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Dietetic professionals urge Americans to increase fruit and
vegetable intakes. The American Institute of Cancer Re-
search estimates that if the only dietary change made was to
increase the daily intake of fruits and vegetables to 5 serv-
ings per day, cancer rates could decline by as much as 20%.
Among the reasons cited for this health benefit are that
fruits and vegetables are excellent sources of fiber, vitamins,
and minerals. They also contain nonnutritive components
that may provide substantial health benefits beyond basic
nutrition. Examples of the latter are the glucosinolate hydro-
lysis products, sulforaphane, and indole-3-carbinol. Epide-
miological studies provide evidence that the consumption of
cruciferous vegetables protects against cancer more effec-
tively than the total intake of fruits and vegetables. This re-
view describes the anticarcinogenic bioactivities of
glucosinolate hydrolysis products, the mineral selenium de-
rived from crucifers, and the mechanisms by which they pro-
tect against cancer. These mechanisms include altered
estrogen metabolism, protection against reactive oxygen
species, altered detoxification by induction of phase II en-
zymes, decreased carcinogen activation by inhibition of
phase I enzymes, and slowed tumor growth and induction of
apoptosis.
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Cancer is the second-leading cause of death in the
United States, and the American Cancer Society esti-
mates that one third of all cancer deaths are related to
dietary factors.’ Lack of anticarcinogenic compounds
in our diet (eg, tocopherols, ascorbic acid, selenium,
polyphenolics, and isothiocyanates) may contribute
more to our risk of developing cancer than the pres-
ence of dietary carcinogenic compounds (eg,
heterocyclic amines and aflatoxin). This hypothesis is
supported by studies reporting a reduction in cancer
risk with increased intake of fruits and vegetables.”
The primary cancer protective benefit of such a
dietary change may not be associated with decreased
DOL: 10.1177/1534735403261831
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fat or increased fiber intake as much as it is with the
increased intake of nonnutritive dietary components
such as lycopene, isothiocyanates, and isoflavones.

Cancer Prevention by

Crucifer-Rich Diets

Many studies report a strong inverse relationship
between the intake of crucifers and the risk for many
cancers.”” This association has been found to be stron-
ger than the association between cancer risk and fruit
and vegetable intake in general.® Epidemiologic stud-
ies have demonstrated inverse associations between
crucifer intake and the incidence of lung, pancreas,
bladder, prostate, thyroid, skin, stomach, and colon
cancer.” Prospective dietary assessment of 628 men
diagnosed with prostate cancer found that increasing
crucifer intake from 1 to 3 or more servings per week
resulted in a 41% decreased apparent risk.” A 10-year
cohort study of 47,909 men reported that increased
crucifer intake, but not fruits and other vegetables,
was associated with decreased risk for bladder cancer
(relative risk = 0.49, 95% confidence interval = 0.32-
0.75, P = .008).° Verhoeven and coworkers reviewed
the results of 7 cohort studies and 87 case control stud-
ies and reported that 67% of the case control studies
found inverse associations between total crucifer
intake and cancer risk.’ Inverse associations between
cancer risk and intakes of cabbage, broccoli, cauli-
flower, or brussels sprouts were noted in 70%, 56%,
67%, and 29% of the control studies, respectively. The
cohort studies showed inverse associations between
intakes of cabbage, cauliflower, or broccoli and risks
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Figure 1 Bioactivation of glucosinolates. Hydrolysis of

glucosinolates by the endogenous enzyme myrosinase,
to form glucosinolate hydrolysis products: nitriles,
isothiocyanates, and thiocyanates.

for lung cancer; between total crucifer intake and risk
for stomach cancer; and between broccoli intake and
risk for all cancers. As a result of many studies showing
inverse associations between dietary intake of cruci-
fers and cancer, the National Research Council, Com-
mittee on Diet, Nutrition and Cancer specifically
recommended in 1982 that Americans increase con-
sumption of cruciferous vegetables.”

Crucifers contain a group of secondary metabolites
called glucosinolates (GS),’ as well as numerous other
bioactive compounds, that play a role in cancer pro-
tection. The plant family Cruciferae (also called the
mustard family or Brassicaceae) includes broccoli,
parsnip, brussels sprouts, Chinese cabbage, radish,
horseradish, wasabi, white mustard, watercress, and
cauliflower. Crucifers also contain many other
bioactive components including flavonoids such as
quercetin,” minerals such as selenium (Se)," S-methyl
cysteine sulfoxide, and 1,2-dithiole-3-.thione."” This
communication summarizes research conducted on
bioactive hydrolysis products of GS and the mineral Se
and the mechanisms by which these compounds
protect against cancer.

GS and Their Bioactive

Hydrolysis Products

The chemical structures of GS are similar in all the
plants in which they are present (> 3000 crucifer spe-
cies). Their basic structure consists of a B-D-
thioglucose group, a sulfonated oxime group, and a
side chain derived from methionine, phenylalanine,
tryptophane, or branched-chain amino acids (desig-
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nated as Rin Figure 1).° The sulfate group of a GS mol-
ecule is strongly acidic, and plants accumulate GS by
sequestering them as potassium salts in plant vacu
oles.” More than 120 GS have been characterized, but
no essential role for GS in plant metabolism has been
found. The potent odor and taste of GS has resulted
in a proposed role of GS in herbivore and microbial
defense.’

Dietary Sources of GS

The source and amount of GS in human diets varies
among different countries. The primary dietary
sources in North America include vegetables of the ge-
nus Brassica such as cabbage, kale, brussels sprouts,
cauliflower, broccoli, turnip, and rutabaga.” However,
in Japan, radishes are a primary source of GS, as they
make up more than 1% of all food sold.’ Per capita
consumption of crucifers by the Japanese is ~5-fold
greater than that of Americans.”"

GS Profile of Crucifers

The chemical form and total amount of GS differ
more than 10-fold within and between crucifer spe-
cies. Glucobrassicin and glucoraphanin are generally
found in high concentrations in broccoli (0.1-2.8 and
0.8-21.7 mmol/g DW, respectively) and constitute as
much as 95% of the total amount of GS." In contrast,
brussels sprouts, cabbage, and cauliflower contain lit-
tle or no glucoraphanin. Crucifers, other than broc-
coli, generally contain high concentrations of
sinigrin. Gluconasturtiin is abundant in Chinese cab-
bage, radishes, and watercress.’

GS concentrations also vary between plant tissues
and are affected by environmental conditions.” Seeds
often contain several-fold greater GS concentrations
than the edible portions of the plant.” Environmental
factors that affect GS accumulation include cultiva-
tion, climate, and soil conditions (eg, soils rich in sul-
fate produce plants with increased concentrations of
GS)." Indolyl GS, such as glucobrassicin, are affected
primarily by environmental conditions, whereas
aliphatic GS, such as glucoraphanin, are primarily
under genetic control."

Hydrolysis of GS to Bioactive Products

GS are notbioactive in the animal that consumes them
until they have been enzymatically hydrolyzed."” This
occurs when endogenous myrosinase is released dur-
ing the disruption of the plant cell by harvesting, pro-
cessing, or mastication (Figure 1). Hydrolysis
produces nitriles, isothiocyanates, and thiocyanates
(Table 1), some of which are known to be bioactive.
Hydrolysis of glucoraphanin results in sulforaphane
(SF) and sulforaphane nitrile (SFN), hydrolysis of
sinigrin results in allyl isothiocyanate (AITC),
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gluconasturtiin produces phenethyl isothiocyanate
(PEITC), and glucobrassicin produces indole-3-
carbinol (I3C).

The relative proportion of GS hydrolysis products
depends on many factors including the plant species
and cultivar, the site of hydrolysis (eg, inside the plant
orin the gut), the tissue, the presence of cofactors (eg,
vitamin C), and the environmental conditions (eg,
temperature, pH, moisture). The specific activity of
myrosinase varies between plant species®"; broccoli
converts 80% to 90% of glucoraphanin to SFN and
10% to 20% to SE,” but daikon myrosinase converts
almost all glucoraphanin to SE." Rabot and coworkers
discovered that the gut microflora has the capacity to
hydrolyze GS," thus accounting for the bioactivity of
GS from cooked crucifers.? Therefore, the total
amount of bioactive GS hydrolysis products in a meal
depends on the specific crucifer used, food prepara-
tion conditions, and the composition of the host gut
microflora.

Mechanisms of Cancer Protection

by Isothiocyanates

In vitro and in vivo isothiocyanates are potent
anticarcinogenic compounds.” The most studied
bioactive isothiocyanates are SF, PEITC, AITC, and
I3C,** but many other isothiocyanates present in
lower quantities may contribute to the anticarcino-
genic properties of crucifers.

Detoxification
The anticarcinogenic properties of isothiocyanates
have been attributed to their ability to alter detoxifica-
tion pathways,”* leading to decreased activation of
procarcinogens and increased excretion of carcino-
gens. Some isothiocyanates appear to increase both
phase I and phase II enzymes; that is, they act as
bifunctional inducers that activate both the antioxi-
dant response element (ARE) and the xenobiotic re-
sponse element (XRE) in the gene promotor region.
Other isothiocyanates may upregulate only phase II
enzymes, thus functioning as monofunctional induc-
ers through the ARE. Some researchers believe that
phase II detoxification pathways are not rate limiting
and therefore cannot play a role in blocking
carcinogenesis.” This may be true for low levels of car-
cinogens, but at higher levels, the phase II enzymes
probably do become rate limiting.* This hypothesis is
supported by the observation that drugs such as
acetaminophen are activated more rapidly than they
are conjugated, resulting in an accumulation of toxic
reactive intermediates.”

There is in vitro and in vivo evidence that dietary
isothiocyanates regulate phase I and II enzyme activi-
ties. Isothiocyanates such as PEITC and SF inhibit
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Table 1. Major Glucosinolates and Their Hydrolysis Prod-
ucts in Cruciferous Vegetables
Natural
Glucosinolate  Abundance Isothiocyanate Nitrile
Glucoraphanin  Broccoli Sulforaphane Sulforaphane
nitrile
Gluconasturtiin  Chinese cab-  Phenethyl
bage, rad- isothiocyanate
ishes, and
watercress
Sinigrin Brussels Allyl
sprouts, cab-  isothiocyanate
bage, and
cauliflower
Glucobrassicin  All crucifers Indole-3-carbinol
Progoitrin Crambe (ol Crambene
seed)

phase I enzyme isozymes, including cytochrome P450
1A1,2B1/2,3A4, and 2E1 in cell culture.*** In cell cul-
ture and animals, SF increases the activity of phase II
enzymes such as quinone reductase (QR) and
glutathione-S-transferases (GST).*"*** Preliminary
QR activity data using rodents suggest that SF present
in whole broccoli is more beneficial than purified SE.*
In rodents, PEITC increases hepatic glutathione
(GSH) concentrations, QR, and GST activity.” Rats
given the parent compound of AITC (24 mg/d) for 11
days had significantly increased total GST activity,”
and brussels sprouts high in the parent GS of AITC
increased hepatic and intestinal GST.* I3C is a unique
isothiocyanate because it can increase phase I
isozymes including cytochrome P450 1A,” increase
phase II enzymes, and act as a phytoestrogen.” The in
vitro and in vivo findings with isothiocyanates are sup-
ported by human studies; daily intake of 300 g brussels
sprouts®® or 300 g red cabbage™ induced plasma GST,
and daily intake of 500 g broccoli induced blood
cytochrome P450 enzymes involved in 2-hydoxylation
of estrogen.”

Protection Against Oxidative Stress

Oxidative stress resulting from excessive exposure to
environmental pollutants, ultraviolet light, or ionizing
radiation may overwhelm the body’s antioxidant sys-
tem and resultin oxidative damage to proteins and nu-
clear acids. This may lead to initiation of cancer and
other degenerative diseases. Extracts of crucifers have
direct free radical-scavenging properties ex vivo,” but
the directantioxidant properties do not correlate with
GS content, suggesting that GS play a minor role in
direct oxidant protection.

Tumor Growth Inhibition and Apoptosis

Isothiocyanates may slow proliferation and increase
apoptosis of cancer cells, resulting in a retardation of
tumor growth. I3C arrests human breast cancer cells*
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and prostate cancer cells” in the Gl-phase of the cell
cycle. Cell cycle arrestis accompanied by abolished ex-
pression of cyclin-dependent kinase-6 and increased
apoptosis.” Sulforaphane arrests human colon cancer
cellsin G2/M-phase and increases expression of cyclin
A and B, bax, and cell death by apoptosis.*

Altered Estrogen Metabolism

I3C may lower the risk of hormone-dependent can-
cers by altering estrogen metabolism. Plant estrogen
agonists (phytoestrogens) lower the growth-promot-
ing activities of estrogens by increasing 2-hydroxy-
lation of estrogen. Hydroxylation on the 2-position
lowers the concentration of 16-hydroxylation estro-
gen products, which are stronger estrogen receptor
agonists.” In vitro, I3C inhibits estradiol-induced cell
proliferation in estrogen-dependent cells.” Intake of
300 mg I3C/day increased the 2/16-alpha-hydroxy-
estrone ratio in women at risk for breast cancer.” 13C
was given to women with cervical intraepithelial neo-
plasia (CIN) (a risk factor for uterine cervix cancer).
After 12 weeks, more than 40% of the women taking
200 mg or 400 mg I3C/day experienced complete re-
gression of CIN, but no women in the placebo group
showed regression.” In addition, women taking 13C
had a dose-dependent increase in 2/16 alpha-
hydroxyestrone ratio. Oral I3C provided to patients
with recurrent respiratory papilloma resulted in re-
duced or cessation of papilloma growth in 66% of the
subjects.* These results suggest that intake of I3C and
crucifers rich in I3C may protect against hormone-
dependent cancers.

Mechanisms of Cancer

Protection by Nitriles

Relative little research has been conducted with GS-
derived nitriles, perhaps because only a few bioactive
nitriles have been discovered. The nitrile crambene is
a hydrolysis product of progoitrin and is abundant in
brussels sprouts, cabbage, and crambe (an oil seed),
and SFN is a hydrolysis product of glucoraphanin.

Detoxification

Nitriles may increase phase II detoxification enzymes
in vitro and in vivo. Rats given crambene had signifi-
cantly increased QR, GST, and GSH.* The amount of
crambene needed to induce hepatic QR activity in rats
was similar to that reported for SF,* butin cell culture,
crambene was only 1% as effective as SF.*’
Sulforaphane nitrile bioactivity was similar to
crambene in cell culture, but SFN (1 mmol/kg rat)
did not increase phase II enzyme activities in rats."
This suggests that some nitriles may play a role in the
ability of crucifers to protect against carcinogenesis.

8

Tumor Growth Inhibition

Nitriles also may prevent tumor growth. Crambene in-
duced cell cycle arrest without affecting cell viability
(95%) in the G,/M phase in mouse Hepa 1c1c7 cells,
rat H4IIEC3 cells, and human HepG2 cells.” The
mechanism of cell cycle arrest is not clear, but
crambene arrested the cells in the same phase as cells
treated with SF.*

Selenium and Cancer Protection

Human and animal studies have demonstrated that
the micronutrient selenium (Se) protects against sev-
eral common cancers. Compared to placebo controls,
supplementation of humans with 200 ug Se/day as Se-
enriched-yeast reduced overall cancer mortality by
41%, prostate cancer by 52%, lung cancer by 26%, and
colorectal cancer by 54%." The specific bioactivity of
Se depends on its chemical form, and some studies
suggest that methylated seleno compounds (eg, Se
methyl selenocysteine) may be especially cancer pre-
ventive.” The specific mechanism by which Se inhibits
cancer is unclear. Potential mechanisms may include
pathways mediated through selenoproteins, altered
detoxification enzyme activities, antioxidant protec-
tion, cell cycle arrest, apoptosis, and production of
specific Se metabolites.”!

Selenium Content of Plants

Vegetables, including crucifers, typically contain low
amounts of Se (0.1-0.3 ug Se/g DW). However, certain
plants, when grown on soils with high Se content, have
the unique ability to accumulate concentrations of Se
many orders of magnitude above normal. For exam-
ple, broccoli or canola plants grown on the west side of
the central valley of California may contain up to 7 ug
Se/g DW,” and when grown under experimental con-
ditions, they may contain more than 950 ug Se/g DW.”
Other crucifers that accumulate Se include radish,
brussels sprouts, Indian mustard, and cabbage™* (Ta-
ble 2). Noncrucifer Se-accumulator plants include
garlic, onion, ramps, and milk vetch (Astragalus spp,
Fabaceae), and these plants may accumulate up to
3000 ug Se/g DW.”>"

Selenium is taken up and metabolized by plants
similar to sulfur; the preferred chemical form is
selenate. Selenate is metabolized by the sulfur assimi-
lation pathway to adenosine 5-phosphoselenate
(APSe)™ (Figure 2); this enzymatic step is probably
rate limiting. Activated selenate is reduced to selenite
and selenide before being incorporated into
selenocysteine (SeCys) by cysteine synthase.”
Selenocysteine can be converted to other seleno
amino acids, incorporated into selenoproteins, or
methylated and sequestered in vacuoles.™
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Table 2. Highest Selenium Concentrations (ug/g DW) Mea-
sured in Accumulator Plants When Grown in High
Selenium Areas or Under High Selenium Experi-

mental Conditions

Selenium
Selenium Accumulator Plant (Lg/g DW) Reference
Cruciferous vegetables
Indian mustard
(Brassica juncea) 140-1000 54,57,67,68
Ethiopian mustard
(Brassica carinata) 40-1000 54
Brussels sprouts
(Brassica oleracea) 34 69
Radish (Raphanus sativum)  1400-2000 56
Canola (Brassica napus) 3-7° 52,68
Broccoli (Brassica oleracea) 150-950 11,53,61,63,70
3-5° 52
Other plants
Milk vetch (Astragalus
praleongus or 1660-3180° 71
A. bisulcatus) 520 57
Garlic (Allium sativum) 70-1350 49,55,57,70,72,73
Onion (Allium cepa) 100-140 55,57,70
Ramp (Allium tricoccum) 50-520 57

a. Naturally grown in high selenium area of California.
b. Naturally grown in high selenium area of South Dakota.

Accumulator plants convert the majority of Se into
analogues of sulfur amino acids® and methylated
seleno amino acids.”” Methylation is catalyzed by
methyl transferases that transfer methyl groups from
S-adenosyl methionine to the seleno amino acid (Fig-
ure 2). Common methylated seleno compounds
include Se-methyl selenocysteine (SeMSC), Se-methyl
selenocysteine selenoxide, Se-methyl methionine,
methyl selenol, dimethyl selenide, and trimethyl
selenonium.” Some laboratories have reported that
SeMSC may account for more than half of the Se in
high-Se garlic and broccoli.***

Dietary Se may be utilized to synthesize essential
selenoproteins, incorporated randomly as
selenomethionine (SeMet) into proteins or excreted
(Figure 3). Beta-lyases may catalyze the conversion of
SeMSC and SeCys to hydrogen selenide. Hydrogen
selenide may be sequentially methylated to mono-, di-,
and trimethylated metabolites that are ultimately
excreted in the human urine and/or breath.

Accumulation of Se in broccoli enhances the
anticarcinogenic potential of broccoli in the chemi-
cally induced rat aberrant crypt model. Rats fed 2 mg
Se/kg diet as high-Se broccoli had 60% fewer aberrant
crypts (preneoplastic markers of colon cancer) com-
pared to rats fed selenite or broccoli without Se.” High
Se broccoli also reduced total intestinal tumor burden
in astrain of mice with spontaneous intestinal tumors™
and mammary tumors in DMBA-treated mice.” High-
Se broccoli was less effective in restoring Se tissue
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concentrations and glutathione peroxidase activities
in Se-depleted rats as compared to selenite, selenate,
or selenomethionine.” This supports the hypothesis
that high-Se broccoli contains forms of Se that are not
utilized for selenoprotein synthesis to the same extent
as other dietary seleno compounds.” Development of
varieties of broccoli that spontaneously accumulate Se
under normal soil conditions may enhance its cancer
protective ability.

Mechanisms of Cancer Protection

by Se-Enriched Crucifers

Although the mechanism of the cancer protective ef-
fects of Se-enriched crucifers is unknown, studies with
pure SeMSC may give some insight. In rodents,
SeMSC was more effective than selenomethionine,
selenite, and selenocysteine in suppressing DMBA-
induced mammary tumorigenesis.”* The addition of
arsenic, which inhibits the methylation of Se com-
pounds, decreases the cancer protection of SeMSC.”
These data suggest that the cancer protective effect of
Se may be related to production of methylated seleno
compounds, especially methylselenol.” The specific
biological action of methylated seleno compounds is
still unknown.

Isothiocyanates in crucifers may upregulate the
selenoprotein thioredoxin reductase (TR). It is well
known that Se is essential for the activity of TR, a
selenoprotein that reduces thioredoxin and may thus
regulate cell growth by providing reducing power for
p53 and redox cycling of endogenous antioxidants
such as vitamin C and lipoic acid.” Recent evidence
suggests that broccoli-derived SF may upregulate TR
activity in a dose-dependent manner in rats.”
Reporter gene constructs show that TR is regulated by
SF through an ARE in the promotor region.” It is not
known if upregulation of TR is associated with the
anticarcinogenic properties of high-Se broccoli or SF.

Summary

Americans have a 30% to 50% probability of develop-
ing cancer in their lifetime, and 1 in 4 deaths in the
United States are from cancer. Furthermore, one
third of all cancer deaths are estimated to be related to
dietary factors. A diet rich in crucifers, such as brussels
sprouts and broccoli, is inversely associated with the
risk of many common cancers. Furthermore, epidemi-
ological studies have shown that crucifers provide an
even greater protection against cancer than a diet
high in a general mixture of fruits and vegetables. GS
and their hydrolysis products may be the mechanism
by which crucifers provide this protection. The con-
centration of GS in crucifers can vary more than 10-
fold depending on the species, cultivar, and environ-
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Figure 2 Proposed pathway of selenium metabolism in plants is similar to sulfate metabolism.5® Production of Se-methylselenocysteine
selenooxide has been detected only in Brassica and Raaphanous plants. Cysteine sulfoxide lyase has only been detected in
Allium and Brassica plants. SAM = S-adenosyl methionine; SAH = S-adenosyl homocysteine.
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Figure 3 Metabolic fate of the chemical forms of selenium when consumed by animals. Each form of selenium enters the metabolic path-
way at a different point and has a unique metabolic fate.
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mental conditions. The total amount of bioactive GS
hydrolysis products formed depends on food prepara-
tion as well as the site of hydrolysis. GS hydrolysis prod-
ucts, particularly isothiocyanates such as SF, PEITC,
AITC, and I3C, and perhaps nitriles such as crambene,
may act as anticarcinogens by blocking initiation of
cancer through altering phase I and phase II detoxifi-
cation enzymes. They also may arrest the cell cycle and
induce apoptosis, resulting in slowed tumor growth.
Enhancement of the Se content of broccoli further in-
creases its anticarcinogenic properties. Development
of crucifers high in both Se and GS may resultin cruci-
fers with greater cancer protective benefits than the
crucifers currently available on the American market.

References

1.

10.

11.

12.

13.

14.

15.

16.

American Cancer Society. Statistics: Cancer Facts and Figures.
Atlanta, GA: American Cancer Society; 2002.

Herber D, Bowerman S. Applying science to changing dietary
patterns. J Nuzr 2001;131:3078S-81S.

Verhoeven DT, Goldbohm RA, van Poppel G, et al. Epidemio-
logical studies on Brassica vegetables and cancer risk. Cancer
Epidemiol Biomarkers Prev. 1996;5:733-748.

Rijken PJ, Timmer WG, van de Kooij A], et al. Effect of vegeta-
ble and carotenoid consumption on aberrant crypt multiplic-
ity, a surrogate end-point marker for colorectal cancer in
azoxymethane-induced rats. Carcinogenesis. 1999;20:2267-
2272,

Wattenberg LW, Sachafer HW, Water L], et al. Inhibition of
mammary tumor formation by broccoli and cabbage. Proc Am
Assoc Cancer Res. 1989;30:181-188.

Michaud DS, Spiegelman D, Clinton SK, et al. Fruitand vegeta-
ble intake and incidence of bladder cancer in a male prospec-
tive cohort. J Natl Cancer Inst. 1999;91:605-613.

Cohen JH, Kristal AR, Stanford JL. Fruit and vegetable intakes
and prostate cancer risk. [ Natl Cancer Inst. 2000;92:61-68.
National Research Council. Diet, Nutrition and Cancer. Washing-
ton, DC: National Academy Press; 1982.

Fenwick GR, Heaney RK, Mullin WJ. Glucosinolates and their
breakdown products in food and food plants. Crit Rev Food Sci
Nutr. 1983;18:123-201.

Williamson G, Plumb GW, Uda Y, et al. Dietary quercetin
glycosides: antioxidant activity and induction of the
anticarcinogenic phase II marker enzyme quinone reductase
in Hepalclc7 cells. Carcinogenesis. 1996;17:2385-2387.

Finley JW, Davis CD, Feng Y. Selenium from high selenium
broccoli protects rats from colon cancer. / Nutr. 2000;130:2384-
2389.

Jeffery EH, Jarrell V. Cruciferous vegetables and cancer pre-
vention. In: Wildman REC, ed. Handbook of Nutraceuticals and
Functional Foods. Boca Raton, FL: CRC Press; 2001:169-191.
United States Department of Agriculture. Per Capita Consump-
tion. Washington, DC: United States Department of Agricul-
ture/Economic Research Service; 2002.

Kushad MM, Brown AF, Kurilich AC, et al. Variation of
glucosinolates in vegetable crops of Brassica oleracea. | Agric Food
Chem. 1999;47:1541-1548.

Josefsson E. Distribution of thioglucosides in different parts of
Brassica plants. Phytochemistry. 1967;6:1617-1627.

Brown AF, Yousef GG, Jeffery EH, et al. Glucosinolate profiles
in broccoli (Brassica oleracea): stability over environments and
implications for cancer chemoprotection [abstract]. Hort Sci.
2001;36:453.

INTEGRATIVE CANCER THERAPIES 3(1); 2004

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

33.

34.

Rabot S, Nugon-Baudon L, Szylit O. Alterations of the hepatic
xenobiotic-metabolizing enzymes by a glucosinolate-rich diet
in germ-free rats: influence of a pre-induction with phenobar-
bital. Br ] Nutr. 1993;70:347-354.

Matusheski NV, Wallig MA, Juvik JA, et al. Preparative HPLC
method for the purification of sulforaphane and sulforaphane
nitrile from Brassica oleracea. | Agric Food Chem. 2001;49:1867-
1872.

Zhang Y, Talalay P, Cho CG, et al. A major inducer of
anticarcinogenic protective enzymes from broccoli: isolation
and elucidation of structure. Proc Natl Acad Sci U S A.
1992;89:2399-2403.

Bogaards JJ, Verhagen H, Willems MI, et al. Consumption of
brussels sprouts results in elevated alpha-class glutathione s-
transferase levels in human blood plasma. Carcinogenesis.
1994;15:1073-1075.

Zhang Y, Talalay P. Mechanism of differential potencies of
isothiocyanates as inducers of anticarcinogenic phase 2
enzymes. Cancer Res. 1998;58:4632-4639.

Hecht SS. Chemoprevention of cancer by isothiocyanates,
modifiers of carcinogen metabolism. J Nut: 1999;129:768S-
7748S.

Telang NT, Katdare M, Bradlow HL, et al. Inhibition of prolif-
eration and modulation of estradiol metabolism: novel mecha-
nisms for breast cancer prevention by the phytochemical
indole-3-carbinol. Proc Soc Exp Biol Med. 1997;216:246-252.
Yueh MF, Nguyen N, Famourzadeh M, et al. The contribution
of udp-glucuronosyltransferase 1a9 on CyplA2-mediated
genotoxicity by aromatic and heterocyclic amines.
Carcinogenesis. 2001;22:943-950.

Tonge RP, Kelly EJ, Bruschi SA, et al. Role of CyplAZ2 in the
hepatotoxicity of acetaminophen: investigations using
CyplA2 null mice. Toxicol Appl Pharmacol. 1998;153:102-108.
Rose P, Faulkner K, Williamson G, etal. 7-methylsulfinylheptyl
and 8-methylsulfinyloctyl isothiocyanates from watercress are
potent inducers of phase II enzymes. Carcinogenesis.
2000;21:1983-1988.

Maheo K, Morel F, Langouet S, etal. Inhibition of cytochromes
P-450 and induction of glutathione s-transferases by
sulforaphane in primary human and rat hepatocytes. Cancer
Res. 1997;57:3649-3652.

Chung FL, Conaway CC, Rao CV, et al. Chemoprevention of
colonic aberrant crypt foci in Fischer rats by sulforaphane and
phenethyl isothiocyanate. Carcinogenesis. 2000;21:2287-2291.
Fahey JW, Zhang Y, Talalay P. Broccoli sprouts: an exception-
ally rich source of inducers of enzymes that protect against
chemical carcinogens. Proc Natl Acad Sci U S A. 1997;94:10367-
10372.

Hintze K], Keck A-S, Finley JW, et al. Induction of hepatic
thioredoxin reductase activity by sulforaphane, both in
Hepalclc7 cells and in male Fisher 344 rats. | Nutr Biochem.
2003;14:173-179.

Guo 7, Smith TJ, Wang E, et al. Effects of phenethyl
isothiocyanate, a carcinogenesis inhibitor, on xenobiotic-
metabolizing enzymes and nitrosamine metabolism in rats.
Carcinogenesis. 1992;13:2205-2210.

Manson MM, Ball HW, Barrett MC, et al. Mechanism of action
of dietary chemoprotective agents in rat liver: induction of
phase I and II drug metabolizing enzymes and aflatoxin B1
metabolism. Carcinogenesis. 1997;18:1729-1738.

Bogaards JJP, van Ommen B, Falke HE, et al. Glutathione S-
transferase subunit induction patterns of brussels sprouts, allyl
isothiocyanate and goitrin in rat liver and small intestinal
mucosa: a new approach for the identification of inducing
xenobiotics. Food Chem Toxicol. 1990;28:81-88.

Bonnesen C, Eggleston IM, Hayes JD. Dietary indoles and
isothiocyanates that are generated from cruciferous vegetables

11



35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

53.

12

Keck, Finley

can both stimulate apoptosis and confer protection against
DNA damage in human colon cell lines. Cancer Res.
2001;61:6120-6130.

Michnovicz ], Adlercreutz H, Bradlow HL. Changes in levels
of urinary estrogen metabolites after oral indole-3-carbinol
treatment in humans. J Natl Cancer Inst. 1997;89:718-723.
Steinkellner H, Rabot S, Freywald C, et al. Effects of
cruciferous vegetables and their constituents on drug metabo-
lizing enzymes involved in bioactivation of DNA-reactive
dietary carcinogens. Mutation Res. 2001;480-481:285-297.

Kall MA, Vang O, Clausen J. Effects of dietary broccoli on
human in vivo drug metabolizing enzymes: evaluation of caf-
feine, oestrone and chlorzoxazone metabolism. Carcinogenesis.
1996;17:793-799.

Plumb GW, Lambert N, Chambers SJ, et al. Are whole extracts
and purified glucosinolates from cruciferous vegetables anti-
oxidants? Free Radic Res. 1996;25:75-86.

Chinni SR, Li Y, Upadhyay S, et al. Indole-3-carbinol (i3c)
induced cell growth inhibition, g1 cell cycle arrestand apoptosis
in prostate cancer cells. Oncogene. 2001;20:2927-2936.
Gamet-Payrastre L, Li P, Lumeau S, et al. Sulforaphane, a natu-
rally occurring isothiocyanate, induces cell cycle arrest and
apoptosis in Ht29 human colon cancer cells. Cancer Res.
2000;60:1426-1433.

Ashok BT, ChenY, Liu X, et al. Abrogation of estrogen-medi-
ated cellular and biochemical effects by indole-3-carbinol. Nutr
Cancer. 2001;41:180-187.

Wong GY, Bradlow L, Sepkovic D, et al. Dose-ranging study of
indole-3-carbinol for breast cancer prevention. J Cell Biochem
Suppl. 1997;28-29:111-116.

Bell MC, Crowley-Nowick P, Bradlow HL, et al. Placebo-
controlled trial of indole-3-carbinol in the treatment of CIN.
Gynecol Oncol. 2000;78:123-129.

Rosen CA, Woodson GE, Thompson JW, et al. Preliminary
results of the use of indole-3-carbinol for recurrent respiratory
papillomatosis. Otolaryngol Head Neck Surg. 1998;118:810-815.
Wallig MA, Kingston S, Staack R, et al. Induction of rat pancre-
atic glutathione s-transferase and quinone reductase activities
by a mixture of glucosinolate breakdown derivatives found in
Brussels sprouts. Food Chem Toxicol. 1998;36:365-373.
Matusheski NV, Jeffery EH. Comparison of the bioactivity of
two glucoraphanin hydrolysis products found in broccoli,
sulforaphane and sulforaphane nitrile. | Agric Food Chem.
2001;49:5743-5749.

Keck AS, Staack R, Jeffery EH. The cruciferous nitrile
crambene has bioactivity similar to sulforaphane when admin-
istered to Fischer 344 rats but is far less potent in cell culture.
Nutr Cancer. 2002;42:233-240.

Duffield AJ, Reid ME, Turnbull BW, et al. Baseline characteris-
ticsand the effect of selenium supplementation on cancerinci-
dence in a randomized clinical trial: a summary report of the
nutritional prevention of cancer trial. Cancer Epidemiol
Biomarkers Prev. 2002;11:630-639.

Ip G, Birringer M, Block E, et al. Chemical speciation influ-
ences comparative activity of selenium-enriched garlic and
yeast in mammary cancer prevention. | Agric Food Chem.
2000;48:4452.

Combs GF Jr, Gray WP. Chemopreventive agents: selenium.
Pharmacol Ther. 1998;79:179-192.

McKenzie RC, Arthur JR, Beckett GJ. Selenium and the regula-
tion of cell signaling, growth, and survival: molecular and
mechanistic aspects. Antioxidant and Redox Signaling.
2002;4:339-351.

Banuelos GS. Irrigation of broccoli and canola with boron-and
selenium-laden effluent. J Environ Qual. 2002;31:1802-1808.
Davis CD, Zeng H, Finley JW. Selenium-enriched broccoli
decreases intestinal tumorigenesis in multiple intestinal neo-
plasia mice. J Nutr 2002;132:307-309.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Banuelos GS, Ajwa HA, Wu L, et al. Selenium-induced growth
reduction in brassica land races considered for
phytoremediation. Ecotoxicol Environ Saf. 1997;36:282-287.
Cai, X-], Block E, Uden PC, et al. Allium chemistry: identifica-
tion of selenoamino acids in ordinary and selenium-enriched
garlic, onion, and broccoli using gas chromarography with
atomic emission detection. J Agric Food Chem. 1995;43:1754-
1757.

Carvalho KM, Gallardo-Williams MT, Benson REF, et al. Effects
of selenium supplementation on four agricultural crops. |
Agric Food Chem. 2003;51:704-709.

Kotrebai M, Birringer M, Tyson JF, etal. Selenium speciation in
enriched and natural samples by HPLC-ICP-MS and HPLC-
ESI-MS with perfluorinated carboxylic acid ion-pairing agents.
Analyst. 2000;125:71-78.

Ellis DR, Salt DE. Plants, selenium and human health. Curr
Opin Plant Biol. 2003;6:273-279.

Irion CW. Growing alliums and brassicas in selenium-enriched
soils increases their anticarcinogenic potentials. Med Hypothe-
ses. 1999;53:232-235.

Davis CD, Uthus EO, Finley JW. Dietary selenium and arsenic
affect DNAS methylation in vitro in Caco-2 cells and in vivo in
rat liver and colon. J Nutz 2000;130:2903-2909.

Finley JW, Ip C, Lisk DJ, et al. Cancer-protective properties of
high-selenium broccoli. | Agric Food Chem. 2001;49:2679-2683.
Finley JW. The absorption and tissue distrubution of selenium
from high-selenium broccoli are different from selenium from
sodium selenite, sodium selenate or selenomethionine as
determined in selenium-deficient rats. | Agric Food Chem.
1998;46:3702-3707.

Finley JW, Davis CD. Selenium (se) from high-selenium broc-
coli is utilized differently than selenite, selenate and
selenomethionine, but is more effective in inhibiting colon
carcinogenesis. Biofactors. 2001;14:191-196.

Ip C, Ganther H. New concepts in selenium chemoprevention.
Cancer and Metastasis Review. 2002;21:281-289.

Ip C, Ganther HE. Relationship between chemical form of
selenium and anticarcinogenic activity. In: Wattenberg L,
Lipkin M, eds. Cancer Chemoprevention. Boca Raton, FL: CRC
Press; 1992:497-488.

Hintze KJ, Wald K, Jeffery EH, et al. Thioredoxin reductase is
transcriptionally uppregulated by electrophillic phase II
enzyme inducers. | Nutr 2003;133:2721-2727.

de Souza MP, Pickering IJ, Walla M, et al. Selenium assimila-
tion and volatilization from selenocyanate-treated Indian mus-
tard and muskgrass. Plant Physiol. 2002;128:625-633.
Banuelos GS, Vickerman DB, Trumble JT, et al. Biotransfer
possibilities of selenium from plants used in
phytoremediation. Inter | Phytoremediation. 2002;4:315-329.
Stoewsand GS, Anderson JL, Munson L, et al. Effect of dietary
brussels sprouts with increased selenium content on mammary
carcinogenesis in the rat. Cancer Lett. 1989;45:43-48.

Block E, Cai X-J, Uden PC, et al. Allium chemistry: natural
abundance of organoselenium compounds from garlic, onion
and related plants and in human garlic breath. Pure Appl Chem.
1996;68:937-944.

Finley JW, Matthys L, Shuler T, etal. Selenium content of foods
purchased in North Dakota. Proc Soc Exp Bio Med. 1996;210:270-
2717.

Ip G, Lisk DJ, Stoewsand GS. Mammary cancer prevention by
regular garlic and selenium-enriched garlic. Nutr Cancer.
1992;17:279-286.

Lu], PeiH,Ip C, etal. Effect of an aqueous extract of selenium-
enriched garlic on in vitro markers and in vivo efficacy in can-
cer prevention. Carcinogenesis. 1996;17:1903-1907.

INTEGRATIVE CANCER THERAPIES 3(1); 2004



