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1. INTRODUCTION

Isothiocyanates are among the most effective known
chemopreventive agents (/). Examples of complete
inhibition of carcinogenicity in laboratory animals
through relatively low doses of isothiocyanates are not
unusual. Many isothiocyanates occur naturally as
glucosinolate conjugates in frequently consumed cru-
ciferous vegetables (2). Consistent with the animal
carcinogenicity data, three recent epidemiologic studies
have demonstrated that human consumption of isothio-
cyanates in vegetables decreases lung cancer risk
(3—5). Other studies have shown that consumption of
genus Brassica vegetables is protective against lung
cancer (6). Collectively, these data indicate that isothio-
cyanates have substantial potential for chemoprevention
of human cancers.

More than 100 structurally distinct glucosinolates
that are precursors of isothiocyanates have been isolated
from plants, and these studies have been extensively
reviewed (2,7,8). Significant amounts of glucosinolates
are found in commonly consumed cruciferous vegeta-
bles such as broccoli, cabbage, cauliflower, turnip,
horseradish, watercress, and Brussels sprouts. When
the raw vegetables are chewed or otherwise macerated,
cells are broken and myrosinase—an enzyme that is
normally separated cellularly from the glucosinolates—
comes into contact with them and catalyzes hydrolysis,
as illustrated in Fig.1. Isothiocyanates are common
products of this reaction, although other products such
as indole-3-carbinol, in the case of glucobrassican

(R=3-indolyl-), are also formed. Normal portions of
these raw vegetables will release multi-milligram
amounts of isothiocyanates, but cooking, which inacti-
vates myrosinase, sharply decreases the isothiocyanate
dose. The daily dose of isothiocyanates from raw veg-
etables greatly exceeds the dose of strong carcinogens
from cigarettes (/). Isothiocyanates are plant defense
compounds, and are responsible for the sharp taste often
associated with these vegetables. Some of these naturally
occurring isothiocyanates have received considerable
attention as chemopreventive agents. Prominent among
these are 2-phenylethyl isothiocyanate (PEITC), which
is found in watercress and Chinese cabbage as its con-
jugate gluconasturtiin (R = PhCH,CH,-), and sul-
foraphane, which is found in broccoli as its conjugate
glucoraphanin (R = CH,S(O)CH,CH,CH,CH,-).
PEITC has entered human clinical trials. Broccoli
sprouts,which are rich in glucoraphanin, are now sold as
dietary supplements and can be found on the shelves of
upscale grocery stores.

Synthetic isothiocyanates—in many cases structural
analogs of naturally occurring isothiocyanates with
chemopreventive activity—have also been investigated.
Several of these compounds have chemopreventive prop-
erties that are many orders of magnitude greater than
those of the naturally occurring compounds. However,
problems with toxicity—and in some cases, enhance-
ment of carcinogenicity—have hindered the develop-
ment of these compounds as chemopreventive agents.

This chapter reviews efficacy data for isothiocyanates
as inhibitors of carcinogenesis and discusses recent
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Fig. 1. Conversion of glucosinolates to isothiocyanates, catalyzed by myrosinase.

developments related to our understanding of mecha-
nisms of chemoprevention by isothiocyanates.

2. CHEMOPREVENTIVE EFFICACY
OF ISOTHIOCYANATES

Table 1 summarizes the literature on inhibition of
carcinogenesis by isothiocyanates. A significant num-
ber of isothiocyanates, both naturally occurring and
synthetic, have been tested. Naturally occurring
isothiocyanates with chemopreventive activity
include benzyl isothiocyanate (R = PhCH,, BITC),
PEITC, 3-phenylpropyl isothiocyanate (R =
PhCH,CH,CH,, PPITC), and sulforaphane. Among
these, BITC and PEITC are the most extensively
studied.

BITC is an effective inhibitor of rat mammary and
mouse lung tumorigenesis by the polycyclic aromatic
hydrocarbons (PAH) 7,12-dimethylbenz/a/anthracene
(DMBA) and benzofajpyrene (Bf[a/P) (9-12). In
mouse lung tumorigenesis experiments, gavage of
BITC 15 min prior to treatment with B/a/P inhibits
lung-tumor multiplicity by as much as 80%, greater
than achieved under the same conditions with equimo-
lar doses of either sulforaphane or the well-known
antioxidant chemopreventive agent butylated hydrox-
yanisole (13). Gavaged BITC is also a strikingly potent
inhibitor of lung-tumor induction by two other PAH: 5-
methylchrysene (5-MeC) and dibenz/a,h/anthracene
(DB/a,hJA) (13). This may be significant because
PAH are acknowledged to be important carcinogens in
tobacco smoke and certain occupational environments
(14,15). BITC appears to be less effective when given
in the diet, perhaps because palatability limits the
dose. Mixed results have been obtained in studies of
BITC as an inhibitor of nitrosamine carcinogenesis. It
has no effect on mouse lung tumor induction by the
tobacco-specific carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) or by N-nitrosodiethy-
lamine (DEN), and it has no effect on esophageal tumor

induction in rats by N-nitrosobenzylmethylamine
(NBMA) (12,16—18). It inhibited rat liver tumor induc-
tion by DEN, but enhanced rat bladder tumor induction
by a mixture of DEN and N-butyl-N-(4-hydroxy-
butyl)nitrosamine (OH-BBN) (/9,20).

In contrast to BITC, PEITC has broad inhibitory
activity against tumors induced by N-nitrosamines.
This includes inhibition of lung tumorigenesis in
mice and rats by NNK, inhibition of liver tumor
induction by DEN in the mouse, inhibition of
esophageal-tumor induction by NBMA in the rat, and
inhibition of lung and pancreatic tumorigenesis by N-
nitrosobis(2-oxopyropyl)amine (BOP) in the hamster.

Inhibition of NNK-induced pulmonary carcinogenesis
by PEITC has been demonstrated in multiple studies in
mice and rats (16,21-26). Dietary PEITC is particularly
effective. In one study, complete inhibition of lung-
tumor induction was achieved in F344 rats treated with
NNK in the drinking water and PEITC in the diet (3
umol/g diet) (23). Dietary PEITC is also an effective
inhibitor of lung-tumor induction by NNK in mice
(21). PEITC (3 or 6 umol/g diet) completely inhibited
esophageal tumor induction by NBMA in rats (27).
When PEITC (100 or 10 umol) was given by gavage
2 h prior to treatment of hamsters with BOP, virtually
complete inhibition of lung tumor induction was
observed (28). Pancreatic tumorigenesis was also
inhibited at the higher dose of PEITC. These striking
results clearly demonstrate the efficacy of PEITC in
these models. However, PEITC has limited efficacy
against PAH. Both gavaged and dietary PEITC failed
to inhibit B/a/P-induced lung tumorigenesis in mice
(11,21,29). Mixed results have been obtained in the
DMBA rat mammary tumor model. Initial studies by
Wattenberg, in which PEITC was given by gavage,
showed inhibition of mammary tumorigenesis (9). A
study by Lubet et al. in which PEITC was given in the
diet showed no effect or somewhat enhanced mammary
tumorigenesis by DMBA (30). However, another
dietary study demonstrated that carcinoma volume, but
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not multiplicity or incidence, was decreased by PEITC
(31). The effects of PEITC on carcinogenesis by PAH
require further investigation.

The contrasting effects of BITC and PEITC on
tumorigenesis by PAH and N-nitrosamines are interest-
ing and require further study. Gavaged, but not dietary,
BITC is a very effective inhibitor of PAH-induced
mouse-lung tumorigenesis yet has little effect on tumori-
genesis by nitrosamines. Dietary PEITC is a strong
inhibitor of tumorigenesis in several N-nitrosamine
models. In mice, dietary PEITC appears to be more
effective than gavaged PEITC as an inhibitor of NNK-
induced lung tumorigenesis (2/,32). PEITC has little
impact on tumorigenesis by PAH in mice. With these
results in mind, mixtures of BITC and PEITC have
been tested as inhibitors of lung tumor induction in
mice by mixtures of NNK and B/a/P (21). Dietary
BITC plus PEITC inhibited lung tumor induction by a
mixture of NNK and B/a/P. Dietary BITC alone had
no effect against NNK and B/a/P, and dietary PEITC
did not inhibit lung tumorigenesis by B/a]P.
Therefore, it was concluded that inhibition of NNK
plus B/ajP-induced lung tumorigenesis by dietary
BITC plus PEITC was mainly caused by inhibition of
NNK-induced lung tumors by PEITC. Mechanistic
studies support this conclusion (33). Gavaged PEITC
plus BITC had modest or no effect on lung tumor
induction by a mixture of NNK and B/aJP (21).

Recently, a model has been developed in which
“environmental tobacco smoke,” consisting of 89%
sidestream and 11% mainstream cigarette smoke,
induces a small but reproducible and significant
increase in lung tumor multiplicity in A/J mice (34).
Studies have shown that this increase in tumor multi-
plicity is the result of a component of the gas phase of
tobacco smoke, and not B/a/P, NNK, or other well-
known carcinogens in the particulate phase. These
results appear to conflict with much of the available
data on tumor induction by tobacco smoke and its con-
stituents (35). A potential problem with the model is
the significant weight loss among the mice treated with
smoke. Dietary PEITC and a mixture of dietary BITC
and PEITC were tested in this model, but neither had
any effect on lung tumor multiplicity (34).

PPITC is a very effective inhibitor of carcinogenesis
by N-nitrosamines. PPITC (0.4, 1.0, or 2.5 wmol/g diet)
inhibited NBMA-induced esophageal tumorigenesis in
rats by 90-100% (18). It also virtually completely
inhibited esophageal tumorigenesis in rats induced by
the tobacco-specific N-nitrosamine N’-nitrosonornico-
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tine (NNN) (36). PPITC was more effective than PEITC
in the rat NBMA esophageal tumor model, and was also
more effective than PEITC as an inhibitor of lung
tumorigenesis induced by NNK in mice (/8,26). It was
also a strong inhibitor of lung tumor igenesis induced
by a mixture of B/a/P and NNK in mice (37). PPITC
was a very effective inhibitor of lung tumorigenesis
induced in hamsters by BOP, but less effective than
PEITC in this model (38). It had no effect on pancreatic
tumors induced by BOP, in contrast to the inhibitory
effects of PEITC.

Limited data are available on chemoprevention by
sulforaphane, perhaps because it is expensive and
difficult to synthesize in large quantities. It inhibited
rat mammary tumor induction by DMBA but was
ineffective as an inhibitor of mouse lung tumor
induction by B/a/P (13,39). Sulforaphane also had
no effect on lung tumor induction by NNK in mice
(40). Sulforaphane and PEITC both significantly
reduced the formation of colonic aberrant crypt foci
(ACF) in F344 rats treated with azoxymethane (41).
Reduction was observed in both the initiation and
promotion stages of the experiment. The N-acetyl-
cysteine (NAC) conjugates of sulforaphane and
PEITC were also effective in the post-initiation
phase.

Structure-activity studies demonstrate that increased
isothiocyanate lipophilicity increases inhibitory poten-
cy against NNK-induced lung tumorigenesis in the A/J
mouse (42). Thus, single doses of 10-phenyldecyl
isothiocyanate or 1-dodecyl isothiocyanate as low as
0.04-1 umol are sufficient to inhibit mouse-lung
tumorigenesis induced by a single dose of 10 umol
NNK. However, different relationships were found in
other tumor models. In the rat esophagus, PPITC was
a better inhibitor than PEITC, but extension of the
chain length to 4-phenylbutyl (PBITC) decreased
activity (/8). In the hamster lung, PBITC was less
effective than either PPITC or PEITC (43). Other stud-
ies have shown that the isothiocyanate group, but not
the phenyl ring, is necessary for inhibition, and that
lower reactivity with glutathione (GSH) leads to better
inhibitory potency in the NNK mouse lung-tumor
model (42,44). Several isothiocyanates containing a
PAH moiety were tested as potential inhibitors of
B/a/P-induced mouse-skin tumorigenesis, but no inhi-
bition of tumorigenicity was observed (/7). Synthetic
rigid analogs of sulforaphane were effective as
inhibitors of rat mammary tumorigenesis in the DMBA
model (39).
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Isothiocyanates are metabolized by conjugation
with GSH, and are ultimately excreted as their NAC
conjugates (45). GSH and NAC conjugates of PEITC
inhibit lung tumorigenesis induced in A/J mice by
NNK when given before the carcinogen (46). NAC
conjugates of PEITC and PPITC administered in the
diet during the period of carcinogen treatment
decreased lung tumorigenesis induced in A/J mice by a
mixture of B/aJP and NNK, but the NAC conjugate of
BITC was ineffective (37). Higher doses of dietary
NAC conjugates of BITC and PEITC inhibited B/a/P-
induced lung tumorigenesis in A/J mice when given
after the carcinogen, suggesting that isothiocyanates
and their conjugates may possess a general ability to
inhibit carcinogenesis above and beyond modification
of carcinogen metabolism (47). The NAC conjugate of
PEITC also inhibits the growth rate of prostate-cancer
cells and human leukemia cells in culture (48,49)

Enhancement of tumorigenesis has been observed in
some studies of isothiocyanates. Both BITC and
PEITC promote urinary-bladder carcinogenesis in rats
treated with DEN and OH-BBN, although the dose
used was higher than that used for chemoprevention
(20). 6-Phenylhexyl isothiocyanate (R = Ph(CHz)G’
PHITC), which is not known to be naturally occurring,
enhances colon and esophageal carcinogenesis in rat-
tumor models (50,51). PHITC administered to rats
after the esophageal carcinogen NMBA had modest
but insignificant promoting activity, and did not have a
significant effect on esophageal cell proliferation (52).

3. MECHANISMS OF CHEMOPREVENTION
BY ISOTHIOCYANATES

Most isothiocyanates are active as chemopreventive
agents when administered before, or concurrently
with, the carcinogen. There are relatively few exam-
ples of chemoprevention by isothiocyanates given
after carcinogen treatment. This indicates that the
major effect of isothiocyanates is favorable modula-
tion of carcinogen metabolism—e.g., inhibition of
phase 1 enzymes involved in carcinogen activation
and induction of phase 2 enzymes involved in car-
cinogen detoxification. There is now a large body of
evidence in support of this concept. The literature on
isothiocyanates and related compounds as inhibitors
of phase 1 enzymes and inducers of phase 2 enzymes
has been extensively reviewed (/,53-56). More
recently, it has become apparent that isothiocyanates and
their NAC conjugates have a variety of other cellular
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effects that may be pertinent to chemoprevention.
Important among these is the induction of apoptosis.
This chapter examines the conclusions of the pertinent
reviews, and discusses studies that are relevant to
mechanisms of isothiocyanate chemoprevention,
focusing on those published since 2000.

3.1. Effects on Cytochrome P450 Enzymes

Cytochrome P450 enzymes (P450s) play a critical
role in the activation of carcinogens to electrophiles
that bind to DNA, producing DNA adducts. The for-
mation of DNA adducts is a necessary step for cancer
induction by many carcinogens. Inhibition of P450s
involved in carcinogen activation to DNA adducts fre-
quently results in inhibition of tumor formation.
Isothiocyanates can selectively inhibit P450s by binding
to the apoprotein or heme moiety, or by serving as
competitive inhibitors. Inhibition depends both on the
structure of the isothiocyanate and the particular
cytochrome P450. P450s 1A2, 2B1, and 2EIl are
among those that are inhibited by isothiocyanates.

Nakajima et al. studied the inhibition and inactivation
of human P450s by PEITC using microsomes from
baculovirus-infected insect cells expressing specific
human P450s (57). PEITC competitively inhibited
P450 1A2 and, to a lesser extent, P450 2A6. PEITC
was found to be a very strong noncompetitive inhibitor
of P450 2B6. PEITC was also a noncompetitive
inhibitor of P450 2C9, and was a mechanism-based
inactivator of P450 2E1.

Nakajima’s results are generally consistent with other
studies. Smith et al. demonstrated that PEITC inhibited
P450 1A2-catalyzed metabolism of NNK (58). We
found that consumption of watercress, an abundant
source of PEITC, altered NNK metabolism in smokers,
consistent with inhibition of P450 1A2 (59,60).
However, our results do not support an effect of water-
cress consumption on P450 2A6 activity in humans.
Watercress consumption failed to alter metabolism of
nicotine to cotinine, and did not significantly affect 7-
hydroxylation of coumarin (67,62). Both of these reac-
tions are catalyzed by P450 2A6. Others have observed
the inhibitory effects of watercress consumption on
P450 2E1-catalyzed reactions in humans (63,64).

The strong inhibitory effect of PEITC on P450 2B6
observed by Nakajima et al. is potentially interesting
because this enzyme is a good catalyst of NNK activa-
tion (Murphy SE, unpublished data). Conaway et al.
also observed that PEITC inhibited P450 2B1-related
activities in rat liver microsomes (65).
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The effects of BITC on rat and human P450s were
studied by Hollenberg’s group. BITC is a potent
mechanism-based inactivator of rat P450 2B1; inacti-
vation occurs primarily through protein modification
(66). BITC is also a mechanism-based inactivator of
rat P450s 1A1, 1A2, and 2E1 and human P450s 2B6
and 2D6. It was most effective in inactivating P450s
2B1, 2B6, 1A1, and 2E1. Analysis of BITC metabolites
in the P450 2B1 reactions indicated that benzylamine
was the major metabolite, suggesting conversion of
BITC to benzyl isocyanate, which modified the P450
apoprotein or was hydrolyzed to benzylamine (67). In
related work, the inactivation of P450 2E1 by #-butyl
isothiocyanate was explored (68). The results suggested
that #-butyl isothiocyanate inactivated P450 2E1 by
binding to a critical active-site amino acid residue,
which may have acted as the sixth ligand to heme, thus
interfering with oxygen and substrate binding. PEITC
inactivated P450 2E1, as well as a mutant in which the
conserved threonine at position 303 was replaced by
alanine (69). BITC did not inactivate the mutant, but
inhibited it in a competitive manner. These results indi-
cate differences in the mechanisms by which PEITC
and BITC interact with P450 2E1.

Conaway et al. investigated the inhibition of
P450-mediated reactions by thiol conjugates of isoth-
iocyanates, which have chemopreventive properties
that are analogous to those of the parent isothiocyanates
(70). Inhibition of pentoxyresorufin O-dealkylation, for
P450 2B1, and ethoxyresorufin O-dealkylation, for P450
1A1, roughly paralleled the extent of decomposition of
the conjugates to their parent isothiocyanates, suggesting
that the parent compounds were responsible for the
observed inhibition.

3.2. Effects on Phase 2 Enzymes

Isothiocyanates accumulate in high concentrations
in cultured cells, and the resulting levels are related to
their abilities to induce phase 2 enzymes such as
NAD(P)H:quinone reductase (QR) (71). The intracel-
lular forms of sulforaphane and BITC were found to be
dithiocarbamates resulting from GSH conjugation,
suggesting that conjugation with GSH is responsible
for accumulation of isothiocyanates in murine
hepatoma cells (71). Initial uptake rates of four isothio-
cyanates in MCF-7 human breast cancer cells correlated
with GSH conjugation, but not lipophilicity. It was con-
cluded that GSH conjugation is the dominant mechanism
affecting isothiocyanate uptake in cells (72). Intracellular
accumulation of BITC, PEITC, sulforaphane and allyl
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isothiocyanate in mouse-skin papilloma cells correlated
with elevations in GSH content, QR activity, and
glutathione-S-transferase (GST) activity. The eleva-
tions were mediated by the DNA regulatory antioxi-
dant/electrophile-response element (ARE/EpRE) (73).

Isothiocyanates are good inducers of QR. The 5’-
promoter region of the human QR gene contains the
cis-acting AP-1 and NFxB transcription factor-binding
sites. Exposure of HT29 human colon cells to BITC
caused an increase in AP-1 and NFxB binding, and
activation of c-Jun N-terminal kinase (JNK), which
phosphorylates c-Jun, a component of AP-1. These
results suggest that JNK is involved in QR induction as
an initial event that precedes an increase in transcrip-
tion-factor binding (74). 6-(Methylsulfinyl)hexyl
isothiocyanate, an active principal of wasabi, induced
QR in Hepa 1c1c7 cells. Induction of QR transcription
involved activation of ARE/EpRE (75). The related
compounds 7-(methylsulfinyl)heptyl and 8-(methyl-
sulfinyl)octyl isothiocyanates were also shown to be
potent inducers of QR. These isothiocyanates are
found in watercress at far lower concentrations than
PEITC, but are stronger inducers of QR (76). Several
other methyl(sulfinylalkyl) isothiocyanates were also
shown to be inducers of QR (77). Sulforaphane was
found to be a potent inducer of QR activity in human
prostate-cancer-cell lines (78).

BITC is an inducer of GST activity. Nakamura et al.
examined the induction of GST by BITC in rat liver
epithelial RL34 cells (79). BITC specifically enhanced
GSTP1. Addition of BITC to cells resulted in an imme-
diate increase in reactive oxygen intermediates. With
different isothiocyanates, the induction of GSTPI
closely correlated with production of reactive oxygen
intermediates. The GSTPI enhancer I-containing
region was essential for induction of the GSTPI gene.
These data suggest that production of reactive oxygen
intermediates is involved in the induction of GSTP! by
BITC. Expression of multidrug resistance-associated
protein 2 (MRP2), which is an efflux pump that con-
tributes to biliary secretion of xenobiotics, was
increased in primary rat and human hepatocytes treated
with sulforaphane. Sulforaphane-related formation of
reactive oxygen intermediates may have contributed to
the MRP2 induction (80).

Kong et al. and Kwak et al. have reviewed the
activation of the ARE/EpRE present in many phase 2
genes (54,55). Basic leucine-zipper transcription factors,
including nuclear factor-erythroid 2 (NF-E2)-related
factor-1 (Nrf1), Nrf2, and small Maf, have been impli-
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cated in the binding and transcriptional activation of
ARE/EpRE sequences. Activation of the mitogen-
activated protein kinase (MAPK) pathway by various
isothiocyanates—including PEITC, BITC, and sul-
foraphane—has been observed, ultimately leading to
phase 2 enzyme induction via ARE/EpRE.

The favorable effects of isothiocyanates on phase 1
and phase 2 enzymes should be reflected in decreased
DNA binding of carcinogens that are metabolized by
these enzymes. Previous studies of isothiocyanate effects
on NNK and NBMA provide support for this hypothesis
(reviewed in ref. /). Decreased DNA binding of NNK in
the mouse and rat lung is consistent with decreased lung
tumorigenesis in animals treated with PEITC. This has
been attributed to inhibition by PEITC of specific pul-
monary P450s involved in the metabolic activation of
NNK (7). In a recent study, we investigated the effects
of dietary BITC and PEITC on DNA adduct formation
in A/J mice treated with a mixture of B/aJP and NNK
(33). Dietary PEITC, or dietary BITC plus PEITC,
inhibited the formation of pyridyloxobutyl-DNA adducts
of NNK. There were no effects of dietary isothiocyanates
on levels of O%methylguanine (from NNK) or N?-
(7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo/a /pyrene-
10-yl)deoxyguanosine (from B/a/P). These results
were consistent with our previous studies of the effects
of PEITC on NNK-DNA binding in rats, supporting a
role for inhibition of pyridyloxobutyl-DNA adducts as
a mechanism of inhibition of tumorigenesis by dietary
PEITC or BITC plus PEITC. However, the observed
inhibition was modest, suggesting that other effects of
isothiocyanates were involved.

We also investigated the role of DNA adduct modi-
fication in the contrasting effects of BITC and PEITC
on lung tumorigenesis in A/J mice treated with B/aJP
(81). As discussed previously, BITC but not PEITC
inhibits B/a/P-induced tumorigenesis. DNA adducts
were measured under conditions closely similar to
those used in the tumor studies. Both BITC and PEITC
inhibited B/a/P -DNA adduct formation in the lung.
Inhibition was modest, and there was no difference
between adduct levels in the mice treated with BITC
and B/a/P vs PEITC and B/a/P. These results suggest
that other effects of BITC may be involved in inhibition
of B/a/P-induced lung tumorigenesis in the A/J mouse.

3.3. Other Cellular Effects

These results suggest that isothiocyanates have
effects other than modification of DNA adduct forma-
tion that are important in chemoprevention. Prominent
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among these is induction of apoptosis. A considerable
body of evidence now indicates that isothiocyanates
induce apoptosis in various systems. BITC and PEITC
both induce sustained activation of JNK, and this is
associated with induction of apoptosis in various cell
types (82). Treatment with isothiocyanates under con-
ditions of apoptosis induction causes rapid and transient
induction of caspase-3/CPP32-like activity (83). PEITC
induces apoptosis in mouse epidermal JB6 cells
through a p53-dependent pathway (84). PEITC induces
apoptosis in human leukemia cells and inhibits cell
growth in this system (48,85). Further studies have
shown that the formation of GSH conjugates of PEITC
is important during the induction of apoptosis, and that
this may lead to depletion of cellular GSH (86). The
caspase pathway plays an essential role, and the JNK
pathway a supporting role in the induction of apoptosis
in HL60 cells by PEITC and allyl isothiocyanate (87).
A recent study demonstrates that PEITC further
increases apoptosis induced in the respiratory tract of
rats by cigarette smoke (88). BITC and sulforaphane
induce apoptosis in human colon cancer cells (§9-91).

Yang et al. investigated the effects of the NAC
conjugates of BITC and PEITC on molecular events
associated with apoptosis in the A/J mouse lung (47).
Both compounds inhibited B/ajP-induced lung
tumorigenesis when administered after the carcinogen.
There was a significant increase in apoptosis in the
lung. The MAPK pathway was activated in animals
treated with the NAC conjugates. The phosphorylation
of p38 and extracellular signal-regulated kinases
(ErKs) 1 and 2 was also induced, and AP-1 activity
was increased. Phosphorylation of p53 was also higher
in the groups treated with the NAC conjugates of BITC
and PEITC.

Sulforaphane has antiinflammatory properties. It
decreased lipopolysaccharide-induced secretion of pro-
inflammatory and pro-carcinogenic signaling factors in
cultured Raw 264.7 macrophages. It caused reduction of
inducible nitric oxide synthase (iN0S) and cyclooxyge-
nase (COX-2) protein expression. NFkB was identified
as the key mediator of these responses (92).

It is apparent that isothiocyanates affect a number of
signal-transduction pathways. Kong et al. hypothesize
that at low concentrations, isothiocyanates and other
chemopreventive agents may activate the MAPK path-
way, leading to induction of gene expression such as
phase 2 enzymes resulting in protection or survival
mechanisms (93). At higher concentrations, they will
activate the MAPK pathway and the caspase pathway
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will also be activated, leading to apoptotic cell death.
This intriguing hypothesis merits further investigation.

3.4. Isothiocyanate Metabolism and its
Relationship to Epidemiologic Results

Conjugation of isothiocyanates with GSH and
excretion in the urine as NAC conjugates is a well-
established metabolic pathway for BITC, PEITC, and
allyl isothiocyanate in rats and humans (45,94-99).
The disposition and pharmacokinetics of PEITC and
PHITC were compared in rats with the goal of gain-
ing insight into the higher efficacy of PHITC as a
chemopreventive agent against lung cancer (/00). In
contrast to PEITC, a relatively small proportion of
PHITC metabolites was excreted in urine, and higher
effective doses of PHITC were found in the lung and
other tissues, which may in part explain its higher
activity.

Chung and colleagues have developed a urinary
biomarker for total isothiocyanates in human urine
(101). Results of analyses of human urine for this bio-
marker correlated well with levels of NAC conjugates of
PEITC or allyl isothiocyanate that were independently
analyzed. Application of this assay to urine samples
from Singapore residents demonstrated a highly sig-
nificant positive association between dietary intake
and urinary excretion levels of total isothiocyanates
(102). Levels of total isothiocyanates in the urine of
individuals who consumed fresh or cooked water-
cress, or fresh or steamed broccoli, were compared.
The results demonstrate that, because of the inactiva-
tion of myrosinase during cooking or steaming, the
total isothiocyanate dose is considerably less upon
consumption of cooked or steamed vegetables com-
pared to raw vegetables (/03,104). Broccoli sprouts
were shown to be a good source of glucosinolates and
isothiocyanates, based on analysis of their urinary
NAC conjugates (105).

GSH conjugation is important in isothiocyanate
metabolism. GSTM 1, GSTPI1, GSTAI, and GSTA2 are
involved to varying extents in the catalysis of isothio-
cyanate conjugation with GSH (106). These genes are
polymorphic in the human population (/07-109). It is
proposed that individuals with low or null activity
would have higher levels of free circulating isothio-
cyanates, and could potentially be protected against
cancer more effectively than those in whom the isothio-
cyanates were conjugated (//0). Lin et al. demonstrated
that individuals exposed to dietary broccoli and who
have the GSTMI-null phenotype are less at risk for
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colon cancer than those who are GSTMI-positive
(111). This is consistent with a lower conjugation of
isothiocyanates in the GSTMI-null individuals. These
results demonstrate the potential confounding effects
of GST genotype, since GSTM -null individuals would
also be expected to detoxify carcinogens less readily,
and therefore would be at higher risk. There is a balance
between GST catalysis of isothiocyanate conjugation vs
carcinogen detoxification.

Three recent epidemiologic studies have examined
the relationship between isothiocyanate intake, GST
genotype, and lung cancer. London et al. examined the
relationship between total isothiocyanate concentrations
in urine, collected before diagnosis, and the subsequent
risk of lung cancer among 232 incident cases of lung
cancer and 710 matched controls from a cohort of
18,244 men in Shanghai, China (3). Individuals with
detectable isothiocyanates in urine were at decreased
risk of lung cancer, and the protective effect was seen
primarily among individuals with homozygous dele-
tion of GSTM1, and particularly with deletion of both
GSTM1 and GSTT1. Spitz et al. examined the relation-
ship of isothiocyanate consumption and GST status to
lung cancer in 503 newly diagnosed lung cancer cases
and 465 controls (4). Cases reported significantly
lower isothiocyanate intake per day than controls. Low
isothiocyanate intake and GSTMI- and GSTTI-null
genotypes were associated with increased lung cancer
risk in current smokers. Zhao et al. evaluated the link
between dietary isothiocyanate intake, GSTM and
GSTTI polymorphisms, and lung cancer risk in 420
Chinese women (5). Higher weekly intake of isothio-
cyanates reduced the risk of lung cancer to a greater
extent in smokers than in nonsmokers. The inverse
association was stronger among subjects with
homozygous deletion of GSTMI and/or GSTTI.
These results illustrate the complexity of gene-car-
cinogen and gene-chemopreventive agent interactions
in molecular epidemiology. However, there generally
was a consistent relationship between isothiocyanate
intake and decreased cancer risk.

4. CONCLUSIONS

Isothiocyanates are now firmly established as effec-
tive chemopreventive agents in a wide range of animal
models. Inhibition is observed in many different tissues
and in animals treated with a variety of carcinogens.
Complete inhibition of tumor formation is not an
unusual occurrence in these studies. Although some
isothiocyanates can enhance carcinogenesis in certain
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models, the overwhelming proportion of evidence is
toward protection. A large body of evidence clearly
demonstrates that isothiocyanates can inhibit specific
cytochrome P450 enzymes responsible for carcinogen
activation, and can induce a variety of phase 2 enzymes
responsible for carcinogen detoxification. The mecha-
nisms of inhibition and induction are now very well
understood. These combined properties can explain
much of the observed tumor-inhibitory effects of isoth-
iocyanates. However, a rapidly increasing number of
studies now indicate that isothiocyanates as well as
their NAC conjugates have cellular effects above and
beyond the alteration of carcinogen metabolism.
Isothiocyanates induce a cascade of signal-transduc-
tion events that lead to apoptosis. Other potentially
beneficial effects have also been observed. Humans
receive large doses of isothiocyanates upon consump-
tion of normal amounts of cruciferous vegetables.
Robust biomarkers for quantifying these doses are
now available.The application of these biomarkers in
epidemiologic studies and consideration of gene-
isothiocyanate interactions have produced encouraging
results indicating that isothiocyanates protect against
cancer in humans.
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