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Abstract: Epidemiological studies suggest that brassica vegetables are protective against cancers of the lungs
and alimentary tract. Cruciferous vegetables are the dietary source of glucosinolates, alarge group of sulfur-con-
taining glucosides. These compounds remain intact unless brought into contact with the enzyme myrosinase by
pests, food processing, or chewing. Myrosinase releases glucose and breakdown products, including isothio-
cyanates. These highly reactive compounds are potent inducers of Phase Il enzymes in vitro. | sothiocyanates
also inhibit mitosis and stimulate apoptosisin human tumor cells, in vitro and in vivo. To understand and exploit
such effectsit isimportant to determine the routes of absorption of glucosinolate breakdown products, their me-
tabolism, and delivery to systemic tissues. Glucosinolates can be gained or lost by vegetables during storage.
They may be degraded or leached during processing, or preserved by thermal inactivation of myrosinase. Glu-
cosinolates are broken down by plant myrosinase in the small intestine or by bacterial myrosinase in the colon.
| sothi ocyanates are absorbed from the small bowel and colon, and metabolites are detectable in human urine two
to three hours after consumption of brassica vegetables. Interpretation of epidemiological data and exploitation
of brassica vegetables for human health requires an understanding of glucosinolate chemistry and metabolism,

across the whole food chain, from production and processing to the consumer.
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Introduction

Doll and Peto[1] estimated from epidemiol ogical datathat
diet wasresponsiblefor approximately 35% of all cancers
in the USA and other industrialized countries, although
the uncertainty attached to this estimate was very high.
The reasons for the relationship between diet and cancer
remain poorly defined. The World Cancer Research Fund
has recently confirmed the central importance of diet asa
major determinant of many forms of cancer across the
globe, and has emphasised that the consumption of diets
richinfruitsand vegetabl esreducestherisk of many types
of cancer [2]. This discovery has led government bodies
to encourage consumption of fruits and vegetables as a
public health measure. It has also aroused the interest of
the relevant agricultural industries and focused the atten-
tion of research workers on the bi ol ogical mechanismsun-
derlying this protective effect [3].

Plant materials are usually rich sources of micronutri-
ents and dietary fiber, but they also contain an immense
variety of biologically activesecondary metabolites, many
of which provide plantswith color, flavor, and other prop-
erties. Theglucosinolatesare alarge family of sulfur-con-
taining compounds found in plant families of the order
Capparales, which includes the Brassicas, many of these
are economically important vegetables [4]. All the glu-
cosinolates possess a common fundamental structure
comprised of a3-D-thioglucosegroup, asulfonated oxime
moiety, and a variable side-chain derived from methion-
ine, tryptophan, phenylalanine, and some branched chain
amino acids[5]. The glucosinolates are themsel ves chem-
ically stableand biologically inactive. They are sequester-
ed within subcellular compartments throughout the plant,
but following tissue damage caused by pests, harvesting,
food processing, or chewing, they are brought into con-
tact with the endogenous enzyme “ myrosinase,” (thioglu-
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coside glycohydrolase EC 3.2.3.1). The immediate reac-
tion is hydrolysis of the glucosidic bond, releasing glu-
cose and an unstable intermediate that degrades sponta-
neously, forming a complex variety of breakdown prod-
ucts the nature of which depends upon the ambient con-
ditions (Fig. 1). The isothiocyanates, a group of hot and
bitter compounds commonly termed “mustard oils,” are
probably the most important and most thoroughly inves-
tigated of these products.

Thereisasignificant body of dataindicating that bras-
sicavegetabl esprotect agai nst cancer in humans. VVan Pop-
pel et al [6] conducted ameta-analysisof cohort and case-
control studies and concluded that a high consumption of
brassica vegetables is associated with a decreased risk of
carcinomas of the lung, stomach, colon, and rectum. The
protective effects of cabbages, broccoli, cauliflower, and
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Figure1: Theenzymemyrosinaseislocalizedin specialized my-
rosin cells, and probably withinthe cytoplasm of other cells. Tis-
sue disruption liberates myrosinase, which cleaves the glucose
from glucosinol ates, leaving an unstable intermediate aglycone.
This product then spontaneously rearranges by one of several
possibleroutes. The Lossen rearrangement, leading to formation
of an isothiocyanate, is the most common.

Brussels sprouts were thought most probably to be a con-
sequence of their glucosinolate content. In this review |
will consider briefly the biological effects of glucosino-
late breakdown products and their likely mechanisms of
action asanticarcinogens, and summarizethe present state
of knowledge about their absorption from foods and de-
livery to target tissues.

Biological effects of glucosinolate
breakdown products in humans

About 90% of cancersin the UK are carcinomas arising
from epithelial cells. Of these, around 80% are associated
with the surface epithelia of organs such as the bladder,
lungs, and alimentary tract. Nevertheless there are large
geographical variationsin theincidence of carcinomas of
thesetissues, indicating that in principlethey are prevent-
able. Even amongst smokers, fruits and vegetabl es appear
to play an important role as determinants of lung cancer
risk. Glucosinolates are of particular interest in this con-
text because of the impressive convergence of different
typesof evidence, indicating that they may function asnat-
ural chemopreventive components of the human diet.
From a meta-analysis of both cohort and case-control
studies, Verhoeven et al [7] concluded that consumption
of brassicavegetables provided protection against cancers
of thelung, stomach, colon, and rectum. Some of the most
impressive evidence for aplausible mechanism to explain
this relationship comes from the work of Hecht and
coworkers[8]. I sothiocyanates such as phenethyl isothio-
cyanate (PEITC), benzyl isothiocyanate (BITC), and sul-
foraphane modify the balance of Phase| and || xenobiotic
metabolizing enzymes that are expressed in liver, and in
epithelial cells including those of the colon. Phase | en-
zymes such asthe cytochrome p450 family are monooxy-
genases, which metabolize lipophilic procarcinogens, of-
ten converting themto highly carcinogenic epoxidesinthe
process [3]. Phase Il enzymes such as those in the glu-
tathione transferase (GST) family metabolize these prod-
ucts to form inactive, water-soluble conjugates that are
readily excreted in urine. Hecht and colleagues have stud-
ied the effects of PEITC on the induction of lung tumors
inarat model by 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), inconsiderabledetail. Inachronic study
with simultaneous administration of NNK and PEITC,
lung tumors were induced in 70% of the control rats giv-
en only NNK, however only 5% of rats cotreated with
PEITC developed lung tumors. In addition, there was a
marked reduction in a biomarker of NNK activation, 4-
hydroxy-1-(3-pyridyl)-1- butanone-releasing hemoglobin
adductsin rats given PEITC, and asignificant increasein
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excretion of two NNK metabolites, (4-(methylnitrosami-
no)-1-(3- pyridyl)-1-butanol and 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol glucuronide). Taken together,
these findings provide good evidence that PEITC, for
which watercress is the major source in the human diet,
has the potential to block the carcinogenic effects of to-
bacco smoke.

Onefrequently voiced criticism of such animal models
is that the concentrations of both carcinogens and anti-
carcinogens upon which they depend are often unrealisti-
cally high. In this case, however, there is evidence from
epidemiological studiesimplyingthat themodelshavereal
implications for human health. In arecent paper, London
et al [9] described the relationship between the concen-
tration of isothiocyanate metabolites in urine and subse-
quent risk of lung cancer inalarge cohort of Chinese men.
The presence of deletion polymorphisms of the GSTM1
and GSTT1 genes, which code for different members of
the GST enzyme family, were determined at the time of
urine sampling. During 10 years of follow-up there were
232 cases of lung cancer that were compared with 710
matched controls. Individuals with detectable levels of
isothiocyanate metabolitesin urinewere at areduced risk
of cancer compared to controls (RR = 0.65). However,
further analysi sshowed that the effect was observableonly
in subjects with homozygous deletion of GSTM1 or
GSTT1, and strongest in those with deletion of both
GSTM1 and GSTT1 (RR = 0.28; p < 0.01). The results
were sustained when the analysiswas restricted to present
or past smokers. These observations suggest avery com-
plex interplay between environmental factors, genotype,
and risk of cancer. The GST enzymes play amajor rolein
the detoxification of environmental mutagens, but they al-
so metabolize anticarcinogenic phytochemicals, includ-
ing the isothiocyanates. Thusloss of GSTT1 and GSTM1
might be expected to compromise an individual's ability
to metabolize and dispose of tobacco smoke carcinogens.
This assumption was borne out by the fact that individu-
als with null genotype for both GSTM1 and GSTT1 were
at considerably greater risk of lung cancer if they lacked
isothiocyanates in their urine, and therefore presumably
consumed few brassica vegetables (RR = 2.79). However
in the case of a high consumer of brassica vegetables, the
adverse effect of the reduced metabolic capacity resulting
from GST-null status was supposedly outweighed by de-
layed excretion of isothiocyanates, and prolonged expo-
sure of target cells to the anticarcinogenic effects.

The dual role of GST enzymes in the metabolism of
both carcinogens and anticarcinogens thus poses some-
thing of a paradox, and the precise nature of the anticar-
cinogenic effects of glucosinolate breakdown productsre-
mains to be established. If the blocking effect of enzyme
modulation isindeed the principal anticarcinogenic effect

of glucosinolate breakdown products in GSTM1- and
GSTT1-null individuals, then other members of the GST
family, or other xenobiotic metabolizing enzymes, must
be involved. Alternatively, entirely different mechanisms
of protection may be at work. Destruction by apoptosis of
cellscarrying potentially carcinogenic mutationsisanim-
portant mechanism for the arrest of carcinogenesis [10].
Glucosinolate breakdown products block the cell cycle
and induce apoptosis in cancer cellsin vitro [11], and in
thecolon after treatment with thecarcinogen 1,2 dimethy|-
hydrazine (DMH) in vivo [12]. The mechanismsinvolved
are not entirely clear, but are not directly related to Phase
Il enzyme activity. It is interesting to note that a protec-
tive effect of broccoli consumption against precancerous
adenomatous polyps of the colon has been observed inin-
dividuals with the GSTM1-null genotype [13]. It is not
clear yet whether isothiocyanates can induce apoptosis of
precancerous cellsin other target tissues such asthelung,
but this possibility merits further investigation.

Bioavailability of glucosinolates
and their breakdown products

The delivery of glucosinolate breakdown products to the
intestinal mucosaand other systemic tissues depends cru-
cialy uponthetiming and site of myrosinase activity dur-
ing consumption and digestion of brassicavegetables. The
activation of myrosinase occurs after physical disruption
of the plant tissue, which can occur at any stage during
harvest, processing, or food preparation. In practice, lim-
ited chopping induces only small amounts of glucosino-
late loss at the cut surfaces of vegetables, so that large
broccoali florets for example undergo only minimal losses
up to the point of cooking. If the vegetables are eaten raw,
then both active myrosinase and its substrates areingested
and the reaction can continue within the alimentary tract.
Thishasbeen confirmed in both experimental animalsand
humans. When rats were fed benzyl glucosinolate in the
presence of active myrosinase derived from Brussels
sprouts, asubstantial proportion of the administered dose
appeared asisothiocyanate excretion productsin the urine
[14]. Colonic bacteriawere ableto metabolize some of the
ingested glucosinolate but plant myrosinase appeared to
bethe dominant factor. Getahun and Chung [ 15] described
asomewhat similar experiment carried out in human sub-
jects using watercress as a source of PEITC. Volunteers
consumed 350 g (475 umol glucosinolates) of watercress
in which the myrosinase had been completely inactivated
by cooking, or 150 g (972 umol glucosinolates) of raw
watercress, which retained its myrosinase activity. In the
case of cooked watercress, the rate of conversion of glu-
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cosinolates to isothiocyanates ranged from 1.2 to 7.3%,
compared with 17.2 to 77.7% for the raw plant material.
Giventhe considerableloss of glucosinolatesthat resulted
from cooking, it is clear that the method of preparation
can make avery large difference both to the intake of glu-
cosinolates and to the bioavailability of their breakdown
products. Cooking influences both the activity of myrosi-
nase through denaturation of the enzyme, and the level of
glucosinolates in the plant tissue through thermal break-
down and leaching. Dekker et al [16] have recently de-
scribed a predictive mathematical approach to this com-
plex issue.

The bacterial microfloraof the human colon areknown
to express myrosinase activity, but their importancein the
delivery of glucosinolate breakdown productsto thecolon
and to systemic tissues remains unresolved. Significant
quantitiesof isothiocyanate metabolitesareexcretedinthe
urine of healthy human volunteers after eating brassica
vegetables, even when myrosinase has been completely
inactivated by cooking [15, 17]. However thisroute of as-
similation falls to negligible levels when the numbers of
colonic bacteria are reduced by antibiotics[17]. Rabot et
al [18] isolated a strain of Bacteroides thetaiotaomicron
(118) from human fecesthat was capabl e of degrading glu-
cosinolates. In germ-free rats inoculated either with this
bacterium alone or with an intact human microflora, con-
sumption of sinigrin led to a considerably higher excre-
tion of alyl isothiocyanate compared to germ-free ani-
mal s, and acorrespondingly lower fecal excretion of intact
sinigrin [19, 20]. Thisis clear confirmation that bacterial
myrosinase activity can deliver glucosinolate metabolites
to the gut, and accounts for the absorption and metabo-
lism of isothiocyanates from thoroughly cooked brassica
vegetables observed in human studies[15]. One might as-
sume that bacterial breakdown of sinigrinin therat colon
would be the optimal mechanism for delivery of alyl
i sothiocyanate to the crypts of the colonic mucosa, where
it appears to induce increased rates of apoptosisin cells
damaged by DMH [12]. However this is not necessarily
the case. Cooked Brussels sprouts are less effective at in-
ducing apoptosisin thismodel than either araw juice[11]
or uncooked whole sprouts (Smith and Johnson, unpub-
lished). Thissuggeststhat delivery of glucosinolate break-
down productsto the basal zones of the colonic cryptsvia
the mucosal vascular bed, after absorption from the small
intestine and passage through the liver, may be more ef-
fective than direct luminal delivery in the colon.

Summary and conclusions

As aresult of recent research by several different groups
in both Europe and North America, an outline of themain
features of glucosinolate absorption and metabolism in
humans is beginning to emerge (Fig. 2). Brassica vege-
tablesprepared for consumption contain glucosi nol ates or
their breakdown products, together with myrosinase. The
levels and proportions of these components vary in a
complex way that depends on the food production chain
fromfarmtothecookedfood[16]. Onceingested, theplant
material is disrupted by mastication and gastric motility
so that any remaining myrosinase can act on whatever
intact glucosinolates may be present. The site of absorp-
tion within the upper gastrointestinal tract is not known
with any precision, but this intraluminal “digestion” of
glucosinolatesby plant myrosi nase appearsto bethemajor
route for the delivery of isothiocyanates, and possibly
other breakdown products such as nitriles, to the circula-
tion. In the absence of myrosinase activity, some intact
glucosinolates are thought to be absorbed from the human
alimentary tract but the biological significance of this, if
any, isunknown (SRabot, personal communication). Most
of the glucosinolates will be delivered to the colonic
microflora and a sizable fraction will be broken down to
isothiocyanates, some of which are absorbed and metab-
olized, so that they become available to exert effects on
target tissues. The colonic bacteria probably also metab-
olize isothiocyanates further before absorption can occur,
but the breakdown products, their fate, and their biologi-
cal significance are poorly understood at present. Thereis
now strong evidence that both the pharmacokinetics of
isothiocyanates in individuals, and their effectiveness as
anti carcinogens, depends upon the patterns of expression
of glutathione transferases and perhaps other Phase |1
enzymes. These are determined by common genetic poly-
morphisms.

Unlike some other phytochemicals, glucosinolates are
present at relatively high concentrationsinthediet. Anin-
dividual consuming three to four portions of broccoli per
week, whichisthelevel at whichaprotectiveeffect against
adenomatous polyps has been reported [13], might easily
be consuming 300400 mg of glucosinolates. However
the level of exposure depends greatly upon the commer-
cial variety of vegetable eaten. The levels of glucosino-
lates in brassica vegetables can be manipulated by selec-
tive breeding, and their presence influences both the
palatability and the nutritional properties of these crops
[21]. Both issues need to be considered when breeding
new varietiesof vegetableandit must not beforgottenthat,
like synthetic drugs, biologicaly active secondary plant
metabolites may have adverse side effects [5]. Further
research is needed to define the biological activities of
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Figure 2: Thefigure summarizesthe fate of glucosinolatesin the human gut. The level of intact glucosinolates ingested depends up-
on the physical disruption, and hence activation of myrosinase, that the vegetable tissue has undergone during food preparation.
Cooking can destroy the activity of myrosinase, but also causes leaching into the cooking water and some thermal degradation of
glucosinolates. If the vegetables are lightly cooked or raw, significant levels of myrosinase activity remain, causing glucosinolate
degradation during digestion. The isothiocyanates released can be absorbed in the upper alimentary tract. Bacterial myrosinase also
releases isothiocyanates, and some are absorbed via this route in humans.

individual glucosinolates in greater detail, so that the
balance of benefit, risk, and consumer preference can be
properly defined.
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