 	 and 1000 

mg/kg, diet 

ACF, aberrant crypt foci; BBN, N-butyl-N-(4-hydroxybutyl)nitrosanine; DMBA, 7,1 2dimetbyIbenz[a]anthracene; FAA, N-2 -fluorenylacetamido; NMBA, 

N-nitrosom ethyl benzylamine; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1 -buta none; PhIP, 2-amino-i -rnethyl-6-phenylimidazo[4,5-b]pyridine; p., intra-

peritoneally; s.c., subcutaneously 



Cancer preventive effects 

(81% and 92% when given before 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-ITC and benzyl thiocyanate inhib-
ited cell proliferation in the colon when 
given during the initiation phase of 
methylazoxymethanol-induced tu mon -
genesis, but were ineffective when 
given after carcinogen treatment. 

Chung et aL (2000) evaluated the 
efficacy of phenethyl-ITC and its N-
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 pmol) 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, phenethyl-
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, 
phenothyl-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 foci in the colons of Sprague-
Dawley rats were unaffected by previ-
ous administration of phenethyl-ITC, 
ellagic acid or diallyl sulfide but were 
inhibited 93% and 30% by N-acetyl-
cysteine and codifIuoromethylornithine, 
respectively. 

Liver Sidransky et al. (1966) showed 
that a diet containing 0.1% a-naphthyl-
ITC given before or with OL-ethionine 
or N-2-fluorenylacetamide inhibited the 
formation of hepatocell ular 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-
me. The tumour incidence was 67% 
with ethionine alone and 47% and 
18%, respectively, after pretreatment 
with a-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% a-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 u.-naphthyl-ITC. N-2-
Fluorenylacetamide induced a small 
number of ear-duct tumours and myel-
ogenous leukaemia, which were 
apparently inhibited by a-naphthyl-ITC 
when given before or during dosing 
with the carcinogen. 

Ito et al. (1969) showed that 0.1% 
a-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 et al. (1996a) evaluated 
phenethyl-ITC for its ability to prevent 
lung tumeurs induced in rats by NNK. 
In the first study (Morse et al., 1989a), 
male Fischer 344 rats aged 8 weeks 
were given a diet containing phenethyl-
[TC at a concentration of 3 pmol/g, 
beginning I 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 
tumeurs in the lungs (adenomas and 
carcinomas), liver and nasal cavity 
were evaluated. The dose of 
phenethyl-ITC, estimated to be 8.8 
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 centnilobular and mid-
zonal fatty metamorphosis. Dietary 
phenethyl-ITC reduced the incidence 
of lung tumours from 80% in controls 
to 43%, but the numbers of tumeurs 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 

115 



IARC Handbooks of Cancer Prevention Volume 9; Cruciterous vegetables, isothiocyanates and indoles 

effect on the incidence of leukaemia or 
lymphomas. In a separate assay, 2 
weeks of feeding phenethyl-ITC 
resulted in a 50% reduction in 
W-methylguanine adducts induced by 
administration of NNK at 0.6 mg/kg bw 
for 4 days beginning on day 11 of 
phenethyl-ITC treatment. 

In the study by Hecht et al. (1996a), 
phenethyl-ITC and NNK were adminis-
tered over 112 weeks, NNK being 
added to the drinking-water at 2 mg/I 
beginning 1 week after addition of 
phenethyl-ITC to the diet at 3 pmol/g. 
Tumours (adenomas and adenocarci-
nomas) developed in 70% of control 
rats receiving only NNK and in only 5% 
of those given phenethyl-ITC. 
Treatment with phenethyl-ITC also 
appeared to inhibit progression of 
benign pancreatic tumours to malig-
nancy. The treatment had no overt 
toxic effects on survival or body weight. 
Haemoglobin adducts of NNK metabo-
lites were repressed in blood, but the 
metabolites NNAL and NNAL glu-
curonides in urine were increased by 
four- to sixfold, compatible with the 
observation that phenethyl-ITC inter-
feres with the activation of NNK. 

Under the same conditions, Hecht 
et al. (1996b) showed that 6-phenyl-
hexyl-ITC is an effective inhibitor of 
NNK-induced lung tumorigenesis in 
rats. Feeding a diet containing 6-
phenylhexyl-ITC at a concentration of 
1 pmol/g from 1 week before adminis-
tration of NNK at 2 mg/I in the drinking-
water and continuing during the 111 
weeks of NNK treatment resulted in a 
reduction in the incidence of lung 
tumours, from 70% with NNK alone to 
26% with 6-phenylhexyl-ITC. As found 
with phenethyl-ITC (Hecht et al., 
1996a), rats treated with 6-phenyl-
hexyl-ITC had lower levels of haemo-
globin adducts and higher urinary con-
centrations of NNAL and NNAL glu-
curonides. As reported earlier, no 
significant decrease was found in the 
incidences of pancreatic, liver or nasal  

cavity tumours, but there was a signifi-
cant reduction in both NNK-induced 
and spontaneous leukaemia and lym-
phoma. 

The preventive activity of phen-
ethyl-ITC against NNK-induced lung 
tumorigenesis was compared with that 
of 6-phenylhexyl-ITC (Chung et al., 
1996). Male Fischer 344 rats, 6 weeks 
of age, were given the two agents in 
the diet at ratios of 0.8 and 0.4 of the 
maximum tolerated dose, beginning 1 
week before NNK treatment (subcuta-
neous injection of 1.5 mg/kg bw, three 
times per week for 20 weeks) and con-
tinuing to 1 week after the last NNK 
injection (a total of 22 weeks). 
Phenethyl-ITC and 6-phenylhoxyl-ITC 
inhibited the formation of lung adeno-
mas and adenocarcinomas with 
approximately the same efficiency. The 
tumour incidence was reduced from 
67% in animals given only NNK to 24% 
and 19% with 6-phenylhexyl-ITC (876 
and 438 mg/kg) and to 9% and 17% 
with phenethyl-ITC (1304 and 652 
mg/kg). Neither ITC significantly 
decreased the incidences of nasal 
cavity or testicular tumours, but 6-
phenylhexyl-1TC appeared to reduce 
the incidences of leukaemia and lym-
phoma. 

Mammary gland: Wattenberg (1981) 
showed that sodium cyanate, tert-butyl 
isocyanate and benzyl-ITC inhibited 
mammary tumour formation in female 
Sprague-Dawley rats. In a series of 
experiments, DMBA was administered 
to 7-week-old rats by oral intubation at 
a dose of 12 mg per rat in 1.0 ml of 
olive oil. Seven days later, the rats 
were placed on diets containing 0.013 
or 0.026 iimol/g sodium cyanate, 0.013 
pmol/g butyl isocyanate or 0.017 
iimol/g benzyl-ITC. All treatments 
inhibited the production of mammary 
tumours. Sodium cyanate decreased 
the tumour incidence by 23-40% and 
the multiplicity by 58%, whereas tart-
butyl isocyanate and benzyl-ITC 

reduced the incidence by 500% and 
37% and the multiplicity by 65% and 
59%, respectively. Using a similar pro-
tocol, Futakuchi et al. (1 99B) found that 
phenethyl-ITC in the diet at 0.1% inhib-
ited mammary tumours. It had little 
effect on tumour incidence but reduced 
tumour volume from 4.9 with DMBA 
alone to 2.4 (p < 0.05). 

Groups of 20-25 female Sprague-
Dawley rats, aged 7 weeks, were given 
sulforaphane at 75 or 150 pmol orally 3 
h before receiving one dose of 8 mg of 
DMBA. Both the incidence and the 
multiplicity of mammary tumours were 
reduced (Zhang et al., 1994). 

These results suggest that isothio-
cyanates are more effective in prevent-
ing mammary cancer when given after 
carcinogen initiation (inhibition of pro-
gression and promotion) than when 
given before and during the carcinogen. 

Urinary bladder. Investigations on the 
inhibition of bladder cancer by isothio-
cyanates have yielded divergent and 
contradictory results, depending on the 
isothiocyanate given in the diet and the 
time of treatment. For example, 
Nishikawa et al. (2003) and Okazaki et 
al. (2002) found that 6-phenylhexyl-
ITC and bonzyl-ITC inhibited bladder 
tu mou rs induced by N-butyl-N-(4-
hydroxybutyl) nitrosamine (BBN) when 
given simultaneously with the carcino-
gen in the diet. Conversely, Hirose et 
al. (1998) and Ogawa et al. (2001) 
found that phenethyl-ITC and benzyl-
ITC administered after BBN had strong 
promoting activity (see section 6). 
Nishikawa et al. (2003) gave male 
Wistar rats diets containing phenethyl-
ITC and 6-phenylhexyl-ITC at 0.5 
pmol/g for 16 weeks, beginning 1 week 
before addition of 0.025% BBN to their 
drinking-water. Rats treated only with 
BBN had a 95% incidence of tumours 
(transitional-cell carcinomas and/or 
papillomas). Neither phenethyl-ITC nor 
6-phenylhexyl- ITC significantly reduced 
the tumour incidence, but 6-phenyl- 
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hexyl-ITC decreased tumour multiplic-
ity about twofold. Similarly, Okazaki et 
al. (2002) found that simultaneous 
treatment of male Fischer 344 rats with 
benzyl-ITC at 10, 100 or 1000 mg/kg of 
diet and BBN at 50 mg/I of drinking-
water for 40 weeks reduced both the 
incidence and the multiplicity of blad-
der tumeurs (dysplasia, papilloma, car-
cinoma) in a dose-dependent fashion. 
Rats given the diets containing benzyf-
lIC alone at 100 or 1000 mg/kg devel-
oped epithelial hyperplasia, indicating 
that, although benzyl-ITC has strong 
preventive activity, it may also have weak 
carcinogenic activity (see section 6). 

Multiple organs: Ogawa et al. (1 998) 
showed that pretreatment of rats with a 
diet containing phenethyl-ITC at 0.1% 
inhibited hyperplasia in the lung and 
oesophagus, renal atypia and GST-P+  
foci in liver; however, when given post-
initiation it enhanced liver GST-P foci 
and formation of bladder tumeurs. In 
these experiments, tumours were initi-
ated with a single intraperitoneal injec-
tion of N-nitrosodiethylamine (100 
mg/kg bw); four intraperitoneal injec-
tions of MNU (20 mg/kg bw); BBN in 
drinking-water (0.05%) for the first 2 
weeks; four subcutaneous injections of 
1 ,2-dimethylhydrazine (40 mg/kg bw); 
or 2,2 -dihydroxy-di-n-propyln itro-sa-
mine in drinking-water (0.1%) for 2 
weeks. In order to evaluate the effects 
of phenethyl-ITC on initiation, it was 
given in the diet from 1 day before ini-
tiation, during initiation and for 1 day 
after the last dose. The incidence of 
oesophageal hyperplasia was reduced 
from 67% to 15%, that of forestomach 
hyperplasia from 33% to 8%, that of 
bladder hyperplasia from 40% to 21% 
and that of papillary or nodular hyper-
plasia from 13% to 7%. The number of 
GST-P+ foci in the liver was not 
affected, but the area of foci was sig-
nificantly decreased. The multiplicity of 
lung hyperplasia was reduced from 27 
to 9. In order to study post-initiation 

effects, phenethyl-ITC was given in the 
diet from 1 day after the last dose until 
final sacrifice at week 28. With this reg-
imen, it increased the incidence of sim-
ple hyperplasia and papillary or nodu-
lar hyperplasia in the bladder to 100% 
and increased both the number and 
area of GST-P+ foc] in the liver. The 
multiplicity of lung hyperplasia was 
reduced from 27 to 23. 

Mice 
Studies in mice are summarized in 
Table 44. 

Forestomach: Wattenberg (1987) exa-
mined benzyl-ITC as the preventive 
agent and N-n itrosodiethylami ne and 
benzoFalpyrene as the carcinogens. 
Female NJ mice were given 1 mg of 
benzyl-ITC orally 15 min before intuba-
tion with N-nitrosodiethylamine at 
20 mg/kg bw, once a week for 8 weeks. 
The incidence of forestomach tumours 
was reduced from 1000/. to 50% and 
the number of tumeurs per mouse from 
30 to 0.5. More importantly, the inci-
dence of carcinoma was reduced from 
25% to 0. When benzoIalpyrene was 
used as the challenge and preceded by 
1 or 2.5 mg of bonzyl-ITC, the number of 
tumeurs per mouse was reduced from 
3.3 to 1.1 with the higher dose and the 
incidence of carcinoma from 21% to 0. 
The lower dose of benzyl-ITC had no 
effect on the number of tumours but 
reduced the carcinoma incidence to 7%. 

Lin et al. (1993) found that 
phenethyl-ITC at 6.7 pmol inhibited the 
number of tumours of the forestomach 
per mouse induced by administration 
of benzoapyrene by gavage (three 
times at 2-week intervals) from 4.8 to 
2.5 when administered 15 min before 
the carcinogen. Benzyl-ITC at 6.7 limol 
was not effective. 

Fahey et al. (2002) reported that 
sulforaphane 	inhibited 	benzo[a]- 
pyrene-ind uced forestomach tumeurs 
and also inhibited extracellular and 
intracellular antibiotic-resistant strains 

of Heilcobacter pylon. Sulforaphane 
was given in the diet at 2.5 mrnollkg to 
female ICR mice, resulting in an 
approximate intake of 7.5 pmol/day per 
mouse, for 7 days before and for 2 
days after benzo[a]pyrene at 120 
mg/kg bw, once a week for 4 weeks, by 
gavage. The number of tumours per 
forestomach was significantly reduced 
by sulforaphane, from 17.6 to 10.8. To 
test the hypothesis that the inhibitory 
action was due to induction of phase Il 
enzymes, mice with a deleted cr12 
gene, which codes for the transcription 
factor that regulates the induction of 
phase II proteins, were not responsive 
to the inhibitory effects of sul-
foraphane: the nfr2 null mice had 1.71 
more tumours than competent ICR 
mice (30.2 vs. 17.6 in controls); sul-
foraphane had rio effect on the number 
of tumeurs in the nfr2 null mice (30.2 
versus 28.5). 

Liver: Few publications have addressed 
the inhibition of liver tumours in mice 
by isothiocyanates. Pereira (1995) 
reported inhibition of !V-nitrosodiethyl-
amine-induced altered foci and adeno-
mas by intraperitoneal and dietary 
administration of phenethyl-ITC. Male 
C3H/HeNCr1 Br mice received phen-
ethyl-ITC at 82 mg/kg bw by intraperi-
toneal injection on days 13, 14 and 15 
of age. On day 15 and about 2 h after 
the last dose of phenethyl-ITC, they 
were given an intraperitoneal injection 
of N-nitrosodiethylamine at 4 mg/kg 
bw. At 21 days of age, the mice were 
weaned and placed on a diet contain-
ing 0.065% phenethyl-ITC. When killed 
at day 161, control mice had an aver-
age of 62.4 foci and 22.1 adenomas 
per liver, whereas treatment with 
phenethyl-ITC reduced these values to 
28.2 and 5.06, respectively. 

Lung: Wattenberg (1977) reported that 
addition of benzyl-1TC or phenethyl-
ITC to the diet with DMBA inhibited the 
formation of pulmonary adenomas in 
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Table 44. Effects of isothiocyanates (ITCs) on carcinogen-induced tumours in mice 

Organ Age No. of Carcinogen, ITC, dose, Length and Preventive efficacy Summarized 	Reference 
site, at animals route, dose, route timing of ITC by tumour effect 
strain start per duration treatment incidence (TI) or 
(sex) group multiplicity (TM) 

(low to high dose) 

Forestornach 

NJ 9 15 Benzo[a]- Benzyl-ITC, 15 min before At 26 weeks, TI Benzyl-ITC 	Waftenberg 
(F) weeks pyrene, gavage, I and benzo[a]pyrene reduced by 22% inhibited 	 (1987) 

gavage, 2 mg, 2.5 mg, once with 25 mg carcJnoma and 
once every 2 every 2 weeks, TM reduced by 67% other 
weeks three 3 times with 2.5 mg neoplasms 
times Carcinoma TI 

reduced by 67% 
and 100% with 1 
and 2.5 mg 

A/J 9 	20 Benzo[a]- Benzyl-ITC and 15 min before At 26 weeks, TI not Phenethyl-ITC, Lin et al. 

(F) weeks pyrene, phenethyl-ITC, benzofa]pyrene inhibited but not benzyl- (1993) 
gavage, 7.9 gavage, 6.7 TM reduced by 48% ITC, inhibited 
pmol each, pmol, once with phenethyl-ITC tumeurs 
once every 2 every 2 weeks, 
weeks, three three times 
times 

ICR 9-12 	20 Benzo[a]- Sulforaphane, 6 weeks, 1 week TM reduced by Sulforaphane Fahey et al. 

(F) weeks pyrene, 2.5 mrnollkg, before to 2 days 39%. No inhibition in i nhibited (2002) 
gavage, 120 diet after benzo[a]- mice lacking the tumours in nrf2- 
mg/kg bw, pyrene nrf2 gene competent but 
once a week, not in nrf2-null 
4 weeks mice 

Liver 

C3H/ 13-15 	18-37 N-Nitroso- Phenethyl-ITC 3 days before No. of foci per Phenethyl-ITC Pereira (1995) 

HeNCI days diethylamine, p., 82 mg/kg N-nitrosodiethyl- mouse reduced by given before 

lBr i.p., 4mg/kg bw on days 13, amine and days 55% and after N- 
(M) bw, once on 14, 15 and 0.65 21-161 in diet No, of adenomas nitrosodiethyl- 

day 15 g/kg diet, days per mouse reduced amine inhibited 
21-161 by 77% liver lesions 

Long 

ICR/Ha 9 	15-20 	DMBA, 0.05 	BenyI-ITC, 5 	4 weeks 	 At 20 weeks, 	 Wattenberg 

(F) 	weeks 	 mg/g, diet 	mg/g, diet 	 benzyl-ITC and 	 (1977) 
PhenethyI-TC, 	 pheriethyl-ITC 
5.5 mg/g, diet 	 inhibited lung TM 

but no TI 



NJ 	7 	20 NNK, i.p., 10 Phenethyl-ITC, 5 1 or 4 days TI reduced by 33% and 6-Phenylhexyl-ITC 
(F) 	week pmol pmol; 6-phenyl- before NNK 65% with one and four more inhibitory than 

s hexyl-ITC, 0.2 doses of 6-phenyihexyl- phenethyl-ITC 
pmol, once by ITC One dose as effect- 
gavage or once a TM reduced by 62% and tive on multiplicity 
day, 4 days 79% with one and four as four with either 

doses of phenethyl-ITC compound 
and reduced by 83% and 
96% with 6-phenyihexyl- 
ITO 

A/J 	7-8 	24 Benzo[a]- Phenethyl-ITC, 6 days, 4 days After 7 months, no Pbenethyl-ITC did 
(M, F) 	week pyrene, i.p., 0.075, 025, 0.50, before and 2 significant difference not inhibit lung 

s 100 mg/kg bw, 1.25 pmol/g, days after between benzo[a]pyrene tumours 
once gavage, once a benzo[a]pyrene control and ITC-treated 

day, 6 days mice 

NJ 	9 	20 Berzo[a- Benzyl-ITC or 3 days, 15 min After 26 weeks, TI not Pherethyl-ITC did 
(F) 	week pyrene, once phenethyl-ITC, before significantly inhibited by not inhibit lung 

s every 2 weeks, 6.7 pmol, carcinogen either agent tumeurs, but 
three times gavage, once TM reduced by 46% by benzyl-ITC reduced 

every 2 weeks, benzyl-ITC no. of tumours per 
three times mouse 

A/J 	7-8 	10-20 Benzoa]- Benzyl-ITC, 13.4 8 days, 15 min 19 weeks after final dose Dibenz[a,h]- 
(F) 	week pyrene, 3 pmol; and 6.7 pmol, before of carcinogen, TI reduced anthracene most 

s 5-methyl- gavage, once a benzo[a]- by 39% at 13.4 limaI, potent lung 
chrysene, 2 week, 8 weeks pyrene TM reduced by 64% and carcinogen. Only 
pmol, 81% with benzo[a]pyrene higher dose of 
dibenz[a,h- TM reduced by 73% and benzyl-ITC 
anthracane, 1 77% with 5-methyl- inhibited TI 
limo! chrysene 
Once a week, 8 TM reduced by 80% and 
weeks, gavage 91% with dibenz[a,h]- 

anthracene 

Morse etal. 
(1992) 

Adam-
Rodwell et 
ai. (1993) 

Lin et ai. 
(1993) 

Hecht et al. 
(2002) 

(0 

'a 
a) 

Table 44 (contd) 

Organ Age No. of Carcinogen, ITC, dose, route Length and Preventive efficacy by Summarized 	Reference 
site, at animals route, dose, timing of ITC tumour incidence (TI) or effect 
strain start per duration treatment multiplicity (TM) (low to 
(sex) group high dose) 

A/J 6-7 20-30 NNK, 	p., 10 Pbenethyl-ITC, 5 4 days before 16 weeks after NNK, TI Phenethyl-ITC at 5 	Morse et al. 
(F) week pmol and 25 pmol; NNK reduced by 70% at 25 and 25 pmol 	(1989b) 

s benzyl-ITC and pmol phenetbyl-ITC inhibited TM. 
phenyl-ITC, 5 TM reduced by 76%, 97% Phenetbyl-ITC at 

mol; gavage, with pbenethyl-ITC; by 25 imoI inhibited TI 
once a day, 4 29% with benzyl-ITC 
days 

to 



Table 44 (contd) 

Organ 
site, 
strain 
(sex) 

Age 	No. of 
at 	animals 
start 	per 

group 

Carcinogen, 
route, dose, 
duration 

ITC, dose, 
route 

Length and 
timing of 
ITC 
treatment 

Preventive efficacy by 
tumour incidence (TI) or 
multiplicity (TM) (low to 
high dose) 

Summarized 
effect 

Reference 

NJ 10 	25-32 ETS, 6 h/day, 5 Phenethyl-ITC, 9 months, 1 TI and TM not reduced ETS a weak Witschi et al. 
(M) weeks days/week, 5 005%, diet week before carcinogen for (1998) 

months and during mouse lung 
ETS Phenethyl-ITC 

did not reduce 
lung tumeurs 

A/J 7-8 	15 NNK, i.p., 100 6-Methyl- 4 days, 2 h After 16 weeks, TI not 6-Methyl- Yano etal. 
(E)  weeks mg/kg bw, once thiohexyl-ITC, 5 before NNK reduced thiohexyl-ITC (2000) 

pmol/day, TM reduced by 38% (total inhibited 
gavage, once a tumeurs and turnourS per tumours 
day, 4 days mouse) 

A/J 7 	10-24 NNK, 	p., 10 Phenethyl-ITC 16 weeks, 1 Ti and TM not reduced by Phenethyl-ITC Morse et al. 
(F)  weeks pmol, once or benzyl-ITC, 1 week after phenethyl-ITC and benzyl-ITC (1990a) 

or 3 pmol/g, diet NNK TM reduced by 33% by 3 less effective 
pmol of benzyl-ITC when given 

post-initiation 

NJ 7 	30-35 Benzo[a]-pyrene, Benzyl-ITC—N- 140 days, 2 TM reduced by 39% and Both agents Yang et al. 
(F) weeks gavage, 20 pmol, acetyl-cysteine days after 45% by benzyl-ITC—N- effective post- (2002) 

once and phenemyl- benzo[a]- acetylcysteine and initiation 
ITC—N-acetyl- pyrene phen ethyl -ITC—N-acetyl- 
cysteine, cysteine 
15 pmol/g, diet 

NJ 7 	15-30 NNK, i.p., 10 Phenetbyl-ITC, 4 days, 2h After 16 weeks, TI reduced Thiol Jiao etal. 
(F) weeks pmol, once phenethyl- before NNK by 21% and 72% at 	and 5 conjugates of (1997) 

ITC—GSH, phen- pmol 6-phenyl-hexyl-ITC—N- phenethyl-ITC 
ethyl-ITC—N- acetylcysteine and 6-phenyl- 
acetylcysteine, TM reduced by 28% (5 pmol hexyl-ITC 
6-phenyihexyl- phenethyl-ITC), 32% (8 significantly 
ITC, 6-phenyl- pmol phen ethyl- ITC—GSH inhibited TM. 
hexyl-ITC-.GSH, and 5 pmol phenethyl- 6-Phenyl-hexyl- 
6-phenylhexyl- ITC—N-aoetylcysteine) lTC—Nacetyl- 
ITC—N-acetyl- TM reduced by 70% and cysteine 
cysteine, 97% by 1 and 5 pmol 6- inhibited TI 
gavage, 1-20 phenylhexyl-lTC—Nacetyl- 
pmol cysteine 



Phenethy -ITO 
did not reduce 
TI. 
All agents 
reduced TM. 
Efficacy related 
to alkyl chain 
length 

Summarized 
effect 

Reference 

Stoner & Morse 
(1997) 

3-Phenylpropyl- 	Morse et al. 
ITC and 4- 	(19890) 
phenyl-butyl—ITC 
nhjbted TI. 
Phenethy -ITO, 
3-phenyl propyl-
iC and 4- 
phenyl butyl-ITC 
reduced TM 

Pbenethyl-ITC 	Morse et al. 
and 4-(3- 	(1991a) 
pyr dyI)butyl-ITc 
did not inhibit 
TM. TM 
reduction 
associated with 
chain lEngth 

Table 44 (contd) 

Organ Age 	No. of 	Carcinogen, ITC. dose, Length and Preventive efficacy by 
site, at 	animals 	route, dose, route timing of lic tumour incidence (TI) or 
strain start 	per 	duration treatment multiplicity (TM) (low to 
(sex) group high dose) 

NJ 6-8 	20 	NNK, 	p., 10 Phenetbyl-ITC, 4 days, 2 In before After 16 weeks, Ti reduced 
(F) weeks 	 pmol, once 3-pheny propyl- NNK by 25% and 89% with 3- 

ITC, 4-phenyl- phenylpropyl-ITC. by 58% 
butyl-ITC, 5- and 89% with 4-phenylbutyl- 
phenylpentyl- ITC, by 47% and 75% with 
ITC, 6-phenyl- 5-phenylpentyl-ITC, by 
wxyl-ITC, 100% and 95% with 6- 

gavage, 0.2, phenylhexyl- TC (1 and 5 
1.0, 5.0 pmol, pmol) 
once a day, 4 TM reduced by 18% and 
days 48% (phenethyl-ITC), 85% 

and 97%, 90% and 97%, 
89% and 96%, 100% and 
99%, respectively 

NJ 7 	18-39 	NNK, i.p., 10 Phenyl-ITC, 4 days 2h before After 16 weeks, TI reduced 
(F) weeks 	 pmol, once benzyl-ITC, NNK by 0°A, 0%, 7%, 63%, 68% 

phenethyl-ITC, and 4%, respectively. 
3-pbenylpropyl- TM reduced by 64%, 96% 
ITC, 4-phenyl and 96°A with phenethyl- 
buty -ITC 4- ITC, 3-phenylpropyl-ITC and 
oxo-4-(3- 4-phenylbuty -liC 
pyridy )butyl- respectively 
ITC, gavage, 5 
pmol per 
mouse, once a 
day, 4 days 

NJ 7 	20 	NNK, i.p, 10 Phenethy -lic 4 days, 2h before After 16 weeks, TI reduced 
(F) weeks 	 mmoi, once 3-phenyl-propyl- NNK by 89%, 89%, 75%, 95% at 

ic 4-phenyl- 5 mmol by 3 phenyl-propyl- 
butyl-ITC, 5 lic 4-phenylbutyl-ITC, 5 
phenyl-pentyl- phenylpentyl-ITC 
TO, 6-pheny - 6-phenyihexyl-JTC 

hexyl lic and TM reduced by 59%, 95%, 
4-(3-pyridyl)- 95%, 90%, 92% at 5 mnol 
butyl-ITC, by phenethyl-ITC, 3 
gavage 02 1.0 phenyipropyl-ITC, 4- 
phenyl-and 5 pmol, butyl-ITC, 5-phenylpentyl- 
once a day, 4 ITC, 6-phenylhexy -liC 
days 



Table 44 (contd)  

Organ Age No. of Carcinogen, ITC, dose, route Length and Preventive efficacy by tumour Summarized Reference 

site, at animals route, dose, timing of ITC incidence (TI) or multiplicity effect 

strain start per duration treatment (Ti (low to high dose) 

(sex) group  
NJ 7 20 NNK, i.p., 10 Phenethyl-ITC, 2 h before After 16 weeks, TI reduced by Inhibition of Jiao et al. 

(F) weeks pmol, once alIyl-ITC, 1-hexyl- NNK dosing 25%, 70%, 75%, 55%, 55% by tumours (1994a) 

ITC, 2-hexyl-ITC, 1-hexyl-ITC, 2-hexyl-ITC, depended on 
1-dodecyl-ITC, 1-dodecyl-ITC, 2,2-diphenethyl- chain length 

2,2-diphenethyl- ITC, 1,2 diphenethyl-ITG at 5 
ITC, 1,2-diphen- pnol 
ethyl-ITO, gavage, TM reduced by 87%, 97%, 97%, 
5, 1, 0.2, 0.1 or 95%, 951A by 1-hexyl ITC 2- 
0.04 pmol, once hexyl-ITC, 1-dodecyl-ITC, 2,2- 

diphenethy -ITC, 12- 
diphenethyl-ITC at 5 pmol 

A/J 6-7 25 NNK, i.p., 10 Phenetbyl-ITC, 17 weeks, f TI not inhibited Inhibition of El- 

(F) weeks pniol, once 0008%, diet week before, TM reduced by 54% multiplicity Bayoumy 

during and et ai. 

after NNK (1996) 

NJ 7 20 Benzols]- Phenethy -ITC 8 weeks, 2 h After 16 weeks, TI and TM not Neither agent Hecht et ai 

(F) weeks pyrene plus and benzyl-ITC before inhibited nor the comb i- (2000) 

NNK, gavage, alone and carcinogens nation inhibited 

3 pmo each, combined, tumours 

once a week, gavage, 6 pmo 
8 weeks each 

NJ 7 20 Benzo[a]- Phenethyl-ITC 10 weeks, 1 At 27 weeks, TI not inhibited TI not inhibited Hecht et ai. 

(F) weeks pyrene plus and benzyl-ITC, 3 week before TM reduced by 44% by TM inhibited by (2000) 

NNK, gavage, and I pmol each to I week phenethyl-ITC (3 linol) and phenethyl-ITO 

3 pmol each, in diet after 33% by phenethyl-ITC plus and combi- 

once a week, carcinogen benzyl-ITC (3 plus 1 pniol) nation at lower 

B weeks doses 

DMBA, 7,1 2-dirnethylbenz[aanthracene; ETS, environmental tobacco smoke; GSH, glutathons; NNK, 4-(methylnitrosamino)-butanone; i.p., 

intraperitoneally; s.c., subcutaneously; F, female, M, male 
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ICR/Ha mice. Later, Wattenberg (1987) 
showed that benzyl-ITC given by gav-
age inhibited both forestomach and 
pulmonary tumours in NJ mice when 
administered 	15 	min 	before 
benzo[a]pyrene; however, it inhibited 
only forestomach and not lung tumour 
formation when N-nitrosodiethylarn inc 
was used as the carcinogen. 

To study the effects of the synthetic 
phenyl-ITC, benzyl-ITC and phenethyl-
ITC on tumorigenesis and Os-methyl-
guanine adduct formation in the lungs 
of NJ mice, Morse et al. (1989b) 
administered these compounds by 
gavage for four consecutive days at 
doses of 5 pmol/day (phenyl-ITC and 
benzyl-ITC) or 5 and 25 pmol/day 
(phenethyl-ITC). Two hours after the 
last dose of isothiocyanate, the mice 
were given a single intraperitoneal 
dose of 10 pmol of the tobacco-spe-
cific nitrosamine NNK. The incidence 
of pulmonary adenomas in NNK-
treated mice after 16 weeks was 
100%, and the multiplicity was 10.7 
tumours per mouse. Neither phenyl-
ITC nor benzyl-ITC affected tumour 
incidence or multiplicity, but phenethyl-
ITC at 25 imollday inhibited tumour 
formation by 70% and multiplicity by 
97% and at 5 pmol/day inhibited multi-
plicity by 76% but had little effect on 
incidence. Six hours after NNK treat-
ment, phenethyl-ITC had inhibited 03-
methy1guanine adduct formation by 
87% when given at 5 pmol/day and by 
100% when given at 25 pmol/day. 
Neither benzyl-ITC nor phenyl-ITC 
inhibited adduct formation. Morse et al. 
(1992) later showed that a single dose 
of 5 pmol of phenethyl-ITC or 0.2 pmol 
of 6-phenylhexyl-ITC was as effective 
as the four-dose regimen in inhibiting 
pulmonary 	adenoma 	multiplicity 
induced by NNK, suggesting that, in 
the four-dose schedule, the last dose 
was responsible for the observed inhi-
bition. In contrast, doses of phenethyl-
ITC ranging from 0.075 to 0.75 
mmol/kg bw given over 6 days were 

completely ineffective in inhibiting lung 
tumeurs induced by benzo[apyrene 
given 4 days after the beginning of 
phenethyl-ITC treatment (Adam-
Rodwell et al., 1993). 

The apparent disparity with regard 
to inhibition of benzo[a]pyrene-induced 
lung tumours by isothiocyanates was 
addressed by Lin et al. (1993), who 
gave female NJ mice 6.7 pmol of ben-
zyl-ITC or phenethyl-ITC three times 
by gavage once every 2 weeks, 15 min 
before giving 79 pmol of 
benzo[a]pyrene. Benzyl-FTC, but not 
phenethyl-ITC, inhibited lung tumour 
multiplicity by approximately 50% 
when evaluated at 26 weeks; neither 
compound decreased tumour inci-
dence. The authors suggested that the 
differential inhibition of NNK- and 
benzo[a]pyrene-induced tumours by 
the isothiocyanates was due to selec-
tive inhibition of the cytochrome P450 
enzymes involved in activation or 
detoxification of these carcinogens. 

Hecht et al. (2002) examined the 
effect of benzyl-ITC on lung tumorige-
nesis induced in female NJ mice by 
benzo[a]pyrene and two other poly-
cyclic hydrocarbons found in cigarette 
smoke, i.e., 5-methyich rysene and 
dibenz[a,h]anthracene. The mice were 
treated weekly l'or 8 weeks by gavage 
with 3 pmol of benzo[a]pyrene, 2 pmol 
of 5-methylchrysene or 1 pmol of 
d ibenz[a, h]anth race ne given 15 min 
after benzyl-ITC at 13.4 or 6.7 pmol by 
gavage. Nineteen weeks after the final 
dose, the lungs were fixed and exam-
ined for tumour formation. Benzyl-ITC 
at the higher but not at the lower dose 
significantly inhibited the development 
of pulmonary adenomas, resulting in a 
reduction in tumour incidence from 
95% in controls given benzo[a]pyrene 
alone to 61%. Neither dose of benzyl-
ITC inhibited the incidence of pul-
monary tumeurs induced by 5-
methylch rysene or dibenz[a,h]anthra-
cone, but the higher and the lower 
doses reduced tumour multiplicity by  

81% and 64% (benzo[a]pyrene), 77% 
and 73% (5-methylchrysene) and 91% 
and 80% (dibenz[a,hanthracene), 
respectively. 5-Methylchrysene and 
dibenzfa, h]anth racene induced three 
to four times more tumours per mouse 
than benzo[aJpyrene. 

In an extension of this study, 
Witschi of al. (1998) assayed the ability 
of phenethyl-ITC to inhibit lung 
tumeurs in male NJ mice exposed to 
mainstream cigarette smoke and envi-
ronmental tobacco smoke (ETS) for 6 
h/day, 5 days/week for 5 months. A diet 
containing 0.05% phenethyl-ITC for 9 
months had no effect on the multiplicity 
of pulmonary tumeurs induced by ETS 
alone, which only slightly increased the 
number of tumeurs per lung, from 
0.5-1.0 to 1.1-1.6. When NNK was 
used to induce lung tumours, 
phenethyl-ITC given by gavage or in 
the diet significantly inhibited tumour 
multiplicity by 85% and 87%, respec-
tively. [A comprehensive discussion of 
the prevention of lung cancer induced 
by carcinogens in tobacco smoke was 
given by Hecht (1997), using inhibition 
of tumeurs induced by benzo[a]pyrene 
and NNK by various isothiocyanates 
as examples. 

Female NJ mice were given 5 pmol 
of 6-methylthiohexyl-ITC, one of the 
main components of wasabi (Wasabia 
japonica), by gavage for 4 consecutive 
days and, 2 h after the final gavage, a 
single intraperitoneal injection of NNK 
at 100 mg/kg bw (Yano of al., 2000). 
When the mice were killed at week 16, 
the tumour incidence was 100% in both 
NNK controls and those also receiving 
6-methylthiohexyl-ITC; however, the 
total number of tumeurs was reduced 
from 165 to 102 and the number of 
tumours per animal from 11 to 6.8 
(38% inhibition). In addition, when the 
lungs were harvested 4 h after NNK 
treatment, the level of 06-methylgua-
nine adducts was reduced by more 
than twofold, equivalent to that seen 
with phenethyl-ITC. 
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In the above experiments, the 
isothiocyanates were given at the 
same time or within a few minutes of 
the carcinogen. Morse et al. (1990a) 
and Yang et al. (2002) examined the 
effect of dietary isothiocyanates given 
after carcinogen treatment (post-initia-
tion), using NNK or benzo[a]pyrene as 
the inducing agent. Morse et al. 
(1 990a) gave female NJ mice a single 
intraperitoneal injection of 10 pmol of 
NNK at 7 weeks of age. After 1 week, 
the animals were given AIN-76A diet 
containing phenethyl-ITC or benzyl-
ITO at 1 or 3 pmol/g, and tumours were 
evaluated after 16 weeks. Mice in all 
groups had a tumour incidence of 
100%, and only benzyl-ITC at 3 pmol 
resulted in a significant decrease in the 
number of tumours per mouse (7.8 
versus 5.2; 330%). Yang et al. (2002) 
gave female strain A mice a single 
dose of 20 !JmoI of benzo[a]pyrene, fol-
lowed 2 days later by diets containing 
N-acetylcysteine conjugates of benzyl-
ITO and phenethyl-ITC at 15 pmol/g. 
The mice were killed at 140 days and 
their lungs were examined for tumours 
and for apoptosis. The two N-acetyl-
cystei ne conjugates reduced tumour 
multiplicity by 39% and 44%, respec-
tively, and increased apoptosis by 
approximately twofold. Jiao et al. 
(1997) also examined the effect of thiol 
conjugates (GSH and N-acetylcys-
teine) of phenethyl-ITC and 6-phenyl-
hexyl-ITC on NNK tumorigenesis. A/J 
mice were given 1-20 pmol of the 
compounds by gavage about 2 h 
before challenge with 10 pmol of riNK. 
8-P henyl hexyl- ITC—N-acetylcyste inc 
at 1 and 5 pmol reduced the tumour 
incidence by 21% and 72%, but none 
of the other conjugates or phenethyl-
ITO alone had any effect. All the com-
pounds, including phenethyl-ITC 
alone, significantly reduced tumour 
multiplicity at one or more doses- The 
average tumour multiplicity was 16.5 
tumours per mouse with NNK alone, 
11.9 with 5 pmol of phenethyl-ITC, 11.3  

with 8 pmol of phenethyl-ITC—GSH, 
11.3 and 12.1 with 5 and 20 pmol of 
phen ethyl- ITO--N-acctylcysteine and 
5.0 and 0.5 with 1 and 5 pmol of 5-
phenylhexyl-ITO—N-acetylcysteine. 

Stoner and Morse (1997), Morse et 
al. (1989c, 199 1) and Jiao et al. (1994) 
assessed the structure—activity rela-
tionship of a group of isothiocyanates 
of different alkyl chain length for inhibit-
ing pulmonary tumorigenesis in NJ 
mice. Stoner and Morse (1997) 
showed that the efficacy for inhibition 
was directly associated with chain 
length, the order of potency being 6-
phenylhexyl-ITC > 5-phenylpentyl-ITC 
= 4-phenylbutyl-ITC = 3-phenylpropyl-
ITO > phenethyl-LTC. In these experi-
ments, the isothiocyanates were given 
by gavage for 4 consecutive days at a 
dose of 5, 1 or 0.2 pmol; 2 h after the 
final dose, 10 pmol of NNK were 
administered intraperitoneally, and pul-
monary adenomas were counted at 16 
weeks. The tumour incidence was sig-
nificantly reduced by 3-phenylpropyl- 
ITO, 	4-pheriylbutyl- ITO, 	5-phenyl- 
pentyl-ITO and 6-phenylhexyl-ITC, but 
not by phenethyl-ITC: at 5 i.JmoI, these 
compounds inhibited tumour incidence 
by 89%, 89%, 750%, 95% and 7% and 
tumour multiplicity by 97%, 97%, 96%, 
99% and 48%, respectively. 6-
Phenylhexyl-1TC was the most effec-
tive, reducing tumour incidence by 
30% and tumour multiplicity by 85% at 
0.2 pmol/day. Using the same protocol, 
Morse et al. (1989c) investigated the 
relationship between alkyl chain length 
and efficacy of inhibition of NNK-
induced tumorigenesis by some of the 
same isothiocyanates used above, but 
also included benzyl-ITC, phenyl-ITC 
and 4-oxo-4-(3-pyridyl)butyl-ITC. In 
mice given phenyl-ITC, benzyl-ITC, 4-
oxo-4-(3-pyridyl)butyl-ITC or phen-
ethyl-ITO at 5 pmol/day, there was no 
significant reduction in the incidence of 
lung tumours, but at 5 pmol/day 3-
phenylpropyl-ITO and 4-phenylbutyl-
ITO decreased the tumour incidence 

by 63% and 68%. Similarly, phenyl-
ITC, benzyl-ITC and 4-oxo-4-(3-
pyridybuty-ITC had no effect on the 
number of tumours per mouse, but 
phenethyl-ITC, 	3-phenyipropyl-ITC 
and 4-phenylbutyL-ITC decreased 
tumour multiplicity by 64%, 96% and 
96%. In this treatment scheme, 3-
phenylpropyl-ITO and 4-phenylbutyl-
ITO were clearly the most effective in 
inhibiting tumour incidence and multi-
plicity. In another series of experi-
ments, Morse et al. (1991) evaluated 
the inhibitory activity of some of the 
same isothiocyanates (Stoner & 
Morse, 1997) but also included 4-(3-
pyridybutyl-lTC. NJ mice were given 
the isothiocyanates by gavage at 5, 1 
or 0.2 pmol/ day for 4 consecutive 
days, followed 2 h after the last dose 
by 10 pmol of NNK. The results were 
basically the same as those reported 
by Stoner and Morse (1997) and 
Morse et al. (1989c), in that 3-phenyl-
propyl- ITO, 4-phenylbutyl-ITC and 5-
phonylpenty- ITO were equipotent and 
6-phenylhexyl-ITC was the most effec-
tive at lower doses. 4-(3-Pyridyl)butyl-
ITO had similar effects on tumour inci-
dence and tumour multiplicity as 
phen ethyl- ITO. 

Jiao et al. (1994) studied the effi-
cacy of a series of isothiocyanates and 
secondary 	isothiocyanates 	that 
differed in alkyl chain length and 
phenyl substitutions. Mice were given 
the isothiocyanates by gavage at 5, 1, 
0.2, 0.1 or 0.04 pmol, followed 2 h later 
by an intraperitoneal injection of 10 
pmol of NNK. They were killed after 16 
weeks and examined for pulmonary 
adenomas. In a preliminary experi-
ment, 6-phenylhexyl-ITC was com-
pared with 8-phenyloctyl-ITC and 10-
phenyldecyl-ITO given at a dose of 0.2, 
0.1 or 0.04 pmol. At 0.2 pmol, both 
compounds were more potent than 
6-phenylhexyl-ITC in inhibiting tumour 
multiplicity, but less difference was 
seen at the lower doses; only 
1 0-phenyldecyl-ITC at 0.2 pmol 
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significantly reduced the tumour inci-
dence. A number of other isothio-
cyanates of various structures were 
assayed in the same treatment regi-
men at a dose of 5 or 1 pmol. Of the six 
isothiocyanate tested, only allyl-ITC 
was inactive at 5 pmol, while the 
remaining compounds (1-hexyl-ITC, 2- 
hexyl-ITC, 	1-dodecyl-ITC, 	2,2- 
diphenylethyl-ITC and 1 ,2-diphenyl-
ethyl-ITC) reduced the tumour multi-
plicity to background levels at 5 and 1 
pmol (1-hexyl-ITC only at 5 pmol), and 
the last four agents significantly 
reduced tumour incidence. 

The ability of isothiocyanates alone 
or in combination with other chemo-
preventive agents and other isothio-
cyanates to inhibit pulmonary tumours 
in mice was explored by El-Bayoumy 
of al. (1996) and Hecht et al. (2000). 
Female NJ mice were fed diets con-
taining 1 ,4-phenylenebis(rnethylene)-
selenocyanate at 0.0005%, phenethyl-
ITC at 0.008%, indole-3-carbinol at 
0.18% or d-limonene at 0.63% as indi-
vidual agents or as a mixture for 17 
weeks (EI-Bayoumy et aL, 1096). One 
week after beginning the diets, the 
mice were injected intrape ritoneally 
with 10 pmol of NNK, and pulmonary 
tumours were counted 16 weeks later. 
None of the agents or the mixture 
reduced the tumour incidence, but all 
four and the mixture significantly 
reduced tumour multiplicity (8.1 in con-
trols to 3.2 with 1 ,4-phenylene-
bis(methylene)selenocyanate, 3.7 with 
phenethyl-ITC, 4.9 with indole-3-
carbinol and 2.4 with d-limonene). The 
combination of the four agents did not 
reduce the multiplicity of tumours (2.5 
tumours/mouse) to a greater extent 
than d-limonene alone. Hecht et al. 
(2000) explored the effect of a combi-
nation of phenethyl-ITC and benzyl-
ITC. Mice were treated weekly for 8 
weeks with 6 pmol of each compound 
or a combination by gavage, 2 h before 
challenge with a mixture of 
benzo[a]pyrene and NNK (3 pmol  

each). There was no effect on lung 
tumour incidence or multiplicity. When 
the dose of phenethyl-!TC in the mix-
ture was increased to 12 pmol and that 
of benzyl-ITC to 9 pmol or both were 
used in combination at 12 pmol, the 
number of tumours per mouse was sig-
nificantly reduced, from 21.8 to 13.8 
and 15.4, respectively. When the com-
pounds were added to the diet 1 week 
before, during the eight weekly gav-
ages with benzo[a]pyrene or NNK and 
for 1 week after the carcinogens, 
phenethyl-ITC at 3 pmol significantly 
inhibited tumour multiplicity, whereas 
benzyl-ITC at 1 pmol was ineffective. 
The response with the combination 
was similar to that with phenethyl-ITC 
alone. 

Hamsters 
Studies in hamsters are summarized in 
Table 45. 

Pancreas: The inhibitory effect of 3-
phenylpropyl-ITC and phenethyliTC 
on pancreatic fumorigenesis induced 
in hamsters by N-nitrosobis(2-oxo-
propyl)amine (BOP) was explored by 
Nishikawa of al. (1996a,b). Female 
Syrian golden hamsters, 5 weeks of 
age, were given two subcutaneous 
injections of BOF at 20 mg/kg bw at a 
1-week interval. Two hours before each 
BOF treatment, the hamsters were 
given 3-phenylpropyl-!TC by gavage at 
100 or 10 imo1. The animals were 
killed at 52 weeks, and the numbers of 
neoplastic and preneoplastic lesions 
were evaluated microscopically. 3-
Phenylpropyl-ITC at 100 or 10 pmol 
had no significant effect on tumour 
incidence or multiplicity (Nishikawa of 
aL, 1996a), whereas phenethyl-ITC at 
100 pmol inhibited the incidence of 
adenocarcinoma and dysplasia by 
50% and reduced multiplicity by 88% 
(Nishikawa of al., 1996b). In the exper-
iments reported by Son et al. (2000) 
under the same experimental condi-
tions, 4-phenylbutyl-!TC was a rela- 

tively poor inhibitor of pancreatic ade-
nocarcinoma (26% reduction in inci-
dence at 100 pmol) but was moder-
ately effective in preventing dysplasia 
(60% and 47% reductions from con-
trol). Again, 4-phenylbutyl-ITC was 
ineffective in reducing the multiplicity of 
adenocarcinoma but reduced the mul-
tiplicity of dysplastic lesions by 68% 
and 60% at 10 and 100 pmol. 

Phenethyl-ITC given post-initiation 
to hamsters at 6 or 3 imol/g of diet for 
51 weeks did not reduce the incidence 
or multiplicity of adenocarcinoma or 
dysplasia (Nishikawa et al., 1999), but 
instead caused a substantial increase 
in the number of animals with dyspla-
sia (from 32% to 50% at 6 pmol) and 
an increase in the multiplicity of dys-
plasia (from 0.6 to 1.04 dysplastic 
lesions per animal). 

Lung. In the studies of Nishikawa of al. 
(1996a,b), the hamsters were further 
examined for effects of 3-phenylpropyl-
ITC and phenethyl-ITC on lung tumori- 
genesis. 	3-Phenylpropyl-ITC 
decreased both the incidence and mul-
tiplicity of lung tumours Nishikawa et 
al. (1996a). The incidences of adeno-
mas and adenocarcinomas were 
decreased by 94% and 100% at 100 
pmol and by 57% and 100% at 10 
pmol, whereas the total number of 
tumours per lung was reduced by 97% 
and 80% with 100 pmol and 10 pmol. 
In the same protocol and at the same 
doses, phenethyl-ITC inhibited lung 
tumour incidence and multiplicity by 
100% at 100 imol and reduced tumour 
incidence by 83% and multiplicity by 
87% when given at 10 pmol 
(Nishikawa et al., 1996b). 

Son of al. (2000) found strong inhi-
bition of lung cancer in hamsters given 
4-phenylbutyl-ITC at 10 or 100 pmol as 
above. The incidence of adenomas 
was not significantly reduced by 10 
pmol, but the multiplicity of adenomas 
was reduced by 60%. At 100 pmol, the 
incidence of adenomas and adenocar- 
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Table 45. Effects of isothiocyanates (ITCs) on tumours induced by N-nitrosobis(2-oxopropyl)-amine (BOP) 
given subcutaneously at 20 mg/kg bw once a week for 2 weeks to groups of 10-30 female hamsters aged 5 
weeks at start 

Length and timing Preventive efficacy by tumour 	Summarized effect 	Reference 
of ITC treatment incidence (TI) or multiplicity 

(TM)  

2 h before each After 52 weeks, phenethyl-ITC: 	PhenethyIITC 	Nishikawa et ai. 
BOP tOO pmol: TI reduced by 50%; 	decreased TI and TM 	(t996a,b) 
treatment TM reduced by 88% 

10 pmol: no effector TI or TM 
3-Phenylpropyl-ITC: 100 and 
10 pmol: no effect on TI or TM 

Organ, ITC, dose, 
route 

Pancreas 
Phenetbyl-ITC, 3-
phenylpropyl-ITC, 10 
01100 pmol, gavage 

4-Phenylbutyl-ITC, 10 	2h before each 	After 52 weeks, 100 pmol: TI 4-Pbenylbutyl-ITC did 	Son et al. (2000) 
or tOO pmol, gavage 	BOP 	 reduced by 26%; TM, no effect not inhibit 

treatment 	 10 	mol: TI and TM, no effect adenocarcinoma but 
Dysplasa reduced by about reduced dys plastic 
60% lesions 

Lung 
Phenethyl-ITC, 3- 	2 h before BOP After 52 weeks, phenethyl-ITC: Phenethyl-ITC and 3- 	Nishikawa et al. 
pheny[propyl-ITC, 10 100 pmol:  TI reduced by 100%; phenylpropyl-ITC 	(1996a,b) 
or 100 pmol, gavage TM reduced by 100% inhibited TI and TM 

10 pmol: TI reduced by 83%; 
TM reduced by 87% 
3-Phenylpropyl-ITC: 100 pmol: 
TI reduced by 94-100%; TM 
reduced by 97% 
tO pmol: TI reduced by 
57-100%; TM reduced by 80% 

4-Fhenylbutyl-ITC, 10 	2h before each After 52 weeks, 100 	mol: TI 4-Phenylbutyl-ITCat 	Son etal. (2000) 
01100 omol, gavage 	BOP treatment reduced by 93-100%; TM 100 pmol inhibited TI 

reduced by 96-100% and TM; at 10 pmol, it 
10 pmol: TI not changed; TM decreased TM but not 
reduced by 60% 	 - TI  

cinomas was inhibited by 93% and 
100%, while the multiplicity was 
decreased by 96% and 100%, showing 
that 4-phenylbutyl-ITC, like phenethyl-
ITC and 3-phenylpropyl-ITC, is an 
exceptionally potent inhibitor of lung 
tumours in hamsters. 

Indo les 
Studies of natural indoles as cancer 
preventive chemicals were pioneered 
by Wattenberg and Loub (1978) in 
mice and by Bailey et al. (1982) in rain-
bow trout. Since then, a wealth of evi-
dence has arisen to show that natural 
indoles (those most frequently tested 

are indole-3-carbinol and 3,3'-diin-
dolylmethane) can be remarkably 
effective in preventing a wide range of 
tumour phenotypes in various animal 
models. Several extensive reviews, 
appearing between 1997 and 2001, 
offer an exhaustive synopsis of the use 
of indoles as chemopreventives in 
mice, rats and rainbow trout 
(Verhoeven et al., 1997; Broadbent & 
Broadbent, 1998a,b; Bradlow et al., 

1999; Brignall, 2001; Murillo & Mehta, 
2001). A recent search of the Medline 
database revealed 347 publications 
related to indole-3-carbinol since 1978. 
The end-point of 20 of these was 

tumour prevention; others focused on 
preneoplastic lesions or other indoles 
(primarily 3,3-diindolylmethane). The 
great majority of the studies were of 
mechanisms and metabolism. This 
section summarizes studies of 
tumours and precursor lesions that 
illustrate that indoles are effective in 
multiple species, against a range of 
chemical and viral carcinogens, in 
many target organs and in both initia-
tion (carcinogen treatment) and post-
initiation periods (Table 46). 

The protocols of dietary interven-
tion studies with indole-3-carbinol and 
3,3-diindolylmethane involve giving 
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the indole before, during and/or after 
the carcinogen over a wide range of 
doses. The end-points were usually 
tumours or precursor lesions such as 
hepatic GST foci and aberrant crypt 
foci in the colon. 

Forestomacli 
Female ICR/Ha mice received a diet 
containing indole-3-carbinol at 0.03 
mmol/g, 3,3-diindoIyImethane 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 
benzofa]pyrene 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 tumeurs. 

Colon 
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 rats 
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 
C57BLI6JApcMmfh+ mice. In heterozy-
gous [Minfi] 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 
lndole-3-carbinol inhibits numerous 
hepatocarcinogens in experimental 
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 et al., 1982). When trout 
were fed diets containing indole-3-
carbinol at 1000 mg/kg before and dur-
ing initiation with aflatoxin B1, the inci-
dence of hepatocell ular 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 B1  
strongly promoted liver tumour inci-
dence in trout (Bailey et aI., 1987; 

Dashwood et al., 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 
aflatoxin B1  for 24 weeks, either alone 
or with a high concentration of indole-
3-carbinol (5000 mg/kg) added to 
]the 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 B1  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-P1 and GGT 
foci; cytokeratin 18 at weeks 13 
and 43; and tumeurs at week 43. 
Although only four to 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 tumeurs per liver in 
controls receiving only aflatoxin B1  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-
tien of indole-3-carbinol after aflatoxin 
B1  did not reduce the numbers of GST- 

or GOT foci, but, rather, the num-
bers of foci per amount of staining 
were greater than in the livers of rats 
receiving aflatoxin B1  alone. These 
results indicate that administration of a 
high dose of indole-3-carbinol can 
reduce hepatocarcinogenesis induced 
in rats by prolonged treatment with 
aflatoxin B1, even if the indole-3-
carbinol is delayed for 6 weeks. 
Neverthless, two of three early 
biomarkers (GST-P+ and y-glutarnyl 
transferase foci) predicted the ultimate 
effects of indole-3-carbinol on tumour 
outcome when given after aflatoxin B1. 
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Table 46. Selected studies of chemoprevention by indoles in experimental animals 

Species, Age at No. of 	Carcinogen, 	Indole, dose, 	Timing of 	Preventive 
strain 	start 	animals 	dose, route, 	route 	 treatment 	efficacy by 
(sex) 	 per 	duration 	 tumour incidence 

group 	 (TI) or multiplicity 
Ti 

I ndole-3-
carbinol, 0.03 
mmol/g, diet; 
3 ,3-diindolyl-
methane, 0.02 
rrimol/g, diet 

Fore stomach 
Mouse, 9 	18-39 
ICR/Ha weeks 
(F) 

Colon 
Rat, Wean- 	9 or 
Fischer ling 	more 
344 (M) 

indo [e-3-
carbinol, 1000 
mg/kg, diet 

5 weeks, 8 No inhibition of TI 
days before TM decreased by 
and during 52% by ridole-3- 
carcinogen carbinol and by 

36% by 3,3- 
diindolyl methane 

4 weeks, lndole-3-carbinol 
before and before or with PhIP 
with PhIP, 12 blocked no. of 
weeks after aberrant crypt foci 
PhIP orl6 per rat (3.3toO.1), 
weeks, before, after PhIP (3.3 to 
during and 1.6) or for entire 
after PhIP period (3.3 to 0.3) 

Benzo[a]-
pyrene, 1 mg, 
orally, twice 
per week, 4 
weeks 

PhIP, 50 
mg/kg bw 
gavage, every 
other day, 
weeks 3-4 of 
study or single 
gavage at 
week 3 in 
adduct study 

Rat, Wean- 	15 
Fischer ling 
344 (M) 

Rat, 7 	10 
Fischer weeks 
344 (M) 

10, weeks 3-4 
of study, 50 
mg/kg bw 
orally 

Azoxy-
methane, 
twice a week, 
weeks 2-3, 
i.p., 15 mg/kg 
bw 

I ridole-3-
carbinol, 1000 
mg/kg, diet, 
weeks 1-8 

nd ole-3-
carbiriol. 5 
weeks, 0.875 or 
1.75 g/kg, diet 

Before, during 	Significant 
and/or after IQ 	reduction in mean 

no. of aberrant 
crypts per colon 
compared with rats 
given IQ alone 
(11.5 to 4.2) 

1 week before Significant 
to 3 weeks reduction in no. of 
after aberrant crypt foci 
azoxymetbane per colon (63% and 

54% versus 100% 
in controls) 

Summarized effect 

Both compounds 
inhibited multiplicity 

lndole-3-carbinol can 
block or suppress 
PhIP initiation of 
aberrant crypt foci 

lndole-3-carbinol for 8 
weeks inhibited 
aberrant crypt foci 
induced by ID in 
weeks 3-4. Initiation 
effects 

lndole-3-carbinol 
inhibited colon 
aberrant crypt foci. 
Pre- and post-initiation 
effects not 
distinguished 

Reference 

Wattenberg 
& Loub 
(1978) 

Duo et al. 
(1995) 

Xu et al. 
(1996) 

Wargovich 
etal. (1996) 



Table 46 (contd) 

Species, Age at No. of 	Carcinogen, Indole, Timing of Preventive efficacy Summarized Reference 
strain start animals 	dose, route, dose, route treatment by tumour effect 
(sex) per 	duration incidence (TI) or 

group multiplicity (TM) 

Mouse 6 weeks 10_25 	Azoxy- Indole-3- After azoxy- 100 mg/kg :rdole-3- Indole-3-carbinol 	- Kim et a]. (2003) 
C57BL/6J- methane, once carbinol, 10 methane, 32 carbinol reduced had no significant 
Mini' Apc a week for 4 or 32 weeks, or no spontaneous polyp effect on intestinal 
(M) weeks before weeks, 100 azoxy- multiplicity (1.40 to polyps in control 

indole-3- or 300 methane, 10 0.83) Mini  mice but 
carbinol, 5 mg/kg, diet weeks Significant reduction inhibited aberrant 
mg/kg bw in no. of aberrant crypt foci after 

crypt foci per colon azoxymethane 
induced by 
azoxymethane (44°,6 
and 43% versus 
100% in controls) 

Rat, 5 5-7 	Azoxy- Indole-3- Before, during No effect on no. or lndole-3carbinol Exon et al. 
Sprague months methane on carbinol, 50, ana after multiplicity of did not inhibit (2001) 
Dawley days 2 and 9 100, 150 azoxymethane aberrant crypt foci aberrant crypt foci 
(M) of indole-3- mg/kg bw 

carb nUI orally, daily 
treatment, 19 for 7 weeks 
mg/kg bw, i.p. 

Liver 
Trout, Finger- 200 	At atoxin Bi, lndole-3- 2 weeks 40% reduction in lndole-3-carbinol Bailey et al. 
Shasta- ling 20 Jg/kg, diet, carbinol, before and 4 hepatocellular effectively blocked (1982) 
derived 4 weeks 1000 mg/kg, weeks with carcinoma TI aflatoxin B1 

rainbow diet aflatoxin B1 induced tumour 
initiation 

Trout, Finger- 200 	Afatoxin B1, lndole-3 8 weeks Reduction in lndole-3-carbinol Nixon et a/. 
Shasta- ling 20 og/kg, diet, carbinol, before, 2 hepatocellular inhibited aflatoxin (1984) 
derived 2 weeks 1000 mg/kg weeks with, 6 carcinoma TI from B1-induced liver 
rainbow diet weeks after 36% in postive tumours; iritiation 

aflatoxin B1 controls to 4% with and post- nit ation 
indole-3-carbinol not distinguished 

Rat, ACl/N 7 weeks 8-12 	N Nitroso Indole-3 1 week Reduction in liver Indole 3carbinol Tanaka et ai. 
(M) dietbylamine, carbinol, before, 5 iron-altered foci blocked (1990) 

40 mg/I, 1000 mg/kg, weeks with, 1 (48.3/cm2  to nitrosamine- 
drinking-water, diet, 7 week after 17.6/cm2), TI (100% LnitLated liver 
5 weeks weeks carcinogen to 75%), TM (9.5 to tumeurs 

02.4) 

UZ 



O 	Table 46 (contd) 

Species, Age at 	No. of Carcinogen, -- Indole, dose, Timing of Preventive Summarized Reference 
strain start 	animals dose, route, route treatment efficacy by effect 

(sex) per duration tumour incidence 
group (TI) or multiplicity 

(TMY 
Rat, 19 	4-6 Aflatoxin B, Indole-3- 2 weeks After 43 weeks, TI lndoIe-3-oarbnoI Manson etal. 
Fischer weeks diet, 22-24 carbinol, 5000 before and 22 (100%) and TM inhibited liver (1998) 
344 (M) weeks mg/kg, diet weeks with (6.5 per animal) tumours by 

aflatoxin B or reduced to O by prolonged co- 
during weeks both indole-3- exposure or if 
7 24 of a 26- carbinol protocols. started 6 weeks 
week expo- Cytokeratin after afiatoxin B1. 

sure to biomarker reduced Post-inittion not 
aflatoxin B at weeks 13 and distinguished 

43 by indo]e-3- 
carbinol. GGT and 
GST-P' foci 
reduced at week 
43 but not at week 
13 in group given 
indo e-3-carbinol 
after aflatoxin B1  

Mouse, 15 	9-12 N Nitroso lndote-3 After After high dose of lndole-3-oarbinol Oganesian et 
C57/BI/6J days diethylamine, carb fol, 1500 carcinogen carcinogen, indo e- suppressed al. (1997) 
(M) 2 or 5 mg/kg mg/kg, diet, 3-carbinol reduced nitrosamine- 

bw, i.p. 5.5 or 7.5 liver TM at 6 induced 
months months (16.1 to bepatocarcino- 

9.7) and 8 months genesis 
(35.4 to 12.5) 

Lung 
Mouse, 6-7 	25 NNK, 10 pmol, lndole-3- 1 week before TI not inhibited lndole-3-carbinol EI-Bayoumy et 
NJ (F) weeks i.p. carbinol, 1800 until 16 weeks TM reduced from inhibited NNK- al. (1996) 

mg/kg, diet after singe 5.1 to 4.9 tumours induced lung 
NNK Injection per mouse tumour multi- 

picity. Initiation 
and post-initiat on 
not distinguished 



Grubbs et al. 

(1995) 

Malloy et al. 

(1997) 

At 28 weeks of age 
77% reduction in 
mammary TI by 
ndole-3-carbinol 
orally; 73% by 
dietary indole-3-
cari 40-70% 
reduction by 3,3-
diindolylrnethane 
orally 

Blocking effects 	Wattenberg & 
with one applica- 	Loub (1978) 
tien of indole 
before carcinogen; 
indole-3-carbinol 
inhibited tumeurs 
when fed in diet 8 
days before DMBA 

Inhibition of Inhibition of 
mammary TJ and TM 'spontaneous' 
over time by - 50% tumeurs 
at low dose and 
75% at high dose 

51% reduction in Reduction of TM 
mammary TM at day with both 
100; >90% delay in carcinogens. 
time to tumour Design does not 

distinguish 
blocking from 
suppression. 

Bradlow et ai. 

(1991) 

69% reduction in TI 
and increase in 
latency at age 36 
weeks 
TI reduced from 
50% to 20% in 
oncomouse at week 
54 

Highest dose of 
indole significantly 
inhibited further 
tumour growth 
relative to controls; 
no effect at lower 
doses 

Reduction of 
spontaneous 
turnorigenosis 

Mammary tumour 	Chen, I. et ai 

suppression by 	(1998) 
3,3 -d iindolyl-
methane after 
DMBA. Anti-
estrogenic effects 
seen 

C-) 
0) 

(D 
-' 

-V 
CI, 

(D 

CD 

CD CD 

C) j-
U) 

No. of 	Carcinogen, 
animals 	dose, route, 
per 	duration 
group 

Indole, dose, 	Timing of 	Preventive efficacy 	Summarized 	Reference 
route 	 treatment 	by tumour 	 effect 

incidence (TI) or 
multiplicity (Ti 

Table 46 (contd) 

Species, 	Age at 
strain 	start 
(sex) 

Mammary gland - 

Rat, 7 weeks 10-16 DMBA, 12 mg Indole-3- Before 
Sprague- once, orally carbinol, carcinogen 
Dawley (F) 0.10 mmol orally 

20 In before; 
0.014 nimollg 
diet, for 8 days 
before 
3,3-Diindolyl- 
methane, 
0.05 mmcl orally 
20 h before 

Mouse, 21-28 30 Spontaneous lndole-3- Not 
C31 days carbinol, 500 or applicable 
(F) 2000 mg/kg diet 

up to age 250 
days 

Rat, 43 days 10-20 DMBA, 12 mg lndole-3- During and 
Sprague- orally at ago carbinol, 50-100 after 
Dawley (F) 50 days mg/day, 5 times carcinogen 

N-Methyl-N- per week to 100 
nitrosourea, days after 
50 mg/kg bw carcinogen 
Lv. at age 50 
days 

Mouse, 0 days 10-21 Spontaneous, Lndole-3- Not 
BALB/cfC driven by carbinol, 2000 applicable 
3H, (F) murine mg/kg in diet, up 

mammary to 52 weeks 
tumour virus 

Rat, 	55 days 	8-10 	DMBA, 20 mg, 	3,3-Diindolyl- After 
Sprague- 	 orally, single 	methane, 0.5, tumeurs 
Dawley (F) 	 dose 	 1.0 and 5 mg/kg reached 

bw, 10 doses 100-200 
over 20 days, mm 
gavage 



Species, 
strain 
(sex) 

Cervix 
Mouse,  
Ki 4-
H PV1 6 
transgenic 
(F) 

Age at No. of 	Carcinogen, 
start 	animals 	dose, route, 

per 	duration 
group 

4-5 	25 	1713-estradiol, 
weeks 	 0.125 or 

0.250 per 60-
day release 
pellet, 
chronically 

Endometrium 
Rat, 	6 	32-35 	Spontaneous 
Don ryu (F) weeks 

rQ 	 Table 46 (contd) 

Indole, dose, 
route 

Timing of 
treatment 

-- 
 

Preventive efficacy 
by tumour 
incidence (TI) or 
multiplicity j 

Summarized 
effect 

Reference 

lndole-3- Long-term Decreased Dietary indole-3- Jin et al. 
carbinol, 2000 dysplasia and carbinol reduced (1999) 
mg/kg, diet, 6 hyperplasia relative tumours of 
months to mice fed estrogen cervix in mice 

alone bearing HPV-16 
TI decreased from 
76% to 58% 

lndole-3- Not At 1000 mg/kg lndole-3-carbinol Kojima et al 
carbinol, 200, applicable reduced endometrial inhibited (1994) 
500, 1000 adenocarcinoma spontaneous 
mg/kg, diet, for (12/32 to 5/35) and endometrial 
duration of study uterine adeno- cancer 
(660 days) carcinoma TI 

Skin 
Mouse, 	12-15 	20 M, 
Swiss 	g 	20 F 
albino (M, 
F) 

Mouse, 	5-6 	20 
CD-1 (M) 	weeks 

Multiple organs 
Rat, 	6 	16-20 
Fischer 	weeks 
344 (M) 

DMBA, 52 pg, lndole-3- 1 week after 
once carbinol, 250 pg, DMBA 1 h 
topically; topically, twice a before each 
TPA, 5 pg, week, 28 weeks TPA 
twice a week, treatment 
28 weeks 

DMBA, 50 pg Brassinin, I or 2 After DMBA, 
topically, pg twice a week, 1 b before 
once 12 weeks each TPA 
TPA, 2.5 ng treatment 
twice a week, 
12 weeks 

N-Nitroso- lndole-3- After 
diethylamine, carbinol, 5000 carcinogens 
N-methyl-N- mg/kg, diet, for 
nitrosourea, 36 weeks 
N,N-nitroso- 
dibutylamine 

Final TI reduced 
from 100% to 56% 
(M) and 71% (F) 
Delay in tumour 
induction time 

Incidence reduced 
from 95% to 50% at 
2 pg 
No. of tumours per 
mouse reduced from 
17.5 to 7.8 (1 pg) 
and 5.4 (2 pg) 

Reduction in liver 
hyperplastic 
nodules; no 
significant effect on 
lung, thyroid, kidney 
or bladder carcino-
genesis 

Topical indole-3- 	Srivastava & 
carbinol 	 Shukla (1998) 
suppressed skin 
tumours in two-
stage model 

Anti-promotion 	Mehta et a/. 
in two-stage 	(1 995) 
model 

High dose of 	Jang et at 
indole-3-carbinol 	(1991) 
inhibited liver 
hyperplastic 
nodules and 
GST-P foci 



Cancer preventive effects 

Cytokeratin 18 was the best marker for 
tumour outcome. 

C 
FU 

10 	 I 

I Mammary gland 
IQ 
It 

O 	I O Wattenberg and Loub (1978) provided 
the classic demonstration of the chemo- 

E prevention of mammary tumours by 
o I 	 - iridoles in 	rodents. Female Sprague- 

e 	E -° 	° 
00 .60tEE 

c Dawley rats were initiated with DMBA 
ID  

2 (12 mg, orally) at 7 weeks of age and 
- 	-c . then received either standard chow or 

E 
E 

I 	O 	 c - diets 	containing 	indole-3-carbinoi 	at 
0V 	E 2w t5 	E 

O V 	 I 
E5 0.014 mmol/g 8 days before DMBA. 

75 
Additional groups received a single oral 
dose of indole-3-carbinol at 0.10 mmol, 

>, E 	 o 	I 
1t5 2 75 	E 

o 3,3-diindolylmethane at 0.05 mmol or 
.2 2 

0 
I—.- 0 , 	t i 
Ic -D1- ° cEEI 	I indole-3-acetonitrile at 0.1 	mmol 20 h 

before 	DMBA. 	Mammary 	tumour 

0E b .E development 	was 	assessed 	at 	28 
cE o 

cO 
E°oE E weeksof age, After a single treatment, 

— I5 E 	- 	o 	E Q 	N indole-3-carbinol 	significantly 	reduced 
EbIoV EszE ° 	E the mammary tumour incidence in each 

of three experiments (e.g. from 91% to 
w- 21%) and the tumour multiplicity (e.g. 

0) 8' from 	1.45 to 0.29 tumeurs 	per rat). 
. Dtndolylmethane 	provided 	a 	similar 

F:.b I<u.V degree of protection (e.g. reduction in 
O incidence from 91% to 27%) when 

I 	- 	 I .o o administered at half the dose of indole- 
o I 	 I I 	1) ... 3-carbinol. lndolo-3-acetonitrile did not 

= - 	... provide 	significant 	protection. 	Pro- 
D 

C 	D O .i 	>- tracted 	dietary 	indole-3-carbinol 	also 
£2 IEEeLO 

E reduced the incidence (73% ta 20%) 
and multiplicity (1.20 to 0.33 tumeurs 
per rat) of mammary tumeurs. 

OC = 	O 	 I E  In a more recent study (Mehta et 
Ca VICE 	Ct O QL ErZ al., 	1995), 	cultured 	BALB/c 	mouse 

o 
Oo I IQoE 	 I ° mammary organ explants were incu- 

bated for 10 days with synthesized 
I - brassinin 	(10 	to 	10 	mol/i 	of 
I medium), and DMBA was added at 2 

- l.tz pg/mi to the medium on days 3 and 4 
ZM o. H'I O 	Z ° a) 	CO to generate mammary lesions ex vivo. 

- 
i6 -sC - Mammary lesions were detected in 

> 10/15 glands with DMBA alone, and 
< E = -o this 	incidence 	was 	reduced 	signifi- 

cantly with brassinin (2/15, 80% inhibi- 

O 
t 

01 U tian) 	and 	cyclobrassinin 	(1/15, 	91% 
O 

, 	- inhibition) 	but 	not 	with 	2-methyl- 
o X I2 o.o brassinin (11/15). 

IOWO 
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Cervix 
lndole-3-carbinol and 3,3-diindolyl-
methane can negatively regulate 
estrogen activity (Auborn et al., 2003). 
For instance, Jin et al. (1999) studied 
the effects of these indoles in the K14-
HPV1 6 mouse, which expresses once-
genes from HPV 16 and develops cer-
vical cancer in response to long-term 
exposure to estrogens. In positive con-
trol mice receiving estradiol at 0.125 
mg/day, 19 of 25 developed cervi-
cal—vaginal cancer within 6 months, 
and the remaining animals had hyper-
plasia. In mice that also received a diet 
containing indole-3-carbinol at 2000 
mg/kg, only two of 24 developed can-
cer, and the remainder had dysplasia 
and hyperplasia. This result was taken 
to suggest that indole-3-carbinol nega-
tively affected the proliferative effects 
of estrogen by restoring tissue homeo-
stasis. In support of this, the authors 
showed that the increased expression 
of proliferating cell nuclear antigen 
(PCNA) in the cervical epithelium after 
estrogen treatment is reduced by 
dietary indole-3-carbinol (Jin et al., 
1999), and that indole-3-carbinol and 
3,3'-diindolylmethane induce apoptosis 
in the cervical epithelium of estrogen-
treated mice (Chen, D.Z. et al., 2001). 

Skin 
The anti-tumour promoting potential of 
indole-3-carbinol was examined in a 
mouse skin cancer model (Srivastava 
& Shukla, 1998). Swiss albino mice 
were initiated with a single topical dose 
(52 jig) of DMBA, and 1 week later 
were given 250 pg of ndole-3-carbinol 
topically with S pg of 12-0-tetrade-
canoylphorbol 13-acetate (TPA) twice 
a week for 28 weeks. At the end of the 
experiment, the indole-3-carbinol-sup-
plemented animals had a significantly 
reduced incidence (from 33/34 to 
21/34) and cumulative number of 
tumours (from 267 to 155). The multi-
plicity was reduced in males but not in 
females, and tumour induction time 

was significantly delayed by indole-3-
carbinol. 

Mehta et al. (1995) initiated 5-6-
week-old CD-1 mice with DMBA (50 
pg, painted once) and promoted them 
with TPA (2.5 mg, twice weekly. 12 
weeks). In the group that received 
brassinin (1 or 2 pg in 0.2 ml acetone) 
1 h before each TPA treatment, the 
tumour incidence at termination and 
the multiplicity were reduced, with a 
dose—response relationship. 

Multiple organs 
Stoner et cl. (2002) examined the 
effects of post-initiation administration 
of dietary indolo-3-carbinol at 2000 
mg/kg in a multi-organ model, with 
azoxymethane to initiate colon carcino-
genesis. lndole-3-carbinol given for 25 
weeks after carcinogen treatment sig-
nificantly reduced the number of aber-
rant crypt foci, from 285 to 170 crypts 
per colon. The number of aberrant 
crypt foci containing more than four 
crypts was also reduced, from 167 to 
113 per colon, but this result was not 
significant. 

Intermediary biomarkers 
Cruciterous vegetables 
The xenobiotic-metabolizing enzymes 
are among the most important of the 
defence systems that modulate the 
access of chemical carcinogens to 
DNA in target tissues. The regulation of 
this complex enzyme system by dietary 
constituents is thought to be the princi-
ple mechanism underlying the ability of 
certain food components to block the 
induction of tumours by chemical car-
cinogens, in animal models of carcino-
genesis (Wattenberg, 1990). Induction 
of phase I metabolism enhances detox-
ification but also often activates procar-
cinogens, and can either enhance or 
suppress carcinogenesis. In contrast, 
induction of phase Il metabolism usu-
ally reduces the biological activity of 
carcinogenic intermediates and accel-
erates their excretion. 

Phase I enzymes 
Whitty and Bjeldanes (1987) explored 
the effect of a diet containing freeze-
dried cabbage on phase I enzymes 
and on the binding of aflatoxin B1  to 
hepatic DNA in vivo. Rats received a 
diet supplemented with 25% freeze-
dried cabbage for 21 days. Radio-
labelled aflatoxin was administered 
intraperitoneally, and hepatic DNA was 
isolated for analysis. The treated group 
had an 87% reduction in aflatoxin bind-
ing when compared with the control 
group, which was associated with 
increases in the activity of hepatic (2.6-
fold) and intestinal (1.4-fold) epoxide 
hydrolases and at intestinal Ah hydroxy-
lase (2.3-fold) and ethoxycoumarin O-

deethylase (2.5-fold). No increases in 
the hepatic activities of the latter 
enzymes were observed. The authors 
discussed the possible roles of various 
phase I and Il enzymes as modulators 
of aflatoxin B metabolism and con-
cluded that induction of either epoxide 
hydrolase or GST (2.1- and 2.3-fold 
increases in the liver and intestine, 
respectively) might have accounted for 
the striking reduction in aflatoxin bind-
ing observed in their study. 

Phase It enzymes 
Godlewski et al. (1985) studied the 
effects of Brussels sprouts and of glu-
cosinolate-rich and glucosinolate-free 
sprout extracts on the induction of 
hepatic GST activity and on aflatoxin-
induced hepatic foci in woanlirig rats. 
All three dietary treatments increased 
hepatic GST activity, but only Brussels 
sprouts and the glucosinolate-rich frac-
tions inhibited hepatic focus formation. 
This important observation suggests 
that glucosinolates and their break-
down products are anticarcinogenic 
through mechanisms other than by 
induction of hepatic GST. 

Kassie et al. (2003a) studied the 
effects of Brussels sprouts and red 
cabbage juices on the IQ-induced 
activity of the hepatic phase Il 

134 



Cancer preventive effects 

enzymes. The activities of UDP-glu-
Cu ronosyl transferase (UGT) -2 and 
CYP1A2 were increased by both veg-
etables. The induction of UGT-2 activity 
by Brussels sprouts (and inhibition of 
ID-induced aberrant crypt foci) was 
more marked than that by red cabbage 
cultivars, suggesting that greater glu-
curonidation of ID may account for 
reductions in preneoplastic lesions. 
The authors suggested that Brussels 
sprouts are more effective because 
they have a higher glucosinolate con-
tent than red cabbage. Interestingly, 
cooking the vegetables had no influ-
ence on their protective effect. 
Therefore, the effect was probably due 
to intact glucosinolates, which were 
presumably metabolized to breakdown 
products in the intestinal lumen. The 
effects could not, however, be attrib-
uted to any particular glucosinolate. 

DNA adducts 
The relationship between carcino-
gen—DNA adduct formation and the 
induction of tumeurs in animals is well 
established, and it is generally consid-
ered that DNA adduct formation is a 
prerequisite for a mutational event 
which, in turn, may trigger the carcino-
genic process (See reviews by 
Hemminki, 1993; Schut & Snyderwine, 
1999). For instance, the main gene-
toxic metabolite of the polycyclic aro-
matic hydrocarbon benzo[apyrene 
forms adducts in the same codon of 
the p53 gene in which characteristic 
mutations are formed in the lungs of 
smokers (Denissenko et al., 1996). 
Furthermore, in lung tumeurs induced 
by polycyclic aromatic hydrocarbons in 
mice, a correlation was found between 
DNA adducts and the induction of ras 
mutations (Nesnow et aI., 1998). If 
DNA adduct formation is a prerequisite 
for tumour formation, it follows that 
inhibition of DNA adduct formation 
should lead to inhibition of carcinogen-
esis. The correlation between inhibition 
of carcinogen—DNA adduct formation 

and inhibition of carcinogen-induced 
tumour formation has indeed been 
established in several experimental sys-
tems (Dashwood et al., 1989b; Morse et 
al., 1989a; Liu et al., 1991; Singletary & 
Nolshoppen, 1991; Liu et al., 1992). 
Thus, inhibition of carcinogen—DNA 
adduct formation by, e.g. dietary compo-
nents can be an excellent measure of its 
chemopreventive properties. 

As mentioned previously, Whitty 
and Bjeldanes (1987) studied the 
effects of dietary cabbage (25% w/w) 
on the binding of aflatoxin B1  to hepatic 
DNA, and on hepatic phase I and II 
enzymes in weanling male Fischer 344 
rats. An increase in liver weight, up-
regulation of hepatic enzymes and an 
87% reduction in the binding of afla-
toxin B1  to hepatic DNA were found in 
animals receiving cabbage, 2 h after 
treatment with the carcinogen. Tan et 
al. (1999), used a similar approach to 
explore the protective effects of 
Chinese cabbage against tumour initi-
ation by the food-borne carcinogen 
PhIP, which induces colon and mam-
mary gland tumeurs in rats and has 
been implicated as a cause of colorec-
tal cancer. Rats were fed a diet con-
taining freeze-dried Chinese cabbage 
(20% w/w) for 10 days before oral 
administration of a single dose of PhIP 
(10 mg/kg bw). The levels of DNA 
adducts in the colon, heart, lung and 
liver were determined with a 32P-post-
labelling technique, and the activity of 
hepatic CYP1A1 and CYP1A2 and 
cytesolic GSTs were also measured. 
There were substantial reductions 
(50-80%) in the levels of adduct for-
mation in target organs, significant up-
regulation of both CYP1A1 and 
CYP1A2 and up-regulation of hepatic 
GST. The results are therefore consis-
tent with the proposed protective 
effects of Chinese cabbage, although 
in this, as in many such studies, the 
amount of the vegetable administered 
was very high. 

Markers of oxidative damage 
In only a few of the published studies 
on Brass/ca vegetables were biochem-
ical indices of oxidative damage used 
as biomarkers of effect. Deng et al. 
(1998) used purified glucosinolates, 
crude extracts of raw and cooked 
Brussels sprouts and a standardized 
aqueous extract of Brussels sprouts to 
explore the effects of a complex mix-
ture of Brass/ca vegetable constituents 
in an animal model. The standardized 
extract, used by this group in several 
other studies, was produced by 
homogenizing the raw sprouts, collect-
ing the juice and the residues and 
cooking them in a microwave oven. 
Soluble material was then leached out 
of the residues and mixed with the 
juice extract, and the liquid was freeze-
dried and re-suspended in distilled 
water for use. It is probable that the 
material contained a complex mixture 
of non-volatile glucosinolate break-
down products, but its composition 
was not well defined by the authors. 
The effects on spontaneous oxidative 
damage were studied in male Wistar 
rats, and modulation of induced dam-
age was studied in animals treated 
with 2-nitropropane (at 100 mg/kg bw). 
The end-point measured was the DNA 
oxidation product 8-oxo-7,8-dihydro-2-

cieoxyguanosine (8-oxodG). Oral 
administration of cooked Brussels 
sprouts homogenate (3 g) for 4 days 
reduced spontaneous urinary excre-
tion of 8-oxodG by 31%, whereas raw 
sprouts, isolated indole glucosinolates 
or their breakdown products had no 
effect. The standardized aqueous 
extract of sprouts also substantially 
decreased both the spontaneous and 
the induced level of 8-oxodG excre-
tion. Pretreatment with the aqueous 
sprout extract also reduced the levels 
of DNA oxidation induced by 2-nitre-
propane in several target tissues (kid-
ney, liver and bone marrow), but the 
spontaneous levels of 8-oxodG were 
reduced only in the kidney. The 
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authors drew attention to the parallels 
between their own results and the find-
ings of one of the few human interven-
tions in this area, which showed that 
oral administration of Brussels sprouts 
reduced oxidative DNA damage in 
healthy volunteers (Verhagen of al., 
1995, 1997). 

The protective effects of the sprout 
extract (Deng of al., 1998), which 
appeared to be due to antioxidant 
effects in the target tissues, were 
observed only when the sprouts were 
cooked- This is somewhat surprising 
because the bioavailability of glucosi-
nolate breakdown products in animals 
and humans is known to be reduced 
by cooking, as a consequence of the 
inactivation of myrosinase (see 
sections 2 and 3). Cooking has, how-
ever, been shown by other groups to 
enhance the antioxidant effects of 
many types of non-cruciferous 
vegetable, so that the effects may be 
unrelated to glucosinolates or their 
breakdown products (Maeda of al., 
1992). 

To resolve some of these issues, 
the same group subsequently explored 
the antioxidant effects of their sprout 
extract in vitro, using calf thymus DNA 
in which oxidative damage was 
induced with Fenton reagents and 
ultraviolet light (Zhu of al., 2000). The 
aqueous extract and several sub-frac-
tions derived by HPLC had a consis-
tently protective effect against the pro-
duction of 8-oxodG, at levels that the 
authors interpreted as consistent with 
those achievable in humans eating 
modest amounts of Brussels sprouts. 
The antioxidant factors in the extract 
were not convincingly identified, but the 
authors noted that the glucosinolate sin-
igrin co-eluted with the most effective 
HPLC fraction derived from the extract. 
It has been reported that a substantial 
proportion of intact sinigrin is absorbed 
from the small intestine of rats, but its 
metabolic fate and biological effects are 
unknown (Elfoul et al., 2001). 

In their most recent study on this 
topic (Sorensen etal., 2001), the same 
group treated rats with the aqueous 
Brussels sprout extract for periods of 
between 3 and 7 days and studied a 
range of end-points, including phase I 
enzymes (CYP1A2, CYP2131/2 and 
CYP2E1) and two phase Il enzymes, 
NADPH:quinone reductase and GST 
ic7. They also explored the effects on 
antioxidant enzymes and on 8-oxodû 
and malondialdehyde excretion, as 
before. In agreement with many previ-
ous studies, induction of both GST and 
quinone reductase was observed, but 
there was no effect on phase I 
enzymes. Unexpectedly, a statistically 
significant increase in oxidative DNA 
damage was found in the liver (8-
oxodG), with no effect on antioxidant 
enzyme activity or malondialdehyde 
excretion. The authors commented that 
Brussels sprouts appeared to have both 
adverse and beneficial effects, depend-
ing on the conditions of the experiment 
and the target organs observed, and 
they speculated that advising the public 
to eat large quantities of Brass/ca 
vegetables might not be entirely justi-
fied. [The Working Group considered 
that the levels of the bio markers were 
probably overestimated.] 

Apeptosis 
Suppression of apoptosis is thought to 
occur at every stage of cancer pro-
gression, from normal tissue to fully 
established invasive carcinoma. Con-
versely, high levels of apoptosis were 
shown in a large human cohort to pro-
tect against colorectal adenoma (Martin 
et al., 2002). There is a substantial body 
of evidence that isothiocyanates induce 
apoptosis in vitro, and several groups 
using animal models to study the block-
jog effects of isothiocyanates have 
acknowledged that induction of apopto-
sis in vivo may also play a role in the 
anticarcinogenic effects of Brass/ca 
vegetables. At present, however, there 
are few studies on the ability of intact 

glucosinolates or Brass ica vegetables 
to induce apoptosis in vivo. 

Smith of al. (1998) studied the 
effects of purified sinigrin on apoptosis 
in an animal model, in which dimethyl-
hydrazine was used to induce apopto-
sis in colonic crypts at 48 h and aber-
rant crypt foci after 16 weeks. Sinigrin 
had no effect on apoptosis in crypt 
cells in untreated animals, but amplifi-
cation of the apoptotic response to 
dimethylhydrazine was seen after 48 h, 
which was associated with a reduction 
in aberrant crypt foci at the later time. It 
was shown subsequently that supple-
mentation with raw sprout extract in the 
form of freshly prepared juice slowed 
mitosis and amplified apoptosis by 
about threefold in dimethylhydrazine-
treated animals but had no effect on 
controls (Smith of al., 2003). A freeze-
dried whole-sprout supplement had a 
similar, although slightly less marked, 
effect, but cooked sprouts were inef-
fective. These results indicate that 
large quantities of Brass/ca vegetable 
tissue exert a pro-apoptotic effect in 
the colonic mucosa of rats in which the 
epithelial cells have previously been 
challenged with a mutagenic carcino-
gen. 

Isothiocyanates 
Phase I enzymes 
Guo et al. (1992) studied the effects of 
a single acute oral dose (1 mmol/kg 
bw) of phenethyl-ITC on phase I and 
phase Il enzymes in the liver, lung and 
nasal tissues of Fischer 344 rats. Their 
main observation was a prompt and 
complex change in the pattern of 
activities of hepatic phase I enzymes. 
For example, the activity of N-nitroso-
dimethylamine demethylase, which is 
primarily a function of CYP2E1, was 
reduced by 80% 2 h after administra-
tion of phenethyl-ITC and was still 40% 
below baseline levels at 48 h. The 
activity of CYP1A2 and CYP3A was 
decreased to a somewhat lesser 
degree, but that of hepatic PROD, 
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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 CYP2131 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 et at, 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 et aI., 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 to 
covalent inactivation. 

Using a similar protocol, Guo et at 
(1993) examined the effects of 
phenethyl-ITC, benzyi-ITC and two 
synthetic compounds, 4-phenyibutyl-
ITO and 6-phenylhexyi-ITC, on NNK 
oxidation and on phase I and Ii 
enzymes. In general, a single dose of 
0.25 or 1.0 mmoilkg 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-PTC, 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 etal., 1989b, 1991). 

The chemistry of tobacco smoke is 
extremely complex, as is the sequence 
of carcinogenic events leading ulti-
mately to lung cancer. Sticha et al. 
(2000) explored the hypothesis that 
benzyi-OTC inhibits the formation of 
DNA adducts induced by benzo[a]
pyrene by blocking production of the 
highly reactive metabolite 7,8-dihy-
droxy-9, 1 0-epoxy-7,8,9, 1 0-tetrahyd ro-
benzo[ajpyrene (BPDE). The metabo-
lism of benzo[a]pyrene by mouse lung 
and liver microsomes 6 or 24 h after 
treatment with benzyi-ITC or 
phenethyl-ITC was used as an inter-
mediate end-point of anticarcinogenic 
activity. Both benzyi-ITC and phenethyl-
1TC inhibited the formation of 
benzo[a]pyrene metabolites and 
BPDEDNA adducts. This finding was 
interpreted as support for the hypothe-
sis for the mechanism of action of ben-
zyl-ITC. Although there were some dif-
ferences in the activities of the two 
isothiocyanates, they did not entirely 
explain the inefficacy of phenethyi-ITC 
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 I 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 
(BrQsewitz et al., 1977). The target tis-
sues are therefore exposed primarily 
to OSH conjugates of isothiocyanates 
rather than the native compounds. 
Conaway et al. (1996) studied the 
structure—activity relationships of iso-
thiocyanates and their conjugates with 

regard to inhibition of OYP1A1, 
OYP1A2 and OYP2B1, using hepatic 
microsomes from 3-methyicholan-
throne- or phenobarbital-treated rats 
as an assay system. in general, the 
parent isothiocyanates were more 
potent inhibitors than the conjugates. 
The same group compared phenethyl-
ITC—GSH and 6-phenyihexyl-ITC-
GSH conjugates in the assay system 
and showed that the 6-phenyihexyl-
]TC—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 NJ 
mouse pulmonary carcinogenesis 
model (Jiao et al., 1997). Studies on 
the decomposition of isothio-
cyanate—GSH conjugates in vitro 
(Conaway et aI., 2001) suggested that, 
in solution, an equilibrium is estab-
lished between free isothiocyanate 
and its conjugate, and that it is the free 
species (Moreno et al., 1999) or 
another metabolite (Goosen et al., 
2001) that inhibits enzyme activity by 
covalently modifying the protein. 

Phase It 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. 
Brass/ca vegetables, as well as other 
foods, including coffee and tea, all 
induce GSTs in the alimentary tract, as 
do benzyl-ITC, indole-3-carbinoi and 
indoie-3-acetonitriie (Sparnins et al., 
1982a,b), but induction of phase H 
enzymes has not been used as an 
intermediate biomarker of carcino-
genesis. 

Guo et aI. (1992) studied the 
effects of a single oral dose of 1 
mmol/kg bw of phenethyL-ITC on 
phase I and phase II enzymes in the 
liver, lung and nasal tissues of Fischer 
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344 rats. The activities of the phase II 
enzymes NQ01 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 	[berm 	[1-isothiocyanato-3- 
(methylsulfinyl)propane] over a con-
centration range of 1-100 pniol/kg bw 
per day. Intestinal GST and N001 
activities were significantly enhanced 
by treatment, but only at the highest 
dose. The authors estimated that the 
human population is exposed to 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 Il enzyme activity. 

Haemoglobin adducts 
Prolonged administration of 6-phenyl-
hexyl-LTC and phenethyl- ITO 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 
blood-borne biomarkers of DNA 
adduct formation [4-hyclroxy-1-(3-
pyridy-1 -butanono-releasing haemo-
globin adducts], together with 
increased NNK detoxification and 
urinary excretion (Hecht etal., 1996b). 

DNA adducts 
If modulation of phase I and/or Il 
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 car-
cinogens, and this should be 
detectable in target tissues. Chung et 
al. (1985) explored the effects of 
phenyl-ITC, phenethyl-ITC and the glu-
cosiriolate sinigrin on the a-hydroxy- 

lation of N-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 06  

methylguanine in rat hepatic DNA. The 
authors concluded that this was the 
probable mechanism for the anticar-
ciriogenic effects of the isothiocyanates 
towards these carcinogens. 

Certain isothiocyanates have been 
shown to exert significant anticarcino-
genie effects in rat models of oeso-
phageal carcinogenesis, and these 
effects appeared to be well correlated 
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 N-nitrosobenzylmethylamine 
metabolism, reduced the formation of 
DNA adducts by 53-97% and inhibited 
DNA methylation at the 7 and 06  posi-
tions of guanine. A similar inhibitory 
effect of phenethyl-ITC on the metabo-
lism of N-nitrosomethyl-amylamino and 
methylation of DNA in rat oesophagus 
was described later (Huang et al., 1993). 

Phenethyl-ITC and a number of 
synthetic isothiocyanates inhibited 
lung carcinogenesis and DNA methy-
lation induced by NNK in mouse mod-
els (Morse eta/.,1989b, 1991). Staretz 
et al. (1997a) investigated the effects 
of phenethyl-DTC 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 phenethyl-ITC. 

Wattenberg (1987) showed that 
benzyl-ITC inhibited lung neoplasia 
induced by benzo[apyrene in a mouse 
model. This was confirmed by Lin et al. 
(1993), but, as others have observed 
(Adam-Rodwell et al., 1993), phen-
ethyl-iTO was not effective under the 
same conditions. Sticha et al. (2000) 
tested the hypothesis that inhibition by 
benzyl-ITC of benzoa]pyrene-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 
BFDE-DNA adducts in lung and 
hepatic DNA from NJ mice treated 
with bonzyl-ITC and phenethyl-ITC, 
2-120 h after treatment 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-
ITO and a mixture of phenethyl-ITC 
and benzyl-ITC on the formation of 
DNA adducts after treatment with a 
mixture of benzo[a]pyrene and NNK. 
The adducis quantified were 
BPDE-N2-deoxyguanosine from ben-
zo[alpyrene, O-methylguanine and 4-
hydroxy-1 -(3-pyridyl)-1 -butanone-releas-
ing adducts from NNK. Both phenethyl-
ITO and the mixture with benzyl-ITC 
inhibited the formation of the adducts 
from NNK, but they had no effect 
on BPDE.-AP-deoxyguanosine or O-
methylguanine. 

Administration of phenethyl-ITC 
resulted in a reduction in the metabolic 
activation of the oesophageal carcino-
gen N-nitrosomethylaniylamine and a 
reduction in the formation of methy-
lated DNA adducts in rat oesophagus 
(Huang etal., 1993). 
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Apoptosis 
Samaha et ai. (1997) studied the 
effects 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 
apoptosis and the effectiveness of the 
treatment. Sulindac and curcumin both 
increased apoptosis and suppressed 
tumorigenesis; however, the synthetic 
6-phenylhexyt-ITC, which is highly 
protective against pulmonary tumori-
genesis (Morse et aI., 1991) but 
enhances both oesophageal (Stoner 
et al., 1995) and colonie tumorigenesis 
(Rae et al., 1995), suppressed the rate 
of apoptosis. 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-acotyl-
cysteine conjugates of benzyl-ITC and 
phenethyl-ITC against lung tumorigen-
esis induced by benzo[a]pyrene in NJ 
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. 

DAgostini et aI. (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 
allyl-ITC (10 limol)  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 
similar to that observed by Smith et al. 
(1998) in dimethylhydrazine-treated 
rats fed sinigrin, which is the parent 
glucosinolate of ally]-ITC.  

lndoles 
Effects on enzymes 
Studies on the induction and inhibition 
of enzymes by indole-3-carbinol are 
reviewed in section 3. On this section, 
only those effects observed in proto-
cols for chemical carcinogenesis 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 Table 47. 

After 2 weeks of feeding male 
Fischer 344 rats with an indole-3-
carbinol-containing diet (30 .lmol/g), the 
activity of 03-methylguanine—DNA trans-
methylase, an enzyme that removes O 

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 tumours 
induced by DMBA or MNU in female 
Sprague-Dawley rats, Grubbs et al. 
(1995) measured induction of various 
alkoxyresorufin-O-dealkylases by a 
hepatic microsomal preparation (9000 
x g 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 
CYPIA2), EROD (specific for 
CYP1A1) and benzyloxyresoruf in-O-
dealkylase (BROD, specific for 
CYP2131) were increased in relation to 
dose of indole-3-carbinol (up to 121-
fold for CYP2B1). The induction was 
parallelled by induction of the respec-
tive mRNAs; mRNA analysis also 
showed induction of hepatic GST sub- 

family o (GST Ya/Yc) and epoxide 
hydrolase. 

The induction of hepatic alkoxyre-
sorufin-O-dealkylases (MROD, EROD, 
B ROD and pontoxyresorufin- O-dealky 
lase [PROD]) in female Sprague-
Dawley rats was confirmed by Malejka-
Giganti et 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 to the results of 
Grubbs et al. (1995), this regimen 
failed to result in inhibition of DMBA-
induced mammary tumours when 
DMBA 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 MROD and EROD activities was 
also confirmed in male Fischer 344 
rats (Xu et al., 1996) in a protocol 
whereby the animals received a dose 
of 10 that was sufficient to induce 
colonie 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 
EROD and MROD were induced 
(EROD twofold more than MROD) in 
hepatic and colonie microsomes. The 
induction was parallelled by decreased 
formation of colonie 10—DNA adducts 
and by mutagenic activation of 10 
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 
MROD were both inhibited, accompa-
nied by an increase in colonie 10—DNA 
adducts and by an increase in 10 
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 
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O 	Table 47. Modulation by indole-3-carbinol of enzymes relevant to carcinogenesis in rats 

Strain (sex); 
organ(s) analysed 

Dose and schedule 
of indole-3-carbinol 

Dose and schedule 
of carcinogen 

Enzyme(s) measured Summary of results Reference 

Fischer 344 (M); liver, 30 pmol/g of diet for 2 None 06-Methylguanine DNA No effect Morse et al. (1988) 

lung, nasal mucosa weeks methyltransferase 

Sprague-Dawley (F); 50 or 100 mg/day orally None MROD, EROD, BROD, Increase in all Grubbs et ai. (1995) 

liver for 100 days GST-YaYc, epoxide 
hydrolase 

Sprague-Dawley (F); 250 mg/kg bw orally 3 DMBA, 20 mg/rat, MROD, EROD, BROD, Increase in all Malejka-Giganti et u!. 

liver times per week for 12 orally, single dose pentoxy-ROD (2000) 
weeks, 3 weeks after 
DMBA 

Fischer 344 (M); liver 0.1% in diet for 8 10, 50 mg/kg bw, MROD, EROD Increase in both Xu et a]. (199(3) 
weeks orally, every other 

day, weeks 3 and 4 

Fischer 344 (M); liver, Single oral dose, None MROD, EROD (activities), Dose-related Xu et ci. (1997) 

colon equivalent to CYP1A1, CYF1A2 (by increase in all; 
0-1000 mg/kg of diet western blot) decrease in hepatic 

MROD, EROD ut low 
(0-50 mg/kg) 
concentrations 

Fischer 344 (M); liver 0.5% in diet for up to Aflatoxin 13 1 , 2 mg/kg CYP1AI, CYPIA2, Increase in all Manson et ai. (1998) 

13 weeks of diet for 13 weeks CYP3A, CYP2131/2, GST- 
Yc2, GST-P, AFAR (all by 
western blot) 

DMBA, 7,12-dimethylbenz[aanthracene; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; MROD, methyl resorufin-O-dealkylase; EROD, ethoxy-; ROD. 
BROD, benzyloxy ROD-; CYP, cytochrome P450; GST, glutathione S-transferase; AFAR, aflatoxin B I  aldehyde reductase ; M, male, F, female 
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from this compound in the stomach, 
which differs with high and low doses. 
At low doses, these products, which act 
as agonists for the Ah receptor, are loss 
likely to bind to this receptor. 

In a protocol of aflatoxin B1  and 
hepatocarcinogenesis, Manson et al. 
(1998) examined a number of hepatic 
enzymes relevant for carcinogenesis. 
Male Fischer 344 rats were given diets 
containing aflatoxin B1  (2 mg/kg) or 
aflatoxin B1  (2 mg/kg) plus indolo-3-
carbinol (5000 mg/kg, w/w). After 13 
weeks, western blot analysis showed 
induction of the phase I enzymes, 
CYP1A1, CYP1A2, CYP3A and 
CYP2131/2 and of the phase Il 
enzymes aflatoxin B1  aldehyde reduc-
tase (AFAR), GST-Yc2 and GST-P (the 
latter only in a group receiving aflatoxin 
B1  or aflatoxin B1  before indole-3-
carbinol). lmrnunohistochemistry of 
liver sections showed a protective 
effect of indole-3-carbinol against GOT 
and GST-P+ foci, but only when indole-
3-carbinol was given in the diet for 2 
weeks before dietary aflatoxin B1. The 
numbers of foci positive for aflatoxin B1  
aldehyde reductase and particularly 
cytokeratin 18 were decreased when 
indole-3-carbinol was provided in the 
diet either before or after aflatoxin B1, 
but most prominently when given 
before. The activities of ornithine decar-
boxylase and tyrosine kinase were also 
decreased, when measured in liver 
extracts after exposure to indole-3-
carbinol with or without aflatoxin 131. 

The effect of dietary indole-3-
carbinol on liver enzymes possibly 
involved in aflatoxin B1  activation and 
deactivation has also been studied in 
rainbow trout. Liver microsomal 
7-ethoxycoumari n deethylase and 
EROD activities were not induced 
significantly in fish fed diets containing 
indole-3-carbinol at 500-2000 mg/kg 
for 8 days, concentrations that are 
effective in lowering hepatic aflatoxin 
B1—DNA adduct formation. Similarly, 
the indole-3-carbinol diets did not  

affect liver CYP-LM, or CYP-LM4b 
isozymes (both specific for trout), nor 
did they affect liver microsomal UDPG-
transferase or cytosolic GST activity 
(Fong et al., 1990). In trout embryos, 
however, microinjection of an 'acid 
reaction mixture' (indole-3-carbinol 
treated with hydrochloric acid and par-
tially purified before administration), 
3,3'-diindolylmethane or a symmetrical 
cyclic trimer, 5,6,11 12,17,18-hexahy-
drocyclononal[1 ,2-b:4,5-b':7,8-b"]friin-
dole (CT) resulted in induction of total 
embryonic CYP1A. The same effect 
could be demonstrated in the livers of 
fingerlings (3 months old) injected 
intraperitoneally with these three deriv-
atives. lndole-3-carbinol itself was a 
weak and only transient inducer of 
CYP1A. In the livers of fingerlings 
exposed to dietary indole-3-carbinol 
(2000 mg/kg for 21 days), weak but 
transient induction of EROD was found 
(Takahashi et al., 1995a). After 7 days 
of feeding fingerlings a diet containing 
indole-3-carbinol at 500-4000 mg/kg, 
a dose-related increase in liver EROD 
activity was found at 2000-4000 
mg/kg; at 500-1000 mg/kg, liver 
[ROD activity was slightly inhibited. 
The induction of EROD activity at 
higher concentrations of indole-3-
carbinol (2000-4000 mg/kg) was nega-
tively correlated with hepatic [3H]afla-
toxin B1—DNA binding, determined 
after administration of [H]aflatoxin B1  
in vivo (Takahashi etal., 1995b). 

DNA adducts 
Rats: In male Sprague-Dawley rats 
pretreated intraperitoneally or orally 
with indole-3-carbinol or with the acid 
reaction mixture described above, total 
binding of [3F-1]benzo[a] pyre ne to 
hepatic DNA was reduced by 30-50% 
as compared with that in untreated 
controls. In contrast, inhibition of bind-
ing to pulmonary DNA was effective 
(50-70% decrease) only after oral 
administration of indole-3-carbinol or 
the acid reaction mixture, and not after 

intraperitoneal pretreatment with these 
compounds (Park & Bjeldanes, 1992) 
(Table 48). These results are consis-
tent with rapid clearance of 
[H]benzo[apyrene in the intestine, 
aided by induction of benzo[a]pyrone-
metabolizing enzymes such as 
CYP1A1, by indole-3-carbinol and the 
acid reaction mixture in this organ. 

Inclole-3-carbinol in the diet of male 
Fischer 344 rats increased the forma-
tion of hepatic 7-methylguanine after 
subcutaneous administration of the 
tobacco-specific carcinogen NNK but 
decreased this adduct in the lung and 
nasal cavity. In this experiment, indole-
3-carbinol had no effect on the activity 
of 05-methylguanine—DNA methyl-
transferase, an enzyme that catalyses 
the repair of 03-methy1guanine (Morse 
etal., 1988). 

In the only study on the effects of 
indole-3-carbinol on aflatoxin B1—DNA 
binding in rats in vivo, dietary indole-3-
carbinol inhibited the total binding of 
[3H]aflatoxin B1  to liver DNA in male 
Fischer 344 rats (Stresser of al., 
1994b). 

Inhibition of the formation of DNA 
adducts with heterocyclic amines (food 
mutagens) by indole-3-carbinol has 
been studied in rats under a variety of 
experimental conditions. Male Fischer 
344 rats pretreated for 4 weeks with a 
diet containing 0.1% (w/w) indole-3-
carbinol and a single oral dose of 10 
showed an initial (8 h after the last 
dose of 10) increase in hepatic 
10 DNA adducts but significant 
decreases at later times (24-48 h) (Xu 
et al., 1996). Inhibition of colonic 
la—DNA adducts in male Fischer 344 
rats was shown to depend on the 
dietary concentration (10-1000 mg/kg) 
of indole-3-carbinol (Xu et al., 1997). 

Both the liver and colon are target 
organs for 10 in mare Fischer 344 rats 
(reviewed by Schut & Snyderwine, 
1999). When female Sprague-Dawley 
rats were maintained on a diet contain-
ing 0.02% (w/w) or 0.1% indole-3- 
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Table 48. Modulation by indole-3-carbinol and derivatives of carcinogen—DNA adduct formation in vivo 

Species, strain Indole-3-carbinol (13C) or Carcinogen, dose and Method of DNA Summary of effects Reference 
(sex); organ(s) derivative, dose and schedule adduct analysis 
analysed schedule'  
Rat 

Sprague-Dawley (M); 13G or RXM, 500 pniollkg [H]Benzo[a]pyrene, 0.2 TBRM Decrease (except n lungs Park & Bjeldanes 
liver, lungs bw, single dose, i.p. or oral imollanimal,  oral afteri.p.) (1992) 

Fischer 344 (M); 13G, 30 prnol!g diet for 2 [3HINNK, 0.6 mg/kg bw, HPLC (7- Increase (liver), decrease Morse et al. (1988) 
liver, lung, nasal weeks subcutaneous, 4 doses methylguanine (lung, nasal mucosa) 
mucosa only) 

Fischer 344 (M); liver ISC 0.2% in diet for 7 days [HIAf1atoxin B1, 0.5 TBRM Decrease Stresser et ai. 
mg/kg bw, i.p., single (1994b) 
dose 

Fischer 344 (M); liver 13G, 0.1% In diet for 8 weeks IQ, 50 mg/kg bw, oral, 32P-Postlabelling Increase 8 h after IQ; Xu et ai. (1996) 
single dose decrease 24-48 h after IQ 

Fischer 344 (M); 13C, single oral dose IQ, 5 mg/kg bw, braI 2P-PostLabeIIing Decrease at doses> 25 Xu et a/. (1997) 
colon equivalent to single dose mg/kg and increase at 10 

0-1000 mg/kg of diet mg/kg 

Sprague-Dawley(F); 130, 0.02% or 0.1% cf diet IQ, 0.01% of diet, days 32P-Postlabelling Decrease (in almost all of 14 He & Schut(1999a) 
multiple organs for 42 days 15-42 organs) 

Fischer 344 (M); 13G, 0.1% of diet for 10 days PhIP, 50 mg/kg bw, oral 2P-PostIabelling Decrease Huber et al. (1997) 
colon single dose 

Fischer 344 (M); 13C, 0.1% of diet for 4 weeks PhIP, 50 mg/kg bw, oral 32P-Postlabelling Increase in some organs E h Guo et ai. (1995) 
multiple organs single dose after PhIP; decrease in all 

organs 24 h to 6 days after 
PhIP 

Fischer 344 (F); liver, 13C, 0.1% of diet for 4 weeks PhIP, 0.01% cf diet 32P-Postlabelling Decrease Schut & Dashwood 
colon, mammary (1995) 
epithelial cells 



2000 mg/kg of diet for 1 NDEA, 250 mg/kg of diet HPLC (Obethy - Decrease in both 
week for 24 b guanine and 7- O-etbylguanine and 

ethyguanine) 7- ethylguanine 

1000 mg/kg cf diet for 12 [3H]Aflatoxin Bi,  0.44 pCi TBRM Decrease 
weeks per fish, i_p. 

2000 mg/kg of diet for  [3H]Aflatoxin B, 2.6 TBRM Decrease 
days nmol/kg bw, i.p. 

Trout 
Rainbow; liver 

Rainbow; liver 

Rainbow; liver 

Fong et a/. (1988) 

Nixon et al. (1 9B4) 

Fang et al. (1990) 

Table 48 (contd) 

Species, strain (sex); lndole-3-carbinol (13C) Carcinogen, dose and Method of DNA Summary of effects" Reference 
organ(s) analysed or derivative, dose and schedule adduct analysis 

schedule'  

Fischer 344 (F); liver, 130, 0.02% or 0.1% of diet PhIP, 0.04% of diet, days 32P-Postlabe I ng Decrease only with 01% He et al. (1997) 
colon, mammary ep - for 58 days 15-42 130 
thelial cells, leukocytes 

Fischer 344 (F); 13C, O 	% of diet for 29 PhIP, 10 or 50 mg/kg bw, 32PPostlabe  I ng Decrease He & Schut (1999) 
multiple organs days single oral dose on day 13 

Fischer 344 (F); 130, 0.02% or 0.1% of diet PSIP, 1 mg/kg bw per 32P-Postlabeiling Decrease in almost all He et al. (2000) 
mu It pie organs for 3 weeks day, oral, for 3 weeks organs and cells 

Sprague Dawley (F); 13C. 1.36 or 3.40 mmol/kg Cigarette smoke, 6 h/day, 32P-Postlabelling Decrease Ant et al. (2000) 
lungs, trachea, bladder, bw per day for 5 weeks 	7 days/week for 4 weeks 
heart 
Mouse 

I C R Swiss (M); Iver 	130, 167 mg/kg bw, single [140]Ben2o[e]pyrene, 	TBRM 	 Decrease 	 Shertzer (1983) 
oral dose 5 pCI per mouse, oral 

ICR Swiss (M); liver 	13G, 167 mg/kg bw, single [14C]Benzo[a]pyrene, 5 
oral dose pCi per mouse, oral  

ICR Swiss (M); liver 	167 mg 30/kg bw, sngle {14C]NDMA, 5 pCi per 
oral dose mouse, oral 

A/J (F); liver. lungs 	25 or 125 prnol 130 per 1H]NNK, 10 pmol per 
mouse per day for 4 days, mouse, 	P. 
gavage 

TBRM 	 Decrease 	 Shertzer (1984) 

TBRM 	 Decrease 	 Shertzer (1984) 

HFLC (06-methyl- Decrease in lung 	Morse et al. 
guanine and 	06-methylguan ne 	(1990b) 
7-methylguan ne) 	increase in liver 

O-methylguan ne and 
7-methylguanine 
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1995). This finding was confirmed in a 
study of similar design, in which a 
higher dietary concentration of PhIP 
(0.04%, w/w) and two concentrations 
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 67-92%) of female Fischer 
344 rats (He et al., 1997). In another 
experiment, female 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, 19 and 29 in a number 
of organs. I ndole-3-carbinol inhibited 
PhIP—DNA adduct formation in virtu-
ally 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-
tien (daily for 3 weeks) of much lower 
doses of PhIP 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 not in the mammary gland, 
of female Fischer 344 rats (He et al., 
2000). 

Only one study addressed the 
effect of indole-3-carbinol on cigarette 
smoke-induced DNA adducts in rats. 
Female Sprague-Dawley rats were 
exposed to cigarette smoke (6 h/day, 7 
days per week) for 4 weeks while 
receiving indole-3-carbinol daily by 
gavage (1.30 or 3.40 mmol/kg) during 
this period as well as during the week 
preceding exposure to smoke. The 
main smoke-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 lungs, trachea, bladder and 
heart (Ant et al., 2000). 

Mice: Total covalent binding of 14C to 
hepatic DNA in ICR Swiss mice pre-
treated with indole-3-carbinol (167 
mg/kg bw) and then given a single 
dose of [14C]benzo[a]pyrene by gav-
age was inhibited by up to 63% within 
2-24 h (Shertzer, 1983, 1984). A sin-
gle oral dose of indole-3-carbinol (167 
mg/kg bw) administered to male ICR 
Swiss mice 1 h before a single oral 
dose of [14C]N-nitrosodimethylamine 
inhibited binding of 14C to hepatic DNA 
by 69% 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, NJ mice 
received the indole by gavage for 4 
days at a dose of 25 or 125 
mmol/niouse per day. The last dose 
was followed 2 h later by an intraperi-
toneal injection of [H]NNK (10 
mmol/mouse). Liver and lung DNA was 
analysed for O-methylguanine and 7-
methylguanirie after 2 and 6 h. Both 
doses of indole-3-carbinol inhibited 
pulmonary 03-methylguanine by at 
least 50% but enhanced both 
O'-methylguanine and 7-methylgua-
nine in the liver at both times. The 
decrease in 05-methylguanine 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 et al., 
1990b), 

Rainbow trout: The only other species 
in which the chemopreventive effects 
of indole-3-carbinol have been studied 
is the rainbow trout. Afiatoxin B1  was 
used as the liver carcinogen in all 
except one study, in which N-nitrosodi-
ethylamine was used (Fong et al., 
1988). Fingerling trout were given diets 
containing N-nitrosocliethylamino at 
250 mg/kg for 24 h, and liver DNA was 
then analysed for O-ethylguanine and 

7-ethylguanine. Addition of indole-3-
carbinol at 2000 mg/kg of diet for 1 
week before exposure to N-nitrosodi-
ethylamine resulted in 41% inhibition 
of both 06-ethylguanine and 7-ethyl-
guanine. 

In an early study on the chemopre-
ventive effects of indole-3-carbinol 
against the carcinogenicity of aflatoxin 
B1  (Nixon et al., 1984), trout were fed 
diets containing indole-3-carbinol 
at 1000 mg/kg for 12 weeks and then 
injected with [3H]aflatoxin B1. When 
their liver DNA was analysed for total 
binding of 3H 24 h later, 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 et al. (1995b) 
showed dose-dependent inhibition of 
total hepatic binding of [3H]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 G weeks. 
During the last 2 weeks, the fish also 
received aflatoxin B1  (10-320 pg/kg) 
and a trace of [3H]aflatoxin B1. Liver 
DNA was analysed for total 3H binding 
on days 7 and 14 after the start of 
feeding aflatoxin B1. Binding depended 
linearly on both dose of aflatoxin and 
time of concomitant treatment. Indole-
3-carbinol at all concentrations 
i 2000 mg/kg linearly inhibited binding 
of aflatoxin B1. At the highest concen-
tration of indole-3-carbinol (4000 
mg/kg), aflatoxin B1  binding was sup-
pressed by almost 95%. 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 B1—DNA bind-
ing. In a concurrent study with a similar 
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protocol but omitting feeding of [3H]afla-
toxin B1, Dashwood etal. (1989b) also 
determined the liver tumour response 
12 months after feeding aflatoxin B1. At 
concentrations of indole-3-carbinol < 
2000 mg/kg, the reduction in tumour 
response was predicted precisely by 
decreases in hepatic aflatoxin B1—DNA 
binding. Acid condensation products of 
indole-3-carbinol, formed in the acidic 
conditions of the stomach, may be 
responsible for the chemopreventive 
properties of this compound (Bradfield 
& Bjeldanes, 1987b; Fong etal., 1990). 
Dashwood et aI. (1994) prepared an 
acid reaction mixture from indole-3-
carbinol and isolated two condensation 
products: a dimer, 3,3'-diindolyl-
methane, and a symmetrical cyclic 
trimer, CT. These and indole-3-carbinol 
were used in an assay to assess inhibi-
tion of aflatoxin B1—DNA binding in trout 
embryos. The embryos were injected 
with [311aflatoxin B, and either indole-
3-carbinol, acid reaction mixture, 3,3'-
diindolylmethane or CT at equimolar 
concentrations, and total embryonic 
DNA was isolated 1, 3 or 10 days after 
injection. In comparison with controls 
given aflatoxin B1  alone, indole-3-
carbinol failed to inhibit total 3H binding 
to embryonic DNA at any time, 
whereas 3,3'-diindolylmethane, CT and 
the acid reaction mixture inhibited DNA 
binding by averages of 37%, 51% and 
65%, respectively. In a parallel bioas-
say, injection of 1 ng of aflatoxin 131  with 
350 iimol/l 	(final concentration) of 
indole-3-carbinol, acid reaction mixture 
or 33'-diindolylmethane into trout 
embryos reduced the incidence of 
aflatoxin B1-induced hepatocarcino-
genesis after 1 year, from 43% in 
controls (aflatoxin B1  only) to 36%,12% 
and 25%, respectively. Only the reduc-
tions observed with the acid reaction 
mixture and 3,3'-diindolylmethane were 
statistically significant; CT proved to be 
too toxic. These results confirm the bio-
logical activity of the acid condensation 
products of indole-3-carbinol. 

Effects on estrogen metabolism 
A number of studies have shown that 
indole-3-carbinol administered to 
rodents induces the 2-hydroxylation of 
estrone, as measured in hepatic micro-
somes prepared immediately after 
induction (summarized by yang & 
Dragsted, 1996). Interest in this phe-
nomenon arose from the observation 
that 2-hydroxyestrone, a catechol 
estrogen, is weakly anti-estrogenic 
and not genotoxic (Suto et al., 1993), 
while 1 6Œ-hydroxyestrone, an estrogen 
agonist, has both tumorigenic and 
genotoxic properties (Telang et al., 
1992). Thus, it was suggested that an 
increase in the ratio of 1 6c-:2-hydroxy-
estrone represents a net estrogenic 
stimulus and its measurement in urine 
might serve as a biomarker (Telang et 
al., 1997a). Induction of 2-hydroxyla-
tion of estrone was demonstrated in 
liver microsomes from female SW mice 
given a diet containing indole-3-
carbinol at 250-5000 mg/kg, by up to 
fivefold with the highest dietary con-
centration. This induction corre-
sponded to a significant reduction in 
spontaneous mammary tumours in 
mice maintained on diets containing 
500 or 2000 mg/kg for 250 days 
(Bradlow et al., 1991). Kishida et al. 
(2000) fed female C3H/HeJ mice a diet 
containing indole-3-carbinol at 2500 
mg/kg for 3 weeks and collected urine 
on days 19-21 to determine the total 
(unconjugated and conjugated) con-
centrations of 2-hydroxyestrone and 
1 6c-hydroxyestrone. lndole-3-carbinol 
affected only the 2-hydroxyestrone 
concentrations, such that the 16u,-:2- 
hydroxyestrone  ratio decreased by 
about threefold. [The Working Group 
noted, however, that this ratio has not 
yet been examined in studies of the 
chenioprevention by indole-3-carbinol 
of chemically induced mammary 
tumours in mice.] 

Effects on mutations 
Carcinogenesis is known to result in 
numerous mutations (Hemminki, 1993; 
Loeb & Christians, 1996). Mutations in 
oncogenes, tumour suppressor genes 
and genes that control DNA repair and 
replication have received the most 
attention in attempts to unravel the 
molecular events involved in tumour 
formation. The advent of transgenic 
techniques made it possible to study 
mutations in animals, in particular 
rodents, rather than in bacteria or cell 
cultures. Analysis of the patterns of 
mutation of specific genes offers an 
advantage over analysis of DNA 
adducts, in that such patterns are often 
tissue-specific (de Boer, 2001), while 
adduct patterns are usually similar in 
target and non-target tissues and, usu-
ally, represent total adducts in total 
genomic DNA. Blum et al. (2001) stud-
ied mutations in the gene for ]-catenin 
in rat colon tumeurs. [3-Catenin is a 
cadherin-binding protein involved in 
cell—cell adhesion (Hirohashi, 1908) 
and may also function as a transcrip-
tional activator after complexing with 
certain T-cell factor/lymphoid enhancer 
factor binding proteins (Behrens et al., 
1996; Korinek et al., 1998). When 
indole-3-carbinol was given after initia-
tion of colon tumeurs by 10 or 
dimethylhydrazine, the pattern of 
mutations in the glycogen synthase 
kinase-3b consensus region of [3-
catenin in almost half the tumeurs was 
drastically different from that in 
tumeurs from animals not receiving 
indole-3-carbinol post-initiation (Blum 
etal., 2001). [This observation raises the 
question of whether the mutation pattern 
is also changed by other combinations of 
initiators and modulators, in other cells, 
organs or tumeurs, or for other genes, 
and, most importantly, whether such 
changes can be detected in tissues 
before the appearance of visible tumeurs. 
Only in the latter scenario would muta-
tiens generated in vivo be useful interme-
diary biomarkors of chemoprevention.] 
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An alternative approach is use of 
transgenic mice. de Boer (2001) 
showed that known chemopreventive 
agents (not including indole-3-carbinol) 
indeed change the frequency and pat-
terns of mutations in the transgene of 
these animals. [The advantages of 
using transgenic animals for mutation 
analysis are that the assays are rela-
tively straightforward, can be per-
formed in a relatively short time and 
are essentially standardized. The main 
disadvantages of using this system to 
study mechanisms of chemopreven-
tion are that the target gene is of bac-
terial or viral origin, probably bearing 
little relation to mammalian carcino-
genesis, and that the spontaneous 
mutation rate is relatively high, at least 
potentially reducing the sensitivity of 
the assay.] 

In-vitro studies 

Cruciferous vegetables 
Effects on antioxidant and drug- 
metabolizing enzymes 
Exposure of Hepc32 cells to t jil of 
Brussels sprout juice per ml of medium 
for 48 h resulted in a 241% increase in 
the activity of CYP1A1 and a 145% 
increase in that of GST. The concen-
tration of indole-3-carbinol in the juice 
preparation was 3 .imol/100 g fresh 
sample weight, whereas those of 
phenethyl-ITC and sulforaphane were 
13 and 2.5 pmol/100 g, respectively 
(Laky et al., 2002). In a study with gar-
den cress and watercress (1 Al of juice 
per ml of medium), the same authors 
found significant induction of the activ-
ities of CYP1A1 and GST with water-
cress but no effect with garden cress 
(Kassie of al., 2003b). In this study, the 
concentrations of benzyl-ITC in the 
garden cress and phenethyl-ITC in the 
watercress juices were 28 and 24 mg/I 
of juice, respectively, which were inad-
equate to account for the protective 
effect of the juices towards benzo- 

[a]pyrene-induced DNA strand break-
age in the comet assay when com-
pared to the amounts of juice required 
to induce GST or CYP1A1. 

Watercress extracts also induced 
NQ01 in murine hepatoma Hepa 1cic7 
cells. This induction was not associated 
with phenethyl-ITC or phenethyl-ITC-
GSH conjugate but with 7-methyl-
sulfinylheptyl- and 8-methylsuifinyloctyl-
ITCs (Rose et al., 2000). In a study with 
the same cell line, Brussels sprout juice 
did not significantly induce NOOl activ-
ity (Zhu & Loft, 2003). 

Acetonitrile extracts of lyophilized 
homogenates of various Brassica veg-
etables (broccoli, Brussels sprouts, 
green cabbage, red cabbage, cauli-
flower, kale and kohlrabi) were tested 
in Hepa 1c1c7 for induction of N001 
(Prochaska of al., 1992). Except for 
kohlrabi, all the vegetables consistently 
and potently induced NQOI, broccoli 
and Brussels sprouts generally being 
the most potent inducers. The induc-
tion potency was independent of geo-
graphic location of growth or time of 
harvesting within the USA. 

Extracts of a hybrid between broc-
coli and a wild relative of broccoli, 
Brassica villosa, resulted in a more 
than 80-fold increase in the induction 
of NOOl in Hepa 1cic7 cells over that 
with extracts from standard broccoli 
cultivars. The enhanced potency was 
due to an increase in glucoraphanin 
and its greater conversion to sul-
foraphane (Faulkner of al., 1998; 
Mithen et al., 2003). 

Other cellular effects 
Preincubation of lymphocytes with 
aqueous extracts of raw, cooked or 
autolysed Brussels sprouts reduced 
hydrogen peroxide-induced DNA dam-
age. Endonuclease Ill and formami-
dopyrimidine—DNA glycysylase-sensi-
five sites were not affected (Zhu & Loft, 
2001). 

Plumb of al. (1996) reported that 
cruciferous vegetables could scavenge  

free radicals. Brussels sprout extracts 
induced lipid peroxidation at higher 
concentrations than those of other 
vegetables. The antioxidant effects of 
the vegetables were independent of 
their glucusinolate content. 

Glucosinolates 
The ability of cruciferous vegetables to 
protect against neoplastic disease has 
been attributed to the fact that they 
contain high levels of glucosinolates 
(Verhoeven of al., 1997; Kushad et al., 
1999; Talalay & Fahey, 2001). During 
harvesting, food preparation and eat-
ing, glucosinolates in cruciferous veg-
etables are hydrolysed by the enzyme 
myrosinase to yield a complex mixture 
of phytochemicals, including isothio- 
cyanates, 	th iocyanates, 	cyanides, 
nitriles and epithio-containing com-
pounds (Fenwick et aI., 1983; Shofran 
of al., 1998). These hydrolysis prod-
ucts are thought to be more effective 
enzyme inducers than the parent glu-
cosinolates. Attempts to identify com-
pounds in cruciferous vegetables that 
serve as chemopreventive agents by 
inducing cytoprotective genes have 
frequently involved measurement of 
NQ01 activity in mouse hepatoma 
Hepa-1c1c7 as a biomarker (Prochaska 
& Santamaria, 1988; Prochaska of al., 
1992; Tawfiq et aL, 1994; Mehta of al., 
1995). Tawfiq et al. (1995) reported 
that progoitrin and glucosinalbin in the 
absence of myrosinase induced N001 
activity in this cell tine. 

Some glucosinolates induced 
NQ01 activity and some inhibited its 
activity in Hepa-1c1c7 cells in vitro 
without myrosinase. Glucoiberin at 10 
pg/mI increased NQ01 activity by 
34%, whereas glucoraphanin and glu-
coraphenin at this dosage inhibited 
N001 activity by 57% and 49%, 
respectively. Hydrolysis of the glucosi-
nolate with myrosinase potentiated the 
increase in the activity of NQ01 by sin-
igrin and glucoiberin, prevented inhibi-
tion of N001 activity by glucoraphanin 
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and glucoraphenin, and had no effect 
on the responses induced by glu-
corlapin and sinalbin. This finding sug-
gests that either glucosinolates or a 
hepatocyte metabolite induce or inhibit 
NQ01, the response being dependent 
on the side-chain substituent of the 
glucosinolate (Zhu & Loft, 2003). 

Dietary gluocosinolates have been 
purified from vegetable leaf matter and 
Brassica seeds for studies of the phar-
macological activity of glucosinolates 
in vitro. Neither indole nor alkyl glu-
cosinolates had significant cytotoxic 
activity against tumour cells (Musk et 
al., 1995a; Gamet-Payrastre et al., 
1998; Leoni et al., 1997) or proliferat-
ing and quiescent non-malignant cells 
(Fimognari et al., 2002a). Similarly, no 
significant toxicity was observed 
against differentiated tumour cells in 
vitro (Gamet-Payrastre et al., 1998). 
The cytotoxicity of glucosinolates was 
enhanced by more than 1000-fold 
when they were degraded by myrosi-
nase in vitro, and the predominant 
degradation product was the corre-
sponding isothiocyanate (Musk et al., 
1995a; Garnet-Pay rastre et al., 1998; 
Nastruzzi et al., 2000; Leoni et al., 
1997; Fimognari et al., 2002b). 
Similarly, isothiocyanates were more 
than 1000-fold more cytotoxic than the 
corresponding glucosinolates (Musk et 
al., 1995b; Gamet-Payrastre et al., 
1998). When glucosinolates were 
degraded by myrosinase at pH 5, the 
nitrile derivative was the major product. 
The median growth inhibiting concen-
tration produced by myrosinase-catal-
ysed degradation under these condi-
tions was 5- to 300-fold higher than 
that of the corresponding isothio-
cyanate, except for sinalbin, for which 
the inhibiting concentration was about 
threefold lower than that of the corre-
sponding isothiocyanate (Nastruzzi et 
al., 2000). Degradation of the indole 
glucosinolate 	glucobrassicin 	to 
3,3 '-diindolylmethane enhanced cyto-
toxicity markedly. The median growth 

inhibiting concentration of 3,3 '-diindolyl-
methane was 10 .imol/l  with HT29 dif-
ferentiated colonic cells and 20 jimol/l 
with 	CaCo2 	cells. 	3,3 '-Diindolyl- 
methane had no significant toxicity 
against quiescent, differentiated CaCo2 
cells at concentrations up to 100 imoIll 
(Gamet-Payrastre et al., 1998). 

The antioxidant activity of purified 
glucosinolates was evaluated in vitro 
with ascorbate or NADPH- and iron-
stimulated peroxidation of human liver 
microsomes. None of the glucosino-
lates studied (at 0.15 mg/ml) had sig-
nificant antioxidant activity (Plumb et 
al., 1996). The effect of the glucosino-
lates glucoiberin, sinalbin and gluco-
raphanin, with and without myrosi-
nase-catalysed hydrolysis, on DNA 
strand breaks was investigated in 
Hepa 1c1c7 cells in vitro. All the glu-
cosinolates weakly inhibited formation 
of hydrogen peroxide-induced DNA 
strand breaks (up to 25% of control), 
and myrosinase decreased this activity 
(Zhu & Loft, 2003). 

Isothiocyanates 
Effects on antioxidant and drug- 
metabolizing enzymes 
Most isothiocyanates generated from 
naturally occurring glucosinolates 
induced N001 in Hepa-1c1c7 cells 
(Table 49) (Zhang et al., 1992b; 
Prestera et al., 1993; Tawfiq et al., 
1995; Zhang & Talalay, 1998; Rose et 
al., 2000; Nioi et al., 2003). NQ01 was 
also inducible in rat liver RL-34 and 
H4IIE C3 cells (Keck et al., 2002; 
Morimitsu et al., 2002; Nioi et al., 
2003). Although the relative potency of 
different isothiocyanates as inducers of 
N001 in Hepa-lcic7 cells has not 
been studied extensively, it appears to 
vary significantly (Zhang & Talalay, 
1998; Rose et al., 2000) (Table 50). 
Most NQ01 inducers can react with 
thiol groups (Dinkova-Kostova et al., 
2001), suggesting that they affect a 
form of oxidative stress (Hayes et al., 
1999). Consistent with this hypothesis, 

Nakamura et al. (2000b) showed that 
treatment of cells with inducers such 
as benzyl-ITC causes a rapid increase 
in the level of reactive oxygen species 
(Table 51). The intracellular level of the 
antioxidant GSH is an important factor 
in determining the potency of isothio-
cyanates to induce NQ01 (Zhang & 
Talalay, 1998). Zhang (2000) provided 
evidence that this difference in potency 
is related to the ability of cells to accu-
mulate isothiocyanates as dithiocarba-
mates. Furthermore, the accumulation 
of isothiocyanates is influenced by the 
level of GST isoenzymes that catalyse 
their conjugation with GSH, as well as 
efflux pumps which eliminate GSH 
conjugates from the cell (Zhang, 2001; 
Zhang & Callaway, 2002). 

Nakamura et al. (2000a) showed 
that many isothiocyanates induce 
GSTP1 in rat liver epithelial RL-34 
cells. This cell line was also used to 
show that 6-methylsulfi nylhexyl- ITC is 
an excellent inducer of cytoprotective 
genes (Morimitsu et al., 2002). 

In mice, the battery of genes that 
sulforaphane induces includes those 
for antioxidant enzymes involved in 
GSH biosynthesis, y-glutamaylcysteine 
synthetase, catalytic and modifer sub-
units, GSH peroxiclase and ferritin. The 
drug-metabolizing enzymes that are 
induced by sulforaphane include alde-
hyde dehydrogenase, aldo-keto reduc-
tase, cytochrome P450 isozymes, 
microsomal epoxide hydrolase and 
N001, as well as the conjugating 
enzymes GSTs and LJGTs (McMahon 
et al., 2001;Thimmulappa et al., 2002). 

Do isothiocyanates elicit a similar 
response in human cell lines? Benzyl-
ITC, phenethyl-ITC and sulforaphane 
have been reported to induce a variety 
of proteins in human liver, colon, mam-
mary and prostate cells (Table 52). 
Both primary human hepatocytes and 
Hep-G2 cells have been examined for 
induction of gene expression in the 
liver (reviewed by Zhang & Talalay, 
1994; Payen etal., 2001; Baston etal., 
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Hepa-1Lcic7, 	Zhang eta! (1992b); 
RL-34 	 Prestera et ai. (1993); 

Tawfiq etal. (1995); Nio 
et a/. (2003) 

Hepa-1cic7 Prestera etal. (l 993) 

H epa-i ci c7 Tawfiq et a/. (1995) 

Hepa-lcic7 Tawfiq et al. (1995) 

Hepa-lcic7 	Zhang &Talalay (1998) 

Hepa-1cic7 	Rose et at. (2000) 

Hepa-1cic7 	Rose etal. (2000) 

Cancer preventive effects 

Table 49. Naturally occurring isothiocyanates that induce NAD(P)H:quinone oxidoreductase in 
rodent liver cell lines 

Plant 	 Isothiocyanate (ITC) 	Parent glucosinolate 	Hepatic cell 	Reference 
lines tested 

Broccoli 	 Sulforaphane 	 Glucoraphanin 

Garden cress Benzyl-ITC Glucotropaeo in 

Watercress Phenethyl ITC Gluconasturtiin 

Cabbage, broccoii 3-Methyl sulfinyl pro pyl- Gluco berm 
ITC 

Brussels sprouts, Ally]-ITC Snigrin 
mustard 

Watercress 	7-Methylsulfny1heptyl- 	G ucoibern 
ITC 

Watercress 	8-MethyIsulfnyIoctyl- 	Glucohirsutin 
ITC 

Table 50. Potency of dietary isothiocyanates to induce NAD(P)H:quinone oxidoreductase 
(NQOI) or glutathione S-transferase (GST) activity in rodent liver cell lines 

Isothiocyanate (ITC) 	Concentration (pmolll) required to double Reference 
NQOI activity in Hepa-lcic7 cells 
Without buthionine- 	With buthionine- 

- 	 (R,S)-sulfoximine 	(R,S)-sulfoximine 

3-Methylsulfinylpropyl-ITC 8 Not determined Tawfiq et al. (1995) 

Ally] -ITC 8.3 2.2 Zhang & Tala ay (1998) 

Sulforaphane 0.6 0.5 Zhang & Tala ay (1998) 

Benzyl-ITC 2.6 0.9 Zhang & Tala ay (1 998) 

Penethyl-ITC 2.4 0.9 Zhang & Talalay (1998) 

7-Metbylsulfinylheptyl-ITC 0.2 Not determined Rose et al. (2000) 

8-Methylsulfinyloctyl-ITC 0.5 Not determined Rose et al. (2000) 

Concentration (IimoI/I) required to double GST 
activity in RL-34 cells 

6-Methylsulfioylhexyi-ITC - 5 Not determined Morim its u etal. (2002) 
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Table 51. Phenotypic changes effected by isothiocyanates (ITCs) relevant to gene 
regulation 

Cell line Change Reference 

Hepa-lcic7 Buthionine(R,S)-sulfoximine increased the potency of NOOl Zhang & Talalay (1998) 
induction by eIlyl-ITC, benzy[-ITC and phencthyl-ITC, but not 
sulforaphane 

RL-34 Marked increase in intracellular level of reactive oxygen species Nakamura et ai. (2000b) 
after treatment with benzyl-ITC 

Hepa-lcic7 Sulforaphane and benzyl-ITC accumulated in cells as glutatbione Zhang (2000) 
conjugate, causing decrease in glutathione 

Primary Induction of MRP-2 by sulforaphane associated with generation of Payen et a]. (2001) 
hepatocytes reactive oxygen species 

Various 	Sulforaphane exported from cells by MRP-1 or P-glycoprotein-1 	Zhang & Callaway (2002) 

Hepa-lcic7 	Antioxidant response element in 5' upstream region of NOOl 	Nioi et ci. (2003) 
defined as 5'-TrACaGTgAGtCggCA-3' 

RL-34 	 Stabilization and nuclear translocation of Nrf2 stimulated by 	McMahon et ai. (2003) 
su Ito ra rha n e 

NQOI, NADP(H):quinone reductase; MRP, multidrug resistance protein; Nrf2, nuclear factor-erythroid 2 p45-related 
factor 2 

2002; Scharf et aI., 2003; Zhang et ai., 
2003). As shown in Table 52, the pro-
teins or mRNAs that are induced 
include the antioxidant and cletoxica-
tion proteins aldo-keto reductase iCi, 
y-glutamalcysteine synthetase heavy 
subunit and 7-glutamalcysteine syn-
thetase light chain, GSTA1, GSTP1, 
NOOl, thioredoxin reductase and 
UGT1 Al. The efflux pump MRP-2 was 
also induced (Payen et aI., 2001), as 
were the regulators of cell proliferation 
cyclin A and cyclin B1  (Garnet-
Payrastre et al., 2000). In mammary 
MCF-1 OF cells and colon LS-174 cells, 
induction of gene expression by sul-
foraphane provided protection against 
the genotoxic effects of benzo-
[a]pyrene (Singletary & MacDonald, 
2000; Bonnesen et al., 2001). 

Many of the genes regulated by 
cancer chemopreventive agents con-
tain an antioxidant response element 
in their 5' upstream promoter regions 
(Hayes & McMahon, 2001). This  

cis-acting element was originally 
defined by Rushmore et aI. (1991) as 
5'-RGTGACn nnGC-3', although the 
consensus sequence was subse-
quently further refined by Wasserman 
and FahI (1997) as 5'-TMAnn-
RTGAYnnnGCR-wwww-3'. The antioxi-
dant response element in the 5' 
upstream region of the mouse N001 
gene that is functionally required for 
its induction by sulforaphane is 
5'-gagTcACaGTgA-GtCggcAaaatt-3' 
(non-essential resi-dues in lower case) 
(Nioi et aI., 2003). Antioxidant 
response elements in different genes 
appear to be influenced to varying 
degrees by their surrounding 
sequence context. Thus, care should 
be taken in interpreting the results 
obtained from transfection experi-
ments. Various groups have used 
antioxidant response element-driven 
reporter constructs to show that 
isothiocyanates can transcriptionally 
activate gene expression through the 

antioxidant response element (Table 
53) (Prestera etal., 1993; Bonnesen et 
aI., 2001). In the case of NQO1, the 
dose of isothiocyanate required to 
stimulate antioxidant response ele-
ment-driven reporter gene expression 
was similar to the dose required to 
induce the endogenous gene in Hepa-
lcic7 or RL-34 cells (Prestera et ai., 
1993; Nioi et al., 2003). 

Induction of antioxidant response 
element-driven genes is mediated by 
the cap n' collar basic region leucine 

zipper (bZIP) transcription factor, 
nuclear factor—erythroid 2 p45-related 
factor 2 (Nrf2), which binds to the 
enhancer as a heterodimer with small 
Maf proteins (Itch et al., 1997). 
Experiments in nd2-  mice have 
shown that this transcription factor 
controls both basal and inducible 
expression of antioxidant and detoxica-

tien genes (McMahon ci al., 2001; 
Chanas et ai., 2002; Thimmulappa et 
aI., 2002; Jowsey et aI., 2003; Kwak et 
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Table 52. Induction of genes by isothiocyanates (ITCs) in human cells cultured in vitro 

Cell type ITC Concen- 
tration 
(pmoIII) 

mRNA or protein 	- 

induced 
Remarks Reference 

Hep-G2 (liver) Sulforaphane 30 UGT1A1, GSTAI GSH conjugate also induced Basten et al. (2002) 

Hep-G2 (liver) Benzyl-ITC 5 GCS Only enzyme activity measured Scharl et al. (2003) 

Hep-02 (liver) Sulforaphane 12 Thioredoxin reductase Selenium acted synergistically Zhang et at. (2003) 
Primary human Sulforaphane 50 1 Payen et at. (2001) 
hepatocytes 

CeCo-2 (colon) Sulforaphane S 1 AKR1Ct, GCSh NQ01 mRNA, not protein, induced Bonnesen etal. (2001) 

CaCo-2 (colon) Benzyl-ITC 5 1 AKR1C1, GCSh NQ01 mRNA, not protein, induced Bonnesen et al. (2001) 

CaCo-2 (colon) Phenethyl-ITC 5 NQOf, AKR1C1, GCSh  NOOl mRNA, not protein, induced Bonnesen etal. (200 1) 

CaCo-2 (colon) Sulforaphane 25 GSTA1 Induction only in subconfluent cells Rouimi etal. (2001) 

HT-29 (colon) Benzyl-ITC 25 NOOl Also an increase in GST activity Kirlin et al. (1999a) 

HT-29 (colon) Sulforaphane 15 Cyclic A, cyclin Bi Caused growth arrest and apoptosis Gamet-Payrastre et al. 
(2000) 

HT-29 (colon) Sulforaphane 30 UGT1A1 GSH conjugate also induced Basten et al. (2002) 

HT-29 (colon) Sulforaphane 25 AKR Only enzyme activity measured Wang et al. (2003) 

174 (colon) Sulforaphane 5 NQOI, AKR1C1, GCSh Induction protected against hydrogen Bonnesen et al. (2001) 
peroxide- and benzo[a]pyrene- 
stimulated single-strand DNA breaks 

174 (colon) Benzy[ITC 5 NQO1, AKR1C1, GCSh Bonnesen et at, (2001) 

174 (colon) Phenethyl-ITC 5 NOOl, AKR1C1, GCSh Bonnesen et ai. (2001) 

MCF-10F (breast) Sulforaphane 2 NQO1, GSTPI Induction protected against formation Singletary & MacDonald 
of benzo[apyrene—DNA adducts (2000) 

MDA PCa 2a (prostate) Sulforaphane 10 NOOl Brooks eta! (2001) 

PC3 (prostate) Sulloraphane 10 NQO1 Brooks etal. (2001) 

LNCaF (prostate) Sulforaphane 10 NQO1, GCS I  Addition of N-acetylcysteine blocked Brooks et al. (2001) 
NQ01 induction 

LNCaP (prostate) Sulforaphane 25 NQOi, GST, AKR Only enzyme activity measured Jiang et al. (2003) 

UGT, UDP-glucuronosyl transferase: GST, glutathione S-transferase; GCS, y-glutamylcysteine synthetase; GSH, glutatbione; MRP, rnultidrug-resistant protein; C-) 
NOOl, NAD(F)H:quinone oxidoreductase 1; AKR, aldo-keto reductase; GCLC, glutamate cysteine ligase catalytic; GCSh, y-glutamylcysteine synthetase heavy 
subunit GCS1  y glutamylcysteine synthetase light chain 0  
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Table 53. Potency of isothiocyanates (ITCs) to stimulate antioxidant 

response element-driven gene expression 

Isothiocyanate 	Cell line 	Concentration 	Reference 
(pmol/I) required to 
double reporter 
gene expression 

Sulforaphane Hep-G2 	0.4 Prestera etal. (1993) 

Sulforaphane Caco-2 	1.3 Bonnesen etal. (200 1) 

Benzyl-ITC Hep-G2 	0.7 Prestera etal. (1 99S) 

Phenethyl-ITC Caco-2 	1.7 Bonnesen et al. (2001) 

IARC Handbooks of Cancer Prevention Volume 9: Cruciferous vegetables, isothiocyanates and indoles 

aI., 2003; Lee et al., 2003). In embry-
onic fibroblasts from n12'-  mice, the 
absence of the cap 'n' collar bZIP fac-
tor results in loss of basal NQ01 
expression and failure of induction of 
NQ01 by sulforaphane (Nioi et al., 
2003). Nrf2 is itself regulated nega-
tively by an actin-binding protein called 
Keapi (Itch et al., 1999; Wakabayashi 
et aI., 2003). This negative regulation 
entails proteasomal degradation of 
Nr12(McMahon et al., 2003; Nguyen et 
al., 2003). Sulforaphane treatment 
antagonizes the negative regulation of 
Nrf2, resulting in stabilization of the 
bZIP transcription factor and its nuclear 
translocation (McMahon et at, 2003). 

The levels of endogenous Nrt2 pro-
tein appear to vary significantly in dif-
ferent cells, being essentially unde-
tectable in untransformed rat liver RL-
34 cells (McMahon et al., 2003) but 
readily detectable in human hepato-
carcinoma Hep-G2 cells (Nguyen et 
aI., 2003). 

The fact that isothiocyanates are 
selective inhibitors of cytochrome 
P450 enzymes involved in carcinogen 
metabolism may be particularly impor-
tant in their inhibitory effects on 
nitrosamine carcinogenicity (Conaway 
of al., 1996, 2001). The covalent bind-
ing of isothiocyanates to the 
cytochrome P450 apoprotein can result 
in structural modification and loss of  

activity. Inactivation may also occur due 
to release of atomic sulfur produced 
through oxidative desulfuration (conver-
sion to isocyanates). Isothiocyanates 
can also bind reversibly to cytochrome 
P450 active sites, thus acting as com-
petitive inhibitors. 

Isothiocyanates inhibited CYP1A2. 
For example, phenethyl-ITC was a 
competitive inhibitor of cytochrome 
P450-catalysed NNK activation, with 
an apparent K value of 180 nmoIIl 
(Smith et al., 1996). It also decreased 
the activity of MROD, with a median 
inhibitory concentration of 340 nmol!l. 
Other isothiocyanates decreased the 
activities of MROD and EROD, 
GYP! A-linked activities, in rodent 
hepatocytes and liver microsomes 
(Hamilton & Teel, 1996; Mahéo et al., 
1997; Goosen of at, 2001). Various 
isothiocyanates 	were 	effective 
inhibitors of CYP2131. They decreased 
PROD activity (due to CYP213) in liver 
microsomes of rats treated with phono-
barbital and in rat hepatocytes 
(Hamilton & Teel, 1996; Mahéo et al., 
1997) and also inhibited CYP2E1 
(Conaway et al., 1996; Moreno et al., 
1999; Conaway of al., 2001). 

Nakajima of al. (2001) studied the 
inhibition and inactivation of human 
cytochrome P450 enzymes by phen-
ethyl-ITO using microsomes from 
insect cells expressing specific human  

enzymes. Phenethyl-ITC competitively 
inhibited CYP1A2 and, to a lesser 
extent, CYP2A6. This compound was a 
strong, non-competitive inhibitor of 
CYP2136, a non-competitive inhibitor of 
CYP2C9 and a mechanism-based 
inactivator of CYP2E1. These results 
are generally consistent with those 
described above. 

Hollenberg and coworkers studied 
the effects of benzyl-ITC on rat and 
human cytochrome P450 enzymes 
(Goosen et al., 2000, 2001).This isoth-
iocyanate was a potent mechanism-
based inactivator of rat CYP2131, pri-
marily through protein modification. It 
was also a mechanism-based inactiva-
tor of rat CYP1A1, CYP1A2 and 
CYP2E1 and human CYP2136 and 
CYP2D6. It was most effective in inacti-
vating CYP2131, CYP2136, CYP1A1 and 
CYP2E1. Benzylamine was the major 
benzyl-ITC metabolite in the CYP2131 
reactions, suggesting conversion of 
benzyl-ITC to benzyl isocyanate, which 
modified the cytochrome P450 apopro-
tein or was hydrolysed to benzylamine. 
Phenethyl-ITC was shown to be a com-
petitive and suicide inhibitor of CYP2E1 
(Ishizaki et al., 1990); the inhibition by 
benzyl-ITC was irreversible (Moreno of 
al., 1999). These results indicate differ-
ences in the mechanisms by which 
phenethyl-ITC and benzyl-ITC interact 
with CYP2E1. 

Conaway of aI. (2001) investigated 
the inhibition of cytochrome P450-
mediated reactions by thiol conjugates 
of benzyl-ITC and phenethyl-ITC. 
Inhibition of PROD, for CYP2131, and 
EROD, for CYP1A1, roughly paralleled 
the extent of decomposition of the con-
jugates to the corresponding isothio-
cyanates, suggesting that the parent 
compounds were responsible for the 
observed inhibition. 

Effects on glutathione metabolism 
Isothiocyanates react with protein and 
non-protein thiols. These reactions are 
rapid and reversible, and isothio- 
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Cancer preventive effects 

cyanates and their cysteine conjugates 
both induced a decrease in the cellular 
concentrations of GSH and reduced 
GSH (GSSG) during the initial 2-3 h of 
incubation with tumour cells in vitro. 
During the first hour, there was rapid 
formation of the GSH conjugate inside 
cells, catalysed by GST, which was 
then exported from the cells by a GSH 
conjugate transporter (Zhang, 2000; 
Xu &Thornalley, 2001 a; Zhang, 2001). 
The GSH conjugate was unstable in 
the extracellular medium, even when y- 
glutamyl 	transferase 	had 	been 
inhibited, suggesting that spontaneous 
fragmentation to isothiocyanate and 
GSH occurred. lsothiocyanate–GSH 
conjugates are unstable under physio-
logical conditions (Table 54 and Figure 
25). In the extracellular medium, 
GSH was oxidized and formed GSSG 
and GSH–protein mixed disulfides. 
Extra-cellular GSH and OSSO 
degraded to cysteine and cystine, 
which re-entered the cells and 
stimulated GSH synthesis. The cellular 
concentration of GSH had thereby 
recovered to normal levels aber 12 h. 
After incubation for 24 h, however, the 
concentration of GSH decreased again 
as apoptosis developed (Xu & 
Thornalley, 2001a; Zhang & Callaway, 
2002). 

The formation and cellular efflux 
of isothiocyanate–GSH conjugates  

decreased the cellular concentration 
of both GSH and GSSG during the 
initial 2 h of incubation, perhaps due 
to 	GSH–GSSG 	thiol–disulfide 
exchange reactions and activation of 
GSI-1 reductase as the ratio of 
GSSG:GSH concentrations increased 
(Kirlin et al., 1999b; Xu & Thornalley, 
2001a). The cellular concentration of 
GSSG increased over 2-6 h, perhaps 
due to increased oxidative stress 
associated with the decrease in total 
GSH. High concentrations of isothio-
cyanates (0.5-2 mmol/l), 100- to 
1000-fold higher than the median 
growth inhibiting concentrations, 
formed low concentrations of super-
oxide (3-40 imol/l)  and induced 
oxidative damage to DNA in HL60 
cells: the cellular concentration of the 
DNA oxidative marker 8-hydroxy-
deoxyguanosino was increased by 
18% in cells treated with the median 
growth inhibiting concentration of allyl-
ITC. The order of potency for inducing 
DNA oxidative damage in a cell-free 
system was: allyl-ITC » benzyl-ITC > 
phenethyl-ITC (Murata et al., 2000), 
which is the reverse of the potency 
order for decreases in GSH in HL60 
cells by isothiocyanates (Xu & 
Thornalley, 2001 a). This suggests that 
export of GSH from cels, rather than 
the spontaneous degradation of isoth-
iocyanates, is important in the induc- 

tion of oxidative stress associated 
with isothiocyanate-induced apoptosis. 

Expulsion of the GSH conjugate 
from cells was a critical feature for acti-
vation of isothiocyanate-induced cellu-
lar responses (Xu & Thornalley, 2001 a; 
Zhang & Callaway, 2002). Indeed, 
expulsion of the GSH conjugate, extra-
cellular fragmentation of the conjugate 
and re-entry of isothiocyanate into 
cells for further GSH conjugation could 
be considered an 'engine' for depletion 
of cellular GSH, only running out of 
fuel' when the isothiocyanate was 
hydrolysed (Figure 26). GSH depletion 
is not the only critical determinant of 
the potency of induction of apoptosis 
by an isothiocyanate. There was no 
strong correlation between the ability 
to decrease cellular GSH and potency 
of inhibition of tumour cell growth in 
vitro (Xu & Thornalley, 2000a). While 
GSH depletion is important for the 
pharmacological activity of isothio-
cyanates, other activities—effect on 
protein folding and protein membrane 
translocation when thiocarbamoy-
lated—are probably also influential. 

Expulsion of GSH conjugates is 
mediated by the MAPs. Indeed, sul-
foraphane induced the expression of 
MRP-2 (Payen et al., 2001). The 
expression of these proteins is 
increased in some tumours and 
particularly in relapsed tumours with 

Table 54. Stability of isothiocyanates (ITCs) and their cysteinyl conjugates at pH 7.4 and 37 oc 

Isothiocyanate Half-life (mm) 

Parent compound Cysteine conjugate Glutathione N-Acetylcysteine 
conjugate Conjugate 

Benzyl-ITC Not determined 12 67 157 
Phonothyl-ITC 141 13, 16 44,55 100 
Sulforaphane Not determined 14 58 173 

From Conaway et a/. (2001); Xu & Thornalley (2000e, 2001a) 
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Figure 25 Fragmentation of cysteinyl conjugates of isothiocyanates and degradation of isoth loth iocyanates under physiological 

conditions 
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multdrug resistance (Borst et al., 
1999). GSH conjugates of isothio-
cyanates have high affinity for these 
proteins and may block antitumour 
drug expulsion. This suggests that 
isothiocyanates may be active against 
multidrug-resistant cells. Indeed, isoth- 

iocyanates inhibited the export of anti-
tumour drugs from P-glycoprotein- and 
MRP-1 -mediated resistant human can-
cer cell lines (Tseng et al., 2002). 
Strong expression of these proteins 
can also be expected to result in rapid 
expulsion of the GSH conjugate from 

cells. This may increase the effect, 
since depletion of GSH is critical to 
activating cellular responses. 

Allyl-ITC, benzyl-ITC and sul-
foraphane (at 5 mol/l) induced one- to 
fourfold increases in the GSH concen-
tration of human breast carcinoma 
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MCF-7 cells, murine hepatoma Hepa 
1c1c7 cells and murine skin papilloma 
cells after 24 h of exposure (Ye & 
Zhang, 2001). This was accompanied 
by induction of GST and quinone reduc-
tase activity and may have been due to 
increased expression of 7-gluta-mylcys-
tome synthetase activity via the Nrf2-
regulated response (Thimmulappa et 
ai., 2002). The increase in GSH 
occurred probably during the rebound 
of synthesis after the decrease in GSH 
concentration during the initial 3-6 h 
(Xu & Thornalley, 2001a). In the study 
showing increased cellular GSH con-
centration, no measurements were 
made before 12 h of exposure (Ye & 
Zhang, 2001). 

Induction of apoptosis 
Isoth iocyanates inhibited growth and 
induced apoptosis of human tumour 
cells in vitro (Table 55). The median 
growth inhibitory concentrations were 
0.7-55 kmol/l. At higher concentra-
tions, isothiocyanates induced necrotic 
cell death (Fimognari et al., 2002a,b; 
Nakamura et al., 2002). Cysteine con-
jugates and cysteinyl conjugates in the 
mercapturic acid pathway also inhib-
ited tumour cell growth; this was attrib-
uted to fragmentation of the conjugate 
to the corresponding isothiocyanate. 
The fragmentation of cysteine and 
GSH conjugates is relatively rapid 
under physiological conditions (Figure 
25 and Table 54). The thiocarbamoyl 
group may also be transferred from 

one cysteinyl thiol residue to another in 
an exchange reaction (Bruggeman et 
al., 1986). 

lsothiocyanates are also toxic to 
non-malignant cells in vitro. They have 
relatively little toxicity in coton, 
prostate, bronchus and oral mucosal 
epithelial cells but significant toxicity in 
keratinocytes and renal tubular, cervi-
cal and mammary epithelial cells 
(Table 56). Sulforaphane inhibited the 
growth of proliferating human lympho-
cytes, inducing growth arrest in G 
phase through a decrease in cyclin D3. 
It also induced p53-mediated apopto-
sis (Fimognari et al., 2002b), indicating 
that isothiocyanates may have tissue-
specific toxicity (Elmore et al., 2001). 
The cysteine conjugates were signifi- 
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cantly less toxic to non-malignant cells 
than the corresponding isothio-
cyanates (Bruggeman at aL, 1986; Xu 
& Thornalley, 2000a). The toxicity to 
differentiated human colorectal tumour 
HT29 cells was less than that to undif-
ferentiated control cells (Musk & 
Johnson, 1993). 

Tumour cell growth was arrested in 
G2  or M, and apoptosis was associ-
ated with activation of caspase-8, c-
Jun N-terminal kinase-1 and tyrosine 
phosphorylation (Hasegawa et al., 
1993; Adesida et al., 1996; Vu at al., 
1996; Chen Y.R. et al., 1998; Gamet-
Payrastre et al., 2000; Xu & Thornalley, 
2000a; Lund et al., 2001; Xu & 
Thornalley, 2001 ab; Fimognari at al., 
2002a,b). Apoptosis can be p53-
dependent (Huang et al., 1998; 
Fimognari at al., 2002b) or p53-inde-
pendent (Xu & Thornalley, 2000a). The 
cytotoxicity of isothiocyanates was 
selective for tumour cells in vitro, but 
the basis for this selectivity is unknown. 

c-Jun N-terminal kinase-1 was acti-
vated during phenethyl- ITC -induced 
apoptosis of HeLa cells (Yu et al., 
1996) and Jurkat cells in vitro (Chen, 
Y.R. et al., 1998), and this was associ-
ated with activation of mitogen-acti-
vated protein kinase/extracell ular sig-
nal-regulated kinase 1 (Chen & Tan, 
1998, 2000). Overexpression of Bd -2 
and Bdl-xL  suppressed both phenethyl-
ITC-induced activation of c-Jun N-ter-
minal kinase-1 and apoptosis, sug-
gesting that Bd -2 and BC'-XL  could 
intervene upstream of c-Jun N-termi-
nal kinase-1 activation in phenothyl-
ITC-induced apoptosis (Chen, Y.R. et 
al., 1998). Curcumin, an inhibitor of c-
Jun N-terminal kinase signalling 
upstream of mitogen-activated pro- 
tei nkinase/-extracellu lar 	signal-regu- 
lated kinase 1 (Chen & Tan, 1998), 
delayed the induction of apoptosis by 
phenethyl-ITC (Xu & Thornalley, 
2001b). Exogenous GSH (15 mmol/l) 
prevented this activation but simply by 
binding to phenethyl-ITC, thereby inter- 

cepting it before it entered the cell and 
decreasing the effective dose that did 
enter the tumour cells (Xu & 
Thornalley, 2001a,b). Similar effects 
were found with mercaptoethanol and 
N-acetylcysteine (Chen, Y.R. at al., 
1998). The general caspaso inhibitor 
Z-VAD-fmk prevented apoptosis but 
not c-Jun N-terminal kinase activation, 
thus excluding a role for caspases in 
this context, whereas curcumin pre-
vented c-Jun N-terminal kinase activa-
tion but only delayed apoptosis. Total 
protein tyrosine phosphatase activity 
was unchanged (Xu & Thornalley, 
2001b). As genotoxic-sensitive and - 
resistant prostate cancer cells were 
similarly sensitive to phenethyl-ITC-
induced apoptosis and c-Jun N-termi-
nal kinase activation, isothiocyanate-
induced apoptosis probably does not 
involve direct DNA damage (Chen et 
al., 2002). The M-associated protein 
(MAP) kinases MKK4 and MKK7 acti-
vate c-Jun N-terminal kinase (Chen & 
Tan, 2000), but they were not activated 
in phenethyl-ITC-induced apoptosis. 
Rather, inhibition of the c-Jun N-terminal 
kinase phosphatase M3/6 was impli-
cated in activation of the kinase in 
phenethyl-ITC-induced apoptosis. c-Jun 
N-terminal kinase phosphatase M3/6 
protein was decreased in phenethyl-
ITC-induced apoptosis by proteasomal 
degradation (Chen et al., 2002). 

Other MAP kinases such as P38 
protein kinase were activated in 
human prostate carcinoma P-3 cells, 
but c-Jun N-terminal kinase was not 
(Xiao & Singh, 2002). This is surpris-
ing, since c-Jun N-terminal kinase 
phosphatase M3/6 also deactivates 
and inhibits p38 protein kinase (Muda 
et al., 1996), and inhibition of this 
phosphatase may also be involved in 
phenethyl-ITC-induced activation of 
P38 MAP kinase in apoptosis. P38 pro-
tein kinase is thought to down-regulate 
the induction of NOOl and phase Il 
enzyme activities controlled by the 
antioxidant response element (Vu et  

al., 2000). Hence, isothiocyanates that 
activate P38 protein kinase may have 
characteristic apoptotic activity and 
diminished phase Il enzyme induction. 

Phenethyl-ITC-induced apoptosis 
in PC-3 cells was associated with acti-
vation of extracellular signal-regulated 
kinases, and a specific inhibitor of 
kinases 1/2 blocked phenethyl-ITC-
induced apoptosis (Xiao & Singh, 
2002). It is possible that isothio-
cyanates also inhibit the phosphatase 
that inactivates extracell ular signal-
regulated kinases 1/2 MAP kinase 
phosphatase-3 (Muda et al., 1996). 
Activation of extracelluLar signal regu-
lated kinase 2 by sulforaphane was 
associated with induction of phase Il 
enzymes regulated by the antioxidant 
response element (Vu et al., 1999). 

When HL60 cells were incubated 
with phenethyl-ITC in vitro, caspase-8 
and caspase-3 were activated (Xu & 
Thornalley, 2000a). These caspases 
cleaved BID protein into three frag-
ments, p15, p13 and pli (Xu & 
Thornalley, 2001b). An inhibitor of 
caspase-1 blocked phenethyl-ITC-
induced apoptosis in Jurkat cells 
(Chen, Y.R, etal., 1998). In HeLa cells, 
however, phenethyl-ITC increased the 
activity of caspase-3, and a caspase-3 
inhibitor but not a caspase-1 inhibitor 
attenuated phen ethyl- ITC-induced apop-
tosis (Vu at al., 1998). Caspase-3 activ-
ity was activated by benzyl-ITC at 25 
jimol/l in human colonic adenocarci-
norna HT29 cells in vitro (Kirlin et al., 
1999a). This suggests that activation of 
caspases is important in the mecha- 
nism 	of 	phenethyl-ITC-induced 
apoptosis but that the role of individual 
caspases may vary with cell type. 

The p15 fragment of BID formed by 
the action of caspase-8 and caspase-3 
interacted with Bdl-xL  in mitochondria, 
leading to release of cytochrome c and 
loss of mitochondrial membrane poten-
tial (Li et al., 1998). Over-expression of 
Bd -2 and Bcl-x[  suppressed phen-
ethyl-ITC-induced apoptosis (Chen, 
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Table 55. Inhibition of human tumour cell growth and induction of cytotoxicity in vitro by dietary 
isothiocyanates 

Isothiocyanate (ITC) Cell line GC50  (1mol1I) TCa 
(m011I)  

Reference 

3-Metbylsulfonylpropyl-ITC K562 6.0 - Nastruzzi et al. (2000) 

Sulforaphane HT29 15 - Gamet-Payrastre et ai. (1998) 
K562 15 - Nastruzzi et ci, (2000) 
LS-174 40 - Bonnesen et al. (2001) 
Caco-2 Bonneser et al. (2001) 

Jurkat 15 - Fimograri et al. (2002e) 

I3 20 - Frydoonfar et ai. (2003) 

AlIyI-ITC HeLa 15 Hasegawa etal. (1993) 
HL60 2.6 11 Xu & Thornalley (2000a) 
ML-1 2.6 7.7 Xu & Thornalley (2000a) 

2-Hydroxybut-3-enyi-ITC K562 32 - Nastruzzi et a/. (2000) 

Benzyl-ITC HeLa 1.9 - Hasegawa et al. (1993) 
K562 1.5 - Nastruzzi et al. (2000) 
LS-174 15 - Bonnesen et al. (2001) 
Caco-2 2 - Bonresen et a/. (200 1) 

Phenethyl-ITC HeLa 2.5 Hasegawa et ai. (1993) 
HL60 1.5 Chen, Y.R. etal. (1998) 
Jurkat 3 5 Adesida et ci. (1996) 
HL60 1.5 5.0 Xu & Thornaiiey (2000e) 
ML-1 2.7 3.3 Xu & Thorralley (2000a) 
[S-174 20 - Bonnesen etal. (2001) 
Caco-2 12 - Bonnesen et ai. (200 1) 
Pc-3 - 6 Xiao & Singh (2002) 

S-(N-Allylthiocarbamoyl)cysteine HL60 3.2 12 Xu & Thornalley (2000a) 
ML-1 3.2 11 Xu & Thornalley (2000e) 

S-(N-Benzylthiocarbamoyl)cysteine HL60 0.7 2.3 Adesida etal. (1996) 
S-(N -Pbenethylthiocarbamoyl)cysteine HL60 25 4.8 Xu & Thornalley (2000a) 

ML-1 2.4 3.6 Xu & Thornalley (2000a) 
S-(N-Phenethvithiocarbamovl)alutathione HL60 5.5 15 Adesida etal. (1996) 

Cell lines: CaCo-2, human colonic adenocarcinoma; HCEC, SV40 T-antigen immortalized human colonic epithelial 
cells; HeLa, human cervical carcinome; HL60, human acute myaloblastic leukaemia; HT29, human colonic 
adenocarcinoma; Jurkat, human 1-cell Jeukaernia; K562, human erythroloukaemia; [S-174, human colorectal 
adenccarcinoma; ML-1, human myeloblastïc leukaemia; PC-3, human prostate cancer 
GC 0, median growth inhibitory concentration; TC, median toxic inhibitory concentration 

Y.R. et al., 1998). Sulforaphane-induced 
apoptosis in Jurkat cells in vitro was 
associated with a marked induction of 
bax (Fimognari et al., 2002a). Bax binds 
to mitochondria in apoptosis and facili-
tates cytochrome c release (Scorrano & 
Korsmeyer, 2003). Benzyl-ITC induced 
activation of caspase-9 and changes in 
mitochondrial membrane potential in rat 

liver epithelial RL34 cells in vitro, with 
inhibition of respiration, mitochondrial 
swelling and cytochrome c release 
(Nakamura et all., 2002). 

Other cellular effects 
The anti-inflammatory properties of 
some isothiocyanatos have been 
investigated. Phenethyl-ITC inhibited 

phorbol ester-activated production of 
superoxide radicals by HL-60-derived 
neutrophils (Gerhäuser et at, 2003), at 
a median inhibitory concentration of 
35 pmol/l. Phenethyl-ITC also scav-
enged alkylperoxy radicals and 
hydroxyl radicals, at median inhibitory 
concentrations of 0.4 and 2.5 ttmol/l  in 
a free radical-generating test system. 
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TCso   Reference 
Cell 	PCNA Mitochori- 
growth drial function  
-33 	- - 	 Fìmognari et at. (2002e) 

95 	- - 	 Bonnesen et aL (2001) 

-175 	.- - 	 Bruggeman oral (1986) 

22 - - Bonnescn et al. (2001) 

-25 - - Bru ggernari et at. (l 986) 

-20 - - Bruggeman etal. (1988) 

53 - - Xu & Thornalley (2000a) 

20 - - Bonnesen etal. (2001) 

0.5 6.2 38 Elmore etal. (2001) 

4.5 6.7 >61 Elmore etal. (2001) 

1,3 311 1! Elmore et at. (2031) 

3.2 7.4 9.3 Elmore etal. (2001) 

12 > 61 > 61 Elniore et ai. (200 1) 

15 >61 18 Elmore et ai. (2001) 

19 9.6 5.5 Elmore etal. (2001) 

- 20 29 Elmore et al. (2001) 

200 	- 	- 	 Bruggeman et ai. (1986) 

250 	- 	- 	 Bruggeman et at (1986) 

150 	- 	- 	 Brugge man et at. (1986) 

IARC Handbooks of Cancer Prevention Volume 9: Cruciferous vegetables, isothiocyanates and indoles 

Table 56. Toxicity of dietary isothiocyanates to non-malignant cells in vitro 

Compound Species Cell type 

origin 

Sulforaphano Human Lymphocytes 

Human Colon epithelial 

AlIyl-ITC Rat RL-4 liver epithelial 

Benzyl-ITC Human Colon epithelial 

Rat RL-4 liver epithelial 

Phenethyl-ITC Human Liver epithelial (Cheng) 

Human Lymphocytes 

Human Colon epithelial 

Human Keratinocytes 

Human Renal tubular epithelia[ 

Human Mammary epithelial 

Human Cervical epithelial 

Human Prostate epithelial 

Human Bronchial epithelLal 

Human Oral mucosal epithelial 

Human Hepatocytes 

Ailylthiocyanate- Rat RL-4 liver epithelial 

cysteine 

Allylthiocyanate- Rat RL-4 liver epithelial 
glutathione 

Benzylthio- Rat RL-4 liver epithelial 
cyanatC- 

cystein a 

Benzylthlo- 

cyanate- Rat RL-4 liver epithelial 

glutathione 

Phenethylthio- Human Lymphocytes 
cyanats- 

80 	- 	- 	 Bruggeman et at. (1986) 

91 	- 	- 	 Xu & Thornalley (2000e) 

TC 0, median toxic inhibitory concentraticnL PCNA, proliferating cell nuclear antigen 

Isothiocyanates 	inhibited 	lipopoly- 	phenethyl-ITC, 5 imol/I (Ippoushi et 	ITC; 1 and 10 j.tmol/I) increased 
saccharide-induced formation of nitric 	aI., 2002; GerhEtuser et aI., 2003). This 	lipopolysaccharide-stimulated secre- 
oxide in a murine macrophage line, at was associated with inhibition of tien of tumour necrosis factor-a 
median inhibitory concentrations of: 	inducible nitric oxide syrtthase expres- 	(Ippoushi et al., 2002), but sul- 
sulforaphane, 0.7 imol/l; allyl-ITC, 1.6 	sion (Gerhàuser et aI., 2003). Some foraphane inhibited its secretion at a 
p.mol/l; benzyl-ITC, 2.7 i.imol!l; and 	isothiocyanates (allyl-ITC and benzyl- 	median inhibitory concentration of 7.8 
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iimol/l (Heiss of al., 2001). Sulfora-
phane also inhibited the lipopolysac-
charide-induced expression of COX-2 
and associated formation of prosta-
glandin E2; the median inhibitory 
concentration was 1.4 pmol/l (Heiss et 
al., 2001). Sulforaphane and phen-
ethyl-ITC (20 jimol/l) inhibited activation 
of NF-KB (Heiss of al., 2001; Gerhâuser 
of al., 2003), perhaps mediated by thio-
carbamoylation of the NF-KB protein 
complex. Sulforaphane induced the 
expression of thioredoxin reductase-1. 
In the presence of selenium supplemen-
tation, but not alone, sulforaphane pre-
vented chemically induced oxidative 
stress (Zhang et at, 2003). 

Sulforaphane at a median minimal 
inhibitory concentration of 2 pg/mI was 
bacteriostatic against Helicobacler 
pylori and eliminated H. pylori infec-
tions in human epithelial Hep-G2 cells 
in culture (Fahey et aL, 2002). 

Isothiocyanates afforded some pro-
tection against damage to DNA in cul-
tured cells induced by hydrogen perox-
ide (Bonnesen et al., 2001). Sulfo-
raphane was a potent inducer of haom 
oxygenase-1 (Prestera of al., 1995), 
which is thought to confer resistance to 
oxidative stress (Lee of al., 1996). 

I ndoles 
Effect on antioxidant and drug-
metabolizing enzymes 
Indole-3-carbinol and derived chemi-
cals are effective inducers of CYP1AI 
(Table 57), which displays high EROD 
activity. In many studies, therefore, an 
increase in cellular EROD activity has 
been used as a marker of induction of 
CYP1A1. Table 57 shows that EROD 
activity or CYP1A1 can be induced in a 
wide range of rodent and human cell 
lines. CYP1A1 is induced through the 
xenobiotic response element, medi-
ated by the Ah receptor (Hankinson, 
1995). 

Indoles can induce other cyto-
chrome P450 enzymes, such as 
CYP1B1 and CYP19 (Sanderson et 

al., 2001), as well as the drug-metabo-
lizing enzymes aldo—keto reductase, 
GSTT1, sulfotransferase and UGT1 (Li 
of al., 2003) 

I ndolo[3,2-b]carbazole is a much 
more potent inducing agent than 3,3'-
diindolylmethane, indole-3-carbinol or 
ascorbigen (Table 58). Binding of 
indoles to the Ah receptor in vitro 
showed a similar trend, indolo[3,2-
b]carbazol having a much lower disso-
ciation constant for the receptor than 
either 3,3'-diindolylmethane or indole-
3-carbinol (Bjeldanes et al., 1991). CT 
had weaker binding activity to the Ah 
receptor in MCF-7 breast cancer cell 
lines, as shown by EROD induction, 
than indolo[3,2-blcarbazole (Riby of 
al., 2000a). 

Protection against mutagenicity in 
bacteria and mammalian cells 
Several studies addressed the ability 
of indoles to prevent mutagenicity in 
the Ames test for reverse mutation or 
to block carcinogen-induced DNA 
damage, with various end-points. 

The mutagenicity of MNU, MNNG, 
benzo[apyrene and 2-aminoanthra-
cene was not reduced by indole3-
carbinol (Birt of al., 1986). This com-
pound was also ineffective in inhibiting 
genotoxicity in Salmonella tester 
strains and Chinese hamster ovary 
cells after treatment with 1 -nitropyrene 
or 1,6-dinitropyrene (Kuo of al., 1992). 

Jongen et al. (1989) found that the 
effects of indole-3-carbinol and indole-
3-acetonitrile on induction of sister 
chromatid exchange depended on the 
type of mutagen. Pretreatment of pri-
mary chick embryo hepatocytes with 
indole-3-carbinol (at 25 tg/ml) resulted 
in a 30-45% decrease in the number 
of sister chromatid exchanges induced 
by benzo[a]pyrene  and N-nitrosodi-
methylamine in co-cultured V79 cells, 
but had no effect on sister chromatid 
exchanges induced by 2-aminoan-
thracene or ethyl rrethanesu Ifo nate. It 
increased the frequency of sister chro- 

matid exchange induced by dibro-
moethane. I ndole-3-acetonitrile (at 
35 ig/Ml) decreased the frequency of 
benzo[a]pyrene-ind uced sister chro-
matid exchanges by 20-40%. 

The ability of indole-3-carbinol, two 
of its oligomers and an acid reaction 
mixture (formed by mixing indole-3-
carbinol under conditions that mimic 
the conditions in the stomach) to inhibit 
mutagenesis and aflatoxin B1—DNA 
binding was investigated (Takahashi et 
al., 1995c). Using a trout post-mito-
chondrial activation system in the 
reverse mutation test, they found that 
indole-3-carbinol (at concentrations up 
to 35 imol/l) was not protective. Al 
concentrations as low as 3.5 limo!/l, 
3,3 -diindolylmethane, the cyclic trimer 
CT and the acid reaction mixture 
caused about 80% inhibition when 
compared with the control. 3,3'-
Diindolylmethane also inhibited micro-
some-catalysed aflatoxin B1—DNA 
binding. In a previous study of the 
ability of the acid reaction mixture to 
inhibit the production of covalent DNA 
adducts in the presence of aflatoxin 
B1-8,9-C12, a surrogate for aflatoxin B1-
epoxide, the same group observed no 
protective effect (Fong etal., 1990). 

Pretreatment of LS-174 human 
colon cells for 24 h with indolo[3,2-
b]carbazole (1 ttmol/l)  plus sul-
foraphane (5 jimol/l), followed by con-
tinued exposure to these agents in the 
presence of benzo[a]pyrene (25 prnol/l) 
reduced the number of DNA single-
strand breaks induced by the carcino-
gen by> 80% (Bonnesen etal., 2001). 
Indolo[3,2-b]carbazole on its own was 
much less effective. No such protec-
tion was afforded when indolo[3,2-
b]carbazole or sulforaphane was given 
24 h after the carcinogens. Similar 
results were obtained with hydrogen 
peroxide (100 ttmol/I) as the genotoxic 
agent. 

The induction of his revertant 
colonies in the reverse mutation assay 
in S. typhimurium by benzo[alpyrene 
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50 pmolll 	PROD, CYP1A1 

Primary rat bepatocytes 	Wortelboer etal. (1992e) 

Primary rat hepatccytes 	Wortelboer at al. (1992b) 

T47D Chen, I. etal. (l 996) 

MCF-7 Cover etal. (l 999) 

CaCo-2 Bonnesen et al. (2001) 

[S-174 Bonnesen etal. (200 1) 

PC3 Li et 5!. (2003) 

l-lepa-1 cl c7 Bjeldanes et al. (1991) 

MCF-7 Liu et ai. (l 994) 

HaCeT Wei etal. (l 998) 

CaCo-2 Bonnesen et al (2001) 

[S-174 Bonnesen et al. (2001) 

MCF-7 Chang etal. (l 999) 

Hspa-1cic7 	 Stephensen etal. (2030) 

PROD 

EROD 

CYP1A1 

p21  

EROD, CYP1A1 

EROD, CYP1A1 

AKR, CYP1AI, GSTTI 

EROD 

EROD 

CYP1A1 

FR00, CYPIAI 

EROD, CYPIAI 

PROD 

5 pmoLt 

68 nmol/I 

125 kimoltI 

100 pmol/l 

100 pmol/I 

100 pmol/I 

60 pmol/t 

0.1 jmol/l 

0.1 pmolIl 

0.05 JmoI/I 

1 pmolfl 

1 pmo!/l 

I imolIl 

5,6,11,12,1718-
1-lexahydrocyclonona[1 2-
8:4 54 :7,8-b ']tri-indole 

lndole-3-carbinol 

lndole-3-earbinol 

Indole-3-carbinol 

Indole-3-carbinol 

lndole-3-carbinol 

lndole-3-carbinol 

lndolo[3,2-b]carbazole 

lndolo[3 2-b]carbazole 

lndolo[3,2-b]carbazole 

lndclo[3,2-b]carbazole 

ndolo[3,2-b]carbazole 

2-(lndol-3-ylmetbyl)-3,3-
diindolylmethane 

N-Methoxyindole-3- 
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Table 57. Indoles that induce metabolizing enzymes, drug metabolizing enzymes, transcription factors 
or cell cycle proteins in cell culture models 

tndole Dose Biochemical end-point Cell line Reference 

f\scorbigen 700 pmolIl EROD, CYPIAI Hlepa-1c1c7 Stephenson etal. (1999) 

Asoorbigen 700 pmolII PROD, CYPIAI CoCo-2 Bonnesen at al. (2001) 

Ascorbigen 700 pmolf! EROD, CYPIAI [S-174 Bonnesen et al (2001) 

2,3-Bis(3-indolylmetlryl)- 5 pmoLt EROD Primary rat hopatocytes Wortelboer et al. (1992e) 

indole 

3,3'-Diindolylmethane 36 nmol/I PROD Primary rat bepatocytes Wortelboer et al. (1992b) 

3,3'-Dtrldolylmethane 50 pmolfl CYP1A1 MCF-7 Chen, I. etal. (1998) 

3,3 -DiindoIyImethane 25 pmolfl EROD, CYP1A1 Ca Co-2 Bonnesen et al. (2001) 

3,3 -Diindolylmethane 25 pmcl/l EROD, CYP1A1 [S-174 Bonnesen et al. (2001) 

3,3'-Diindolylmethane 3 pmol/I EROD, CYP1A1. CYPI BI, H295R Sanderson etal. (2001) 

3,3 -LJiindolylmethane 	100 paroltl 

3,3'-Dtndolyl math ane 	40 pmol/l 

3,3 -Diindolylmethane 	100 pmol/! 

GADD153, ATE3, c-sun, 
NF-1L6 

AKR, CYPIAI , GSTT1, 
sultotransterase, U Gil, 
phospholipase A2  

GADD34, GADD45a, 
GAD 0153 

C33A, HaCat 	 Carter et ai. (2002) 

PC3 	 [t etal. (2003) 

MCF-7 	 Auborn et ai. (2003) 

CYP, cytochrome P450 isozyme; NF-1L6, nuclear foctor—interleukEn 6; GADO, growth arrest in response to DNA damage; 
ATE, activating transcription factor; AKR, aldo-keto reductase; GST, glutathione S-transferase; UGT, UDP glucuronsyl 
transterase; EROD, othoxyrescrufiri-O-dealkylase 
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Table 58. Potency of indoles to bind to the aryl hydrocarbon (Ah) receptor or stimulate 
xenobiotic response element-driven gene expression 

Indole Cell lino Binding to Ah 
receptor (Kd, 
nmolll) 

Concentration 
required to double 
reporter gene 
expression (nmollF) 

Reference 

Ascorb gen CaCo2 3.7 x 104  Bcnnesen etal. (2001) 

3,3' Diindolylmethane None 90 B eldanes et al. (1991) 

3,3'-Dindoly1methane CaCo2 1.0 x iû Bonnesen etal. (2001) 

lndole-3-carbino None 2.7 x 104 - Bjeldanes etal. (1991) 

Indole-3-carbinol CaCo2 6 x Bonnesen etal. (2001) 

lndo1o[3,2-b]carbazole None 0.19 - Bjedanes eta! (1991) 

lridolo[3,2-b]carbazole 	CaCo2 	- 	 5 	 Bonnesen et al. (2001) 

(20 pg/plate) and cyclophosphamide 
(10 mg/plate) was prevented by indole-
3-carbinol (inhibition: 25%, 41% and 
65% with 30, 60 and 120 rig/plate) 
(Shukla of aL, 2003). In Chinese ham-
ster ovary cells, indole-3-carbinol was 
protective against the cytotoxicity of 1-
nitropyrene and 1,6-dinitropyrene, but 
did not reduce the frequency of sister 
chromatid exchange induced by these 
agents (Kuo of al., 1992). 

Effects on cell proliferation and 
apoptosis 
Some of the main biological responses 
to indoles are summarized in Table 59. 

Inhibition of cell proliferation 
Many reports indicate that indoles 
inhibit proliferation in a wide range of 
mammalian cell types, tumour cells 
often showing greater sensitivity than 
non-transformed cells. 

In mouse mammary epithelial cells 
stably transtected with ras or myc 
oncogenes to induce transformation, 
indole-3-carbinol (50 imol/l) inhibited 
proliferation by 98% and 83%, respec-
tively, but was not particularly effective 
in inhibiting Ras p21-GTP binding in 
the ras-transfected cells (Telang of aL. 
1997b). Exposure to indole-3-carbinol  

for 2 days resulted in 54-61% inhibi-
tion of anchorage-independent growth 
in three mammary cell lines (Telang et 
ai., 1997c). The results with MDA-MB-
231 cells in this study appeared to con-
tradict those of an earlier study (Tiwari 
of al., 1994), which suggested no 
effect of indole-3-carbinol on growth. 

The effects of indole-3-carbinol, 
indole-3-acetic acid, indole-3-car-
boxylic acid and 3,3 -diindolylmethane 
on the growth of two colon cell lines, 
HT29 (undifferentiated) and CaCo2 
(which undergo post-confluence differ-
entiation) were examined (Garnet-
Fayrastre et al., 1998). lndole-3-car-
boxylic acid and indole-3-acetic acid 
had no effect on the viability of HT29 
cells after treatment at 100 pmol/l for 
24 or 48 h. The same dose of indole-3-
carbinol decreased viability by nearly 
70% after 48 h, but no effect was seen 
after 24 h and lower doses were not 
effective. 3,3 -Diindolylmethane was 
the most potent compound, leading to 
an 80% decrease only 24 h after treat-
ment with 100 mmol/l, with a median 
inhibitory concentration of 10 timol/l 
after 48 h. The effect of 3,3 -diindolyl-
methane at 10 pmol/l on HT29 cells 
was reversible only if it was removed 
from the medium within 12 h. When the  

cultures were serum-starved, causing 
a high percentage of cells to accumu-
late in G0  and G1, 3,3 -diindolyl-
methane inhibited the re-initiation of 
serum-induced DNA synthesis. This 
effect was not reversible. The median 
inhibitory concentration of 3,3-dim -
dolylmethane for inhibiting the growth 
of undifferentiated CaCo2 cells was 
20 iimol/l,  but it was ineffective at 
doses up to 100 pmol/l in differentiated 
cells. 

After treatment with benzo[a]-
pyrene (39 I-imol/l, 24 h) of human 
mammary epithelial 184-135 cells, a 
50% decrease in the ratio of quiescent 

(°) to proliferative (S + M) cells was 
observed (Katdare et al., 1998), which 
was reversed by simultaneous treat-
ment with indole-3-carbinol at 10 
jimol/l (equivalent to the median 
inhibitory concentration). 

Growth of MCF7 (median inhibitory 
concentration, 50 pmol/l) and T47D 
(median inhibitory concentration, 
180 imol/l) breast cells was inhibited 
by indole-3-carbinol (Ge et al., 1999). 
The median inhibitory concentration 
was 120 ltmol/l for HBL100 
non-tumorigenic cells and only 
30 pmol/l for the MDA-MB-468 carci-
noma cell line, both being estrogen 
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Table 59. Main biological responses to indole-3-carbinol and indoles in vitro 

Indole 	 Effect 	 Cell line 

lndole-3- 	Inhibition of cell proliferation 	Mouse mammary epithelial cet (+ Ras, + Myc) 
carbinol 	 Breast: 184-135 (+ B[a]P, + HER2), MDA-MB-231, 

MCF7, T471J, HBL100, MDA-MB-468, MDA-MB-435 
(± HER2), ZR-75-1 
Colon: HT29, HCEC, SW480 
Prostate: LNCaP, DU145, PC-3 

Decreased CDC activity 	 Breast: HBL100, MCF7, MDA-MB-468 
Colon: HCEC, SW480, HT29 

Decreased EGFR expression and 	Prostate: PC-3 
phosphorylation 

Increased CDC activity Colon: HT-29 

GIG, growth arrest Breast: 184-135 (+ B[a]P, + HER2), MDA-MB-231, MCF7 
Prostate: PC-3 

Decreased CDK6 expression Breast: MCF7, MDA-MB-231 
Prostate: PC-3 

Decreased CDK2 activity Breast: MCF7 

Decreased Rb phosphorylation Breast: MCF7 
Prostate: PC-3 

Decreased cyclin activity Prostate: PC-3 

Increased p21, p27 expression Breast: MCF7 
Prostate: PC-3 

Increased p16 expression Breast: 184-135 (+ B[a]P) 

Increased p53 expression Breast: 184-135 

Induction of apoptosis Breast: 	84-135 (+ B[a]P + HER2), MDA-MB-231, MCF7, MDA-MB-435 
(± HER2), MDA-MB-468 
Colon: LS-174, CaCo2 
Cervix: C33A, C33AE6, CaSki 
Prostate: LNCaP, PC-3 

Increased Box expression Breast: MDA-MB-435 (± HER2), MCF10A, MCFOCA1a 
Prostate: PC-3 

Decreased Bc12 expression Breast: MDA-MB-435 (± HER2) 
Prostate: PC-3 
Cervix: C33A, C33AE6, CaSki 

Decreased BcI-x expression Breast: MCF10CA1a 
Prostate: PC-3 

Decreased BAD expression Prostate: PC-3 

Release of cyt C from mitochondria Breast: MCF1 OCA1a 

Induction of TRAIL receptors DR4 Prostate: LNCaP 
and DR5 
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Table 59 (contcl) 

Indole 	 Effect 	 Cell line 
Decreased NF-1d3-DNA binding 	 Breast: M DA-MB-468 

Prostate: PC-3 

Decreased AM phosphorylation 	 Breast: MDA-MB-468 
Prostate: PC-3, LNCaP 

Decreased P13K phosphorylation 	 Prostate: PC-3 

Induction of E-cadherin, catenins, BRCA1 	Breast: MCF7, T47D 

Induction of PTEN 

Inhibition of ER signalling 

3,3-DiindoIyl- 	Inhibition of cell proliferation 
ethane 

Breast: T47D 

Breast: MCF7, T47D, ZR75-1, 184-135, MDA-MB-231 
Keratinocyes: HPV immortalized 
Cervix: CaSKi, C33A, SiHa 

Breast: MCF7, MDA-MB-231, T47D 
Colon: HT29, CaCo2 (undifferentiated) 
Prostate: LNCaP, PC-3, DU145 
Osteosarcoma: Saos2 
Isbikawa endometrial cancer cells 

Inhibition of ligand binding to p-g]ycoprotein Melanoma: B16 (+ MDR-1) 
G,/G, growth arrest 	 Breast: MCF7, MDA-MB-231 

Up-regulation of GADD proteins 
Decreased CDK2 activity 
Increased p21 activity 
Induction of apoptosis 

Breast: MCF7 
Breast: MCF7, MDA-MB-231 
MCF7, MDA-MB-231 
Breast: MCF7, T47D, MDA-MB-466, MDA-MB-231 
Colon: [S-174, CaCo2 
Prostate: LNCaP, PC-3, DU145 
Cervix: C33A, C33AE6, CaSki 
Osteosarcoma: Saos2 
Ishikawa endometrial cancer cells 

Indolo[3,2-
b]carbazole 

LTr1 

CTr 

Decreased 3c12/Increased Bax Breast: MCF7, MDA-MB-231 

Inhibition of ER signalling Breast: MCF7 

Induction of TGFO mRNA Ishikawa endometrial cancer cells 

Inhibition of androgen-induced proliferation Prostate: LNCaP 

Decreased PSA expression Prostate: LNCsP 

Inhibition of signalling through ER Breast: MCF7 

Inhibition of proliferation 	 Breast: MDA-MB-231 

Inhibition of signalling through ER 	 Breast: MCF7 

Increased cell proliferation (ER agonist) 	Breast: MCF7 

Inhibition of ligand binding to p-glycoprotein Melanoma: B16 (+ MDR1) 

Cell lines shown in parentheses are transtected cells. Unless otherwise indicated, cells are of human origin. 
BFS]P, benzo[a]pyrene; ER, estrogen receptor; DUC, ornithine decarboxylase; EGFR, epidermal growth factor; CDK, cyclin-

dependent kinase; Rb, refnoblastoma gene; TRAIL, tumour necrosis factor-related apoptosis-inducing ligand; Akt, serine—threonine 
protein kinase: P13K, phosphatidylinositol 3 -kinase; PTEN, phosphatase and tensin homologue deleted in chromosome 10; GADD, 
growth arrest in response to DNA damage; TGF, transforming growth factor; PSA, prostate-specific antigen; LTr1, 2-(indol-3-
ylmethyl)-3,3'-diindolymethane; CTr, 5,6,1112,17,1 8-hexshydrocyclononal[1 ,2-b:4,5-b',7,S-b"triindol 
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receptor-or-negative (Howells et al., 
2002). 

lndole-3-carbinol at 30 or 60 zmol/l 
slightly stimulated the growth of 
LNCaP cells over 2 days, while 
90 kmol/l slightly suppressed growth 
from the second day of treatment 
(Jeon et al., 2003). After treatment with 
indole-3-carbinol for 5 h, median 
inhibitory concentrations of 22 imol/l 
and 48 fimolfl were estimated for the 
LNCaP and DU145 prostate cell lines, 
respectively (Howells eta[., 2002). The 
growth of PC-3 prostate cancer cells 
was inhibited by indole-3-carbinol (0.2 
mmol/l for 72 h) (Frydoonfar et al., 
2003). 

At concentrations above 10 imol/l, 
3,3 -diindolylmethane inhibited DNA 
synthesis and proliferation of MCF-7 and 
MDA-MB-231 cells (Hong et al., 2002a). 

Ornithine decarboxylase is the 
rate-limiting enzyme in the biosynthe-
sis of polyamines and, as such, is crit-
ical for cell proliferation. It is often over-
expressed in tumour cells and is a tar-
get for chemoprevention. I ndole-3-
carbinol inhibited cell growth in a range 
of breast and colon cell lines (HBL100, 
MDA-MB-468, MCF-7, HCEC, HT29, 
SW480), in a time- and dose-depen-
dent manner in all lines. The MDA-MB-
468 line was the most sensitive, show-
ing complete inhibition at 100 l.imolll, 
the lowest concentration tested. The 
other lines were inhibited by 
250 jima I/I. I ndole-3-carbi nol caused 
significant inhibition of basal ornithine 
decarboxylase activity after 5 h in nor-
mal colon-derived HCEC and I-IBL100 
breast cells at concentrations above 
250 jimol/l and in MDA-MB-468 cells 
above 500 jimol/l. SW480 and MCF-7 
cells were inhibited to a lesser extent, 
while in the HT29 cells ornithine decar-
boxylase activity appeared to be stim-
ulated at lower concentrations. The 
effect of indole-3-carbinol on ornithine 
decarboxylase activity at 5 h did not 
always correlate with the final growth 
inhibition (Hudson et al., 1998). 

The involvement of ornithine decar-
boxylase in chemoprevention by 
i ndole-3-carbi nol was investigated fur-
ther in colon cells (Hudson et al.. 
2003). The median inhibitory concen-
trations (after 168 h) in SW480, HT29 
and HCEC cells were 123, 127 and 
164 ttmol/l,  respectively. The basal lev-
els of ornithine decarboxylase activity 
of 171, 1079 and 156 pmol CO2  
produced per hour per milligram of pro-
tein in these cells were decreased by 
indole-3-carbinol after 24 h of treat-
ment. The HCEC line showed the 
greatest 	inhibiton 	of 	ornithine 
decarboxylase activity but the least 
growth inhibition at this time. The 
SW480 cells showed the least inhibi-
tion of ornithine decarboxylase activity. 
While administration of exogenous 
putrescine reversed the growth 
inhibitory effects of a direct inhibitor of 
ornithine 	decarboxylase, 	difluo- 
romethylornithine, it did not reverse 
inhibition by indole-3-carbinol and, in 
the SW480 cells, even enhanced the 
effect. Putrescine in combination with 
indole-3-carbinol did not, however, pre-
dispose the cells to apoptosis. The 
results obtained in this study sug-
gested that inhibition of ornithine 
decarboxylase is unlikely to be a major 
mechanism for inhibition of growth by 
indole-3-carbinol. 

Induction of cell cycle arrest 
In the few studies in which growth 
arrest in a specific phase of the cell 
cycle has been reported in response to 
treatment with indoles, the phase has 
usually been G0  or G. Treatment with 
indole-3-carbinol (50 jimolll) of reduc-
tion mam mopl asty-de rived 184-135 
cells initiated with benzo[a]pyrene or 
the oncogene HER, and of MDA-
MB231 cells, resulted in a 137-210% 
increase in the quiescent:proliferative 
ratio, i.e. G0/G1  arrest (Telang et al., 
1997e). 

Treatment of MCF-7 breast cells 
with indole-3-carbinol (30-100 jimol/l)  

reversibly suppressed incorporation of 
tritiated thymidine, without affecting 
viability or estrogen receptor respon-
siveness (Cover et al., 1998). Arrest of 
cells in the G1  phase of the cycle was 
associated with specific inhibition of 
the expression of the cyclin-dependent 
kinase CDK6 (also observed in MDA-
MB-231 cells), which resulted in 
inhibition of phosphorylation of the 
retinoblastoma tumour suppressor 
gene Rb. No effect was observed on 
CDK2, CDK4, aye/in Dl or cyclin E 
expression, although indole-3-carbinol 
and 3,3 -diindolylmethane apparently 
affected CDK2 activity (Firestone & 
Bjeldanes, 2003). After maximal 
growth arrest, the levels of the CDK 
inhibitors p21 and p27 were increased 
by 500% (Cover et aI., 1998). A 
combination of indole-3-carbinol and 
tamoxifen was found to inhibit the 
growth of MCF-7 cells more stringently 
than either agent alone. Taken 
together, the results suggest that 
indole-3-carbinol can suppress the 
growth of breast cancer cells in an 
estrogen receptor-independent man-
ner. The combination of tamoxifen and 
indole-3-carbinol was explored further 
(Cover et al., 1999), and was found to 
cause a more pronounced decrease in 
CDK2 activity than either compound 
on its own. Protein expression of 
CDK2 was not affected. The combina-
tion also completely prevented phos-
phorylation of the Rb protein, whereas 
either compound on its own was only 
partially effective. 

In exploring the mechanism by 
which indole-3-carbinol down-regu-
lates CDK6, Cram et al. (2001) 
showed that the indole could inhibit the 
activity of the CDK6 promoter con-
tained in a luciferase reporter con-
struct. By deletion analysis, they identi-
fied an Spi and an Ets-like binding 
site, both of which were required for 
indole-3-carbinol responsiveness. With 
electrophoretic mobility-shift analysis 
(EMSA) and an antibody against Spi, 
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it appeared that the Spi binding site in 
the CDK6 promoter leads to a specific 
indole-3-carbinol-responsive 	DNA— 
protein complex that contains the Spi 
transcription factor. Thus, indole-3-
carbinol appeared to down-regulate 
CDK6 transcription by targeting Spi 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 BT539 (estrogen recep-
tor-negative) breast tumour cells, 
inducing G arrest, without evidence of 
apoptosis (Brandi et aI., 2003). It was 
about five times more active than 
indole-3-carbinol in this respect. The 
tetramer inhibited CDK6 expression 
and activity, increased p27 and 
reduced Rb protein expression. No 
change was observed in CDK4. 

Indole-3-carbinol (30 polo1!1) inhib-
ited the growth of PC-3 prostate can-
cer cells by inducing G arrest, leading 
to apoptosis (Chinni et al., 2001). This 
was accompanied by significant induc-
tion of p21 and p27 CDK inhibitors. 
The induction of p27 appeared to be 
independent of p53, but deletion of an 
Spi site reduced promoter activity. 
Induced expression of the CDK 
inhibitors led to decreased kinase 
activity of the cyclin Dl 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 imol/l. CDK6 activity was 
decreased by as much as 70% in the 
presence of 100 moVl indole-3-
carbinol for 48 h. lndole-3-carbinol 
treatment also resulted in progressive 
inhibition of Rb phosphorylation, which 
was pronounced after 48 h of treat-
ment with 60-100 Ilmol/l. These 
results 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 G1  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 
p2lva1 01  mRNA (six- to sevenfold) 
and protein in both cell lines, suggest-
ing that the latter 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 
p2110 promoter containing six 
Spi elements. This conclusion was 
reinforced by electrophoretic mobility 
shift assays that showed that 3,3-diin-
dolylmethane induced binding of Spi 
and Sp3 to the consensus Spi 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, 45a, 3 and y 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 aI., 2002). BRCA1, 
which was induced by indole-3-
carbinol and 3,3'-diindolylmethane 
(Meng et al., 2000a), induced expres-
sion of 0AD045 but also inhibited 
signalling by estrogen through estro-
gen receptor-a. 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 
pmol!I, 6 h) increased expression of 
0A0D34, 153 and 45. Significant loss 
of cell viability was also found at these 
concentrations. 3,3 '-Diindolylmethane 
at 25 Imol!I  was not effective, but when 
it was combined with genistein 
(5 pmol/I), even greater induction of 
GADD genes was observed, with 
significant induction of apoptosis at 
48 h. 

Induction 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 184-135 cells initiated 
with benzo[aJpyrene or the oncogene 
HER, and with MDA-MB-231 cells, 
treatment with indole-3-carbinol at 
50 iimolil resulted in a twofold increase 
in apoptosis, as measured by the sub-
G1  fraction after 24 h (Telang et al., 
1997c). 

Treatment of human mammary 
epithelial 184-135 cells with benzo- 
[a]pyrene reduced the sub-G1  popula- 
tion by more than 850%; this effect was 
partially reversed (reduced to 41% of 
control) by indole-3-carbinol at 
10 pmol/I (Katdare et aI., 1998). The 
reversal was accompanied by a 
twofold or greater increase in p53 
immunoreactivity. Treatment with 
indole-3-carbinol in combination with 
benzoa]pyrene doubled the immuno-
reactivity for the CDK inhibitor pi 6IK4C 

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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with indole-3-carbinol at 250 timol/l  or 
72 h of treatment at 50 ttmo/l (rares et 
al., 1998; Ge et aI., 1999). No change 
was observed in the Level of wild-type 
p53 in MCF-7 cells up to 8 h after treat-
ment with indole-3-carbinol or 3,3'-diin-
dolylmethane at 250 iimol/l. Addition-
ally, no change was observed in Bax 
levels in MCF-7 (estrogen receptor-
positive) or T47D (estrogen receptor-
negative) cell lines. The authors 
observed some conversion of indole-
3-carbinol to 3,3'-diindolylmethane in 
the culture medium (up to 30% after 
72 h). 

Working with parental MDA-MB-
435 breast cancer cells and a line 
transfected with Her-2/Neu, Rahman 
et al. (2000) found that indole-3-
carbinol (30-100 iimol/l)  inhibited the 
growth of both lines and induced apop-
tosis, as measured by poly(ADP-
ribose)polymerase cleavage and cas-
pase-3 activation. Up-regulation of 
Bax, in combination with down-regula-
tion of Bd -2, led to an increased 
Bax:BcI-2 ratio, favouring apoptosis. 
I ndole-3-carbinol caused relocation of 
Bax from the cytoplasm to the mito-
chondria, which would be predicted to 
cause mitochondrial depolarization, 
release of cytochrome c and activation 
of caspases. In a subsequent study 
(Rahman et al., 2003; Sarkar et al., 
2003) with MCF10A (non-tumorigenic) 
and MCF10CA1a (tumorigonic) cell 
lines, indole-3-carbinol (30-100 tmol!l) 
induced translocation of Bax to the 
mitochondria in both cell lines but 
resulted in a loss of mitochondrial 
membrane potential and release of 
cytochrome c only in the tumour cells, 
which were much more sensitive to 
growth inhibition and induction 
of apoptosis. lndole-3-carbinol up-reg-
ulated the Bax:Bc12 ratio and down-
regulated BcI-x expression only in 
CAla tumour cells. 

In a study of the effects of indole-3-
carbinol and 3,3'-diindolylmethane on 
three human cervical cancer cell lines, 

C33A, C33AE6 and CaSki, Chen, D.Z. 
et al. (2001) found that both agents 
induced apoptosis, while 3,3'-
diindolylmethane was more potent 
(50-60 .tmol/l versus 200 jimol!l) and 
faster acting than indole-3-carbinol in 
C33A cells. lndole-3-carbinol reduced 
Bd -2 protein levels in total cell Fysates in 
a time- and dose-dependent manner, 
but had no effect on total Bax 
levels. Neither compound caused apop-
tosis in normal human keratinocytes. 

Apoptosis was observed in PC-3 
cells after treatment with indole-3-
carbinol at 100 iimol/l for 48 h, as mea-
sured by DNA laddering and 
poly(AD P-ribose)polymerase cleavage 
(Chinni etal., 2001). The levels of Bc12 
were down-regulated (by 80%) after 
24-72 h of treatment, while Bax pro-
tein expression was up-regulated (1.9- 
fold). lndole-3-carbinol (60 pmol/l) was 
also found to inhibit tumour necrosis 
factor-a-stimulated NF-icB (p65/p50)-
DNA binding after treatment for 48 h. In 
a subsequent study (Chinni & Sarkar, 
2002), indole-3-carbinol (at doses from 
30 ttmol/l) affected another survival 
pathway by inhibiting the phosphoryla-
tion of Akt/protein kinase B in unstimu-
lated and epithelial growth factor 
(EGF)-stimulated cells. Western blot 
analysis revealed down-regulation of 
both EGF receptor levels and 
autophosphory-Iation of EGF receptor. 
This was accompanied by inhibition of 
EGF-induced phosphorylation of phos-
phatidyli nositol 3'-kinase. Downstream 
of Akt, Bcl-xL  and BAD showed 
decreased expression after indole-3-
carbinol treatment. 

In a comparative study of the 
effects of indole-3-carbinol in two 
breast cell lines, HBL100 derived from 
normal tissue and MDA-MB-468 from 
a carcinoma, Howells et al. (2002) 
found that the tumour line underwent 
apoptosis after treatment with 
10-100 ttmol/l, while the HBL100 line 
was resistant. At higher doses 
(> 250 ttmol/I),  however, the HBL100  

cells underwent increasing necrosis. 
lndote-3-carbinol inhibited phosphory-
lation of Akt in the MDA-MB-468 line, 
which lacks the tumour suppressor 
phosphatase and tensin homologue 
deleted on chromosome 10 (PTEN), 
but not in the HBL100 cells which are 
positive for PTEN. lndole-3-carbinol 
also reduced NF-icB—DNA binding, 
independently of an effect on 1kB 
kinase, but only in the tumour cell line. 
Phospho-PKB levels were also 
decreased and apoptosis induced by 
indole-3-carbinol at doses> 250 iimolfl 
in the prostate cell line LNCaP, which 
expresses very low levels of PTEN, but 
not to the same extent in PTEN-posi-
tive DU145 cells. lndole-3-carbinol had 
no effect on PTEN levels in either the 
breast or the prostate cell lines. 

In one study, indoLe-3-carbinol 
caused no significant change in the 
level of Akt or in its phosphorylation 
in LNCaP cells over 48 h (Jeon et al., 
2003). [The Working Group noted 
that the corresponding data were not 
presented. Doses of 30-90 .imoI/l 
were used in other parts of the study, 
which would explain the absence of 
an effect and would be in agreement 
with the results of Howells et al. 
(2002)1 

A range of cell lines with different 
p53 status were used to examine the 
chemopreventive potential of 3,3'-
dHndolylmethane (Ge et aL, 1996). 
Dose-dependent growth inhibition (at 
1-100 iimol/l) was found in MCF-7 
(wild type p53), T47D (mutant p53) 
breast and Saos-2 (p53-deficient) 
osteosarcoma lines. Apoptosis 
(affecting 12-14% of cells) was 
induced after 48 h of treatment with 
3,3'-diindolylmethane at 50 pmol/l, 
as determined by altered morphol-
ogy and DNA laddering. In MCF-7 
cells, the lowest dose to induce 
apoptosis was 10 tuna111  after 72 h of 
treatment, while 24 h of treatment at 
100 .tmolIl resulted in 19% apoptotic 
cells, as estimated by FACScan 
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analysis. Induction of apoptosis 
appeared to be independent of p53 
status. 

In a later study, concentrations of 
3,3'-di indolyl methane > 10 iimol/l, 
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 Bc12 were decreased in both 
cell lines (by 90% in MCF-7 and 600% 

in MDA-MB-231). The mRNA levels of 
Bc12 were also decreased by 70% after 
treatment of MCF-7 cells with 3,3'-diin-
dolylmethane at 100 p.molII, as was the 
amount of Bc12 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 after 48 h of treatment (Hong et 
al., 2002a). After co-irnmunoprecipita-
tion of Bc12-Bax complexes, 3,3'-diin-
dolylmethane caused a time- and con-
centration-dependent decrease in the 
amount of Bc12 associated with Bax in 
both cell fines (80% after exposure to 
100 imol/l for 24 h). Ectopic expres-
sion of Bc12 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-bcarbazole 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 
immortalized normal colon-derived cell 
line HCEC. 

The ability of indole-3-carbinol 
(10-400 imol/1) and 3,3'-diindolyl-
methane (10-100 imo Ill) 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-carbinol, 150 .imol/l for 
LNCaP, 180 pmol/l for DU145 and 
285 cmol/I for PC-3; 3,3 -diindolyl-
methane, 40 imolIl for LNCaP and 
PC-3 and 20 jimol!l for 0U145. Both 
compounds induced apoptosis in all 
cell lines in a p53-independent manner 
(LNCaP, 24 h with 200 .tmolIl indole-3-
carbinol or 75 imol/l 3,3'-diindolyf-
methane; DU145, 72 h with 200 .tmol/l 
indole-3-carbinol, 48 h with 75 Lmol/l 
3,3'-diindolylmethane; PC-3, 72 h with 
400 imol/l indole-3-carbinol or 75 .tmol/l 
3,3 '-di indolyl methane) 	(Nachshon- 
Kedmi et al., 2003). No effect were 
observed on the levels of Bd -2, Bax or 
fast. 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 tmol/l), the 
LNCaP cell line was sensitized to 
tumour necrosis factor-related apopto-
sis-inducing ligand (TRAIL)-mediated 
(100 ng!ml) apoptosis. Treatment with 
indole-3-carbi nol (90 l.tmol/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 .tmof/l) 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. 

lndole-3-carbinol (50 or 100 pmol/l) 
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. lndole-3-
carbinol could also suppress 1713-
estradiol-induced migration and inva-
sion of MCF-7 cells (Meng et al., 
2000a). It induced the expression of 
several genes, including E-cadheriri, 
cc-, 13-, and y-catenin and BRCAI, 
whose functions include suppression 
of invasion. Disruption of the E-cad-
herTh—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 to treatment with indole-3-
carbinol (25-125 p.mol/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-carbinol 
inhibited cell attachment to a laminin 
substratum. 

Other cellular effects 
Antioxidant and anti-inflammatory 
mechanisms 
Data derived from several experimen-
tal systems suggest that indole-3-
carbinol 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; son icated 
phospholipid vesicles in phosphate 
buffer (pH 7.4) with peroxidation initi-
ated by ferrous or ascorbate; 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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assay for thiobarbituric acid-reactive 
substances- In the first two systems, 
indole-3-carbinol was about 30% as 
officient as Œ-tocopherol and butyihy-
droxytoluene but inhibited peroxidation 
in a dose-dependent manner. In the 
third system, indole-3-carbinol was 
more effective, with 50% inhibition at 
doses of 35-40 iimol/l, about one-third 
of the concentration that could be 
achieved in mouse liver after adminis-
tration of 50 mg/kg bw by gavage. 

In a limited study of antioxidant 
capacity, the scavenging capacity of 
indole-3-carbinol and 29 structurally 
related compounds was compared 
with that of a-tocopherol. None of the 
common plant-derived indoles occur-
ring in the diet were as efficient as ei-
tocopherol in two cell-free soya bean 
phospholipid 	peroxidation 	assays 
(Tabor etaL, 1991). 

In an enzyme system consisting of 
peroxidase, hydrogen peroxide and 
2,2 '-azinobis(3-ethylbenzylthiazotine)-
6-sulfonic acid, the ability of various 
indoles to scavenge the radicals of the 
last compound was examined. Indole-
3-carbinol was effective at doses of 
100-500 jimol/l, indole-3-aldehyde 
and indole-3-carboxylic acid were inac-
tive, while indole-3-acetic acid had less 
activity than indole-3-carbinol (Arnao 
et al., 1996). 

In a screen of 90 compounds in six 
chemoprevention assays, indole-3-
carbinol was one of only eight com-
pounds that was chemopreventive in 
all the assays (Sharma at al., 1994). 
The reagent was tested at concentra-
tions up to its maximum solubility in the 
medium. It inhibited tyrosine kinase 
and ornithine decarboxylase activity, 
the former in a dose-dependent fash-
ion. It also increased the levels of 
reduced GSH and effectively inhibited 
free radical production, carcino-
gen—DNA binding and poly(ADP-
ribose)polymerase activity. 

In another series of mechanism-
based screens of potential chemopre- 

ventive agents, however, in which radi-
cal scavenging ability, antioxidant 
effects, inhibition of inducible nitric oxy-
gen synthase, COX-1 and ornithine 
decarboxylase activity were tested, 
indole-3-carbinol showed only weak 
activity (Gerhäuser at aI., 2003). In a 
survey of 14 compounds for possible 
protection against the toxicity of 
MNNG or methyl methane sulfonate in 
isolated rat hepatocytes by mechanisms 
including antioxidant capacity, indole-3-
carbinol was one of the least active com-
pounds (Shertzer at al., 1991). 

Estrogen receptor and estrogen- 
associated effects 
Many studies have shown effects on 
signalling through the estrogen recep-
tor in a variety of cell types. 

The effect of indole-3-carbinol on 
proliferation of an estrogen receptor-
positive breast cell line, MCF-7, and an 
estrogen receptor-negative line, MDA-
MB-231, was assessed and correlated 
with estrogen responsiveness and 
CYP1A1 activity (Tiwari at al., 1994). 
lndole-3-carbinol (50 ttmol/l) inhibited 
the growth of MC-7 but not MDA-MB-
231 cells after a 48-h period of serum 
starvation and then stimulation with 
173-estradiol. Induction of CYP1A1 (by 
three- to fivefold with 500 iimol/l by 12 
h) and 2-hydroxylation of estrogen (by 
fourfold) occurred only in the MCF-7 
cell line, suggesting that indole-3-
carbinol had no effect on estrogen 
receptor-negative cells in this respect. 
The basal levels of 16Œ-hydroxlation 
were higher in the MDA-MB-231 cells, 
indicating that these estrogen receptor-
negative cells, which contain CYP1A1, 
still metabolize estradiol. Treatment 
with indole-3-carbinol alone at a con-
centration of 5, 50 or 500 p mol/I 
resulted in a dose-dependent 
decrease in the total number of MCF-7 
cells (55% at 50 mol/l, 85% at 
500 iimOl/l) and of soft agar colonies 
(94% at 500 imol/l) after 5 days. The 
corresponding values for MDA-MB231  

cells were 13%,17% and 30%, respec-
tively. 

Indolo[3,2-b]carbazole  at 1 jimol/l, 
a concentration which did not induce 
CYP1A1, had a number of antiestro-
gen effects in MCF-7 cells, including 
inhibition of estradiol-induced cell pro-
liferation and uptake of tritiated thymi-
dine, reduction of nuclear proges-
terone receptor levels and CAT activity 
in cells transfected with the estrogen-
responsive vit-CAT plasmid. Indolo-
[3,2-b]carbazole (100 nmol/l), in the 
absence of estradiol, caused a small 
but significant, increase in thymidine 
incorporation. Nuclear extracts from 
indolo[3,2-b]carbazole-treated 	cells 
had decreased estrogen receptor lev-
els and reduced binding to an estro-
gen-responsive element in gel shift 
assays. I ndolo[3,2-b]carbazole bound 
with low affinity to the estrogen 
receptor, eliciting weak estrogen-like 
activity (Liu et al., 1994). In this study, 
indole-3-carbinol (31-125 ttmol/l)  also 
caused a significant decrease in 
nuclear estrogen receptor levels, with 
no induction of CYP1 Al. These results 
confirm that the anti-estrogenic effects 
of indole-3-carbinol and indolo[3,2-
b1carbazole are mediated through path-
ways independent of altered estradiol 
metabolism. 

In another study with MCF-7 cells, 
indole-3-carbinol (10_11_1  0 	mol/l) 
showed a steady increase in 2-hydrox-
ylation of estradiol, the effect plateau-
ing at 10-8 mol/I, with no significant 
change in 16Œ-hydroxylation (Niwa at 
al., 1994). No effect was observed in 
the estrogen receptor-negative lines 
T47D and MDA-MB-231. The altered 
metabolism was attributed at least 
partly to 3,3-diindolylmethane, since 
indole-3-carbinol was found to be 
spontaneously converted after 48 h in 
modified Eagle medium at 37 °C 

Explant cultures were prepared 
from human mammary terminal duct 
lobular units obtained from surgical 
samples and treated with DMBA or 

168 



Cancer preventive effects 

benzo[a]pyrene (Telang et al., 1997a). 
Both carcinogens decreased 2-hydroxy-
estrone formation while increasing 
1 6a-hydroxyestrone. After treatment 
with indoie-3-carbinoi at 50 ttmoi/F,  the 
berizo[a] pyre ne-treated expiant cul-
tures showed a 12-fold increase in the 
2-:16o-hydroxy ratio. Similar results 
were obtained with 184-135 mammary 
epithelial cells (Teiang et al., 1997a,c). 

Bradiow et al. (1997), investigating 
the effect of organochiorine-based 
pesticides on the 2-: 1 6a-hydroxy ratio 
in breast tumour cells, found a signifi-
cant reduction only in estrogen recep-
tor-positive MCF7 cells. in this cet line, 
indoie-3-carbinoi increased the ratio of 
2-:16a-hydroxylation, 	when 	given 
alone or in combination with atrazine. 

Indoie-3-carbi nol blocked the ability 
of estradiol to increase anchorage-
independent growth in HPV-immortai-
ized keratinocytes (Newfield at al., 
1998), an effect which was attributed 
to the ability of indoie-3-carbinoi to 
induce 2-hydroxylation of estradiol. 

Chen, i. et al. (1998) reported that 
3,3'-diindoiyimethane at concentra-
tions of 0.1-10 .tmoi/i did not affect the 
proliferative rate of MCF-7 cots, while 
cells co-treated with estradiol at 
1 nmoi/i had a concentration-depen-
dent decrease in estradiol-induced 
proliferation. At a concentration of 
50 mmoi/i, the nuclear levels of estro-
gen receptor were reduced by 
70-80%. After treatment with 3,3-diin-
doiyimethane at 10-50 ttmoi/i, binding 
of nuclear extracts from MCF-7 cells to 
the estrogen response element (ERE) 
was significantly reduced in gel shift 
assays. 

In the cervical cancer cet line 
CaSki, estradiol increased expression 
of HPV-1 6, whereas indoie-3-carbinoi 
and 2-hydroxyestrone (the formation of 
which is increased by indoie-3-carbinoi) 
inhibited 	the 	estrogen-increased 
expression. Both compounds competed 
with estradiol for binding to the estrogen 
receptor (Yuan et al., 1999). 

2-(Indoi-3-yimethy-3,3-diindoiyi-
methane (Jr-l; 25 jimoi/i) inhibited the 
growth of both estrogen receptor-posi-
tive MCF-7 and estrogen receptor-
negative MDA-MB-231 breast cells by 
about 60%, but had no effect on the 
MCF-7 cells in the absence of estro-
gen.This finding was in contrast to that 
with 3,3-diindoiyimethane (see below), 
which markedly induced the growth of 
MCF-7 cells under estradioi-depleted 
conditions. 2-(Indoi-3-yi-methyi)-3,3 
diindoiyimethane appeared to be a 
weak ligand for the estrogen receptor 
(median inhibitory concentration, 70 
iimoi/i versus nanomoiar concentra-
tions of tamoxifen and estradiol) and 
efficiently inhibited estradiol-induced 
binding of the estrogen receptor to its 
DNA response element. Estradioi-
induced transcription of pS2 was inhib-
ited by approximately 50% by 
10 jimoi/i. 2-(indoi-3-yimethyi)-3,3'-
diindoiylmethane activated the Ah 
receptor and expression of CYP1A1 
but was a competitive inhibitor of 
EROD activity (median inhibitory con-
centration, 1 imoi/i) (Chang et al., 
1999). 

3,3-Diindolyimethane given for 7 
days was a weak inhibitor of estradiol-
induced proliferation of estrogen 
receptor-containing MCF-7 cells; how-
ever, at 10 timoi/i, it induced prolifera-
tion in the absence of steroid, to about 
60% of the estradiol response. There 
was little effect on estrogen receptor-
negative MDA-MB-231 cells. 3,3'-
Dtndoiyimethane was a promoter-spe-
cific activator of the estrogen receptor 
in the absence of estradiol, but did not 
bind to the receptor (Riby at ai., 
2000b). The agonist effects of 3,3'-
diindoiyimethane appeared to require 
the presence of a cis-acting DNA ele-
ment, in addition to the core ERE con-
sensus, and could be blocked by 
co-treatment with a protein kinase A 
inhibitor. The antagonist effects were 
less dependent on promoter context. 
These results suggest that 3,3'-diin- 

doiyimethane is a selective activator of 
estrogen receptor function. 

The main cyclic trimeric product of 
indoie-3-carbinol, CT, was investigated 
for its effects on estrogen receptor sig-
nalling (Riby at al., 2000a). it was a 
strong agonist of estrogen receptor 
function, stimulating the proliferation of 
estrogen receptor-positive MCF-7 cells 
(at concentrations between 10 nmoi/i 
and 1 imoi/i) to a similar degree as 
estradiol. It had no such effect on 
estrogen receptor-negative MDA-MD-
231 cells. CT displaced estradiol from 
the receptor in competitive binding 
assays (median effective concentra-
tion, about 1 ttmoi/i) and, in EMSA (at 
10 or 100 nmoill), increased estrogen 
receptor binding to an estrogen-
responsive DNA element. CT 
(10 nmoi/i to 1 imol/i) activated tran-
scription of an endogenous estrogen 
receptor-responsive gene, pS2, and of 
exogenous reporter genes after trans-
fection into MCF-7 cells. Unlike 
indoio[32-bjcarbazoie, which was 
used as a positive control, no activation 
of Ah receptor-mediated pathways 
occurred, as indicated by induction of 
CYP1A1 activity, in agreement with 
previous results suggesting that CT 
binds weakly to the Ah receptor 
(Bjeidanes et al., 1901). The conforma-
tion of CT is similar to that of 4-hydroxy-
tamoxifen, suggesting an excellent fit 
into the estrogen receptor ligand 
binding site; however, the binding affin-
ity was estimated to be two orders of 
magnitude lower (Riby at al., 2000a). 
The authors suggested that the 
estrogenic activity of CT might account 
for the tumour promoting effect of 
indoie-3-carbinoi reported in liver and 
for the protective effect in mammary 
tissue. 

lndoie-3-carbinoi (50-100 imol/f) 
inhibited estradioi-activated expression 
of an ERE-containing iuciferase 
reporter gene transfected into MCF-7, 
T47D or MDA-MB-231 breast cots or 
CaSki, SiHa or C33-A cervical cancer 
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cells (Meng et al., 2000c). While 
BRCA1 also inhibited estradiol-acti-
vated expression, iridole-3-carbinol 
and BRCA1 together had a synergistic 
effect. In addition, indole-3-carbinol 
(100 pmol!l) was found to inhibit estra-
diol-enhanced expression of pS2 and 
cathepsin D, whereas it significantly 
increased expression of BRCA-1 in the 
presence or absence of estradiol in 
both MCF-7 and T47D cells. 

3,3'-Diindolylmethane (at ~: 10 imol/1) 
had a potent cytostatic effect on 
human lshikawa endometrial cancer 
cells (Leong et aI., 2001), while a 
higher dose (50 iimol/l) induced apop-
tosis. At 10 iimol/l, a dose that did not 
affect 	cell 	viability, 	3,3 -diindolyl- 
methane induced transforming growth 
factor (TGF)-(x mRNA expression by 
fourfold within 24 h. It also induced a 
fourfold increase in the activity of alka-
line phosphatase, a marker of estro-
gen responsiveness. When the cells 
were co-treated with an estrogen 
receptor antagonist, ICI-182780, or an 
inhibitor of protein kinase A-mediated 
activation of the estrogen receptor, 
H89, both the effects were abolished. 
3,3 -Diindolyl methane also increased 
the maximum stimulatory effect of 
estrogen on TGFa expression, an 
effect that was abolished by cyclo-
hexamide. The amount of TGFa 
secreted was enhanced 10-fold by 
3,3 -diindolylmethane; while ectopic 
addition of TGFcr inhibited the growth 
of cells, the inhibition by 3,3 -diindolyl-
methane was partially reversed by co-
incubation with an anti-TGF antibody. 
These results indicate that 3,3-dim -
doly1methane is a ligand-independent 
estrogen receptor agonist and that the 
TGFc signalling pathway plays an 
essential role in the cytostatic effects 
of 3,3 -diindolylmethane on endome-
trial cancer cells. 

The effect of 17p-estradiol on the 
growth of a range of human breast 
tumour cell lines and the inhibitory 
effect of indole-3-carbinol were sum- 

marized by Ashok et al. (2001). 
Estradiol stimulated the growth of the 
MCF-7, ZR-75-1 and T47D estrogen 
receptor-positive lines, and indole-3-
carbinol was an effective inhibitor. 
Conversely, estradiol had no prolifera-
tive effect on the MDA-MB-231, MDA-
MB-468, MDA-MB-157 or BT-20 lines, 
and indole-3-carbinol alone also 
had no effect on these cells, although 
in most cases no data were presented. 
In another report from the same 
laboratory (Telang et al., 1997c), cell 
cycle arrest was found in MDA-MB-231 
in response to indole-3-carbinol, and 
Howells et al. (2002) showed growth 
inhibition and induction of apoptosis in 
the MDA-MB-468 line in response to 
indole-3-carbinol. Ashok et al. (2001) 
also 	reported 	that 
phosphorylation of the estradiol 
receptor, which was induced in MCF-7 
cells by estradiol, was completely inhib-
ited by indole-3-carbinol at 50 jimol/l 
after treatment for 12, 24 or 48 h. 

To follow up earlier suggestions 
that 	indole-3-carbinol 	selectively 
inhibits cell proliferative activity 
induced by estradiol in responsive 
human breast cancer cells and 
phosphorylation of the estrogen recep-
tor (Tiwari et at, 1994; Ashok et al., 
2001), a study of gene regulation by 
estrogen was undertaken (Ashok et 
al., 2002). Transcription factor binding 
to the ERE in response to estradiol 
was inhibited by treatment with indole-

3-carbinol (50 mol/l for 6 h). Similar 
results were obtained with AP2 and 
SPi response elements. lndole-3-
carbinol did not directly interfere with 
the binding of protein complexes to the 
DNA responsive element. In micro-
array analysis of altered gene regula-
tion in MCF-7 cells in response to 
indole-3-carbinol, down-regulation of 
the estrogen receptor (0.39-fold) was 
detected, but this result was not vali-
dated. 

I ndole-3-carbinol alone (50 llmol/l) 
inhibited luciferase expression from a  

construct containing the ERE, an effect 
that was enhanced by addition of 
genistein at 25 mol/l (Auborn et al., 
2003). 

Androgen-associated effects 
In androgen-dependent LNCaP pros- 
tate 	cancer 	cells, 	3,3 '-diindolyl- 
methane (50 mol/l, 96 h) inhibited 
stimulation of DNA synthesis by 
dihydrotestosterone, while no such 
effect was observed in androgen-inde-
pendent PC-3 cells. 3,3'-Diindolyl-
methane also inhibited transcription of 
endogenous prostate-specific antigen 
and reduced dihydrotestosterone-
induced levels of both intracellular and 
secreted protein in LNCaP cells (Le et 
al., 2003). Prostate-specific antigen 
has been reported to promote the 
proliferation, migration and metastatic 
potential of prostate cancer cells. The 
dihydrotestosterone-i nduced expres-
sion of a prostate-specific antigen pro-
moter-regulated reporter gene was 
also inhibited. Similar effects were 
observed in PC-3 cells after transfec-
tion with a wild-type androgen receptor 
expression plasmid. 3,3'-Diindolyl-
methane inhibited androgen-induced 
translocation of the androgen receptor 
to the nucleus and strongly inhibited 
dihydrotestosterone binding to the 
receptor. 33 -Diindolylmethane had 
several properties similar to those of 
other androgen receptor ligands. The 
authors noted that these results, 
together with their findings on estrogen 
agonist activities, suggest that 3,3'-
diindolylmethane is a unique bifunc-
tional hormone disrupter, being the 
first example of a pure androgen 
receptor antagonist from plants. 

Modulation of the MDR gene 
The ability of indole-3-carbinol and its 
acid condensation products to sensi-
tize murine B16 melanoma cells 
trarisfected with the human multidrug 
resistance (MDR)- 1 gene to the toxicity 
of anticancer drugs was investigated 
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(Christensen & Leblanc, 1996). Indole-
3-carbinol did not sensitize cells to the 
toxicity of vinblastine or doxorubicin, 
but 	the 	acid 	condensation 
mixture showed 50% sensitization 
towards vinblastine at 12.5 imol/l and 
towards doxorubicin at 4.4 jimolfl. 3,3'-
Diindolylmethane, 2,3-bis(indolylmethy-
indole and the cyclic trimer, but not 
indo!e-3-carbinol, each increased 
accumulation of doxorubicin in a 
concentration-dependent manner in 
the MDR-1 -transfected cells, but not in 
the parent cell line. Reversal of the 
MDR-1-phenotype was shown to 
involve inhibition of ligand binding to 
the P-glycoprotein. Indole-3-carbinol, 
however, reversed induction of P-gly-
coprotein in vivo in response to doxo-
rubicin or vinblastine (Christensen & 
LeBlanc, 1996) and also in response to 
vincristine and vinblastine (Arora & 
Shukla, 2003). 

Microarray analyses and similar 
techniques 
Suppression subtractive hybridization 
was used to determine which estradiol-
induced genes were down-regulated 
by the Ah receptor agonist 3,3'-diin-
doly1methane in MCF-7 breast tumour 
cells (Chen, I. et al., 2001). Cells were 
treated with estradiol at 1 nmolIl and 
3,3'-diindolylmethane at 25 pmol/l for 6 
h. The affected genes included riboso-
mal protein L31, 285 ribosomal RNA, 
cytokeratin 19, Wilms tumour-related 
protein, non-muscle myosin light chain 
and ribosomal protein S3. 

In view of the efficacy of indole-3-
carbinol and 3,3'-diindolylmethane 
against HPV-containing  cervical and 
laryngeal papillomas in vivo, Carter et 
al. (2002) used microarray analysis to 
examine the changes in mRNA 
expression in keratinocyte-derived 
cervical cancer cells (C33A which 
lacks HPV transcripts, and CaSki, 
which expresses HPV) and compared 
them with an immortalized human 
epitholial coil line (1-laCat) and normal  

human foreskin keratinocytes after 
treatment with 3,3'-diindolylmethane 
(100 imolfI,  6 h). More than 100 genes 
were consistently altered by at least 
twofold. The results for the two tumour 
cell lines were comparable, and many 
of the same genes were induced in the 
non-cancer cells, including genes cod-
ing for bZIF transcription factors, pro-
teins involved in signalling, stress 
response 	and 	growth. 	3,3'- 
Diindolylmethane induced the proteins 
of ATF-3 and NF-1L6. GADD1 53 was 
investigated in more detail because of 
its potential interaction with other bZIP 
proteins known to regulate HPV-11. 
Both indole-3-carbinol (300 pmol/l, 4 h) 
and 3,3'-diindolylmethane caused up-
regulation of mRNA and protein levels, 
and both compounds suppressed 
expression of HPV oncogenes by 
down-regulating transcription from the 
viral upstream regulatory region, proba-
bly involving GADD 153 and NF-1L6. 

With Pc-3 prostate cancer cells, 
microarray analysis was carried out 
after treatment with indole-3-carbinol 
(60 ttmol/l) or 3,3'-diindolylmethane 
(40 [tmol/1) for 6, 24 or 48 h (Li et al., 
2003). Analysis of mRNA expression 
patterns revealed that of 738 genes 
altered in response to 3,3'-diindolyl-
methane (24 h) by more than twofold, 
677 genes were down-regulated and 
61 were up-regulated. With indole-3-
carbinol, 685 were down-regulated 
and 42 up-regulated. Both compounds 
up-regulated CYP1A1, GST thetal 
and aldo-keto reductase and down-
regulated EGFR, TGFf32 and fibrob-
last growth factor. With respect to cell 
cycle inhibition, both agents inhibited 
cyclin estradiol, ATF1, mitogen 
inducible gene and Bcl2, while induc-
ing the expression of p57°. In 
respect of MAPK and PI3K,/Akt sig-
nalling, MAP2K3, MAP2K4, MAP4K3 
and MARK3 were down-regulated by 
both compounds, while P13K was 
down-regulated by indole-3-carbinol. 
With regard to transcriptional regula- 

tion transcription factor Dp-1, NF-YC 
and core binding factor b were down-
regulated, while the tumour suppres-
sor STIG was up-regulated. 

Mechanisms of cancer 
preventive effects 

Cruciferous vegetables 
The studies on humans and experi-
mental animals and in vitro reviewed 
above, as well as by Verhoeven et al. 
(1997), show that cruciferous vegeta-
bles and their extracts can substan-
tially alter the levels or activity of 
enzymes involved in the metabolic 
activation and detoxification of carcino-
gens. In most of the studies in experi-
mental animals, the observed 
alterations suggested protection 
against DNA damage and carcino-
genicity. These studies therefore 
provide a plausible mechanism of 
chemoprevention by cruciferous vege-
tables. Many of the effects observed in 
these studies can be attributed to the 
hydrolysis products of glucosino-
lates—isothiocyanates and indole-3-
carbinol and its derived compounds. 
The effects have been studied in con-
siderable detail, and the studies are 
summarized below. 

Isothiocyariates 
There is substantial evidence that one 
of the main mechanism by which isoth-
iocyanates prevent cancer in animals 
treated with nitrosamines is by inhibit-
ing cytochrome P450 enzymes that 
metabolically activate these carcino-
gens to promutagenic DNA adducts 
(Hecht, 2000). For example, 
phenethyl-ITC inhibits the metabolic 
activation of NNK in rats and mice. In 
rats, this inhibition occurs selectively in 
the lung, a major target tissue of NNK-
induced tumours. Pyridyloxobutylation 
of DNA by NNK is inhibited by 
phenethyl-ITC in the rat lung, due to 
inhibition of the oxidative metabolism 
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of NNK in the lung, catalysed by 
cytochrome P450 enzymes. This 
results in a shift from the metabolic 
activation pathway of NNK to other 
pathways and a concomitant increase 
of the NNK metabolites NNAL and its 
glucuronides in urine (Staretz at al., 
1995; Hecht at al., 1996a; Staretz et 
al., 1 997a,b). Increased excretion of 
NNAL and its glucuronides in urine 
was also observed in smokers who ate 
watercress, a dietary source of 
phenethyl-ITC (Hecht at al., 1995). In 
mice treated with a single dose of 
NNK, phenethyl-ITC inhibited forma-
tion of the promutagenic DNA adduct 
O-methylguanine in the lung (Morse 
at al., 1989b). This adduct is known to 
be critical in mouse lung tumorigenesis 
in this model. The ability of phenethyl-
ITO to inhibit metabolic activation and 
DNA adduct formation with nitro-
samines is thus one of the main mech-
anism by which it inhibits tumour for-
mation in rodent lung and oesophagus 
(Huang at al., 1993; Morse etaL, 1993; 
Wilkinson at al., 1995; Nishikawa at al., 
1997). Nevertheless, neither phen-
ethyl-ITO nor benzyl-ITC had a strong 
effect on the level of DNA adducts with 
benzo[alpyrene (Adam-Rodwell et al., 
1993; Sticha etal., 2000). 

Isothiocyanates induce gene 
expression through the antioxidant 
response element in experimental ani-
mals (Prestera at aL, 1993). This 
process, which may involve stimulation 
of oxidative stress or modification of 
protein thiols, is mediated by Nrf2, a 
bZIP transcription factor that is 
recruited to the cis element as a hot-
erodimer with the small Maf proteins. 
The battery of genes that can be 
induced by isothiocyanates is 
extensive, probably exceeding 100 
genes. For example, in mouse small 
intestine, sulforaphane induced drug-
metabolizing enzymes including car-
boxyl esterase, microsomal epoxide 
hydrolase, quinone reductase, aldose 
reductase, aldehyde reductase, UGT  

and class alpha and class mu GSTs. In 
addition, sulforaphane induced the 
antioxidant proteins glutamate cys-
teine ligase, ferritin and GSH reduc-
tase in mouse small intestine. The 
NADPH regenerating enzymes glu- 
cose-6-phosphate 	dehydrogenase, 
malic enzyme and 6-phosphoglu-
conate dehydrogenase are also 
induced (Thimmulappa at al., 2002). 
Sulforaphane can induce quinone 
reductase in an Nn2-dependent 
fashion in mouse forestomach (Fahey 
at al., 2002) (see Figure 27). Fahey et 
al. (2002) showed in mice that sul-
foraphane can protect against 
benzo[a]pyrene-induced forestomach 
cancer, and that this benefit is abol-
ished in nrf2-knockout mice. 

The relationship between intake of 
isothiocyanates and cancer appears to 
be complex, and there are individual 
differences in response to isothio-
cyanates, which depend on genetic 
variations 	in 	biotransformation 
enzymes (Ketterer, 1998). This gene—
environment interaction has been best 
studied in relation to the genetic 
polymorphisms that affect GST 
expression (Hayes & Strange, 2000). It 
has been suggested that since GSTs 
are likely to metabolize isothio-
cyanates, individuals who are GST-null 
might metabolize these chemoprotec-
tants more slowly, thus experiencing a 
greater protective effect than GST-non-
null individuals with similar intake. 
More experimental evidence, however, 
is required to substantiate this hypo-
thesis. 

Isothiocyanates can inhibit cell 
growth and induce apoptosis (see 
below). These effects occur at concen-
trations similar to those that can be 
found after consumption of cruciferous 
vegetables; for example, the peak 
plasma concentration of phenethyl-ITC 
in volunteers after eating watercress 
was 1-2 tmol/l (Ji & Morris, 2003). 
Induction of apoptosis and inhibition of 
cell proliferation may contribute to the  

cancer chemopreventive effect of 
isothiocyanates. 

A plausible mechanism for the acti-
vation of apoptosis in tumour cells, 
based on current evidence (Yu at al., 
1996; Chen, Y.R. at al., 1998; Fans at 
al., 1998; Huang et aI,, 1998; Kirlin at 
al., 1999a; Xu & Thornalley, 2000a,b; 
Zhang, 2000; Xu &Thornalley, 2001a,b; 
Zhang, 2001; Chen at al., 2002; 
Nakamura et al., 2002; Thornalley, 
2002; Xiao & Singh, 2002; Zhang & 
Callaway, 2002), is shown in Figure 28 
and the associated footnotes. 

lndole-3-carbinol and derived 
compounds 
Indoles induce xenobiotic response 
element-driven gene expression, 
primarily through condensation of 
indole-3-carbinol to indolo[3,2-b]car-
bazole (Figure 29). The induction is 
mediated by the helix—loop—helix 
transcription factor AhR, which binds 
to its enhancer as a heterodimer with 
aryl hydrocarbon receptor nuclear 
translation. In addition to CYP1Al and 
CYPIA2, other drug-metabolizing 
genes are regulated by the Ah recep-
tor, including microsomal epoxide 
hydrolase, quinone reductase, alde-
hyde dehydrogenase, UGT and GST. 

Induction of cytochrome P450 
enzymes, particularly of the 1 A family, 
appears to be a major mechanism by 
which indole-3-carbinol inhibits tumour 
induction by certain carcinogens in 
laboratory animals. For example, it 
inhibits the lung tumorigenicity of NNK 
in mice by inducing its hepatic metab-
olism, so that less NNK reaches the 
lung and, correspondingly, fewer pro-
mutagenic DNA adducts are found in 
the lung (Morse at al., 1990b). 
Concomitantly, lower concentrations of 
NNAL and its glucuronides are found 
in urine. This notion is consistent with 
results found in smokers who con-
sumed indole-3-carbinol or were 
exposed to indole-3-carbinol and its 
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Figure 27 Activation of antioxdant response element-driven gene expression by isothiocyanates 
ARE, antioxidant response element; Nrf2, nuclear factor-erythroid 2 p45-r6ated factor 2; N001 NAD(P)h:quinone oxidoreductase; GCL, gluta-
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analogues by eating cruciferous veg-
etables containing glucobrassicins 
(Taioli et al., 1997; Hecht et al., 2004). 

lndole-3-carbinoJ decreased the 
amounts of PhIP-DNA and la-DNA 
adducts in multiple tissues in rats, and 
there was a corresponding decrease in 
unmetabolized PhIP and 10 and an 
increase in detoxified PhIP and 10 con-
jugates, as well as N-hydroxy-PhIP 
conjugates, in the urine of these rats. 
Induction of CYPIA2 appears to be at 
least partially responsible for these 
effects. Thus, favourable alteration of 
the balance between metabolic activa-
tion and detoxification appears to be 
one of the main mechanisms by which 
indo!e-3-carbinol inhibits aberrant 
crypt formation by heterocyclic aro-
matic amines (Guo et ai., 1995; Xu et 
al., 1996; He et a1., 1997; Huber et ai., 
1997; Xu et al., 1997; He & Schut, 
1999; He et al., 1997, 2000; 
Dashwood & Xu, 2003). Effects on 
heterocyclic aromatic amine metabo- 

lism consistent with induction of 
CYPIA2 and possibly other enzymes 
were also observed in volunteers who 
ate a diet rich n  cruciferous vegetables, 
although they also had more mutagens 
in their urine (Murray et al., 2001). 

lndole-3-carbinol inhibited forma-
tion of DNA adducts with aflatoxin 81  in 
trout and rat liver. Dose-response rela-
tionships for inhibition of DNA adduct 
formation and inhibition of hepatocar-
cinogenicity correlated in trout 
(Dashwood et al., 1989b; Takahashi et 
al., 1995e). One mechanism for the 
protective effect of indole-3-carbinol 
against aflatoxin 131-DNA adducts 
appears to be induction of GST activ-
ity, including a GST isoform that can 
conjugate the exo-aflatoxin B1  epoxide 
(Stresser et al., 1994b). Moreover, the 
altered GST and cytochrome P450 
enzyme profile in rat liver was shown 
to modify the metabolism of aflatoxin 
B1  (Stresser et al., 1994a; Manson et 
al., 1997, 1998). 

The ultimate effects of enzyme 
induction by indole-3-carbinol in 
humans potentially exposed to multiple 
carcinogens are unclear; they may 
lead to increased or decreased car-
cinogen activation, depending on the 
exposure. 

The ability of indoles to modulate 
the activity of cytochrome P450 
enzymes constitutes a mechanism 
whereby they can affect estrogen 
metabolism. Administration of mndole3 
carbinol has been shown in humans to 
alter the ratio of 2-:16a-hydroxy-
estrone in favour of an increase in 2-

hydroxylation (M ich novicz & Bradlow, 
1990; Bradlow et aI., 1994; Wong et 
al., 1997). Such an increase can be 
predicted to have a negative effect on 
proliferation of estrogen receptor-
responsive cells. There is no general 
agreement, however, that the urinary 
ratio of 2-: 1 6a-hydroxyestrone is an 
important predictor of human breast 
cancer risk, as suggested in some 
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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 (GSH) conjugate RNHC(S)-SG 
3. Depletion of cellular GSH by expulsion of RNHC(=S)–SG from cells by muItidrug-resistanceassociated protein (MRP). As the GSH decreas-

es, protein thiocarbamoylation 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/M6, 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 apoptosis by inducing expres-

sion of the Fas ligand for the Fas death receptor. 
Subsequent events lead to activation of DNA endonucleases, DNA fragmentation and cell death. 
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case—control studies (Schneider et al., 
1982; Kabat et al., 1997) but not in 
another (Ursin et al., 1999). Two cohort 
studies (Meilahn et al., 1998; Muti et 
aL. 2000) provided inconsistent evi-
dence and only partial agreement with 
this hypothesis, one in the case of pre-
menopausal women and the other for 
postmenopausal women. Moreover, 
there is some concern that indole-3-
carbinol and other indoles might 
induce another catechol-forming path-
way, the 4-hydroxylation of estrone and 
estradiol, which occurs concomitantly 
with 2-hydroxylation. This appears to be 
due to acid condensation products of, 
e.g. 	indole-3-carbinol, 	such 	as 
indolo[3,2-blcarbazole formed in the 
stomach, which is a potent Ah receptor 
agonist. Catechol estrogens have been 
positively associated with an increased 
risk for breast cancer (reviewed by 
Bolton of al., 1998; Zhu & Conney, 
1998; Cavalieri et al., 2000). In particu-
lar, there is concern that catechol estro-
gens can affect the redox cycle, with 
generation of estrogen receptor-depen-
dent induction of mutagenic oxidative 
DNA damage, as shown in various 
model systems (Chen et al., 2000; Hiraku 
eta]., 2001; Wellejus & Loft, 2002). 

An increase in the ratio of 2-:16o -
hydroxyestrone modulated by indole-3-
carbinol might occur in HPV-initiated 
laryngeal pap il loniatosis and cervical 
dysplasia, since it has been shown in 
vitro that HPV proliferation is inhibited 
by 2-hydroxyestrone (Sepkovic et al., 
1995; Rosen et al., 1998; Yuan et aL, 
1999; Bell et al., 2000). A mechanism 
involving altered estrogen metabolism 
is also suggested by a number of 
studies in experimental animals 
(Bradlow et al., 1991; Kojima et al., 
1994; Grubbs et al., 1995; Jin et al., 
1999; Ritter et al., 2001). 

Inhibition of cell growth, induction 
of cell cycle arrest and induction of 
apoptosis clearly constitute a useful 
chemopreventive strategy. Evidence  

for these effects was derived mainly in 
vitro but also from a number of studies 
in animals. lndole-3-carbinol has been 
shown to reduce the expression of pro-
liferating cell nuclear antigen in cervi-
cal epithelium of mice (Jin et al., 1999) 
and to induce apoptosis in the same 
tissue after estrogen treatment (Chen, 
I. et al., 2001). lndole-3-carbinol, but 
not 3,3'-diindolylmethane, was shown 
to induce the activity of caspases 3, 8 
and 9 in the mammary gland before 
initiation of tumorigenesis but not in 
tumours in a rat mammary adenocarci-
noma model (Zhang & Malejka-
Giganti, 2003). In rats fed indole-3-
carbinol, inhibition of ornithine decar-
boxylase and tyrosine kinase activity 
was observed in the liver (Manson et 
al., 1998). 

After treatment with indole-3-
carbinol, mechanisms that could 
contribute to growth arrest include inhi-
bition of ornithine decarboxylase activ-
ity, decreased epidermal growth factor 
receptor (EGFR) and Rb phosphoryla-
tion, decreased CDK6 expression and 
CDK2 and cyclin activity, as well as 
increases in p16, p21, p27 and p53 
expression. With regard to induction of 
apoptosis, induction of TRAIL 
receptors, increased Bax expression 
and translocation to the mitochondrion, 
release of mitochondrial cytochrome c, 
decreased levels of Bc12 family 
members, as well as inhibition of 
signalling through survival pathways 
involving PI3KIAkt and NE-kB may all 
be relevant. Fewer detailed studies 
have been done of the mechanism of 
action 	of 	3,3-diindolylmethane. 
Potential mechanisms include up-
regulation of GADD proteins, 
decreased CDK2 activity, increased 
p21 activity, an altered Bc12:Bax ratio 
and inhibition of estrogen receptor 
signalling. In the case of indolo[3,2-
b]carbazole, inhibition of estrogen 
receptor signalling would favour 
chemoprevention. 

Studies in vitro provide some sug-
gestion that indole-3-carbinol has anti-
angiogenic effects, as induction of E-
cadherin and catenins was observed 
(Meng et al., 2000a). 

A number of the molecular mecha-
nisms likely to contribute to the chemo-
preventive effects of indole-3-carbi nol 
in estrogen receptor-negative breast 
cancer were reviewed by Rahman and 
Sarkar (2002). Both estrogen receptor-
dependent and -independent mecha-
nisms were considered, including 
modulation of the ratio of 2-:16a-
hydroxyestrone in vivo, inhibition of 
estrogen receptor-negative cell growth 
and induction of apoptosis, inhibition of 
AktIPKB phosphorylation, up-regula-
tion and mitochondrial translocation of 
Bax and down-regulation of 8c12 and 

BCIXL. With MCF10A (normal) and 
MCF10CA1a (cancer cell) lines, their 
findings were similar to those of 
Howells et al. (2002), namely, that the 
cancer cells were more sensitive to 
growth inhibition by indole-3-carbinol, 
that Bcl,(.L  was down-regulated only in 
the tumour cells and that indole-3-
carbinol inhibited phosphorylation of 
Akt/PKB without affecting the total 
amount of the protein. 

When assessing the relevance of 
possible chemopreventive mecha-
nisms identified in vitro, it is important 
to consider the doses that were used. 
While growth arrest and induction of 
apoptosis have been achieved in many 
different cell types at doses approach-
ing those achievable in vivo, much 
higher doses were used in some of the 
more detailed studies. Two encourag-
ing aspects are that a number of stud-
ies have shown that tumour cells are 
more sensitive to the effects of indoles 
than non-transformed cells and, when 
direct comparisons have been made, 
condensation products are generally 
more potent than the parent indole-3-
carb in 01. 
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Chapter 5 

Other beneficial effects of cruciferous vegetables, 

isothiocyanates and indoles 

Cardiovascular disease 

The beneficial effects of fruit and vege-
tables in preventing coronary heart dis-
ease and stroke were summarized in 
Handbook 8 (IARC, 2003). This section 
covers only studies in which crucifer-
ous vegetables were distinguished as 
a separate group or isothiocyanates or 
indoles were identified as distinct 
dietary constituents, and in which 
results were reported separately for 
these items (Table 60). 

The relationship between coronary 
heart disease and cruciferous vege-
table intake was examined by 
Joshipura et al. (2001) within a study 
of nurses' health and a follow-up study 
of health professionals. They studied 
non-fatal cases of myocardial infarct or 
fatal cases of coronary disease, con-
firmed by review of medical records by 
WHO criteria or designated probable' 
if confirmatory information was 
obtained by interview or letter. There 
were 1063 incident cases of coronary 
heart disease among mon and 1127 
among women. While total fruit intake 
and total vegetable intake were both 
inversely related to risk, inverse asso-
ciations were also observed with high 
consumption of cruciferous vegeta-
bles. The results were similar for men 
and women. [The Working Group 
noted that confidence intervals were 
provided only for both sexes com-
bined.] 

Gaziano et ai. (1995) obtained 
information on dietary intake of foods  

identified as having a high carotene 
content (including broccoli and 
Brussels sprouts) from 1273 residents 
of Massachusetts (USA), aged 66 
years or more. The response rate was 
96%. After an average of 4.75 years of 
follow-up, there were 270 confirmed 
deaths of known cause, of which 161 
were attributed to cardiovascular dis-
ease. When people who ate one or 
more servings per day were compared 
with those who ate less, a nonsignifi-
cant inverse relationship was found 
between death from cardiovascular 
disease and intake of broccoli or 
Brussels sprouts. [The study was lim-
ited by the fact that only a small pro-
portion of the population (1.4%) 
reported daily consumption of broccoli 
or Brussels sprouts, and the analysis 
was adjusted for only a few con-
founders.] 

Joshipura et al. (1999) looked at 
the assodation between fruit and 
vegetable intake and incident stroke 
confirmed from medical records in the 
study of nurses' health and the follow-
up study of health professionals. 
Cruciferous vegetable intake was 
inversely related to the risk for 
ischaemic stroke in mon and women 
and in the combined analysis. The 
authors observed that biological 
evidence for a protective role of any 
single constituent of fruits and vegeta-
bles was inconclusive; the potentially 
beneficial constituents included potas-
sium, folate and fibre. 

Cataract 

The relationship between cataract and 
cruciferous vegetable intake was 
examined within the follow-up study of 
health professionals (Brown et al., 
1999). Self-reported cataract extraction 
(of which 83% were confirmed from 
ophthalmologists' records) was used 
as the end-point. The primary hypothe-
sis was for a protective effect of lutein 
and zeaxanthin, and an inverse rela-
tionship was found for intake of these 
nutrients. When intake of two crucifer-
ous vegetables was assessed, broccoli 
showed the strongest inverse relation-
ship with cataract; there was no signif-
icant association with kale. 

Anti-bacterial activity 

The anti-microbial properties of 
extracts of cruciferous plants were first 
reported in the early 1900s, but inter-
est in their use as food preservatives 
has grown only during the past decade 
(Delaquis & Sholberg, 1997). Particular 
attention has been focused on allyl-
ITC, which constitutes 90% of the 
volatile essential oils isolated from 
horseradish (Amora cia lapathitolia) 
and has consistently shown antimicro-
bial activity in both liquid and vapour 
forms (Kyung & Fleming, 1997; 
Shof ran et al., 1998; Ward et al., 
1998). This compound, which is poorly 
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J Table 60. Cruciferous vegetable intake and risk for coronary heart disease, stroke and cataract 

Author, year, Cases/cohort size, Exposure measure Range contrast 	Relative risk Adjustment for 	 Comments 
country sex (years of (no, of items) (no. of 	 (95% Cl) confounding 

follow-up) categories) 
Coronary heart disease 
Joshipura et 1127/84 251 (14 Cumulative Highest versus Age, smoking, alcohol, 	Prospective cohort 
al. (2001) years) women and average daily lowest (5) family history of 	 (HPFS, NHS) 
USA 1063 / 42 148 (8 intake of myocardial infarct, body 

years), men cruciferous Women 	 0.80 mass index, vitamin 
vegetables from Men 0.93 supplement and vitamin 
FFQ (131 in Pooled 0.86 (0.75-0.99) E use, physical activity, 
HPFS, 126 in aspirin use, hyper- 
NHS) tension, hypercholes- 

terolaemia, total daily 
caloric intake, 2-year 
follow-up periods, post- 
menopausal hormone 
use 

Gaziano et aI. 161/1273 (4.75 FF0 (43) 1 serving/day Broccoli and/or Age, sex Mortality 
(1995) years) versus < 1 Brussels sprouts Cohort study 
USA serving/day (2) 0.29 (0.04-2.12) 

Stroke 
Joshipura et 366/75596 Cumulative Highest versus Age, smoking, alcohol, Incidence 
al. (1999) women (14 years) average daily lowest (5) family history of myo- Prospective cohort 
USA and 204/38 683 intake of crud- cordial infarct, body (HPFS, NHS) 

men (8 years) ferous vegetables Women 0.77 (0.54-1.08) mass index, vitamin 
from FF0 (131 in Men 0.64 (0.42-099) supplement and vitamin 
HPFS, 116 in Pooled 0.71 (0.55-0.93) E use, physical activity, 
NHS) aspirin use, hyperten- 

sion, hype rcholestero- 
laemia, total energy 
intake, time periods, 
postmenopausal  
hormone use 

Cataract 
Brown et al. 840 cases/36 644 Semi-quantitative > twice/week Broccoli Age, time, diabetes, HPFS 
(1999) USA men (8 years) FF0 (131) versus < 0.77 (0.61-0.97) smoking, body mass 

once/month (4) Ptred = 0.02 index, area of residence, 
aspirin use, energy 

Kale intake, physical activity, 
0.85 (0.47-1.56) alcohol, routine eye 

= 0.86 examinations, 

FF0, food frequency questionnaire; HPFS, Health Professionals Follow-up Study; NHS, Nurses' Health Study 



Other beneficial effects of cruciferous vegetables, isothiocyanates and indoes 

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 lettuce 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 et al., 1998; Lin et 
al., 2000b). 

Another member of the isothio-
cyanato 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 (0fb et al., 
1998). 

Fahey et al. (2002) reported that 
sulforaphane had a bactericidal 
effect against intracellular 1-lelicobac-
ter pyloriin a human epithelial cell line 
(HEp-2). 
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Chapter 6 

Carcinogenicity 

Humans 

In the epidemiological studies of can-
cer reviewed in section 4, some of the 
relative hsks for high versus low con-
sumption of cruciferous vegetables 
were above unity, and a few were 
significantly greater than 1.0: i.e., in 
one cohort study of colorectal cancer, 
one case—control study of breast can-
cor and one case—control study of thy-
roid cancer. These were extreme 
examples of estimates that tended to 
centre close to the null. None of these 
results was considered by the Working 
Group to represent evidence of 
carcinogenicity in humans. 

Experimental studies 

Cructerous vegetables 
The fact that control animals given 
cruciferous vegetables alone did not 
show tumour enhancement indicates 
that these vegetables alone are not 
carcinogenic. Nevertheless, in a few 
studies, dietary Brass/ca vegetables 
may have enhanced the tumour 
response in carcinogen-treated ani-
mals (Table 61). 

Colon 
In two studies, Temple and Basu 
(1987) and Temple and El-Khatib 
(1987) examined the potential 
inhibitory effect of dietary cabbage on 
the formation of colon tumours in 
female Swiss mice treated with 
dimethylhyd razine. 	Unexpectedly, 
cabbage elicited some enhancement 
of tumour response when given 

throughout the experiment or during 
carcinogen treatment, although these 
increases were not statistically signifi-
cant. 

Pancreas and gall-bladder 
Birt etal. (1987) evaluated the ability of 
dried cabbage supplements in the diet 
to inhibit pancreatic carcinogenesis in 
hamsters. Pancreatic cancer was 
induced by treatment with N-nitroso-
bis(2-oxopropyamine (BOP) at 40 
mg/kg bw. Before receiving the 
carcinogen, the animals were given a 
low-fat diet containing 9% (w/w) dried 
cabbage; from 1 week after BOP treat-
ment, cabbage was given in low- (at 
9%) and high-fat (at 11%) diets. The 
high-fat cabbage-containing diet 
increased the yield of BOP-induced 
pancreatic ductule carcinoma (1.6 
carcinomas per animal) in comparison 
with that observed in hamsters fed the 
low-fat diet cabbage-containing or a 
high-fat diet without cabbage (0.6-0.8 
carcinomas per animal; p < 0.05). The 
incidence of BOP-induced gall-bladder 
adenocarcinoma was increased in 
cabbage-fed hamsters irrespective of 
dietary fat. 

Skin 
Birt etal. (1987) evaluated the ability of 
dietary dried cabbage supplements to 
inhibit skin tumorigenesis in mice. Skin 
tumours were induced in SENCAR 
mice with 10 nmol of 7.12-dimethyl- 
benz[a]anth race ne 	(DMBA) 	and 
promoted beginning I week later by 
twice weekly applications of 2 ig of 
1 2-O-tetradecanoylphorbol 13-acetate 
(TPA). Dried cabbage was incorpo-
rated into AIN semi-purified diets 
before DMBA and throughout TPA 
treatment. The skin papilloma yield 

was increased in DMBA-initiated TPA-
promoted mice fed diets containing 
10% cabbage, from 7.25 papillomas 
per mouse in mice given control diet to 
an average of 8.45 papillomas per 
mouse after 22 weeks of promotion (p 
<0.001). 

Spermatic cord and others 
Srisangnam et al. (1980) fed diets con-
taining dehydrated cabbage to wean-
ling male C57BL/6 mice injected 
subcutaneously with 20 mg/kg bw of 
dimethylhydrazi ne at weekly intervals 
for 36 weeks. Diets known to be 
adequate in all nutrients for mice were 
modified to include ground dehydrated 
cabbage leaves to 10%, 200% and 400% 

of diet, protein, crude fibre and lipids 
being held at constant levels. The diets 
containing 10% or 20% cabbage 
enhanced dimethylhydrazino-induced 
tumorigenicity, while the diet containing 
cabbage at 400% had a protective 
effect, which was not significant. 
Tumours of the spermatic cord were 
the most frequent, with occasional 
kidney and liver tumours. 

Giucosinolates 
Morse of al. (1988) studied the effects 
of long-term dietary administration of 
sinigrin (2-propenyl glucosinolate) at 3 
pmo}/g of diet to Fischer 344 rats 
before and during treatment with 
4-(methylnitrosamino)-1 -(3-pyridyl)-1 - 
butanone (NNK) (1.76 mg/kg subcuta-
neously three times a week for 20 
weeks). After 104 weeks, there was no 
effect of sinigrin on tumorigenesis in 
liver, lung or nasal cavities; however, a 
significant increase in pancreatic 
tumeurs was observed in rats treated 
with both sinigrin and NNK. 
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Cabbage 
increased 
colon tumours, 
particularly 
adeno-
carcinomas, in 
initiation 
period but 
reduced 
adenomas in 
promotion 
period 

Although 
males were 
little affected 
by cabbage, 
females fed 
cabbage 
showed a 
tendency for 
increase in 
colon tumours 

Temple & 
Basu 
(1987) 

Temple & 
El-Khatib 
(1987) 

Table 61. Enhancement of carcinogen-induced tumours by dietary cruciferous vegetables in experimental animals 

Species, 	Age at 	No. of 	Carcino- 	Cruciferous 	Timing of Enhancement of tumour 	Summarized 	Reference 
strain 	start 	animals 	gen, route, 	vegetable, 	treatment 	incidence (TI) or multiplicity 	effect 
(sex) 	(weeks) per 	dose, 	amount, 	 (TM) 

ciroue 	duration 	duration 

Cabbage, 128% 	Initiation, 	Adenoma TM 
of diet, post- 	dimethyihydrazine alone, 1.85; 
purchased initiation or 	+ cabbage during initiation, 2.00; 
locally, starting 5 throughout 	+ cabbage after initiation, 0.92 
weeks before or (p < 0.05); 
after the + cabbage throughout, 2.00 
carcinogen Adenocarcinoma TM: 

dimethylbydrazine alone, 0.85; 
+ cabbage during initiation, 1.15; 
+ cabbage after initiation, 0.75; 
+ cabbage throughout, 1.42 

Cabbage, 13% Through- 	Adenoma incidence (%) 
of diet, 21 out 	Females: dimethylhydrazine 
weeks, alone, 42.9; + cabbage, 62.5 
purchased Males: diniethylhydrazine alone, 
locally, starting 47.0; + cabbage, 37.5 
31 days before Adenocarcinoma TI (%) 
carcinogen Females: dirnethyihydrazine 

alone, 35.7; + cabbage, 68.7 
Males: dimethylhydrazine alone, 
64.7; + cabbage, 37.5 
Total tumeurs per tumour - 
bearing mouse 
Females: dimethylhydrazine 
alone, 117; + cabbage, 4.92 
Males: dimethyihydrazine alone, 
3.08; + cabbage, 2.89 

Mouse, 	5-7 
	

20-40 
	

Dimethyihy- 
ICR (F) 
	

drazine, 
starting at 
17 mg/kg bw 
and then 
increasing 
by 21%, 
weekly x 8 
(total, 291 
mg/kg bw), 
s.c., killed 
27 weeks 
after first 
dose 

Mouse, 	5-7 
	

14-17 
	

Dimethyl- 
Swiss (M, 	 hydrazine, 
F) 
	

starting at 
23 mg/kg bw 
and then 
increasing 
weekly x 7, 
s.c., killed 
17 weeks 
after first 
dose 



Table 61 (contd) 

Species, 
strain 
(sex) 

Age at 	No. of 
start 	animals 
(weeks) 	per 

group 

Carcino- 
yen, route, 
dose, 
duration 

Cruciferous 
vegetable, 
amount, 
duration 

Timing of 
treatment 

Enhancement of tumour 
incidence (TI) or 
multiplicity (TM) 

Summarized 
effect 

Reference 

Pancreas and gall-bladder 
Hamster, 4 	15-30 BOF, 40 Dried cabbage, Through- Pancreatic ductile Cabbage diet Bid et al. 
Syrian mg/kg bw x 9.1% of diet, out carcinomas per animal: high enhanced (1987) 
goiden 1 	s.c., killed starting 4 weeks fat, 0.6; cabbage + high fat, pancreatic and 
(M) at 52 weeks before 1.6 (p <0.05) gall-bladder 

carcinogen or Gall-bladder tumeurs 
10.9% starting 1 adenocarcinoma TI (%): no 
week after cabbage, 3; cabbage, 12 (p 
carcinogen <0.05) 

Skin 
Mouse, 5 	10-30 DMBA, 10 Dried cabbage, Through- Skin papillomas per mouse: Cabbage diet Bid et al. 
Sencar nmol x 1 + 10% of diet, out TPA, 7.25 after 22 weeks of enhanced skin (I 9B7) 
(F) TPA, 2 pg starting 4 weeks promotion; cabbage + TPA, tumeurs 

twice per before 8.45 
week carcinogen (p <0.001) 
beginning 1 
week after 
DMBA, 
topically, 
killed at 24 
weeks 

Spermatic cord and others 
Mouse, 	Weanin 	19-89 	Dimethylhy- Dehydrated Through- 	TI (%): Diets 	 Srisangnam 
057/131/6 	g 	 drazine, 20 cabbage, 10%, out 	dimethyihydrazine alone, containing 	et al. (1980) 
(M) 	 mg/kg bw 20%, 40% of 30.5; 10% and 20% 

weekly x 36, diet + 10% cabbage, 40.4; cabbage 
s.c., killed at + 20% cabbage, 46.1; enhanced 
36 weeks + 40% cabbage, 15.8 dimethyl- 

Spermatic cord TI (%): hydrazine- 
dimethylhydrazine alone, induced 
23.2; tumorigenicity, 
+ 10% cabbage, 29.8; while cabbage 
+ 20% cabbage, 34.9; at 40% 
+ 40% cabbage, 15.8 provided a 

protective 
effect 

s.c., subcutaneously; DMBA, 7,12-dimethylbenz[ajanthraoene; M, male; F, female; TPA, 12-0-tetradecanoyl-13-phorbol acetate; BOF, N-nitrosobis(2-oxo-
propyF)amine 
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Isothiocyanates 
Like most agents that disrupt or impair 
biological processes, isothiocyanatos 
can also have adverse effects, includ-
ing tumour promotion, weak tumori-
genicity, genotoxicity and slight, 
transient organ toxicity. Whether an 
isothiocyanate inhibits or enhances 
tumorigenesis depends on its alkyl 
chain length, the animal species, the 
target organ, the time and duration of 
treatment, the dose and the carcino-
gen used to induce the tumeurs. The 
studies in which enhancement of 
carcinogenicity was observed are 
summarized in Table 62. 

Tumour promotion 
Oesophagus 
Stoner et al. (1995) reported that 
oesophageal carcinogenesis was 
enhanced in male Fischer 344 rats by 6-
phenylhexyl-ITC, a synthetic ITC, given 
in the diet for 2 weeks before challenge 
with N-nitrosomethylbenzylamine (NM BA) 
(0.5 mg/kg bw once a week for 15 
weeks by subcutaneous injection), and 
continued in the diet for the remainder of 
the 21-week experimental period. 6-
Phenylhexyl-ITC increased the number 
of NMBA-induced oesophageal tumours 
at all dietary concentrations (0.4, 1 .0 
and 2.5 pmol/g of diet), with significant 
increases at 1.0 and 2.5 pmol/g: the 
tumour multiplicity increased from 7.2 
papillomas per oesophagus in controls 
given NMBA alone to 11.6 and 12.2, 
respectively. There was no effect on 
tumour incidence or size. 

Colon 
Dietary 6-phenylhexyl-ITC given in the 
diet at 640 or 320 mg/kg 2 weeks 
before treatment with azoxymethane 
(subcutaneous injection of 15 mg/kg 
bw, once a week for 2 weeks) and for 
the duration of the experiment (52 
weeks) increased tumorigenicity in the 
intestine of male Fischer 344 rats (Rae 
et al., 1995). At the higher dietary con-
centration, the incidence of intestinal 

adenocarcinomas (small intestine and 
colon) was significantly increased 
(81% to 97%), as was the multiplicity of 
invasive and non-invasive adenocarci-
nomas of the colon (0.53 to 0.86 and 
0.97 to 1.67, respectively). At the lower 
concentration of G-phenyhexyl-ITC, 
the multiplicity of non-invasive adeno-
carcinomas was significantly increased 
in the colon (0.97 to 1.46) but not in the 
small intestine. The tumour volume in 
the colon was increased by approxi-
mately twofold (at 320 mg/kg) and 4.3-
fold (at 640 mg/kg), and at the higher 
concentration the tumour size was sig-
nificantly increased (tumours > 1 cm 
increased from 10 to 35). In addition, 
COX-2 and LOX activities were 
increased by approximately twofold at 
the higher concentration of 6-phenyl-
hexyl-ITC in both colon mucosa and 
colon tumours. 

Liver and urinary bladder 
Phenthyl-ITC and benzyl-ITC were 
reported to have promoting activity on 
bladder carcinogenesis in male 
Fischer 344 rats (Hirose et al., 1998). 
Rats were pretreated with a single 
intraperitoneal injection of N-nitrosodi-
ethylamine (NDEA) at 200 mg/kg bw 
and 2 days later were given drinking-
water containing N-butyl-N-(4-hyd roxy-
butyl)nitrosamine (BN) for 4 weeks. 
Three days after the end of BBN treat-
ment, phonethyl-ITC or benzyl-ITC 
was added to the powdered diet at 
0.1%, and animals were maintained on 
this diet until they were killed at 32 
weeks. The number of rats with papil-
lary and nodular hyperplasia or carci-
noma of the bladder was increased 
from 570/. to 100% and from 24% to 
100%, respectively, with both com-
pounds. Phenethyl-ITC, but not bonzyl-
ITC, also significantly increased the 
number of altered liver cell foci > 0.5 
mm in liver, from 1.05 to 1.45 per cm2. 

Using the same dosing schedule 
but varying the concentration of 
phenethyl-ITC, Ogawa et al. (2001)  

also found an increased incidence of 
papillary or nodular hyperplasia (73% 
to 100%) with phenethyl-ITC at a con-
centration of 0.1%, 0.05% or 0.01% in 
the diet and an increase in the fre-
quency of dysplasia (33% to 73% and 
100% at 0.01%, 0.05% and 0.1%, 
respectively). The frequency of transi-
tional-cell carcinoma increased from 
20% to 100% at 0.1% and 0.05%. 
More importantly, pheriethyl-ITC at the 
two highest concentrations increased 
the incidence of invasive carcinoma 
from 0% to 67% and 93%. In the liver, 
both the number (per cm2) and area 
(mm2lcm2) of GST-P+ foci were 
increased with phenethyl-ITC at 0.10% 

and 0.05% of diet (in number from 5.8 
to 17.8 and 11.9 and in area from 0.4 
to 1.18 and 0.8, respectively). 

Mammary gland 
Lubet et al. (1997) found that 
phonethyl- ITC actually decreased the 
latency for mammary tumeurs in 
female Sprague-Dawley rats, slightly 
increased the tumour incidence and 
increased tumour multiplicity. Phen-
ethyl-ITC was given to rats in the diet 
at a concentration of 1200 or 600 
mg/kg, beginning 1 week before dos-
ing with 12 mg of DMBA by gavage. 
Phenethyl-ITC at 1200 mg/kg also 
weakly induced hyperplasia in the 
bladders of all rats and increased the 
liver:body weight ratio. Using a differ-
ent chemoprevention scheme, mo et 
al. (1996) also found that benzyl-ITC 
lacked inhibitory activity for mammary 
tumorigenesis. Benzyl-ITC at 400 
mg/kg in a high-fat diet (23.5% corn 
oil) was fed to Sprague-Dawley rats, 
beginning 1 week before dosing with 
the carcinogen 2-amino-i -methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) at 
100 mg/kg bw eight times over 16 days 
by gavage. One week after the final 
PhIP dose, the rats were given the 
high-fat diet only. After 31 weeks, rats 
given PhIP alone had a tumour 
incidence of 74.2% and a tumour 
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Table 62. Promoting effect of isothiocyanates (ITCs) on carcinogen-induced tumours in male Fischer 344 rats 

Organ Age at No. per 	Carcinogen, ITC, dose, Timing of Effect on tumour 	Reference 
site start group 	route, dose, route treatment incidence (TI) or 

(weeks) duration multiplicity (TM) 
Oesopha- 6-7 15 	NMBA, s.c., 0.5 6-Phenylhexyl- 2 weeks before, At 21 weeks, no effect 	Stoner et al. 
gus mg/kg bw, once ITC, 0.4, 1, 2.5 during and after on TI; at I and 2.5 	(1995) 

a week for 15 pmol/g diet NMBA pmoig, significantly 
weeks enhanced TM 

2 weeks before At 640 mg/kg, 	 Rao et al. (1995) 
azoxymethare significantly enhanced 
to termination at TI, TM and tumour 
52 weeks volume 

At 320 mg/kg, increased 
TM and tumour volume 

3 days after Both ITC5 increased 	Hirose et of. 
BBN incidences cf papillary or 	(1998) 

nodular hyperplasia and 
carcinoma of bladder. 
Phenethyl-ITC, but not 
benzyl-ITC, increased 
foci in liver 

Color 
	

12-36 	Azoxymethane, 	6-Fhenyfiexyl- 
s.c., 15 mg/kg 	ITC, 320 or 640 
bw, once a week mg/kg diet 
for 2 weeks 

Urinary 
	

21 	NDEA, p., 200 
	

Phenethyl-ITC, 
bladder, 	 mg/kg bw once, 	0.1% orbenzyl- 
liver 	 after 2 days 

	
liC. 0.1% in diet 

BBN, drinking- 	for 32 weeks 
water, 0.05%, 4 
weeks 

Urinary 
bladder, 
liver 

15 NDEA, p., 200 
mg/kg low, once, 
after 2 days 
BBN in drinking-
water at 0.05%, 
4 weeks 

Phenethyl-ITC, 
0.01%, 0.05%, 
0.1%, in diet for 
32 weeks 

3 days after 	At 0.05% and 0.1%, 
BBN 	 significantly increased 

papillary or nodular 
lesions, dysplasia and 
carcinomas of bladder in 
carcinogen-promoted 
animals. Also weakly 
promoted bepato-
carcinoqer es is 

Ogawa et al. 
(2001) 

s.c., subcutaneously; i.p., i intra peritonea lly; NMBA, N-nitrosometbylbenzylamine; NDEA, N-nitrosodiethylamine; BBN, N-butyl-N-(4 lydroxybutyl)-
nitrosamine 
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multiplicity of 1.71, and those given 
benzyl-ITC and PhIP had an incidence 
of 62.5% and a multiplicity of 1.91; the 
mean size of tumours in benzyl-ITC-
treated rats increased, although not 
statistically significantly, from 9.9 mm 
to 10.8 mm. 

Carcinogenicity 
Hirose et al. (1998) found that feeding 
a diet containing phenethyl-ITC or ben-
zyl-ITC at 1000 mg/kg without carcino-
gen treatment increased the incidence 
of papillary or nodular hyperplasia in 
the bladder of Fischer 344 rats (from O 
to 100%) but did not increase the num-
ber of foci in the liver. 

Similarly, Ogawa et al. (2001) 
found that phenethyl-ITC in the diet at 
500 or 1000 mg/kg without carcinogen 
pretreatment increased the frequen-
cies of simple hyperplasia (from O to 
100%), papillary or nodular hyperpla-
sia (from O to 100%) and dysplasia 
(from O to 53% and 80%). 

Okazaki of al. (2002) found that 
benzyl-ITC in the diet at 100 or 1000 
mg/kg resulted in an increased fre-
quency of epithelial hyperplasia in the 
bladder and suggested that benzyl-ITC 
not only did not inhibit bladder carcino-
genesis but might also have a weak 
carcinogenic effect. 

In another study with phenethyl-
ITC, Sugiura et al. (2003) reported that 
feeding Fischer 344 rats a diet contain-
ing phenethyl-ITC at 1000 mg/kg for 48 
weeks or for 32 weeks with normal diet 
for 1, 3 or 7 days or 16 weeks before 
death resulted in high incidences of 
simple and papillary or nodular hyper-
plasia, dysplasia and carcinoma (tran-
sitional-cell carcinoma with squamous-
cell carcinoma and adenocarcinoma 
components). Phen-ethyl-ITC at 1000 
mg/kg of diet for 32 weeks and then 
basal diets increased the incidence of 
simple and papillary or nodular hyper-
plasia from O to 100% and that of dys-
plasia from O to 67% and 92% when 
animals were killed 7 days and 16  

weeks after removal of phenethyl-ITC 
from the diet. Furthermore, the inci-
dence of carcinoma increased from O 
to 330% and 58%, respectively. 
Treatment of animals for 48 weeks with 
phenethyl-ITC increased the incidence 
of simple and papillary or nodular 
hyperplasia and dysplasia from O to 
100% and the incidence of carcinoma 
from O to 92% (11/12 animals). 
Although the area of bladder mucosa 
occupied by hyperplasia was reduced 
after removal of phenethyl-ITC after 32 
weeks, the numbers of animals with 
dysplasia and carcinoma actually 
increased, showing tumour progres-
sion in the absence of phenethyl-ITC. 
The areas of hyperplasia that were 
reversible were those showing little 
atypia. 

Allyl-ITC was administered at 12 or 
25 mg/kg bw in corn oil five times per 
week by gavage to groups of 50 
Fischer 344 rats and 50 B6C3F mice 
of each sex for 103 weeks. Groups of 
50 rats and 50 mice of each sex 
received corn oil alone and served as 
vehicle controls. Transitional-cell papil-
lomas in the urinary bladder occurred 
in treated male rats with a statistically 
significant trend (p < 0.05; controls, 
0/49; lower dose, 2/49, 4%; higher 
dose, 4/49, 8%). Administration of allyl-
ITC also increased the prevalence of 
epithelial hyperplasia in the urinary 
bladder in male rats. No evidence of an 
association between administration of 
allyl-ITC and increased tumour inci-
dence was seen in the mice (Dunnick 
etal., 1982). 

Indoles 
The initial studies on the chemopre-
ventive effects of indole-3-carbinol 
(Wattenberg & L.oub, 1978; Bailey of 
al., 1982) addressed its efficacy as a 
blocking agent', that is, when given 
before or during carcinogen treatment. 
These and subsequent studies 
showed that indole-3-carbinol is an 
effective chemopreventive agent 

against a variety of chemical carcino-
gens and in a variety of target organs 
and animal models (see section 4). 
Studies of its efficacy against estro-
gen-driven cancers, especially breast 
cancer, have attracted special atten-
tion; however, with few exceptions, 
these studies did not address its effi-
cacy in animals in which cancer had 
already been initiated, that is, post-ini-
tiation or suppression' effects. Several 
such studies suggest that certain pro-
tocols result in enhanced tumour 
response in carcinogen-treated ani-
mals (Table 63). 

Protocol-dependent tumour promo-
tion in liver and mammary gland 
The first evidence that dietary indole-3-
carbinol treatment might have 
deleterious consequences came from 
studies with models of colon and liver 
carcinogenesis. In a multi-factorial 
design for studying colon cancer 
(Pence et al., 1986), indole-3-carbinol 
fed to mice before, during and after 
dimethylhydrazine was found to act 
synergistically with tallow and 
cholesterol to increase the tumour 
response. More direct evidence that 
indole-3-carbinol promotes tumeurs 
was provided by studies of liver 
carcinogenesis. While dietary co-treat-
ment with indole-3-carbinol resuted in 
strong, dose-dependent decreases in 
aflatoxin B1—DNA adduction and 
hepatocarcinogenesis in rainbow trout 
(Bailey et al., 1982; Dashwood et al., 
1988, 1989b), subsequent treatment 
with indole-3-carbinol of trout 
previously initiated with aflatoxin B1  
resulted in potent tumour promotion 
(Bailey of al., 1987; Dashwood et al., 
1990, 1991; Dashwood, 1998). 
These experiments provided repro-
ducible evidence that indole-3-carbinol 
has multi-functional activity in vivo, with 
protocol-dependent 	potential 	to 
enhance as well as reduce cancer risk. 

The finding of promotion in trout 
was confirmed and extended in 
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Table 63. Promoting effect of indole-3-carbinol on carcinogen-induced tumours in rats 

Strain 	Age at 	No. per 	Carcino- 	Indole-3- 	Timing of 	Effect observed on 	Reference 
(sex), 	start 	group 	gen, route, 	carbinol 	treatment 	tumour incidence (TI) 
organ 	(weeks) 	 dose, 	dose, route 	 or multiplicity (TM) 

duration 
Si 6 	11-15 
Dawley 
(M), liver 

Sprague- 6 	10-20 
Dawley 
(M), 
multiple 
organs 

Sprague- 	54 days 	20 
Dawley 
(F), 
multiple 
organs 

Sprague- 7 	 19 
Dawley 
(F), 
mammary 
gland 

1200   0.25%, diet 2 weeks before Decreased hepatic GST- Kim of at. 
mg/kg bw, or after NDEA i foci before initiation; (1994) 
1. P. for 6 weeks increased number and 

area after initiation 

NDEA, 0.25%, diet 1 week after Significant GST-P' foci Kim et of 
MNU, DHPN carcinogen for promotion at week 24, (1997) 

20 weeks non-signicant liver 
adenoma promotion at 
week 52, significant 
enhancement of thyroid 
tumours at week 52 

0M BA, 2000 mg/kg, After last 500% increase in Stoner et al. 
aflatoxin 131 , diet, 25 carcinogen hepatic GST-P' foci (2002) 
azoxy- weeks, weeks treatment on day 
methane 5-30 29 

DMBA, 20 	250 mg/kg bw, 	3 weeks after 	No inhibition 	 Malejka- 
mg, orally 	three times a 	DMBA 	 Gigariti of ai. 

week, 12 	 (2000) 
weeks 

Sprague- 	4 	24-34 	MNU, 50 	100 or 300 	1 week after 	Increased TI and TM at 	Kang et al. 
Dawley 	 mg/kg bw, 	mg/kg, diet, 24 MNU 	 300 mg/kg bw 	 (2001) 
(F), 	 i. P. 	 weeks 
mammary 
gland 

Fischer 	4-5 	20-23 	Dimetbyl- 	1000 mg/kg, 1 	1 week after last 	No effect 	 Xu et al. 
344 (M), 	 hydrazine, 	year, diet 	carcinogen 	 (2001) 
colon 	 20 mg/kg 	 treatment 

bw, once a 
week, 5 
weeks, s.c. 

NDEA, N-nitrosodiethylamine; MNU, N-methyl-N-nitrosourea; DHPN, dihydroxy-di-N-propylnitrosamine; OMBA, 7,1 2-dimethylbenz[a]anthracene 
i.p., intraperitoneally; S.C., subcutaneously; F, female; M, male 
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conventional rodent models. Kim et al. 
(1994) used a medium-term bioassay 
with male Sprague-Dawley rats to 
show that 0.250% indole-3-carbinol in 
the diet for 2 weeks before a single ini-
tiation with NDEA significantly 
decreased the number of hepatic GST-
PH- foci, whereas treatment at this dose 
for 6 weeks after the carcinogen signif-
icantly promoted the number and 
mean area of hepatic GST-PH- foci. A 
study with a modified, multi-organ pro-
tocol showed that indole-3-carbinol 
caused significant promotion of GST-
P+ foci by week 24, non-significant 
hepatic adenoma promotion by week 
52 and significant enhancement of thy-
roid gland tumours by week 52 in rats 
(Kim et al., 1997). 

Bailey and colleagues (Stoner et 
al., 2002) developed a three-organ 
Sprague-Dawley rat model for simulta-
neous comparison of the effects of 
indole-3-carbinol post-initiation on 
mammary, colon and liver carcinogen-
esis in the same animals. In this model, 
feeding a diet containing indole-3-
carbinol at 2000 mg/kg for 25 weeks 
post-initiation induced a modest delay 
in the latency of mammary tumour for-
mation, no effect on mammary tumour 
incidence or multiplicity, a 40% 
decrease in the number of aberrant 
crypt foci in the colon, but a 500% 
increase in the volume per cent of 
hepatic GST-Pt Because of the differ-
ent kinetics of tumour development in 
the liver and mammary gland, it has 
not been possible to compare the 
effects of indole-3-carbinol in these two 
organs directly in this multi-organ 
model. 

Studies of the effects of adminis-
tering indole-3-carbinol post-initiation 
on the suppression of mammary car-
cinogenesis in rodents had mixed 
results. Treatment of rats with high, 
sustained doses of indole-3-carbinol 
(250 mg/kg bw three times a week for 
12 weeks) failed to suppress mam-
mary tumour development in DMBA- 

initiated 	Sprague-Dawley 	rats 
(Malejka-Giganti et al., 2000). This 
finding was suggested to be due to a 
persistent increase in putative estro-
genic and carcinogenic estrogen 
metabolites in this model (Ritter et al., 
2001). Longer, 25-week dietary treat-
ment with indole-3-carbinol at 100 or 
300 mg/kg similarly failed to suppress 
mammary tumour development in 
MNU-initiated Sprague-Dawley rats 
(Kang et al., 2001); on the contrary, the 
mean tumour incidence and multiplicity 
at the higher concentration were 
higher than those in the group receiv-
ing the carcinogen alone. 

[The Working Group concluded 
that these studies indicate that high, 
sustained doses of indole-3-carbinol 
post-initiation may be necessary for 
any measurable protection against 
mammary tumorigenesis, and that the 
dose—response potency of indole-3-
carbinol for liver tumour promotion 
exceeds that for suppression of mam-
mary tumorigenesis in rats. It is 
notable that the doses of indole-3-
carbinol often used in human studies 
(5-10 mg/kg bw per day) are far below 
those (200-500 mg/kg bw per day) 
required to suppress mammary 
tumours in rats but are comparable to 
the doses (5-20 mg/kg bw per day) 
that potently promote liver tumours in 
trout.] 

Dose-dependent protection versus 
promotion 
Few quantitative assessments of the 
relative potency of dietary indole-3-
carbinol for reducing (blocking or 
suppressing) and enhancing (promo-
tion) tumours have been reported. In 
studies in rainbow trout, up to 9000 fish 
were used to quantify the effects of the 
dose of indole-3-carbinol on the posi-
tion and slope of entire curves of 
carcinogen dose—tumour response, 
using the tumour dose index (TD50), 
defined as the ratio between the dose 
of aflatoxin B1  required to give a 50% 

tumour response in the absence of 
indole-3-carbinol and that required to 
give a 50% tumour response in the 
presence of indole-3-carbinol (Dashwood 
et al., 1989 b, 1990; Bailey et al., 1991; 
Dashwood et al., 1991). These 
dose—dose matrix experiments showed 
that concomitant feeding of iridole-3-
carbinol with aflatoxin B during a 4-
week initiation period displaced the 
entire curve towards higher values for 
the TD., of aflatoxin B1  to an extent 
that increased with indole-3-carbinol 
dose and with an effective 50% inhibi-
tion concentration of 1400 mg/kg. 
Feeding indole-3-carbinol for 9 months 
after initiation with aflatoxin B, how-
ever, displaced the dose—response 
curves towards lower TD., values for 
aflatoxin 131, with an effective 50% pro-
motion concentration of indole-3-
carbinol of 1000 mg/kg. Indole-3-
carbinol-mediated promotion was later 
shown to be non-reversible and 
directly proportional to the duration of 
treatment (Dashwood et al., 1991). 
Subsequent experiments to determine 
quantitative dose—response relation-
ships, with as many as 9000 trout, 
failed to produce evidence for a thresh-
old dose below which indole-3-carbinol 
given post-initiation would not promote 
tumours (Oganesian et al., 1999). The 
authors of these studies concluded 
that indole-3-carbinol provided as pro-
longed treatment is more potent in pro-
moting initiating events than in blocking 
concurrently administered carcinogens 
in trout liver. 

Mechanisms of tumour promotion in 
liver 
The general concept that supplemen-
tation with indole-3-carbinol might pro-
vide a systemic, protective anti-estro-
genic effect (Michnovicz & Bradlow, 
1990, 1991; Bradlow et al., 1994) does 
not apply to all species, strains or tis-
sues. In particular, indole-3-carbinol 
and 3,3'-d i i nd olyl methane have potent 
estrogenic activity in vivo in trout, 
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Carcinogenicity 

inducing estrogen-responsive genes in 
the liver (Shilling et aL, 2001). Since 
trout liver tumorigenesis is promoted 
by estrogen treatment, the estrogenic-
ity of indole-3-carbinol might account 
for its promotional activity in this 
species. 	Interestingly, 	indole-3- 
carbinol, like estrogen, suppresses 
liver tumour development in the infant 
C57BL mouse model (Oganesian et 
aL, 1997). Conversely, increased estro-
gen metabolism has been proposed to 
explain the suppression of sponta-
neous mammary tumours in CH3/OuJ 
mice by this compound (Bradlow et al., 
1991). [The Working Group concluded 
that these studies suggest that indole-
3-carbine] can have pro- and anti- 

estrogenic, organ-specific effects in 
mammals. These mechanisms are fur-
ther discussed in section 4.] 

Risk enhancement in colon 
lndole-3-carbinol has been reported to 
enhance development of colon 
tumours in rats when given before, dur-
ing and after dimethylhydrazine (Pence 
et aL, 1986). Its effects in this organ 
appear, however, to depend on the 
end-point assessed, the carcinogen 
used and the timing and dose of 
indole-3-carbinol administration. Dietary 
administration of ndole-3-carbinol 
post-initiation at 1000 mg/kg did not 
enhance but significantly suppressed 
colon tumours induced in Fischer 344 

rats by IQ (Xu et al., 2001), and indole-
3-carbinol given only post-initiation 
with dimethylhydrazine had no effect 
on colon tumorigenesis. [The Working 
Group concluded that, on balance, the 
available studies suggest that pro-
longed treatment with indole-3-
carbinol might provide protection 
against at least some colorectal can-
cers, rather than promotion.] 

Carcinogenicity 
There are no reports of tumour induc-
tion by treatment with indole-3-carbinol 
alone in any animal model system. 
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Chapter 7 

Toxic effects 

Adverse effects 

The classic toxic effect of cruciferous 
vegetables is goitrogenicity, which has 
been described in cattle and humans 
and is caused by goitrin and other 
compounds derived from certain 
Brass/ca seeds. 

Humans 
Brassica vegetables 
Owing to the high content of vitamin K 
in broccoli, drug interactions have been 
reported in patients receiving medica-
tion for hypoprothrombinaemia. Two 
such cases were reported in women 
who ate 230-450 g/day of broccoli 
(Kempin, 1983). One survey showed 
that most health-care professionals 
(> 87%) were aware of possible inter-
actions between warfarin medication 
and the high content of vitamin K in 
certain Brass/ca vegetables, such as 
broccoli, whereas fewer [55%, read 
from figure] knew about the potential 
drug interaction with white cabbage 
(Couris et al., 2000). 

Drug interactions as a conse-
quence of effects of cruciferous veg-
etables on xenobiotic metabolizing 
enzymes are also well known from 
controlled human intervention studies 
(see section 4 for more detail). In one 
study on the effects of eating 400 g/day 
of Brussels sprouts for 2 weeks on 
warfarin clearance, a 29% increase 
was observed (Ovesen et al., 1988). 
The effect of eating Brussels sprouts 
and cabbage on the clearance of 
antipyrine, oxazepam and aceta-
minophen has also been assessed in 
controlled human intervention studies. 
The drugs were excreted significantly  

faster (by 10-20%) after intervention 
with cruciferous vegetables at a level of 
250 g/day (Pantuck et al., 1979, 1984). 

Endemic goitre was common in 
many countries in the past century and 
in many European countries as late as 
1985. Only the Nordic countries and 
the United Kingdom had succeeded by 
that time in decreasing the prevalence 
(European Thyroid Association, 1985). 
Goitre can be controlled by compul-
sory addition of iodide to all household 
salt. Several studies were conducted 
after 1947 on the goitrogenic effects of 
dietary components and drugs by 
injecting volunteers with radioiodine 
and determining uptake into the thyroid 
by external counting (van Etten et al., 
1969a). 

A goitrogenic effect of cruciferous 
vegetables was hypothesized on the 
basis of field observations of 
Tasmanian schoolchildren and the 
source of milk in their homes. The most 
likely source of the goitrogenic com-
pounds in the diets of these children 
was the milk of cows given Brass/ca for-
age crops, particularly during the winter 
months (Clements, 1957). 

In Finland, when goitre was com-
mon, it was suspected to be due to low 
dietary iodine intake in combination 
with consumption of milk from cows 
grazing on fields rich in cruciferous 
vegetation. In an experiment with 22 
healthy volunteers (7 women, 15 men) 
aged 22-46 years, radioiodine uptake 
into the thyroid was determined while 
they drank 1.5-2 I of milk containing 
0-20.3 pg/I of goitrin, 2.1-8.0 mg/I of 
SCN- and 8-142 pg/I of 1 (Vilkki et al., 
1962). No effects were found on 
radioiodine uptake, plasma-bound 
iodine or total serum iodine. In an  

experiment in which a single dose of 
0.15-100 mg of goitrin was given to 
volunteers [number per group not 
given, a reduction in radioiodine 
uptake was seen at doses ~ 50 mg. 

Shortly after injection of 1311 and 
determinations of baseline uptake, 
groups of two men or women [sex not 
specified for each group] were given 
crystalline goitrin at one of six doses 
from 12.5 to 400 mg (Langer et al., 
1971). A dose-related decrease in 
radioiodine intake was observed, with 
50% inhibition at around 300 mg [value 
read from curve]. In two further experi-
ments described in the same publica-
tion, each individual served as his or 
her own control by undergoing two 
tests for radioiodine uptake 1 week 
apart. After a baseline test for radioio-
dine uptake 1 week earlier, six volun-
teers received 50 mg of crystalline 
goitrin, and 13 received 25 mg 1 h 
before the second test. A third group of 
18 volunteers were given 10 mg of 
crystalline goitrin 12 h before and 
another 10 mg 1 h before the second 
test. Radioiodine uptake was statisti-
cally significantly decreased in the two 
former groups, whereas no decline 
was observed in the third group. In two 
individuals given 50 mg, uptake of 
radioiodine was completely blocked. 
Reduced iodine uptake by the thyroid 
gland was observed with the radioio-
dine test after a daily intake of 500-600 
g of cabbage (raw, pickled, boiled or 
quick-steamed) for 2 weeks by a group 
of nine volunteers [previous work cited 
by Langer et ai. (1971)]. Each individ-
ual served as his or her own control by 
comparison with a baseline test per-
formed 6 months earlier. 
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In a parallel study of the effects of 
ingestion of 150 g of Brussels sprouts 
daily for 4 weeks by a group of three 
women and seven men, no effects 
were observed on serum concentra-
tions of thyrotropic hormone, total or 
free thyroxine or total triiodothyronine 
(McMillan et al., 1986). The sprouts 
variety had been selected for its high 
content of progoitrin and glucobras-
sicin, and the daily doses of these com-
pounds were confirmed by food analy-
ses to be 99 mg and 105 mg, respec-
tively; however, the daily intakes were 
decreased to 69 mg and 39 mg, 
respectively, by cooking. The intake of 
progoitrin in this study could have led to 
an intake of 14 mg of the goitrogenic 
goitrin. The authors speculated that the 
low (2.4%) residual activity of myrosi-
nase in the sprouts decreased the for-
mation of goitrogerlic derivatives and 
was indirectly the cause of the null 
effect observed in this study. 

Indoles 
Groups of 20 women at high risk for 
breast cancer were assigned to 400 
mg/day indole-3-carbinol or placebo 
for 3 months. They were interviewed 
monthly about any adverse effects, 
and blood samples were collected for 
extensive clinical chemistry. No sys-
tematic adverse effects were reported, 
and there was no effect on plasma 
bilirubin and albumin or on serum glu-
tamyl ornithine transaminase, suggest-
ing no effect on liver function. Also, 
plasma estrogen and the number of 
days between menses were unaf-
fected (Bradlow et al., 1994). 

In a double-blind placebo-con-
trolled dose-ranging study, 57 women 
of an average age of 46.7 years 
(range, 22-74 years) who were at 
increased risk for breast cancer were 
randomized into groups of 7-10 and 
given indole-3-carbinol at a dose of 
0-400 mg/day for 4 weeks (Wong et 
al., 1997). No toxicity or consistent 
adverse effects were reported. 

In a prospective open-label trial, 
indole-3-carbinol was given to 18 
patients aged 1.2-66 years with recur-
rent respiratory papillomatosis; the 
children received a weight-related 
dose of 5-10 mg/kg bw per day, while 
the adults took 200 mg twice a day for 
8-24 months (average, 14.6 months). 
Symptoms of disequilibrium developed 
in three persons who took excessive 
doses, one of whom was a male vol-
unteer given 800 mg/day for 10 days. 
Light tremor was also observed. These 
symptoms disappeared when the dose 
was decreased to 400 mg/day. Two 
girls aged 2.5 years and 12 years who 
accidentally took triple doses both 
experienced unsteadiness for periods 
of 8-24 h (Rosen et al., 1998). 

Experimental animals 
Acute toxicity 
Glucosinolates and nitriles 
The reported values for the median 
lethal dose (LD50) of Brass/ca com-
pounds in animals are shown in Table 
64. 

The acute toxic effects of subcuta-
neously injected Brass/ca glucosi no-
lates and nitrites were studied in 
groups of 5-8 Holtzman rats of each 
sex, maintained on Teklad 40% mouse 
and rat diet and weighing 250-300 g 
(Nishie & Daxenbichler 1980). Some of 
the rats were pregnant. lndole-3- 
carbinol 	and 	3-indolylacetonitrile 
induced sedation, ataxie, loss of right-
ing reflex and sleep. In general, they 
were less toxic in pregnant females 
and more toxic in the younger male 
rats. Several other compounds were 
tested at only one or two doses, 
administered by a single or by two 
repeated subcutaneous injections. The 
kidneys, livers and adrenal and thyroid 
glands were examined histologically at 
necropsy or 12 days after dosing. 1-
Cyano-3,4-epithiobutane (total dose, 
about 90 mg/kg bw) gave rise to 
increased renal weights and renal 
necrosis in pregnant dams, and signs 

of restorative growth were observed in 
survivors. Abnormal thyroids were 
observed in non-pregnant females 
given acutely toxic doses (150-650 
mg/kg bw) of epi-progoitrin, 3-indolyl- 
acetonitrile, 	S-1 -cyan o-2-hydroxy-3- 
butene or R-goitrin, in the form of 
hyperplastic cells, smaller follicles, 
foamy areas and scanty colloid, 
whereas the thyroids of pregnant 
females were largely unaffected by 
these compounds. Slightly hyperplastic 
thyroids were observed in pregnant 
and non-pregnant rats after near-lethal 
doses (100-700 mg/kg bw; see Table 
64) of 1 -cyano-3,4-epithiobutane, sink 
grin (including oral administration), 
sinalbin hydrate, para-hyd roxyphenyl-
acetonitrile, iberin nitrile, 3-indolylaceto-
nitrile and indole-3-carbinol. Lberin at 
an acutely toxic dose (100 mg/ kg bw) 
did not affect thyroid tissue in rats. 
Sporadic changes in liver and adrenal 
weights were found with the nitrites. 1-
Cyano-3,4-epithiobutano consistently 
increased adrenal weights of males 
and pregnant female rats by 25-50% 
at a dose of 95 mg/kg bw. 

In order to determine the lethal 
dose, high single doses of the com-
pounds were administered subcuta-
neously to Sprague-Dawley rats. The 
rats were observed for 12 days after 
dosing, at which time they were killed. 
The mean LD50  values were 90 mg/kg 
bw for iberin, 109 mg/kg bw for 1-
cyano-3,4-epithiobutane, 200 mg/kg 
bw for S-1 -cyano-2-hydroxy-3-butene 
and 255 mg/kg bw for 3-indolylacetoni-
trile; values could not be determined 
for indole-3-carbinol or para-hydroxy-
phenylacetonitrile, although their acute 
toxicity was similar to that of 3-indoly-
lacetonitrile. 

Isothiocyanates and derivatives 
In the study of Nishie and 
DaxenbicNer (1980), the mean LD50  
value for allyl-ITC was reported to be 
92 mg/kg bw (see Table 64). Mildly 
abnormal thyroid tissues were 
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Table 64. Median lethal doses (LD50) of Brassica compounds 

Compound Species, strain Route of Duration of follow- LD5 Reference 

administration up {niglkg bw) 

1-Cyano-3,4-epithio- Mouse Oral Not specified 178-240 van Etten et ai. (1969a) 
butane 

Rat, Sprague- Subcutaneous 12 days 109 Nishie & Daxenbichler (1980) 

Dawley 
Mouse Orai Not specified 170 van Etten et ai. (1 969a) 

Rat, Sprague- Subcutaneous 12 days 200 Nishie & Daxenbichler (1980) 

Dawley 

AlIyI-ITC Mouse (white) Subcutaneous 14 days 80 Klesse & Lukoschek (1955) 

Rat Oral 339 Jerrier et al. (1964) 

Rat, Sprague- Subcutaneous 12 days 92 Nishie & Daxenbichler (1980) 
Dawley 

Phenethyl-ITC Mouse (white) Subcutaneous 14 days 250 Klesse & Lukoschek (1955) 

Mouse, Swiss- Subcutaneous 14 days 150 Lichtenstein et ai. (1962) 

Webster 

Goitri n 

Iberin 

lndole-3-carbincl 

Mouse 

Rat, Sprague-
Dawley 

Mouse, ICR 

Mouse, Cl 
Rat, Wistar 

Rabbit, white 

Oral 
Intravenous 

Oral 

Subcutaneous 

Oral 

Intraperitoneal 
Oral 
Oral 
Intraperitoreal 
Oral 

Intrapeiltoneal 

14 days 
14 days 

Not specified 

12 days 

10 days cumulative 

10 days cumulative 
1h 
10 days cumulative 
10 days cumulative 
10 days cumulative 

10 days cumulative 

700 
50 

1260-1415 

90 

1670 

500 
<750 
1850 
550 
1400 

420 

van Etton eta?, (1969a) 

Nishie & Daxerbichler (1980) 

Shertzer (1982) 

Shertzer & Sainsbury (1991a) 
Shertzer (1982) 

3-Indolylacetonitrile 
	

Rat, Sprague- 	Subcutaneous 
	

12 days 
	

255 
	

Nishie & Daxenbichler (1980) 

('e 
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observed in pregnant and non-preg-
nant rats after near-lethal doses. The 
LD50 of a 10% solution of allyl-ITC 
given subcutaneously in corn oil to 
mice was reported to be 80 mg/kg bw 
(IARC, 1985). 

The acute toxicity of allyl-ITC in 
groups of five Fischer 344/N rats and 
five B6C3F mice of each sex was 
examined in pilot studies before a long-
term cancer bioassay (National 
Toxicology Program, 1982). After 16 
days' administration of allyl-ITC in corn 
oil by gavage, growth retardation and 
dose-related signs of toxicity were 
seen at doses of 200 and 400 mg/kg 
bw in rats and 100-800 mg/kg bw in 
mice, evaluated on the basis of com-
parisons with the lowest dose (no con-
trols). No female mice and only one 
male mouse survived the dose of 800 
mg/kg bw. 

Groups of five male and five female 
Osborne-Mendel rats were fasted for 
18h and then given a single high dose 
of allyl-ITC by gavage and observed 
for 14 days. An LD., of 339 mg/kg bw 
(95% confidence interval, 318-361) 
was calculated (Jenner et al., 1964). 
The animals were described as 
scrawny, with porphyrin-like deposits 
around the eyes and nose and rough 
fur. 

The LD50 values for phenethyl-ITC 
in mice were reported to be 700 mg/kg 
bw after oral administration and 50 
mg/kg bw after intravenous injection. In 
the same species, the LD50 of 
phenethyl-ITC administered subcuta-
neously was reported to be 150 mg/kg 
bw (Lichtenstein et al., 1962) or 
250 mg/kg bw (Klesse & Lukoschek, 
1955). 

In a study presented in an overview 
(van Etten et al., 1969a), the LD50 val-
ues in mice were 1260-1415 mg/kg 
bw for goitri n (R-5-vi ny!oxazolidine-2-
thione), 169 mg/kg bw for S-1 -cyano-2-
hydroxy-3-butene and 178-240 mg/kg 
bw 	for 	S-1 -cyano-2-hydroxy-3,4- 
epithiobutane. 

Indoles 
Preliminary LD50 values were deter-
mined by Shertzer (1982) in male ICR 
mice, Wistar rats and New Zealand 
white rabbits treated with indole-3-
carbinol for 10 days (Table 64). Male 
ICR mice, weighing about 30 g bw, 
were maintained on Purina animal 
chow and dosed orally or intraperi-
toneally for 10 consecutive days. The 
LD50 in male ICR mice was estimated 
to be 500 mg/kg bw after iritraperi-
toneal administration and 1670 mg/kg 
bw when given by gavage. In male 
Wistar rats (weighing 300 g), the LD50 
values for intraperitoneal and oral 
administration were 550 mg/kg bw and 
1850 mg/kg bw, respectively, whereas 
the LD50 values for rabbits (male New 
Zealand white, weighing about 2 kg) 
were 420 mg/kg bw when given 
intraperitoneally and 1400 mg/kg when 
administered orally. No further details 
about the experiments were given. 

The acute toxicity of indole-3-
carbinol was studied in groups of male 
CID-1 mice weighing 30-35 g, main-
tained on Teklad standard rodent diet 
for 7 days and then given indole-3-
carbinol orally at 50 mg/kg bw per day 
(dissolved in corn oil, 1.5 pug bw) for 
10 days (Shertzer & Sainsbury, 
1991a). Indole-3-carbinol did not 
change the body weight or the 
liver:body weight ratio. The activity of 
several plasma enzymes was deter-
mined 2 and 24 h after a single oral 
dose of 50-500 mg/kg bw. Plasma cre-
atine phospho-kinase activity was not 
changed at doses up to 500 mg/kg bw, 
indicating a lack of severe cardiotoxic-
ity; however, indole-3-carbinol caused 
a dose-dependent increase in plasma 
ornithine transcarbamylase activity (at 
doses > 100 mg/kg bw) and alanine 
transaminase activity (at doses 
> 250 mg/kg bw), indicating a hepato-
toxic effect, 24 h after treatment. 
Indole-3-carbinol 	decreased 	the 
hepatic GSH concentration in a dose-
dependent manner 2 h after oral doses 

> 100 mg/kg bw; the concentration had 
returned to background levels by 24 h 
at doses < 250 mg/kg bw. Leaking of 
hepatic enzymes into the bloodstream 
was seen at doses > 100 mg/kg bw. 
Neurological signs, including changes 
in posture and activity, were seen at 
doses ~ 100 mg/kg bw 2 h after gav-
age. A dose of 500 mg/kg bw induced 
coma. 

A single oral administration of 
indole-3-carbinol at a dose> 100 pmol 
per rat (15 mg/kg bw) to groups of four 
male Sprague-Dawley rats, 3-4 weeks 
old and maintained on a semi-purified 
diet for 7-8 days, led to toxic manifes-
tations in the small intestine (Bradfield 
& Beldanes, 1987b). 

Groups of six male guinea-pigs, 
weighing 400-500 g, were given two 
oral doses of indole-3-carbinol at 0.3 
mg/kg bw per day for 4 days. The ani-
mals were killed after treatment on day 
4, and four tissue samples were col-
lected from the liver and lung of each 
animal and examined histopathologi-
cally. Indole-3-carbinol caused hepatic 
steatosis and interstitial pneumonia 
with septal hyperaemia (Gonzalez et 
al., 1986). 

Short-term effects 
Brassicas 
Crambe oilseed meals processed to 
increase or decrease the levels of epi-
progoitrin, goitrin or total nitriles were 
given at 10% in the feed to groups of 
five weanling rats for 90 days, and the 
weight and survival of the animals 
were recorded as a measure of toxicity 
(van Etten et al., 1969b). Fractions of 
epi-progoitrin 	(0.85%), 	R-goitri n 
(0.23%) and nitrile (0.1%) isolated 
from crambe seeds were mixed into 
the feed for additional groups. The 
nitrile-rich meals were the most toxic, 
leading to 100% mortality in a group 
fed 10% (w/w) meal treated to enrich 
nitriles, and a 40% reduction in body 
weight in a similar group in a second 
experiment. The weight of animals fed 
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0.1% nitrile fraction in the feed was 
only 17% that of controls (60% sur-
vival). Animals fed meal containing 
active myrosinase had only 40-600/. 
weight gain and reduced survival. 
These meals had high concentrations 
of epi-progoitrin. The animals fed puri-
fied epi-progoitrin or R-goitrin reached 
85% of the weight of controls. 

Isothiocyanates and derivatives 
WIST male rats weighing 70-90 g 
[number of animals per group not 
reported] were given allyl-ITC at a 
dose of 10, 20 or 40 mg/kg bw (b 
days/week) by gavage for up to 6 
weeks (Lewerenz et al., 1988). The 
highest dose reduced body-weight 
gain and decreased blood glucose and 
serum globulin levels. Examination of 
the blood revealed an increased per-
centage of neutrophils and a 
decreased percentage of lymphocytes 
after treatment with the highest dose 
for 2 weeks. After 1-3 weeks, 
increased thymus, liver or adrenal 
weights (both relative and absolute) 
were found in all treated groups. 
Increasing the treatment period to 4 
weeks resulted in no significant differ-
ences in thymus, liver or adrenal 
weights between treated and control 
animals. Renal dysfunction was indi-
cated by increased urinary aspartate 
ami notransferase activity, reduced 
urine volume and changes in the spe-
cific gravity of the urine in the group of 
rats receiving the highest dose. 
Histopathological changes were 
observed in the kidneys of animals 
given 20 or 40 mg/kg bw per day and 
in the livers of animals at 40 mg/kg bw 
per day. 

The toxicity of aIlyl-ITC after 
repeated doses was investigated in 
pilot studies before a long-term cancer 
bioassay in rats and mice of each sex. 
An experiment in which groups of five 
male and five female Fischer 344/N 
rats and B6C3F1  mice received doses 
in corn oil of 25-400 mg/kg bw and  

3-50 mg/kg bw, respectively, by gav-
age for 14 days resulted in 'adhesion of 
the stomach wall to the peritoneum' in 
rats and a dose-dependent thickening 
of the stomach mucosa in both 
species. Furthermore, mice given the 
highest dose developed thickening of 
the urinary-bladder wall. [The Working 
Group noted that histological details 
were not presented and that the signif-
icance of these findings is uncertain.] 
The doses of 200 and 400 mg/kg bw 
per day to rats and 50 mg/kg bw per 
day to mice were lethal. In a 13-week 
study in groups of 10 male and female 
Fischer 344/N rats and B6C3F1  mice 
given a dose of 1.5, 3, 6, 12 or 25 
mg/kg bw per day, no dose-related 
effects were observed on growth or 
gross morphology (National Toxicology 
Program, 1982). 

Administration of phenethyl-ITC at 
a dose of 41, 82 or 122 mg/kg bw per 
day for 6 days by gavage to groups of 
24 female and 24 male young NJ mice 
resulted in significantly reduced body-
weight gains [absolute numbers not 
specified, hyperactivity, rough fur and 
emaciation (Adam-Rodwell of al., 
1993). A dose of 244 mg/kg bw per day 
was lethal after two to four doses and 
was discontinued. 

The toxicity of benzyl-ITC was 
investigated in groups of 15 male rats 
weighing 85-110 g given the com-
pound dissolved in sunflower oil at a 
dose of 50, 100 or 200 mg/kg bw per 
day by gavage for 4 weeks (Lewerenz 
et al., 1992). Control rats were given 
the vehicle only Body-weight gain and 
food consumption were decreased 
with increasing doses of benzyl-ITC. 
Haematological 	changes 	were 
observed at the highest dose, with 
increased serum cholesterol concen-
trations in all treated groups and 
decreased serum triglycerides at 200 
mg/kg bw per day. Renal dysfunction 
was indicated by reduced urine vol-
ume, proteinuria and enhanced urinary 
lactate 	dehydrogenase 	activity. 

Benzyl-ITC at 200 mg/kg bw per day 
caused histological changes in the 
ductus choledochus, liver, ileum and 
mesenteric lymph nodes. The weights 
of the thymus (at 100 and 200 mg/kg 
bw per day) and spleen (at 200 mg/kg 
bw per day) were decreased in relation 
to body weight, whereas the weights of 
all other organs were increased. 

Even at a low dose of 7.5 mg/kg bw 
per day to ACI rats for 53 weeks, ben-
zyl-ITC resulted in a decrease in 
weight gain of 8-9% as compared with 
control animals (Sugie of al., 1991). 

Morse et al. (1989a) examined the 
toxicity of phenethyl-ITC at 0, 0.75, 1 .5, 
3 or 6 pmol/g of diet in male Fischer 
344 rats (weighing 100-120 g) in a 13-
week study. Dietary administration of 
phenetliyl-ITC did not produce any 
deleterious effects on survival, body 
weight or food intake. Clinical evalua-
tion showed no adverse changes 
suggesting toxicity. In addition, no sig-
nificant differences from control ani-
mals were found on gross examina-
tion at necropsy or by determination 
of 	relative 	organ 	weights. 
Histopathological analyses, however, 
revealed centribular and mid-zonal 
fatty metamorphosis in the livers of 
rats exposed to phenethyl-ITC at all 
doses tested. 

Indoles 
Groups of eight male Sprague-Dawley 
rats weighing 70 g were given a control 
diet or control diet containing either 
glucobrassicin at 0.5 g/kg [30 mg/kg 
bw per day], sinigrin, gluconapin, glu-
cosinalbin or glucotropaeolin each at 
1.0 g/kg [60 mg/kg bw per day] or pro-
goitrin at 3.0 mg/kg [160 mg/kg bw per 
day] for 29 days. Before treatment, the 
animals were held on control diet for 2 
days, for 1 day on control diet contain-
ing 50% of the final glucosinolate level 
and for 1 day on control diet containing 
75% of the final glucosinolate level. 
The dietary glucosinolates did not 
affect feed intake or body-weight gain 
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throughout the period. Only progoitrin 
affected the relative weights of the thy-
roid, liver and kidney (Vermorel et al., 
1986). 

The effect of indoles on body 
weight was investigated in groups of 
six male weanling Sprague-Dawley 
rats fed A1N76 diet containing indole-3-
carbinol at 50, 500, 5000 or 7500 
mg/kg ad Jib/turn for 3 weeks (Babish & 
Stoewsand, 1978). Significantly lower 
body-weight gain was observed with 
5000 mg/kg [1500 mg/kg bw per day] 
and 7500 mg/kg [2250 mg/kg bw per 
day], representing 85% and 59% of the 
weight gain of untreated controls, 
respectively. The relative liver weights 
were increased by 1.6- and 1.8-fold, 
respectively, in these two groups. In 
another study, indole-3-carbinol was 
given by gavage at 5, 25, 50, 100 or 
200 mg per day for 6 weeks to female 
Sprague-Dawley rats from 43 days of 
age (Grubbs et al., 1995). The highest 
dose caused a 10% depression in 
body-weight gain and a 20% increase 
in liver weight. The modifying effect of 
indole-3-carbinol was investigated in a 
multi-organ carcinogenesis model in 
groups of 20 male Fischer 344 rats, 6 
weeks of age, maintained on AIN-76A 
diet for 4 weeks and then switched to 
the same diet containing 0.5% indole-
3-carbinol for 36 weeks [300 mg/kg bw 
per day]. An insignificant decrease in 
body weight was observed (Jan g et al., 
1991). 

The effect of dietary indole-3-
carbinol on liver and body weight was 
investigated in groups of six female 
C3H/OuJ adult mice, 80-100 days old, 
maintained on Purina basal diet with 
10% corn oil for 3 days and then given 
the same diet containing indole-3-
carbinol at 0, 1000, 3000 or 5000 
mg/kg [120, 360 or 600 mg/kg bw per 
day] for 3 weeks (Bradlow et al., 1991). 
The average daily food consumption 
decreased significantly only in mice at 
the highest dose. The relative 
livecbody weight ratio increased with  

dose. Additionally, groups of six female 
SW mice, 80-100 days of age, were 
maintained on Purina basal diet with 
10% corn oil for 3 days and then given 
the same diet containing indole-3-
carbinol at 0,250, 1000 or 2500 mg/kg 
[30, 120 or 300 mg/kg bw per day] for 
3 weeks. No difference in body weight 
was observed. A slight increase in the 
liver:body weight ratio was seen in 
treated animals, but there was no 
gross evidence of hepatic toxicity. Two 
groups of 10 male and 10 female 
C3H!OuJ mice, 21-28 days of age, 
were kept on control Purina semi-syn-
thetic diet or the same diet containing 
indole-3-carbinol at 2000 mg/kg [240 
mg/kg bw per day] for G months. The 
average body weights of the females in 
each group were recorded about every 
10-15 days. No differences in body 
weight were observed. 

Groups of seven male Sprague-
Dawley rats were fed diets containing 
indole-3-carbinol at concentrations 
providing a dose of 0, 50, 100 or 150 
mg/kg bw per day, 5 days/week for 7 
weeks (Exon et al., 2001). The anti-
body response to an antigen challenge 
was significantly decreased at the 
highest dose. No effects were found on 
natural killer cell activity or delayed-
type hypersensitivity. 

Goitrogenic effects 
Crucifers and unrefined fractions 
A goitrogenic effect of crucifers was 
first noted after feeding Hrassica seeds 
to rabbits (Chesney et al., 1928). 
Several years later, the effect was 
found to be due mainly to the formation 
of organic and inorganic isothio-
cyanates and goitrins (oxazo-
lidinethionos) (Astwood et al., 1949). 
Goitrogenic effects in various domestic 
and laboratory animals have been 
reviewed (Fenwick et al., 1989; 
Mawson et al., 1994; Stoewsand, 
1995). 

Groups of 4-9 male Wistar rats 
were fed 10-15 g/day of a low-iodine  

diet (0.5-0.8 pg/day) with about 40 g of 
cabbage or carrots (both vegetables 
contained negligible amounts of 
iodine), or cabbage or carrots alone, 
for 60 days (Langer & Stole, 1965). The  
thyroid glands were significantly 
enlarged and contained significantly 
less iodine per gram of organ. Plasma-
bound iodine was also significantly 
decreased. 

Pigs appear to be vulnerable to 
rapeseed meal glucosinolates. Groups 
of 7-10 male and female pigs, initially 
weighing 20-25 kg, received their ordi-
nary diet containing 2-15% unrefined 
rapeseed meal to replace skim milk 
powder (Nordfeldt et al., 1954). 
Thyroid and liver weights were 
increased in all treated animals. 
Adding an antibiotic (bacitracin), vita-
min B12  or wheat bran to the diet did 
not alleviate the effects. Water extrac-
tion of the rapeseed meal significantly 
attenuated the effect. 

Studies in pigs were reviewed by 
Mawson et al. (1994). A generally lin-
ear relationship was observed 
between glucosinolate intake from 
feed and thyroid weight at slaughter. 
Significant increases in thyroid weights 
were observed in pigs given feed with 
a total glucosiriolate content of 2-3 
mg/kg, particularly when progoitrin 
was one of the main glucosinolates. 

Isothiocyanates and derivatives 
The spontaneous formation of goitrin 
from 2-hydroxy-3-butenyl-ITC, result-
ing from degradation of progoitrogen 
catalysed by myrosinase, is one of the 
main causes of the goitrogenic action 
of rapeseed meal. Groups of eight 
female Sprague-Dawley rats given a 
diet containing about twice the minimal 
required iodine content were given 5- 
vinyl-2-th iooxazolidone 	intraperito- 
neally at a dose of 1-200 pg/day for 3 
weeks (Elfving, 1980). Controls were 
injected with saline. Significant 
increases in thyroid weights were 
observed at doses > 5 pg/day. In the 
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thyroid, significantly increased ratios of 
3 '-monoiodothyronine:3,5-diiodothyro-
nine and of 3,5,3'-triiodothyronine: 
3,5,3,5-tetraiodothyronine 	were 
observed even at the lowest dose. 
Total 1251  uptake into the thyroid was 
unchanged at all doses, but iodine 
excretion into urine was decreased at 
the highest dose. The authors con-
cluded that goitrin acts primarily on 
thyroxin biosynthesis. 

Allyl-ITC has slight goitrogenic 
activity in rodents. Studies in rats 
(weighing 150-320 g) given allyl-ITC 
as a single dose of 2-4 mg in water by 
gavage showed 40-60% less iodine 
uptake into the thyroid gland. Oral 
administration of allyl-ITC at 2.5-5 
mg/day for 60 days, however, did not 
decrease the total iodine content in the 
thyroid (Langer & StoIc, 1965). 

The degree of goitrogenicity 
induced by allyI-ITC was found to be 
weaker than that induced by better-
known goitrogens, such as thiouracil 
(Duncan, 1991). 

Indoles 
Groups of eight male Sprague-Dawley 
rats, weighing 70 g, were fed control 
diet or control diet complemented by 
glucobrassicin at 0.5 g/kg [30 mg/kg 
bw per day] for 29 days. Before treat-
ment, the animals were given control 
diet for 2 days, then control diet con-
taining 50% of the final glucosinolate 
level for 1 day and finally control diet 
containing 75% of the final glucosino-
late level for 1 day. The animals were 
killed 29 days after the start of treat-
ment. Neither thyroid weight nor thy-
roid hormone concentrations in the 
thyroid were affected (Vermorel et al., 
1986). 

Haemolytic effects 
Kale fed to ruminants in considerable 
quantities for 1-3 weeks led to 
haemolytic anaemia due to its content 
of S-methylcysteine sulfoxide (Smith, 
1980). Groups of 52 and 103 goats 

were fed kale containing S-methylcys-
teine sulfoxide at 99 or 154 mg/kg. 
Heinz bodies reached their peak level 
at 9 and 33 days of the feeding period, 
respectively, and serum haemoglobin 
reached minimal levels at 20 and 44 
days, respectively. Additional groups of 
goats received different concentra-
tions: 10 animals received a fraction-
ated kale extract containing S-methyl-
cysteirie sulfoxide at 285 mg/kg, 97 
animals received S-methylcysteine 
sulfoxide at 150 mg/kg, and 104 ani-
mals received S-methylcystei ne sulfox-
ide at 195 mg/kg. The number of days 
required to attain maximal formation of 
Heinz bodies was 7, 35 and 21, and 
the number of days to reach the lowest 
haemoglobin level was 15, 42 and 35. 
respectively. 

The metabolite of S-methylcysteine 
sulfoxide, dimethyl disulfide, precipi-
tates GSH to initiate the formation of 
Heinz —Ehrlich bodies in erythrocytes. 
According to a recent review, rumi-
nants, fowl and rats are also vulnerable 
to anaemia after being fed kale or 
dimethyl disulfide, but guinea-pigs and 
rabbits are refractory (Stoewsand, 
1995). Dosing of rats with feed con-
taining S-rnethylcysteine sulfoxide at 
2-4% (w/w) elicited the effect, but it 
was reversible after about 14 days. 

Reproductive effects 
Decreased fertility has been described 
repeatedly in domestic animals given 
rapeseed meal as part of their feed. 
Mawson et al. (1994) summarized pub-
lished and anecdotal evidence and 
concluded that rats and pigs are the 
most vulnerable species, whereas 
ruminants and chicken are less sensi-
tive. Pigs may be affected by total rape-
seed gI ucosinolate concentrations 
exceeding 4 mg/kg of feed, whereas 
rats appear to tolerate oven less. 

Groups of 3-12 pregnant Holzman 
rats were given Brass/ca glucosino-
lates and degradation products at 
doses close to the LD,,)  on day 8 or 9  

of gestation, and the numbers of live 
fetuses and resorptions were exam-
ined at necropsy or at termination 12 
days later (Nishie & Daxenbichier, 
1980). A significant 48% increase in 
fetal resorption was observed after a 
single dose of 1-cyano-3,4-epithiobu-
tane at 95 mg/kg bw given on day 8 of 
gestation, whereas two doses of 
44 mg/kg bw on days 8 and O did not 
affect fetal survival. A significant 19% 
increase in fetal resorption was 
observed after two doses of allyl-ITC at 
100 mg/kg bw on days 8 and O of ges-
tation, whereas one-half of this dose 
on the same days had no effect. 
Administration of iberin at 100 mg/kg 
bw on day 8 of gestation increased 
fetal resorption by 29%. None of these 
compounds resulted in malformations. 
Significant changes in mean fetal 
weights were recorded with epigoitrin, 
S-1 -cyano-2-hydroxy-3-butene, 	R- 
goitrin, 1 -cyano-3,4-epithiobutane, sin-
grin, iberin nitrile, 3-indolylacetonitrile, 
indole-3-carbinol and para-hydroxy-
phenylacetonitrile when given at near-
lethal doses to the pregnant dams. 
Sinalbin hydrate given at 300-600 
mg/kg bw to pregnant dams did not 
lead to increased altered fetal weights, 
fetal resorption or malformations. 

The teratogenic activity of allyl-ITC 
was evaluated in mice, rats, hamsters 
and rabbits in a study performed by the 
Food and Drug Research Laboratories 
in 1973 (IARC, 1985). Allyl-ITC dis-
solved in corn oil was administered by 
gavage in all studies. Groups of 23-25 
CD-1 mice were given 0, 0.3, 1.3, 6 or 
28 mg/kg bw per day on days 6-15 of 
gestation, and fetuses were examined 
on day 17 for malformations. Groups of 
25 Wistar rats received a dose of 0, 
0.2, 0.85, 4 or 18.5 mg/kg bw per day 
on days 6-15 of gestation, and fetuses 
were examined for malformations on 
day 20. Groups of 25-27 golden ham-
sters received a dose of 0, 0.2, 1.1, 5.1 
or 23.8 mg/kg bw per day on days 
6-10 of gestation, and fetuses were 
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examined for malformations on day 14. 
Groups of 11-14 Dutch-bolted rabbits 
received a dose of 0, 0.123, 0.6, 2.8 or 
123 mg/kg bw per day on days 6-18 
of gestation, and fetuses were exam-
ined for malformations on day 29. No 
evidence of maternal toxicity or treat-
ment-related malformations was found 
in any species. In mice, there 
appeared to be an increase in the 
number of dead and resorbed fetuses 
at the highest dose (28 mg/kg bw per 
day) (38/276 implantation sites had 
dead or resorbed fetuses, compared 
with 15/264 in the control group, and 
the average number of live pups per lit-
ter was 9.92 versus 11.3), although no 
statistical analysis of the data was pre-
sented. 

Groups of pregnant Wistar rats 
were given allyl-ITC in corn oil by gav-
age at 0, 60 or 120 mg/kg bw per day 
on day 12 or 13 of gestation. Despite 
severe maternal toxicity at the higher 
dose, no adverse effect on the fetuses 
was reported (Ruddick et al., 1976). 

Groups of pregnant Sprague-
Dawley rats were given indole-3-
carbinol at a dose of O (vehicle, corn 
oil:acetone 19:1), 1 or 100 mg/kg bw 
on day 15 of gestation (Wilker et al., 
1996). Each observation group con-
sisted of three to five litters of male off-
spring, standardized at 10 per litter 
after whelping. Ano—genital distance 
and crown—rump length were 
decreased significantly at the higher 
dose on day 1 after birth. Several 
markers of sperm count and abnor-
malities were affected on day 62 after 
birth at either or both doses, including 
daily sperm production and epididymat 
transit time. 

Groups of 6-8 weaned female 
Sprague-Dawley rats, 23 days of age 
(weighing 55-60 g) were given indole-
3-carbinol (0.05, 0.5, 1 or 1.5 gfkg bw 
per day), 3,3-diindolylmethane (0, 
100, 200 or 400 mg/kg bw per day) or 
vehicle (diniethyl sulfoxide) by gavage 
(Gao et al., 2002). lndole-3-carbinol at  

doses > 0.5 mg/kg bw per day 
decreased body-weight gain after four 
daily doses, whereas 3,3'-diindolyl-
methane had no effect on weight. The 
latter compound slightly decreased 
ovarian weight gain after a challenge 
with 5 lU of equine chorionic 
gonadotropin and reduced the number 
of ova shed after 72 h by about 30% in 
all treated groups. [The Working Group 
noted that these changes were not sta-
tistically significant]. I ndole-3-carbinol 
decreased both markers significantly 
and in a dose-dependent manner, 
even at the lowest dose tested. 
Furthermore, the time courses of 
serum luteinizing hormone, follicle-
stimulating hormone and progesterone 
were significantly decreased by indole-
3-carbinol, but these end-points were 
tested only at the highest dose. 

Groups of juvenile (12-18-month-
old) rainbow trout were given diets 
containing indole-3-carbinol (providing 
five doses between 25 and 2000 
mg/kg bw per day) or 3,3-diindolyl-
methane (2.5-250 mg/kg bw per day) 
or control feed for 2 weeks (Shilling et 
al., 2001). 3,3'-Diindolylmethane signif-
icantly increased vitellogenin produc-
tion in the liver in a dose-dependent 
manner, showing saturation at around 
25 mg/kg bw per day. In an additional 
experiment, the effect was shown to be 
additive to that of estradiol. 

Cytotoxicity, genotoxicity and 
mutagenic and related effects 

Cruciferous vegetables 
Plants are known to contain a variety 
of bioactive substances with toxic 
effects that may be comparable to 
or greater than those of synthetic 
compounds (Ames et al., 1990a,b). 
Thus, some studies have shown 
that cruciferous vegetables are cyto-
toxic, genotoxic and mutagenic. 
Wakabayashi et al. (1985) reported on 

the direct mutagenic effects of nitrite-
treated Chinese cabbage and indoles 
in Salmonella typliimurium. They found 
that the contributions of indoles to the 
total mutagenic activity of nitrite-treated 
Chinese 	cabbage 	to 
S. typhimurivmTAloo were 0.2% from 
indole-3-acetonitrile, 	0.3% 	from 
4-methoxyindole-3-aceton itrile 	and 
17% from 4-rnethoxyindole-3-aldehyde 
(Wakabayashi et al., 1986). Tiedink et 
al. (1988) studied the potential of 30 
vegetables to form biologically active 
N-n itroso compounds after treatment 
with 	nitrite 	under 	acidic 
conditions. Although all the treated 
extracts contained N-nitroso com-
pounds, only half of the vegetables 
were mutagenic after nitrite treatment. 
Extracts of cru ciferous vegetables 
showed the highest mutagenic effect 
with respect to the number of 
Salmonella revertants induced; how-
ever, there was no significant 
correlation between the level of glu-
cosinolates in these vegetables and 
the number of revertants. Subsequent 
detailed studies on the role of glucosi-
nolates in the formation of N-nitroso 
compounds showed that only indole 
glucosinolates are involved in the 
formation of mutagenic agents (Tiedink 
et al., 1991). Nevertheless, the contri-
bution of these glucosinolates to the 
mutagenicity of nitrite-treated crucifer-
ous vegetables appears to be negligi-
ble. For instance, although Brussels 
sprouts are one of the richest sources 
of indolyl glucosinolates (6.6 pmol/g of 
dry weight) they induced only 61 ± 2 
revertants of S. typhimurium TA1 00 per 
25 mg of dry matter, whereas radish, 
with an i ndolyl-g lucosi no late concen-
tration of 1 pmolig of dry weight, 
induced 233 ± 63 revertants per 25 mg 
of dry matter (Tiedink et at, 1988). 
Tiedink et al. (1990) found that the indi-
vidual contribution of indole-3-acetoni-
trile to the total mutagenicity of green 
cabbage extracts treated with nitrite 
was about 2%. The most abundant 
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indole in the extract, indole-3-car-
boxyaldehyde, was not mutagenic. 
These studies therefore indicate that 
the contribution of indole compounds 
to the mutagenicity of cruciferous veg-
etables treated with nitrite is negligible. 

The mutagenic effect of nitrosated 
indole compounds s not restricted to 
certain groups of indoles. Eight indole 
compounds, indole-3-acetonitrile, indolo-
3-carbinol, indole-3-acetamide, indole-
3-acetic acid, 3-methylindole, indole-3-
aldehyde, indole-3-carboxylic acid and 
indole, tested in S. typhimurium strains 
TA98 and TA100 and Escherichia coil 
WP2 uvrIPKM101 after nitrite treat-
ment at pH 3 were mutagenic in all 
three strains in the absence of meta-
bolic activation (at up to 0.5 mol/-
plate), lndole-3-acetic acid had the 
strongest effect. Addition of a meta-
bolic activation system decreased the 
effect (Sasagawa & Matsushima, 
1991). None of the compounds was 
mutagenic without nitrite. 

As the effect of vegetable extracts 
not treated with nitrite was rot investi-
gated in these studies, it is not clear 
whether other bioactive substances in 
cruciferous vegetables contributed to 
the observed effect. The genotoxicity 
and mutagenicity of eight cruciferous 
vegetables (Brussels sprouts, white 
cabbage, cauliflower, green cabbage, 
kohlrabi, broccoli, turnip and black 
radish) was tested in the Salmo-
neila/microsome test, in the differential 
DNA repair assay with E. coli and in a 
test for chromosomal aberrations in 
Chinese hamster ovary cells (Kassie 
etaL, 1996). Brussels sprout juice had 
the strongest effect in all three assays, 
and exogenous metabolic activation 
was not required for induction of the 
genotoxic and mutagenic effects. 
Addition of Arochlor-induced rat liver 
microsomes reduced the mutagenicity 
of the juices to S. typhimurium TA100 
by 20-50%. Tests carried out with two 
fractions of the juices, one containing 
isothiocyanate and the other phenolic  

compounds, showed that 70-80% of 
the mutagenicity of the crude juice was 
due to theisothiocyanate-containing 
portion. No correlation was found, 
however, between the mutagenicity of 
the juices and their histidine or total 
isothiocyanate content. Charles et al. 
(2002) studied the cytotoxic effect of 
Brussels sprouts, cauliflower, red cab-
bage, broccoli and turnip towards 
Chinese hamster ovary cells. The con-
centration of the crude extracts that 
produced a 50% reduction in the num-
ber of cells relative to the control was 
< 10 td/ml of medium for broccoli and 
Brussels sprouts, 10-50 jil/mI of 
medium for turnips and 50-100 gInil 
for cauliflower and red cabbage. In the 
same study, broccoli juice significantly 
induced chromosomal aberrations at a 
concentration of 30 .il/ml of medium. 

Purified glucosnolates do not have 
significant genotoxicity in vitro. 
Chromosomal aberrations were 
induced in Chinese hamster ovary 
cells by sinigrin and gluconasturtiin at 
concentrations > 2 mg/ml of medium 
(Musk et al., 1995a). 

Isoth iocyanates 
Isothiocyanates are biologically reac-
tive compounds as a result of the 
highly electrophilic central carbon 
atom of their —N=C=S group. They 
react with oxygen-, sulfur- or nitrogen-
centred nucleophiles to give rise to 
thiocarbamates, dithiocarbamates or 
thiourea, respectively. 

Studies on the cytomorphological 
changes induced by benzyl-ITC—GSH, 
(10 .tmol/ml  of medium) and allyl-
ITC—GSH (25 .imol/ml) in RL-4 rat 
hepatocytes showed that these com-
pounds cause considerable toxicity, 
characterized by blebbing of the cells 
(Bruggeman et al., 1986; Temmink et 
al., 1986). At higher concentrations, 
distinct patches of dense heterochro-
matin in the nucleus, complete degran-
ulation of the endoplasmic reticulum, 
disappearance of polysomes, high- 

amplitude swelling of the mitochondria, 
disappearance of blobs with simultane-
ous appearance of microviili and con-
centration of intermediate filaments in 
the juxtanuclear region were observed. 
These changes are characteristic fea-
tures of apoptosis, and it has been 
shown that isothiocyanates are potent 
inducers of apoptosis (see section 4). 
Addition of excess GSH or cysteine 
either abolished or diminished the 
cytotoxic effects of benzyl-ITC and 
allyl-ITC. The GSH and L-cysteine con-
jugates of benzyl-ITC and allyl-ITC 
gave effects comparable to the parent 
compounds, as a result of the 
reversibility of the reaction between thi-
oIs and isothiocyanates. In another 
study, in which the cytotoxic effect of 
benzyl-ITC and phenethyl-ITC was 
investigated in NR50 BALB/c mouse 
313 fibroblasts (0.016-0.02 mmol/ml), 
heteropyknosis and vacuolization of 
the cytoplasm were observed (Babich 
et al., 1993). Intravesicular instillation 
of benzyl-ITC and allyl-ITC (2.8 mg/kg 
bw) or the same molar quantity (37 

mol/kg bw) of benzyl-ITC metabolites 
conjugated either with GSH, cys-
teine—glycine, cysteine or mercapturic 
acid to the urinary bladder of Fischer 
344 rats caused cytotoxicity. The effect 
of benzyl-ITC was greater than that of 
allyl- ITC. The benzyl- ITO metabolite 
mercapturic acid, which is thought to 
be the main final metabolite, had less 
effect than the other metabolites 
(Masutomi et al., 2001). 

The genotoxic and mutagenic 
effects of the predominant isothio-
cyanates contained in cruciferous veg-
etables are presented in Table 65. 
Ethyl-, n-butyl-, tert-butyl-, allyl-, ben-
zyl- and cyclohexyl-ITCs were muta-
genie to S. typhimurium TA100 after 
1 In of preincubation at 37 C 
(Yamaguchi, 1980). AIlyl-ITC had the 
strongest effect. Sinigrin, the parent 
glucosinolate of aIlyI-ITC, was muta-
genic to the same degree as allyl-
ITO. Addition of exogenous metabolic 
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Table 65. Genotoxic and mutagenic effects of isothiocyanates (ITC5) 

lsothio- 	Concentration 	Genetic effect 
cyanate or dose  
Allyl- 	100 glplate 	Increase in number of his' Styphirnurlum TA1 00 
[[C 	 revertants 

6.05-500 Not mutagenic in S. typhirnuriurn TA1 00 or TA98 
pg/p late 

5 nmol/ml Significant increase in structural and numerical 
medium chromosomal aberrations in Chinese hamster B241 cells 

0.08-0.5 il/plate Fivefold increase in number of his S. typhirnuoum 
TAIOO revertants 

0.2-3 Itg/ml 	Did not induce chromosomal aberrations or sister 
medium 	 chromatid exchange in Chinese hamster ovary cells; no 

effect in SV40-transformed Indian muntjac cells 

12-200 .19/plate 	Marginal increase in number of S. typhim or/urn TAI 00 
and TA98 revertants 

1-25 kg/plate 	Dose-dependent increase in reparable DNA damage in 
E. coil 343/753 (uvrB/recA) 

0.2-4 pg/nI Induction of micronucleus formation in human-derived 
medium HepG2 cells 

90-270 mg/kg Induction of reparable DNA damage in E. coli 343/753 
bw (uvr31recA) in host-mediated assay in mice 

0.5-5 	mol/nil Increased formation of 8-oxo-78-dihydro-2 -deoxy- 
medium guanosine in calf thymus DNA and human leukaemia 

cell line; increased DNA damage in P53 tumour 
suppressor gene and c-Ha-ras-1 proto-oncogene 

10-50 nmollml Induction of DNA strand breaks in human-derived 
medium HepG2 cells 

Benzyl- 	100 pg/plate Increase in number of his*  S. typh/muriurn TAI 00 
ITC revertants 

0.22-0.88 pg/mI 	Dose-related increase in his*  S. typh/muourn TAIOO 
medium 	 revertants  

Reference 

Yamaguchi (1980) 

Kasarnaki at al. 
(1982) 

Neudecker & 
Henscbler (1985) 

Musk & Johnson 
(1993); Musk et at 
(1995a) 

Kassie & 
Knasm011er (2000) 

Murata et ai. 
(2800) 

LJbI et ai, (2003) 

Yamaguchi (1980) 

Musk & Johnson 
(1993) 

Remarks 

S9 mix did not influence mutagenicity; weak 
effect in TA98 but no effect in TA1 535, 
TA 1536, TA1 537 orTAt538 

No effects with or without S9 mix 

Colonies consisting of a pile of small cells 
were observed; SO mix did not influence the 
result 
Mutagenic effect observed after proincubetion 
for 2 h; mutagenïcity only upon addition of S9 
mix 

Parent glucosinolate, sinigrin, induced 
chromosomal aberrations at 4.6 mg/mi 
medium 

SO mix decreased effect 

Genctoxicity attenuated by rat liver S9 mix, rat 
liver homogenate, bovine serum albumin, 
human saliva, vitamins E and C, b-carotene 
and sodium benzoate 

Allyl-ITC less potent than phenethyl-ITC 

Significant effect in liver, lung, colon, kidney 
and stomach 

No effect in hydrogen peroxïde-resistant 
leukaemic cells; genotoxicity of llyl-ITC 
stronger than that of benzylITC or phenethyl-
ITC 

Synergistic effect with bonzo[a]pyrene 

S9 mix did not influence mutagenicity; weak 
effect in TA98 but no effect in TA1 535, 
TA1 536, TA1 537 or TA1 538 



Table 65 (contd) 

Isothio- 	Concentration Genetic effect Remarks 	 Reference 
cyanate 	or dose 

0.3-1.2 pg/mI Dose-dependent induction of chromosomal Frequency of sister chromatid exchange 	Musk et at (1995b) 
medium aberrations and sister chromatid exchange in much lower than that of chromosomal 

Chinese hamster ovary cells aberrations 

1-25 pg/mI Dose-dependent increase in DNA strand Loss of comet heads at highest 
medium breaks in Chinese hamster ovary cells concentration 

12-200 	g/plate Marginal increase in number of S. typhimurium so mix decreased effect 	 Kassie et at (1999) 
lAi DO and TA98 revertants 

0.5-5.5 ig/ml Dose-dependent increase in reparable DNA Effect attenuated by rat liver S9 mix, rat 
medium damage in E. coil 343/753 (uvrB/recA) liver homogenate, bovine serum albumin, 

human saliva, vitamins E and C, 
)3-carotene and sodium benzoate 

0.2-4 pg/mI 
medium 

0.8-10 pg/mI 
medium 

90-270 mg/kg 
bw 

110-220 mg/kg 
bw 

0.5-2 preol/mI 
medium 

2.5-10 nmoL/ml 
medium 

Pheriethyl- 	0.44-1.3 pg/mI 
ITC 	 medium 

Dose-dependent induction of micronuclei in 
human-derived HepG2 cells 

Dose-dependent induction of DNA strand 
breaks in primary rat hepatocytes and gastric 
mucosa cells 

Moderate induction of reparable DNA damage 
in E. coli 343/753 (uvrB/recA) in host-mediated 
assay in mice 

Moderate increase in DNA strand breaks in rat 
gastric mucosa and colon in vivo 

Increased formation of 8-0x0-7,8-d ihyd ro-2 
deoxyguanosine in calf thymus DNA and 
human leukaemia cell line; increased DNA 
damage in P53 tumour suppressor gene and 
c-Ha-ras-1 proto-oncogene 

Dose-related increase in DNA strand breaks in 
human-derived HepG2 cells 

Dose-related increase in chomatid gaps and 
rearrangements in SV40-transformed Indian 
rnuntjac cell line and increased frequency of 
chromosomal aberrations and sister chromatid 
exchange in Chinese hamster ovary cells 

Genotoxic effect in gastric mucosa cells 
completely attenuated upon incubation of 
benzyl-ITC with gastric mucus 

Similar effects in liver, kidney, lung, 
stomach and intestine 

Strand break maximal 1 h after 
administration; after 4 h, it reached level in 
untreated animals 

Benzyl-ITC more genotoxic than 
pbenethyl-ITC but less gerotoxic than 
allyl-ITC 

Synergistically genotoxic with 
benzo[a]pyrene at low concentrations 

Murata et al. (2000) 

Kassie et al. (2003b) 

Musk & Johnson (1993); 
Musk et al. (1 995a) 

3' 
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Table 65 (Gontd) 

Isothio- Concentration or dose 
cyanate 

i-OU 19/mi meaiun 

1 25 jig/plate 

02-4 119/mi medium 

90-270 mg/kg bw 

0.5-2 ilmol/mI medium 

2.5-10 nmol/mI medium 

Methyl- 	12-200 pg/rn plate 
ITC 

0.5-4 g/ml medium 

0.5-4 jig/ml medium  

Genetic effect 

Marginal mutagenici 	S. t ty to 	yphimurium 
TA100 and TA98 

Dose-dependent increase in reparable 
DNA damage in E. coil 343/753 
(uvrB/recA) 

Induction of micronucleus fornaton in 
human-derived HepG2 cells 

Non-significant induction of reparable DNA 
damage in E. coli 3431753 (uvrBlrecA) in 
host-mediated assay in mice 

Increased formation of 8-oxo-7,8-dihydro-
2'-deoxyguanosine in calf thymus DNA 
and human leukaemia oeil line; increased 
DNA damage in P53 tumour suppressor 
gene and c-Ha-ras-1 proto-oncogene 

Dose-related increase in DNA strand 
breaks in human-derived HepG2 cells 

Marginal mutagenicity to S. typhimur/um 
TA 100 and TA98 

Dose-dependent increase in reparable 
DNA damage in E. coil 343/753 
(uvrB/recA) 

Dose-related increase in micronucleus 
frequency in human-derived HepG2 cells 

Remarks 

Allyl-ITC less potent than phenethyl-ITC 

Less genotoxic than a lyl-ITC or benzyl-ITC 

Synergistically genotoxic with benzoja]pyrene 
at low concentrations 

Mutagenicity diminished by 89 mix 

Genutoxioity attenuated by lat liver S9 mix; 
human saliva, bovine serum albumin and 
gastric juice 

Reference 

Murata eta]. 
(2000) 

Kassie et al. 
(2003b) 

Kassie et a/. 
(2001) 

Effect diminished by SO mix 	 Kassie & 
Knasmuller 
(2000) 

Genotoxicity attenuated by rat liver S9 mix; rat 
liver homogenate, bovine serum albumin, 
human saliva, vitamins E and C, n-carotene 
and sodium benzoate 

3.6-5.4 jig/mI medium 
	

Dose-related induction of DNA strand 
breaks in human-derived HepG2 cells 

90 mg/kg bw 
	

Moderate induction of reparable DNA 
damage in E. coli 343/753 (uvr6/recA) in 
host-mediated assay in nice 

SO mix, 9000 x g supernatant of rodent liver 

Significant effect in liver 



Toxic effects 

activation did not change the effect. 
The effect of allyl-ITC in S. 
typhimurium TA98 was weak, and no 
effect was seen in TA1535, TA1536, 
TA1537 or TA1538. In another study 
(Neudecker & Henschler, 1985), allyl-
ITC had clear mutagenic effects only 
after preincubation for 120 min. 
Although exogenous metabolic activa-
tion was a prerequisite for mutagenic-
ity, an excess reduced the mutagenic 
potency. Other workers reported only 
borderline mutagenic effects of allyl-
ITC (Eder et ai., 1980), benzyl-ITC, 
phenethyl-ITC and methyl- ITC (Kassie 
et al., 1999; Kassie & Knasmüller, 
2000; Kassie et at, 2001) in the stan-
dard test. In all these studies, addition 
of an exogenous metabolic activation 
system abolished the effect almost 
completely. Allyl-ITC was not muta-
genic in S. typhimuriumT498 orTAlOO 
in the presence or absence of meta-
bolic activation (Kasamaki et al., 
1982). 

Benzyl-ITC, allyl-ITC, phenethyl-
ITC and methyl-ITC induced reparable 
DNA damage in E. coli in vitro and in 
vivo and DNA strand breaks and cyto-
genetic effects in various mammalian 
cells (Kasamaki et al., 1982; Musk & 
Johnson, 1993; Musk et al., 1995a,b; 
Kassie et al., 1999; Kassie & 
Knasm011er, 2000; Kassie et al., 2001, 
2003b; Uhl et ai., 2003) (Table 65). 
Benzyl-ITC was the most potent of all 
the isothiocyanates. Al lyl-ITC was 
more genotoxic than phenethyl-ITC in 
the bacterial assay, but the latter was 
more potent in cytogenetic tests. In an 
assay for differential DNA repair with 
E. co//in vivo, the pattern of genotoxic-
ity was similar to that found in vitro, the 
effect of phenethyl-ITC being the 
weakest. The doses of isothiocyanates 
required to induce moderate genotoxic 
effects in mice were much higher 
(90-270 mg/kg bw) than those 
required for the highly cytotoxic and 
genotoxic effects in vitro. A similar 
observation was made in comet  

assays with benzyl-ITC, which weakly 
induced DNA damage at doses of 110 
and 220 mg/kg bw, with a maximum 
effect 1 h after exposure; by 4 h after 
exposure, the damage was reduced to 
the level of that in untreated controls 
(Kassie et al., 1999). The reduction in 
the effect of isothiocyanates in vivo 
could be due to non-specific binding to 
proteins, as witnessed by the pro-
nounced reduction in the mutagenicity 
and genotoxicity of the compounds 
with addition of liver homogenate, an 
exogenous metabolic activation sys-
tem, bovine serum albumin or saliva. 
Moreover, radical scavengers might 
also contribute to the weak effect of the 
compounds in vivo, as vitamin E and 
C, 13-carotene and sodium benzoate 
reduced isothiocyanate-induced differ-
ential DNA damage in vitro. The effect 
of benzyl-ITC on gastric mucosa cells 
was drastically diminished by incuba-
tion of the compound with gastric 
mucus, corroborating the result 
observed in the differential DNA repair 
assay with E. co/i. 

The cytotoxic and genotoxic effects 
of isothiocyanates might be related to 
their potential to induce formation of 
reactive 	oxygen 	intermediates. 
Treatment of rat liver epithelial (RL34) 
cells with benzyl-ITC or allyl-ITC (10 
nmol/ml) resulted in an immediate 
increase in reactive oxygen intermedi-
ates, which corresponded to induction 
of class zGST pi (Nakamura et al., 
2000b). Depletion of GSH by diethyl 
maleate significantly increased the 
production of isothiocyanate-induced 
reactive oxygen intermediates (hydro-
gen peroxide, lipid hydroperoxide and 
peroxynitrite) and accelerated isothio-
cyanate-induced GST activity, while 
treatment of cells with GSH inhibited 
both reactions. Whereas benzyl-ITC 
was the most potent inducer of 
reactive oxygen intermediates, the 
effect of allyl-ITC was intermediate, 
and phenyl-ITC did not induce these 
compounds. Kassie and colleagues 

(1999, 	2001) 	reported 	that 
benzyl-ITC, allyl-ITC, phenethyl-ITC 
and methyl-ITC induced thiobarbitu nc 
acid-reactive substances, indicators of 
lipid peroxidation, in HepG2 cells 
exposed to 0.5-4 .ig/ml of the com-
pounds for 1 h, the order of potency of 
induction being benzyl-ITC > allyl-ITC 
= methyl-ITC > phenethyl-ITC. In 
another study on the induction of reac-
tive oxygen intermediates, allyl-ITC 
induced a significantly higher level of 
8-oxodG in hydrogen peroxide-suscep-
tible human myelogenous leukaemia 
cells than their resistant counterparts 
(Murata et al., 2000). in the same 
study, the authors compared induction 
by allyl-ITC, benzyl-ITC and phenethyl-
ITO of 8-oxodG in calf thymus DNA 
and 	DNA 	damage 	in 
32P-labelled DNA fragments obtained 
from the human P53 tumour suppres-
sor gene and the c-Ha-ras-1 proto-
oncogene. All the isothiocyanates 
caused Cu[ll]-mediated formation of 
DNA damage and 8-oxodO, the order 
of potency being allyl-ITC > benzyl-ITC 
> phenethyl-ITC. Catalase and the 
Cu[ll]-specific chelator bathocuproine, 
reduced 8-oxodG formation, suggest-
ing the involvement of hydrogen perox-
ide and Cu[l], respectively. Superoxide 
dismutase was also inhibitory, indicat-
ing participation of superoxide in the 
DNA damage. 
Another possible mechanism of the 
cytotoxicity and genotoxicity of isothio-
cyanates may be oxidative desulfura-
tien of the compounds to reactive iso-
cyanates by cytochrome P450 enzymes. 
Arochlor-inducible cytochrome P450 
enzymes convert phenyl-ITC, benzyl-
ITC, phenethyl-ITC and methyl-ITC to 
the respective isocyanates (Lee, 1992, 
1996). Phenyl-ITC underwent the most 
metabolic conversion, followed by ben-
zyl-ITC and phenethyl-ITC; methyl-ITC 
was only weakly metabolized. Iso-
cyanates are reactive electrophilic 
agents capable of modifying nucleic 
acids in vitro and in vivo and cause 
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chromosome aberrations, sister chro-
matid exchange, mutations and cancer 
(Mason et a/., 1987; Bucher etal., 1989). 

Exposure of Chinese hamster 
B241 cells to allyl-ITC at 5 pmol/ml for 
24 h and further cultivation for genera-
fions caused transformation of the 
cells (Kasamaki et al., 1987). Sub-
sequent isolation and subcutaneous 
injection of the anchorage-indepen-
dent cell population resulted in tumour 
formation after 3-8 months. In another 
study, phenethyl-ITC failed to trans-
form BALB/c 3T3 cells but enhanced 
the cell transforming potential of 
benzo[ajpyrene (Perocco et aI., 2002). 

In do les 
With the exception of one report in 
which indole-3-carbinol was found to 
be cytotoxic to BALB/c 3T3 mouse 
fibroblasts at a concentration of 1 
nmol/ml (Babich et a/., 1993), none of 
the studies of indole compounds con-
tained in cruciferous vegetables has 
shown them to be genotoxic or muta-
genie. After treatment with nitrite, how-
ever, most indole compounds become 
mutagenic. The first report on the 
mutagenicity of nitrite-treated indole-
compounds was that of Wakabayashi 
et al. (1985). 

Vegetables are the main sources of 
dietary nitrate (Meah et aI., 1994). 

Reduction of ingested nitrate to nitrite 
by bacteria in the oral cavity and reac-
tion of nitrite with ingested vegetables 
at the acidic pH of the stomach may 
lead to formation of mutagenic indole 
compounds, which may be risk factors 
for stomach cancer. To shed light on 
the possible association between the 
risk for stomach cancer and exposure 
to nitrosated indoles, rats were given 
high doses of these compounds, and 
effects on the stomach mucosa were 
examined. 1 -Nitrosoindole-3-acetoni-
true, a nitrosated form of indole-3-ace-
tonitrue, at 100 mg/kg bw caused the 
formation. of DNA adducts in the 
forestomach and glandular stomach 
(Yamashita et al., 1088), whereas 
indole-3-acetonitrile did not. 1-Nitro-
soindole-3-acetonitrile also induced 
replicative DNA synthesis and orni-
thine decarboxylase activity in the gas-
trie mucosa of rats treated at doses of 
40-300 mg/kg bw (Furihata et al., 
1987), suggesting that the compound 
has tumour promoting activity. 

lndolo[3,2-b]carbazole has some 
structural and functional properties in 
common with the tumour promoter 
2,3,7,8-tet rac h lorodi ben zo-para-di oxi n 
(TCDD), and some of the cellular 
changes induced by this indole in vitro 
might favour tumour promotion rather 
than chemoprevention. During carcino- 

genesis, the level of gap junction pro-
teins is generally reduced, and 
Herrmann et al. (2002) found inhibition 
of gap-junction intracellular communi-
cation between primary rat hepato-
cytos co-cultured with a rat liver epithe-
liai cell line, WB-F344, in response to 
indolo[3,2-b]carbazole at 0.1 nmol/ml 
for 8 or 12 h, with maximum inhibition 
after 24-48 h. Both plasma membrane 
staining and the mRNA levels of con-
nexin 32 were reduced. 

Prostaglandin E2 is believed to 
contribute to formation of tumeurs by 
increasing cell proliferation, preventing 
apoptosis and facilitating angiogene-
sis, particularly in the colon. In a study 
of the regulation of prostaglandin E2 in 
a colon carcinoma cell line, HCA7, 
Sherratt et al. (2003) found that 
indole[3,2-b]carbazole at 1 nmol/ml for 
6 h increased COX-2 mRNA by 2.8-
fold. Co-treatment with interleukin-1 3 
increased the mRNA levels even fur-
ther. Subsequent increases in pros-
taglandin E2 were also observed. 

The Working Group concluded that 
exposure to indole compounds as a 
result of consumption of cruciferous 
vegetables does not appear to have 
adverse genetic effects. 
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Chapter 8 

Summary 

Cruciferous vegetables 

Cruciferous vegetables belong to the 
botanical family Brassicaceae. The 
greatest consumption of cruciferous 
vegetables has been reported to be 
that of adults in China, who may eat 
more than 100 g per day. Other Asian 
populations also have a relatively large 
consumption of cruciferous vegetables, 
ranging from 40 to 80 g per day. The 
average cruciferous vegetable intake in 
North America is reported to be 25-30 
g per day. The consumption in 
European countries varies substan-
tially, intake in some countries in 
central and northern Europe being 
more than 30 g per day and that in 
some southern European countries 
being less than 15 g per day. This 
pattern differs from that for the con-
sumption of all vegetables, which 
shows a decreasing gradient from 
south to north in Europe. Relatively 
small amounts of cruciferous vegeta-
bles, 15 g per day or less, are reported 
to be eaten in South Africa and some 
countries in South America, and less 
than 20 g per day in India. 

Overall, cruciferous vegetable 
intake would appear to account for 
10-150/. of total vegetable intake, rang-
ing from almost 25% in countries with 
high consumption to only 51% in coun-
tries with low consumption. In 2000, 
cruciferous vegetables represented 
25% of all vegetables produced in 
eastern Europe, about 10% of those 
produced in Australia, eastern and 
South-East Asia and western Europe, 
and less than 10% of those produced 
in the rest of the world. Between 1962  

and 2002, there was a decreasing 
trend in the production of cruciferous 
vegetables in Australia, New Zealand 
and western Europe. 

GlucosinoIates 
isothiocyanates and 
indoles 

Isothiocyanate and indole compounds 
are derived from consumption of cru-
ciferous vegetables and manufactured 
products, including condiments, sauer-
kraut and kimclii. Although these two 
groups of compounds appear to be 
structurally unrelated, they are both 
derived from degradation of glucosino-
lates, the characteristic sulfur-contain-
ing glycosides found in cruciferous 
vegetables. After tissue disruption, gru-
cosinolates are degraded by the action 
of 	3-th iogl ucosidases, 	commonly 
known as myrosinases. 

Although over 90 different naturally 
occurring isothiocyanates (ITCs) have 
been described, people commonly 
consume only about six: 4-methyl- 
sulfinylbutyl- 	(sulforaphane), 	2- 
propenyl- (allyl), 3-butenyl-, 4-pen-
tenyl-, 3-methylsulfinylpropyl- (iberin) 
and phenethyl-ITC. Su Iforaphane is 
derived predominantly from broccoli 
but can also be obtained from rocket 
(Eruca sat/va). 2-Propenyl- and 3-
butenyl-ITC and iberin are derived 
from consumption of cultivars of B. 
oleracea. 3-Butenyl- and 4-pentenyl-
ITC are derived from consumption of 
leafy B. rapa crops, particularly 
Chinese cabbage. 2-Propenyl-TC is 

also derived from leafy mustard 
vegetables. Phenethyl- ITC is derived 
from watercress and to a lesser extent 
from root crops such as turnips and 
rutabaga. Benzyl-ITC is relatively rare 
in the diet, being obtained from cress 
(Lap/cf/urn) species. 6-Methylsulfi nyl-
hexyl-ITC is derived from wasabi. 

Six indole glucosinolates have 
been identified in cruciferous vegeta-
bles. Of these, only two are found 
frequently in the diet: 3-indolylmethyl 
glucosinolate (glucobrassicin) and 1-
methoxy-3-indolylmethyl glucosi nolate 
(neoglucobrassicin) These are found in 
most cruciferous vegetables. Inclole 
glucosinolates degrade mainly to 
indole-3-carbinol, which condenses to 
form 3-3-diindolylmethane, or to 1- 
methoxy-indole-3-carbinol. 	Further 
condensation reactions may occur, 
particularly in the acid conditions of the 
stomach, to produce a series of 
oligomeric products. Indole glucosino-
lates can also react with ascorbic acid 
to form ascorbigen. 

Four factors determine exposure of 
the human gastrointestinal tract to 
isothiocyanates and indoles: (1) the 
genetics of glucosinolate biosynthesis 
within the crop plant, which determines 
the chemical structure of the degrada-
tion products and partially determines 
the overall amount; (2) abiotic and 
biotic environmental factors, which can 
influence the overall amounts of glu-
cosinolates and degradation products 
produced by the plant; (3) post-harvest 
storage, processing and cooking; and 
(4) the myrosinase-like activity of the 
intestinal microbial flora. 
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Metabolism, kinetics and 
genetic variation 

Humans 
Ingested isothiocyanates are metabo-
lized principally through the mercap-
turic acid pathway and excreted in 
urine as dithiocarbamales, mainly in 
the form of N-acetylcysteine conju-
gates. The initial reaction with 
glutathione (GSH) may be either spon-
taneous or may be catalysed by GSH 
transferases (OSTs). The role of GST 
polymorphisms in exposure of tissues 
to isothiocyanates and excretion of 
isothiocyanates remains unresolved. 
Analytical methods, especially the 
cyclocondensation 	assay, 	have 
enabled quantification of isothio-
cyanates in cruciferous vegetables and 
of isothiocyanates and their dithiocar-
bamate metabolites (isothiocyanate 
equivalents) in human fluids, including 
blood and urine. The total quantity of 
urinary isothiocyanate equivalents has 
been shown to be a reliable marker of 
human dietary intake of these 
compounds and to correlate positively 
with the consumption of cruciferous 
vegetables. 

After intake of indole-3-carbinol, 
several condensation products are 
formed, either in the acid environment 
of the stomach or in the near-neutral 
environment of the large intestine. 3,3-
Diindolylmethane can be detected in 
plasma and urine of volunteers given 
indole-3-carbinol. 

Experimental systems 
Only limited information is available on 
the metabolic fate of isothiocyanate 
compounds, indoles and the nitrile 
forms in animals fed cruciferous veg-
etables. The fate of several purified 
isothiocyanates, including benzyl-, 
phenethyl- and allyl-ITCs and sul-
foraphane, has been investigated in 
rodents. The main route of metabolism 
of isothiocyanates involves conjugation 

with GSH and excretion via the mer-
capturic acid pathway, but minor path- 
ways, 	such 	as 	hydrolysis, 
oxidation—reduction, ring hydroxylation 
and alkyl-chain degradation, may be 
used, depending on the structure of 
the compound. Analysis of urinary 
metabolites has shown that there are 
species differences in the metabolism 
of isothiocyanates. Studies with radio-
labelled isothiocyanates show that 
these compounds are readily 
absorbed into blood and tissues and 
are eliminated almost completely 
within 24-48 h of oral administration. 

Little information is available on the 
metabolism and distribution of indoles 
in animals fed cruciferous vegetables. 
The fate of purified indole-3-carbinol 
has been examined in rats and trout, 
whereas the fate of ascorbigen has 
been studied only in mice. Purified 
indole glucosinolates have also been 
studied. The primary indole-3-carbinol 
derivatives in liver, intestine and serum 
are 3,3'-diindolylmethane, indolo[3,2-
b]carbazole and other oligomeric acid 
condensation products, at ratios and 
amounts that vary with species and tis-
sue. It is these compounds, not parent 
indole-3-carbinol, that are believed to 
be responsible for the organ-specific 
changes in carcinogen-, endogenous 
estrogen- and drug-metabolizing 
enzymes that can occur after ingestion 
of indole-3-carbinol. 

Cruciferous vegetables, isothio-
cyanates and indoles modulate phase 
I and phase Il enzymes in animals. The 
modulating effects of isothiocyanates 
are complex, as they depend on many 
factors, including species, tissue, treat-
ment protocol, dose and enzyme 
specificity. isothiocyanates usually 
inhibit cytochrome P450 enzymes, 
whereas indoles can have either 
inhibitory or stimulatory effects. The 
mechanism of inhibition of cytochrome 
P450 enzymes by isothiocyanates and 
indoles may involve both competitive 
and non-competitive binding of target  

enzymes. Studies of structure—activity 
relationships have shown that aromatic 
isothiocyanate compounds with longer 
alkyl chains or greater lipophilicity have 
enhanced inhibitory action against 
these enzymes. These studies have 
resulted in identification of some isoth-
iocyanates that are remarkably power-
ful inhibitors of cytochrome P450 
enzymes. 

Cancer preventive effects 

Humans 
Studies were considered in this evalu-
ation only if the reports provided esti-
mates of risk along with statistical con-
fidence intervals for estimated con-
sumption of all cruciferous vegetables 
or for specific cruciferous vegetables. 
The summaries below include only 
those studies that met these criteria 
(see Figures 17-24, pp.  94-97). 

Most of the epidemiological studies 
relating cruciferous vegetable intake to 
cancer risk also included measures of 
the intake of many other vegetables. 
Few studies found inverse associa-
tions with cancer that were stronger for 
cruciferous vegetables than for all veg-
etables. In interpreting the evidence, 
therefore, it should be recognized that 
the evidence often was based on 
analyses of subgroups by vegetable 
type, and that confounding of crucifer-
ous vegetable intake by total vegetable 
intake was possible. In only a few stud-
ies (especially those of thyroid cancer) 
was an association with cruciferous 
vegetable intake the primary hypothe-
sis. When cohort studies were avail-
able, they were given more weight, 
because of the potential biases in 
sampling or recall that are associated 
with case—control studies. 

Oral cavity and pharynx 
One cohort study and three case—con-
trol studies gave inconsistent findings. 
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Oesophagus 
Only one case—control study was avail-
able, in which no association with 
Chinese cabbage consumption was 
found. 

Stomach 
Three cohort and nine case—control 
studies were available; most showed 
inverse associations with cruciferous 
vegetable intake. Overall, there was a 
non-significant inverse association in 
the cohort studies and a statistically 
significant inverse association in the 
case—control studies. 

Colon and rectum 
Six cohort and five case—control stud-
ies of colorectal cancer were available. 
Overall, there was no association in 
the cohort studies, with as many posi-
tive as inverse associations. Four of 
the case—control studies showed 
inverse associations with cruciferous 
vegetable intake, and one case—con-
trol study on isothiocyanate intake 
showed a non-significant inverse asso-
ciation. Overall, there was a statisti-
cally significant association. In addi-
tion, one cohort and four case—control 
studies of colorectal adenomas were 
available. The cohort study showed no 
association; one of the case—control 
studies showed statistically significant 
inverse associations with cruciferous 
vegetable intake, but one showed a 
non-significant positive association in 
women. 

Pancreas 
One cohort and two case—control stud-
ies were available. The cohort study 
showed no association. Both case—con-
trol studies showed inverse associa-
tions with cruciferous vegetable intake. 

Larynx 
Two case—control studies were avail-
able; one showed a positive associa-
tion with cruciferous vegetable intake 
in women. 

Lung 
Five cohort and six case—control stud-
ies were available; most showed 
inverse associations with cruciferous 
vegetable intake, and the results were 
statistically significant in three cohort 
studies. In a pooled analysis of cohort 
studies, however, no association with 
broccoli or cabbage consumption was 
found. One cohort and two case—control 
studies showed statistically significant 
inverse associations between dietary or 
urinary isothiocyanate concentration 
and lung cancer. Overall, there was a 
statistically significant inverse associa-
tion in both the cohort and the 
case—control studies. 

Breast 
One cohort and eight case—control 
studies were available; most, as well as 
a pooled analysis of seven cohort 
studies, showed no association with 
cruciferous vegetable intake. In one 
large case—control study, however, a 
statistically significant inverse asso-
ciation was found. In addition, a statisti-
cally significant inverse association 
with urinary isothiocyanate concen-
tration was observed in one case—con-
trol study. Overall, the cohort study 
showed an association close to null, 
while the case—control studies showed 
a statistically significant inverse associ-
ation. 

Cervix 
In two case—control studies, inverse 
associations 	with 	cruciferous 
vegetable intake were reported, one 
being statistically significant. 

Endometrium 
Three case—control studies were 
available; one showed a statistically 
significant inverse association with cru-
ciferous vegetable intake. 

Ovary 
Three case—control studies were 
available; one showed a statistically 

significant inverse association with cru-
ciferous vegetable intake. 

Prostate 
Three cohort and four case—control 
studies were available. There was no 
association observed in the cohort 
studies. In two of the case—control 
studies, statistically significant inverse 
associations with cruciferous veg-
etable intake were reported. In one of 
these, the association was stronger for 
advanced disease. 

Urinary bladder 
Two cohort and one case—control stud-
les were available. In one cohort study, 
a statistically significant inverse asso-
ciation with cruciferous vegetable 
intake was reported, and a non-signifi-
cant inverse association was found in 
the case—control study. 

Kidney 
Five case—control studies were avail-
able; in two, a statistically significant 
inverse association with cruciferous 
vegetable intake was reported, but one 
was limited to a subgroup. In a pooled 
analysis of four case—control studies, a 
statistically significant inverse associa-
tion was found only among non-
smokers. 

Brain 
One case—control study of childhood 
brain cancer was available; it showed 
no inverse association with the crucif-
erous vegetable intake of the mother 
during pregnancy. 

Thyroid 
In a collaborative re-analysis of 11 
case—control studies, no association 
was found. One case—control study 
showed a statistically significant 
inverse association with cruciferous 
vegetable intake, and another showed 
a non-significant inverse association in 
females only. In another, an inverse 
association was found for Brussels 
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sprouts, but a positive association was 
found with cabbage and cauliflower 
intake. 

Non-Hodgkin lymphoma 
Two cohort studies were available; in 
one, a statistically significant inverse 
association with cruciferous vegetable 
intake was reported. No association 
was found in the other. 

Interaction with glutathione S-trans-
ferase gene polymorphism 
Eight studies were conducted to inves-
tigate the effect of GST gene polymor-
phism on the association between 
intake of cruciferous vegetables or 
isothiocyanates and cancer. Four of 
these were conducted in Chinese pop-
ulations, and in two of the studies a uri-
nary biomarker of isothiocyanate was 
used. In four studies on lung cancer 
(one cohort, three case—control) and a 
single case—control study on breast 
cancer, a more consistent inverse 
association between isothiocyanate or 
cruciferous vegetable intake and can-
cer risk was found for individuals null 
for the GSTM1 or GSTT1 genotype. 
The difference in odds ratios between 
subgroups defined by GST genotype 
was statistically significant in some, but 
not all, studies. Ths effect of GST gene 
polymorphism was observed in both 
smokers and non-smokers and was 
more consistent in studies in which uri-
nary isothiocyanate concentration was 
used as the exposure variable than in 
those in which self-reported food fre-
quency was used to assess dietary 
intake. 

Intermediate effect biomarkers 
In humans, intake of cruciferous veg-
etables, isothiocyanates and indoles 
has been shown to modulate biotrans-
formation enzymes, which can lead to 
enhancement of both bioactivation and 
detoxification of various carcinogens 
and alterations in steroid hormone 
metabolism. Studies involving inter- 

mediate effect biomarkers could not, 
however, be interpreted in relation to 
cancer risk. Consequently, intermedi-
ate effects were not used for evaluating 
the chemopreventive effects of crucif-
erous vegetables, isothiocyanates or 
indoles in humans. 

Experimental animals 
Cruciferous vegetables 
In experimental animals treated with 
carcinogens, dietary intake of crucifer-
ous vegetables in amounts similar to 
those eaten by human populations 
have been shown to inhibit neoplastic 
and preneoplastic changes, especially 
in the colon, mammary gland and liver. 
These inhibitory effects were most 
apparent when the vegetables were 
given simultaneously with the carcino-
gen or throughout the experiment. 
Mustard seed was shown to inhibit skin 
carcinogenesis as well as transplacen-
tal or translactational carcinogenesis in 
mouse models; wasabi was shown to 
inhibit stomach tumorigenesis; and 
dietary cabbage and collards both 
decreased lung metastasis from 
injected mammary cancer cells. 

Glucosinolates 
Sinigrin (2-propenyl glucosinolate), 
which yields allyl-ITC, reduced the total 
number of colonic aberrant crypt foci 
induced by dimethylhydrazine and the 
incidence of hepatic tumours induced 
by N-nitrosodiethylamine in rats. 

Isothiocyanates 
Both naturally occurring and synthetic 
isothiocyanates have been evaluated 
for their preventive effects against car-
cinogen-induced tumours in rats, mice 
and hamsters. The isothiocyanates 
were administered to rodents by vari-
ous routes, usually at more than one 
dose and in protocols to determine 
their efficacy as either blocking' (anti-
initiation) or suppressing' (anti-promo-
tion or progression) agents. 

Phenethyl-ITC potently inhibited 
tumour development in the oesopha-
gus when administered in the diet 
before, during and after treatment with 
N-nitrosomethylbenzylamine (NMBA), 
although it did not inhibit tumour devel-
opment in rats pre-initiated with this 
carcinogen. Dietary phenethyl-ITC 
inhibited the total number of aberrant 
crypt foci in rat colon when adminis-
tered before and after azoxymethane, 
whereas its N-acetylcysteine conju-
gate inhibited colon tumour develop-
ment when given after but not before 
azoxymethane. In another study, 
phenethyl-ITC was ineffective in reduc-
ing the number of azoxy-methane-
induced aberrant crypt foci in rat colon. 
Phenethyl-ITC was highly effective in 
blocking 	4-(methylnitro-samino)-1 -(3- 
pyridyl)-1 -butanone (NNK)- induced lung 
tumours in rats. Dietary phenethyl-ITC 
did not affect the incidence or multiplic-
ity of mammary tumours induced in 
rats 	 by 	 7,12- 
dimethylben4aanth race ne (DM BA) 
and did not reduce the number of 
papillomas induced in rat urinary blad-
der by N-butyl-N-(4-hyd roxybutyl)-
nitrosamine (BBN). 

Phenethyl-ITC potently inhibited 
lung tumours in mice when adminis-
tered orally before treatment with NNK. 
Thiol and N-acetylcysteine conjugates 
of phenethyl-ITC were also effective. 
Phenethyl-LTC was ineffective when 
given after NNK. It did not prevent 

benzo[a]pyrene-induced tumours in 
mice, but benzyl-ITC and phenethyl-
ITC administered in combination 
reduced the number of lung tumours 
induced by a combination of NNK and 
benzo[a]pyrene. Phenethyl-ITC did not 
inhibit lung tumours induced in mice by 
environmental tobacco smoke. It inhib-
ited the development of forestomach 
tumours in mice given benzo[apyreno. 
When administered in the diet before 
and 	after 	N-nitrosodiethylamine, 
phenethyl-ITC inhibited the formation 
of foci and adenomas in mouse liver. 
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Phenethyl-ITC was a highly effec-
tive inhibitor of lung tumours induced in 
hamsters by N-nitrosobis(2-oxo-
propyamine (BOF). When adminis-
tered orally before treatment of ham-
sters with BOF, phenethyl-ITC reduced 
pancreatic tumour development. 

Benzyl-ITC administered in the diet 
before, during and after NMBA treat-
ment moderately inhibited oeso-
phageal tumour development in rats. 
Dietary benzyl-ITC inhibited induction 
of tumours in the small intestine and 
colon of rats by methylazoxymethanol 
and inhibited DMBA-induced mam-
mary tumours in rats. Benzyl-ITC 
administered by gavage inhibited 
tumours of the forestomach in mice 
treated with benzo[a]pyrene in one 
study, but not in another. It did not 
inhibit lung tumeurs induced in mice by 
NNK but was effective against tumours 
induced by benzo[a]pyrene and other 
polycyclic aromatic hydrocarbons. 

3-Phcnylpropyl-ITC potently inhib 
ted induction of oesophageal tumours 
in rats when administered in the diet 
before, during and after NMBA treat-
ment. When administered orally to 
mice before treatment with NNK, 3-
phenylpropyl-ITC potently inhibited 
lung tumour formation. It was a highly 
effective inhibitor of BOP-induced lung 
tumours in hamsters but was ineffec-
tive in inhibiting BOF-induced tumours 
in hamster pancreas when adminis-
tered before the carcinogen. 

Oral administration of sulforaphane 
inhibited mammary tumorigenesis 
induced in rats by DMBA. Dietary sul-
foraphane inhibited benzo[a]pyrene-
induced forestomach tumours in nil2 
competent mice but not in ntf2 null 
mice. 

In studies with synthetic isothio-
cyanates, 6-phenylhexyl-ITC was 
highly effective in blocking NNK-
induced lung tumours in rats. When 
given in the diet, it also reduced the 
number of papillomas induced in rat 
urinary bladder by BBN. 4-Phenylbutyl- 

ITC administered in the diet of rats 
before, during and after NMBA moder-
ately inhibited oesopha-geal tumour 
development. 6-Phenylhexyl-, 4-
phenylbutyl- and 5-phenylpentyl-ITC 
administered orally to mice before 
treatment with NNK potently inhibited 
lung tumeurs. The thiol and N-acetyl-
cysteine conjugates of 6-pherylhexyl-
ITC were also effective. 4-Phenylbutyl-
ITC was a highly effective inhibitor of 
BOP-induced lung tumeurs in ham-
sters but was only moderately effective 
in inhibiting BOP-induced tumours in 
hamster pancreas when administered 
before the carcinogen. Dietary o-naph-
thyklTC inhibited both hepatocellular 
carcinoma development and nodular 
hyperplasia in the livers of rats 
exposed to meta-toluylenediamine, N-
ethionine or N-2-fluorenylacetamide. In 
structure—function studies, the syn-
thetic isothiocyanates 1 -hexyl-ITC, 2- 
hexyl-ITC, 	1 -dodecyl-ITC, 	1,2- 
diphenefhyl-ITC and 2,2-diphenethyl-
ITO inhibited NNK-induced lung 
tumours in mice, but 4-oxo-4-(3- 
pyridybutyl-ITC 	and 	4-(3- 
pyridyl)butyl-ITC were ineffective. 

Indoles 
lndole-3-carbinol reduced the tumour 
response in a range of species and tar-
get organs and acted against most 
carcinogens examined when applied 
before and during the period of car-
cinogen administration as a blocking 
agent. For instance, concomitant treat-
ment provided dose-responsive inhibi-
tion of hepatocellular carcinoma in rats 
or rainbow trout receiving aflatoxin B1. 

At sufficient doses, indole-3-carbinol 
either suppressed or blocked mam-
mary tumorigenesis induced in rats, 
usually with DMBA as the initiating 
agent. The compound effectively 
inhibited lung tumours in mice initiated 
with tobacco-specific nitrosamines as 
well as DMBA-induced skin carcino-
genesis in mice. Prolonged treatment 
also reduced the number of sponta- 

neous' mammary tumeurs in 
BALB/cfC3H mice harbouring the 
murine mammary tumour virus, cervi-
cal cancer in mice transgenic for 
human papilloma virus-16 and uterine 
adenocarcinoma in female Donyu rats. 

3.3-Diindolylmethane 	blocked 
tumour initiation in several models, 
including DMBA-initiated rat mammary 
tumeurs and benzo[apyrone-initiated 
forestomach tumours in mice. It also 
suppressed mammary tumour pro-
gression in rats previously initiated with 
DMBA. 

Intermediate effect biomarkers 
Whole cruciferous vegetables, extracts 
and isothiocyanates have been shown 
to modulate intermediate biomarkers 
of effect in a variety of experimental 
animal models. The effect on expres-
sion of phase I and Il enzymes and on 
the formation of DNA adducts is gen-
erally consistent with predictions from 
in-vitro studies and with inhibition of 
tumeurs in animal models. The rather 
limited data on the antioxidant proper-
ties of cruciferous vegetables are, 
however, difficult to interpret. Extracts 
of cruciferous vegetables have been 
shown to have antioxidant effects in 
vivo, but other vegetables may also 
have these effects. Some glucosinolate 
breakdown products can selectively 
modulate cell proliferation and induce 
apoptosis in initiated cells in vivo, and 
these phenomena may provide a 
mechanism for tumour suppression. 

The results of studies on the inhibi-
tion of carcinogen—DNA adduct forma-
tion in vivo by indole-3-carbinol have 
been remarkably consistent, inhibition 
being seen with a variety of carcino-
gens in several anima! species (rat, 
mouse, rainbow trout), independently 
of the method used to quantify DNA 
adducts. In addition, indole-3-carbinol 
inhibited DNA adduct formation in both 
target and non-target organs and in 
peripheral white blood cells. 
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In almost all studies in rats in which 
enzyme markers of chemoprevention 
of carcinogenesis by indole-3-carbinol 
were evaluated, the markers predicted 
the outcome (inhibition of tumour for-
mation). In several cases, induction of 
enzymes (phase I or phase Il) by 
indole-3-carbinol could also be related 
to inhibition of carcinogen–DNA 
adduct formation, which is a more gen-
erally accepted intermediate marker of 
chemopreventive effects. Evaluation of 
enzyme markers appeared to be less 
useful in the rainbow trout model of 
aflatoxin B1-induced liver tumeurs. 

While the limitations of the trout 
model for aflatoxin 	1-induced liver 
carcinogenesis are well known, it has 
proven to be useful in studying inhibi-
tion of carcinogenesis by indole-3-
carbinol, not only because of the 
extreme sensitivity of the trout liver to 
aflatoxin B, but also because it facili-
tates the study of dose response rela-
tionships. The main chemopreventive 
property of indole-3-carbinol in this 
system is as an anti-initiator. It appears 
to act in this manner in rodents mainly 
by inducing pathways involved in the 
detoxification of carcinogens, thereby 
reducing the availability of substrate for 
activation pathways leading to DNA 
adduct formation. 

There is little evidence from exper-
iments in animals that the urinary 16cc-

hydroxyestrone:2-hydroxyestrone ratio 
could be used as a biomarker of an 
anti-estrogenic or anticarcinogen ic 
effect of indole-3-carbinol. 

In-vitro studies 
Cruciferous vegetable juices prepared 
from homogenates induced NAD(P)H:-
quinone oxidoreductase, a marker of 
phase Il enzyme induction, due in part 
to the isothiocyanates and indoles 
formed from glucosinolates during 
homogenization. Isothiocyanates induce 
this quinone reductase by transcription-
ally activating gene expression through 
the 	anti-oxidant 	response 

element, mediated by the transcription 
factor Nrf2, which is negatively regu-
lated by Keap-1. Isothiocyanates are 
selective inhibitors of cytochrome 
P450 enzymes involved in carcinogen 
metabolic activation. The combination 
of inhibition of cytochrome P450s, 
induction of phase Il enzymes such as 
GST5 and induction of NAD(P)H:-
quinone oxidoreductase plays an 
important role in the chemopreventive 
effects of isothiocyanates in animals. 

Isothiocyanates bind non-enzymat-
ically and reversibly to protein and non-
protein thiols; the reaction with GSH is 
also 	catalysed 	by 	GSTs. 
lsothiocyanate–GSH conjugates are 
expelled from cells, thereby depleting 
GSH, inducing oxidative stress and 
favouring the formation of isothio- 
cyan ate–protein 	adducts (1h iocar- 
bamoylated proteins). These adducts 
are implicated in the induction of 
enzyme expression associated with 
the activation of apoptosis. Apoptosis 
is associated with activation of cas-
pases, MAP kinases—especially JN K-
1—and mitochondrial dysfunction. 
Changes in function and enhanced 
proteasornal destruction of thiocar-
bamoylated proteins might mediate 
these effects. 

lndole-3-carbinol and its derived 
compounds activate a range of drug-
metabolizing enzymes, in particular 
CYP1A1. These compounds alter the 
metabolism of estrogen, increasing the 
2-OH product and decreasing thel 6o-
OH product, thus decreasing prolifera-
tion of estrogen-responsive cells. They 
inhibit growth and induce apoptosis in 
a range of cell types, both estrogen 
receptor-positive and -negative. These 
effects are often more marked in 
tumour cells than in their non-tumori-
genie counterparts. The expression of 
many proteins relevant to growth inhi-
bition and apoptosis can be modified 
by indole-3-carbinol and 3,3'-diirldolyl-
methane. Derivatives of indol-3-
carbinol are generally more potent  

than the parent compound. In vitro, 
indolo[3,2-b]carbazole appears to 
have the least favourable profile for a 
chemopreventive agent. 

Other beneficial effects 

Two large cohort studies showed a sta-
tistically significant inverse association 
between consumption of cruciferous 
vegetables and coronary heart dis-
ease and ischaemic stroke. One of the 
studies also showed an inverse associ-
ation between broccoli consumption 
and cataract. 

Isothiocyanates have been found 
to be effective bactehostatic and bac-
tericidal agents, and this characteristic 
has been used in food preservation. A 
recent study showed evidence of an 
effect of sulforaphane against Heilco-
becter pylon in a human cell line. 

Carcinogenicity 

Humans 
Studies in humans do not provide evi-
dence that cruciferous vegetables are 
carcinogenic. 

Experimental animals 
There is no evidence that cruciferous 
vegetables per se are carcinogenic, 
although a few studies provide some 
evidence that dietary cabbage might 
enhance tumour responses in the 
colon, pancreas, skin and spermatic 
cord of animals treated with carcino-
gens. 

A number of studies in experimen-
tal animals showed that isothio-
cyanates can not only inhibit but also 
enhance chemically induced tumorige-
nesis in rats. Phenethyl-ITC and ben-
zyl- ITC increased chemically induced 
preneoplastic lesions and tumours in 
rat bladder, and phenethyl-ITC 
increased the frequency of altered foci 
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in the liver. When given to hamsters in 
the diet after initiation, it increased the 
frequency of dysplastic lesions in the 
pancreas. The mechanisms of the 
enhancing effects of these two com-
pounds have not been determined. 
The 	synthetic 	6-phenylhexyl- ITC 
enhanced carcinogenesis in rat 
oesophagus and color. The enhance-
ment in the oesophagus appeared to 
be due to toxic effects leading to 
increased cell proliferation, as the 
compound increased tumour size and 
the activities of both COX-2 and LOX 
enzymes. 

Isothiocyanates can also elicit car-
cinogenic effects in untreated animals. 
In a number of studies, phenethyl-ITC 
induced preneoplastic lesions and 
tumours, and allyl-ITC induced pre-
neoplastic lesions and papillomas in 
rat bladder. Treatment with benzyl-ITC 
led to the development of preneoplas-
tic bladder lesions. The mechanisms of 
these adverse effects have not been 
determined. 

In a number of studies, prolonged 
treatment of carcinogen-treated ani-
mals with indole-3-carbinol enhanced, 
rather than suppressed, the tumour 
response in some organs, especially 
liver. Dietary indole-3-carbinol pro-
moted hepatocellular carcinoma when 
given to trout previously initiated with 
aflatoxin 61. The potency of indole-3-
carbinol for this adverse effect 
exceeded its potency as a blocking 
agent, was proportional to the duration 
and dose, with no evident threshold, 
and was not reversed after treatment  

was stopped. Prolonged dietary 
administration of indole-3-carbinol to 
rats post-initiation promoted hepatic 
GST-P+ biomarkers and enhanced thy-
roid tumour development. In a sepa-
rate study in rats, administration of 
indole-3-carbinol post-initiation resul-
ted in modest suppression of mam-
mary tumour and aberrant crypt foci 
formation in the colon but strongly pro-
moted hepatic GST-P-1  foci in the same 
animals. Studies in trout and rodents 
and in cultured mammalian cells in 
vitro showed that indole-3-carbinol or 
derived metabolites can have estro-
genic as well as anti-estrogenic behav-
iour, depending on the organ, cell type, 
biomarker or pathway being examined. 
This may be one basis for the bi-direc-
tional behaviour of indole-3-carbinol in 
tumorigenesis. 

Toxic effects 

Humans 
There is little evidence of acute effects 
in humans after ingestion of crucifer-
ous vegetables. Reversible drug inter-
actions have been described that are 
due either to the high vitamin K content 
of several Brassica vegetables or to 
modulation of the activities of enzymes 
responsible for the metabolism of 
xenobiotics. The possible contribution 
of goitrogenic compounds present in 
seeds, roots and leaves of cruciferous 
vegetables to endemic goitre in many 
parts of the world remains controver- 

sial. There is some evidence that 
intake of certain glucosinolates at a 
level exceeding 50 mg per day might 
have goitrogenic effects, but the com-
plex interactions between long-term 
intake of possible goitrogens from cru-
ciferous vegetables and dietary intake 
of iodine and possibly other nutrients 
are not well understood. 

Experimental animals and in vitro 
Animal species differ significantly in 
their sensitivity to the various toxic 
compounds formed from glucosino-
lates. Acute and subacute toxic effects 
are observed mainly in the thyroid, liver 
and kidney. Rats and pigs are more 
sensitive than other species to goitro-
genic compounds, and effects on the 
thyroid have been described at doses 
of 3-5 pg per kg bw per day of goitrin 
(5-vinyl-2-thiooxazol idone). The mech-
anism of this action appears to be 
unrelated to iodine uptake into the thy-
roid. 

Several isothiocyanates have been 
shown to be cytotoxic, genotoxic and 
mutagenic in vitro in both prokaroyotes 
and eukaryotes. The doses required to 
induce DNA damage in rats and mice 
in vivo were, however, several orders 
of magnitude higher than the amounts 
found in human diets. 

The available information on the 
mutagenicity of indoles is limited to 
nitrosated indoles. As vegetables are 
rich in nitrates, it is highly likely that 
nitrosated indoles are formed in the 
stomach. 
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Chapter 9 

Evaluation 

Humans 

The effects of cruciferous vegetables 
on human cancer risk have been 
assessed in many epidemiological 
studies. The conclusions that can be 
drawn from the current body of evi-
dence are as follows: 

There is limited evidence that eat-
ing cruciferous vegetables reduces the 
risk for cancers of the stomach and 
lung. 

There is inadequate evidence that 
eating cruciferous vegetables reduces 
the risk for cancers at all other sites. 

There is inadequate evidence to 
assess the independent effects on 
human cancer risk of isothiocyanates 
and indoles, as opposed to their com-
bined effects with other compounds in 
cruciferous vegetables. 

Experimental animals 

The effects of cruciferous vegetables 
and of the compounds they contain on 
carcinogen-induced cancer have been 
assessed in many experimental animal 
models. The conclusions are difficult to 
generalize to all compounds in the 
classes of isothiocyanates and indoles, 
however, as differences are found by 
cancer site, the carcinogen used and 
species. The conclusions that can be 
drawn from the current body of evi-
dence are as follows: 

There is sufficient evidence that 
intake of cruciferous vegetables 
reduces the occurrence of cancer in 
experimental animal models. The  

strongest evidence for risk reduction 
comes from studies n which Brassica 
species were fed in amounts equiva-
lent to human consumption during car-
cinogen administration and constantly 
thereafter, with reductions in the occur-
rence of cancers of the colon, mam-
mary gland and liver. 

There is sufficient evidence that 
intake of phenethyl-, benzyl- or 3- 
phenylpropylisoth iocyanate 	reduces 
the occurrence of cancer in experimen-
tal animal models. 

There is sufficient evidence that 
intake of indole-3-carbinol or 3,3'-diin-
dolylmethane reduces the occurrence 
of cancer in experimental animal 
models. 

There is limited evidence that 
intake of glucosinolates or sul-
foraphane reduces the occurrence of 
cancer in experimental animal models. 

Some of these compounds have 
also been shown to increase tumour 
growth in some experimental animal 
systems. 

Overall evaluation 

Cruciferous vegetables are an impor-
tant part of the diet in many parts of the 
world and constitute between 5% and 
25% of all vegetable intake in different 
countries. These vegetables are also 
important because they contain glu-
cosinolates, a group of compounds not 
found in other vegetables. Glucosino-
lates degrade to isothiocyanates and 
indoles, two classes of compound that 
have been shown both in vitro and in 
experimental animals to affect cancer 

risk. Although most of the effects of 
isothiocyanates and indoles are con-
sistent with benefits with respect to 
human cancer risk, many studies 
showed no effect and some showed 
effects that could be interpreted as 
adverse. In epidemiological studies, 
cruciferous vegetables have been 
found to be associated with reduced 
risks for cancers at some sites. 

In summary, the weight of the avail-
able evidence supports the following 
conclusions: 

Compounds contained in cruciferous 
vegetables could affect cancer risk 
by several mechanisms: by altering 
the activity of various metabolizing 
enzymes and by affecting cellular 
mechanisms important in cancer 
development. 

Cruciferous vegetables and com-
pounds contained therein can have 
anti-cancer effects in many animal 
cancer models. These effects vary 
by compound, by experimental con-
ditions and by species; adverse 
effects have been seen under some 
conditions. 

Human consumpotion of crucifer-
eus vegetables has been shown to 
be associated with modest reduc-
tions in the risks for cancers at 
some sites, although the reductions 
are no greater than those observed 
with total vegetable intake. 

213 



1ARC Handbooks of Cancer Prevention Volume 9; Cruciferous vegetables, isothiocyanates and indoles 

Summary of evidence for cancer preventive effects of cruciferous vegetables, isothiocyanates and indoles 

Degree of evidence for 	 Site and species 
cancer preventive effect 

Humans 
Cruciferous vegetables 

Experimental animals 

Cruciferous vegetables 

Ghicosinolates 

Isothiocyanates 
P hen ethyl- 

3,3 -Diindolyl methane 

Limited 
	

Lung, stomach 

Sufficient Colon, mammary gland, liver (rat, mouse) 

Limited Colon, liver (rat) 

Sufficient Lung (rat, mouse, hamster); 
oesophagus (rat); liver (mouse); 
forestomach (mouse); pancreas (hamster) 

Sufficient Oesophagus, colon, mammary gland (rat); 
lung, forestomach (mouse) 

Sufficient Oesophagus (rat); 
lung (mouse, hamster) 

Limited Liver (rat) 

Limited Colon, mammary gland (rat); 
forestomach (mouse) 

Sufficient Liver (rat, trout); colon (rat); 
mammary gland (rat, mouse); 
cervix (rat); lung, skin (mouse) 

Sufficient Mammary gland (rat); 
forestomach (mouse) 

Benzyl- 

3-Phenyipropyl- 

cx-Naphthyl-

Su Ifo raptiane 

Indoles 
I ndole-3-carbinol 

214 



Chapter 10 

Recommendations 

Research 
recommendations 

Research done to date suggests that 
cruciferous vegetables contain con-
stituents that reduce cancer risk. 
Governments, voluntary organizations 
and the private sector should continue 
to invest in research to elucidate the 
roles of these foods and their con-
stituents in cancer risk reduction. 
Research is needed in particular in the 
following areas. 

1. Improve our understanding of 
the basic metabolism in both 
animals and humans of the com-
pounds contained in cruciferous 
vegetables. In particular, there is 
a need to: 

better understand the pharmacoki-
netics, pharmacodynamics and 
pharmacogenetics of isothiocya-
nates and indoles. This information 
is needed to relate knowledge of 
effects in vitro and in animals to 
those in humans. 
develop methods to quantify the lev-
els of specific isothiocyanates, their 
conjugates and indoles in plasma. 
This information is needed to aid 
understanding of their cancer pre-
ventive potential and to relate their 
function in humans to that in ani-
mals and in vitro. 

• better understand the interactions 
between isothiocyanates, indoles 
and other nutrients contained in 
cruciferous vegetables, especially in 
animal models, in which the 
compounds have typically been 
studied alone. 

• better understand the influence of 
the ingestion of intact glucosino-
lates on the delivery of isothio-
cyanates and indoles to the lower 
gastrointestinal tract; 

• better understand the influence of 
intestinal bacterial flora on the 
metabolism of compounds con-
tained in cruciferous vegetables; 

• better understand the biological 
significance of the effects of crucif-
erous vegetables and compounds 
therein on changes in cell growth, 
apoptosis and proliferation in vitro, 
in animals and in humans; 

• better understand the role of poly-
morphisms of glutathione S-trans-
ferases and other metabolizing 
enzymes in the metabolism of isoth-
iocyanates and other compounds in 
cruciferous vegetables; 

• conduct short-term dietary inter-
ventions in humans to assess the 
impact of glutathione S-trans-
ferase polymorphisms on isothio-
cyanate metabolism and excre-
tion; 
create additional transgenic ani-
mals to elucidate the roles of spe-
cific genes in metabolizing com-
pounds in cruciferous vegetables. 

2. Improve estimates of intake of 
cruciferous vegetables and their 
constituents in epidemiological 
studies. In particular, there is a 
need to: 
conduct studies to understand varia-
tions within the same food in the lev-
els of isothiocyanates and indoles, 
which appear to be sensitive to soil, 
climate, growing conditions, food 
processing and preparation; 

improve dietary assessment meth-
ods for cruciferous vegetables to 
include information on storage, pro-
cessing and cooking methods, 
which can substantially modify their 
nutrient content; 
develop and validate better bio-
markers of intake of cruciferous 
vegetables and of supplements of 
compounds present in cruciferous 
vegetables. As these biomarkers 
might well include isothiocyanate or 
indole excretion products, proper 
interpretation will require careful 
attention to effects on the timing of 
excretion of factors such as metab-
olizing gene polymorphisms or 
other cancer risk factors. 
use an optimized method to assess 
glucosinolate intake in large-scale 
epidemiological studies with stratifi-
cation for genetic polymorphisms for 
relevant metabolic and response 
genes. 

Conduct short-term interven-
tions to assess the effect of cru-
ciferous vegetable intake on val-
idated intermediate markers of 
effect, such as precancerous tis-
sue changes, alteration of gene 
expression, DNA damage, or 
other markers known to lie in the 
causal pathway to cancer. 

4. Conduct phase 2 trials in 
humans to begin to evaluate the 
agents derived from cruciferous 
vegetables that have been 
shown to be chemopreventive in 
animal systems. 
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S. Conduct studies to better under-
stand the possible benefits of 
cruciferous vegetables or the 
compounds they contain on 
infectious agents important to 
human cancer risk, including 
human papillomavirus and 
Helicobacter pylon. 

6. Conduct studies to better under-
stand the potential toxicity of 
compounds contained in or 
derived from cruciferous vegeta-
bles, including nitriles, which are 
formed during the degradation 
of gucosinoIates, and com-
pounds formed during the 
metabolism of isothiocyanates 
and indoles. 
Better describe the functional 
importance of modulation of phase 
I and phase Il enzymes in terms of 
risk and prevention of cancers at 
various sites. This information is 
needed to understand the general 
risks and benefits of compounds 
contained in foods but is also 

important for understanding the 
potential adverse interactions of 
high doses of foods or derived 
compounds delivered in supple-
ments in the metabolism of pre-
scription drugs. 
Develop better methods to deter-
mine risk:benefit ratios for com-
pounds such as indole-3-carbinol 
that potentially have both beneficial 
and adverse effects. Such methods 
are needed for the proper design of 
human clinical trials. 
Better understand the potential 
long-term effects of the goitrogenic 
compounds contained in crucifer-
ous vegetables on thyroxin biosyn-
thesis in humans. 

Public health 
recommendations 

We recommend that governments and 
nongovernmental organizations pro-
mote and support the intake of crucif- 

erous vegetables as part of a diet con-
taining a variety of fruits and vegeta-
bles for cancer risk reduction and 
health promotion. We further recom-
mend that: 

1. Cruciferous vegetables should not 
be promoted in preference to other 
vegetables, in either public education 
messages or in agricultural policies. 

2. On the basis of concern about 
toxicity and uncertain benefits, it is 
inadvisable to consume nutritional 
supplements containing high levels of 
compounds derived from cruciferous 
vegetables or analogous synthetic 
compounds. Similar caution should be 
exercised in the consumption of 
modified cruciferous vegetables 
designed to contain substantially 
increased concentrations of such 
compounds. 
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Appendix: Chemical and physical properties 

sothiocyanates 

2-Propenyl (allyl) isothiocyanate 

Chemical name. 3-isothiocyanato-1 -propene 

CAS: 57-06-7 

Structure: 

CH2=CH—CH2 CH2 NCS 

Composition. CANS 

Relative molecular mass: 99.2 

Boiling-point: 148-154 °C 

Partition coefficient: 23 (Jiao et al., 1994; Zhang, 2001) 

Comments: Lipophillic, highly volatile and very pungent 

Structure: 

C H3  S [C H2  14 N = C = S 

Composition: C6H11  NS2  

Relative molecular mass: 161.3 

Boiling-point 136 °C 

Comments: Volatile 

4-IViethylsulfinylbutyl isothiocyanate (sulforaphane) 

Chemical name: 1 -isothiocyanato-4-(m ethyl sulfinyl)butane 

CAS: 4478-93-7 

Structure: 

o 
3-Methylsulfinyipropyl isothiocyanate (iberin) 	

CH3—S
11 
--[CH2]4--  N=C =S 

Chemical name: 1 -isothiocyanato-3 (methylsulfinyl)propane 
Composition: C6H NOS2  

CAS: 505-44-2 	
Relative molecular mass: 1773 

Structure: 	
Boiling-point 125-135  °C 

11 
CH3_S_[CH2b—N=C=S

Partition coefficient: 0.45 (Zhang, 2001) 
U 

Comments: Water-soluble, non-volatile 
Composition: C5H9NOS2  

Relative molecular mass: 163.3 

Comments: Water-soluble, non-volatile 

4-Methyithiobutyl isothiocyanate (erucin) 

Chemical name: 1 -isothiocyanato-4-(niethylth io)butane 

CAS: 4430-36-8 

Benzyl isothiocyanate 

Chemical name: benzyl isothiocyanate 

CAS: 622-78-6 

Structure: 

(_)__ CH2—N
=C=S 
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Composition: C8H7NS 

Relative molecular mass: 149.2 

Boiling-point. 242 oc 

Partition coefficient: 3.0 (Jiao et al., 1994; Zharig, 200 1) 

Comments: Lipophillic, partially volatile 

2-Phenethyl isothiocyanate 

Chemical name: 2-isothiocyanato-ethylbenzene 

CAS: 2257-09-2 

Structure: 

C_>_
CH2_CH2-N=C=S 

Composition: CANS 

Relative molecular mass: 163.2 

Boiling-point: 140 °C 

Partition coefficient 3.1 (Jiao et al., 1994; Zhang, 2001) 

Comments: Lipophillic, highly volatile 

Indoles 

G I ucobrassi cm 

Chemical names: I ndole-3-ylcarbinol gI ucosinolate; 3-
indolylacet-thio-(S-J3-glucopyranosido)hydroximyl-O-
sulfate 

CAS: 4356-52-9 

Structure: 

OH 

OH 

- 

OH 
N 

0s020- 

H  

Composition: C1 6H2QNO9S2 

Relative molecular mass: 448.5 

Melting-point: 148-150 C (Gmelin &Virtanen, 1961; 
Hanley etal., 1990) 

Ultraviolet absorption spectra: (Omelin & Virtanen, 1961; 
Agerbirk etal., 1998) 

Nuclear magnetic resonance spectra: (Hanley et ai., 1990; 
Agerbirk etal., 1998) 

Infrared absorption spectra: (Gmelin & Virtanen, 1961; 

Hanley et al., 1990) 

Mass spectrometry (m/z): (Hanley et al., 1990) 

Neoglucobrassicin 

Chemical names: 1 -methoxyindole-3-ylcarbinol glucosino-
late; f3-D-glucopyranose, 1 -thio-,1 -[1 -methoxy-N-(sulfoxy)-
1 H-indole-3-ethanirnidate] 

CAS: 5187-84-8 

Structure: 

OH 
/S 

- 	 N Ç 
HO 	

OH 

- ~ CJ 	
- OsO2O 

OCH3 

Composition: C17H22N2010S2 

Relative molecular mass: 478.5 

Melting-point: 158-162 oc (Hanley et al., 1990) 

Ultravioletabsorption spectra: (Agerbirk et al., 1 998) 

Nuclear magnetic resonance spectra: (Hanley et al. 1990; 
Agerbirk et al., 1998) 
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Infrared absorption spectra: (Hanley et al. 1990) 
	

N-Methoxyindole-3-carbinol 

Mass spectrometry (m/z): (Hanley et al., 1990) 

I ndole-3-carbinol 

Chemical names. I H-i ndole-3-methanol; 3-hydroxymothyl-
indole; indol-3-ylmethanol 

CAS: 700-06-1 

Structure: 

CH2  OH 

Composition: C9H9NO 

Relative molecular mass: 147.2 

Description: White crystals (Leete & Marion, 1953), 
colourless crystals (Styngach et al., 1973) 

Melting-point: 99-100 °C (Lento & Marion, 1953; Thesing, 
1954; Silverstein et al., 1954; Ames et al., 1956; Henry & 
Leete, 1957; Styngach et ai., 1973; Le Borgne et al., 
1997) 

Ultraviolet absorption spectra: (Leete & Marion, 1953; 
(Mendez, 1970; Goyal et al., 2001) 

Nuclear magnetic resonance spectra: (Hinman & Lang, 
1965; Burton et al., 1986; Hwu et al., 1996; Le Borgne et 
al., 1997) 

Infrared absorption spectra: (Leete & Marion, 1953; 
Styngach et al., 1973; Hwu et ai., 1996; Le Borgne et al., 
1997) 

Mass spoctrometry. (m/z): (Hwu et al., 1996; Frinsen et 
al., 1997; D&onga m'aI., 2001) 

Stability: Unstable in hot alkali and sensitive to acids 
(Leete & Marion, 1953) 

Chemical names: 1 -methoxyindole-3-methanol; 1 H-indole-
3-methanol 

CAS: 110139-35-0 

Structure. 

C H2 OH 

O\  

CH3  

Composition: C1 0H1 I  NO2  

Relative molecular mass: 177.2 

Melting-point 92-94 °C (0.1 Torr) (Hanley et al., 1990) 

Solubility: Sparingly soluble 

Nuclear magnetic resonance spectra: (Hanley et al., 1990; 
Stephenson et al., 2000) 

Infrared absorption spectra: (Hanley et al., 1990) 

Mass spectrometry (m/z): (Hanley et al., 1990) 

Ascorbigen 

Chemical name: 2-C-(1 H-indol-3-ylm ethyl) --L-lyxo-3-
hexulofuranosonic acid Q-lactone 

CAS: 8075-98-7 

Structure: 

H0QO 

Composition: C1 5H15N06  

Relative molecular mass: 305,3 
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Nuclear magnetic resonance spectra; (Age rbirk et al., 
1998) 

Infrared absorption spectra: (Gmelin & Virtanen, 1961) 

Mass spectrometry (m/z): (Age rbirk et al., 1998) 

Stability: 90% present in acidic medium (pH < 1 37 "C) 
after 3 h, whereas only 15% present after 3 days (Yudina 
et al., 2000a) 

3,3 -DiindoIyI methane 

Chemical name: 3,3 -diindolylmethane 

CAS: 1968-05-4 

Structure: 

H 	 H 

Composition: C17 H141\1 2  

Relative molecular mass: 246.3 

Description: White to off-white crystal 

Melting-point: 164-165 "C (Leeto & Marion, 1953; 
Thesing, 1954) 

Ultraviolet absorption spectra: (Leete & Marion, 1953) 

Nuclear magnetic resonance spectra: (Grose & Bjeldanes, 
1992) 

Infrared absorption spectra: (Leete & Marion, 1953) 

Mass spectrometry (m/z): (Grose & Bjeldanes, 1992) 

Indolo[3,2-blcarbazole 

Chemical name: 6,1 2-diaza-indeno[1 ,2-b]fluorene 

CAS: 241-55-4 

Structure: 

Composition: C18 H10N2  

Relative molecular mass: 254.3 

Ultraviolet absorption spectra: (Robinson, 1963; HDnig & 
Steinmetzer, 1976) 

Nuclear magnetic resonance spectra: (Hünig & 
Steinmetzer, 1976; Yudina et al., 2000b) 

Mass spectrometry (m/z): (Gardner et al., 1957; Hünig & 
Steinmetzer, 1976) 
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Abbreviations 

AC aberrant crypts EPIC European Prospective Investigation into 
ACF aberrant crypt foci Cancer and Nutrition 
Akt serine—threoninc protein kinase ER estrogen receptor 
AFAR aflatoxin B1  aldehyde reductase ERE estrogen response element 
AFB, aflatoxn B ETS environmental tobacco smoke 
Ah aryl hydrocarbon 
AKFI aldo—keto reductase F female 
AOM azoxymethane F1  first filial generation 
ARE antioxidant response element FAA N-2-fluorenylacetamide 
AT N-acetyltransfe rase FF0 food frequency questionnaire 
ATF activating transcription factor FMO flavi n-related monooxygenase 
AUC area under the time—plasma concen- 

tration curve GADD growth arrest in response to DNA 
damage 

B[a]P benzo[apyrene GCL glutamate cysteine ligase 
BBN N-butyl-N-(4-hydroxybutyl)nitrosami ne GCLC glutamate cysteine ligase catalytic 
BOP N-nitrosobis(2-oxopropyl)amine GCS 7-glutamylcystei ne synthetase 
BPDE 7,8-dihydroxy-9,1 0-epoxy-7,8,9,1 0- GGT y-glutamyl transferase 

tetrahydrobenzo[a]pyrone GSH glutathione 
BROD benzyloxyresorufin- O-deal kylase GSSG reduced glutathione 
bw body weight GST glutathione S-transferase 
bZIP cap n' collar basic region leucine zipper GST-P glutathione S-transferase placental form 

[transcription factor] 
HPLC high-performance liquid chromatography 

CARET 3-carotene and retinol efficacy trial HPV human papillomavirus 
CAT chioramphenicol acetyltransforaso 
CC case—control study 13C indole-3-carbinol 
CDK cycli n -dependent kinase i. P. intraperitoneally 
CG cysteinylglycinase 10 2-amino-3-methylimidazo[4,5-t]quinoline 
Cl confidence interval ITC isothiocyanate 
COX cyclo-oxygenase iv. intravenously 
CT 5,6,11,12,17,18-hexahydrocyclononal- 

[1 ,2-b:4,5-b':7,8-b"]triindole LD50  median ethal dose 
CYP cytochrome P450 LTr1 2-(indol-3-ylmethyl)-3,3'-diindolyl 

methane 
D H PN dihydroxydi- N-propylnitrosamine 
DIM 3,3'-diindolylmethane M men or male 
DMABP 3,2 -dimethyl-4-aminobiphenyl MAM methyalkylthiomalate 
DMBA 7,1 2-dimethylbenz[a]anthracerie MAP M-associated protein 
DMH 1 ,2-dimethylhydrazine MeIQx 2-amino-3,8-dimethylimidazo[4,5- 

f]qui noxal i ne 
EROD ethoxyresorufin O-doalkylase Min multiple intestinal neoplasia 
EGF epithelial growth factor MNNG N-methyl-N-nitro-N-nitrosoguanidino 
EGFR epithelial growth factor receptor MNU N-m ethyl- N-nitrosourea 
EMSA electrophoretic mobility-shift analysis M ROD methoxyresorufin- O-dealkylase 
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M RP multidrug-resistance-associated protein PSA prostate-specific antigen 
PTEN phosphatase and tensin homologue 

NAC N-acetylcysteine deleted on chromosome 10 

NDEA N-nitrosodiethylamine 
NDMA N-nitrosodimethylamine Rb retinoblastoma 

NF-1L6 nuclear factor—intorleukin 6 RA relative risk 

NIFOX nifedipine oxidation 
NMBA N-nitrosomethylbenzylamine S9 mix 9000 x g supernatant of rodent liver 

NNAL 4-(methylnitrosamino)-1 -(3-pyridy-1 - S.C. subcutaneously 
butanol 

N N K 4-(metliylnitrosamino)-1 -(3-pyridy-1 - TB RM total binding of radioactive material 

butanone TCDD 2,3,7,8-tetrachloro-para-di ben zed ioxin 

NQ01 NAD(P)H:quinono oxidoreductase TGF transforming growth factor 

NA not reported TPA 1 2-O-tetradecanoylphorbol 13-acetate 

Nrf2 nuclear facto r—e rythroid 2 p45-related TRAIL tumour necrosis factor-related 
factor 2 apoptosis-inducing ligand 

NSAI D non-steroidal anti-inflammatory drug 
UGT UDP-glucuronosyl transferase 

ODC ornithine decarboxylase 
OR odds ratio v/v volume per volume 

8-oxodG 8-oxo-7,8-dihyd ro-2 '-deoxyguanosine 
W women 

PCNA proliferating cell nuclear antigen w/w weight per weight 

PhIP 2-amino-1 -methyl-6-phenylimidazo[4,5- 
bpyridine XAE xenobiotic response element 

P13K phosphatidyl inositol 3-kinase 
PROD pentoxyresorufin O-doalkylase 
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Working Procedures for the IARC Handbooks of Cancer 
Prevention 

The prevention of cancer is one of the 
key objectives of the International 
Agency for Research on Cancer 
(IARC). This may be achieved by 
avoiding exposures to known cancer-
causing agents, by increasing host 
defences through immunization or 
chemoprevention or by modifying 
lifestyle. The aim of the series of IARC 
Handbooks of Cancer Prevention is to 
evaluate scientific information on 
agents and interventions that may 
reduce the incidence of or mortality 
from cancer. 

Scope 

Cancer-preventive strategies embrace 
chemical, immunological, dietary and 
behavioural interventions that may 
retard, block or reverse carcinogenic 
processes or reduce underlying risk 
factors. The term 'chernoprevention' is 
used to refer to interventions with 
pharmaceuticals, vitamins, minerals 
and other chemicals to reduce cancer 
incidence. The !ARC Handbooks 
address the efficacy, safety and 
mechanisms of cancer-preventive 
strategies and the adequacy of the 
available data, including those on 
timing, dose, duration and indications 
for use. 

Preventive strategies can be 
applied across a continuum of: (1) the 
general population; (2) subgroups with 
particular predisposing host or envi-
ronmental risk factors, including 
genetic susceptibility to cancer; (3) 
persons with precancerous lesions; 
and (4) cancer patients at risk for sec-
ond primary tumours. Use of the same 
strategies or agents in the treatment of  

cancer patients to control the growth, 
metastasis and recurrence of tumeurs 
is considered to be patient manage-
ment, not prevention, although 
data from clinical trials may be rele-
vant when making a Handbook evalu-
ation. 

Objective 

The objective of the Handbooks pro-
gramme is the preparation of critical 
reviews and evaluations of evidence 
for cancer-prevention and other rele-
vant properties of a wide range of 
potential cancer-preventive agents 
and strategies by international working 
groups of experts. The resulting 
Handbooks may also indicate when 
additional research is needed. 

The Handbooks may assist nation-
al and international authorities in 
devising programmes of health promo-
tion and cancer prevention and in 
making benefit—risk assessments. The 
evaluations of IARC working groups 
are scientific judgements about the 
available evidence for cancer-preven-
tive efficacy and safety. No recommen-
dation is given with regard to national 
and international regulation or legisla-
tion, which are the responsibility of 
individual governments and/or other 
international authorities. 

Working Groups 

Reviews and evaluations are formulat-
ed by international working groups of 
experts convened by the IARC. The 
tasks of each group are: (1) to ascer-
tain that all appropriate data have 
been collected; (2) to select the data 

relevant for the evaluation on the basis 
of scientific merit; (3) to prepare accu-
rate summaries of the data to enable 
the reader to follow the reasoning of 
the Working Group; (4) to evaluate the 
significance of the available data from 
human studies and experimental mod-
els on cancer-preventive activity, and 
other beneficial effects and also on 
adverse effects; and (5) to evaluate 
data relevant to the understanding of 
the mechanisms of preventive activity. 

Approximately 13 months before a 
working group meets, the topics of the 
Handbook are announced, and partic-
ipants are selected by IARC staff in 
consultation with other experts. 
Subsequently, relevant clinical, experi-
mental and human data are collected 
by the IARC from all available sources 
of published information. Representa-
tives of producer or consumer associ-
ations may assist in the preparation of 
sections on production and use, as 
appropriate. 

Working Group participants who 
contributed to the considerations and 
evaluations within a particular 
Handbook are listed, with their 
addresses, at the beginning of each 
publication. Each participant serves as 
an individual scientist and not as a 
representative of any organization, 
government or industry. In addition, 
scientists nominated by national and 
international agencies, industrial asso-
ciations and consumer and/or environ-
mental organizations may be invited 
as observers. IARC staff involved in 
the preparation of the Handbooks are 
listed. 

About eight months before the 
meeting, the material collected is sent 
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to meeting participants to prepare sec-
tions for the first drafts of the 
Handbooks. These are then compiled 
by IARC staff and sent, before the 
meeting, to all participants of the 
Working Group for review. There is an 
opportunity to return the compiled 
specialized sections of the draft to the 
experts, inviting preliminary com-
ments, before the complete first-draft 
document is distributed to all members 
of the Working Group. 

Data for Handbooks 

The Handbooks do not necessarily 
cite all of the literature on the agent or 
strategy being evaluated. Only those 
data considered by the Working Group 
to be relevant to making the evaluation 
are included. In principle, meeting 
abstracts and other reports that do not 
provide sufficient detail upon which to 
base an assessment of their quality 
are not considered. 

With regard to data from toxicolog-
ical, epidemiological and experimental 
studies and from clinical trials, only 
reports that have been published or 
accepted for publication in the openly 
available scientific literature are 
reviewed by the Working Group. In 
certain instances, government agency 
reports that have undergone peer 
review and are widely available are 
considered. Exceptions may be made 
on an ad-hoc basis to include unpub-
lished reports that are in their final form 
and publicly available, if their inclusion 
is considered pertinent to making a 
final evaluation. In the sections on 
chemical and physical properties, on 
production, on use, on analysis and on 
human exposure, unpublished sources 
of information may be used. 

The available studies are summa-
rized by the Working Group. In gener-
al, numerical findings are indicated as 
they appear in the original report; units 
are converted when necessary for  

easier comparison. The Working Goup 
may conduct additional analyses of the 
published data and use them in their 
assessment of the evidence. Important 
aspects of a study, directly impinging 
on its interpretation, are brought to the 
attention of the reader. 

Criteria for selection of 
topics for evaluation 

Agents, classes of agents and inter-
ventions to be evaluated in the 
Handbooks are selected on the basis 
of one or more of the following criteria. 

• The available evidence suggests 
potential for significantly reducing 
the incidence of cancers. 

• There is a substantial body of 
human, experimental, clinical 
and/or mechanistic data suitable 
for evaluation. 

• The agent is in widespread use 
and of putative protective value, but 
of uncertain efficacy and safety. 

e The agent shows exceptional 
promise in experimental studies 
but has not been used in humans. 

• The agent is available for further 
studies of human use. 

Evaluation of cancer-
preventive agents 

A wide range of findings must be taken 
into account before a particular agent 
can be recognized as preventing can-
cer and a systematized approach to 
data presentation has been adopted 
for Handbook evaluations. 

Characteristics of the agent or inter-
vention 
Chemical identity and other definitive 
information (such as genus and 
species of plants) are given as appro-
priate. Data relevant to identification, 

occurrence and biological activity are 
included. Technical products of chem-
icals, including trade names, relevant 
specifications and information on com-
position and impurities are mentioned. 
Preventive interventions can be broad, 
community based interventions, or 
interventions targeted to individuals 
(counselling, behavioural, chemopre-
ventive). 

Occurrence, trends, analysis 
Occurrence 
Information on the occurrence of an 
agent in the environment is obtained 
from monitoring and surveillance in 
occupational environments, air, water, 
soit, foods and animal and human tis-
sues. When available, data on the gen-
eration, persistence and bioaccumula-
tion of the agent are included. For 
interventions, data on prevalence are 
supplied. The data on the prevalence 
of a factor (e.g., overweight) in 
different populations are collected as 
widely as possible. 

Production and use 
The dates of first synthesis and of first 
commercial production of a chemical 
or mixture are provided, the dates of 
first reported occurrence. In addition, 
methods of synthesis used in past and 
present commercial production and 
methods of production that may give 
rise to various impurities are 
described. For interventions, the dates 
of first mention of their use are given. 

Data on the production, interna-
tional trade and uses and applications 
of agents are obtained for representa-
tive regions. In the case of drugs, 
mention of their therapeutic applica-
tions does not necessarily represent 
current practice, nor does it imply 
judgement as to their therapeutic effi-
cacy. 

If an agent is used as a prescribed 
or over-the-counter pharmaceutical 
product, then the type of person 
receiving the product in terms of 
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Working procedures 

health status, age, sex and medical 
condition being treated are described. 
For non-pharmaceutical agents, 
particularly those taken because of 
cultural traditions, the characteristics 
of use or exposure and the relevant 
populations are described. In all 
cases, quantitative data, such as 
dose—response relationships, are con-
sidered to be of special importance. 

Metabolism of and metabolic 
responses to the agent or metabolic 
consequences of an intervention 
In evaluating the potential utility of a 
suspected cancer-preventive agent or 
strategy, a number of different proper-
ties, in addition to direct effects upon 
cancer incidence, are described and 
weighed. Furthermore, as many of the 
data leading to an evaluation are 
expected to come from studies in 
experimental animals, information that 
facilitates i rterspecies extrapolation is 
particularly important; this includes 
metabolic, kinetic and genetic data. 
Whenever possible, quantitative data, 
including information on dose, duration 
and potency, are considered. 

Information is given on absorption, 
distribution (including placental trans-
fer), metabolism and excretion in 
humans and experimental animals. 
Kinetic properties within the target 
species may affect the interpretation 
and extrapolation of dose—response 
relationships, such as blood concen-
trations, protein binding, tissue con-
centrations, plasma half-lives and 
elimination rates. Comparative infor-
mation on the relationship between 
use or exposure and the dose that 
reaches the target site may be of par-
ticular importance for extrapolation 
between species. Studies that indicate 
the metabolic pathways and fate of an 
agent in humans and experimental 
animals are summarized, and data on 
humans and experimental animals are 
compared when possible. Observa-
tions are made on inter-individual vari- 

ations and relevant metabolic poly-
morphisms. Data indicating long-term 
accumulation in human tissues are 
included. Physiologically based phar-
macokinetic models and their parame-
ter values are relevant and are includ-
ed whenever they are available. 
Information on the fate of the 
compound within tissues and cells 
(transport, role of cellular receptors, 
compartmentalization, binding to 
macromolecules) is given. 

The metabolic consequences of 
interventions are described. 

Genotyping will be used increas-
ingly, not only to identify subpopula-
tions at increased or decreased risk for 
cancers but also to characterize varia-
tion in the biotransformation of and 
responses to cancer-preventive agents. 
This subsection can include effects of 
the compound on gene expression, 
enzyme induction or inhibition, or pro-
oxidant status, when such data are not 
described elsewhere. It covers data 
obtained in humans and experimental 
animals, with particular attention to 
effects of long-term use and exposure. 

Cancer-preventive effects 
Human studies 
Types of study considered 
Human data are derived from experi-
mental and non-experimental study 
designs and are focused on cancer, 
precancer or intermediate biological 
end-points. The experimental designs 
include randomized controlled trials 
and short-term experimental studies; 
non-experimental designs include 
cohort, case—control and cross-sec-
tional studies. 

Cohort and case—control studies 
relate individual use of, or exposure to, 
the agent or invervention under study 
to the occurrence of cancer in individu-
als and provide an estimate of relative 
risk (ratio of incidence or mortality 
in those exposed to incidence or 
mortality in those not exposed) as the 
main measure of association. Cohort  

and case—control studies follow an 
observational approach, in which the 
use of, or exposure to, the agent is not 
controlled by the investigator. 

Intervention studies are experi-
mental in design - that is, the use of, 
or exposure to, the agent or interven-
tion is assigned by the investigator. 
The intervention study or clinical trial 
is the design that can provide the 
strongest and most direct evidence of 
a protective or preventive effect; how-
ever, for practical and ethical reasons, 
such studies are limited to observation 
of the effects among specifically 
defined study subjects of interventions 
of 10 years or fewer, which is relative-
ly short when compared with the over-
all lifespan. 

Intervention studies may be under-
taken in individuals or communities 
and may or may not involve random-
ization to use or exposure. The differ-
ences between these designs is 
important in relation to analytical 
methods and interpretation of findings. 

In addition, information can be 
obtained from reports of correlation 
(ecological) studies and case series; 
however, limitations inherent in these 
approaches usually mean that such 
studies carry limited weight in the eval-
uation of a preventive effect. 

Quality of studies considered 
The Handbooks are not intended to 
summarize all published studies. The 
Working Group consider the following 
aspects: (1)the relevance of the study; 
(2) the appropriateness of the design 
and analysis to the question being 
asked; (3) the adequacy and complete-
ness of the presentation of the data; 
and (4) the degree to which chance, 
bias and confounding may have 
affected the results. 

Studies that are judged to be inad-
equate or irrelevant to the evaluation 
are generally omitted. They may be 
mentioned briefly, particularly when 
the information is considered to be a 
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useful supplement to that in other 
reports or when it provides the only 
data available. Their inclusion does not 
imply acceptance of the adequacy of 
the study design, nor of the analysis 
and interpretation of the results, and 
their limitations are outlined. 

Assessment of the cancer-preventive 
effect at different doses and durations 
The Working Group gives special 
attention to quantitative assessment of 
the preventive effect of the agent under 
study, by assessing data from studies 
at different doses. The Working Group 
also addresses issues of timing and 
duration of use or exposure. Such 
quantitative assessment is important 
to clarify the circumstances under 
which a preventive effect can be 
achieved, as well as the dose at which 
a toxic effect has been shown. 

Criteria for a cancer-preventive effect 
After summarizing and assessing the 
individual studies, the Working Group 
makes a judgement concerning the 
evidence that the agent or intervention 
in question prevents cancer in 
humans. In making their judgement, 
the Working Group considers several 
criteria for each relevant cancer site. 

Evidence of protection derived 
from intervention studies of good qual-
ity is particularly informative. Evidence 
of a substantial and significant reduc-
tion in risk, including a 'dose'—
response relationship, is more likely to 
indicate a real effect. Nevertheless, a 
small effect, or an effect without a 
dose—response relationship, does not 
imply lack of real benefit and may be 
important for public health if the can-
cer is common. 

Evidence is frequently available 
from different types of study and is eval-
uated as a whole. Findings that are 
replicated in several studies of the 
same design or using different 
approaches are more likely to provide 
evidence of a true protective effect than  

isolated observations from single 
studies. 

The Working Group evaluates pos-
sible explanations for inconsistencies 
across studies, including differences in 
use of, or exposure to, the agent, dif-
ferences in the underlying risk of can-
cer and metabolism and genetic differ-
ences in the population. 

The results of studies judged to be 
of high quality are given more weight. 
Note is taken of both the applicability 
of preventive action to several cancers 
and of possible differences in activity, 
including contradictory findings, 
across cancer sites. 

Data from human studies (as well 
as from experimental models) that 
suggest plausible mechanisms for a 
cancer-preventive effect are important 
in assessing the overall evidence. 

The Working Group may also 
determine whether, on aggregate, the 
evidence from human studies is con-
sistent with a lack of preventive effect. 

Experimental models 
Experimental animals 
Animal models are an important com-
ponent of research into cancer preven-
tion. They provide a means of identify-
ing effective compounds, of carrying 
out fundamental investigations into 
their mechanisms of action, of deter-
mining how they can be used 
optimally, of evaluating toxicity and, 
ultimately, of providing an information 
base for developing intervention trials 
in humans. Models that permit evalua-
tion of the effects of cancer-preventive 
agents on the occurrence of 
cancer in most major organ sites are 
available. Major groups of animal 
models include: those in which cancer 
is produced by the administration of 
chemical or physical carcinogens; 
those involving genetically engineered 
animals; and those in which tumeurs 
develop spontaneously. Most cancer-
preventive agents investigated in such 
studies can be placed into one of three 

categories: compounds that prevent 
molecules from reaching or reacting 
with critical target sites (blocking 
agents); compounds that decrease the 
sensitivity of target tissues to carcino-
genic stimuli; and compounds that pre-
vent evolution of the neoplastic 
process (suppressing agents). There 
is increasing interest in the use of com-
binations of agents as a means of 
improving efficacy and minimizing tox-
icity. Animal models are useful in eval-
uating such combinations. The devel-
opment of optimal strategies for 
human intervention trials can be facili-
tated by the use of animal models that 
mimic the neoplastic process in 
humans. 

Specific factors to be considered in 
such experiments are: (1) the tempo-
ral requirements of administration of 
the cancer-preventive agents; (2) 
dose—response effects; (3) the site-
specificity of cancer-preventive activi-
ty; and (4) the number and structural 
diversity of carcinogens whose activity 
can be reduced by the agent being 
evaluated. 

An important variable in the evalu-
ation of the cancer-preventive 
response is the time and the duration 
of administration of the agent or inter-
vention in relation to any carcinogenic 
treatment, or in transgenic or other 
experimental models in which no car-
cinogen is administered. Furthermore, 
concurrent administration of a cancer-
preventive agent may result in a 
decreased incidence of tumours in a 
given organ and an increase in anoth-
er organ of the same animal. Thus, in 
these experiments it is important that 
multiple organs be examined. 

For all these studies, the nature 
and extent of impurities or contaminants 
present in the cancer-preventive agent 
or agents being evaluated are given 
when available. For experimental stud-
ies of mixtures, consideration is given 
to the possibility of changes in the 
physicochemical properties of the test 
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substance during collection, storage, 
extraction, concentration 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 to 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. 

Qualitative aspects. An assessment of 
the experimental prevention of cancer 
involves several considerations of 
qualitative importance, 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 
tumeurs 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 concentrations; (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 
adequate 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 statistical analysis; and (15) 
whether the data were adequately 
reported. If available, recent data on 
the incidence of specific tumeurs 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 tumeurs 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 
multiplicity of neoplasms in adequately 
designed studies provides evidence of 
a cancer-preventive effect. A dose-
related decrease in incidence and/or 
multiplicity 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 animals 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 should be appropriate for 
the characteristics of the expected 
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 controls 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. 

Intermediate 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 malignant tumeurs may aid 
in assessing the mode of action of the 
presumed cancer-preventive agent or 
intervention. Particular attention is 
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given to assessing the reversibility of 
these lesions and their predictive value 
in relation to cancer development. 

Mechanisms of cancer prevention 
Data on mechanisms can be derived 
from both human studies and experi-
mental models. For a rational imple-
mentation of cancer-preventive mea-
sures, it is essential not only to 
assess protective end-points but also 
to understand the mechanisms by 
which the agents or interventions 
exert their anticarci nogenic action. 
Information on the mechanisms of 
cancer-preventive activity can be 
inferred from relationships between 
chemical structure and biological 
activity, from analysis of interactions 
between agents and specific molecu-
lar targets, from studies of specific 
end-points in vitro, from studies of the 
inhibition of tumorigenesis in vivo, 
from the effects of modulating inter-
mediate biomarkers, and from human 
studies. Therefore, the Working 
Group takes account of data on 
mechanisms in making the final eval-
uation of cancer prevention. 

Several classifications of mecha-
nisms have been proposed, as have 
several systems for evaluating them. 
Cancer-preventive agents may act at 
several distinct levels. Their action 
may be: (1) extracellular, for example, 
inhibiting the uptake or endogenous 
formation of carcinogens, or forming 
complexes with, diluting and/or deacti-
vating carcinogens; (2) intracellular, for 
example, trapping carcinogens in non-
target cells, modifying transmembrane 
transport, modulating metabolism, 
blocking reactive molecules, inhibiting 
cell replication or modulating gene 
expression or DNA metabolism; or (3) 
at the level of the cell, tissue or organ-
ism, for example, affecting cell differ-
entiation, intercellular communication, 
proteases, signal trans-duction, 
growth factors, cell adhesion mole-
cules, angiogenesis, interactions with  

the extracellular matrix, hormonal sta-
tus and the immune system. 

Many cancer-preventive agents 
are known or suspected to act by sev-
eral mechanisms, which may operate 
in a coordinated manner and allow 
them a broader spectrum of anticar-
cinogenic activity. Therefore, multiple 
mechanisms of action are taken into 
account in the evaluation of cancer-
prevention. 

Beneficial interactions, generally 
resulting from exposure to inhibitors 
that work through complementary 
mechanisms, are exploited in com-
bined cancer-prevention. Because 
organisms are naturally exposed not 
only to mixtures of carcinogenic 
agents but also to mixtures of protec-
tive agents, it is also important to 
understand the mechanisms of inter-
actions between inhibitors. 

Other beneficial effects 
An expanded description is given, 
when appropriate, of the efficacy of the 
agent in the maintenance of a normal 
healthy state and the treatment of 
particular diseases. Information on the 
mechanisms involved in these activi-
ties is described. Reviews, rather than 
individual studies, may be cited as 
references. 

The physiological functions of 
agents such as vitamins and micronu-
trients can be described briefly, with 
reference to reviews. Data on the ther-
apeutic effects of drugs approved for 
clinical use are summarized. 

Toxic effects 
Toxic effects are of particular impor-
tance in the case of agents or inter-
ventions that may be used widely over 
long periods in healthy populations. 
Data are given on acute and chronic 
toxic effects, such as organ toxicity, 
increased cell proliferation, immune-
toxicity and adverse endocrine effects. 
Some agents or interventions may 
have both carcinogenic and anticar- 

cinogenic activities. If the agent has 
been evaluated within the IARC 
Monographs on the Evaluation of 
Carcinogenic Risks to Humans, that 
evaluation is accepted, unless signifi-
cant new data have appeared that may 
lead the Working Group to reconsider 
the evidence. If the agent occurs natu-
rally or has been in clinical use previ-
ously, the doses and durations used in 
cancer-prevention trials are compared 
with intakes from the diet, in the case 
of vitamins, and previous clinical expo-
sure, in the case of drugs already 
approved for human use. When exten-
sive data are available, only sum-
maries are presented; if adequate 
reviews are available, reference may 
be made to these. If there are no rele-
vant reviews, the evaluation is made 
on the basis of the same criteria as are 
applied to epidemiological studies of 
cancer. Differences in response as a 
consequence of species, sex, age and 
genetic variability are presented when 
the information is available. 

Data demonstrating the presence 
or absence of adverse effects in 
humans are included; equally, lack of 
data on specific adverse effects is 
stated clearly. 

Information is given on carcino-
genicity, immunotoxicity, neurotoxicity, 
cardiotoxicity, haematological effects 
and toxicity to other target organs. 
Specific case reports in humans and 
any previous clinical data are noted. 
Other biochemical effects thought to 
be relevant to adverse effects are 
mentioned. 

The results of studies of genetic 
and related effectsin mammalian and 
nonmammalian systems in vivo and in 
vitro are summarized. Information on 
whether DNA damage occurs via 
direct interaction with the agent or via 
indirect mechanisms (e.g, generation 
of free radicals) is included, as is infor-
mation on other genetic effects such 
as mutation, recombination, chromo-
somal damage, aneuploidy, cell 
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immortalization and transformation, 
and effects on cell—cell communication. 
The presence and toxicological signifi-
cance of cellular receptors for the can-
cer-preventive agent are described. 

Structure—activity relationships that 
may be relevant to the evaluation of the 
toxicity of an agent are described. 

Summary of data 
In this section, the relevant human and 
experimental data are summarized. 
Inadequate studies are generally not 
included but are identified in the pre-
ceding text. 

Evaluation 
Evaluations of the strength of the 
evidence for cancer-preventive activity 
and carcinogenic effects from studies 
in humans and experimental models 
are made, using standard terms. 
These terres may also be applied to 
other beneficial and adverse effects, 
when indicated. When appropriate, 
reference is made to specific organs 
and populations. 

It is recognized that the criteria for 
these evaluation categories, des-
cribed below, cannot encompass all 
factors that may be relevant to an eval-
uation of cancer-preventive activity. In 
considering 	all 	the 	relevant 
scientific data, the Working Group may 
assign the agent or intervention to a 
higher or lower category than a strict 
interpretation of these criteria would 
indicate. 

Cancer-preventive activity 
The evaluation categories refer to the 
strength of the evidence that an agent 
or intervention prevents cancer. The 
evaluations may change as new infor-
mation becomes available. 

Evaluations are inevitably limited 
to the cancer sites, conditions and 
levels of exposure and length of obser-
vation covered by the available stud-
es. An evaluation of degree of evi-
dence, whether for an agent or inter- 

vention, is limited to the materials test-
ed, as defined physically, chemically 
or biologically, or to the intensity of fre-
quency of an intervention. When 
agents are considered by the Working 
Group to be sufficiently closely relat-
ed, they may be grouped for the pur-
pose of a single evaluation of degree 
of evidence. 

Information on mechanisms of 
action is taken into account when eval-
uating the strength of evidence in 
humans and in experimental animals, 
as well as in assessing the consistency 
of results between studies in humans 
and experimental models. 

Cancer-preventive activity in 
humans 
The evidence relevant to cancer pre-
vention in humans is classified into 
one of the following categories. 

Sufficient evidence of cancer-pre-
ventive activity 

The Working Group considers that a 
causal relationship has been estab-
lished between use of the agent or 
intervention and the prevention of 
human cancer in studies in which 
chance, bias and confounding could 
be ruled out with reasonable 
confidence. 

Limited evidence of cancer-pre-
ventive activity 

The data suggest a reduced risk for 
cancer with use of the agent or inter-
vention but are limited for making a 
definitive evaluation either because 
chance, bias or confounding could not 
be ruled Out with reasonable confi-
dence or because the data are 
restricted to intermediary biomarkers 
of uncertain validity in the putative 
pathway to cancer. 

• Inadequate evidence of cancer-
preventive activity 

The available studies are of insuffi-
cient quality, consistency or statistical 

power to permit a conclusion regard-
ing a cancer-preventive effect of the 
agent or intervention, or no data on 
the prevention of cancer in humans 
are available. 

• Evidence suggesting lack of 
cancer-preventive activity 

Several adequate studies of use pr or 
exposure to the agent or intervention 
are mutually consistent in not showing 
a preventive effect. 

The strength of the evidence for 
any carcinogenic effect is assessed in 
parallel. 

Both cancer-preventive activity 
and carcinogenic effects are identified 
and, when appropriate, tabulated by 
organ site. The evaluation also cites 
the population subgroups concerned, 
specifying age, sex, genetic or envi-
ronmental predisposing risk factors 
and the relevance of precancerous 
lesions. 

Cancer-preventive activity in experi-
mental animals 
Evidence for cancer prevention in 
experimental animals is classified into 
one of the following categories. 

Sufficient evidence of cancer-pre-
ventive activity 

The Working Group considers that a 
causal relationship has been estab-
lished between the agent and a 
decreased incidence and/or multiplicity 
of neoplasms. 

Limited evidence of cancer-pre-
ventive activity 

The data suggest a cancer-preventive 
effect but are limited for making a 
definitive evaluation because, for 
example, the evidence of cancer 
prevention is restricted to a single 
experiment, the agent decreases the 
incidence and/or multiplicity only of 
benign neoplasms or lesions of uncer-
tain neoplastic potential or there is 
conflicting evidence. 
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• Inadequate evidence of cancer-
preventive activity 

The studies cannot be interpreted as 
showing either the presence or 
absence of a preventive effect 
because of major or quantitative limi-
tations (unresolved questions regard-
ing the adequacy of the design, con-
duct or interpretation of the study), or 
no data on cancer prevention in exper-
imental animals are available. 

• Evidence suggesting lack of 
cancer-preventive activity 

Adequate evidence from conclusive 
studies in several models shows that, 

within the limits of the tests used, the 
agent does not prevent cancer. 

Overall evaluation 
Finally, the body of evidence is consid-
ered as a whole, and summary state-
ments are made that encompass the 
effects of the agents in humans with 
regard to cancer-preventive activity, 
carcinogenic effects and other benefi-
cial and adverse effects, as appro-
priate. 

Recommendations 
During the evaluation process, it is 
likely that opportunities for further 

research will be identified. These are 
clearly stated, with the understanding 
that the areas are recommended for 
future investigation. It is made clear 
that these research opportunities are 
identified in general terms on the basis 
of the data currently available. 

Recommendations for public 
health action are listed, based on the 
analysis of the existing scientific data. 
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