Chapter 4

Cancer preventive effects
Humans
The epidemiological studies of consumption of cruciferous vegetables,
isothiocyanates and indoles and cancer fall into three groups. In many studies, exposure was assessed from food
frequency questionnaires, and these
studies are considered in this sub-section. 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 intermediate effect biomarkers in humans'.
The section concludes with a discussion of the evidence from the preceding sub-sections. Studies described in the first two sub-sections, in
which odds ratios (ORS) and 95% confidence 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 subsection 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 vegetable intake affects the design of studies, however, and recall bias is a major
concern in case—control studies. Both
cohort and case—control studies are
susceptible to confounding from nutritional and other life-style factors,
although comparisons of genes that
metabolize
isothiocyanates
might
avoid such confounding. Relevant
studies in which analyses were stratified for GST genes are summarized in
the second sub-section. The Working
Group noted that the classification of
cruciferous vegetables used in the various studies was not Consistent, in part
because of differences in consumption
patterns around the world, as discussed in section 1. In some countries,
the gradient of intake of cruciferous
vegetables is limited, and this can
affect the results.

Epidern iological studies on consurnption of cruciferous vegetables and cancer and precancerous lesions
Relatively few epidemiological studies
have been performed specifically to
evaluate cruciferous vegetable consumption. 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 cancer, especially thyroid cancer. Therefore, many of the associations reported
arose within sub-analyses of a number
of components of vegetable consumption. There is therefore concern about
publication bias, as it is possible that
associations were reported in some
studies only because they were significant, and that non-significant associations 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 association 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 vegetables, as reported in Handbook 8
(IARC, 2003). In the following, associations 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 positive.
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 cruciferous 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 nasapharyngeal cancer was significant.

five, inverse associations with
consumption of cruciferous vegetables
were found, four of which were
significant. In five other studies on adenomas, non-significant inverse associations were found in two and a significant inverse association in one.

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

Biliary tract
No studies were identified by the
Working Group.

Stomach
Cohort studies: Three cohort studies
included relevant data; one showed a
non-significant inverse association with
consumption of cruciferous vegetables, and one showed a non-significant positive association (Table 15).
Case—control studies: Twelve studies
were identified (Table 16). Inverse associations 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 relevant data on colorectal cancer were
identified (Table 17). In two, inverse
associations were found with consumption 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 hyperplastic.
Case—control studies: Ten studies had
data on colorectal cancer (Table 18). In
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Liver
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-significant inverse association in men; in the
other, there was no association.
Lung
Cohort studies. In three of six cohort
studies, inverse associations with consumption 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 association being found in the placebo arm
but not in the intervention arm. In one
study, a non-significant positive association was reported. In a pooled analysis of eight cohort studies, covering
3206 cases of lung cancer, no associations were found with consumption of
broccoli or cabbage (Smith-Warner et
al., 2003).
Case—control studies: In five of nine
case—control studies, inverse associations 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 associated 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 significant. Seven others found no relationship, and one found a significant positive association (Table 25).
Cervix
Case—control studies: Intake of cruciferous vegetables and invasive cancer
of the cervix were inversely associated
in one case—control study and positively associated in another, the association being statistically significant
(Table 26). A positive association was
also found in one study of in-situ cancers of the cervix (Table 27).

Cancer preventive effects

Endometrium
Case—control studies: The intake of
cruciferous vegetables and eridometrium 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 cruciferous vegetables (Table 29).
Prostate
Cohort studies: Three studies were
identified; none showed inverse associations with consumption of cruciferous vegetables, but one showed a
non-significant positive association
(Table 30).
Case—control studies: Seven studies
were identified (Table 31). In three, significant inverse associations with consumption of cruciferous vegetables
were noted, one only for prostate cancer 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 cruciferous vegetables, while the other
showed no association (Table 32).
Case—control studies: One case—control study on cruciferous vegetable
consumption showed non-significant
inverse associations (Table 33).
Kidney
Case—control studies. Associations
with cruciferous vegetable consumption 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 analysis, 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 subsequently 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 adjustment 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 association 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 cruciferous 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 isothiocyanate intake and cancer risk
While intake of cruciferous vegetables
is commonly estimated in epidemiological studies from responses to foodfrequency questionnaires, in some
studies an attempt was made to estimate dietary intake of isothiocyanatos
by combining information on intake
with measured concentrations of isothiocyanates in samples of vegetables
(Jiao et al., 1998). Although this
method covers differences in the isothiocyanate concentrations of vegetables, the other limitations of dietary
questionnaires remain, including measurement error, potential misclassification 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

year,

follow-up

cohort

assessment

contrast

risk (95%

significance

confounding

(no. of

(no. of

Cl)

items)

categories)

size, sex

country

Comments

(p for trend
when
applicable)

Kjaerheim
et al.

25

FF0 (32),

male

self-adminis-

times/month

0.8 (0.3-2.1)

tered

vs <monthly

Cabbage

(1998),
Norway

FF0, food frequency questionnaire

6

Cauliflower

71/10 960,

(3)

(0.8-4.1)

>0.5

Age, frequency
of alcohol

0.09

consumption,
smoking level

Incidence

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

Cases (cancer

Range
contrast
(no. of
categories)

Relative
risk (95%
Cl)

Statistical
significance (p
for trend when
applicable)

Adjustment for
confounding

Commenta

sex

Exposure
assessment
(no. of items)

McLaughlin et
al. (1988),
USA

871 (oral cavity
and pharynx)/
979 male,
female

FFQ about
usual adult
diet (61),
interview

Highest vs
lowest
(4)

Male: 0.6
Female: 0.8

0.006
0.83

Smoking and
alcohol habits

Population-based
Whites only
Closest next of kin
interviewed in 22%
of cases

Gridley et ai.
(1990),
USA

190 (pharynx,
tongue and

FF0 about
usual adult
diet (61),
interview

Highest vs
lowest
(4)

Male: 0.5
Female: 0.2

0.10
0.03

Smoking and
alcohol habits

Population-based
Blacks only
Interviews With nextof-kin in 56 cases
and 3 controls

FF0 about
recent diet

1.0

Age, sex

(40)

Highest vs
lowest
(3)

Hospital-based
No individual
matching

FF0 about
usual diet in

Highest vs
lowest

Male 0.76
Female 152

Smoking and
education

Population-based

previous 10
years (41,30
fruit and
vegetables),
interview

(3)

Sex, age, area
of residence,
education,
smoking and
drinking habits

Hospital-based

Sex, age,

Hospital-based

siles)/controls,

other parts of
oral caviiy)/21J1
male, female

Franceschi et
al. (1991a),
Italy

302 (oral cavity
and pharynx)!699 male,
female

Zheng et al.
(1992e),

204 (oral cavity
and pharynx)

China

Garrote et al.
(2001),
Cuba

200 (oral cavity
and pharynx)!
200
male, female

FF0 about
lifetime dietary
habits,
interview

> 4 vs D
servings!
week(3)

Lissowska et
al. (2003),
Poland

122 (oral cavity,
and pharynx)!
124 male,
female

FF0 (25),
interview

> I vs

Sanchez etal.
(2003)r
Spain

375 (cancer of
oral cavity and
oropharynx) /
375 male,
female

FF0 (25),
interview

~! 2 vs 0
serving!week (3)

<1/week (2)

and calories

1.11

0.54

(0.62-2.01)

0.59
(0.33-1.06)

1.33
(0.85-2.07)

residence,
smoking and
drinking habits
0.19

C,

Sex, age,

Hospital-based

centre, years of
schooling,
smoking and
drinkinq habits

Three areas

F70, food frequency questionnaire

QQ

o

Table 12. Case—control study of cruciferous vegetable consumption and risk for salivary gland cancer
Author,
year,
country

Cases!
controls,
sex

Exposure
assessment
(no. of
items)

Range
contrasts
(no. of
categories)

Zheng et

41/414

FF0 about

Highest vs

al. (1996),

male, female

usual

lowest (3)

risk (95%
Cl)

Statistical
significance
(p for trend when
applicable)

0.6 (0.3-1.3)

>0.10

Relative

Adjustment for
confounding

Comments

Sex, age and

Population-based

income

frequency in

China

previous 10
years (41.
30 fruit and
vegetables),
interview

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

Cases!
controls,
sex

Exposure
assessment
(no. of items)

Range
contrasts (no.
of categories)

Relative risk
(95% CI)

Statistical
significance
(p for trend
when
applicable)

0.64 (0.40-1.04)'
0.47 (0.29_0.77)b

0.02

Adjustment
for
confounding

Comments

Population-

Armstrong

282/282

FF0 about diet 5

Chinese

et al.

male,

years before

flowering

(1996),

female

diagnosis and at

cabbage

(OR

age of 10 years

~i weekly vs

lifetime

(55), interview

<weekly (2)

consumption)

Malaysia

Chinese kale

0.63 (0.39-1 .01)'

:~ weekly vs
monthly (3)

FF0, food frequency questionnaire; OR, odds ratio
Diet in recent 5 years
bUict stage 10

0.71 (0.46 1.09)'

based

0.07

=

0.5 for

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

Cases!
controls,
sex

Exposure
assessment
(no. of items)

Range
contrasts
(no. of
categories)
Highest vs
lowest (4)

Relative
risk (95%
Cl)

Gao et aI.
(1994),
China

902 (524
male, 278
female)!
1552 (851
male, 701
female)

FF0 on diet 5
years before
interview (81),
interview

Hu et al.
(1994),
China

196/392
male, female

FF0 about
recent diet and
diet in 1966
(32), interview
(no mention
which data
used)

Chinese
cabbage
(fresh)
>54 vs < 18
kg/year (4)

0.8
(0.4-1.7)

Brown et
al. (1995),
USA

174 adenocarcinoma/
750 white
male

FF0 about
usual adult
diet (60),
interview

Highest vs
lowest (4)

Brown et
al. (1998),
USA

333 (114
white, 219
black)
squamouscell cancer I
1238 (681
white 557
black), male

FF0 about
usual adult
diet (60)

Highest vs
lowest (4)

Adjustment for
confounding

Comments

Age, education,
birthplace, tea
drinking, cigarette
smoking and alcohol
drinking (only for men)

Population-based

0.38

Alcohol, smoking,
income, occupation

Hospital-based

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'

White: 0.7
Black: 0.8

0.33
0.50

Age, area, smoking,
alcohol drinking, food
calories

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

Male: 0.8
Female:
1.1

Statistical
significance
(p for trend when
applicable)
0.51
0.28

FF0, food frequency questionnaire

ZE

(n
CD

Table 15. Cohort studies of cruciferous vegetable consumption and risk for stomach cancer
Statistical
significance
(p for trend
when
applicable)
0.07

Adjustment for
confounding

Comments

Age, smoking

Case—cohort
Incidence
analysis
Whole cohort:
8006

1.3
(0.67-268)

Not significant

Age, cigarette
smoking

Mortality

0.93
(0.61-1.43)

0.29

Age, sex,
smoking,
education,
stomach
disorders, family
history of gastric
cancer, total fruit
consumption

Incidence
Case—cohort
analysis
Whole cohort:
120 852

Author, year,
country

Years of
followup

Casesi
cohort size,
sex

Exposure
assessment
(no. of
items)

Range
contrasts (no.
of categories)

Relative
risk (95%
Cl)

Chyou et al.
(1990),
Hawaii
(Japanese)

18

111/361
(subcohort),
male

24-h recall
(54),
interview

Consumer vs
non-consumer
(2)

0.7 (0.4-1.2)

Kneller et a].
(1991), USA

20

75/17 633,
male

FF0 (35),
selfadministered

Highest vs
lowest (4)

Botterweck et
ai. (1998),
Netherlands

6.3

281/3123
(subcohort),
male, female

FF0 (150)

58 vs log/day
(5), median
values

FF0, food frequency questionnaire

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

Cases/
controls, sex

Exposure
assessment
(no. of items)

Range
contrasts
(no. of
categories)

Relative risk
(95% Cl)

Correa at al.
(1985), USA

White: 94/99
Black: 52/72
male, female
Matched by
race, sex and
age (within 5
years)

FF0 (59),
interview

Broccoli
Above vs
below
median (2)

White: 1.04
(0.66-1.65)
Black: 0.50
(0.29-0.85)

Risch at al.
(1985), Canada

246/246 male,
female
Matched by
sex, age,
province cf
residence

Dietary history
(94), interview

Increase of
100 g/day

0.65(0.38—
1.12)

Boeing et al.
(1991), Poland

741/741
male, female

FF0 (43),
interview

Highest vs
lowest (3)

Cabbage;
0.62
Cauliflower:
0.81

1

Adjustment for
confounding

Comments

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

Hospital-based

0.11

Total food
intake, ethnicity

Population-based

0.01

Age, sex,
occupation,
education,
residence

Hospital-based
Multicentre

0.07

Gonzalez et al.
(1991), Spain

354/354
male, female
Matched by
age, sex and
area of
residence

Dietary history
questionnaire
(77), interview

Highest vs
lowest (4)

0.9 (0.6-1.4)

Total calories
and other
vegetables

Hospital-based
Multicentre

Hansson at al.
(1993), Sweden

338/669
male, female

FF0 (45),
interview,
diet in
adolescence

Broccoli,
highest vs
lowest (2)
Cabbage.
highest vs
lowest (3)

0.63(0.41—
0.96)

Age, sex, socioeconomic status

Population-based
Slightly weaker
associations for
diet 20 years
before interview

FF0 (64),
interview

Cabbage
>2-3
times/week
vs none (3)

0.2 (0.02-0.3)

Age, sex,
education,
economic status,
residence, other
dietary factors

Hospital-based

Lee at al.
(1995), Republic
of Korea

0

Statistical
significance
(p for trend
when

213/213
male, female

0.64(0.41—
0.98)

<0.05

cl

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)

Harrison et
ai. (1997),
USA

91 (60 intestinal,
31 diffuse)/132
male, female

FF0, selfadministered

Increase in
one
standard
deviation

Intestinal: 0.6
(0.5-15)
Diffuse: 0.9
(0.5-1.7)

Ji et ai.
(1998),
China

770/619 male
354/632 female
Matched by age
and sex

FF0 (74),
interview

260 vs
a 37.6
servings!
month (4)

Male: 0.8
(0.6-1.1)
Female: 0.8
(0.5-1.1)

0.07

Ekstrôm et
al. (2000),
Sweden

Cardia 73, noncardia 401/1052,
male, female
Matched by age,
sex

FF0 (45),
dietary
habits 20
years before
ntervïow

> 2/week vs
never or
seldom (4)

Cardia: 0.7
(0.3-1.4)
Non-cardia:
0.8 (0.6-1.2)

0.24

Huang etal.
(2000),
Japan

1111/26996
male, female

FF0, selfadministered

Cabbage
>3
times/week
vs'c3
times/month

Gastric cancer
family history:
(+)0.73
(0.52-1.04)
(-)0.85
(0.70-i-04)

De Staten
etal. (2001),
Uruguay

160/320 male,
female
Matched for sex,
age, residence
and urban or
rural status

FF0 (64),
interview

> 16.0 g/day
vs none (3)

1.72
(0.94-3.14)

FF0, selfadministered

Cabbage
~ 5 vs < 1

0.79
(0.55-1.13)

508/36490
controls
presenting at
same centre at
cama time
Female
FF0, food frequency questionnaire
Ito etal.
(2003)

times/week
(4)

Adjustment for
confounding

Commenta

Calorie intake, age, sex,
race, education, smoking,
alcohol, body mass index

Hospital-based

Age, income, education,
smoking, alcohol drinking

Population-basod
Response rate: 65.3%
cases, 85.8% controls

Age, sex, total calorie
intake, smoking, body
mass index, area, no. of
siblings, socio-economic
status, no. of meals/day,
multi-vitamin supplements,
table salt use, urban
residence

Population-based
Similar finding by
histology
Included broccoli,
Brussels sprouts, kale
and white cabbage

Age, sex

Hospital-based

Age, sex, residence, urban
or rural status, education,
body mass index, total
energy intake

Hospital-based

Age, year, season of first
hospital visit, smoking
habits, family history of
gastric cancer

Hospital-based
Findings similar for
differentiated and
undifferentiated gastric
cancer

0.20

0.19

0.21

Table 17. Cohort studies of consumption of cruciferous vegetables and risk for colorectal cancer
Author,
year,
country

Years of
followup

Cases!
cohort
size, sex

Steinmetz
et al.
(1994),
USA

5

212 colon!
41 837,
female

Platz et
al. (1997),
USA

9

Hsing et
al. (1998),
USA

Pietinen
etal.
(1999),
Finland

Exposure
assessment
(no. of
items)
FF0 (127),
at baseline,
self-administered

Range
contrasts
(no. of
categories)
>4.0 vs
<1.5
servings!week (4)

690
(polype)/
16448,
male

FF0 (131),
sell-administered

1 vs 01
servings/day
(5), median
values

11.5

145 (colorectal)/1 7
633 male

FF0 (35), at
baseline,
self-administered

Mean
8

185
colorectall
26926,
male

FF0 (276),
at baseline,
self-administered

Relative
risk (95%
Cl)

Statistical
significance
(p for trend when
applicable)
>0.05

Adjustment for
confounding

Comments

Age, energy

Incidence
Iowa Women's
Health Study

0.98
(0.71—
1.35)

0.60

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

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

>4.5 vs
<1.2 times!
month (4)

1.4(0.9—
2.2)

0.2

Age, energy,
smoking, alcohol

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

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

1.6 (1.02.3)

0.04

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

Incidence
Originally a vitamin
supplement trial
All smokers

1.12
(0.74—
1.70)

o'
Table 17 (contd)
Author, year,
country

Years of
followup

Cases!
cohort size,
sex

Exposure
assessment
(no. of
items)

Range
contrasts
(no. of
categories)

Relative risk
(95% Cl)

Michels etal.
(2000), USA

16

569 colon,
155 rectum!
88764,
female

FF0 (61 and
then 127), at
baseline,
self-ad ministered

k 5 vs <1
servings!
week (5)

10

368 colon,
89 rectum!
47 325 male

Colon: 0.89 (0.68—
1.15)
(RR for 1
additional
serving/day: 1.00
(0.83-1.21))
Rectum: 1.29
(0.74-2.26)
(RR for 1
additional
serving/day: 1.08
(0.75-1.54))

6.3

313 colon,
201 rectum/
58 279 male

FF0 (150),
at baseline,
self-administered

58 vs 11
g!day
(median
values) (5)

Men
Colon:
0.76(0,51—
1.13)
Rectum: 0.88
(0.56-1.39)
Women
Colon: 0.51
(0.33-0.80)
Rectum:
1.66 (0.94-2.94)

Voorrips eta?.
(2000e),
Netherlands

274 colon,
122 rectum!
62 573
female

McCullough et
al. (2003),
USA

6

298/62609
male 210170
554 female
Colon only

FF0 (68),
self
administered

FF0, food frequency questionnaire7 RR, relative risk

Men: >0.41
Vs <0.08
Women:
> 0.5 vs o
0.11
(5)

Men: 0.74
(0.51—1 .08)
Women: 0.91
(0.58-1.44)

Statistical
significance
(p for trend
when
applicable)

0.11

Adjustment for
confounding

Comments

Age, family history of
colorectal cancer,
sigrrioidoscopy,
height, body mass
index, smoking,
alcohol, physical
activity, menopausal
status, hormone
replacement
therapy, aspirin,
vitamin supplenents, energy
(standard), red meat

Incidence
Nurses Health
Study cohort
(female) and
Health
Professionals
Follow-up Study
(male)
Pooled analysis
of two cohorts

Age, family history,
alcohol

Incidence

Age, exercise,
aspirin, smoking,
family history of
colorectal cancer,
body mass index,
education, energy,
multivitamins, total
calcium, red meat,
hormone replacement therapy

Incidence
Follow-up of
American
Cancer Society
cancer
prevention study
II

0.94

0.004

0.05
0.15
0.55

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

Cases/
controls, sex

Miller et al.
(1983),
Canada

Colon 348
(171 male,
177 female),
rectum 194
(114 male, 80
female)/535
hospital and
542 population
controls

Exposure
assessment
(no. of
items)
FF0
(>150),
interview

Range
contrasts (no.
of categories)

Relative
risk (95%
Cl)

Highest vs
lowest (3)

Male
Colon: 0.9
Rectum:0.9
Female
Colon: 0.7
Rectum: 0.8

Stastistical
significance (p
for trend when
applicable)
0.35
0.28

Adjustment for
confounding

Comments

Age, saturated fat,
other foods

Hospital-based and
population-based

0.05
0.26

Kure eta).
(1987),
Australia

Colon 392,
rectum
323/727
male, female

Dietary
history
(>300)

Males: >425
vs < 105 g/
week (5)
Females:
>385 vs <105
(5)

0.57
(0.44-0.75)

<0.05

Age, sex

Population-based

Hoff eta).
(1988),
Norway

40/77
male, female

Dietician
enquiry

Above and
below median

Colorectal
adenoma:
0.92

-

-

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

La Vecchia et
a). (1988),
Italy

Colon 339,
rectum
236/778
male, female

FF0 (29)

Highest vs
lowest (3)

Colon: 1.09
Rectum:
0.86

Age, sex

Hospital-based

Population-based

Young & Wolf

Colon 353/

FF0 (25),

S times/month

0.59

Age, sex and age

(1988), USA

618

diet after

vs 1/month (4)

(0.41-0.85)

X

male, female

age 35

sex

Whites
Similar findings for
distal and proximal
colon

CL

(J'
Table 18 (contd)
Author, year,
country

Cases!
controls sex

C)
Exposure
assessment
(no. of
items)
FF0 (116),
interview

Range
contrasts (no.
of categories)

Relative
risk (95%

Highest vs
lowest (3)

Colorectal:
0.50
(0.32-0.78)

Cl)

Stastistical

significance (p
for trend when
applicable)
<0.01

Adjustment for
confounding

Comments

Age, sex, dialect,
education,
occupation

Hospital-based
Response: 82%
cases, 871/6
controls

Age, sex, weight 10
years previously

Population-based

Lee eta[.
(1989),
Singapore
(Chinese)

Colon 131,
rectum 71/426
male, female

Benito etal.
(1990), Spain

Colon 144,
rectum
130/295
male, female

FF0 (99),
interview

25 limes!
month vs no
consumption
(4)

0.54

Bidoli et al.
(1992), Italy

Colon 123,
rectum
125/699 male,
female

FF0,
interview

Highest vs
lowest (3)

Colon: 0.6
Rectum: 0.6

Age, sex, social
status

Hospital-based

Peters et al.
(1992), USA

Colon 746/746
White male,
female

Semiquantitative
FF0 (116),
interview

Risk increase
per 10
servings/
month

1.00
(0.99-1.01)

Age, sex,
neighbourhood, fat,
protein, carbohydrates, family
history, weight,
physical activity,
pregnancy history,
alcohol, calcium

Population-based

Steinmetz &
Potter (1993),
Australia

Colon 121/241
mate, 99/197
female

FF0 (141),
self-administered

Male: > 5.8 vs
1.7
Female: ~ 6.7
vs 2.2
servings/week
(4)

Male: 1.10
(0.57-2.14)
Female:
1.12
(0.51-2.46)

Age, occupation,
Quetelet index,
alcohol intake,
protein intake, age
at first live birth for
women

Population-based

Witte et al.
(1996), USA

488/488
male, female

Semiquantitative
FF0 (126)

7 vs 0.5
servings/week
(5), median
values

Colorectal
adenomas
0.67
(0.41-1.09)

Race, body mass
index, physical
activity, smoking,
calories, saturated
fat, dietary fibre,
folate, (3-carotene,
vitamin C

Subjects for
screening
sigmoidoscopy
Analysis within
matched pairs

-

<0.05

0.07

Table 18 (contd)
Author, year,
country

Cases!
controls, sex

Exposure
assessment (no. of
items)

Range
Contrasts
(no. of
categories)

Relative
risk (95%
Cl)

Lin et aI.
(1998), USA

459/507, male,
female

Semiquantitative
FFQ (126)

Highest vs
lowest (4)

Colorectal
adenoma:
0.66
(0.44-1.0)

Almendingen
et ai. (2001),
Norway

87/35 hospital
and 35 healthy
controls,
referred for
sigmoidoscopy,
male, female

5-day
dietary
record

61 vs rr 6
gfday (3)

Colorectal
adenoma
Hospital
controls:
0.3 (0.1-1.1)
Healthy
controls; 0.9
(0.2-4.6)

DeneoPellegrini et
al. (2002),
Uruguay

Colon 260, rectum
224/1452
male, female

FF0 (64),
interview

Highest vs
lowest (4)

Colorectum
1.2 (0.8-1.6)

SmithWarner et
ai. (2002),
USA

5641535
male, female

Semiquantitative
FF0 (153)

Highest vs
lowest (3)
Mean
values;
male, 4.9 vs
0.6, female,
6.7 vs 1.0
servings!
week

Colorectal
adenomas
Male: 0.84
(0.56-1.25)
Female:
1.37
(0.83-2.25)

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

Stastistical
significance
(p for trend
when
applicable)
0.04

0.06

Adjustment for
confounding

Comments

Age, smoking, date of
signoidoscopy, clinic,
sex, saturated fat,
energy, fruit and
vegetable intake

Persons
undergoing
sigmoidoscopy at
2 clinics
Significant inverse
association with
broccoli alone

Body mass index,
colorectal cancer
among first-degree
relatives, energy, fat,
fibre, smoking status

Hospital-based
and populationbased
Subjects in a
randomized trial,
age- and sexmatched

Age, sex, education,
residence, urban or
rural status, family
history of colon
cancer, body mass
index, total energy,
red meat intake

Hospital-based
Response rate:
cases 97%, controls
98%

Age, energy intake, fat
intake, body mass
index, smoking,
alcohol, use of
NSAIDs, multivitamins, hormone
replacement therapy

Population-based
Cases from
colonoscopy clinic,
community controls
(response rate:
cases 68%, controls
65%)

0.8

0.31

0.74
0.44

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

Author, year,
country

StolzenbergSolomon et al.
(2002),
Finland

Years of
followup

13

Cases!
control,
sex

163127
1 11
male
smokers

FF0, food frequency questionnaire

Exposure
assessment
(no. of

Range
contrasts
(no. of

items)

categories)

FF0 (>
200), selfadministered, portion size

Highest vs
lowest (5)

Relative
risk (95%
Cl)

Statistical
significance (p
for trend when

Adjustment for

Comments

confounding

applicable)
0.82
(0.50—
1.32)

0.44

Age, years of
smoking, energy

Incidence
Alpha-Tocop hero l
n-Carotene trial

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

Cases /
controls,

country

sex

Exposure
assess-

Range

Relative risk (95%

Statistical

Adjustment for

Cl)

significance

confounding

ment (no.

contrasts
(no. of

of items)

categories)

FF0

2 9 vs o 2
times/month

Comments

(p for trend
when
applicable)

Olsen et ci.
(1989), USA

212/220
male

0.57 (0.31-1.04)

(3)

Baghurst et
al. (1991),
Australia

104/253
male,
female

FF0 (179)

Age, education, history
of diabetes, cigarette

Population-based
Data for 81% of cases

smoking, alcohol and
meat consumption

ascertained
Results similar in interviews
with spouses

Significantly higher
intake of Brussels
sprouts, coleslaw,
broccoli by controls

Population-based
Response rate: 62% for
male and 63% for female
cases, and 571% and 51% for
controls

than cases
Bueno de
Mesquita et
at. (1991),

164/480
male,
female

Netherlands
Silverman
et al.
(1998), USA

436/2003
male,

Semiquantita-

Highest vs
lowest (5)

0.32

<0.05

Age, sex, response
status (direct or proxy),
smoking, energy

Population-based
Overall response rate, 72%
More than half the cases
interviewed directly

>4 vs < 1.5
servings/

0.5 (0.4-0.8)

0.004

Age, race, study area,
calories from food,
diabetes mellitus,
cholecystectomy, body
mass index, cigarette

Population-based
Multicentre study
1153 cases identified Only
direct interviews of survivors
performed (no proxy

smoking, alcohol,
income (men), marital

interviews)

tive FF0
(116)
FIFO (60),
interview

female

week (4)

status (women)

78% of ascertained potential
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

year,

controls,

assessment

contrasts

(95% Cl)

significance (p

confounding

country

sex

(no. of

(no. of

items)

categories)

Comments

for trend when
applicable)
Age, education,

Population-based

smoking

No control for alcohol

Incremental

Age, residence,

Hospital-based

urban or rural,

Zheng, W.

201/414

FF0 (41 26

Highest vs

Male: 0.7

etal.

male,

vegetables),

lowest (3)

Female: 3.0

(1992b),

female

interview,

0.21

(1.0-9.2)

frequency,

China

portion size
De Stefani

148/444

FF0 (62, 11
vegetables),

risk:

(2000),

interview,

Cabbage

0.98

body mass

Uruguay

frequency,

3.6 g/day

(0.74-1.30)

index, smoking,

Cauliflower

0.85

intake of alcohol

1.3 &dav

(0.63-1.16)

and eneroy

et ai.

male

portion size

FF0, food frequency questionnaire

Table 22. Cohort studies of cruciferous vegetable consumption and risk for lung cancer
Author,
year,
country

Years of
followup

Cases/
cohort size,
sex

Exposure
assessment
(no. of items)

Range
Contrasts
(no. of
categories)

Chow et a/.
(1992), USA

20

219117633
male

FF0 (35), selfadministered,
frequency

>8 vs <2
times/month
(4)

Feskanich
eta/.
(2000), USA

Female:
12
Male: 10

519/77823
female
274147778
male

FF0 (116,23
vegetables),
self-administered, f requency,
portion size;
validated

Voorrips et
al. (2000b),
Netherlands

Neuhouser
et si,
(2003), USA

6.3

12

1010/2953
male, female

414)7072 in
intervention
arm, 326/
7048 in
placebo
arm,nale,
female

Relative

Statistical
significance
(p for trend
when
applicable)

Adjustment for
confounding

Comments

0.8(0.51.4)

Age, smoking
status (Six
categories),
occupation

Mortality
Lutheran
Brotherhood

Female:
>4.6 vs<
1.4
servings!week (5)
Male: > 5.0
vs < 1.4
servings/
week (5)

0.74(0.55—
0.99)

Age, follow-up
cycle, smoking
status, years since
quitting,
cigarettes/day
(current smokers),
age at start of
smoking, total
energy intake,
availability of data
on diet after
baseline measure

Incidence
Nurses Health
Study: risk for one
additional
serving/day 0.78
(0.59-1.04)
Health
Professionals
Study: risk for one
additional serving/
day 1.20 (0.88—
1.63)

FF0 (150, 21
vegetables),
self-administered,
frequency,
portion size;
validated

58 vs 10
g/day
(median
values) (5)
>3 times!week vs < 1
time/month
(5)

0.7 (0.5-1.0)

0.009

0.5 (0.3-0.9)

0.003

Age, sex, family
history of lung
cancer, education,
current smoker
(yes/no), years of
smoking,
cigarettes/day

Incidence
Total cohort, 120
852
Findings
attenuated when
adjusted for total
vegetable
consumption

FF0 (45 fruits
and vegetables), selfadministered

33.5 vs
<0.5
servings!
week (5)

Intervention
arm: 0.91
(0.65-1.28)
Placebo arm
0.68(0.45—
1.04)

0.36

Sex, age, smoking
status, total
pack—years of
smoking, asbestos
exposure, race or
ethnicity, enrolment centre

Incidence
Follow up of
participants in
)3-Carotene and
Retinol Efficacy
Trial (CARET) of
smokers and
asbestos workers

risk (95%
Cl)

1.11 (0.76—
1.64)

0.01

0)1
55

(0f

Table 22 (contd)
Author.
year,
country

Years of
followup

Cased
cohort
size, sex

Exposure
assessment
(no. of
items)

Range
contrasts
(no. of
categories)

Relative
risk (95%
Cl)

SmithWarner et
a/. (2003),
North
America
and Europe

6-16

3206/430,
281 male,
female

FF0 (studyspecific,
9-54 fruits
and
vegetables)

> 1 vs no
servings!
week (3)

Broccoli:
1.05(c.89—
1.24)
Cabbage:
1.01 (0.88—
1.02 1.17)

Miller et al.
(2004). 10
European
countries

0-14
(mean, 6
years)

860/478
021 male,
female

FF0 (300),
self-administered or
interview,
frequency,
portion size;
calibration

Highest vs
lowest (5)

1.21(0.92—
1.60)

FF0, food frequency questionnaire

Statistical
significance
(p for trend
when
applicable)
0.33
0.62

0.25

Adjustment for
confounding

Comments

Age, education,
body mass
index, alcohol
intake, calories,
smoking status,
amount, duration

Incidence
Pooled analysis of
eight cohort studies
Only data from five
cohorts included in
each analysis

Age, sex,
weight, height,
centre, smoking

Incidence
No association in
northern Europe,
positive association
in southern Europe

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

0)1

Author,
year,
country

Cases!
controls, sex

Bond et
al. (1987),
USA

308 dead/308
dead contrcls/
308 living
controls
male

Koo
(1988),
China

88/137 female,
never smokers

Le
Marchand
et al.
(1989),
USA

Exposure
assessment
(no. of
items)
FF0 (29, six
vegetables),
interview by
telephone,
frequency

Range
contrasts (no.
of categories)

Relative
risk (95%
Cl)

Broccoli 4-6
times/week vs
never (6)

0.33
(0.03—
3.26)

FF0 (three
vegetables),
interview,
frequency

Highest vs
lowest (3)

[0.96]

332/865
male, female

FF0 (>130,
22 vegetables),
interview,
frequency,
portion size;
validated

Highest vs
lowest (4)

Alavanja
et al.
(1993),
USA

429/1021
female nonsmokers

FF0 (60,28
vegetables),
self-administered, frequency,
portion Size

Agudo et
ai. (1997),
Spain

103/206
female

FF0 (33, 11
vegetables),
interview,
frequency,
portion size

Statistical
significance (p
for trend when
applicable)
0.001

Adjustment for
confounding

Comments

Age, sex, centre,
smoking, education,
vitamin supplements

Analysis with living
controls only

0.358

Age, no, of live
births, schooling
(yes/no)

Population-based

Male: [0.6]
Female:
[0.4]

Male: 0.06
Female: 0.06

Age, ethnicity,
smoking status,
pack—years, choiesteroi intake (males
only), carrot, tomato,
dark-green vegatable intake

Population-based
Response rate: 67%
cases, 70% controls

>4.Ovs< 1.04
servings!
week (5)

0.73

0.36

Age, smoking
history (never, exsmoker), previous
lung disease,
interview type,
calories

Population-based
Response rate: 70%
cases, 68% controls,
58% of case interviews
with proxies

Highest vs
lowest (3)

0.54
(0.26—
1.13)

0.13

Age, residence,
hospital, smoking
status, peck—years

Hospital-based
Response rate: 90%
cases, OR 1.01 for
adenocarcinoma; OR =
0.59 for never smokers
(only subgroups)

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
ai. (1998),
Sweden

1241235
male, female
(never
smoked)

FF0 (19, four
vegetables),
interview,
frequency

>1/week vs
<1/week (3)

1.06(0.68—
1.92)

0.33

Age, sex, urban
residence,
occasional
smokng, occupation, passive
smoking,
carrots, noncitrus fruits

Population-based

Brennan
et ai.
(2000), 8
centres in
Europe

506/1045
male, female
(nonsmokers)

Quantitative
FF0 (varied
by centre)

Several times!
week vs
<1 /month (3)

1.1 (0.7-1.6)

0.76

Age, sex, centre

Hospital-based and
population-based
Part of large
multicenire study,
primarily designed to
evaluate effects of
passive smoking

Hu etal.
(2002),
Canada

161/483
female
(never
smoked)

FF0 (70),
frequency,
portion size

>6vs 2~0.9
servings!
week (4)

0.6 (0.4-14)

0.43

Age, province of
residence,
education, social
class, total
energy intake

Population-based

Seow et
a!,
(2002b),
Singapore

303/765
females

FF0 (39, 19
vegetables,
interview,
frequency,
portion size

> 14.3 vs<7.5
servings/week
(3)

Smokers:
0.46(0.22—
0.96)
Nonsmokers:
0.89(0.59—
1.35)

0.06

Age, date
admission, place
of birth, family
history of any
cancer (yes/rio)
(for smokers:
duration,
no./dav)

Hospital-based
Non-smokers =
lifetime non-smokers

FF0, food frequency questionnaire; OR, odds ratio

0.6

Table 24. Cohort studies of cruciferous vegetable consumption and risk for breast cancer
Author,
year,
country

Years of
followup

Cases!
cohort
size, age

Exposure
assessment
(no. of
items)

Range
contrasts
(no. of
categories)

Relative
risk (95%
Cl)

Zhang et
al. (1999),
USA

15

2697 (784
premencpausai,
1913 postmenopausai)!
83 234
33-60
years

Semiquantitative
FF0
(61-126),
past year,
estimated
frequency;
validity and
reliability
assessed

> 1 vs <0.25
servings/day

Premenopausai: 0.83
(0.52-1.32)
Poatniencpausai: 0.98
(0.77-1.25)

7377/
351 825
28-90
years

FF0 (studyspecific,
9-54 fruits
and vegetables)

increment,
100 g/day

SmithWarner et
ai. (2001),
North
America
and
Europe

Frazier et
al. (2003)'
USA

5-10

7

843/8430
40-65
years

FF0 (24, 6
fruits and
vegetables),
diet at high
School,
estimated
frequency

FF0, food frequency questionnaire; RA, relative risk

increment, 1
serving/day

0.96(0.87—
1.06)

Broccoli:
0.74 (0.39—
1.41)
Cabbage:
1.00
(0.64-1.57)

Statistical
significance
(p for trend
when
applicable)
0.19

0.83

0.95

Adjustment for
confounding

Comments

Age, length of follow-up,
energy intake, parity, age
at birth of first child, age at
menarche, history of
breast cancer in mother or
sister, history of benign
breast disease, alcohol
i ntake, body mass index at
age 18, weight change
from age 18, height

Incidence
Nurses Health
Study

Age at menarche, parity,
age at birth of first child,
oral contraceptive use,
history of benign breast
disease, menopausal
status, hormone
replacement therapy,
family history of breast
cancer, smoking,
education, body mass
index, height, alcohol and
energy intake

Pooled analysis
of seven cohort
studies
Study-specific
ARs calculated
from primary
data and then
combined in
random-effects
model

Age at diagnosis, age at
menarche, menopausal
status, family history,
benign breast disease,
adult height, parïty or age
at birth of first child, postmenopausal hormone use,
body mass index at age
187 1980 alcohol intake,
1980 vitamin A intake
excluding supplements

Nested
case—control
study within
Nurses' Health
Study
Number of
cases 64% of
those diagnosed
1980-86
Similar relative
risks for
premenopausal
and postmen opausai breast
cancer

t

f,
t

o

t

::

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

Cases!
controls,
age

Exposure
assessment (no.
of items)

Range
contrasts
(no. of calegories)

Relative risk
(95% Cl)

Statistical
significance (p
for trend when
applicable)

Adjustment
for
confounding

Comments

Graham et
ai. (1982),
USA

2024/
1463

FF0, year before
symptoms,
interview, estimated frequency;
assessed reliability

>2Ovs
3/month
(4)

1.00

> 0.05

Age

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

Katsouyanni
et al. (1986),
Greece

120/120
Mean age
of cases, 55
years

FF0 (120), before
onset of disease,
interview,
estimated
frequency

Broccoli
Cabbage,
raw
Cabbage,
Cooked
Cauliflower

Not significant
<0.05
Not significant

Age,
interviewer,
year of
schooling

Hospital-based
Response rate = 92% for
cases

Not significant

Young
(1989), USA

277/372
35-89
years

FF0, < 18 years,
18-35 years, >35
years (but
excluding past 5
years) (25), selfadministered

8 vs 0/month

Age 18-35:
0.66(o.42—
1.02)
Age >35:
0.64(0.41—
1.00)

Age, alcohol
consumption

Population-based
Response rate = 64% for
cases, 57% for controls

Ewertz & Gill
(1990),
Denmark

1474/1322
<70 years

Semi-quantitative
FF0 (21), year
before diagnosis,
estimated
frequency and
amount; included
summary question
on vegetables

Highest vs
lowest (2)

0.94(0.78—
1.13)

Age,
residence

Population-based
Response rate: 88% for
cases, 79% for controls
Questionnaire completed 1
year after diagnosis

Levi eta].
(1 993a),
Switzerland

107/318
r( 75 years

Questionnaire (50,
13 fruits and
vegetables),
estimated
frequency

Highest vs
lowest (3)

0.5

<0.05

Age,
education,
energy intake

Hospital-based
Response rate> 85°k

Challier et
al. (1998),
France

Recalled 7-day
345/345
30-78 years food diary

>3 vs;
<2/month
(3)

1.45
(1.03-2.06)

0.03

Age, socioeconomic
status, energy
intake, parity,
weight, body
surface

Population-based
Response rate: 84% for
cases, 70% for controls

Table 25 (contd)
Author,
year,
country

Cases/
controls, age

Exposure
assessment
(no, of items)

Range
contrasts
(no. of
categories)

Relative
risk (95%
Cl)

Fotischrnan
et at. (1999),
USA

566 (in situ or
invasive
localized
disease; did
not report
chemotherapy/-I 451
20-44 years

FF0, past year
(100. 25 fruits,
34 vegetables),
estimated
frequency and
amount
validated

> 3.5 vs

Adjustment for confounding

Comments

0.95
(0,7-13)

Age at diagnosis, study site.
ethnicity, education, age at birth
of first child, alcohol intake,
years of oral contraceptive use,
smoking status

Population-based
Response rate:
84% for cases,
70% for controls

Ronco et ai.
(1999),
Uruguay

400/405
20-89 years

FF0 (64, nine
fruits, 15 vegetables),
interview;
reliability
assessed

Highest vs
lowest (3)

1.07
(0.72—
1.60)

0.12

Age, residence, urban or rural
status, history of breast cancer
in a first-degree relative, body
mass index, age at menarche,
parity, menopausal status,
energy intake

Hospital-based
Response rate: 97%
for cases, 94% for
controls
No effect of
menopausal status

Rosenblatt
et ai. (1999),
USA

220/291 male

FF0 (125), selfadministered

Highest vs
lowest (4)

0.8(0.4—
1.3)

0.32

Age, study site, energy intake

Population-based
Response rate: 75%
for cases, 45% for
controls

Terry et ai.
(2001),
Sweden

283212650
All post-menUpausai

FF0, past year
(65, 19 fruits and
vegetables),
self-administered, estimated
frequency

1.1 vs 0.1
servings/
day (4),
median
values

0.76
(0.62—
0.93)

001

Age, height, body mass index,
current smoking, socleeconomic status, intake of
alcohol, high-fibre grains and
cereals, fatty fish, multivitamins,
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

Populatïon-based
Response raie: 841/.
for cases, 821/6 for
controls

Fowke et ai,
(2003),
China

337/337
28-64 years

FF0, past 5
years, validated

Highest vs
lowest (4)

0.8 (0.5—
1.3)

0.79

Age. soya protein, fibroadenoma, family history of
breast cancer, leisure activities,
waist:hip ratio, body mass index,
age at menarche, no. of children

Population-based
Selected from
Shanghai Breast
Cancer Study
Overall response;
911% cases, 90%
controls

<1.4
times/week
(4)

Statistical
significance
(p for trend
when
applicable)

Ii

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

Adjustment for
confounding

Comments

Marshall
et al.
(1983),
USA

513/490

FF0 (28), 100-g
portion size
assumed,
interview

~: 16 vs <3
servings/
month (5)

1.9(12-3.0)

<0.05

Marital history, parity
Mean response, no. of
marriages, marriage
before and after age 25,
cigarette smoking, beer
drinking, interaction of
no. of marriages and
cigarette smoking

Hospital-based

Shannon
et al.
(2002),
Thailand

134/384

FF0 (80), open-

> 1.2 vs

0.22

ended frequency,
portion calculated
from standard
recipes, interview

<0.17

Age, total energy,
interviewer

Hospital-based
(excluded women
with conditions
associated with
use of steroid

1.14 for
SD increase
in dietary
factor

0.51
(0.25-1.05)

servings/day
(4)

FF0, food frequency questionnaire

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

Adjustment for
confounding

Comments

Shannon
et al.
(2002),
Thailand

50/125

FF0 (80),

>0.39 vs
<0.17

1.30
(0.51-330)

0.58

Age, total energy,
interviewer

Hospital-based,
age <60, resident
of Thailand for at
least 1 year,
screened controls,
matched on region
and age

open-ended,
portion
calculated
from standard
recipes,
interview

FF0, food frequency questionnaire

servings/day
(3)

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
risk
(95% Cl)

Levi et al.
(1993b).
Switzerland,
northern Italy

274/572

Questionnaire (50),
frequency interview

Highest vs
lowest (3)

1.20

Potiscbman et
al. (1993),
USA

399/296

FF0 (60), Openended frequency of
intake, one of three
portion sizes,
interview

> 3.1 vs

0.8(().S—
1.3)

Shu et al.
(1993), China

268/268

FF0 (63, three
cruciferous vogetables), usual intake
frequency, interview

Highest vs
lowest (4)

1.1

Goodman et
al. (1997),
USA

332/511

FF0 (250), openended usual intake
frequency, portion
size from pictures of
three different
portions, interview

>55.1 vs
<16.5 g/day
(4)

Littman et al.
(2001), USA

679/944

FF0 (98, five cruciferous vegetables),
frequency 5 years
previously, portion
size relative to three
categories, interview

> 0.8 vs

Terry etal.
(2002),
Sweden

709/
2887

FF0, nine frequency
categories, validated
with four 7-day diet
records, selfadministered

>7.4 vs
<0.8
servings/
week (4)
(median
values)

FF0, food frequency questionnaire

<I .0 time!
week (4)

<0.3
servings/day
(3)

Statistical
significance
(p for trend
when
applicable)
Not
significant

Adjustment for
confounding

Comments

Age, study centre

Hospital-based

Age group, body mass
index, ever estrogen
use, ever oral
contraceptive use, no.
of births, Current
smoking, education,
total calories

Population-based
Only controls with intact
uterus
Five regions
Response: 87% of eligible
cases, 66% of eligible
controls

0.67

Age, no. of pregnancies, body mass
index, total calories

Population-based
Response: cases 91
Controls 961/6

0.8

0.26

Pregnancy history,
oral contraceptive use,
history of diabetes,
body mass index, total
calories

Population-based
Response rate: cases 66%,
Controls 73%

0.71
(0.54—
0.95)

0.03

Age, county of rosidefoe, total calories,
unopposed oestrogen
use, ever smoking,
body mass index

Population-based
Response rate: cases 721%,
Controls 731/. among those
eligible

0.8 11
1.1)

0.13

Age, body mass index,
smoking, physical
activity, prevalence of
diabetes, fatty fish
consumption, quintiles
of total food
consumption, other
dietary factors

Population-based
Post-menopausal women
with intact uterus, no
previous history of
endometrial or breast cancer
Response rate: 751/. among
cases, 801% among controls,
681/. of eligible controls with
usable FF0

Table 29. Case—control studies of cruciferous vegetable consumption and risk for ovary cancer
Statistical
significance
(p for trend
when
applicable)
0.55

Adjustment for
confounding

Comments

Education

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

0.90
(0.42—
1.92)

0.76

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

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

0.67(0.4—
1 .3)

<0.05

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

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

Author,
year,
country

Cases!
controls

Exposure
assessment (no.
of items)

Range
contrasts (no.
of categories)

Relative
risk (95%
Cl)

Shu at a].
(1989),
China

172/172

FF0 (63, four
cruciferous
vegetables), openended, usual
intake frequency,
portion per Unit
time, interview

Highest vs
lowest (4)

1.2

Cramer et
al. (2001),
USA

549/516

FF0, frequency of
consumption of
fixed portion;
validated, selfadministered

Broccoli
r 5 times!
week vs c
1/month (5)

Zhang et
al. (2002),
China

254/652

FF0 (120), portion
size from eight
categories,
cooking method,
vitamin and
mineral supplements; validated,
interview

> 728 vs
<34.22
kg/year (4)

FF0, food frequency questionnaire

Table 30. Cohort studies of cruciferous vegetable consumption and risk for prostate cancer
Author,
year,
country

Years of Cases!
followcohort size
up

Exposure
assessment
(no. of items)

Range
contrasts
(no. of
categories)

Relative
risk (95%
Cl)

Haing etal.
(1990),
USA

20

149/17633

FF0 (35), selfadministered

>4.5 vs
<1.2 times!
month (4)

13
(0.8-2.0)

Giovannuce
etal.
(1995),
USA

7

759/47894

FF0, past
year (131),
self-adminis
te red

Broccoli
2-4
servings!
week vs
none (4)

1.05
(0.83—
1.34)

Schuurman
et al.
(1998),
Netherlands

6.3

610/58279

FF0 (150),
self-adninistered

58.3 vs 10.7
g/day (5),
median
values

0.82
(0.59—
1.12)

FF0, food frequency questionnaire

Statistical
significance
(p for trend
when
applicable)

Adjustment for
confounding

Comments

Age, tobacco use

Mortality

0.17

Age, energy intake

Incidence
Health
Professionals
Study

0.06

Age, family history of
prostate cancer,
socioeconomic
status, total fruit
consumotion

Incidence

r')
Table 31. Case-control studies of cruciferous vegetable consumption and risk for prostate cancer
Author, year, Cases/controls
country

Exposure
Range contrasts Relative risk Statistical
Adjustment for
assessment (no. of
significance (p confounding
(95% Cl)
(no. of
categories)
for trend when

Comments

Schuman et
al. (1982),
USA

FF0, selfadministered

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

240/223 hospital
(H) and 223
neighbourhood
(N) controls

Cabbage >6
times/month vs
never (5)
Cauliflower> 3
times/month vs
never (4)
Rutabaga and
kohlrabi
once/month vs
never (3)

Black: 142 pairs,
FF0 (20),
population-based interview
White: 142 pairs,
retirement
community

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

Le Marchand
etal. (1991),
USA

452/899

Diet history
(>100),
interview

Highest vs lowest
(4)

Jain etal.
(1999),
Canada

617/636

Diet history
(1129,
summarized
in 142 food
groups),
validated

>44.6 vs <8.7
g/day (4)

Ross etal.
(1987), USA

l-t: [0.84]
N: [0.72]
H: [0.883
N: [0.83]
H: [0.67]
N: [1.03]

0.6

<0.05

1.3

>0.05

Age < 70
years: 0.8
Age > 70
years: 1.1

0.27

0.85
(0.64-1.13)

Matched on age
and race or length
of residence in
community

Age, ethnicity

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

0.40

Age, total energy
intake, area of
study, vasectomy,
ever smoked,
marital status,
study area, body
mass index,
education, vitamin
supplements, other
foods

Population-based
Response: cases:
74% Ontario, 81%
Quebec, 88% British
Columbia
Controls: 52%
Ontario, 50%
Quebec, 87% British
Columbia

Table 31 (contd)
Author,
year,
country

Cases/controis

Exposure
assessment
(no. of items)

Range contrasts Relative
(no. of
risk (95%
categories)
Cl)

Statistical
Adjustment for
significance confounding
(p for trend
when
applicable)

Comments

Villeneuve at 1623/1623
al. (1999),
Canada

FF0 (60), selfadministered

>4vs< 1
0.9
servings/week (4) (0.7-1.1)

0.57

Age, province of
residence, race,
years since quilting
smoking, cigarette
pack—years, body
mass index,
alcohol, other
foods, income,
family history of
cancer

Population-based
Response: 69% for both
cases and controls

Cohen at al. 628)602
(2000), USA

FF0 (99), selfadministered

> 3 vs < I
serving/week (3)

0.59
(0.39-0.90)

0.02

Age, fat, energy,
race, family history
of prostate cancer,
body mass index,
PSA in previous 5
years, education,
total fruit and
vegetable
consumption

Population-based
Response rates: 82%
cases, 75% controls

Kolonel at
al. (2000),
Canada and
USA

Diet history
>72.9 vs < 8.8
(147), interview g/day (5)

0.78
(0.61-1.00)
Advanced
disease:
0.61

0.02

Age, education,
ethnic group,
geographical area,
calories

Population-based
Response rates: overall,
cases 70%, controls 58%

1619/1618

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

0.006

Table 32. Cohort studies of cruciferous vegetable consumption and risk for urinary bladder cancer
Author,
year,
country

Years of
followup

Cases I
cohort size,
sex

Exposure
assessment
(no. of items)

Range
contrasts
(no. of
categories)

Relative
risk (95%
CI)

Michaud

10

252/47909
male

FF0 (131)

5 v !~ I
serving/week

0.49
(0.32-0.75)

et al.

applicable)
0.008

Median,
11

344/27111
male,
smokers

FF0 (276, 45
fruits and
vegetables)

Adjustment for
confounding

Comments

Age, geographic
region, smoking,

Incidence
Health Professionals
Study
Inverse association
restricted to persons
who had never
smoked

fluid and caloric
intake

(5)

(1999),
USA

Michaud
et ai.
(2002),
Finland

Statistical
significance
(p for trend
when

33 vs O g/day
(5), median
values

1.15
(0.83-1.60)

0.05

-

Age, duration of
smoking,
smoking dose,
total energy, trial
interventions

Incidence
Follow-up of
(x-Tocopherol
)-Carotene trial

FF0, food frequency questionnaire

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

Cases /
controls, sex

Mettlin &

377 male,
112 female/
645 male,
257 female
(white)

Graham
(1979),
USA

Exposure

Range

Relative risk

Statistical

Adjustment for

assessment
(no. of
items)

contrasts
(no. of
categories)
_Z! 15 vs
0-4 /month

(95% Cl)

significance (p
for trend when
applicable)

confounding

FF0 (29),
interview

FF0, food frequency questionnaire

Male:
[0.76
(0.50-1.15)]
Female:
[0.73
(0.36-1.45)]

Age, occupation,
tobacco use

Comments

Hospital-based
Controls had a wide
variety of diseases
other than cancer

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

Cases/
controls,
sex

McLaughlin et
ai. (1984),
USA

313/428
male,
182/269
female

Maclure &
Willett (1990),
USA

203/605
male,
female

Exposure
assessment
(no. of
items)
FF0 (28),
interview

Semiquantitative FF0
(57),
interview

flange contrasts
(no. of
categories)

Relative risk
(95% Cl)

Highest vs lowest
(4)

Male 0.8
Female 1.0

Cabbage: > 113
g/week vs < 65
g/month (3)
Broccoli: > 85
g/week vs < 57
g/month (3)
Brussels sprouts:
? 85 g/week vs
57 9/month (3)
Cauliflower:
?85 g/weekvs
<57 9/month (3)

0.60
(0.35-1.1)

0.03

0.85
(0.57-1.3)

0.69

0.95
(0.38-2.3)

0.94

0.75
(0.43-1.3)

0.58

McLaughlin et
aI. (1992),
China

154/157
male,
female

Structured
questionnaire,
interview

Cabbage,
cauliflower,
Chinese cabbage

Not
associated

Chow et at.
(1994), USA

415/650
male,
female

FF0 (65),
selfadministered

Male > 1.5 vs
<0.3, female>
1.9 vs < 0.5
servings/week (4)

1.0 (0.7-1.5)

Melleniçjaard
et ai. (1996),
Denmark*

351 (216
male, 135
female)/
340

FF0 (92),
interview,
validated

> 1/week vs
rarely or never (4)

Male: 0.5
(0.2-1.0)
Female: 1.4
(0.5-3.9)

Statistical
significance (p
for trend when
applicable)
Not significant
Not significant

Adjustment for
confounding

Comments

Age, cigarette
smoking, relative
weight

Population-based
Response rate 98/

Age, sex

Population-based

Population-based
Response rate: 87%
cases, 100% controls

0.09
0.41

Age, sex, smoking,
body mass index

Population-based
Response rate 79%

Age, smoking, body
mass index, socioeconomic status

Population-based
Response rate: 73%
for cases, 68% for
controls

-J)

Table 34 (contd)
Author, year, Cases/
controls,
country
sex

Adjustment for
confounding

Comments

0.07

Age, sex, study
centre, body mass
index, smokÊng, total
calories

Population-based
Mulbcentre analysis
Response rate:
54-72% for cases,
53-78% for controls

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

Exposure
assessment
(no. of items)

Range
contrasts
(no. of
categories)

Relative risk Statistical
significance (p
(95% Cl)
for trend when
applicable)
0.83
(0.65-1.05)
Non-smokers
0.6 (0.4-0.9)

Wolk eta).
(1996),
Australia,
Denmark,
Sweden, USA

1185)1526
male,
female

FF0 (63-205,
depending on
study centre),
interview or
self-administered

Highest vs
lowest (4)

Lindblad etal.
(1997),
Sweden*

378/350
male,
female

FF0 (63),
interview

>138 vs <41.2 0.87
(0.57-1.32
ci/week (4)
Nonsmokers:
0.64
(0.35-1.16)
Smokers:
1.12
(0.61-2.07)

0.25

0.53
> 21.6 vs <4.2
times/month (5) (0.39-0.72)

<0.001

Yuan et al.
(1998), USA

1204/1204
male,
female

FF0 (40),
interview

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

0.10

0.99

Age, sex, education,
body mass index,
hypertension,
smoking, analgesics,
amohetamines

Population-based
Response rate: 74%
for cases, 69% of
controls

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

Cases!
controls,
sex

BunFn et
ai. (1993),
Canada,
USA

166/166
Interviews of
mothers
about their
diet during
pregnancy

Cordier et
al. (1994),
France

75/113
male, female

Exposure
assessment
(no. of
items)
FF0
(designed to
evaluate
nitrosamine
hypothesis)

Range
contrasts
(no. of
categories)
Weekly vs
less (2)

Interview
about
maternal
diet during
pregnancy

Cabbage
Weekly vs
less (2)

Relative
risk (95%
CI)

Statistical
significance (p
for trend when
applicable)

Cabbage
0.91
(0.45-1.81)
Kale,
nullards,
greens
1.50
(0.36-7.22)
0.7

>0.05

Adjustment
for
confounding

Comments

Age, race,
residence

Population-based
Study of primitive
neuroectodermal
tumours (mostly
medulloblastomas)
74% first eligible
controls contacted

Child's age
and sex,
maternal age,
no. of years of
schooling of
mother

Population-based
Response: 69% of
identified cases, 71.51
/.
of eligible controls
contacted

FF0, food frequency questionnaire

CA

co

Table 36. Case—control studies of cruciferous vegetable consumption and risk for thyroid cancer
Exposure
assessment
(no. of
items)
FF0 (12),
interview

Range
contrasts (no.
of categories)

Relative
risk (95%
Cl)

Frequent (a few
times a week or
daily) vs
infrequent
(never or a few
times a year) (3)

0.77

191/441
male,
female

Diet history
(150),
questionnaire
interview

Goitrogenic
vegetables
Highest vs
lowest (4)

Male: 1.0
(0.3-3.0)
Female:
0.6
(0.3-1.2)

Franceschi
et al.
(1991 b),
Italy and
Switzerland

385/798
male,
female

FF0 (30-38)

Highest vs
lowest (3)

0.8

Wingren et
al. (1993),
Sweden

93 (papillary)/187,
female

FF0 related
to diet at
> 20 years,
self-administered

Several
times/week vs
seldom or never
(4)

[0.2
(0.06-0.8)1

Hallquist et
al. (1994),
Sweden

171/325
male,
female

FFQ about
diet at two
age periods,
selfadministered

Several
times/week vs
less than some
times/week (3)

Author,
year,
country

Cases /
controls,
sex

Ron etal.
(1987), USA

159/265
male,
female

Kolonel et
al. (1990),
USA

Cabbage:
age <20:
1.0 (0.5—
2.0)
age >20:
1.1 (0.61.8)

Statistical
significance (p
for trend when
applicable)
0.17 (one-sided
test)

Adjustment
for
confounding

Comments

Age, sex, prior
radiotherapy
to head and
neck, thyroid
nodules, goitre

Population-based

0.63

Age, ethnic
group

Population-based

> 0.05

Centre, age,
sex, education

Hospital-based Pooled
analysis of three studies
in northern Italy and one
in Switzerland

0.05

Univariate

Population-based

Age, sex

Population-based

0.10

Table 36 (contd)
Author,
year,
country

Cases /
controls,
sex

Galanti et
aI. (1997),
Norway and
Sweden

246 J 440
male,
female

Memon et
ai. (2002)
Kuwait

313/313
male,
female

Pooled
estimate
Bosetti et at.
(2002) (see
text)

2241/
3716
male,
female

Exposure
assessment
(no. of
items)
FF0 (56),
selfadministered

Frequency
of 13
habitual
dietary
items,
interview

Range
contrasts (no.
of categories)

Relative risk
(95% Cl)

> 6 vs <2

0.9 (0.6-1.4)

Statistical
significance (p
for trend when
applicable)
> 0.05

Adjustment
for
confounding

Comments

Univariate

Population-based

0.08

Education

Population-based
Cases from cancer
register (66 known to
have died excluded)

Age, sex,
history of
goitre, thyroid
nodules and
adenomas,
history of
irradiation

Collaborative reanalysis of 11
case—control studies
Test for heterogeneity
between studies: p
0.016

portions/month
(3)

2 days/week
vs never or
occasionally (3)

Highest vs
lowest (3)

Cabbage: 1.9
(1.1-3.3)
Cauliflower:
1.8 (1.0-3.2)
Brussels
sprouts: 0.7
(0.1-4.3)
Broccoli: 0.9
(0.2-3.6)
0,94(0.80—
1.10)
Weighted
mean of ORs
from each
study

0.16
0.44

0.90

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
followup

Cases /
cohort size,
sex

Exposure
assessment
(no. of
items)

Range
contrasts
(no. of
categories)

Relative
risk (95%

Chiu et cl.
(1996),
USA

7

104/35
156, female

Semiquantitative
FF0 (126),
self -ad min stered

> 12 vs <8
servingsl
month (3)

1.01
(0.63-1.62)

Zhang et
a/. (2000),
USA

14

199/86
410, female

Semiquantitative
FF0 (61).
self-administered

> 5-6/week
vs<2lweek
(3)

0.69
(0.41-1.15)

FF0, food frequency questionnaire

Cl)

Statistical
significance
(p for trend
when
applicable)
0.97

0.04

Adjustment for
confounding

Comments

Age and total
energy intake

Incidence
Iowa Women's
Health Study

Age, total
energy, length of
follow-up, geographical region,
cigarette
smoking, height,
beef, pork or
lamb as a main
dish

Incidence
Nurses' Health
Study

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 cancer risk are summarized in Table 38.
Four of the five studies were conducted in Asian populations who have
a high intake of cruciferous vegetables.
In three studies, intake of isothiocyanates was measured from food-frequency questionnaires about usual
intake and from food composition databases. In one prospective study
(London et al., 2000) and one case—
control study (Fowke et al., 2003), urinary isothiocyanate was used as a biomarker 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, corresponding to isothiocyanate intakes of
5.4 pmol/1 000 kcal and 6.0 pmolIl 000
kcal, respectively. While the risk estimates (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, respectively; 77.60% of the patients and 84.4%

of the controls had detectable isothiocyanates in their urine, with a median
concentration of 1.71 (range, 0.0477.7) .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 relationship was observed for persons with
detectable urinary isothiocyanate
(Table 38).
Spitz and colleagues (2000) examined 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 association was examined separately for current 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 consistent with the effects of isothiocyanate
against rung cancer induced by NNK
and benzo[apyrene (Hecht, 1999).
Similarly, Zhao et al. (2001) conducted a hospital-based case—control
study among Singapore Chinese
women, with isothiocyanate intake
estimated from a food-frequency questionnaire, 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 morning 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 significant 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 disease status of the women at the time
of specimen collection.]
Studies of Mendelian randomization
Genes that are polymorphic in a population 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 assumptions, obviate confounding as an explanation 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 characteristics or even to the vast majority of other
genes (Davey Smith & Ebrahim, 2003).
Several assumptions are required
for a Mendelian randomization comparison to be valid:
• the gene does not influence behaviour,
• there is no linkage disequilibrium
with other genes that influence disease, and
• the gene does not have other functions that influence disease susceptibility.
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
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Table 38. Observational epidemiological studies on the association between dietary isothiocyanate (ITC) intake and risk for cancer
Author,
year,
country
Seow etal.
(2002a),
Singapore

Cancer
site

Type of
study

Colorectum

Cohort
(nested
case—
control)

London et
al. (2000),
Shanghai,
China

Lung

Spitz et al.
(2000),
USA

Lung

Zhao etal.
(2001),
Singapore

Fowke eta!
(2003),
Shanghai,
China

Lung

Breast

No. of
cases!
controls
213/119
4

Cohort
(nested
case—
control)

232/710
(all men)

Case—
control,
population-based

503/465

Case—
control,
hospital
based

233/187
(all
women)

Case—
control,
population-based

337/337

Exposure variable;
contrast,
stratification
Average daily ITC intake
from semi-quantitative
FFQb; high (>5.16
pmol/l 000 kcal, cohort
median) vs low
All
Never smokers
Ever smokers

Relative risk
(95% CI)

0.81 (0.59-1.12)
0.89 (0.58-1.36)
0.77 (0.44-1.36)

Urinary ITC; detectable
vs undetectable
All
Smokers only

0.65 (0.43-0.97)
0.60 (0.39-0.93)

ITO intake from semiquantitative FFQ; high
(>0.39 mg/1 000 kcal) vs
low
Current smokers
Ex-smokers

[0.58 (0.38-0.88)]
[0.77 (0.53-1.11)]

ITC intake from semiquantitative FF05; high
(>53 pmoltweek) vs low
All women
Smokers
Never smokers
Urinary ITO; highest vs
lowest quartile
All subjects

Premenopausal

Comments

Sex, year of birth, year of
recruitment, dialect group
(matching factors), education,
body mass index, smoking,
strenuous sports or vigorous
work, alcohol, saturated fat

Dietary
information
collected at
recruitment

Age, age started to smoke,
cigarettes/day, years since
quitting

Dietary
information and
urine specimens
collected at
recruitment
Controls
recruited from a
large managed
care organization

Age, smoking at recruitment,
years of smoking,
cigarettes/day

Frequency
matching for
age, date of
admission,
hospital

Matched by age, menopausal
status, date of sample
collection and interview. ORs
adjusted for soya protein,
fibroadenoma, family breast
cancer, leisure activity,
waist:hip ratio, body mass
index, age at menarche,
number of children

Individually
matched
case—control
pairs within the
Shanghai Breast
Cancer Study

0.63 (0.41-0.95)
0.31 (0.10-0.96)
0.70 (0.45-1.11)

0.5 (0.3-0.8)
< 0.01
0.6 (0.2-1.7)
= 0.38
0.5 (0.2-0.9)
Prow = 0.01

Ptrend

Postmenopausal

Adjustment for confounding

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 metaanalysis 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 suggested that, if GST plays a role in the
metabolism of isothiocyanate, differonces in isothiocyanate-related risk
would be expected between individuals who are null and non-null for these
enzymes.
Five of the epidemiological studies
summarized in Table 38 included stratification 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 genotype. 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 cancer risk and intake of cruciferous vegetables or isothiocyanates according to
GST genotype are summarized in
Table 39.
With respect to GST, the assumption that the gene does not have other
functions that influence disease susceptibility is particularly relevant, given
that both GSTM1 and GSTT1 are
responsible for deactivating highly
reactive polycyclic aromatic hydrocarbon 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 interaction was more marked for intake of
broccoli alone than for intake of all cruciferous vegetables. After stratification
by GSTT1 genotype alone, however,
the inverse relationship with intake of
both broccoli and all cruciferous vegetables 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 incident colon cancer in a study of members of a large medical care programme and population controls. They
reported an effect of age, an inverse
relationship between cruciferous vegetable intake and risk for colon cancer
being observed only in persons aged
55 years or less. The relationship was
once again strongest among GSTM1null individuals (OR for four or more
servings per week versus none: 0.23
compared with 0.59 for GSTM1 nonnull persons). [The number of individuals 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 (smokers, 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 reduction 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 examined the role of the GSTP1 polymorphism, this isoform being the most
abundant in the colon, and found no
evidence that absence of the high
activity (A) allele interacts with isothiocyanate 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 isothiocyanate—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 nonnull 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 isothiocyanate 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
83
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Table 39. Epidemiological studies on intake of cruciferous vegetables or isothlocyanates (ITCs) and cancer risk, by glutathione S-transferase
(GST) genotype
Adjustment for
confounding

Comments

Smoking, age,
date of sigmoidoscopy, clinic,
sex, saturated
fat, energy
intake, intake of
other fruit and
vegetables

Cruciferous
vegetables;
broccoli, cabbage
or coleslaw,
cauliflower,
Brussels sprouts,
kale or mustard or
chard greens

Age, sex, body
mass index,
long-tern
vigorous
physical activity,
total energy
intake, smoking

Cruciferous
vegetables;
broccoli, Brussels
sprouts, cabbage,
cauliflower,
greens, kale,
mustard, turnip,
rutabaga

0.85 (0.54-1.35)
0.63 (0.37-1.07)
0.43 (0.20-0.96)

Sex, year of
birth, year of
recruitment,
dialect group
(matching
factors), education, body mass
index, smoking,
strenuous sports
or vigorous
work, alcohol,
saturated fat

Dietary information
collected at
recruitment

0.36 (0.20-0.63)
0.51 (0.30-0.86)
0.28 (0.13-0.57)

Age, age started
to smoke,
cigarettes/day,
years since
quitting

Age- and smokingadjusted relative
risks were similar,
restriction to
smokers (89.7%)
gave similar
results

Author, year,
country
Type of study

Cancer - No. of
cases!
site
controls

Exposure
variable;
comparison

Stratification

Relative risk (95% CI) by urinary ITC
or ITC fcruciferous vegetable
intake'
Null
Non-null

Lin at ai.
(1998, 2002),
USA
Case—control
with sigmoidoscopy
controls

Colorectal
adenomas

Weekly
servings of
cruciferous
vegetables
from semiquantitative
FFQ; highest
vs lowest
quartile

GSTM1

[0.77]
= 0.71;
p
Pt = 0.26
[0.55]
0.003;
PnL = 0.45
[0.64]
Pd = 0.20
Pint = 0.66

0.52 (0.29-0.93)
0.02

Slattery at ai.
(2000), USA
Case—control,
populationbased

Colon

Intake in
servings per
week from
FF0 (>4 vs
none)

GSTM1
<55 years
55-64 years
>65 years

[0.59]
[0.87]
[1.05]

0.23 (0.10-0.54)
1.31(0.60-2.87)
1.47 (0.94-2.30)

Scow etal.
(2002a),
Singapore
Cohort (nested
case—control)

Colorectum

213/1194

Average daily
ITC intake
from semiquantitative
FF0; high
(>5.16 mmolt
1000 kcal,
cohort
median) vs
low

GSTMI
GSTT1
GSTM1/T1

0.71 (0.45-1.1)
0.97 (0.64-1.47)
0.92 (0.64-1.32)

London etal.
(2000),
Shanghai,
China
Cohort (nested
case-control)

Lung

232/710,
men

Urinary lIC.
detectable vs
undetectable

GSTMI
GSTT1
GSTM1/T1

1.22 (0.67-2.24)
0.95 (0.50-1.80)
1.04 (0.60-1.67)

4591507

1579/1898

GSTT1

GSTM1/ Ti

0.89 (0.41-1.96)
PIed = 0.46
0.57 (0.34-0.90)
0.017

Table 39 (contd)

Country
Type of study

site

cases
controls

variable;
comparison

cation

Lung

503/465

ITC intake
from semiquantitative
FF0; high vs
low

Current
smokers
GSTM1
GSIT1
GSTM1IT1

ITC intake
from semiquantitative
FF0; high
(>53 mmol/week) vs low

All
GSTM1
GSTTI
GSTM1/T1
Nonsmokers
GSTMI
GSTM1
GSTM1/T1

(2000), LISA
Case-control,
populationbased
Zhao etal.
(2001),
Singapore
Case-control,
hospital-based

Lung

Lewis etal.
(2002),
Europe and
South America
Case-control
multicentre

Lung

Fowke et ai.
(2003),
Shanghai,
China
Case-control,
populationbased

Breast

233/187 (all
women)

122/123

337/337

Cruciferous
vegetable
intake from
FF0 (high
vs low)

Urinary ITC,
highest vs
lowest
quartiles

All

Relative risk (95% Cl) by urinary
ITC or ITC/ cruciterous vegetable
intake'
Non-null
Null

Adjustment for
confounding

Comments

Age, sex

Controls
recruited from
a large
managed care
organisation

0.47 (0.26-0.87)] [0.70]
[0.58 (0.35-0.96)] [0.41)
[0.60 (0.38-0.93)] [0.20

0.78 (0.39-1.59) 0.5 (0.33-0.93)
0.75 (0.40-1.40)
0.54 (0.31-0.95)
0.69 (0.41-1.17)
0.47 (0.23-0.95)

1.07 (0.50-2.29)
0.82 (0.41-1.62)
0.83 (0.47-1.46)
0.64 (0.25-1.67)
= 0.35
0.65 (0.16-2.66)
0.57
Arend

Age, smoking at
recruitment, years
of smoking,
cigaretteslday

0.54 (0.30-0.95)
0.62 (0.33-1.13)
0.50 (0.23-1.08)
Age, sex, centre

Prea

GSTMI

0.27 (0.06-1.33)
Ptr,,d = 0.12

GSTM1

0.6 (03-1.4)
= 0.20;
p= 0.82

0.5 (0.2-0.9)
Arend = 0.05

GSTT1

0.6 (0.3-1.3)
0.20;
Pteri
Pin 044

0.4 (0.2-0.9)
Plrer,d = 0.03

Matched by age,
menopausal
status, date of
sample collection
and interview,
ORs adjusted for
soya protein,
fibroadenoma,
family breast
cancer, leisure
activity, waist:hip
ratio, body mass
index, age at
menarche, number

Individually
matched
case-control
pairs within
the Shanghai
Breast Cancer
study

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 genotype.
Lewis et al. (2002) examined the
association between GSTM1 genotype, 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 crucifereus vegetable was observed only
among GSTM1 -null individuals.
Breast cancer
Among women in Shanghai, China
(Fowke et al., 2003), the inverse relationship with isothiocyanate intake was
more consistent among those who
were null for GSTM1 and GSTT1.
Inverse relationships by quartile of urinary isothiocyanate concentration
were significant for women who were
GSTT1 null (quartile 4 versus quartile
1: OR, 0.4; p for trend 0.03), marginally significant for those who were
GSTM1 null and not significant for nonnull genotypes. The interaction terms
were not statistically significant. There
was no apparent effect of the GSTP1
or NQ01 genotype on the isothiocyanate-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 geno86

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 isothiocyanates can be studied by means of
biomarkers. intermediate biomarkers
include;
• detectable precancerous changes
in an organ (confirmed by histology);
• alteration of a gene that is considered 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 etiology, e.g. effects on phase I and Il
enzymes, antioxidant pathways
and steroid hormone metabolism
(IARC, 2003).
Cruciferous vegetables
The mechanisms of the chemoprevenfive effects of cruciferous vegetables
might include alterations to the metabolism of carcinogens and reduction of
oxidative DNA damage. These mechanisms can be studied by short-term
intervention studies in limited numbers
of healthy persons by measuring intermediate 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 studies included DNA damage as a biomarker. 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 urinary 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 eating 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 biomarkers of CYP1A2 activity. Similarly,
antipyrine and phenacetin, which have
been used to assess the effects of cruciferous vegetables, are at least partly
metabolized by CYP1A2. 2-Hydroxylation of estradiol and estrone is also
partly catalysed by CYP1A2, whereas
16(y.-hydroxylation is catalysed mainly by
other enzymes. The six published studies 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 vegetables on CYP1A2 activity was investigated in one study, which found no
effect (Lampe et al., 2000a). An interaction with the GSTM1 genotype had
been suggested by an observational
study showing higher caffeine metabolic ratios in frequent consumers of
cruciferous vegetables who had the
GSTM1 null genotype than among persons with the non-null genotype
(Probst-Hensch et al., 1998).
The elimination rate of the anticoagulant warfarin was increased by
290% after a diet containing 400 g of
Brussels sprouts per day (Ovesen et
al., 1988). Warfarin is a racemic

Table 40. Studies of intermediate effect biomarkers of the biological effects of cruciferous vegetables
Author, year,
country

Intervention

Study sample

Biomarker

Effect during diet rich - Comment
in cruciferous

Pantuck et aL
(1979), USA

Supplementation with 2009 of
cabbage and 300 g of Brussels
sprouts for 7 days

10 healthy
volunteers

AUC for phenacetin
Antipyrine clearance

49% decrease
11% increase

Vistisen etal.
(1992),
Denmark

Supplementation with 500 g of
cooked broccoli or noncruciferous vegetables per day
for 10 days

9 healthy, nonsmoking persons
(five women)

Caffeine metabolic
ratio

12% increase

Kall et al.
(1996),
Denmark

12-day periods on a diet
supple-mented with 500 g of
broccoli, habitual diet and a
diet free of known inducers
and inhibitors of cytochrome
P450 enzymes

16 healthy nonSmoking persons
(two women)

Caffeine metabolic
ratio
2-/1 6a-hydroxyestrone
ratio in urine
Plasma ratio of
chlorzoxazone and its
6-hydroxylated
metabolite

19% increase
29.5% increase

Lampe et al.
(2000a), USA

16 g of fresh radish sprouts,
150g of frozen caulïflower,
200 g of frozen broccoli and
70 g of fresh shredded
cabbage per day for 6 days

36 healthy
persons (19 men)

Caffeine metabolic
ratio

18-37% increase
No influence of f3STM1
genotype

Murray etal.
(2001), United
Kingdom

250 g each of broccoli and
Brussels sprouts per day for
12 days or no cruciferous
vegetables

20 healthy, nonsmoking men

Caffeine clearance
Excretion of MelOx
and PhIP in 10-h
urine
Urinary mutagenicity
with! without
metabolic activation
Adducts of PhIP to
DNA in lymphocytes

7% increase
23% and 21% decrease
64% /52% increase

Known amounts of
heterocyclic amines present
in cooked meal
Fowke etal.
(2000), USA

Increased consumption of
Brass/ca vegetables for 5
weeks; average consumption
reached 193 g/day

34 healthy
women

No effect

Undetectable

12 days after stopping the
diet, excretion of MalQx
and FhIP was still
decreased by 17% (not
significantly) and 30%,
respectively, whereas
urinary mutagenicity was
still increased with
metabolic activation

2-:1 6a-hydroxyestrone Increased by - 3.5%
ratio in urine
per log/day increase
in Brass/ca vegetable
consumption
(regression analysis)

w

Table 40 (contd)
Effect during diet
rich in cruciterous
vegetables
No significant
difference in
mutagenicity of urine
from women also
eating cru ciferous
vegetables

Author, year,
country

Intervention

Study sample

Biomarker

DeMarini at al.
(1997), USA

6-week exposure to
heterocyclic amines from
various well-cooked neat
products, comparable to
300 g of well-cooked
hamburger per day. Four
persons also ate
undescribed amounts of
cauliflower, Brussels
sprouts and cabbage

Eight healthy
non-smoking
subjects (five
women)

Mutagenicity of 24-h urine
with and without enzymatic
hydrolysis

Knize et al.
(2002), USA

Al least one cup of
broccoli for 3 days before
well-cooked chicken

6 healthy persons Excretion of PhlP
metabolites in 6-h urine

Ovesen at al.
(1988), Denmark

400 g of Brussels sprouts
per day for 2 weeks

10 healthy
persons

Warfarin clearance

27% increase

Hecht at at.
(1995, 1999),
USA

56.8 g of watercress at
each meal for 3 days

Il healthy
smokers

Urinary excretion of nontoxic NNK metabolites
Oxidative nicotine
metabolites

34% increase

Hecht at al.
(2004),
Singapore

Cross-sectional study of
habitual intake of
cruciferous vegetables

84 smokers

Urinary excretion of nontoxic NNK metabolites

Inverse association
with calculated
glucobrassicin intake

Capo raso etal.
(1994); United
Kingdom and
USA

50g of watercress 2h
before measurement

29 healthy
persons

Debrisoquine metabolite
ratio

No effect

Pantuck at a).
(1984), USA

200 g of cabbage and 300
g of Brussels sprouts per
day for 10 days

10 healthy
persons

Oxazepam elimination
Acetaminophen
g lu ou ron idation
clearance

19% increase
17% increase

Comment

Increased in live
persons

No effect

131% decrease

Significant correlation
between excretion of
phenethyl-ITC and NNK
metabolites
Increased excretion of
glucuronidated metabolites
of cotinine

Table 40 (contd)
Author, year, Intervention
country
Bogasrds et
300 g of cooked glucoseal. (1994),
nolate-free vegetables per
Netherlands
day for 6 weeks; 300 g of
Brussels sprouts for five
persons for last 3 weeks
Nijhoff etal.,
(t 995a)
Netherlands

300 g of Brussels sprouts or
non-cruciferous vegetables
for consecutive periods of 1
week in random order

Study sample

Biomarker

10 healthy male
non-smokers

GSTA1-1 protein in plasma

S male and 5
female ionsmokers

GSTA1-1 protein in rectal
mucosa
GSTA1, Mi and Pi protein in
duodenum
GSTPI and Ml protein in
lymphocytes
GST acivily in duodenum,
rectum, lymphocytes

Effect during diet rich in
cruciferous vegetables
40% increase

Comment

30% and 15% increase
No effect
No effect
No effect

Ni)hoff etal.,
(I 995b)
Netherlands

300 g of Brussels sprouts or
non-cruciferous vegetables
for consecutive perïods of 1
week in random order

5 male and 5
female nonsmokers

GSTA1-11 protein in plasma

Verhagen et
ai. (1995),
Netherlands

300 g of cooked
glucosinolate-free vegetables
per day for 6 weeks; 300 g of
Brussels sprouts for five
persons for last 3 weeks

1 D healthy male
non-smokers

8-oxodG excretion in 24-h
urine

26% increase

Verhagen et
al. (1997),
Netherlands

300 g of Brussels sprouts or
non-cruciferous vegetables
for consecutive periods of 1
week in random order

5 male and 5
female nonsmokers

6-oxodG excretion in 24-h
urine

No significant effect

Decrease in
four men and
two women

43 healthy
persons (21
men)

GSTA1-1 protein in serum
GST activity in serum
GSTMI activity in
lymphocytes

26% increase in GSTMI
null
No change
36% increase in non-null
women

No change ln
GSTM1 nonfoil

16g of fresh radish sprouts,
Lampe etal.
(2000b), USA 150 g of frozen cauliflower,
200 g of frozen broccoli and
70 g of fresh shredded
cabbaae Der day for 6 days

GSTP1-1 in plasma GSTA1
and Fi in urine

50% increase in men; no
effect in women
No effect

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 -(3pyridyl)-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 metabolism of cooked food mutagens
Consumption of cruciferous vegetables 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 mutagens. Such interactions were investigated in three studies.
Eight healthy non-smokers (five
women) received a diet containing
heterocyclic amines from various wellcooked 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-amino1-methyl-6-phenylimida7o[4,5-b]pyridine (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 presence, 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 vegetable consumption, as described
above. Accordingly, the transient
decrease in MelQx excretion and the
increase in urinary mutagenicity without 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 participants 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 consumption but returned to baseline during
follow up. There was a significant correlation between excretion of the N-acetyl
metabolite of phenethyl-ITC and excretion of the two NNK metabolites.
Nicotine is 5-hydroxylated, forming cotinine, 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 investigated in a cross-sectional study in relation to habitual dietary intake of cruciferous vegetables, assessed from a structured questionnaire including nine relevant 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 glucuronides. A significant inverse association (p = 0.01) was found between
increased consumption of glucobrassicins and concentrations of NNAL in
urine, after adjustment for the number of
cigarettes smoked per day; similar
trends were observed for NNAL glucuronides (p = 0.08) and all NNAL (p =
0.03).

Cancer preventive effects
The effect of eating 50 g of watercress on the activity of CYP2D6, which
is important for elimination of many
drugs used in psychiatric and cardiovascular 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-paraami nobenzoqu i none imine, catalysed
by CYP2E1, CYP3A4 and CYP1A2,
the first appearing to be most important in metabolism by human microsomes 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 previous evening (Chen, L. et al., 1996).
The area under the plasma concentration—time curve (AUC) for the cysteine
and rnorcapturate metabolites was
decreased by 28% and 20%, respectively, 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%, respectively, 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 significantly affected by these diets.
Cruciferous vegetables and metabolism by phase It enzymes
The activity of GSTs, assessed from
oxazepam and acetaminophen metabolism, 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 vegetables per day for 6 weeks (Bogaards
et aI., 1994). During the first 3 weeks,
all the vegetables were non-cruciferous. 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, determined by radioimmunoassay, was
increased by 40%. In a cross-over
study, five male and five female nonsmokers 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 duodenum 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 activity 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 cauliflower, 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 concentration 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 3diazole in plasma was unchanged.
GSTM1 activity towards trans-stilbene
oxide in lymphocytes increased significantly 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 deoxyguanosine (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 damage to DNA resulting from damage
and repair, whereas excretion of 8oxodG
8-oxo-7,8-dihydro-2and
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 2deoxyguanosine phosphate from the
cellular pool of GTP by the MT1
enzyme and from turnover of mitochondria 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 noncruciferous. During the next 3 weeks,
five men continued with non-cruciferous 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 significance 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 consecutive 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
92

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 eating 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 [23H]estradiol. The dose of indole-3carbinol was equivalent to 300-500 g
of cabbage per day. The extent of 2hydroxylation was measured by determining 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-3carbinol, 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 effective 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 parameters 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 progression has been linked to particular
subtypes, including HPV16, 18,33 and
35. In a placebo-controlled trial involving 30 patients with cervical intraepithelial 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-hydroxyestrone has been shown to promote
viral proliferation, resulting in a positive
feedback loop. lndole-3-carbinol and 2hydroxyestrone 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 papillomatosis, which, while rare, is the commonest 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 cessation of papilloma growth in children
given iridole-3-carbinol. In the trial, clinical response correlated well with
changes in urinary 2-:1 6ri-hydroxyestrone ratios. [The Working Group
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Figure 16 Relationship between ratio of 2-:16Œ-hydroxyestradiol and severity of
laryngeal papillomatosis

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 evaluating the relationship between intake of
cruciferous vegetables or their constituents 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 malignant lymphoma. Studies on associations 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 colorectum, 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 relative risks (represented as d'amonds)
for cancers at some sites. In the figures, the width of the confidence interval 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 different sub-groups, e.g. males and
females, both were included. In interpreting 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 information on incident cases in that study is,
however, probably not critical, as stomach 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 vegetables (PARC, 2003). The results of
the case—control studies were more
consistent, resulting in an overall significant inverse association with cruciferous vegetable intake (OR, 0.81; 95%
Cl, 0.73-0.90). It is impossible, however, to exclude recall bias and confounding from unmeasured confounders (including other dietary factors) 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 consumption, 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

0.91

0.67-1.23

Summary value

-

Heterogeneity test: x2 (2 df) 1.9; p = 0.39

0.8

1
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

0.81

0.73-0.90

Summary value
Heterogeneity test: x2 (12 df) = 17; p— 0.16

Odds ratio

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

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

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

0.96

0.85-1.09

Summary value

Heterogeneity test: X2 (10 5f) = 25; p 0.005

------

H

-

--

1

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

0.73

0.63-0.84

Summary value

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
95% Cl

categories OR
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

0.86

0.75-0.98

Summary value

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

Brennan etal. (2000) (non-smokers)

3

1.1

0.7-1.6

Spitz et 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 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

0.76

0.65-0.89

Summary values

-4-

i—

-

-1

Heterogeneity test: x2 (lOdt) = 12; p = 0.31
I
0.1

1
0.25

1
0.5
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

0.95

0.76-1.17

Summary value

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

0.87

0.78-0.96

Summary values

Heterogeneity test: z2 (9 dl)

20;

p

_______________

_________M

0.015

I
0.5

1
Odds ratio

1
2

1-igure Z4 L amatea 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
which
cohort,
in
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 nonsmokers. 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 polymorphisms (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 association, as was also found for intake of all
vegetables (IARC, 2003); a pooled
98

analysis of cohort studies (SmithWarner et al., 2001) also showed no
association. In the case—control studies, 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 consida
ered,
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 (especially 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 cancer for which cruciferous vegetable
consumption was evaluated in relation
to a specific hypothesis, namely that
the presence of goitrogens in crucifereus 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 association 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 prevention. 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 polymorphisms affect tissue levels of isothiocyanate. A better understanding of
these mechanisms would make it easier to interpret the finding of decreased
risk ratios in GSTM1 /GSTT1 -null individuals in the context of Mendelian
randomization.
Studies of intermediate effect biomarkers
The evidence consistently indicates
that consumption of cruciferous vegetables in substantial amounts, e.g.
300-500 g of broccoli, Brussels
sprouts or cabbage per day, can measurably increase the elimination of
substrates of CYP1A2, including 2hydroxylation of estrogens, and might
increase the elimination of warfarin.
The studies suggest that the formation
of mutagenic metabolites from heterocyclic amines and tobacco-related carcinogenic nitrosamines, such as NNK,
might be increased by intake of cruciferous vegetables rich in glucobrassicin. In contrast, watercress, and possibly phenethyl-ITC, appear to inhibit
CYP1A2 (decreasing NNK bioactivatien) and CYP2E1, but not CYP2A6 or
CYP21D6, whereas other Brassica vegetables, which usually contain less
phenethyl-ITC, have less effect on

Cancer preventive effects

Experimental studies
inhibition of care iogenoss in
experimehiliall ainrals
This section contains summaries of
studies of the inhibition of carcinogenesis by cruciferous vegetables, isothiocyanates 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 intermediate 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 carcinogenesis 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 animals were treated with carcinogens or,
in the case of multiple intestinal neoplasia (Mm) mice, were untreated.
Models of transplacental and translactational carcinogenesis and lung
metastasis were also reported. The
cruciferous vegetables cabbage, broccoli, cauliflower, sprouts, garden cress,
mustard seed and wasabi have been
investigated for their capacity to prevent carcinogenicity in animals. These
vegetables were given in the diet or
juice or by gavage. Interventions were
made before, after or throughout carcinogen treatment. The end-points
were tumours or preneoplastic lesions,
including colonic aberrant crypt foci
and GST placental-form positive (GSTP) 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 carcinogenesis 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 adenomatous glandular hyperplasias) and
three duodenal adenocarcinomas,
whereas two rats given MNNG plus
wasabi (7%) had one forestomach epidermoid cyst and one duodenal carcinosarcoma (p < 0.05 for incidence of
glandular stomach tumeurs).
Colon
Cancer preventive effects of cruciferous vegetables have been shown
mainly in the intestine, especially the
colon, of mice and rats. Two studies in
mice showed that cruciferous vegetables reduce the frequency of induced
or spontaneous tumours of the large
and small intestine. Moreover, in rats,
diets containing cruciferous vegetables
consistently inhibited colon tumorigenosis induced by PhIP, azoxymethane,
3',2 -dirrethyl-4-amino biphenyl or 2amino-3-methylimidazo-[4,5-t]quinoline (10), as ascertained from aberrant
crypt focus formation as an intermediate end-point.
Barrett et aI. (1 998) reported a protective effects of diets containing cruciferous seed meals or hulls against
1 ,2-dimethylhydrazine-induced colon
tumours in male CR mice. The incidences of colon tumours were significantly 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 concentration of 12% (w/w) for 34 weeks and

given 20 weekly subcutaneous injections 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 colorectal carcinogenesis in male Fischer 344
rats treated with 1 ,2-dimethylhydrazine
and receiving PhIP in the diet. After initiation with the carcinogen, red cabbage colour was given at a dietary
concentration of 5.0% in combination
with 0.02% PhIP until week 36. The
incidences and multiplicities of colorectal adenomas and carcinomas in initiated 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 significantly 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 significantly reduced by 23% and 26% compared 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 postinitiation progression rather than to initiation of colorectal carcinogenesis.
Kassie et al. (2002) reported a protective 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 alternating days; 5 days before and during
10 treatment, subgroups received
drinking-water containing 5% cress

EN

Table 41. Studies of prevention of carcinogen-induced tumours of preneoplastic

lesions by

cruciferous vegetables in experimental

animals

Organ
site,
species,
strain

Age at
start
(weeks)

No. of
animals
per
group

Carcinogen,
dose,
route,
duration

Cruciferous
vegetables,
amount,
duration

Timing of
treatment

Preventive efficacy by
tumour incidence (TI) or
multiplicity (TM)

Summarized
effect

Reference

8

30

MNNG, 50
pg/nil
drinkingwater, killed
at 40 weeks

Wasabi,
10% diet, 40
weeks

Throughout

Glandular stomach TI (%):
MNNG alone, 20b , + wasabi, 0h
Gastroduodenal TI (%): MNNG
alone, 30b, + wasabi, 3'

Wasabi
suppressed
glandular
stomach
tumours

Tends et al.
(199)

Weanlin
g

20-22

DMH. 20
mg/kg bw x
20 sc., killed
at 20 and 34
weeks

Cruciferous
seed meals
and hulls
(crambe,
rapeseed
and canula),
12% diet, 20
or 34 weeks

Init ation or
throughout

Colon TI (%) at 20 weeks:
DMH alone, 70b ; + commercial
crambe, 14h;
+ autoLysed crambe, 50;
+ crambe hulls/soya bean, 42;
+ rapeseed, 5h; + cano a, 32'
Colon TI (%) at 34 weeks:
DMH alone, 100b;
+ comrnerc:al crambe. 67h; +
autolysed crambe, 25' (high
mortaitty); + crambe hulls/soya
bean, 79h;
+ rapeseed, 80b; + canola, 67h

Cruciferous
seed meals
and hulls
reduced
incidence of
colon tumours

Barrett et aL
(1998)

Red
cabbage
colour, 5%
diet, 32
weeks

Postinitiation
(DMH) or
throughout (PhIP)

Adenoma incidence: DMH +
16b;
PhIP,
+ red cabbage
colour, 8'
Adenocarcinoma incidence:
b
DMH + PhIP, 11 ; + red
cabbage colour, 4'
Total tumours/rat: DMH +
2/b; + red cabbage
PhIP,
0b
colour, 1
2•50;
+ red
ACF/rat: PhIP,
cabbage colour, 0.9a
AC/ACF. PhIP, 1.75b; + red
cabbage colour, 0.73°

Red cabbage
colour diet
suppressed
both colorectal
tumours and
ACEs

Hagiwara et a],
(2002)

Stomach
Rat
Wistar
WKY (M)

Co/on
Mouse
CF1 (M)

Control diet:
soya bean
meal extract,
44% protein

Rat
Fischer
344(M)

6

20

DMH: 20
mg/kg bw x
4 sc. +
PhIP: 0.02%
diet; killed 36
weeks after
first DMH
Contml diet:
commercLal
powdered
d et (Labo
MR stock)

Table 41 (contd)
Organ
site,
species,
Strain
(sex)
Rat
SpragueDawley
(M)

Age at
start
(weeks)

No. of
animals
per
group

Carcinogen,
dose, route,
duration

Cruciferous
vegetables,
amount,
duration

Timing of
treatment

Preventive efficacy by
tumour incidence (TI)
or multiplicity (TM)

Summarized
effect

Reference

8

15

AOM, 15
mg/kg bw x
i.p., killed after
14 weeks
Control diet:
AIN-93M

Sprouts, 10%
det
Broccoli, 10%
diet

Throughout
or postinitiation

ACF multiplicity reduced
(23%) by sprouts (p <
0.05)

Sprouts reduced
ACFs

Rij ken etal. (1999)

Rat
Fischer
344 (M)

250 g

8

10, 100 mg/kg
bw x 10
gavage, killed
16 weeks after
the last 10
Control diet:
modified AIN76

Garden cress
juice, 5%,
drinking-water

Initiation

ACF/ rat. 10 alone,
816h; +
gardon cress,
3.900
ACF with 4 or more
crypts: 10 alone, 2,27; +
garden cress, 1.00'

Garden cress
reduced ACFs

Kassie etal.
(2002)

Rat
Fischer
344 (M)

4

8

0, 100 mg/kg
bw X 10,
gavage, killed
16 weeks after
last IQ
Control diet:
modified AIN
76

Brussels
sprouts and
red cabbage
Juice, 5%,
drinking-water
5 deys before
and during 10
treatment

Initiation

ACF/rat: IQ aune, 10.33
+ Brussels sprouts
(Cyrus, raw), 5.50; +
Brussels sprouts (Cyrus.
cooked), 5.00e; +
brussels sprouts
(Maximus. raw), 6.00; +
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,
cooked), 8.57

Brussels sprouts
reduced ACFs

Kassie etal.
(2003a)

ACF/colon: DMH alone,
24.1; raw sprout. 15.3;
blanched sprout, 21.6

Brussels sprouts
reduced ACFs

Rat
Wistar (M)

7

7

DMH, 30
mg/kg bw x 2
s.c., killed 42
days after
second DMH
Control diet:
semi-synthetic
basal diet
appropriate for
growing rats

Freeze-dried,
raw or
blanched
Brussels
sprouts, 10%
juice or diet, 4
weeks

b;

Postinitiation

t

Smith et al. (2003)

:

CD
I

Ct,

N)

Table 41 (contd)
Timing of
treatment

Preventive efficacy by
tumour incidence (TI) or
multiplicity (Ti

Summarized
effect

Reference

Freeze-dried
cauliflower head,
20% diet, 26
weeks

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

Cauliflower
reduced mortality
from and progression of hepatic
tumours

Stoewsand et
aI. (1978)

AFB, I
mg/kg diet
for 26
weeks, killed
at 42 weeks
Control diet:
modified
AIN-76

Freeze-dried
cabbage, 25%
diet, 26 weeks

Throughout

L iver tumours/rat: AFB
392. + cabbage, 13
anne,

Dried cabbage
decreased liver
tumeurs

Boyd et al.
(1982)

50/50

DMBA, 0.5
mg per toad
x 36 injected
into dorsal
lymph sac,
killed after
12 weeks
Control diet:
earthworms

Ground
cabbage, 1 2
ml, 12 weeks

Initiation or
postinitiation

Liver-cell TI: DMBA alone,
b.
29 + I ml cabbage diet
before, 15e; + 2 ml cabbage
diet before, 12e ; + 2m1
cabbage diet after, 27

Cabbage inhibited
liver tumours

Sadak et al.
(1995)

7-8

Brussels
AFB , 250
pg/kg bw per sprouts,
glucosinolate
day, gavage
>: 10, killed
extract and nonglucosnolate
after 6 and
residue, 20%
12 weeks
diet, 5 weeks
Control diet:
purified diet

Initiation

Liver GGT foc (no/cm)
after 6 weeks: AFB alone,
13.12; + Brussels sprouts,
5.9; + extract, 6.02;
+ 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

Brussels sprouts
and its extract
inhibited hepatic
GGT foci

Godlewski et
ai. (1985)

Age at
start
(weeks)

No. of
animals
per
group

Rat
Fischer
344 (M)

Weanhing

1D

AFB1, 2
mg/kg diet
for 26
weeks, killed
at 41 weeks
Control diet:
purified diet

Rat
Fischer
344 (M)

Weaning

8-11

Toad
Bufo viii dis
(M, F)

40 g

Rat
Fischer
344 (M)

Weanling

Organ
site,
species,
strain
(sex)

Carcinogen,
dose,
route,
duration

Cruciferous
vegetables,
amount, duration

Liver

Table 41 (contd)
Organ
site,
species,
strain
(sex)
Rat
Fischer
344 (M)

Age at
start
(weeks)

No. of
animals
per
group

Carcinogen,
dose, route,
duration

Cruciferous
vegetables,
amount, duration

Timing of
treatment

Preventive efficacy by
tumour incidence (TI) or
multiplicity (TM)

Summarized
effect

Reference

4

8

IC, 100 mg/kg
bw x 10
gavage, killed
16 weeks after
last 10
Control diet:
modified AIN76

Brussels sprouts
and red cabbage
juice, 5%, drinkingwater, 5 days
before and during
IC treatment

Throughout

GST-P' foci/ cm": 10 alone,
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
sprouts and
red cabbage
reduced GSTPc

Kassie et al.
(2003a)

Dehydrated
powdered
cabbage, 10%
diet, 17 weeks
Cauliflower, 10%
diet, 17 weeks

Postinitiation (1
week after
DMBA)

TI (%): DMBA alone, 94";
+ cabbage diet, 63";
+ cauliflower diet, 63"
No. ottumours/rat: DMBA
alone, 3.4"; + cabbage diet,
1.1"; + cauliflower diet, 1.4"

Cabbage and
cauliflower
inhibited
mammary
tumours

Wattenberg
(1983)

Mammary gland
Rat
SpragueDawley (F)

—t'

7

16

DMBA, 12 mg,
gavage, killed 18
weeks after
DMBA
Control diet:
semi-puritied diet
(casein 27%,
starch 59%, corn
oil 10%, salt mix
4%, vitamins)

l CD

'0

o

Table 41 (contd)
Organ
site,
species,
strain
(sex)

Age at
start
(weeks)

Rat
SpragueDawley (F)

6

Rat
SpragueDawley (F)

6

Rat
SpragueDawley (F)

50 days

Carcinogen,
dose, route,
duration

Cruciferous
vegetables,
amount,
duration

Timing of
treatment

Preventive efficacy by
tumour incidence (TI)
or multiplicity (TM)

Summarized
effect

Reference

160 mg/kg
bw, gavage,
observed 15
weeks after
DMBA
Control diet:
semi-purified
(sucrose 18.7%,
fibre 1.3%)

Freeze-dried
Brussels
sprouts, 20%
diet, 4 weeks

Initiation

Palpable mammary TI
(%): DMBA alone, 77; +
Brussels sprouts, 13

Brussels sprouts
reduced
mammary
tumours

Stoewsand
etal. (1988)

16-20

DMBA, 50 mg/kg
bw, gavage,
killed 27 weeks
after DMBA
Control diet:
AI N-76, except
glucose 25%,
sucrose 25%

Freeze-dried
Brussels
sprouts, 20%
diet, 4 weeks

Initiation

Papillary carcinoma
incidence (%): DMBA
alone, 50; + Brussels
sprouts, 35
Adenocarcinoma
incidence (%): DMBA
alone, 35; + Brussels
sprouts, 10
Fibroadenoma incidence
(%): DMBA alone, 10; +
Brussels sprouts, 5
No statistical evaluation

Brussels sprouts
reduced
mammary
tumours

Stoewsand
etal. (1989)

25-35

MNU, 50 mg/kg
bw, iv., killed
when palpable
tumours reached
0.5 cm
Control diet:
American Institute of Nutrition,
except dextrin/
dextrose substituted for sucrose

Dried cabbage,
5% diet and 10%
diet; collards,
5%; cabbage
residue, 3.2%
diet

Postinitiation

TI (%):
MNU alone, 84; + 5%
cabbage, 63k ; 10%
cabbage, 70; 5%
collards, 80
MNU alone, 85b; + 5%
cabbage, 53; 3.2%
cabbage residue, 56

Cabbage diets
reduced tumours

Bresnick et
ci. (1990)

No. of
animals
per
group
5

Table 41 (contd)
Organ
site,
species,
strain

Age at
start
(weeks)

No. of
animals
per group

Carcinogen,
dose, route,
duration

Cruciferous
vegetables,
amount,
duration

Timing of
treatment

Preventive efficacy by
tumour incidence (TI)
or multiplicity (TM)

Summarized
effect

Reference

50 days

20

DMBA, 10 mg,
gavage, killed 18
weeks after
DMBA
Control diet:
Emulphor 620F
and water

Dried broccoli
sprouts extract
(25 or 100 pmol
glucosinolates;
25, 50 or 100
pmol ITC),
gavage x5

Initiation

All treatments markedly
reduced total number of
tumours: DMBA alone,
34; + treatments, 11-19

Broccoli sprout
extracts reduced
mammary
tuniours

Fahey et
ai. (1997)

7-8

8

DMBA, 100 pg +
croton Gil
topically x 48,
killed at week 16

Mustard seed),
800 mg/kg bw,
gavage, 18
weeks

Throughout

TI (%): DMBA alone, 100b;
treatment, 50
Cumulative number of
papillomas: DMBA
71b
alone,
treatment, 9
Latency of tumeurs
(weeks): DMBA alone,
7,8b; treatment, 11 .3

Brass/ca
compestris
reduced skin
tumours

Qiblawi &
Kumar
(1999)

DMBA, 5 mg,
gavage, days
15-17 of
gestation, F1
progeny killed at
56 weeks of age

Mustard seed oil,
0.05 and 0.1 ml,
gavage, days
13-19 of
gestation

Initiation

TI of F1 (%): OMBA
65b;
alone,
0.05 mustard
oil, 29; 0.1 mustard oil,
16

Mustard seed oil
inhibited transplacental and
translactational
carcinogenesis

Hashim et
ai. (1998)

Lactating 6-8

DMBA, 3mg,
gavage, days 3,
6, 9, 12 and 15
of lactation, F1
progeny killed at
56 weeks of age

Mustard seed oil,
0.05 and 0.1 ml,
gavage, days
1-150f lactation

Initiation

TI of F1 (%) DMBA
alone, 70; 0.05 mustard
oil, 32a; 0.1 mustard oil,
18

6

BALB/c
mammary
tumour cells
(410.4), 5 x tO,
iv., killed 3
weeks later

Dried cabbage
and collards,
9.1% and 4.8%
diet, 9 weeks

Throughout

Pulmonary colonies in
experiment 1: Control,
100; diet, 60
Pulmonary colonies in
experiment 2: Control,
200; diet, 125

Cabbage and
collards
decreased
pulmonary
metastasis

Scholar cl
at. (1989)

LscL.
Rat
SpragueDawley (F)

Skin
Mouse
Swiss
albino (M)

Tronspfaccntal and Iactational
Mouse
Pregnant 6-8
Swiss
(13-14
albino (M,
weeks)
F)

Metastasis
Mouse
BALB/c (F)

j
j

j
15

j
I,
:1 -cs
'1<
CD

.,b

Q' r

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[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 aberrant crypts were significantly reduced
in the group that received 10 plus garden 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 carcinogen treatment. Two cultivars of
each vegetable were tested. Brussels
sprouts reduced the frequency of 10induced aberrant crypt foci by
41-52%, but no protection was seen in
the colon after treatment with red cabbage. 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 glucosinolates.
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 number of foci, significantly enhanced the
level of apoptosis and reduced mitosis
in colonic crypts. There was little evidence of these effects when intact glucosinolates 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 vegetables 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 reducing liver tumour size and metastasis.
Boyd et al. (1982) reported the
inhibitory effects of cabbage on hepatocarcinogenesis in weanling male
Fischer 344 rats fed a purified diet or
diets containing 25% (w/w) freezedried cabbage with or without aflatoxin
B1 at 1 mg/kg for 26 weeks. Within 3-7
weeks, the cabbage diet had diminished 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 hepatocellular 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 carcinogen 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 fraction 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 carcinogen 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 frequency 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 vegetables such as cabbage, cauliflower,
Brussels sprouts and broccoli consistently inhibited mammary tumorigenesis in rats induced by 7,12-dimethylbenz[ajanthracene (DMBA) or Nmethyl-N-nitrosourea.
Wattenberg (1983) reported that
several plant materials, including cabbage and cauliflower, inhibited mammary 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 incidences 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 palpable 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% Brussels 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 additional 25 weeks. All the Brussels
sprouts diets reduced the incidence of
DMBA-induced mammary carcinogenesis. 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 SpragueDawley rats by a single injection of Nmethyl- 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 containing 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 exhaustive extraction with methanol, methylene chloride and petroleum ether.

Fahey et al. (1997) reported that
extracts of 3-day-old broccoli sprouts
containing either glucoraphanin or sulforapliane 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 contain negligible quantities of indole glucosinolates, which predominate in the
mature vegetable and may give rise to
degradation products that can
enhance tumorigenesis. The authors
concluded that small quantities of cruciforous sprouts can protect against
mammary tumours as effectively as
much larger quantities of mature vegetables of the same variety.

Skin
Qiblawi and Kumar (1999) reported the
preventive properties of an ethanol
extract of the seeds of Brassica cornpestris 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 initiation stages of tumorigenesis, compared with the control groups. The
latency in the experimental group
increased significantly (to 11.3 weeks)
compared with the control group (7.8
weeks).

receiving 5 mg of DMBA on days
15-17 of gestation. The tumour incidence in the F1 progeny was significantly reduced at both concentrations,
from 65% in the control group to 29%
and 16%, respectively, in the experimental 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 mustard 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 controls 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).

Transpiacental and translactational

carcinogenesis
Hashim et al. (1998) reported the
chemopreventive potential of mustard
seed oil on DMBA-induced transplacental and translactational carcinogenesis in Swiss albino mice. As the mustard oil was a lipid component, the diet
is unlikely to have contained significant
quantitites of isothiocyanates. Mice
were treated with mustard oil at a concentration of 0.05 or 0.10 ml per day
on days 13-19 of gestation, each also

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 supplemented with selenium at 0.1 or 1.0
107
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Table 42. Studies of prevention of carcinogen-induced colon preneoplastic lesions by selenium-rich broccoli
Organ
site,
species,
strain
(sex)
Rat
Fischer
344 (M)

Rat
Fischer
344 M)

Rat
SpragueDawley
(F)

Rat
Fischer
344(M)

Age at
start
(weeks)

No. of
animals
per
group

Carcinogen,
dose, route,
duration

Cruciferous
vegetables,
amount,
duration

Weanling

18

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: lowselenium toruls
yeast

High selenium
- Throughout
broccoli (1 mg/kg
selenium), diet,
11 weeks

DMH, 25 mg/kg
bw x 2 s.c., killed
8 weeks after
second DMH
Control diet:
seleniumdeficient torula
yeast

High-selenium
broccoli forets
(2 mg/kg
selenium), diet,
11 weeks; Highselenium
broccoli sprouts
(2 mg/kg
selenium), diet,
Il weeks

Throughout

MNU, 50 mg/kg
bw, killed at 22
weeks
Control diet:
AIN76A#0.1
mg/kg selenium

High-selenium
broccoli (3 mg/kg
selenium), diet,
22 weeks

Throughout

DMABP, 100
mg/kg bw x 2
s.c. 0rDMH, 25
mg/kg bw x 2
s.c, killed 8
weeks after
second treatment
Control diet:
seleniumdeficient torula
yeast

High-selenium
broccoli (1 mg/kg
selenium), diet,
11 weeks
High-selenium
broccoli (2 mg!kg
selenium), diet,
11 weeks

Weanling

7

Weanling

AC, aberrant crypta; AC

18

30

18

berrantcryptfooi;

Timing of
treatment

High selenium
broccoli (2 mg/kg
selenium), diet,
11 weeks

Summarized
effect

Reference

• AC/rat: DMABP 4 selenate,
8.&; DMABP + high-selenium
broccoli, 43C
ACFlrat: DMABP + selenate,
34C; DMABP + high-selenium
broccoli, 21e
AC/rat: DMH 4- selenite> DMH
+ high-selenium broccoli
AC F/rat: DMH + selenite>
DMH + high-selenium broccoli

Selenium from
broccoli
reduced ACFs
in colon

Finley et al. (2000)

Total ACFs: DMH alone, 137e;
+ high- selenium broccoli,
68e;+ high-selenium sprouts,
71

Seleniumenriched
broccoli
decreased
ACEs in colon

Finley etal. (2001)

Preventive efficacy by
tumour incidence (TI) or
multiplicity (TM)

C)
—.
C,

o

C
(e

Through-out

Mammary TI: MNU alone. g0E;
+ high selenium broccoli, 37C

AC/ret: DMABP alone, 97b;
+ 0.1 mg/kg selenium as
broccoli, 8.4; + 1.0 mg/kg
selenium as broccoli, 43C
AC/rat: DMH alone, 95; + 2.3
mg/kg satan ite + low-selenium
broccoli, 102b; 4- 2.0 mg/kg
selenite as high-selenium
broccoli, 56
ACF/rat: DMH alone, 239;
+ 2.0 mg/kg selenite 4- low299b;
selenium broccoli,
+ 2.0
mg/kg selenite as highselenium broccoli, 153e

Seleniumenriched
broccoli
decreased
mammary
tumeurs

Finley et ci. (2001)

Selenium from
broccoli
reduced ACFs
in colon

Finley & Davis
(2001)

o
CD
CD
Ce

biviAp, 3',2'-dimethyl4-arninobiphenyl; iiMF), 1,2-dimethylhydrazine; s.c., subcutaneoùsly;MNU, N-methyl-N-nitrosourea
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o
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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-dimethyl4-aminobiphenyl or I ,2-dimethylhydrazine. Supranutritional amounts of selenium supplied as high-selenium broccoli significantly decreased the incidences 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 protect against 1 ,2-dimethylhydrazineinduced aberrant crypt foci in the
colon. Fischer 344 rats fed diets
containing selenium at 2.0 ug/g as
either high-selenium broccoli florets
1
or
high-selenium broccoli sprouts had
significantly fewer aberrant crypt foci
than rats fed a diet containing selenium 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-aminobiphenyl or 1 ,2-dimethylhydrazine.
After 11 weeks on the diets, the animals were killed and their colons examined 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 mammary tumours induced by N-methyl-Nnitrosourea (MNU) than rats fed 0.1
mg of selenium as selenite without the
addition of broccoli. High-selenium
broccoli was more protective than lowselenium broccoli.

Glucosinolates
The first study on inhibition of carcinogenesis by glucosinolates was
described by Wattenberg et al. (1980).
When glucotropaeolin, glucosinalbin
and gi ucobrassicin were administered
to rats before benzoa]pyrene, glucobrassicin inhibited the occurrence of
forestomach tumeurs and pulmonary
adenomas, whereas glucotropaeoli n
and glucosinalbin inhibited only forestomach 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 significant reduction in preneoplastic
lesions and carcinomas of the tongue
in rats fed a diet containing sinigrin at
1200 mg/kg during or after administratien of 4-nitroquinoline 1-oxide at 10
mg/I in drinking-water for 12 weeks
(Tanaka etal., 1992).
Sinigrin, which yields the breakdown product allyl-ITC, increased
apoptosis and decreased aberrant
crypt foci in the colon of Wistar male
rats initiated with 1 ,2-dimethylhydrazine (Smith et al., 1998). For the
studies of apoptosis, rats received two
subcutaneous injections of 1,2dimethy1hydrazine 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 apoptosis was determined in isolated
crypts. Apoptotic cells were not
observed in control rats, but their frequency was significantly increased in
rats initiated with 1,2-dimethylhydrazine; e.g., after 18 h on the sinigrinfree 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 1,2dimethy1hydrazine 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 different with 1,2-di m ethyl hydrazi n e and
with 1,2-dimethyihydrazine plus sinigrin (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 isothiocyanate compound. Later, Sasaki
(1903) and Sidransky et al. (1066)
demonstrated the inhibitory effects of onaphthyl-ITC on liver cancer induced by
several carcinogenic agents given in
various regimens.
After these early demonstrations of
the inhibitory activity of isothiocyanates, various compounds (principally 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 isothiocyanates 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-nitrosomethylbenzylamine (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 multiplicity from 11.5 in controls to 0.1 and
0, respectively, preventing hyperkeratosis and the formation of preneoplastic
(leukoplakia and leuko-keratosis) and
neoplastic (papilloma and carcinoma)
lesions (Stoner etal., 1991).
In view of the almost complete inhibition 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 concentrations 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 oesophageal tumours per rat with 1001
% incidence, 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 incidences 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
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later, the inhibition of tumorigenesis
correlated in a dose-dependent manner 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 completion 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 isothiocyanates, 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-phenylbutyl-ITC, 5-phenylpentyl-ITC and 6phenylhexyl-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 4phenylbutyl-ITC affected tumour incidence, and they had little effect on mul-

tiplicity, with values similar to those
with NMBA alone, whereas 3-phenylpropyl-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 thiocyanate and benzyl-ITC in the colon of
female AOl/N rats in relation to administration of the carcinogen methylazoxymethanol. 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 methylazoxymethanol at 25 mg/kg bw
intraperitoneally once a week for 3
weeks. Control animals received three
intraperitoneal injections of methylazoxymethanol 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 incidence of tumours (adenomas and adenocarcinomas) was 89% in controls,
53% with benzyl-ITC given in the diet
before and during carcinogen treatment and 95% when benzyl-ITC was
given 1 week after the last injection.
Treatment with benzyl thiocyanate,
whether given before or after methylazoxymethanol, resulted in no significant decrease in tumour incidence

Table 43. Effects of isothiocyanates (ITCs) on carcinogen-induced tumours in rats
Organ
site,
strain
(sex)

Age at
start
(weeks)

No. of
animals
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

Fischer
344
(M)

7

15

NMBA, s.c.,
0.5 mg/kg
bw, once a
week, 15
weeks

Phenethyl-ITC,
3 or pmol/g,
diet

25 weeks, 2
weeks before,
during and
after NMBA

TI reduced by 100%
and 87%
TM reduced by 99%
and 100%

Phenetbyl-ITC
prevented
tumour
formation when
giver before and
during NMBA

Stoner etal.
(1991)

Fischer
344
(M)

6-7

13-27

NM BA, s.c.,
0.5 mg/kg
bw, once a
week, 15
weeks

Phenethyl-ITC,
0.325, 0.75,
1.50 or 3.0
prnol/g, diet

25 weeks, 2
weeks before,
during and
after NMBA

TI reduced by 0, 40%
and 100%
TM reduced by 39%,
90% and 100% at 0.75,
1.5 and 3.0 pmol/g

Phenethyl-ITC
prevented
tumeurs when
given before and
during NMBA

Morse et al.
(1993)

Fischer
344
(M)

6

15

NMBA, s.c.,
1.0 mg/kg
bw, three
times a
week, 5
weeks

Phenethyl-ITC,
3.1 pmoilg,
diet

25 weeks, 2
weeks before
during and
after NMBA

TI reduced by 53%
when given with NMBA
and 7% when given
after NMBA
TM reduced by 69%
when giver with NMBA
and 7% when given
after NMBA

Phenethyl-ITC
prevented
tumeurs when
given before but
not after NMBA

Siglin et al.
(1995)

Fischer
344
(M)

6-8

15

NMBA, s.c.,
0.5 mg/kg
bw, once a
week, 15
weeks

Benzyl-ITC,
phenethyl-ITC,
3-phenylpropyl-ITC,
4-phenyl-butylITC and
6-phenylhexyj-ITC at
0.4, 1.0 and
2.5 imoI/g,
diet

25 weeks, 2
weeks before,
during and
after NMBA

TI reduced by 43%,
60%, 93% with
phenethyl-ITC; 93%,
93%, 100% with 3phenyl-propyl-ITC
TM reduced by 83%,
94%, 99% with
phenethyl-ITC; 93%,
99%, 100% with 3phenyl-propyl-ITC; 41%,
24%, 40% with 4phenylbutyl-ITC;
increased by 21%, 61%,
69% with 6-phenylhexylITC

Benzyl-ITC, 4phenylbutyl-ITC
and 6-phenylhexyl-ITC did
rot inhibit
incidence. TM
inhibited by
pherethyl-ITC,
3-phenylpropylITC and 4phenylbutyl-ITC.
Inhibition
correlated with
chain length

Wilkinson et al.
(1995); Stoner &
Morse (1997)

Oesophagus

Kfj

Table 43 (contd)
Age at
start
(weeks)

No. of
animals
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

5

19-21

Methylazoxymethanol, irnp.,
25 mg/kg bw,
once o week,
3 weeks

Benzylthiocyanate
400 and IOU mg/kg
Benzyl-ITC, 400
mg/kg diet

4 weeks, 1 week
before and during
rnethyLazoxymethanol 45
weeks, 1 week
after methylazoxymethanol

TI reduced by 47%
(intestine) with
benzyl-ITC in both
small intestine and
colon; tumour size not
affected

Tumours inhibited by
benzyl-ITC in both
small intestine and
colon; tumour size not
affected

Sugie et al.
(1994)

Fischer
344
(M)

6

6

Azoxymethane, s.c.,
15 mg/kg bw,
twice at 7-day
interval

Phenethyl-ITC or
phenethyl -lTC—N
acetylcysteine, 20
or 50 pmol, once a
day (pie-initiation)
and 5 prnoles or 20
mmci, three times
a week (postinitiation), gavage

3 days, 2 h before
azoxy-methane
(pre-initiation),
repeated during
second week
8 weeks, 2 days
after azoxymethane (postinitiation)

ACF
Reduced by 25% with
phenethyl-ITC,
increased by 29%
with phenothy!ITC—N-acetylcystoine
Reduced by 35% with
phonethyl-ITC and by
26% with phenethylITC—N-acetylcysteine

Phenethyl-ITC
inhibited total number
of aberrant crypt foci
and no. of foci with
multiple crypts when
given before or after
azoxymethane;
phenethyl-lTC—N
acetylcysteine
inhibited when given
after but not before

Chung et al.
(2000)

Sprague
Dawley
(M)

8

7-10

Azoxymethane, s.c.,
15 mg/kg bw,
twice at 7-day
interval

Phenetbyl-ITC,
0.65 g!kg diet

5 weeks, I week
before and 4 weeks
after first azoxymethane

228 ACF per animal
in controls, 191 with
phenethyl-ITC

Phenethyl-ITC did not
significantly alter
number of ACF

Pereira &
Khoury (1991)

- 228 g

11-22

D,L-Ethionine,
0.25% diet

-Naphthyl-[1C,
0.1% diet

4 or 8 weeks
before D,Lethionine or in
combination

TI, 67% with DLethionine, 47% and
18% after 4 and 8
weeks pretreatment
with cr-nap hthyl-ITC, O
with combination

u.-Naphthyl-ITC
inhibited hepatocellular carcinomas
when given either
before or with
carcinogen

Sidransky Of
al. (1996)

- 200 g

6-20

FAA, 0.04%
diet

cz-Naphtbyl-ITC,
0.1% diet

FAA 4 months
FAA + cz-naphthylITC 2 months and
FAA 2 months
cr-Naphthyl-ITC 2
months + FAA 2
months

TI, 62%
TI, 250/.

Organ
site,
strain
(sex)
Co/on
ACl/N (F)

Liver
SpragueDowley
(M)

Wistar
(M)

TI, 24%

Table 43 (contd)
Organ
site,
strain
(sex)

Age at
start
(weeks)

No. of
animals
per
group

Carcinogen,
route, dose,
duration

ITC, dose,
route

Length and
timing of ITC
treatment

Wistar(M)

150-130
g

6-9

Meta-Toluylene
diamine, 0.1%,
diet

cr-NaphthylITO, 0.1% in
diet

35 weeks,
during metetoluylenediamine

0

20-40

NNK, s.c., 1 76
mg/kg bw three
times a week,
20 weeks

Phenethy
ITO, 3 pmol/g,
diet

21 weeks, 1
week before
and during
NNK

Fischer
344
(M)

6

36

NNK s.c. 1.5
mg/kg bw. three
times a week,
20 weeks

6-Phenylhexyl-ITC, 2
014 pmol/g,
diet
PhenethylITC, 4or8
pmol/g, diet

Fischer
344
(M)

7

20-60

Ni 2mg/I in
water, Ill
weeks

Pherethy
ITO,
3 pmo 1g, diet

Lung
Fischer
344
(M)

Preventive efficacy
by tumour incidence
(TI) or multiplicity
(TM) (low to high
dose)
TI reduced by 100% in
30 weeks

Summarized effect

Reference

cr-Naphthy -ITO inhibited
cancer and nodular
hyperplasia

Ito etal. (1 969

TI at 104 weeks
reduced from 80% to
43°%

Pbenetbyl-ITC reduced
liver but not other
tumeurs

Morse eta!
(19892)

22 weeks, 1
week before
and 1 week
after NNK

TI reduced by 72%,
64% with 6-phenylhexyl ITC
TI reduced by 75%,
87% with phenethylITO

Phenethyl-ITC and 6
phenyl-hexyl-ITC had
equal activity: no
dose—response
relationship

Chung at e!.
(1996)

112 weeks, 1
week before
and during
NNK

TI reduced by 931/D in
lung, 100% in
pancreas (malignant
exocrine)

Phenetbyl-ITC inhibited
lung tumeurs and
malignant tumours in
pancreas. No effect on
liver or nasal cavity

Hecht etal.
(1996a)

t

t

Hscrier
344
(M)

7

60

NNK, 2mg/I in
water, 111
weeks

6-Phenylhexyl-ITC,
1 pmol/g, diet

112 weeks, 1
week before
and during
NNK

TI reduced by 63% in
lung
TI reduced by 59% for
leukaemia and
ymphoma

Phenetby ITO inhibited
lung tumeurs, leukaerria
and lymphoma. No effect
on other tumeurs

Hecht at al.
(1996b)

SpragueDawley
(F)

7

16-27

DMBA , 12 mg
once, oral

Benzy -ITO
17 pmol/g,
diet

15 weeks, 1
Week after
DMBA

TI reduced by 37°4
TM reduced by 59%

Benzyl-ITC Inhibited
mammary TI and TM

Wattenberg
(1981)

t
t

CD
-t
«(D

(D

CD
CD

Ç)

Table 43 (contd)
No. of
animals
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

20

DMBA, 50
mg/kg bw
once, oral

PhenethylITC, 0.1%,
diet

35 weeks, 1
week after
DMBA

TI not reduced
TM not significantly
different
Size reduced by 51%

Phenethyl-ITC
had no effect on
TI or TM but
reduced size of
tuniou ra

Futakuchi et al.
(1998)

7

20-25

DMBA, 8 mg
once, oral

Sulforaphone, 75
and 150
pmol, oral

3 In before
DMBA

After 152 days, TI
reduced by 49% and
61% and TM reduced
by 71% and 85%

Sulforaphane
reduced tumour
incidence arid
multiplicity

Zhang et al. (1994)

Urinary bladder
8
Wistar
(M)

30-40

BBN, 0.025%
for 15 week,
water

16 weeks, 1
Fhenethylweek before
ITC and 6phenyihexy BBNI
l-ITC, 0.5
Ijmol/g, diet

TI not significantly
reduced
TM reduced by 47%
with 6-phenylhexylITC
Phenetbyl-ITC
ineffective

6-Fhenyl-hexylITC but not
pbenethyl-ITC
reduced no. of
papillcmas per
rat

Nishikawa eta!
(2003)

NE

BBN, 50 mg/I,
40 weeks,
water

Benzyl-ITC,
10, 100
and 1000
mg/kg, diet

TI and TM of
dysplasia, papillomas
and carcinoma
inhibited in doseresponse relationship

Benzyl-ITC
reduced tumour
incidence and
multiplicity
induced by BBN,
but alone it
increased
epithelial
hyperplasia at
100 and
1000 mg/kg

Okazaki et ai.
(2002)

Organ
site,
strain
(sex)

Age at
start
(weeks)

Mammaty gland
7
SpragueDawley
(F)

SpragueDawley
(F)

Fischer
344
(M)

6

40 weeks,
during BBN

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., intraperitoneally; s.c., subcutaneously
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(81% and 92% when given before and
83% and 95% when given after methylazoxymethanol). Nevertheless, both
benzyl-ITC and benzyl thiocyanate at
400 mg/kg given in the diet before and
during carcinogen treatment significantly decreased tumour multiplicity in
the intestine (2.56 with methylazoxymethanol alone versus 1.11 and
1.29, respectively). Neither agent had
a significant effect on multiplicity when
given after the carcinogen. Both benzyl-ITC and benzyl thiocyanate inhibited 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 Nacetylcysteine 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 gavage for 8 weeks after the carcinogen
(post-initiation) or once a day for 3
days (20 or 50 pmol) before azoxymethane (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, phenethylITC and its conjugate inhibited the formation 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 SpragueDawley rats were unaffected by previous administration of phenethyl-ITC,
ellagic acid or diallyl sulfide but were
inhibited 93% and 30% by N-acetylcysteine and codifIuoromethylornithine,
respectively.
Liver Sidransky et al. (1966) showed
that a diet containing 0.1% a-naphthylITC 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 anaphthyl-ITC diet for 4 or 8 weeks
before addition of 0.25% DL-ethionine
or both a-naphthyl-ITC and DL-ethionme. 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 experiments, male Wistar rats were given
0.04% N-2-fluorenylacetamide in the
diet for 4 months; N-2-fluorenylacetamide plus 0.1% a-naphthyl-ITC for
2 months followed by N-2-fluorenylacetamide for 2 months; or a-naphthylITC 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 combined treatment and 24% after pretreatment with u.-naphthyl-ITC. N-2Fluorenylacetamide induced a small
number of ear-duct tumours and myelogenous 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% metatoluylenediamine completely inhibited
the development of liver tumours in
male Wistar rats, from 100% in six controls given the carcinogen to 0%. All

animals given diets containing metatoluylenediamine failed to gain weight.
Although there were relatively few animals per group, there was a marked
reduction in the number of nodular
hyperplasias.
Ogawa et al. (2001) presented evidence 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 subcutaneous 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 significant differences in body weight, food
consumption or survival. Nevertheless,
there were adverse effects in the liver,
consisting of centnilobular and midzonal 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 unaffected. 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
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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 administered 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 adenocarcinomas) 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 malignancy. The treatment had no overt
toxic effects on survival or body weight.
Haemoglobin adducts of NNK metabolites were repressed in blood, but the
metabolites NNAL and NNAL glucuronides in urine were increased by
four- to sixfold, compatible with the
observation that phenethyl-ITC interferes with the activation of NNK.
Under the same conditions, Hecht
et al. (1996b) showed that 6-phenylhexyl-ITC is an effective inhibitor of
NNK-induced lung tumorigenesis in
rats. Feeding a diet containing 6phenylhexyl-ITC at a concentration of
1 pmol/g from 1 week before administration of NNK at 2 mg/I in the drinkingwater 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-phenylhexyl-ITC had lower levels of haemoglobin adducts and higher urinary concentrations of NNAL and NNAL glucuronides. As reported earlier, no
significant decrease was found in the
incidences of pancreatic, liver or nasal
116

cavity tumours, but there was a significant reduction in both NNK-induced
and spontaneous leukaemia and lymphoma.
The preventive activity of phenethyl-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 (subcutaneous injection of 1.5 mg/kg bw, three
times per week for 20 weeks) and continuing to 1 week after the last NNK
injection (a total of 22 weeks).
Phenethyl-ITC and 6-phenylhoxyl-ITC
inhibited the formation of lung adenomas 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 6phenylhexyl-1TC appeared to reduce
the incidences of leukaemia and lymphoma.
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 tartbutyl isocyanate and benzyl-ITC

reduced the incidence by 500% and
37% and the multiplicity by 65% and
59%, respectively. Using a similar protocol, Futakuchi et al. (1 99B) found that
phenethyl-ITC in the diet at 0.1% inhibited 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 SpragueDawley 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 isothiocyanates are more effective in preventing mammary cancer when given after
carcinogen initiation (inhibition of progression and promotion) than when
given before and during the carcinogen.
Urinary bladder. Investigations on the
inhibition of bladder cancer by isothiocyanates 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-phenylhexylITC and bonzyl-ITC inhibited bladder
tu mou rs induced by N-butyl-N-(4hydroxybutyl)nitrosamine (BBN) when
given simultaneously with the carcinogen in the diet. Conversely, Hirose et
al. (1998) and Ogawa et al. (2001)
found that phenethyl-ITC and benzylITC administered after BBN had strong
promoting activity (see section 6).
Nishikawa et al. (2003) gave male
Wistar rats diets containing phenethylITC 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 multiplicity 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 drinkingwater for 40 weeks reduced both the
incidence and the multiplicity of bladder tumeurs (dysplasia, papilloma, carcinoma) in a dose-dependent fashion.
Rats given the diets containing benzyflIC alone at 100 or 1000 mg/kg developed 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 postinitiation it enhanced liver GST-P foci
and formation of bladder tumeurs. In
these experiments, tumours were initiated with a single intraperitoneal injection of N-nitrosodiethylamine (100
mg/kg bw); four intraperitoneal injections 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-samine 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 initiation, 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 hyperplasia from 13% to 7%. The number of
GST-P+ foci in the liver was not
affected, but the area of foci was significantly 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 regimen, it increased the incidence of simple hyperplasia and papillary or nodular 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) examined benzyl-ITC as the preventive
agent and N-n itrosodiethylamine and
benzoFalpyrene as the carcinogens.
Female NJ mice were given 1 mg of
benzyl-ITC orally 15 min before intubation 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 incidence 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 sulforaphane: the nfr2 null mice had 1.71
more tumours than competent ICR
mice (30.2 vs. 17.6 in controls); sulforaphane 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-nitrosodiethylamine-induced altered foci and adenomas by intraperitoneal and dietary
administration of phenethyl-ITC. Male
C3H/HeNCr1 Br mice received phenethyl-ITC at 82 mg/kg bw by intraperitoneal 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 containing 0.065% phenethyl-ITC. When killed
at day 161, control mice had an average 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 phenethylITC 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
site,
strain
(sex)

Age
at
start

Forestornach
NJ
9
weeks
(F)

No. of
animals
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

15

Benzo[a]pyrene,
gavage, 2 mg,
once every 2
weeks three
times

Benzyl-ITC,
gavage, I and
2.5 mg, once
every 2 weeks,
3 times

15 min before
benzo[a]pyrene

At 26 weeks, TI
reduced by 22%
with 25 mg
TM reduced by 67%
with 2.5 mg
Carcinoma TI
reduced by 67%
and 100% with 1
and 2.5 mg

Benzyl-ITC
inhibited
carcJnoma and
other
neoplasms

Waftenberg
(1987)

A/J
(F)

9
weeks

20

Benzo[a]pyrene,
gavage, 7.9
pmol each,
once every 2
weeks, three
times

Benzyl-ITC and
phenethyl-ITC,
gavage, 6.7
pmol, once
every 2 weeks,
three times

15 min before
benzofa]pyrene

At 26 weeks, TI not
inhibited
TM reduced by 48%
with phenethyl-ITC

Phenethyl-ITC,
but not benzylITC, inhibited
tumeurs

Lin et al.
(1993)

ICR
(F)

9-12
weeks

20

Benzo[a]pyrene,
gavage, 120
mg/kg bw,
once a week,
4 weeks

Sulforaphane,
2.5 mrnollkg,
diet

6 weeks, 1 week
before to 2 days
after benzo[a]pyrene

TM reduced by
39%. No inhibition in
mice lacking the
nrf2 gene

Sulforaphane
i nhibited

Fahey et al.
(2002)

Phenethyl-ITC
given before
and after Nnitrosodiethylamine inhibited
liver lesions

tumours in nrf2competent but
not in nrf2-null
mice

Liver
C3H/
HeNCI
lBr
(M)

13-15
days

18-37

N-Nitrosodiethylamine,
i.p., 4mg/kg
bw, once on
day 15

Phenethyl-ITC
p., 82 mg/kg
bw on days 13,
14, 15 and 0.65
g/kg diet, days
21-161

3 days before
N-nitrosodiethylamine and days
21-161 in diet

No. of foci per
mouse reduced by
55%
No, of adenomas
per mouse reduced
by 77%

9
weeks

15-20

DMBA, 0.05
mg/g, diet

BenyI-ITC, 5
mg/g, diet
PhenethyI-TC,
5.5 mg/g, diet

4 weeks

At 20 weeks,
benzyl-ITC and
pheriethyl-ITC
inhibited lung TM
but no TI

Pereira (1995)

Long
ICR/Ha
(F)

Wattenberg
(1977)

Table 44 (contd)
Organ
site,
strain
(sex)

Age
at
start

No. of
animals
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

A/J
(F)

6-7
week
s

20-30

NNK, p., 10
pmol

Pbenethyl-ITC, 5
and 25 pmol;
benzyl-ITC and
phenyl-ITC, 5
mol; gavage,
once a day, 4
days

4 days before
NNK

16 weeks after NNK, TI
reduced by 70% at 25
pmol phenetbyl-ITC
TM reduced by 76%, 97%
with pbenethyl-ITC; by
29% with benzyl-ITC

Phenethyl-ITC at 5
and 25 pmol
inhibited TM.
Phenetbyl-ITC at
25 imoI inhibited TI

Morse et al.
(1989b)

NJ
(F)

7
week
s

20

NNK, i.p., 10
pmol

Phenethyl-ITC, 5
pmol; 6-phenylhexyl-ITC, 0.2
pmol, once by
gavage or once a
day, 4 days

1 or 4 days
before NNK

TI reduced by 33% and
65% with one and four
doses of 6-phenyihexylITC
TM reduced by 62% and
79% with one and four
doses of phenethyl-ITC
and reduced by 83% and
96% with 6-phenyihexylITO

6-Phenylhexyl-ITC
more inhibitory than
phenethyl-ITC
One dose as effecttive on multiplicity
as four with either
compound

Morse etal.
(1992)

A/J
(M, F)

7-8
week
s

24

Benzo[a]pyrene, i.p.,
100 mg/kg bw,
once

Phenethyl-ITC,
0.075, 025, 0.50,
1.25 pmol/g,
gavage, once a
day, 6 days

6 days, 4 days
before and 2
days after
benzo[a]pyrene

After 7 months, no
significant difference
between benzo[a]pyrene
control and ITC-treated
mice

Pbenethyl-ITC did
not inhibit lung
tumours

AdamRodwell et
ai. (1993)

NJ
(F)

9
week
s

20

Berzo[apyrene, once
every 2 weeks,
three times

Benzyl-ITC or
phenethyl-ITC,
6.7 pmol,
gavage, once
every 2 weeks,
three times

3 days, 15 min
before
carcinogen

After 26 weeks, TI not
significantly inhibited by
either agent
TM reduced by 46% by
benzyl-ITC

Pherethyl-ITC did
not inhibit lung
tumeurs, but
benzyl-ITC reduced
no. of tumours per
mouse

Lin et ai.
(1993)

A/J
(F)

7-8
week
s

10-20

Benzoa]pyrene, 3 pmol;
5-methylchrysene, 2
pmol,
dibenz[a,hanthracane, 1
limo!
Once a week, 8
weeks, gavage

Benzyl-ITC, 13.4
and 6.7 pmol,
gavage, once a
week, 8 weeks

8 days, 15 min
before
benzo[a]pyrene

19 weeks after final dose
of carcinogen, TI reduced
by 39% at 13.4 limaI,
TM reduced by 64% and
81% with benzo[a]pyrene
TM reduced by 73% and
77% with 5-methylchrysene
TM reduced by 80% and
91% with dibenz[a,h]anthracene

Dibenz[a,h]anthracene most
potent lung
carcinogen. Only
higher dose of
benzyl-ITC
inhibited TI

Hecht et al.
(2002)
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Table 44 (contd)
Organ
site,
strain
(sex)

Age
at
start

No. of
animals
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
(M)

10
weeks

25-32

ETS, 6 h/day, 5
days/week, 5
months

Phenethyl-ITC,
005%, diet

9 months, 1
week before
and during
ETS

TI and TM not reduced

ETS a weak
carcinogen for
mouse lung
Phenethyl-ITC
did not reduce
lung tumeurs

Witschi et al.
(1998)

A/J
(E)

7-8
weeks

15

NNK, i.p., 100
mg/kg bw, once

6-Methylthiohexyl-ITC, 5
pmol/day,
gavage, once a
day, 4 days

4 days, 2 h
before NNK

After 16 weeks, TI not
reduced
TM reduced by 38% (total
tumeurs and turnourS per
mouse)

6-Methylthiohexyl-ITC
inhibited
tumours

Yano etal.
(2000)

A/J
(F)

7
weeks

10-24

NNK, p., 10
pmol, once

Phenethyl-ITC
or benzyl-ITC, 1
or 3 pmol/g, diet

16 weeks, 1
week after
NNK

Ti and TM not reduced by
phenethyl-ITC
TM reduced by 33% by 3
pmol of benzyl-ITC

Phenethyl-ITC
and benzyl-ITC
less effective
when given
post-initiation

Morse et al.
(1990a)

NJ
(F)

7
weeks

30-35

Benzo[a]-pyrene,
gavage, 20 pmol,
once

Benzyl-ITC—Nacetyl-cysteine
and phenemylITC—N-acetylcysteine,
15 pmol/g, diet

140 days, 2
days after
benzo[a]pyrene

TM reduced by 39% and
45% by benzyl-ITC—Nacetylcysteine and
phenethyl -ITC—N-acetylcysteine

Both agents
effective postinitiation

Yang et al.
(2002)

NJ
(F)

7
weeks

15-30

NNK, i.p., 10
pmol, once

Phenetbyl-ITC,
phenethylITC—GSH, phenethyl-ITC—Nacetylcysteine,
6-phenyihexylITC, 6-phenylhexyl-ITC-.GSH,
6-phenylhexylITC—N-acetylcysteine,
gavage, 1-20
pmol

4 days, 2h
before NNK

After 16 weeks, TI reduced
by 21% and 72% at and 5
pmol 6-phenyl-hexyl-ITC—Nacetylcysteine
TM reduced by 28% (5 pmol
phenethyl-ITC), 32% (8
pmol phen ethyl- ITC—GSH
and 5 pmol phenethylITC—N-aoetylcysteine)
TM reduced by 70% and
97% by 1 and 5 pmol 6phenylhexyl-lTC—Nacetylcysteine

Thiol
conjugates of
phenethyl-ITC
and 6-phenylhexyl-ITC
significantly
inhibited TM.
6-Phenyl-hexyllTC—Nacetylcysteine
inhibited TI

Jiao etal.
(1997)

Table 44 (contd)
Organ
site,
strain
(sex)

Age
at
start

No. of
animals
per
group

Carcinogen,
route, dose,
duration

ITC. dose,
route

Length and
timing of lic
treatment

Preventive efficacy by
tumour incidence (TI) or
multiplicity (TM) (low to
high dose)

Summarized
effect

Reference

NJ
(F)

6-8
weeks

20

NNK, p., 10
pmol, once

Phenetbyl-ITC,
3-pheny propylITC, 4-phenylbutyl-ITC, 5phenylpentylITC, 6-phenylwxyl-ITC,
gavage, 0.2,
1.0, 5.0 pmol,
once a day, 4
days

4 days, 2 In before
NNK

After 16 weeks, Ti reduced
by 25% and 89% with 3phenylpropyl-ITC. by 58%
and 89% with 4-phenylbutylITC, by 47% and 75% with
5-phenylpentyl-ITC, by
100% and 95% with 6phenylhexyl- TC (1 and 5
pmol)
TM reduced by 18% and
48% (phenethyl-ITC), 85%
and 97%, 90% and 97%,
89% and 96%, 100% and
99%, respectively

Phenethy -ITO
did not reduce
TI.
All agents
reduced TM.
Efficacy related
to alkyl chain
length

Stoner & Morse
(1997)

NJ
(F)

7
weeks

18-39

NNK, i.p., 10
pmol, once

Phenyl-ITC,
benzyl-ITC,
phenethyl-ITC,
3-pbenylpropylITC, 4-phenyl
buty -ITC 4oxo-4-(3pyridy )butylITC, gavage, 5
pmol per
mouse, once a
day, 4 days

4 days 2h before
NNK

After 16 weeks, TI reduced
by 0°A, 0%, 7%, 63%, 68%
and 4%, respectively.
TM reduced by 64%, 96%
and 96°A with phenethylITC, 3-phenylpropyl-ITC and
4-phenylbuty -liC
respectively

3-PhenylpropylITC and 4phenyl-butyl—ITC
nhjbted TI.
Phenethy -ITO,
3-phenyl propyliC and 4phenyl butyl-ITC
reduced TM

Morse et al.
(19890)

NJ
(F)

7
weeks

20

NNK, i.p, 10
mmoi, once

Phenethy
3-phenyl-propyl4-phenylbutyl-ITC, 5
phenyl-pentylTO, 6-pheny hexyl
and
4-(3-pyridyl)butyl-ITC,
gavage 02 1.0
phenyl-and 5 pmol,
once a day, 4
days

4 days, 2h before
NNK

After 16 weeks, TI reduced
by 89%, 89%, 75%, 95% at
5 mmol by 3 phenyl-propyl4-phenylbutyl-ITC, 5
phenylpentyl-ITC
6-phenyihexyl-JTC
TM reduced by 59%, 95%,
95%, 90%, 92% at 5 mnol
by phenethyl-ITC, 3
phenyipropyl-ITC, 4butyl-ITC, 5-phenylpentylITC, 6-phenylhexy -liC

Pbenethyl-ITC
and 4-(3pyr dyI)butyl-ITc
did not inhibit
TM. TM
reduction
associated with
chain lEngth

Morse et al.
(1991a)
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Table 44 (contd)
No. of
animals
per
group
20

Carcinogen,
route, dose,
duration

ITC, dose, route

Length and
timing of ITC
treatment

Preventive efficacy by tumour
incidence (TI) or multiplicity
(Ti (low to high dose)

Summarized
effect

Reference

NNK, i.p., 10
pmol, once

Phenethyl-ITC,
alIyl-ITC, 1-hexylITC, 2-hexyl-ITC,
1-dodecyl-ITC,
2,2-diphenethylITC, 1,2-diphenethyl-ITO, gavage,
5, 1, 0.2, 0.1 or
0.04 pmol, once

2 h before
NNK dosing

After 16 weeks, TI reduced by
25%, 70%, 75%, 55%, 55% by
1-hexyl-ITC, 2-hexyl-ITC,
1-dodecyl-ITC, 2,2-diphenethylITC, 1,2 diphenethyl-ITG at 5
pnol
TM reduced by 87%, 97%, 97%,
95%, 951A by 1-hexyl ITC 2hexyl-ITC, 1-dodecyl-ITC, 2,2diphenethy -ITC, 12diphenethyl-ITC at 5 pmol

Inhibition of
tumours
depended on
chain length

Jiao et al.
(1994a)

6-7
weeks

25

NNK, i.p., 10
pniol, once

Phenetbyl-ITC,
0008%, diet

17 weeks, f
week before,
during and
after NNK

TI not inhibited
TM reduced by 54%

Inhibition of
multiplicity

ElBayoumy
et ai.
(1996)

7
weeks

20

(F)

Benzols]pyrene plus
NNK, gavage,
3 pmo each,
once a week,
8 weeks

Phenethy -ITC
and benzyl-ITC
alone and
combined,
gavage, 6 pmo
each

8 weeks, 2 h
before
carcinogens

After 16 weeks, TI and TM not
inhibited

Neither agent
nor the comb ination inhibited
tumours

Hecht et ai
(2000)

NJ
(F)

7
weeks

20

Benzo[a]pyrene plus
NNK, gavage,
3 pmol each,
once a week,
B weeks

Phenethyl-ITC
and benzyl-ITC, 3
and I pmol each
in diet

10 weeks, 1
week before
to I week
after
carcinogen

At 27 weeks, TI not inhibited
TM reduced by 44% by
phenethyl-ITC (3 linol) and
33% by phenethyl-ITC plus
benzyl-ITC (3 plus 1 pniol)

TI not inhibited
TM inhibited by
phenethyl-ITO
and combination at lower
doses

Hecht et ai.
(2000)

Organ
site,
strain
(sex)
NJ
(F)

A/J
(F)

NJ

Age
at
start
7
weeks

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

Cancer preventive effects

ICR/Ha mice. Later, Wattenberg (1987)
showed that benzyl-ITC given by gavage 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 phenethylITC on tumorigenesis and Os-methylguanine 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-specific nitrosamine NNK. The incidence
of pulmonary adenomas in NNKtreated mice after 16 weeks was
100%, and the multiplicity was 10.7
tumours per mouse. Neither phenylITC nor benzyl-ITC affected tumour
incidence or multiplicity, but phenethylITC at 25 imollday inhibited tumour
formation by 70% and multiplicity by
97% and at 5 pmol/day inhibited multiplicity by 76% but had little effect on
incidence. Six hours after NNK treatment, phenethyl-ITC had inhibited 03methy1guanine 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 inhibition. In contrast, doses of phenethylITC 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 (AdamRodwell 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 benzyl-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 incidence. The authors suggested that the
differential inhibition of NNK- and
benzo[a]pyrene-induced tumours by
the isothiocyanates was due to selective 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 tumorigenesis induced in female NJ mice by
benzo[a]pyrene and two other polycyclic 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 examined 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 benzylITC inhibited the incidence of pulmonary tumeurs induced by 5methylch rysene or dibenz[a,h]anthracone, 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 environmental 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%, respectively. [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-methylguanine adducts was reduced by more
than twofold, equivalent to that seen
with phenethyl-ITC.
123

IARC Handbooks of Cancer Prevention Volume 9: Cruciferous vegetables, isothiocyanates and indoles

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-initiation), 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 benzylITO 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, followed 2 days later by diets containing
N-acetylcysteine conjugates of benzylITO 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-acetylcysteine conjugates reduced tumour
multiplicity by 39% and 44%, respectively, and increased apoptosis by
approximately twofold. Jiao et al.
(1997) also examined the effect of thiol
conjugates (GSH and N-acetylcysteine) of phenethyl-ITC and 6-phenylhexyl-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 phenethylITO alone had any effect. All the compounds, 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
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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 5phenylhexyl-ITO—N-acetylcysteine.
Stoner and Morse (1997), Morse et
al. (1989c, 199 1) and Jiao et al. (1994)
assessed the structure—activity relationship of a group of isothiocyanates
of different alkyl chain length for inhibiting 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 6phenylhexyl-ITC > 5-phenylpentyl-ITC
= 4-phenylbutyl-ITC = 3-phenylpropylITO > phenethyl-LTC. In these experiments, 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 pulmonary adenomas were counted at 16
weeks. The tumour incidence was significantly reduced by 3-phenylpropyl5-phenyl4-pheriylbutyl- ITO,
ITO,
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. 6Phenylhexyl-1TC was the most effective, 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 NNKinduced 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, 4oxo-4-(3-pyridyl)butyl-ITC or phenethyl-ITO at 5 pmol/day, there was no
significant reduction in the incidence of
lung tumours, but at 5 pmol/day 3phenylpropyl-ITO and 4-phenylbutylITO decreased the tumour incidence

by 63% and 68%. Similarly, phenylITC, benzyl-ITC and 4-oxo-4-(3pyridybuty-ITC had no effect on the
number of tumours per mouse, but
3-phenyipropyl-ITC
phenethyl-ITC,
and 4-phenylbutyL-ITC decreased
tumour multiplicity by 64%, 96% and
96%. In this treatment scheme, 3phenylpropyl-ITO and 4-phenylbutylITO were clearly the most effective in
inhibiting tumour incidence and multiplicity. In another series of experiments, Morse et al. (1991) evaluated
the inhibitory activity of some of the
same isothiocyanates (Stoner &
Morse, 1997) but also included 4-(3pyridybutyl-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-phenylpropyl- ITO, 4-phenylbutyl-ITC and 5phonylpenty- ITO were equipotent and
6-phenylhexyl-ITC was the most effective at lower doses. 4-(3-Pyridyl)butylITO had similar effects on tumour incidence and tumour multiplicity as
phen ethyl- ITO.
Jiao et al. (1994) studied the efficacy of a series of isothiocyanates and
isothiocyanates
that
secondary
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 experiment, 6-phenylhexyl-ITC was compared with 8-phenyloctyl-ITC and 10phenyldecyl-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 incidence. A number of other isothiocyanates of various structures were
assayed in the same treatment regimen 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, 2hexyl-ITC,
1-dodecyl-ITC,
2,2diphenylethyl-ITC and 1 ,2-diphenylethyl-ITC) reduced the tumour multiplicity 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 chemopreventive agents and other isothiocyanates 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 containing 1 ,4-phenylenebis(rnethylene)selenocyanate at 0.0005%, phenethylITC at 0.008%, indole-3-carbinol at
0.18% or d-limonene at 0.63% as individual 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 controls to 3.2 with 1 ,4-phenylenebis(methylene)selenocyanate, 3.7 with
phenethyl-ITC, 4.9 with indole-3carbinol 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 combination of phenethyl-ITC and benzylITC. 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 mixture 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 significantly reduced, from 21.8 to 13.8
and 15.4, respectively. When the compounds were added to the diet 1 week
before, during the eight weekly gavages 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 3phenylpropyl-ITC and phenethyliTC
on pancreatic fumorigenesis induced
in hamsters by N-nitrosobis(2-oxopropyl)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. 3Phenylpropyl-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 experiments reported by Son et al. (2000)
under the same experimental conditions, 4-phenylbutyl-!TC was a rela-

tively poor inhibitor of pancreatic adenocarcinoma (26% reduction in incidence at 100 pmol) but was moderately effective in preventing dysplasia
(60% and 47% reductions from control). Again, 4-phenylbutyl-ITC was
ineffective in reducing the multiplicity of
adenocarcinoma but reduced the multiplicity 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 dysplasia (from 32% to 50% at 6 pmol) and
an increase in the multiplicity of dysplasia (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-phenylpropylITC and phenethyl-ITC on lung tumorigenesis.
3-Phenylpropyl-ITC
decreased both the incidence and multiplicity of lung tumours Nishikawa et
al. (1996a). The incidences of adenomas 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 inhibition 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 adenocar125
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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
Organ, ITC, dose,
route
Pancreas
Phenetbyl-ITC, 3phenylpropyl-ITC, 10
01100 pmol, gavage

4-Phenylbutyl-ITC, 10
or tOO pmol, gavage

Lung
Phenethyl-ITC, 3pheny[propyl-ITC, 10
or 100 pmol, gavage

4-Fhenylbutyl-ITC, 10
01100 omol, gavage

Preventive efficacy by tumour
incidence (TI) or multiplicity
(TM)

Summarized effect

Reference

2 h before each
BOP
treatment

After 52 weeks, phenethyl-ITC:
tOO pmol: TI reduced by 50%;
TM reduced by 88%
10 pmol: no effector TI or TM
3-Phenylpropyl-ITC: 100 and
10 pmol: no effect on TI or TM

PhenethyIITC
decreased TI and TM

Nishikawa et ai.
(t996a,b)

2h before each
BOP
treatment

After 52 weeks, 100 pmol: TI
reduced by 26%; TM, no effect
10 mol: TI and TM, no effect
Dysplasa reduced by about
60%

4-Pbenylbutyl-ITC did
not inhibit
adenocarcinoma but
reduced dys plastic
lesions

Son et al. (2000)

2 h before BOP

After 52 weeks, phenethyl-ITC:
100 pmol: TI reduced by 100%;
TM reduced by 100%
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%

Phenethyl-ITC and 3phenylpropyl-ITC
inhibited TI and TM

Nishikawa et al.
(1996a,b)

2h before each
BOP treatment

After 52 weeks, 100 mol: TI
reduced by 93-100%; TM
reduced by 96-100%
10 pmol: TI not changed; TM
reduced by 60%

4-Phenylbutyl-ITCat
100 pmol inhibited TI
and TM; at 10 pmol, it
decreased TM but not

Son etal. (2000)

Length and timing

of ITC treatment

cinomas was inhibited by 93% and
100%, while the multiplicity was
decreased by 96% and 100%, showing
that 4-phenylbutyl-ITC, like phenethylITC and 3-phenylpropyl-ITC, is an
exceptionally potent inhibitor of lung
tumours in hamsters.
Indoles
Studies of natural indoles as cancer
preventive chemicals were pioneered
by Wattenberg and Loub (1978) in
mice and by Bailey et al. (1982) in rainbow trout. Since then, a wealth of evidence has arisen to show that natural
indoles (those most frequently tested
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are indole-3-carbinol and 3,3'-diindolylmethane) 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 initiation (carcinogen treatment) and postinitiation periods (Table 46).
The protocols of dietary intervention 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 forestomach 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 models of colon carcinogenesis is dependent 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-3carbinol 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:aberrant 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 5week 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 heterozygous [Minfi] male mice that ate a diet
containing indole-3-carbinol at 100 or
300 mg/kg for 10 weeks, the multiplicity 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 subcutaneously at 5 mg/kg bw once a
week for 4 weeks before receiving
dietary indole-3-carbinol for 32 weeks,
both dietary concentrations of indole3-carbinol decreased the number of
aberrant crypt foci per colon (to
43-44% of control) and the total number of aberrant crypts per colon (to
38-40% of control).
Liver
lndole-3-carbinol inhibits numerous
hepatocarcinogens in experimental
animals. Evidence that indole-3carbinol protects against liver carcinogenesis was derived initially from studies of the lower vertebrate, the rainbow
trout (Bailey et al., 1982). When trout
were fed diets containing indole-3carbinol at 1000 mg/kg before and during initiation with aflatoxin B1, the incidence 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-3carbinol after initiation by aflatoxin B1
strongly promoted liver tumour incidence in trout (Bailey et aI., 1987;

Dashwood et al., 1991; Oganesian et
al., 1999). The studies showing promotion 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 indole3-carbinol (5000 mg/kg) added to
]the diet in weeks 6-24. A second protocol involved feeding the diet containing indole-3-carbinol for weeks 1-24
and adding aflatoxin B1 during weeks
3-24. All groups were reared on control 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, administratien of indole-3-carbinol after aflatoxin
B1 did not reduce the numbers of GSTor GOT foci, but, rather, the numbers 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-3carbinol 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.
127

Table 46. Selected studies of chemoprevention by indoles in experimental animals
Species, Age at No. of
strain
start
animals
(sex)
per
group

Carcinogen,
dose, route,
duration

Indole, dose,
route

Timing of
treatment

Preventive
efficacy by
tumour incidence
(TI) or multiplicity

Summarized effect

Reference

Ti
Fore stomach
Mouse,
9
ICR/Ha
weeks
(F)

18-39

Benzo[a]pyrene, 1 mg,
orally, twice
per week, 4
weeks

I ndole-3carbinol, 0.03
mmol/g, diet;
3 ,3-diindolylmethane, 0.02
rrimol/g, diet

5 weeks, 8
days before
and during
carcinogen

No inhibition of TI
TM decreased by
52% by ridole-3carbinol and by
36% by 3,3diindolyl methane

Both compounds
inhibited multiplicity

Wattenberg
& Loub
(1978)

Weanling

9 or
more

PhIP, 50
mg/kg bw
gavage, every
other day,
weeks 3-4 of
study or single
gavage at
week 3 in
adduct study

indo [e-3carbinol, 1000
mg/kg, diet

4 weeks,
before and
with PhIP, 12
weeks after
PhIP orl6
weeks, before,
during and
after PhIP

lndole-3-carbinol
before or with PhIP
blocked no. of
aberrant crypt foci
per rat (3.3toO.1),
after PhIP (3.3 to
1.6) or for entire
period (3.3 to 0.3)

lndole-3-carbinol can
block or suppress
PhIP initiation of
aberrant crypt foci

Duo et al.
(1995)

Rat,
Fischer
344 (M)

Weanling

15

10, weeks 3-4
of study, 50
mg/kg bw
orally

I ridole-3carbinol, 1000
mg/kg, diet,
weeks 1-8

Before, during
and/or after IQ

Significant
reduction in mean
no. of aberrant
crypts per colon
compared with rats
given IQ alone
(11.5 to 4.2)

lndole-3-carbinol for 8
weeks inhibited
aberrant crypt foci
induced by ID in
weeks 3-4. Initiation
effects

Xu et al.
(1996)

Rat,
Fischer
344 (M)

7
weeks

10

Azoxymethane,
twice a week,
weeks 2-3,
i.p., 15 mg/kg
bw

nd ole-3carbiriol. 5
weeks, 0.875 or
1.75 g/kg, diet

1 week before
to 3 weeks
after
azoxymetbane

Significant
reduction in no. of
aberrant crypt foci
per colon (63% and
54% versus 100%
in controls)

lndole-3-carbinol
inhibited colon
aberrant crypt foci.
Pre- and post-initiation
effects not
distinguished

Wargovich
etal. (1996)

Colon
Rat,
Fischer
344 (M)

Table 46 (contd)
Species,
strain
(sex)

Age at
start

No. of
animals
per
group

Carcinogen,
dose, route,
duration

Indole,
dose, route

Timing of
treatment

Preventive efficacy
by tumour
incidence (TI) or
multiplicity (TM)

Summarized
effect

Mouse
C57BL/6JMini' Apc
(M)

6 weeks

10_25

Azoxymethane, once
a week for 4
weeks before
indole-3carbinol, 5
mg/kg bw

Indole-3carbinol, 10
or 32
weeks, 100
or 300
mg/kg, diet

After azoxymethane, 32
weeks, or no
azoxymethane, 10
weeks

100 mg/kg :rdole-3carbinol reduced
spontaneous polyp
multiplicity (1.40 to
0.83)
Significant reduction
in no. of aberrant
crypt foci per colon
induced by
azoxymethane (44°,6
and 43% versus
100% in controls)

Indole-3-carbinol
had no significant
effect on intestinal
polyps in control
Mini mice but
inhibited aberrant
crypt foci after
azoxymethane

Rat,
Sprague
Dawley
(M)

5
months

5-7

Azoxymethane on
days 2 and 9
of indole-3carb nUI
treatment, 19
mg/kg bw, i.p.

Indole-3carbinol, 50,
100, 150
mg/kg bw
orally, daily
for 7 weeks

Before, during
ana after
azoxymethane

No effect on no. or
multiplicity of
aberrant crypt foci

lndole-3carbinol
did not inhibit
aberrant crypt foci

Exon et al.
(2001)

Fingerling

200

At atoxin Bi,
20 Jg/kg, diet,
4 weeks

lndole-3carbinol,
1000 mg/kg,
diet

2 weeks
before and 4
weeks with
aflatoxin B1

40% reduction in
hepatocellular
carcinoma TI

lndole-3-carbinol
effectively blocked
aflatoxin B1
induced tumour
initiation

Bailey et al.
(1982)

Trout,
Shastaderived
rainbow

Fingerling

200

Afatoxin B1,
20 og/kg, diet,
2 weeks

lndole-3
carbinol,
1000 mg/kg
diet

8 weeks
before, 2
weeks with, 6
weeks after
aflatoxin B1

Reduction in
hepatocellular
carcinoma TI from
36% in postive
controls to 4% with
indole-3-carbinol

lndole-3-carbinol
inhibited aflatoxin
B1-induced liver
tumours; iritiation
and post- nit ation
not distinguished

Nixon et a/.
(1984)

Rat, ACl/N
(M)

7 weeks

8-12

N Nitroso
dietbylamine,
40 mg/I,
drinking-water,
5 weeks

Indole-3
carbinol,
1000 mg/kg,
diet, 7
weeks

1 week
before, 5
weeks with, 1
week after
carcinogen

Reduction in liver
iron-altered foci
(48.3/cm2 to
17.6/cm2), TI (100%
to 75%), TM (9.5 to
02.4)

Indole 3carbinol
blocked
nitrosamineLnitLated liver
tumeurs

Tanaka et ai.
(1990)

Liver
Trout,
Shastaderived
rainbow

Reference

-

Kim et a]. (2003)

UZ

O

Table 46 (contd)
Species,
strain
(sex)

Age at
start

No. of
animals
per
group

Carcinogen, -- Indole, dose,
dose, route,
route
duration

Timing of
treatment

Rat,
Fischer
344 (M)

19
weeks

4-6

Aflatoxin B,
diet, 22-24
weeks

Indole-3carbinol, 5000
mg/kg, diet

2 weeks
before and 22
weeks with
aflatoxin B or
during weeks
7 24 of a 26week exposure to
aflatoxin B

Mouse,
C57/BI/6J
(M)

15
days

9-12

N Nitroso
diethylamine,
2 or 5 mg/kg
bw, i.p.

lndote-3
carb fol, 1500
mg/kg, diet,
5.5 or 7.5
months

After
carcinogen

6-7
weeks

25

NNK, 10 pmol,
i.p.

lndole-3carbinol, 1800
mg/kg, diet

1 week before
until 16 weeks
after singe
NNK Injection

Lung
Mouse,
NJ (F)

Summarized
effect

Reference

lndoIe-3-oarbnoI
inhibited liver
tumours by
prolonged coexposure or if
started 6 weeks
after afiatoxin B1 .
Post-inittion not
distinguished

Manson etal.
(1998)

After high dose of
carcinogen, indo e3-carbinol reduced
liver TM at 6
months (16.1 to
9.7) and 8 months
(35.4 to 12.5)

lndole-3-oarbinol
suppressed
nitrosamineinduced
bepatocarcinogenesis

Oganesian et
al. (1997)

TI not inhibited
TM reduced from
5.1 to 4.9 tumours
per mouse

lndole-3-carbinol
inhibited NNKinduced lung
tumour multipicity. Initiation
and post-initiat on
not distinguished

EI-Bayoumy et
al. (1996)

Preventive
efficacy by
tumour incidence
(TI) or multiplicity
(TMY
After 43 weeks, TI
(100%) and TM
(6.5 per animal)
reduced to O by
both indole-3carbinol protocols.
Cytokeratin
biomarker reduced
at weeks 13 and
43 by indo]e-3carbinol. GGT and
GST-P' foci
reduced at week
43 but not at week
13 in group given
indo e-3-carbinol
after aflatoxin B1

Table 46 (contd)
Species,
strain
(sex)

Age at
start

No. of
animals
per
group

7 weeks

Mouse,
21-28
C31 days
(F)

Preventive efficacy
by tumour
incidence (TI) or
multiplicity (Ti

Summarized
effect

Reference

Indole-3carbinol,
0.10 mmol orally
20 In before;
0.014 nimollg
diet, for 8 days
before
3,3-Diindolylmethane,
0.05 mmcl orally
20 h before

Before
carcinogen

At 28 weeks of age
77% reduction in
mammary TI by
ndole-3-carbinol
orally; 73% by
dietary indole-3cari 40-70%
reduction by 3,3diindolylrnethane
orally

Blocking effects
with one applicatien of indole
before carcinogen;
indole-3-carbinol
inhibited tumeurs
when fed in diet 8
days before DMBA

Wattenberg &
Loub (1978)

Spontaneous

lndole-3carbinol, 500 or
2000 mg/kg diet
up to age 250
days

Not
applicable

Inhibition of
mammary TJ and TM
over time by - 50%
at low dose and
75% at high dose

Inhibition of
'spontaneous'
tumeurs

Bradlow et ai.
(1991)

Indole,

10-16

DMBA, 12 mg
once, orally

30

dose,

route

-

Mammary gland

Rat,
SpragueDawley (F)

Timing of
treatment

Carcinogen,
dose, route,
duration

Rat,
SpragueDawley (F)

43 days

10-20

DMBA, 12 mg
orally at ago
50 days
N-Methyl-Nnitrosourea,
50 mg/kg bw
Lv. at age 50
days

lndole-3carbinol, 50-100
mg/day, 5 times
per week to 100
days after
carcinogen

During and
after
carcinogen

51% reduction in
mammary TM at day
100; >90% delay in
time to tumour

Reduction of TM
with both
carcinogens.
Design does not
distinguish
blocking from
suppression.

Grubbs et al.
(1995)

Mouse,
BALB/cfC
3H, (F)

0 days

10-21

Spontaneous,
driven by
murine
mammary
tumour virus

Lndole-3carbinol, 2000
mg/kg in diet, up
to 52 weeks

Not
applicable

69% reduction in TI
and increase in
latency at age 36
weeks
TI reduced from
50% to 20% in
oncomouse at week
54

Reduction of
spontaneous
turnorigenosis

Malloy et al.
(1997)

Highest dose of
indole significantly
inhibited further
tumour growth
relative to controls;
no effect at lower
doses

Mammary tumour
suppression by
3,3 -d iindolylmethane after
DMBA. Antiestrogenic effects
seen

Rat,
SpragueDawley (F)

55 days

8-10

DMBA, 20 mg,
orally, single
dose

3,3-Diindolylmethane, 0.5,
1.0 and 5 mg/kg
bw, 10 doses
over 20 days,
gavage

After
tumeurs
reached
100-200
mm
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Table 46 (contd)
Species,
strain
(sex)
Cervix
Mouse,
Ki 4H PV1 6
transgenic
(F)

Age at No. of
start
animals
per
group

Carcinogen,
dose, route,
duration

4-5
weeks

25

1713-estradiol,
0.125 or
0.250 per 60day release
pellet,
chronically

32-35

12-15
g

5-6
weeks

Endometrium
Rat,
6
Don ryu (F) weeks

Skin
Mouse,
Swiss
albino (M,
F)

Mouse,
CD-1 (M)

Multiple organs
Rat,
6
weeks
Fischer
344 (M)

Indole, dose,
route

Timing of
treatment

Preventive efficacy
by tumour
incidence (TI) or
multiplicityj

Summarized
effect

Reference

lndole-3carbinol, 2000
mg/kg, diet, 6
months

Long-term

Decreased
dysplasia and
hyperplasia relative
to mice fed estrogen
alone
TI decreased from
76% to 58%

Dietary indole-3carbinol reduced
tumours of
cervix in mice
bearing HPV-16

Jin et al.
(1999)

Spontaneous

lndole-3carbinol, 200,
500, 1000
mg/kg, diet, for
duration of study
(660 days)

Not
applicable

At 1000 mg/kg
reduced endometrial
adenocarcinoma
(12/32 to 5/35) and
uterine adenocarcinoma TI

lndole-3-carbinol
inhibited
spontaneous
endometrial
cancer

Kojima et al
(1994)

20 M,
20 F

DMBA, 52 pg,
once
topically;
TPA, 5 pg,
twice a week,
28 weeks

lndole-3carbinol, 250 pg,
topically, twice a
week, 28 weeks

1 week after
DMBA 1 h
before each
TPA
treatment

Final TI reduced
from 100% to 56%
(M) and 71% (F)
Delay in tumour
induction time

Topical indole-3carbinol
suppressed skin
tumours in twostage model

Srivastava &
Shukla (1998)

20

DMBA, 50 pg
topically,
once
TPA, 2.5 ng
twice a week,
12 weeks

Brassinin, I or 2
pg twice a week,
12 weeks

After DMBA,
1 b before
each TPA
treatment

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)

Anti-promotion
in two-stage
model

Mehta et a/.
(1 995)

16-20

N-Nitrosodiethylamine,
N-methyl-Nnitrosourea,
N,N-nitrosodibutylamine

lndole-3carbinol, 5000
mg/kg, diet, for
36 weeks

After
carcinogens

Reduction in liver
hyperplastic
nodules; no
significant effect on
lung, thyroid, kidney
or bladder carcinogenesis

High dose of
indole-3-carbinol
inhibited liver
hyperplastic
nodules and
GST-P foci

Jang et at
(1991)

--
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Cytokeratin 18 was the best marker for
tumour outcome.
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Wattenberg and Loub (1978) provided
the classic demonstration of the chemoprevention of mammary tumours by
iridoles in rodents. Female SpragueDawley rats were initiated with DMBA
(12 mg, orally) at 7 weeks of age and
then received either standard chow or
diets containing indole-3-carbinoi at
0.014 mmol/g 8 days before DMBA.
Additional groups received a single oral
dose of indole-3-carbinol at 0.10 mmol,
3,3-diindolylmethane at 0.05 mmol or
indole-3-acetonitrile at 0.1 mmol 20 h
before DMBA. Mammary tumour
development was assessed at 28
weeksof age, After a single treatment,
indole-3-carbinol significantly reduced
the mammary tumour incidence in each
of three experiments (e.g. from 91% to
21%) and the tumour multiplicity (e.g.
from 1.45 to 0.29 tumeurs per rat).
Dtndolylmethane provided a similar
degree of protection (e.g. reduction in
incidence from 91% to 27%) when
administered at half the dose of indole3-carbinol. lndolo-3-acetonitrile did not
provide significant protection. Protracted dietary indole-3-carbinol also
reduced the incidence (73% ta 20%)
and multiplicity (1.20 to 0.33 tumeurs
per rat) of mammary tumeurs.
In a more recent study (Mehta et
al., 1995), cultured BALB/c mouse
mammary organ explants were incubated for 10 days with synthesized
to 10
brassinin (10
mol/i of
medium), and DMBA was added at 2
pg/mi to the medium on days 3 and 4
to generate mammary lesions ex vivo.
Mammary lesions were detected in
10/15 glands with DMBA alone, and
this incidence was reduced significantly with brassinin (2/15, 80% inhibitian) and cyclobrassinin (1/15, 91%
inhibition) but not with 2-methylbrassinin (11/15).
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Cervix
lndole-3-carbinol and 3,3-diindolylmethane can negatively regulate
estrogen activity (Auborn et al., 2003).
For instance, Jin et al. (1999) studied
the effects of these indoles in the K14HPV1 6 mouse, which expresses oncegenes from HPV 16 and develops cervical cancer in response to long-term
exposure to estrogens. In positive control mice receiving estradiol at 0.125
mg/day, 19 of 25 developed cervical—vaginal cancer within 6 months,
and the remaining animals had hyperplasia. In mice that also received a diet
containing indole-3-carbinol at 2000
mg/kg, only two of 24 developed cancer, and the remainder had dysplasia
and hyperplasia. This result was taken
to suggest that indole-3-carbinol negatively affected the proliferative effects
of estrogen by restoring tissue homeostasis. 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 estrogentreated 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-tetradecanoylphorbol 13-acetate (TPA) twice
a week for 28 weeks. At the end of the
experiment, the indole-3-carbinol-supplemented animals had a significantly
reduced incidence (from 33/34 to
21/34) and cumulative number of
tumours (from 267 to 155). The multiplicity was reduced in males but not in
females, and tumour induction time
134

was significantly delayed by indole-3carbinol.
Mehta et al. (1995) initiated 5-6week-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 carcinogenesis. lndole-3-carbinol given for 25
weeks after carcinogen treatment significantly reduced the number of aberrant 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 principle mechanism underlying the ability of
certain food components to block the
induction of tumours by chemical carcinogens, in animal models of carcinogenesis (Wattenberg, 1990). Induction
of phase I metabolism enhances detoxification but also often activates procarcinogens, and can either enhance or
suppress carcinogenesis. In contrast,
induction of phase Il metabolism usually reduces the biological activity of
carcinogenic intermediates and accelerates their excretion.

Phase I enzymes
Whitty and Bjeldanes (1987) explored
the effect of a diet containing freezedried cabbage on phase I enzymes
and on the binding of aflatoxin B1 to
hepatic DNA in vivo. Rats received a
diet supplemented with 25% freezedried cabbage for 21 days. Radiolabelled aflatoxin was administered
intraperitoneally, and hepatic DNA was
isolated for analysis. The treated group
had an 87% reduction in aflatoxin binding when compared with the control
group, which was associated with
increases in the activity of hepatic (2.6fold) and intestinal (1.4-fold) epoxide
hydrolases and at intestinal Ah hydroxylase (2.3-fold) and ethoxycoumarin Odeethylase (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 concluded 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 binding observed in their study.
Phase It enzymes
Godlewski et al. (1985) studied the
effects of Brussels sprouts and of glucosinolate-rich and glucosinolate-free
sprout extracts on the induction of
hepatic GST activity and on aflatoxininduced hepatic foci in woanlirig rats.
All three dietary treatments increased
hepatic GST activity, but only Brussels
sprouts and the glucosinolate-rich fractions inhibited hepatic focus formation.
This important observation suggests
that glucosinolates and their breakdown 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
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enzymes. The activities of UDP-gluCu ronosyl transferase (UGT) -2 and

CYP1A2 were increased by both vegetables. 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 glucuronidation of ID may account for
reductions in preneoplastic lesions.
The authors suggested that Brussels
sprouts are more effective because
they have a higher glucosinolate content than red cabbage. Interestingly,
cooking the vegetables had no influence 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 attributed to any particular glucosinolate.
DNA adducts
The relationship between carcinogen—DNA adduct formation and the
induction of tumeurs in animals is well
established, and it is generally considered that DNA adduct formation is a
prerequisite for a mutational event
which, in turn, may trigger the carcinogenic process (See reviews by
Hemminki, 1993; Schut & Snyderwine,
1999). For instance, the main genetoxic metabolite of the polycyclic aromatic 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 carcinogenesis. The correlation between inhibition
of carcinogen—DNA adduct formation

and inhibition of carcinogen-induced
tumour formation has indeed been
established in several experimental systems (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 components 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, upregulation of hepatic enzymes and an
87% reduction in the binding of aflatoxin 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 initiation by the food-borne carcinogen
PhIP, which induces colon and mammary gland tumeurs in rats and has
been implicated as a cause of colorectal cancer. Rats were fed a diet containing 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-postlabelling 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 formation in target organs, significant upregulation of both CYP1A1 and
CYP1A2 and up-regulation of hepatic
GST. The results are therefore consistent 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 biochemical 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 mixture 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, collecting 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 freezedried and re-suspended in distilled
water for use. It is probable that the
material contained a complex mixture
of non-volatile glucosinolate breakdown 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 damage 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 excretion 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 excretion. Pretreatment with the aqueous
sprout extract also reduced the levels
of DNA oxidation induced by 2-nitrepropane in several target tissues (kidney, 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 findings of one of the few human interventions 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 glucosinolate 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, however, 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-fractions derived by HPLC had a consistently protective effect against the production 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 sinigrin 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).
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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 previous 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 (8oxodG), with no effect on antioxidant
enzyme activity or malondialdehyde
excretion. The authors commented that
Brussels sprouts appeared to have both
adverse and beneficial effects, depending 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 justified. [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 progression, from normal tissue to fully
established invasive carcinoma. Conversely, high levels of apoptosis were
shown in a large human cohort to protect 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 blockjog effects of isothiocyanates have
acknowledged that induction of apoptosis 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 dimethylhydrazine was used to induce apoptosis in colonic crypts at 48 h and aberrant crypt foci after 16 weeks. Sinigrin
had no effect on apoptosis in crypt
cells in untreated animals, but amplification 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 supplementation with raw sprout extract in the
form of freshly prepared juice slowed
mitosis and amplified apoptosis by
about threefold in dimethylhydrazinetreated animals but had no effect on
controls (Smith of al., 2003). A freezedried whole-sprout supplement had a
similar, although slightly less marked,
effect, but cooked sprouts were ineffective. 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 carcinogen.
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-nitrosodimethylamine demethylase, which is
primarily a function of CYP2E1, was
reduced by 80% 2 h after administration 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 sevenfold 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-nitrosomethylamylamine 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 compound, 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 proteins. Phenethyl-ITC is also a competitive 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 microsomal enzymes (Guo et aL, 1992). The
last authors speculated that competitive 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-phenyibutylITO 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 compounds given 6 or 24 h before death
resulted in significant reductions in
NNK oxidation by lung, liver and
nasopharyngeal microsomes. Phenethyl-ITC was generally a more potent
inhibitor than benzyl-PTC, but both
were less effective than the synthetic
compounds. The effects and the relative 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 ultimately 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-dihydroxy-9, 1 0-epoxy-7,8,9, 1 0-tetrahyd robenzo[ajpyrene (BPDE). The metabolism 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 intermediate end-point of anticarcinogenic
activity. Both benzyi-ITC and phenethyl1TC inhibited the formation of
benzo[a]pyrene metabolites and
BPDEDNA adducts. This finding was
interpreted as support for the hypothesis for the mechanism of action of benzyl-ITC. Although there were some differences 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 mechanisms, such as suppression of tumorigenesis by benzyl-ITC by induction of
apoptosis, might explain the different
effects of the two isothiocyanates.
One unresolved issue is the relative importance of native isothiocyanates 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 excretion as N-acetyl-L-cysteine conjugates
(BrQsewitz et al., 1977). The target tissues are therefore exposed primarily
to OSH conjugates of isothiocyanates
rather than the native compounds.
Conaway et al. (1996) studied the
structure—activity relationships of isothiocyanates and their conjugates with

regard to inhibition of OYP1A1,
OYP1A2 and OYP2B1, using hepatic
microsomes from 3-methyicholanthrone- or phenobarbital-treated rats
as an assay system. in general, the
parent isothiocyanates were more
potent inhibitors than the conjugates.
The same group compared phenethylITC—GSH and 6-phenyihexyl-ITCGSH 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 conjugated species showed anticarcinogenic activity against NNK in the NJ
mouse pulmonary carcinogenesis
model (Jiao et al., 1997). Studies on
the decomposition of isothiocyanate—GSH conjugates in vitro
(Conaway et aI., 2001) suggested that,
in solution, an equilibrium is established 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 carcinogenesis.
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 variable pattern of effects was observed in
other target tissues.
To explore the dose-response relationship of the effects of isothiocyanates on the induction of phase Il
enzymes, Kore et al. (1993) adminis[1-isothiocyanato-3tered
[berm
(methylsulfinyl)propane] over a concentration 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-phenylhexyl-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-(3pyridy-1 -butanono-releasing haemoglobin 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 carcinogen activation should be accompanied by a reduction in the level of
DNA adducts induced by model carcinogens, and this should be
detectable in target tissues. Chung et
al. (1985) explored the effects of
phenyl-ITC, phenethyl-ITC and the glucosiriolate sinigrin on the a-hydroxy138

lation of N-nitrosodimethylamine and
NNK by liver microsomes in vitro, and
observed that the isothiocyanates inhibited demethylation of the nitrosamines.
Pretreatment of rats with the isothiocyanates 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 anticarciriogenic effects of the isothiocyanates
towards these carcinogens.
Certain isothiocyanates have been
shown to exert significant anticarcinogenie effects in rat models of oesophageal 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 positions of guanine. A similar inhibitory
effect of phenethyl-ITC on the metabolism 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 methylation induced by NNK in mouse models (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 target cells in lung tissue, they demonstrated a 50% reduction in pyridyloxobutyl 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), phenethyl-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 phenethylITO 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 benzo[alpyrene, O-methylguanine and 4hydroxy-1 -(3-pyridyl)-1 -butanone-releasing adducts from NNK. Both phenethylITO and the mixture with benzyl-ITC
inhibited the formation of the adducts
from NNK, but they had no effect
on BPDE.-AP-deoxyguanosine or Omethylguanine.
Administration of phenethyl-ITC
resulted in a reduction in the metabolic
activation of the oesophageal carcinogen N-nitrosomethylaniylamine and a
reduction in the formation of methylated DNA adducts in rat oesophagus
(Huang etal., 1993).
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Apoptosis
Samaha et ai. (1997) studied the
effects of various candidate chemopreventive agents on the level of apoptosis 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 tumorigenesis (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-acotylcysteine conjugates of benzyl-ITC and
phenethyl-ITC against lung tumorigenesis 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 apoptosisrelated 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) xenografts 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 protocols for chemical carcinogenesis or
effects that are clearly related to
chemoprevention are summarized.
Studies on the effects of indole-3carbinol on the metabolism of carcinogens in vivo, as measured by quantification 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-3carbinol-containing diet (30 .lmol/g), the
activity of 03-methylguanine—DNA transmethylase, an enzyme that removes O
methyl groups from guanine bases in
DNA, was quantified in liver, lung and
nasal mucosa. The indole-3-carbinolcontaining 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-3carbinol (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 during and after carcinogen administration. The activities of methoxyresorufinO-dealkylase (MROD, specific for
CYPIA2), EROD (specific for
CYP1A1) and benzyloxyresoruf in-Odealkylase (BROD, specific for
CYP2131) were increased in relation to
dose of indole-3-carbinol (up to 121fold for CYP2B1). The induction was
parallelled by induction of the respective mRNAs; mRNA analysis also
showed induction of hepatic GST sub-

family o (GST Ya/Yc) and epoxide
hydrolase.
The induction of hepatic alkoxyresorufin-O-dealkylases (MROD, EROD,
B ROD and pontoxyresorufin- O-dealky
lase [PROD]) in female SpragueDawley rats was confirmed by MalejkaGiganti 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 DMBAinduced mammary tumours when
DMBA was given as a single dose
three weeks before the start of indole3-carbinol treatment.
The induction by 0.1% dietary
indole-3-carbinol of hepatic microsomal 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-3carbinol less than the equivalent of 50
mg/kg of diet, hepatic EROD and
MROD were both inhibited, accompanied 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 considered 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
139
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Table 47. Modulation by indole-3-carbinol of enzymes relevant to carcinogenesis in rats
Dose and schedule
of carcinogen

Enzyme(s) measured

Summary of results Reference

None

06-Methylguanine DNA
methyltransferase

No effect

Morse et al. (1988)

Sprague-Dawley (F);
liver

50 or 100 mg/day orally None
for 100 days

MROD, EROD, BROD,
GST-YaYc, epoxide
hydrolase

Increase in all

Grubbs et ai. (1995)

Sprague-Dawley (F);
liver

250 mg/kg bw orally 3
times per week for 12
weeks, 3 weeks after
DMBA

DMBA, 20 mg/rat,
orally, single dose

MROD, EROD, BROD,
pentoxy-ROD

Increase in all

Malejka-Giganti et u!.
(2000)

Fischer 344 (M); liver

0.1% in diet for 8
weeks

10, 50 mg/kg bw,
orally, every other
day, weeks 3 and 4

MROD, EROD

Increase in both

Xu et a]. (199(3)

None

Xu et ci. (1997)
MROD, EROD (activities), Dose-related
increase in all;
CYP1A1, CYF1A2 (by
decrease in hepatic
western blot)
MROD, EROD ut low
(0-50 mg/kg)
concentrations

Strain (sex);
organ(s) analysed

Dose and schedule
of indole-3-carbinol

Fischer 344 (M); liver, 30 pmol/g of diet for 2
weeks
lung, nasal mucosa

Fischer 344 (M); liver, Single oral dose,
equivalent to
colon
0-1000 mg/kg of diet

Fischer 344 (M); liver

0.5% in diet for up to
13 weeks

Aflatoxin 131 , 2 mg/kg CYP1AI, CYPIA2,
CYP3A, CYP2131/2, GSTof diet for 13 weeks
Yc2, GST-P, AFAR (all by
western blot)

Increase in all

Manson et ai. (1998)

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 BI 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-3carbinol (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 reductase (AFAR), GST-Yc2 and GST-P (the
latter only in a group receiving aflatoxin
B1 or aflatoxin B1 before indole-3carbinol). lmrnunohistochemistry of
liver sections showed a protective
effect of indole-3-carbinol against GOT
and GST-P+ foci, but only when indole3-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 decarboxylase and tyrosine kinase were also
decreased, when measured in liver
extracts after exposure to indole-3carbinol with or without aflatoxin 131.
The effect of dietary indole-3carbinol 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 UDPGtransferase 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 partially purified before administration),
3,3'-diindolylmethane or a symmetrical
cyclic trimer, 5,6,11 12,17,18-hexahydrocyclononal[1 ,2-b:4,5-b':7,8-b"]friindole (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 derivatives. 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-3carbinol (2000-4000 mg/kg) was negatively correlated with hepatic [3H]aflatoxin 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 binding 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 consistent with rapid clearance of
[H]benzo[apyrene in the intestine,
aided by induction of benzo[a]pyronemetabolizing 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 formation 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, indole3-carbinol had no effect on the activity
of 05-methylguanine—DNA methyltransferase, 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-3carbinol 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-3carbinol 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 containing 0.02% (w/w) or 0.1% indole-3141

Table 48. Modulation by indole-3-carbinol and derivatives of carcinogen—DNA adduct formation in vivo
Indole-3-carbinol (13C) or
derivative, dose and
schedule'

Carcinogen, dose and
schedule

Method of DNA
adduct analysis

Summary of effects

Reference

Sprague-Dawley (M); 13G or RXM, 500 pniollkg
liver, lungs
bw, single dose, i.p. or oral

[H]Benzo[a]pyrene, 0.2
imollanimal, oral

TBRM

Decrease (except n lungs
afteri.p.)

Park & Bjeldanes
(1992)

Fischer 344 (M);
liver, lung, nasal
mucosa

[3HINNK, 0.6 mg/kg bw,
subcutaneous, 4 doses

HPLC (7methylguanine
only)

Increase (liver), decrease
(lung, nasal mucosa)

Morse et al. (1988)

[HIAf1atoxin B1, 0.5
mg/kg bw, i.p., single
dose

TBRM

Decrease

Stresser et ai.
(1994b)

Species, strain
(sex); organ(s)
analysed
Rat

13G, 30 prnol!g diet for 2
weeks

Fischer 344 (M); liver ISC 0.2% in diet for 7 days

Fischer 344 (M); liver 13G, 0.1% In diet for 8 weeks IQ, 50 mg/kg bw, oral,
single dose

32

P-Postlabelling

Increase 8 h after IQ;
decrease 24-48 h after IQ

Xu et ai. (1996)

2

P-PostLabeIIing

Decrease at doses> 25
mg/kg and increase at 10
mg/kg

Xu et a/. (1997)

P-Postlabelling

Decrease (in almost all of 14
organs)

He & Schut(1999a)

P-PostIabelling

Decrease

Huber et al. (1997)

P-Postlabelling

Increase in some organs E h
after PhIP; decrease in all
organs 24 h to 6 days after
PhIP

Guo et ai. (1995)

P-Postlabelling

Decrease

Schut & Dashwood
(1995)

Fischer 344 (M);
colon

13C, single oral dose
equivalent to
0-1000 mg/kg of diet

IQ, 5 mg/kg bw, braI
single dose

Sprague-Dawley(F);
multiple organs

130, 0.02% or 0.1% cf diet
for 42 days

IQ, 0.01% of diet, days
15-42

Fischer 344 (M);
colon

13G, 0.1% of diet for 10 days

PhIP, 50 mg/kg bw, oral
single dose

2

Fischer 344 (M);
multiple organs

13C, 0.1% of diet for 4 weeks PhIP, 50 mg/kg bw, oral
single dose

32

Fischer 344 (F); liver, 13C, 0.1% of diet for 4 weeks PhIP, 0.01% cf diet
colon, mammary
epithelial cells

32

32

Table 48 (contd)
Species, strain (sex);
organ(s) analysed

lndole-3-carbinol (13C)
or derivative, dose and
schedule'

Fischer 344 (F); liver,
colon, mammary ep thelial cells, leukocytes

130, 0.02% or 0.1% of diet PhIP, 0.04% of diet, days
for 58 days
15-42

Fischer 344 (F);
multiple organs

13C, O % of diet for 29
days

Fischer 344 (F);
mu It pie organs

130, 0.02% or 0.1% of diet PSIP, 1 mg/kg bw per
for 3 weeks
day, oral, for 3 weeks

Sprague Dawley (F);
13C. 1.36 or 3.40 mmol/kg
lungs, trachea, bladder, bw per day for 5 weeks
heart
Mouse

Carcinogen, dose and
schedule

Method of DNA
adduct analysis

Summary of effects"

Reference

Decrease only with 01%
130

He et al. (1997)

Decrease

He & Schut (1999)

P-Postlabeiling

Decrease in almost all
organs and cells

He et al. (2000)

32

P-Postlabelling

Decrease

Ant et al. (2000)

32

P-Postlabe I ng

PhIP, 10 or 50 mg/kg bw, 32PPostlabe I ng
single oral dose on day 13

Cigarette smoke, 6 h/day,
7 days/week for 4 weeks

32

I C R Swiss (M); Iver

130, 167 mg/kg bw, single [140]Ben2o[e]pyrene,
oral dose
5 pCI per mouse, oral

TBRM

Decrease

Shertzer (1983)

ICR Swiss (M); liver

13G, 167 mg/kg bw, single
oral dose

[14C]Benzo[a]pyrene, 5
pCi per mouse, oral

TBRM

Decrease

Shertzer (1984)

ICR Swiss (M); liver

167 mg 30/kg bw, sngle
oral dose

{14C]NDMA, 5 pCi per
mouse, oral

TBRM

Decrease

Shertzer (1984)

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

HFLC (06-methyl- Decrease in lung
guanine and
06-methylguan ne
7-methylguan ne) increase in liver
O-methylguan ne and
7-methylguanine

Morse et al.
(1990b)

2000 mg/kg of diet for 1
week

NDEA, 250 mg/kg of diet
for 24 b

HPLC (Obethy -

Decrease in both
O-etbylguanine and
7- ethylguanine

Fong et a/. (1988)

guanine and 7ethyguanine)

Rainbow; liver

1000 mg/kg cf diet for 12
weeks

[3H]Aflatoxin Bi, 0.44 pCi
per fish, i_p.

TBRM

Decrease

Nixon et al. (19B4)

Rainbow; liver

2000 mg/kg of diet for
days

[3H]Aflatoxin B, 2.6
nmol/kg bw, i.p.

TBRM

Decrease

Fang et al. (1990)

Trout
Rainbow; liver
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carbinoL for 7 weeks, followed by 2
weeks of control diet, and received
0.01% (w/w) 10 in their diet during
weeks 3-6, 10—DNA adduct formation
was inhibited in almost all of the 14
organs examined, including the mammary gland and the liver, the target
organs of Q in female SpragueDawley rats. In most organs, the extent
of inhibition was related to the dietary
concentration of indole-3-carbinol.
Dietary indole-3-carbinol did not, howaffect the rate of adduct removal,
measured at the end of weeks 7 and 9
(He & Schut. 1999).
lndole-3-carbinol has also been
studied as a potential inhibitor of
carcinogenesis induced by another
heterocyclic amine, PhIF. This cornpound is a mammary carcinogen as
well as a weak colon carcinogen in
female Fischer 344 rats and a colon
and prostate carcinogen in male
Fischer 344 rats (reviewed by Schut &
Snyderwine, 1999). Maintaining male
Fischer 344 rats on a diet containing
0.1% (w/w) indole-3-carbinol for 10
days, followed by a single oral dose of
PhlP (50 mg/kg bw) resulted in significant inhibition (64% of control) in
PhIP—DNA adduct formation in the
colon (Huber at aL, 1997). Incorporating
0.1% (w/w) indole-3-carbinol into the
diet of male Fischer 344 rats for 4
weeks inhibited DNA adduct formation
with PhlP in a number of tissues,
including the colon, 1 or 7 days after a
bolus oral dose of PhlP given at the
end of week 3. PhIF—DNA adducts
were increased 6h after dosing with
FhIP, however, in the colon, heart,
caecum and spleen of indole-3carb inol -treated animals (Guo at at,
1995). In a virtually identical protocol,
except that PhIP was given in the diet
(0.01% w/w) during week 3, 0.1%
indole-3-carbinol
inhibited
(w/w)
PhIF—DNA adduct formation in the
colon, liver and epithelial cells isolated
from the mammary glands of female
Fischer 344 rats (Schut & Dashwood,
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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 concentration 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 virtually 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 protocol, but with repeated oral administratien (daily for 3 weeks) of much lower
doses of PhIP that were closer to human
intake (1 mg/kg bw per day), diets containing 0.02% or 0.1% (w/w) indole-3carbinol 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 pretreated with indole-3-carbinol (167
mg/kg bw) and then given a single
dose of [14C]benzo[a]pyrene by gavage was inhibited by up to 63% within
2-24 h (Shertzer, 1983, 1984). A single 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 tobaccospecific 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 intraperitoneal injection of [H]NNK (10
mmol/mouse). Liver and lung DNA was
analysed for O-methylguanine and 7methylguanirie 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-methylguanine 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-nitrosodiethylamine 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-3carbinol at 2000 mg/kg of diet for 1
week before exposure to N-nitrosodiethylamine resulted in 41% inhibition
of both 06-ethylguanine and 7-ethylguanine.
In an early study on the chemopreventive 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-3carbinol 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-3carbinol (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. Indole3-carbinol at all concentrations
i 2000 mg/kg linearly inhibited binding
of aflatoxin B1. At the highest concentration of indole-3-carbinol (4000
mg/kg), aflatoxin B1 binding was suppressed by almost 95%. The linear inhibition observed with low doses of
indole-3-carbinol indicates that there
may be no significant threshold for protection against aflatoxin B1—DNA binding. In a concurrent study with a similar
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protocol but omitting feeding of [3H]aflatoxin 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-3carbinol and isolated two condensation
products: a dimer, 3,3'-diindolylmethane, and a symmetrical cyclic
trimer, CT. These and indole-3-carbinol
were used in an assay to assess inhibition of aflatoxin B1—DNA binding in trout
embryos. The embryos were injected
with [31-1aflatoxin B, and either indole3-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-3carbinol 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 bioassay, 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 hepatocarcinogenesis after 1 year, from 43% in
controls (aflatoxin B1 only) to 36%,12%
and 25%, respectively. Only the reductions observed with the acid reaction
mixture and 3,3'-diindolylmethane were
statistically significant; CT proved to be
too toxic. These results confirm the biological activity of the acid condensation
products of indole-3-carbinol.
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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 microsomes prepared immediately after
induction (summarized by yang &
Dragsted, 1996). Interest in this phenomenon 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-hydroxyestrone represents a net estrogenic
stimulus and its measurement in urine
might serve as a biomarker (Telang et
al., 1997a). Induction of 2-hydroxylation of estrone was demonstrated in
liver microsomes from female SW mice
given a diet containing indole-3carbinol at 250-5000 mg/kg, by up to
fivefold with the highest dietary concentration. This induction corresponded 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) concentrations of 2-hydroxyestrone and
1 6c-hydroxyestrone. lndole-3-carbinol
affected only the 2-hydroxyestrone
concentrations, such that the 16u,-:2hydroxyestrone 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, usually, represent total adducts in total
genomic DNA. Blum et al. (2001) studied 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 transcriptional 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 initiation of colon tumeurs by 10 or
dimethylhydrazine, the pattern of
mutations in the glycogen synthase
kinase-3b consensus region of [3catenin 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 mutatiens generated in vivo be useful intermediary 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 patterns of mutations in the transgene of
these animals. [The advantages of
using transgenic animals for mutation
analysis are that the assays are relatively straightforward, can be performed in a relatively short time and
are essentially standardized. The main
disadvantages of using this system to
study mechanisms of chemoprevention are that the target gene is of bacterial or viral origin, probably bearing
little relation to mammalian carcinogenesis, 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 drugmetabolizing 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 concentration 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 garden cress and watercress (1 Al of juice
per ml of medium), the same authors
found significant induction of the activities of CYP1A1 and GST with watercress 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 inadequate to account for the protective
effect of the juices towards benzo-

[a]pyrene-induced DNA strand breakage in the comet assay when compared 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-ITCGSH conjugate but with 7-methylsulfinylheptyl- and 8-methylsuifinyloctylITCs (Rose et al., 2000). In a study with
the same cell line, Brussels sprout juice
did not significantly induce NOOl activity (Zhu & Loft, 2003).
Acetonitrile extracts of lyophilized
homogenates of various Brassica vegetables (broccoli, Brussels sprouts,
green cabbage, red cabbage, cauliflower, 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 induction potency was independent of geographic location of growth or time of
harvesting within the USA.
Extracts of a hybrid between broccoli 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 sulforaphane (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 damage. Endonuclease Ill and formamidopyrimidine—DNA glycysylase-sensifive 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 eating, glucosinolates in cruciferous vegetables are hydrolysed by the enzyme
myrosinase to yield a complex mixture
of phytochemicals, including isothiocyanates,
th iocyanates, cyanides,
nitriles and epithio-containing compounds (Fenwick et aI., 1983; Shofran
of al., 1998). These hydrolysis products are thought to be more effective
enzyme inducers than the parent glucosinolates. Attempts to identify compounds 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 glucoraphenin at this dosage inhibited
N001 activity by 57% and 49%,
respectively. Hydrolysis of the glucosinolate with myrosinase potentiated the
increase in the activity of NQ01 by sinigrin and glucoiberin, prevented inhibition of N001 activity by glucoraphanin
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and glucoraphenin, and had no effect
on the responses induced by glucorlapin and sinalbin. This finding suggests 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 pharmacological activity of glucosinolates
in vitro. Neither indole nor alkyl glucosinolates had significant cytotoxic
activity against tumour cells (Musk et
al., 1995a; Gamet-Payrastre et al.,
1998; Leoni et al., 1997) or proliferating 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 myrosinase in vitro, and the predominant
degradation product was the corresponding 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 concentration produced by myrosinase-catalysed degradation under these conditions was 5- to 300-fold higher than
that of the corresponding isothiocyanate, except for sinalbin, for which
the inhibiting concentration was about
threefold lower than that of the corresponding isothiocyanate (Nastruzzi et
al., 2000). Degradation of the indole
to
glucobrassicin
glucosinolate
3,3 '-diindolylmethane enhanced cytotoxicity markedly. The median growth
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inhibiting concentration of 3,3 '-diindolylmethane was 10 .imol/l with HT29 differentiated colonic cells and 20 jimol/l
with CaCo2 cells. 3,3 '-Diindolylmethane 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 ironstimulated peroxidation of human liver
microsomes. None of the glucosinolates studied (at 0.15 mg/ml) had significant antioxidant activity (Plumb et
al., 1996). The effect of the glucosinolates glucoiberin, sinalbin and glucoraphanin, with and without myrosinase-catalysed hydrolysis, on DNA
strand breaks was investigated in
Hepa 1c1c7 cells in vitro. All the glucosinolates 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 drugmetabolizing 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 isothiocyanates to induce NQ01 (Zhang &
Talalay, 1998). Zhang (2000) provided
evidence that this difference in potency
is related to the ability of cells to accumulate isothiocyanates as dithiocarbamates. 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 subunits, GSH peroxiclase and ferritin. The
drug-metabolizing enzymes that are
induced by sulforaphane include aldehyde dehydrogenase, aldo-keto reductase, 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? BenzylITC, phenethyl-ITC and sulforaphane
have been reported to induce a variety
of proteins in human liver, colon, mammary 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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Table 49. Naturally occurring isothiocyanates that induce NAD(P)H:quinone oxidoreductase in
rodent liver cell lines
Plant

Isothiocyanate (ITC)

Parent glucosinolate

Broccoli

Sulforaphane

Glucoraphanin

Hepatic cell
lines tested
Hepa-1Lcic7,
RL-34

Reference
Zhang eta! (1992b);
Prestera et ai. (1993);
Tawfiq etal. (1995); Nio

et a/. (2003)
Garden cress

Benzyl -ITC

Glucotropaeo in

Hepa-1cic7

Prestera etal. (l 993)

Watercress

Phenethyl ITC

Gluconasturtiin

H epa-i ci c7

Tawfiq et a/. (1995)

Cabbage, broccoii

3-Methyl sulfinylpro pylITC

Gluco berm

Hepa-lcic7

Tawfiq et al. (1995)

Brussels sprouts,
mustard

Ally]-ITC

Snigrin

Hepa-lcic7

Zhang &Talalay (1998)

Watercress

7-Methylsulfny1 heptylITC

G ucoibern

Hepa-1cic7

Rose et at. (2000)

Watercress

8-MethyIsulfnyIoctylITC

Glucohirsutin

Hepa-1cic7

Rose etal. (2000)

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)

-

3-Methylsulfinylpropyl-ITC

Concentration (pmolll) required to double Reference
NQOI activity in Hepa-lcic7 cells
Without buthionineWith buthionine(R,S)-sulfoximine
(R,S)-sulfoximine
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)

6-Methylsulfioylhexyi -ITC

Concentration (IimoI/I) required to double GST
activity in RL-34 cells
5
Not determined
Morimits u etal. (2002)

-
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Table 51. Phenotypic changes effected by isothiocyanates (ITCs) relevant to gene
regulation
Hepa-lcic7

Change
Buthionine(R,S)-sulfoximine increased the potency of NOOl
induction by eIlyl-ITC, benzy[-ITC and phencthyl-ITC, but not
sulforaphane

Reference
Zhang & Talalay (1998)

RL-34

Marked increase in intracellular level of reactive oxygen species
after treatment with benzyl-ITC

Nakamura et ai. (2000b)

Hepa-lcic7

Sulforaphane and benzyl-ITC accumulated in cells as glutatbione
conjugate, causing decrease in glutathione

Zhang (2000)

Primary
hepatocytes

Induction of MRP-2 by sulforaphane associated with generation of
reactive oxygen species

Payen et a]. (2001)

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
defined as 5'-TrACaGTgAGtCggCA-3'

Nioi et ci. (2003)

RL-34

Stabilization and nuclear translocation of Nrf2 stimulated by
suIto ra rha n e

McMahon et ai. (2003)

Cell line

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 proteins or mRNAs that are induced
include the antioxidant and cletoxication proteins aldo-keto reductase iCi,
y-glutamalcysteine synthetase heavy
subunit and 7-glutamalcysteine synthetase 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 (GarnetPayrastre et al., 2000). In mammary
MCF-1 OF cells and colon LS-174 cells,
induction of gene expression by sulforaphane 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 contain an antioxidant response element
in their 5' upstream promoter regions
(Hayes & McMahon, 2001). This
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cis-acting element was originally
defined by Rushmore et aI. (1991) as
5'-RGTGACn nnGC-3', although the
consensus sequence was subsequently further refined by Wasserman
and FahI (1997) as 5'-TMAnnRTGAYnnnGCR-wwww-3'. The antioxidant 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 experiments. 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 element-driven reporter gene expression
was similar to the dose required to
induce the endogenous gene in Hepalcic7 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 detoxicatien genes (McMahon ci al., 2001;
Chanas et ai., 2002; Thimmulappa et
aI., 2002; Jowsey et aI., 2003; Kwak et

Table 52. Induction of genes by isothiocyanates (ITCs) in human cells cultured in vitro
Cell type

ITC

Concentration
(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)
Primary human

Sulforaphane

12

Thioredoxin reductase

Selenium acted synergistically

Sulforaphane

50

1

CeCo-2 (colon)

Sulforaphane

S

1
AKR1Ct, GCSh

NQ 01 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

NOOl

HT-29 (colon)

Sulforaphane

25
15

Cyclic A, cyclin Bi

Also an increase in GST activity
Caused growth arrest and apoptosis

Kirlin et al. (1999a)
Gamet-Payrastre et al.

HT-29 (colon)

Sulforaphane

30

UGT1A1

GSH conjugate also induced

Basten et al. (2002)

HT-29 (colon)

Sulforaphane

25

AKR

174 (colon)

Sulforaphane

5

NQOI, AKR1C1, GCSh

Only enzyme activity measured
Induction protected against hydrogen
peroxide- and benzo[a]pyrenestimulated single-strand DNA breaks

Bonnesen et al. (2001)

174 (colon)

Benzy[ITC

5

NQO1, AKR1C1, GCSh

174 (colon)

Phenethyl -ITC

5

MCF-10F (breast)

Sulforaphane

2

NOOl, AKR1C1, GCSh
NQO1, GSTPI

MDA PCa 2a (prostate)

Sulforaphane

10

NOOl

PC3 (prostate)

Sulloraphane
Sulforaphane

10

NQO1

10

NQO1, GCSI

hepatocytes

Zhang et at. (2003)
Payen et at. (2001)

(2000)

LNCaF (prostate)

Wang et al. (2003)

Bonnesen et at, (2001)
Bonnesen et ai. (2001)
Induction protected against formation
of benzo[apyrene—DNA adducts

Singletary
(2000)

&

MacDonald

Brooks eta! (2001)
Brooks etal. (2001)
Addition of N-acetylcysteine blocked
NQ01 induction

Brooks et al. (2001)

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;
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

C-)
0
CD
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aI., 2003; Lee et al., 2003). In embryonic fibroblasts from n12'- mice, the
absence of the cap 'n' collar bZIP factor results in loss of basal NQ01
expression and failure of induction of
NQ01 by sulforaphane (Nioi et al.,
2003). Nrf2 is itself regulated negatively 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 protein appear to vary significantly in different cells, being essentially undetectable in untransformed rat liver RL34 cells (McMahon et al., 2003) but
readily detectable in human hepatocarcinoma 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 important in their inhibitory effects on
nitrosamine carcinogenicity (Conaway
of al., 1996, 2001). The covalent binding 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 (conversion to isocyanates). Isothiocyanates
can also bind reversibly to cytochrome
P450 active sites, thus acting as competitive 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
effective
isothiocyanates
were
inhibitors of CYP2131. They decreased
PROD activity (due to CYP213) in liver
microsomes of rats treated with phonobarbital 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 phenethyl-ITO using microsomes from
insect cells expressing specific human

Table 53. Potency of isothiocyanates (ITCs) to stimulate antioxidant
response element-driven gene expression
Isothiocyanate

Cell line

Sulforaphane
Sulforaphane
Benzyl-ITC
Phenethyl-ITC

Hep-G2
Caco-2
Hep-G2
Caco-2

152

Concentration
(pmol/I) required to
double reporter
gene expression
0.4
1.3
0.7
1.7

Reference

Prestera etal. (1993)
Bonnesen etal. (200 1)
Prestera etal. (1 99S)
Bonnesen et al. (2001)

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 isothiocyanate was a potent mechanismbased inactivator of rat CYP2131, primarily through protein modification. It
was also a mechanism-based inactivator of rat CYP1A1, CYP1A2 and
CYP2E1 and human CYP2136 and
CYP2D6. It was most effective in inactivating 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 apoprotein or was hydrolysed to benzylamine.
Phenethyl-ITC was shown to be a competitive and suicide inhibitor of CYP2E1
(Ishizaki et al., 1990); the inhibition by
benzyl-ITC was irreversible (Moreno of
al., 1999). These results indicate differences in the mechanisms by which
phenethyl-ITC and benzyl-ITC interact
with CYP2E1.
Conaway of aI. (2001) investigated
the inhibition of cytochrome P450mediated 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 conjugates to the corresponding isothiocyanates, 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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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 yglutamyl
transferase
had
been
inhibited, suggesting that spontaneous
fragmentation to isothiocyanate and
GSH occurred. lsothiocyanate–GSH
conjugates are unstable under physiological 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 isothiocyanates (0.5-2 mmol/l), 100- to
1000-fold higher than the median
growth inhibiting concentrations,
formed low concentrations of superoxide (3-40 imol/l) and induced
oxidative damage to DNA in HL60
cells: the cellular concentration of the
DNA oxidative marker 8-hydroxydeoxyguanosino was increased by
18% in cells treated with the median
growth inhibiting concentration of allylITC. 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 isothiocyanates, 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 activation of isothiocyanate-induced cellular responses (Xu & Thornalley, 2001 a;
Zhang & Callaway, 2002). Indeed,
expulsion of the GSH conjugate, extracellular 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 isothiocyanates, other activities—effect on
protein folding and protein membrane
translocation when thiocarbamoylated—are probably also influential.
Expulsion of GSH conjugates is
mediated by the MAPs. Indeed, sulforaphane 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 o c
Isothiocyanate

Half-life (mm)
Parent compound

Benzyl-ITC
Phonothyl-ITC
Sulforaphane

Cysteine conjugate

Glutathione
conjugate

N-Acetylcysteine
Conjugate

Not determined

12

67

157

141
Not determined

13, 16
14

44,55
58

100
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
GSH, glutathione
multdrug resistance (Borst et al.,
1999). GSH conjugates of isothiocyanates have high affinity for these
proteins and may block antitumour
drug expulsion. This suggests that
isothiocyanates may be active against
multidrug-resistant cells. Indeed, isoth154

iocyanates inhibited the export of antitumour drugs from P-glycoprotein- and
MRP-1 -mediated resistant human cancer 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 sulforaphane (at 5 mol/l) induced one- to
fourfold increases in the GSH concentration 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 reductase activity and may have been due to
increased expression of 7-gluta-mylcystome synthetase activity via the Nrf2regulated 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 concentration, 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 concentrations, isothiocyanates induced necrotic
cell death (Fimognari et al., 2002a,b;
Nakamura et al., 2002). Cysteine conjugates and cysteinyl conjugates in the
mercapturic acid pathway also inhibited tumour cell growth; this was attributed 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, cervical and mammary epithelial cells
(Table 56). Sulforaphane inhibited the
growth of proliferating human lymphocytes, inducing growth arrest in G
phase through a decrease in cyclin D3.
It also induced p53-mediated apoptosis (Fimognari et al., 2002b), indicating
that isothiocyanates may have tissuespecific toxicity (Elmore et al., 2001).
The cysteine conjugates were signifi-

1. Degradation
RN=C=S
Isothiocyanate

*.uuuuuu..I.uuuuIuuuuuuuuuuuuuuuuuI.

RNH
Amine (inactive)

RN HC(=S)-SG
ExtraceHular
medium
1. Cell entry of

O

T

Plasma

(

membrane I

I

Cytosol

RN=C=S
GSH

2.
RNHC (=3)-SO

3.
SH

depletion by export of
RNHC (=3)-SO

Figure 26 Isothiocyanate—glutathione S-transferase—multidrug-resistance-associated protein cycle for dcpleton of cellular glutathione
GSH. glutathione; MRF multidrug-resistance-associated protein; GST, glutathione S-transferase
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cantly less toxic to non-malignant cells
than the corresponding isothiocyanates (Bruggeman at aL, 1986; Xu
& Thornalley, 2000a). The toxicity to
differentiated human colorectal tumour
HT29 cells was less than that to undifferentiated control cells (Musk &
Johnson, 1993).
Tumour cell growth was arrested in
G2 or M, and apoptosis was associated with activation of caspase-8, cJun 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; GametPayrastre et al., 2000; Xu & Thornalley,
2000a; Lund et al., 2001; Xu &
Thornalley, 2001ab; Fimognari at al.,
2002a,b). Apoptosis can be p53dependent (Huang et al., 1998;
Fimognari at al., 2002b) or p53-independent (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 activated 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 associated with activation of mitogen-activated protein kinase/extracell ular signal-regulated kinase 1 (Chen & Tan,
1998, 2000). Overexpression of Bd -2
and Bdl-xL suppressed both phenethylITC-induced activation of c-Jun N-terminal kinase-1 and apoptosis, suggesting that Bd -2 and BC'-XL could
intervene upstream of c-Jun N-terminal kinase-1 activation in phenothylITC-induced apoptosis (Chen, Y.R. et
al., 1998). Curcumin, an inhibitor of cJun N-terminal kinase signalling
upstream of mitogen-activated protei nkinase/-extracellu lar signal-regulated 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 inter156

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 prevented c-Jun N-terminal kinase activation 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-ITCinduced apoptosis and c-Jun N-terminal kinase activation, isothiocyanateinduced apoptosis probably does not
involve direct DNA damage (Chen et
al., 2002). The M-associated protein
(MAP) kinases MKK4 and MKK7 activate 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 implicated in activation of the kinase in
phenethyl-ITC-induced apoptosis. c-Jun
N-terminal kinase phosphatase M3/6
protein was decreased in phenethylITC-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 surprising, 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 protein 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 activation of extracellular signal-regulated
kinases, and a specific inhibitor of
kinases 1/2 blocked phenethyl-ITCinduced apoptosis (Xiao & Singh,
2002). It is possible that isothiocyanates also inhibit the phosphatase
that inactivates extracell ular signalregulated kinases 1/2 MAP kinase
phosphatase-3 (Muda et al., 1996).
Activation of extracelluLar signal regulated 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 fragments, p15, p13 and pli (Xu &
Thornalley, 2001b). An inhibitor of
caspase-1 blocked phenethyl-ITCinduced 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 apoptosis (Vu at al., 1998). Caspase-3 activity was activated by benzyl-ITC at 25
jimol/l in human colonic adenocarcinorna HT29 cells in vitro (Kirlin et al.,
1999a). This suggests that activation of
caspases is important in the mechanism
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 potential (Li et al., 1998). Over-expression of
Bd -2 and Bcl-x[ suppressed phenethyl-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
K562
LS-174
Caco-2
Jurkat
I3

15
15
40

-

15
20

-

Gamet-Payrastre et ai. (1998)
Nastruzzi et ci, (2000)
Bonnesen et al. (2001)
Bonneser et al. (2001)
Fimograri et al. (2002e)
Frydoonfar et ai. (2003)

HeLa
HL60
ML-1
K562

15
2.6
2.6
32

11
7.7

-

Hasegawa etal. (1993)
Xu & Thornalley (2000a)
Xu & Thornalley (2000a)
Nastruzzi et a/. (2000)

Benzyl-ITC

HeLa
K562
LS-174
Caco-2

1.9
1.5
15
2

-

Hasegawa et al. (1993)
Nastruzzi et al. (2000)
Bonnesen et al. (2001)
Bonresen et a/. (200 1)

Phenethyl-ITC

HeLa
HL60
Jurkat
HL60
ML-1
[S-174
Caco-2
Pc-3

2.5
1.5
3
1.5
2.7
20
12
-6

HL60
ML-1
HL60
HL60
ML-1
HL60

3.2
3.2
0.7
25
2.4
5.5

AlIyI-ITC

2-Hydroxybut-3-enyi-ITC

S-(N -Allylthiocarbamoyl)cysteine
S-(N-Benzylthiocarbamoyl)cysteine
S-(N -Pbenethylthiocarbamoyl)cysteine

S-(N-Phenethvithiocarbamovl)alutathione

5
5.0
3.3

12
11
2.3
4.8
3.6
15

Hasegawa et ai. (1993)
Chen, Y.R. etal. (1998)
Adesida et ci. (1996)
Xu & Thornaiiey (2000e)
Xu & Thorralley (2000a)
Bonnesen etal. (2001)
Bonnesen et ai. (200 1)
Xiao & Singh (2002)
Xu & Thornalley (2000a)
Xu & Thornalley (2000e)
Adesida etal. (1996)
Xu & Thornalley (2000a)
Xu & Thornalley (2000a)
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 facilitates 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 scavenged 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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Table 56. Toxicity of dietary isothiocyanates to non-malignant cells in vitro

Compound

Species

TCso
Cell
growth

Cell type

origin
Sulforaphano

AlIyl-ITC

Benzyl-ITC

Phenethyl-ITC

Ailylthiocyanate-

Reference
PCNA

Mitochori-

-

Fìmognari et at. (2002e)

drial function

Human

Lymphocytes

- 33

Human

Colon epithelial

95

-

Rat

RL-4 liver epithelial

-175

.-

-

Bruggeman oral (1986)

-

-

Bru ggernari et at. (l 986)

-

Human

Colon epithelial

22

Rat

RL-4 liver epithelial

-25

Bonnesen et aL (2001)

Bonnescn et al. (2001)

Human

Liver epithelial (Cheng)

-20

Human

Lymphocytes

53

Human

Colon epithelial

20

-

Human

Keratinocytes

0.5

6.2

38

Elmore etal. (2001)

Human

Renal tubular epithelia[

4.5

6.7

>61

Elmore etal. (2001)

Human

Mammary epithelial

1,3

311

1!

Elmore et at. (2031)

Human

Cervical epithelial

3.2

7.4

9.3

Elmore etal. (2001)

Human

Prostate epithelial

12

> 61

> 61

Elniore et ai. (200 1)

Human

Bronchial epithelLal

15

>61

18

Elmore et ai. (2001)

9.6

5.5

Elmore etal. (2001)

Bruggeman etal. (1988)

Xu & Thornalley (2000a)
Bonnesen etal. (2001)

Human

Oral mucosal epithelial

19

Human

Hepatocytes

-

20

29

Elmore et al. (2001)

Rat

RL-4 liver epithelial

200

-

-

Bruggeman et ai. (1986)

Rat

RL-4 liver epithelial

250

-

-

Bruggeman et at (1986)

Rat

RL-4 liver epithelial

150

-

-

Brugge man et at. (1986)

Rat

RL-4 liver epithelial

80

-

-

Bruggeman et at. (1986)

Human

Lymphocytes

91

-

-

Xu & Thornalley (2000e)

cysteine
Allylthiocyanateglutathione
BenzylthiocyanatCcystein a
Benzylthlocyanateglutathione
Phenethylthio-

cyanats-

TC 0 , median toxic inhibitory concentraticnL PCNA, proliferating cell nuclear antigen

Isothiocyanates inhibited lipopolysaccharide-induced formation of nitric
oxide in a murine macrophage line,
median inhibitory concentrations of:
sulforaphane, 0.7 imol/l; allyl-ITC, 1.6
p.mol/l; benzyl-ITC, 2.7 i.imol!l; and
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phenethyl-ITC, 5 imol/I (Ippoushi et
aI., 2002; GerhEtuser et aI., 2003). This
at was associated with inhibition of
inducible nitric oxide syrtthase expression (Gerhàuser et aI., 2003). Some
isothiocyanates (allyl-ITC and benzyl-

ITC; 1 and 10 j.tmol/I) increased
lipopolysaccharide-stimulated secretien of tumour necrosis factor-a
(Ippoushi et al., 2002), but sulforaphane inhibited its secretion at a
median inhibitory concentration of 7.8
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iimol/l (Heiss of al., 2001). Sulforaphane also inhibited the lipopolysaccharide-induced expression of COX-2
and associated formation of prostaglandin E2; the median inhibitory
concentration was 1.4 pmol/l (Heiss et
al., 2001). Sulforaphane and phenethyl-ITC (20 jimol/l) inhibited activation
of NF-KB (Heiss of al., 2001; Gerhâuser
of al., 2003), perhaps mediated by thiocarbamoylation of the NF-KB protein
complex. Sulforaphane induced the
expression of thioredoxin reductase-1.
In the presence of selenium supplementation, but not alone, sulforaphane prevented 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 infections in human epithelial Hep-G2 cells
in culture (Fahey et aL, 2002).
Isothiocyanates afforded some protection against damage to DNA in cultured cells induced by hydrogen peroxide (Bonnesen et al., 2001). Sulforaphane 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 drugmetabolizing enzymes
Indole-3-carbinol and derived chemicals 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, mediated by the Ah receptor (Hankinson,
1995).
Indoles can induce other cytochrome P450 enzymes, such as
CYP1B1 and CYP19 (Sanderson et

al., 2001), as well as the drug-metabolizing 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[3,2b]carbazol having a much lower dissociation constant for the receptor than
either 3,3'-diindolylmethane or indole3-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-aminoanthracene was not reduced by indole3carbinol (Birt of al., 1986). This compound 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 indole3-acetonitrile on induction of sister
chromatid exchange depended on the
type of mutagen. Pretreatment of primary 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-nitrosodimethylamine in co-cultured V79 cells,
but had no effect on sister chromatid
exchanges induced by 2-aminoanthracene or ethyl rrethanesu Ifo nate. It
increased the frequency of sister chro-

matid exchange induced by dibromoethane. I ndole-3-acetonitrile (at
35 ig/Ml) decreased the frequency of
benzo[a]pyrene-ind uced sister chromatid exchanges by 20-40%.
The ability of indole-3-carbinol, two
of its oligomers and an acid reaction
mixture (formed by mixing indole-3carbinol 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-mitochondrial 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 microsome-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 B1epoxide, the same group observed no
protective effect (Fong etal., 1990).
Pretreatment of LS-174 human
colon cells for 24 h with indolo[3,2b]carbazole (1 ttmol/l) plus sulforaphane (5 jimol/l), followed by continued exposure to these agents in the
presence of benzo[a]pyrene (25 prnol/l)
reduced the number of DNA singlestrand breaks induced by the carcinogen by> 80% (Bonnesen etal., 2001).
Indolo[3,2-b]carbazole on its own was
much less effective. No such protection was afforded when indolo[3,2b]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
159
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Table 57. Indoles that induce metabolizing enzymes, drug metabolizing enzymes, transcription factors
or cell cycle proteins in cell culture models
Dose
700 pmolIl

Biochemical end-point

Cell line

f\scorbigen

EROD, CYPIAI

Hlepa-1c1c7

Reference
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)indole

5 pmoLt

EROD

Primary rat hopatocytes

Wortelboer et al. (1992e)

3,3'-Diindolylmeth ane

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'-Diindolyl methane

3 pmol/I

EROD, CYP1A1. CYPI BI,

H295R

Sanderson etal. (2001)

3,3 -LJiindolyl methane

100 paroltl

GADD153, ATE3, c-sun,

C33A, HaCat

Carter et ai. (2002)

tndole

NF-1L6
3,3'-Dtndolyl math ane

40 pmol/l

AKR, CYPIA I , GSTT1,
sultotransterase, U Gil,
phospholipase A2

PC3

[t etal. (2003)

3,3 -Diindolylmethane

100 pmol/!

GADD34, GADD45a,

MCF-7

Auborn et ai. (2003)

GAD 0153
5,6,11,12,17181-lexahydrocyclonona[1 28:4 54 :7,8-b ']tri -indole

5 pmoLt

PROD

Primary rat bepatocytes

Wortelboer etal. (1992e)

lndole-3-carbinol

68 nmol/I

EROD

Primary rat hepatccytes

Wortelboer at al. (1992b)

lndole-3-earbinol

125 kimoltI

CYP1A1

T47D

Chen, I. etal. (l 996)

Indole-3-carbinol

100 pmol/l

p21

MCF-7

Cover etal. (l 999)

Indole-3-carbinol

100 pmol/I

EROD, CYP1A1

CaCo-2

Bonnesen et al. (2001)

lndole-3-carbinol

100 pmol/I

EROD, CYP1A1

[S-174

Bonnesen etal. (200 1)

lndole-3-carbinol

60 pmol/t

AKR, CYP1AI, GSTTI

PC3

Li et 5!. (2003)

lndolo[3,2-b]carbazole

0.1 jmol/l

EROD

l-lepa -1 cl c7

Bjeldanes et al. (1991)

lndolo[3 2-b]carbazole

0.1 pmolIl

EROD

MCF-7

Liu et ai. (l 994)

lndolo[3,2-b]carbazole

0.05 JmoI/I

CYP1A1

HaCeT

Wei etal. (l 998)

lndclo[3,2-b]carbazole

1 pmolfl

FR00, CYPIAI

CaCo-2

Bonnesen et al (2001)

ndolo[3,2-b]carbazole

1 pmo!/l

EROD, CYPIAI

[S-174

Bonnese n et al. (2001)

2-(lndol-3-ylmetbyl)-3,3-

I imolIl

PROD

MCF-7

Chang etal. (l 999)

50 pmolll

PROD, CYP1A1

Hspa-1 cic7

Stephensen etal. (2030)

diindolylmethane
N-Methoxyindole-3-

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, glutath ione S-transferase; UGT, UDP glucuronsyl
transterase; EROD, oth oxyrescrufiri-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)

Ascorb gen

CaCo2

3,3' Diindolylmethane

None

3,3'-Dindoly1methane

CaCo2

lndole-3-carbino

None

Indole-3-carbinol

CaCo2

Concentration
required to double
reporter gene
expression (nmollF)

Reference

3.7 x 104

Bcnnesen etal. (2001)

90

B eldanes et al. (1991)
1.0 x iû

2.7 x 104

Bonnesen etal. (2001)

-

Bjeldanes etal. (1991)

6x

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 indole3-carbinol (inhibition: 25%, 41% and
65% with 30, 60 and 120 rig/plate)
(Shukla of aL, 2003). In Chinese hamster ovary cells, indole-3-carbinol was
protective against the cytotoxicity of 1nitropyrene 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%, respectively, 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% inhibition of anchorage-independent growth
in three mammary cell lines (Telang et
ai., 1997c). The results with MDA-MB231 cells in this study appeared to contradict 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-carboxylic acid and 3,3 -diindolylmethane
on the growth of two colon cell lines,
HT29 (undifferentiated) and CaCo2
(which undergo post-confluence differentiation) were examined (GarnetFayrastre et al., 1998). lndole-3-carboxylic 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-3carbinol decreased viability by nearly
70% after 48 h, but no effect was seen
after 24 h and lower doses were not
effective. 3,3 -Diindolyl methane was
the most potent compound, leading to
an 80% decrease only 24 h after treatment 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 accumulate in G0 and G1, 3,3 -diindolylmethane 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 treatment 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
for
HBL100
ltmol/l
non-tumorigenic
cells and only
30 pmol/l for the MDA-MB-468 carcinoma cell line, both being estrogen
161
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Table 59. Main biological responses to indole-3-carbinol and indoles in vitro
Indole

Effect

Cell line

lndole-3carbinol

Inhibition of cell proliferation

Mouse mammary epithelial cet (+ Ras, + Myc)
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
phosphorylation

Prostate: PC-3

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
Increased p16 expression

Breast: MCF7
Prostate: PC-3
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
and DR5

Prostate: LNCaP
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Indole

3,3-DiindoIylethane

Effect
Decreased NF-1d3-DNA binding

Cell line
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

Breast: T47D

Inhibition of ER signalling

Breast: MCF7, T47D, ZR75-1, 184-135, MDA-MB-231
Keratinocyes: HPV immortalized
Cervix: CaSKi, C33A, SiHa

Inhibition of cell proliferation

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

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

Indolo[3,2b]carbazole

Inhibition of signalling through ER

Breast: MCF7

LTr1

Inhibition of proliferation

Breast: MDA-MB-231

Inhibition of signalling through ER

Breast: MCF7

Increased cell proliferation (ER agonist)

Breast: MCF7

CTr

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, cyclindependent 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-3ylmethyl)-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 biosynthesis of polyamines and, as such, is critical for cell proliferation. It is often overexpressed in tumour cells and is a target for chemoprevention. I ndole-3carbinol 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-dependent manner in all lines. The MDA-MB468 line was the most sensitive, showing 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 normal 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 decarboxylase activity appeared to be stimulated 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).
164

The involvement of ornithine decarboxylase in chemoprevention by
i ndole-3-carbi nol was investigated further in colon cells (Hudson et al..
2003). The median inhibitory concentrations (after 168 h) in SW480, HT29
and HCEC cells were 123, 127 and
164 ttmol/l, respectively. The basal levels of ornithine decarboxylase activity
of 171, 1079 and 156 pmol CO2
produced per hour per milligram of protein in these cells were decreased by
indole-3-carbinol after 24 h of treatment. 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 inhibition of ornithine decarboxylase activity.
While administration of exogenous
putrescine reversed the growth
inhibitory effects of a direct inhibitor of
ornithine
decarboxylase,
difluoromethylornithine, 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, predispose the cells to apoptosis. The
results obtained in this study suggested 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 reduction mam mopl asty-de rived 184-135
cells initiated with benzo[a]pyrene or
the oncogene HER, and of MDAMB231 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 responsiveness (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 MDAMB-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 manner. 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 combination also completely prevented phosphorylation of the Rb protein, whereas
either compound on its own was only
partially effective.
In exploring the mechanism by
which indole-3-carbinol down-regulates CDK6, Cram et al. (2001)
showed that the indole could inhibit the
activity of the CDK6 promoter contained in a luciferase reporter construct. By deletion analysis, they identified 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-3carbinol appeared to down-regulate
CDK6 transcription by targeting Spi at
a composite site in the promoter of this
gene.
A synthetic stable tetrameric derivative of indole-3-carbinol, prepared by
oxidation, suppressed the growth of
MCF7, 734B and BT474 (estrogen
receptor-positive) and BT20, MDAMB-231 and BT539 (estrogen receptor-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) inhibited the growth of PC-3 prostate cancer cells by inducing G arrest, leading
to apoptosis (Chinni et al., 2001). This
was accompanied by significant induction 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 complexes. Exposure to indole-3-carbinol
also led to a dose-dependent
decrease in CDK6 expression, apparent 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-3carbinol for 48 h. lndole-3-carbinol
treatment also resulted in progressive
inhibition of Rb phosphorylation, which
was pronounced after 48 h of treatment 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, suggesting 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-diindolylmethane induced binding of Spi
and Sp3 to the consensus Spi responsive 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'-diindolylmethane had no effect on the
CDK6 promoter. These results indicate
that the control of cell cycle gene
expression is mediated by a combination of the specific effects of indole-3carbinol 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-3carbinol and 3,3'-diindolylmethane
(Meng et al., 2000a), induced expression of 0AD045 but also inhibited
signalling by estrogen through estrogen receptor-a. Auborn et al. (2003)
investigated the ability of 3,3-diindolylmethane 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-3carbinol were more effective than the
parent compound.
In a study with reduction mammoplasty-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 subG1 fraction after 24 h (Telang et al.,
1997c).
Treatment of human mammary
epithelial 184-135 cells with benzo[a]pyrene reduced the sub-G1 population 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 immunoreactivity for the CDK inhibitor pi 6IK4C
compared with treatment with benzo[a]pyrene alone.
Induction of apoptosis, as determined 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 treatment with indole-3-carbinol or 3,3'-diindolylmethane at 250 iimol/l. Additionally, no change was observed in Bax
levels in MCF-7 (estrogen receptorpositive) or T47D (estrogen receptornegative) cell lines. The authors
observed some conversion of indole3-carbinol to 3,3'-diindolylmethane in
the culture medium (up to 30% after
72 h).
Working with parental MDA-MB435 breast cancer cells and a line
transfected with Her-2/Neu, Rahman
et al. (2000) found that indole-3carbinol (30-100 iimol/l) inhibited the
growth of both lines and induced apoptosis, as measured by poly(ADPribose)polymerase cleavage and caspase-3 activation. Up-regulation of
Bax, in combination with down-regulation 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 mitochondria, 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-regulated the Bax:Bc12 ratio and downregulated BcI-x expression only in
CAla tumour cells.
In a study of the effects of indole-3carbinol and 3,3'-diindolylmethane on
three human cervical cancer cell lines,
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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 apoptosis in normal human keratinocytes.
Apoptosis was observed in PC-3
cells after treatment with indole-3carbinol at 100 iimol/l for 48 h, as measured 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 protein expression was up-regulated (1.9fold). 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 phosphorylation of Akt/protein kinase B in unstimulated 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 phosphatidyli nositol 3'-kinase. Downstream
of Akt, Bcl-xL and BAD showed
decreased expression after indole-3carbinol 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 phosphorylation 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-positive 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 morphology 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 phosphatidyl serine, chromatin condensation 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'-diindolylmethane at 100 p.molII, as was the
amount of Bc12 bound to Bax. The levels 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-irnmunoprecipitation of Bc12-Bax complexes, 3,3'-diindolylmethane caused a time- and concentration-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 expression of Bc12 in MCF-7 cells blocked the
apoptotic effect of 3,3'-diindolylmethane (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'-diindolylmethane (10-100 imoIll) to affect proliferation 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 suggested 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 -diindolylmethane, 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-3carbinol or 75 imol/l 3,3'-diindolyfmethane; 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)
(NachshonKedmi et al., 2003). No effect were
observed on the levels of Bd -2, Bax or
fast. The results suggest that the welldifferentiated LNCaP cells were more
sensitive to inhibition of apoptosis by
3,3'-diindolylmethane and indole-3carbinol than the moderately (DU145)
and poorly (PC-3) differentiated cells.
After treatment for 24 h with indole3-carbinol (30 or 90 tmol/l), the
LNCaP cell line was sensitized to
tumour necrosis factor-related apoptosis-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 opposite 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-3carbinol could also suppress 1713estradiol-induced migration and invasion 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-cadherTh—catenin complex has been
shown to correlate with progression of
breast cancer by increasing proliferation, invasion and metastasis, while
restoration of E-cadherin function
reduces invasiveness dramatically.
Up-regulation of the tumour suppressor PTEN and the cell adhesion
molecule E-cadherin in T47D cells in
response to treatment with indole-3carbinol (25-125 p.mol/l) was associated with significant inhibition of cell
spread and invasion (Meng et al.,
2000b). The results of this study also
indole-3-carbinol
suggested that
inhibited cell attachment to a laminin
substratum.
Other cellular effects
Antioxidant and anti-inflammatory
mechanisms
Data derived from several experimental systems suggest that indole-3carbinol and derived compounds are
generally not highly efficient antioxidants. 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 initiated by thermal and photodecomposition of azobisisobutyronitrile; son icated
phospholipid vesicles in phosphate
buffer (pH 7.4) with peroxidation initiated by ferrous or ascorbate; and
mouse liver microsomes containing an
NADPH-regenerating system, with
peroxidation initiated with carbon tetrachloride. Lipid peroxidation was measured 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 butyihydroxytoluene 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 administration 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 occurring in the diet were as efficient as eitocopherol in two cell-free soya bean
assays
peroxidation
phospholipid
(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. Indole3-carbinol was effective at doses of
100-500 jimol/l, indole-3-aldehyde
and indole-3-carboxylic acid were inactive, 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-3carbinol was one of only eight compounds that was chemopreventive in
all the assays (Sharma at al., 1994).
The reagent was tested at concentrations up to its maximum solubility in the
medium. It inhibited tyrosine kinase
and ornithine decarboxylase activity,
the former in a dose-dependent fashion. It also increased the levels of
reduced GSH and effectively inhibited
free radical production, carcinogen—DNA binding and poly(ADPribose)polymerase activity.
In another series of mechanismbased screens of potential chemopre-
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ventive agents, however, in which radical scavenging ability, antioxidant
effects, inhibition of inducible nitric oxygen 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-3carbinol was one of the least active compounds (Shertzer at al., 1991).
Estrogen receptor and estrogenassociated effects
Many studies have shown effects on
signalling through the estrogen receptor in a variety of cell types.
The effect of indole-3-carbinol on
proliferation of an estrogen receptorpositive breast cell line, MCF-7, and an
estrogen receptor-negative line, MDAMB-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-MB231 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-3carbinol 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 receptornegative cells, which contain CYP1A1,
still metabolize estradiol. Treatment
with indole-3-carbinol alone at a concentration 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%, respectively.
Indolo[3,2-b]carbazole at 1 jimol/l,
a concentration which did not induce
CYP1A1, had a number of antiestrogen effects in MCF-7 cells, including
inhibition of estradiol-induced cell proliferation and uptake of tritiated thymidine, reduction of nuclear progesterone receptor levels and CAT activity
in cells transfected with the estrogenresponsive 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
cells
indolo[3,2-b]carbazole-treated
had decreased estrogen receptor levels and reduced binding to an estrogen-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[3,2b1carbazole are mediated through pathways independent of altered estradiol
metabolism.
In another study with MCF-7 cells,
mol/l)
indole-3-carbinol (10_11_1 0
showed a steady increase in 2-hydroxylation of estradiol, the effect plateauing 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
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benzo[a]pyrene (Telang et al., 1997a).
Both carcinogens decreased 2-hydroxyestrone formation while increasing
1 6a-hydroxyestrone. After treatment
with indoie-3-carbinoi at 50 ttmoi/F, the
berizo[a] pyre ne-treated expiant cultures 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 significant reduction only in estrogen receptor-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 anchorageindependent growth in HPV-immortaiized 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 concentrations 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-dependent decrease in estradiol-induced
proliferation. At a concentration of
50 mmoi/i, the nuclear levels of estrogen receptor were reduced by
70-80%. After treatment with 3,3-diindoiyimethane 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-diindoiyimethane (Jr-l; 25 jimoi/i) inhibited the
growth of both estrogen receptor-positive MCF-7 and estrogen receptornegative MDA-MB-231 breast cells by
about 60%, but had no effect on the
MCF-7 cells in the absence of estrogen.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 concentrations of tamoxifen and estradiol) and
efficiently inhibited estradiol-induced
binding of the estrogen receptor to its
DNA response element. Estradioiinduced transcription of pS2 was inhibited 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 concentration, 1 imoi/i) (Chang et al.,
1999).
3,3-Diindolyimethane given for 7
days was a weak inhibitor of estradiolinduced proliferation of estrogen
receptor-containing MCF-7 cells; however, at 10 timoi/i, it induced proliferation in the absence of steroid, to about
60% of the estradiol response. There
was little effect on estrogen receptornegative MDA-MB-231 cells. 3,3'Dtndoiyimethane was a promoter-specific 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 element, in addition to the core ERE consensus, 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 signalling (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-MD231 cells. CT displaced estradiol from
the receptor in competitive binding
assays (median effective concentration, about 1 ttmoi/i) and, in EMSA (at
10 or 100 nmoill), increased estrogen
receptor binding to an estrogenresponsive DNA element. CT
(10 nmoi/i to 1 imol/i) activated transcription of an endogenous estrogen
receptor-responsive gene, pS2, and of
exogenous reporter genes after transfection 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 conformation of CT is similar to that of 4-hydroxytamoxifen, suggesting an excellent fit
into the estrogen receptor ligand
binding site; however, the binding affinity 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-activated expression, iridole-3-carbinol
and BRCA1 together had a synergistic
effect. In addition, indole-3-carbinol
(100 pmol!l) was found to inhibit estradiol-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 i
mol/1)
had a potent cytostatic effect on
human lshikawa endometrial cancer
cells (Leong et aI., 2001), while a
higher dose (50 iimol/l) induced apoptosis. At 10 iimol/l, a dose that did not
affect cell viability, 3,3 -diindolylmethane induced transforming growth
factor (TGF)-(x mRNA expression by
fourfold within 24 h. It also induced a
fourfold increase in the activity of alkaline phosphatase, a marker of estrogen 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 cyclohexamide. 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 -diindolylmethane was partially reversed by coincubation with an anti-TGF antibody.
These results indicate that 3,3-dim doly1 methane 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 endometrial 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 sum170

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-3carbinol was an effective inhibitor.
Conversely, estradiol had no proliferative effect on the MDA-MB-231, MDAMB-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)
that
reported
also
phosphorylation of the estradiol
receptor, which was induced in MCF-7
cells by estradiol, was completely inhibited by indole-3-carbinol at 50 jimol/l
after treatment for 12, 24 or 48 h.
To follow up earlier suggestions
indole-3-carbinol
selectively
that
inhibits cell proliferative activity
induced by estradiol in responsive
human breast cancer cells and
phosphorylation of the estrogen receptor (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 indole3-carbinol (50 mol/l for 6 h). Similar
results were obtained with AP2 and
SPi response elements. lndole-3carbinol did not directly interfere with
the binding of protein complexes to the
DNA responsive element. In microarray analysis of altered gene regulation 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 validated.
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 prostate cancer cells, 3,3 '-diindolylmethane (50 mol/ l, 96 h) inhibited
stimulation of DNA synthesis by
dihydrotestosterone, while no such
effect was observed in androgen-independent PC-3 cells. 3,3'-Diindolylmethane also inhibited transcription of
endogenous prostate-specific antigen
and reduced dihydrotestosteroneinduced 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-induced expression of a prostate-specific antigen promoter-regulated reporter gene was
also inhibited. Similar effects were
observed in PC-3 cells after transfection with a wild-type androgen receptor
expression plasmid. 3,3'-Diindolylmethane inhibited androgen-induced
translocation of the androgen receptor
to the nucleus and strongly inhibited
dihydrotestosterone binding to the
receptor. 33 -Diindolylm ethane 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 bifunctional 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 sensitize 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). Indole3-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(indolylmethyindole 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-glycoprotein in vivo in response to doxorubicin 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 estradiolinduced genes were down-regulated
by the Ah receptor agonist 3,3'-diindoly1methane 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 ribosomal 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-3carbinol 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 coding for bZIF transcription factors, proteins 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 upregulation of mRNA and protein levels,
and both compounds suppressed
expression of HPV oncogenes by
down-regulating transcription from the
viral upstream regulatory region, probably 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'-diindolylmethane (24 h) by more than twofold,
677 genes were down-regulated and
61 were up-regulated. With indole-3carbinol, 685 were down-regulated
and 42 up-regulated. Both compounds
up-regulated CYP1A1, GST thetal
and aldo-keto reductase and downregulated EGFR, TGFf32 and fibroblast growth factor. With respect to cell
cycle inhibition, both agents inhibited
cyclin estradiol,
ATF1, mitogen
inducible gene and Bcl2, while inducing the expression of p57°. In
respect of MAPK and PI3K,/Akt signalling, 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 downregulated, while the tumour suppressor STIG was up-regulated.

Mechanisms of cancer
preventive effects
Cruciferous vegetables
The studies on humans and experimental animals and in vitro reviewed
above, as well as by Verhoeven et al.
(1997), show that cruciferous vegetables and their extracts can substantially alter the levels or activity of
enzymes involved in the metabolic
activation and detoxification of carcinogens. In most of the studies in experimental animals, the observed
alterations suggested protection
against DNA damage and carcinogenicity. These studies therefore
provide a plausible mechanism of
chemoprevention by cruciferous vegetables. Many of the effects observed in
these studies can be attributed to the
hydrolysis products of glucosinolates—isothiocyanates and indole-3carbinol and its derived compounds.
The effects have been studied in considerable detail, and the studies are
summarized below.
Isothiocyariates
There is substantial evidence that one
of the main mechanism by which isothiocyanates prevent cancer in animals
treated with nitrosamines is by inhibiting cytochrome P450 enzymes that
metabolically activate these carcinogens 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 NNKinduced 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 formation 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 phenethylITO to inhibit metabolic activation and
DNA adduct formation with nitrosamines is thus one of the main mechanism by which it inhibits tumour formation in rodent lung and oesophagus
(Huang at al., 1993; Morse etaL, 1993;
Wilkinson at al., 1995; Nishikawa at al.,
1997). Nevertheless, neither phenethyl-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).
induce gene
Isothiocyanates
expression through the antioxidant
response element in experimental animals (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 hoterodimer 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 drugmetabolizing enzymes including carboxyl esterase, microsomal epoxide
hydrolase, quinone reductase, aldose
reductase, aldehyde reductase, UGT
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and class alpha and class mu GSTs. In
addition, sulforaphane induced the
antioxidant proteins glutamate cysteine ligase, ferritin and GSH reductase in mouse small intestine. The
NADPH regenerating enzymes gludehydrogenase,
cose-6-phosphate
malic enzyme and 6-phosphogluconate 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 sulforaphane can protect against
benzo[a]pyrene-induced forestomach
cancer, and that this benefit is abolished in nrf2-knockout mice.
The relationship between intake of
isothiocyanates and cancer appears to
be complex, and there are individual
differences in response to isothiocyanates, which depend on genetic
biotransformation
variations
in
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 isothiocyanates, individuals who are GST-null
might metabolize these chemoprotectants more slowly, thus experiencing a
greater protective effect than GST-nonnull individuals with similar intake.
More experimental evidence, however,
is required to substantiate this hypothesis.
Isothiocyanates can inhibit cell
growth and induce apoptosis (see
below). These effects occur at concentrations 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 activation 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]carbazole (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 receptor, including microsomal epoxide
hydrolase, quinone reductase, aldehyde 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 metabolism, so that less NNK reaches the
lung and, correspondingly, fewer promutagenic 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 consumed indole-3-carbinol or were
exposed to indole-3-carbinol and its
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analogues by eating cruciferous vegetables 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 conjugates, 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 activation and detoxification appears to be
one of the main mechanisms by which
indo!e-3-carbinol inhibits aberrant
crypt formation by heterocyclic aromatic 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 formation of DNA adducts with aflatoxin 81 in
trout and rat liver. Dose-response relationships for inhibition of DNA adduct
formation and inhibition of hepatocarcinogenicity 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 activity, 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 carcinogen 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-hydroxyestrone in favour of an increase in 2hydroxylation (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 receptorresponsive 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 decreases, 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 membrane, 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 expression 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 evidence and only partial agreement with
this hypothesis, one in the case of premenopausal women and the other for
postmenopausal women. Moreover,
there is some concern that indole-3carbinol and other indoles might
induce another catechol-forming pathway, the 4-hydroxylation of estrone and
estradiol, which occurs concomitantly
with 2-hydroxylation. This appears to be
due to acid condensation products of,
as
such
e.g.
indole-3-carbinol,
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 particular, there is concern that catechol estrogens can affect the redox cycle, with
generation of estrogen receptor-dependent 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-3carbinol 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
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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 proliferating cell nuclear antigen in cervical 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 adenocarcinoma model (Zhang & MalejkaGiganti, 2003). In rats fed indole-3carbinol, inhibition of ornithine decarboxylase and tyrosine kinase activity
was observed in the liver (Manson et
al., 1998).
After treatment with indole-3carbinol, mechanisms that could
contribute to growth arrest include inhibition of ornithine decarboxylase activity, decreased epidermal growth factor
receptor (EGFR) and Rb phosphorylation, 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
3,3-diindolylmethane.
action
of
Potential mechanisms include upregulation 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[3,2b]carbazole, inhibition of estrogen
receptor signalling would favour
chemoprevention.

Studies in vitro provide some suggestion that indole-3-carbinol has antiangiogenic effects, as induction of Ecadherin and catenins was observed
(Meng et al., 2000a).
A number of the molecular mechanisms likely to contribute to the chemopreventive effects of indole-3-carbi nol
in estrogen receptor-negative breast
cancer were reviewed by Rahman and
Sarkar (2002). Both estrogen receptordependent and -independent mechanisms were considered, including
modulation of the ratio of 2-:16ahydroxyestrone in vivo, inhibition of
estrogen receptor-negative cell growth
and induction of apoptosis, inhibition of
AktIPKB phosphorylation, up-regulation 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-3carbinol inhibited phosphorylation of
Akt/PKB without affecting the total
amount of the protein.
When assessing the relevance of
possible chemopreventive mechanisms 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 approaching those achievable in vivo, much
higher doses were used in some of the
more detailed studies. Two encouraging aspects are that a number of studies 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-3carb in 01.

