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Isothiocyanates: A Chemical Class of Potential Nutraceuticals
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Abstract: Isothiocyanates comprise the most promising class of chemopreventive phytochemicals. They are encountered
at substantial amounts in cruciferous vegetables where they exist in the form of glucosinolates. Epidemiological
studies have linked consumption of isothiocyanates to low cancer incidence at a number of sites. Furthermore, laboratory
studies in animal models of cancer have established that various isothiocyanates can effectively antagonise the
carcinogenicity of chemicals. A principal mechanism of action of these chemicals is to modulate the metabolism
of chemical carcinogens so as to favour their metabolic detoxification. In this mini review we discuss the ability of
isothiocyanates to influence carcinogen-metabolising enzyme systems, such as cytochromes P450 and conjugation

systems, at dietary levels of exposure.
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INTRODUCTION

Humans are continuously and involuntarily exposed to a
vast array of structurally diverse chemicals, diet being the
main source. Although anthropogenic chemicals attract most
attention, the vast majority of chemicals to which humans
are exposed are, in fact, naturally-occurring, largely phyto-
chemicals. Such chemicals can not be exploited by the body
so as to provide benefit and assist normal physiological func-
tions, and are frequently referred to as anutrients, but can be
potentially detrimental to health. Diet is, indeed, the princi-
pal source of human exposure to carcinogenic chemicals.
Such carcinogenic compounds may be inherent to the diet,
e.g. safrole in some spices and hydrazines in edible mush-
room, or contaminants, e.g. mycotoxins, but the most impor-
tant source is the processing and, especially, cooking of
food. Cooking of highly proteinaceous food such as meat
and fish at high temperatures, such as those achieved during
frying, grilling and barbecuing results in the generation of
established carcinogenic compounds such as polycyclic
aromatic hydrocarbons and heterocyclic amines.

BIOACTIVATION AND
CHEMICAL CARCINOGENS

DETOXICATION OF

Once a chemical carcinogen gains entry into the systemic
circulation, the first response of the body is to attempt to
eliminate it by metabolically converting it to hydrophilic
metabolites that are more easily excreted, thus facilitating
its removal from the body. However, certain pathways
of metabolism can also lead to the production of genotoxic
metabolites.
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Chemical carcinogens, including polycyclic aromatic
hydrocarbons and heterocyclic amines, in their parent form
lack the necessary chemical activity that would allow them
to interact with DNA and set into motion the complex proc-
esses that eventually lead to carcinogenesis, and this consti-
tutes a toxicological paradox. The solution of this conun-
drum emerged in the early 1970s when it was demonstrated
that these un-reactive compounds can acquire chemical reac-
tivity through metabolism that takes place within the living
organism, primarily in the liver. These reactive intermediates
are electrophiles, and since they are generated intracellularly,
they can readily and irreversibly interact with DNA and
other macromolecules with adverse consequences. The proc-
ess through which inert chemicals are biotransformed to
reactive intermediates capable of causing cellular damage is
known as ‘metabolic activation’ or ‘bioactivation’, and for
these chemicals, carcinogenicity is inextricably linked to
their metabolism (Fig. 1). The generated reactive intermedi-
ates may interact directly with DNA to form adducts which,
if they escape the repair mechanisms of the cell, may give
rise to mutations. Reactive intermediates of chemicals may
also induce DNA damage indirectly through an alternative
mechanism that involves interaction with molecular oxygen
to produce highly reactive, short-lived oxygen species,
such as the hydroxyl radical. The hydroxyl radical, as well
as other reactive oxygen species, can cause DNA damage
similar to that resulting from the interaction with the reactive
intermediates.

Although a number of enzyme systems may catalyse the
bioactivation of chemical carcinogens, the most important is
cytochromes P450 [1]. The same enzyme system can also
metabolise carcinogenic compounds through alternative
pathways that lead to the formation of biologically inactive,
readily excretable metabolites. For example, the heterocyclic
amine 2-amino-3-methylimidazo-[4,5-f]quinoline (IQ) is
metabolised by cytochrome P450 through N-hydroxylation,
an activation pathway leading to the generation of the highly
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Fig. (1). Bioactivation and deactivation of chemical carcinogens: potential sites of isothiocyanate intervention.

genotoxic nitrenium ion, or through ring-hydroxylation at
the 5-position which is a deactivation pathway; this product
is conjugated with sulphate or glucuronide and excreted (Fig.
2). A principal attribute of the cytochrome P450 system is
the unprecedented broad substrate specificity it displays,
being capable of efficiently catalysing the metabolism of
chemicals varying enormously in shape and size. It achieves
this by existing as a superfamily comprising a number
of enzymes, each with different substrate specificity. This
cytochrome P450 superfamily is divided into a number of
families, which in turn are subdivided into subfamilies, each
of which may consist of one or more enzymes (isoforms).
Classification of cytochrome P450 enzymes within families
and subfamilies is carried out strictly on the basis of primary
sequence homology, with no consideration of their function
in xenobiotic metabolism. For example, CYP3A4 enzyme
denotes a cytochrome P450 protein belonging to family 3,
subfamily A and is protein 4. The families responsible for
the metabolism of xenobiotics such as chemical carcinogens
are CYP1 to CYP3. A summary of the role of each cyto-
chrome P450 subfamily plays in the metabolism of chemical
carcinogens is illustrated in Table 1.

As a defensive mechanism, both the parent carcinogens
(vide supra) as well as the reactive intermediates may be
subjected to metabolism through alternative pathways that
produce hydrophilic, biologically inactive metabolites that
can be readily excreted (Fig. 1). In this way the cell hinders
the interaction of the reactive intermediates with DNA. The
most effective protective mechanism against chemical
reactive intermediates is detoxication through conjugation
with endogenous glutathione, a nucleophilic tripeptide.
Glutathione conjugates are excreted into the urine and bile

usually following further processing to form mercapturates.
The fact that the cellular concentration of glutathione are
rather high (about 10 mM) testifies to the importance of this
reaction in the body’s defence against toxic chemicals.
Another enzyme system important in detoxication is quinone
reductase, which prevents quinones from interacting with
molecular oxygen to generate reactive oxygen species (Fig.
3). Quinones, oxidation products of phenolic metabolites of
aromatic hydrocarbons, can undergo one-electron reductions
to form the semiquinone radical, which may directly attack
DNA but can cause DNA damage also indirectly through
reactive oxygen species that are produced as a consequence
of their interaction with molecular oxygen. Quinone reduc-
tase protects against quinone-derived reactive oxygen spe-
cies by converting the quinone to the hydroquinone through
a two-electron reduction (Fig. 3).

Consequently, the levels of reactive intermediates gener-
ated depend on the competing rates of bioactivation on one
hand, and detoxication of the parent compound and reactive
intermediate(s) on the other. If the enzyme profile of an
individual favours the bioactivation pathway of a carcinogen,
then he would be vulnerable to its carcinogenicity; if,
however, the detoxication pathways predominate then he
would display resistance.

DIETARY CHEMICALS AS MODULATORS OF
CARCINOGEN METABOLISM

Clearly a feasible approach to prevent chemically-
induced carcinogenesis is to limit the amount of reactive
intermediates available for interaction with DNA. This can
be achieved by either suppressing the bioactivation of
chemicals and/or stimulating the detoxication pathways.
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Fig. (2). Cytochrome P450-mediated bioactivation and deactivation of 1Q.

Could this balance of activation/detoxication be modulated
by dietary means in such a way so as to facilitate detoxica-
tion at the expense of bioactivation? In the mid 1970s, Tapan
Basu, who is honoured in the current issue of the journal,
working at the time with John Dickerson and Dennis Parke
at the University of Surrey, used biphenyl as a model sub-
strate to establish that the metabolism of xenobiotics could
be manipulated by altering the macromolecule composition
of diets. Maintaining rats on low-protein diets for at least
two weeks led to elevated metabolism of biphenyl through 4-
hydroxylation, a detoxification process [2]. The metabolism

of the same substrate was suppressed, however, when starch
was replaced with glucose, fructose or sucrose [3]. Subse-
quent studies indicated that also in volunteers altering the
protein content impacted on the metabolism of drugs [4].
Basu then turned his attention to micronutrients, and demon-
strated that large doses of ascorbic acid impaired both the 4-
hydroxylation of biphenyl and the N-demethylation of eth-
ylmorphine in guinea pigs [5]. Thus these studies revealed
the potential of the diet to influence the metabolism of drugs
and chemical carcinogens, altering the balance of activation/
deactivation [6].
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Tablel. Rat and Human Xenobiotic-Metabolising Cytochromes P450 and Their Role in the Bioactivation of Chemical
Carcinogens
Cytochrome P450 Human Proteins Rat Proteins Role in Chemical Major Classes of Activated

Subfamily Carcinogenesis Carcinogens
CYPIA 1A1, 1A2 1A1, 1A2 Very extensive PAH, AA, HA, MC, NNK, AAB
CYPIB 1B1 1B1 Very extensive PAH, AA, HA, MC, NNK,

AAB, Oestrogens
CYP2A 2A6,2A7,2A13 2A1,2A2,2A3 Moderate NA, OP
CYP2B 2B6 2B1,2B2,2B3, 2B12, 2B15, 2B16 Moderate NA, OP
CYP2C 2C8, 2C9, 2C18, 2C19 2C6,2C7,2C11,2C12,2C13, Minor PAH
2C22,2C23,2C24

CYP2D 2D6 2D1,2D2, 2D3, 2D4, 2D5, 2D18 Poor NNK
CYP2E 2E1 2E1 Extensive NA, HH
CYP2F 2F1 2F4 Not evaluated -
CYP2G 2G1 Not evaluated -
CYP2J 2]2 Not evaluated -
CYP3A 3A4,3A5,3A7 3A1,3A2,3A9,3A18,3A23 Moderate PAH, MC, PA
CYP4A 4A9,4A11 4A1,4A2,4A3,4A8 None -
CYP4B 4B1 Minor AA

PAH, Polycyclic aromatic hydrocarbons; AA, Aromatic amines; HA, Heterocyclic amines; MC, Mycotoxins; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; AAB,

Aminoazobenzenes; OP, Oxazophosphorines; HH, Halogenated hydrocarbons; PA, Pyrrolizidine alkaloids.

Adapted from reference [1].
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Further work revealed that dietary anutrients had also
the potential to modulate carcinogen-metabolising enzymes,
both stimulating and suppressing metabolism. Such
compounds include organosulphates in garlic, indoles and
isothiocyanates in cruciferous vegetables, caffeine in coffee,

bergamottins in grapefruit juice and methylenedioxyphenyl
compounds present in common spices [7, 8]. Many of these
phytochemicals have been shown to modulate the metabo-
lism of xenobiotics, including medicinal drugs and chemical
carcinogens, even following exposure to dietary levels. In
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seminal studies that commenced in the 1970s it was demon-
strated that the feeding of volunteers with diets supple-
mented with cruciferous vegetables, such as cabbage and
Brussels sprouts, modulated the metabolism of drugs like
phenacetin and paracetamol [5, 9]. In subsequent studies,
human volunteers consuming daily 500 g of lightly cooked
broccoli for 10-12 days exhibited elevated metabolism of
caffeine, presumably by up-regulating CYP1A2, a liver-
specific cytochrome P450 enzyme that functions as the prin-
cipal catalyst of the oxidation of caffeine [10, 11].Consump-
tion of watercress (100g/day) for only a week suppressed
the metabolism of chlorzoxazone in human volunteers,
which is catalysed by CYP2E1 [12]. More recent work,
also conducted in human volunteers, has established the
potential of vegetables to also alter the metabolism of
carcinogens. Consumption of cruciferous vegetables such
as Brussels sprouts and broccoli modulated the metabolism
of the carcinogenic heterocyclic amines 2-amino-3,5-dime-
thylimidazo[4,5-f]quinoxaline (MelQx) and 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) by stimulat-
ing cytochrome P450 and glucuronosyl transferase activities
[13, 14]; the impact of such changes of metabolism on
the carcinogenic activity of these chemicals remains to be
established.

ISOTHIOCYANATES

A large number of dietary phytochemicals have been
recognised as having potential chemopreventive activity,
and in laboratory studies they could antagonise the carcino-
genicity of chemicals in animal models, explaining the low
cancer incidence associated with the chronic consumption
of diets rich in fruit and vegetable content. In worldwide
studies relating cancer incidence to vegetable consumption,
cruciferous vegetables have been closely linked to low
cancer incidence at many sites; it is becoming increasingly
evident, however, that the protective effect may depend
on the genetic make-up of the individual. The potential of
these vegetables to protect against a number of cancers at a
number of sites, including lung, oesophagus, small intestine,
colon, pancreas, liver, prostate, bladder and mammary gland
in humans, has been recognised in many epidemiological
studies conducted worldwide [15-19]. A major class of
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chemopreventive agents present in cruciferous vegetables
are the isothiocyanates; these are present in these vegetables
in the form of glucosinolates, sulphur-containing precursors,
but when the vegetables are disturbed, e.g. during harvesting,
cutting and chewing, the enzyme myrosinase (B-thioglu-
coside glucohydrolase) comes into contact with the glucosi-
nolate converting it into the corresponding isothiocyanate
(Fig. 4). Microorganisms residing in the human intestine
have also the potential to catalyse this reaction thus contrib-
uting to the release of the isothiocyanate from its parent
glucosinolate [20]. Isothiocyanates are well absorbed and
achieve very good bioavailability [21-24] Moreover, isothio-
cyanates are well tolerated and do not induce any adverse
effects [25].

The chemopreventive mechanism of action of isothiocy-
anates appears to be multifactorial, influencing all stages of
chemical carcinogenesis, including impairment of the initia-
tion stage [26, 27]. One of the most important mechanisms
of their chemopreventive activity relates to their ability to
limit the availability of the reactive intermediates of chemi-
cal carcinogens, thus protecting the DNA from their delete-
rious effect; this can be achieved by either inhibiting the
formation of reactive intermediates and/or by stimulating
their detoxication (Fig. 1).

INHIBITION OF THE CYTOCHROME P450-
MEDIATED BIOACTIVATION OF CHEMICAL
CARCINOGENS BY ISOTHIOCYANATES

In our laboratory attention focussed on three isothiocy-
anates, namely sulforaphane and the structurally related
erucin, both having an aliphatic substituent, and phenethyl
isothiocyanate (PEITC), having an aromatic substituent
(Table 2). Sulforaphane is the ‘benchmark’ isothiocyanate,
having been the most extensively studied and believed to be
the most potent anticarcinogen among those studied. Its
principal source is broccoli which is mostly consumed
cooked by boiling, and this procedure results in marked
loss of glucosinolates which leach into the cooking water,
although other cooking processes such as steaming and
microwaving have minimal effects [28]. More importantly,
cooking of vegetables denatures myrosinase, the enzyme that
converts the glucosinolates to the active isothiocyanates

R - C — S — Glucose
I

> R-N=C=S+HSO4
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08Oy
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Fig. (4). Generation of isothiocyanates from glucosinolates.

Table 2.

Extensively Studied Naturally-Occurring Isothiocyanates

Isothiocyanate Structure Parent Glucosinolate Principal Food Source
Sulforaphane CH;3SO(CH,)sN=C=S Glucoraphanin Broccoli
Erucin CH;3S(CH,),N=C=S Glucoerucin Rocket (arugula)
Phenethyl isothiocyanate C¢Hs(CH,),N=C=S Gluconasturtiin Watercress
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[29] As a result of these two effects, the bioavailability of
isothiocyanates is drastically decreased. Indeed, the bioavail-
ability of isothiocyanates from broccoli markedly decreased
after steaming [30]. In contrast, erucin and phenethyl
isothiocyanate are encountered in rocket (arugula) and
watercress respectively, both of which are usually consumed
raw so that the losses associated with cooking are avoided.

In in vitro studies employing rat and human hepatocytes
sulforaphane led to inhibition of the activity of the CYPIA,
CYP2B, CYP2E and CYP3A subfamilies [31, 32]. In in vivo
studies, however, exposure of rats to dietary doses of either
sulforaphane or erucin did not result in any changes in
CYPIA or CYP2B activities in either liver or lung [33, 34].
Extensive studies in precision-cut rat and human liver,
and rat lung slices, utilising a wide range of isothiocyanate
concentrations, further demonstrated the inability of these
compounds to modulate cytochrome P450 activity [35, 36].
However, when the same cytochrome P450 enzymes were
monitored at the protein level, both isothiocyanates increased
CYP1A expression, and the lack of a concomitant increase in
activity was demonstrated to be due to the fact that both
these compounds are mechanism-based inhibitors [33, 34].
Clearly, suppression of cytochrome P450 activity, leading
to impaired bioactivation of chemical carcinogens is not a
viable mechanism for the chemopreventive activity of these
aliphatic isothiocyanates.

The most extensively studied isothiocyanate with an
aromatic substituent is PEITC. A single large dose of this
isothiocyanate impaired CYP2El activity but elevated
CYP2BI1 in rodents [37, 38], whereas following chronic
intake in mice an increase in hepatic CYP2E1 was noted
[39]. In studies conducted in our laboratory, exposure of rats
through the diet to dietary doses of PEITC that represent
human intake, CYP1A2 activity declined, although at higher
doses no effect was evident; at relatively higher doses,
however, many other cytochrome P450 enzymes were
influenced, including elevation of CYP2B and CYP3A, and
suppression of CYP2E1 activities [40]. It should be pointed
out that, similar to erucin and sulforaphane, PEITC is
a mechanism-based inhibitor [40, 41]. It is thus apparent
that the effects of isothiocyanates on the cytochrome P450
system are influenced by the nature of the substituent.

DETOXICATION OF REACTIVE INTERMEDIATES
AS A POTENTIAL MECHANISM OF THE CHEMO-
PREVENTIVE ACTIVITY OF ISOTHIOCYANATES

An alternative mechanism through which isothiocyanates
can elicit their chemopreventive activity is by stimulating the
detoxication of the reactive intermediates of chemical car-
cinogens. As already discussed, enzymes such as glutathione
S-transferases and quinone reductase enable the body to neu-
tralise reactive intermediates such as epoxides and quinones
respectively. In fact, induction of phase II enzymes corre-
lates well with the chemopreventive potential of individual
isothiocyanates [42].

Quinone reductase is probably the most inducible en-
zyme by isothiocyanates; erucin, sulforaphane and phenethyl
isothiocyanate stimulated the activity of this enzyme in the
liver of rats following intake of low dietary doses, which is
paralleled by a rise in enzyme protein levels [33, 34, 40, 43].
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However, although erucin and sulforaphane up-regulate this
enzyme also in the lung [34, 36, 43], no such increase was
observed following exposure even to high doses of phenethyl
isothiocyanate [37, 40], indicating that induction of quinone
reductase by PEITC is tissue-specific.

The potential of isothiocyanates to boost glutathione S-
transferase activity is considered to be a central mechanism
of their chemopreventive activity. Numerous studies estab-
lished the potential of isothiocyanates to elevate this activity
in a number of tissues [37, 44,]. However, treatment of rats
with low, dietary levels of sulforaphane or erucin failed to
increase activity in either liver or lung [33, 34], whereas
phenethyl isothiocyanate doubled the activity, but only in the
liver [40]. However, in precision-cut slices both erucin and
sulforaphane stimulated the activity of this enzyme, in both
liver and lung slices, even at concentrations as low as 1 and
2.5 uM (umol/L) respectively [36, 43]. It is important to
emphasise that in pharmacokinetic studies, treatment of rats
with a single low dietary dose of sulforaphane and PEITC
attained peak plasma levels of 0.3 and 3 uM (umol/L)
respectively [21, 23]. This difference in plasma concentra-
tions may explain, at least partly, the disparity in the effects
of these isothiocyanates on hepatic glutathione S-transferase
activity in rats. It is also relevant to point out that in studies
conducted in healthy volunteers consumption of 300 ml of
raw, liquidised broccoli florets, obtained from a local super-
market, achieved peak plasma levels of only 0.07 pM
(umol/L); moreover, plasma levels did not rise even when
the volunteers consumed the same amount of broccoli for 10
days [22]. Thus, bearing in mind the low plasma levels
achieved after dietary intake of isothiocyanates, it may be
inferred that detoxication of reactive intermediates through
increased glutathione S-transferase activity is unlikely to be a
dominant mechanism of the chemopreventive activity of
isothiocyanates.

The question that is essential to address is whether hu-
man liver and lung carcinogen-metabolising enzyme systems
respond in the same way to isothiocyanates as observed
in rats. Limited studies, employing only two human livers
and utilising the precision-cut tissue system indicated that
this may not always be the case. When rat liver slices were
incubated with sulforaphane or erucin, there was a rise
in quinone reductase activity paralleled by a similar rise in
enzyme protein levels, as already discussed; however,
following incubation of the these isothiocyanates with
human slices from two livers, under identical conditions, in
neither liver was a rise in quinone reductase activity noted,
and in only one of the human livers there was a modest rise
in protein levels observed, much lower that what was
recorded in the rat liver [43]. Similarly, in only one of the
human livers glutathione S-transferase activity and enzyme
protein levels were elevated; moreover, only in the liver
from this donor exposure to these isothiocyanates led to
an increase in total glutathione levels [43]. Evidently, more
extensive studies, utilising a far larger number of human
livers need to be conducted to ascertain whether the effect of
isothiocyanates on human carcinogen-metabolising enzyme
systems are comparable to those reported in rat liver. It
is conceivable that the up-regulation of these enzymes in
human liver is subject to genetic polymorphism.
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CONCLUSIONS

Strong epidemiological evidence has linked dietary con-
sumption of cruciferous vegetables to low cancer incidence;
isothiocyanates, which are present in these vegetables in
substantial amounts [45], are considered to be important con-
tributors to the chemopreventive activity ascribed to these
vegetables. In animal studies, these compounds have antago-
nised the initiation of lung tumours induced by polycyclic
aromatic hydrocarbons [46]. A pathway of bioactivation of
this class of carcinogenic compounds involves oxidation to
form quinones that may enter redox cycling to form
semiquinones and reactive oxygen species. Up-regulation of
quinone reductase, which prevents this pathway by convert-
ing the quinones to hydroquinones, by isothiocyanates that
occurs even following exposure to low doses, may thus
be responsible for the isothiocyanate-mediated suppression
of polycyclic aromatic hydrocarbon-induced cancers. Other
enzyme systems such as glutathione S-transferases and cyto-
chromes P450, in most cases are modulated only by
relatively higher doses and so are unlikely to constitute a
predominant mechanism at dietary levels of intake.

It is encouraging that, in both animals and humans intake
of dietary levels of cruciferous vegetables or individual
isothiocyanates, impacted on the metabolism of heterocyclic
amines [13, 14, 47]. It is becoming apparent that the cyto-
chrome P450-mediated oxidation of these carcinogens is not
the pathway perturbed by isothiocyanates, but stimulated
deactivation through conjugation reactions. Studies to ascer-
tain whether exposure to isothiocyanates influences enzyme
systems such as sulphotransferases, acetylases and glucuro-
nosyl transferases would greatly enhance our understanding
of how precisely these phytochemicals modify carcinogen
metabolism.

However, it is important to bear in mind that cruciferous
vegetables contain a number of isothiocyanates whereas in
animal studies almost always a single isothiocyanate is
investigated at a time. Although dietary intake of cruciferous
vegetables/isothiocyanates results in low plasma levels, it
may be that the total burden of isothiocyanates is considera-
bly higher, giving rise to biological effects not encountered
with single compounds. Moreover, the possibility that inter-
actions between isothiocyanates, or even with other chemi-
cals present in these vegetables, both of a synergistic and
antagonistic nature, occur can not be excluded, and may have
a major impact on the anticarcinogenic potential and merit
investigation. Finally, it is essential that the levels of intake
that modulate carcinogen metabolism are defined, so that
science-based advice is made available to the consumer
relating to the optimum doses of these neutraceuticals.
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