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Allyl isothiocyanate as a cancer chemopreventive

phytochemical

Yuesheng Zhang
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Allyl isothiocyanate (AITC), which occurs in many common cruciferous vegetables, is widely
and often frequently consumed by humans. Besides antimicrobial activity against a wide
spectrum of pathogens, it showed anticancer activity in both cultured cancer cells and animal
models, although the underlining mechanisms remain largely undefined. Bioavailability of
AITC is extremely high, as nearly 90% of orally administered AITC is absorbed. AITC
absorbed in vivo is metabolized mainly through the mercapturic acid pathway and excreted in
urine. Available data suggest that urinary concentrations of AITC equivalent are at least ten
times higher than in the plasma, and tissue levels of AITC equivalent in the urinary bladder
were 14-79 times higher than in other organs after oral AITC administration to rats. These
findings suggest that AITC may be most effective in the bladder as a cancer chemopreventive
compound. AITC at high-dose levels also exhibit a low degree of cytotoxicity and genotoxicity
in animal studies, but such adverse effects are unlikely in humans exposed to dietary levels of
AITC. Overall, AITC exhibits many desirable attributes of a cancer chemopreventive agent,
and further studies are warranted in order to elucidate its mechanism of action and to assess
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its protective activity in humans.
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1 Introduction

Allyl isothiocyanate (AITC), also known as mustard oil, is
one of the most common naturally occurring isothiocya-
nates (ITCs) [1, 2]. ITCs occur primarily in cruciferous
vegetables, many of which show significant cancer chemo-
preventive activities and therefore are widely suspected to
account in part for the cancer preventive activities of these

Correspondence: Professor Yuesheng Zhang, Department of
Cancer Prevention and Control, Roswell Park Cancer Institute,
Basic Science 711, EIm and Carlton Streets, Buffalo, NY 14263,
USA

E-mail: yuesheng.zhang@roswellpark.org

Fax: +1-716-845-1144

Abbreviations: AITC, allyl isothiocyanate; AP-1, activator protein
1; DMH, dimethylhydrazine; GSH, glutathione; iNOS, inducible
nitric oxide synthase; ITC, isothiocyanate; JNK, c-Jun N-terminal
kinase; MMPs, matrix metalloproteinases; NAC, N-acetylcys-
teine; NO, nitric oxide; Nrf2, nuclear factor erythroid 2-related
factor 2

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vegetables in humans [3]. Sulforaphane is perhaps the most
widely known crucifer-derived cancer chemopreventive ITC
[4]. ITCs are synthesized and stored in cruciferous vege-
tables as glucosinolates (B-thioglucoside N-hydroxysulfate),
which are believed to be chemically and biologically inert,
and formed from the latter when plant tissues are damaged.
The conversion is catalyzed by myrosinase (a thioglucoside
glucohydrolase), first forming thiohydroximate-O-sulfo-
nates, which rapidly and spontaneously rearrange to give
rise to ITCs. Myrosinase coexists with but is physically
separated from glucosinolates under normal conditions.
Conversion (up to 40%) to ITCs of ingested glucosinolates
that escape plant myrosinase may take place in vivo, as the
intestinal microflora of both humans and animals also
possess myrosinase activity [5-7].

AITC is derived from sinigrin, as shown in Fig. 1, which
is the predominant glucosinolate in many commonly
consumed cruciferous vegetables, such as Brussels sprouts,
cabbage, cauliflower and kale [1, 8], and are particularly
abundant in mustard, horseradish and wasabi [9, 10]. For
example, each gram of fresh wasabi yields as much as
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Figure 1. Myrosinase-catalyzed conversion from sinigrin to AITC.

34 pmol sinigrin/AITC [10]. Conversion of sinigrin to AITC
by human microflora myrosinase has been well documented
[11, 12]. However, the yield of AITC in certain vegetables
such as cabbage may vary significantly, due to the presence
of an epithiospecifier protein, which promotes formation of
1-cyano-2,3-epithiopropane, at the cost of AITC [8]. Inter-
estingly, a recent study has found that 1-cyano-2,3-epithio-
propane induces Phase 2 genes and affords cytoprotection
[13]. AITC is a liquid at ambient temperature (melting point
of —80°C) and has a very pungent taste, apparently due to its
activation of the transient receptor potential A1 channel in
sensory neurons [14, 15]. Indeed, AITC is responsible for
the pungent taste of the above-mentioned vegetables, and
synthetic AITC is sometimes deliberately added to some
vegetable products such as a prepared horseradish meal to
enhance the flavor. AITC appears to serve the plant as a
defense against herbivores, as chewing the plant by the
herbivores generates AITC that presumably repels them.
Human exposure to AITC is undoubtedly widespread
and frequent, as many common cruciferous vegetables are a
rich source of AITC, but the exposure levels have not been
well documented. A large number of studies on the biolo-
gical response to AITC have been published, many of which
suggest that AITC is a highly attractive cancer chemopre-
ventive agent. But a few other studies also raised the
concern of potential toxicity. In this review, the evidence that
argues for and against AITC as a cancer chemopreventive
agent is presented and discussed: it is divided into five
sections, including bioavailability and metabolic disposition
of AITC, cellular uptake and tissue distribution of AITC,
antimicrobial activity of AITC, anticancer activity of AITC,
and dichotomy of cytoprotective activity and toxicity of
AITC. To the best of my knowledge, a similar review on
AITC has not been published. Hence, this article may be a
useful reference on the biological response to AITC, as most
if not all of the relevant data are cited and discussed herein.

2 Bioavailability and metabolic
disposition of AITC

More than 90% of a single oral dose of [*CJAITC (25 or
250 pmol/kg body weight) was absorbed in mice and rats,
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and in both instances nearly 80% of the administered doses
was recovered in the urine [16, 17]. These results indicate
extremely high bioavailability of AITC and that absorbed
AITC is primarily eliminated in the urine. Our recent study
showed that urinary elimination of AITC was very rapid, as
approximately 75 and 0.6% of a single oral dose of AITC
were detected in the urine collected in the first and second
24-h periods after dosing [18]. No apparent sex-related
differences were observed in the ability of these animals to
absorb and dispose AITC. Human absorption and disposi-
tion of AITC appear to closely resemble that of animals, as
studies showed that at least 42-54% of the dose was recov-
ered in the urine as a metabolite (see the following para-
graph for details) within 10-12h after each human
volunteer was given 45-90 umol of AITC supplied as either a
horseradish paste or a mustard paste [5, 19].

Although covalent modification of lysine residues (through
the NH, group) of protein by AITC can take place in
physiological conditions [20], it predominantly undergoes
conjugation with cysteine residues (through the SH group).
AITC is primarily metabolized through the mercapturic acid
pathway in vivo (Fig. 2). An initial conjugation through its
-N=C=S group with glutathione (GSH) gives rise to the
corresponding conjugate, which then undergoes further
enzymatic modifications to finally form N-acetylcysteine
(NAC) conjugate, which is excreted in the urine. In rats dosed
orally with ["*CJAITC, approximately 80% of the "*C in the
urine was present as the NAC conjugate, with the majority of
the remaining radioactivity detected as thiocyanate [16, 17]. It
is not clear whether thiocyanate was generated directly from
AITC or its NAC conjugate, nor is it known to possess any
cancer chemopreventive activity. In contrast, in mice dosed
orally with [**CJAITC, less than 20% of the urinary radio-
activity was related to the NAC conjugate, and the level in
female mice appeared to be only half of that in male mice,
whereas the majority of the remaining radioactivity was
associated with thiocyanate [16, 17]. The NAC conjugate was
also the major metabolite in humans, as 42-54% of the dose
was recovered in the urine as NAC-AITC within 10-12h in
each volunteer who consumed AITC [5, 19], although it is not
known whether AITC gives rise to thiocyanate in humans.
Thus, the rat appears to resemble humans more than mice in
AITC metabolism.

AITC
CH)CHCH,—N=C=S  CH,CHCH,— NH*IC: S CH,CHCH,— NH*(II: S
SH GST S +GT S
1 — ., |
¥-Glu-Cys-Gly v-Glu-Cys-Gly Cys-Gly
Glutathione

CH,CHCH,—NH— (Ij: S AT CH,CHCH,— NH— ?: S
— S — S
C)Ifs N—Acelyl—C;/s
NAC-AITC

Figure 2. AITC metabolism through the mercapturic acid path-
way. GST, GSH S-transferase; y-GT,y-glutamyltranspeptidase;
CG, cysteinylglycinase; AT, N-acetyltransferase.
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3 Cellular uptake and tissue distribution
of AITC

Studies in our laboratory have shown that AITC as well as
other ITCs rapidly accumulate in cells. ITCs appear to enter
cells by diffusion, but once in the cell, ITCs are rapidly
conjugated with intracellular thiols [21-23]. GSH, which is
the most abundant intracellular thiol, was found to be the
major driving force for ITC accumulation [22], and cellular
glutathione S-transferases enhance ITC accumulation by
promoting the conjugation reactions [24]. Not surprisingly,
ITCs that are already conjugated with thiols, such as GSH,
cysteine, and NAC, were unable to accumulate in cells [22].
Indeed, addition of excess GSH to culture medium was
shown to completely block the cytotoxicity of AITC and
benzyl ITC [25]. The peak intracellular ITC accumulation
was achieved within 0.5-3h of exposure, reaching 100- to
200-fold over the extracellular ITC concentration, and the
total intracellular ITC accumulation can reach millimolar
levels [21, 22].

However, intracellularly accumulated GSH conjugates of
ITCs, perhaps other thiol conjugates as well, were exported
out of cells rapidly. For example, the half-time stay of the
accumulated sulforaphane equivalent in human prostate
cancer LNCaP cells was only about 1h [26]. The export of
ITC conjugates appears to be mediated, at least partly, by
membrane drug transporters, e.g. multidrug resistance
associated protein-1 [26, 27]. Thus, continuous intracellular
accumulation may only be possible when ITCs persist in the
extracellular space at a level that allows cellular uptake of
ITC to offset the rapid export of the accumulated conjugates.
Total intracellular accumulation levels of ITC (area under
time-concentration curve) may be critical for their biological
activity, as we previously showed that the total intracellular
accumulation levels of ITCs determined their activity to
induce Phase 2 cytoprotective enzymes [21, 28].

Bollard et al. reported that the peak levels of AITC
equivalents in the blood of mice and rats, following a single
oral dose of [CJAITC at 25 and 250 pumol/kg, were
approximately 0.04 and 0.5 mM, respectively [17]. Our recent
study showed that the average 24-h urinary concentrations
of AITC equivalent were 0.36 and 4.2mM, respectively,
following a single oral dose of AITC at 25 and 250 pmol/kg
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[18]. These results show that the average urinary concen-
trations of AITC equivalent are nearly ten times higher than
the peak levels of AITC equivalent in the blood, following
AITC consumption. In fact, the difference may be much
greater, because the blood levels of AITC equivalent were
determined based on an all-inclusive radioactivity
measurement, whereas the urinary levels of AITC equiva-
lent were measured using the cyclocondensation assay,
which detects only free AITC and AITC metabolites formed
in the mercapturic acid pathway [18], excluding other
metabolites such as thiocyanate. Consistent with this
analysis, urinary concentrations of ITC equivalent were 2-3
orders of magnitude higher than that in the plasma of rats
fed orally with ITCs contained in broccoli sprout extracts
(mainly sulforaphane), where all samples were measured by
the cyclocondensation assay [29]. Not surprisingly, Bollard
et al. found that tissue levels of radioactivity in the bladder
were 14-79 times higher than in other organs after a single
oral dose of ["*CJAITC at 250 pmol/kg (Table 1) [17]. Thus,
urinary bladder is by far the most exposed organ in vivo to
orally ingested ITCs, including AITC, apparently resulting
from selective urinary disposition of its metabolites, mainly
the NAC conjugate. The NAC conjugates of ITCs as well as
other ITC metabolites formed in the mercapturic acid
pathway serve as carriers of ITCs, as they are unstable and
dissociate to the parent ITCs [25, 30].

4 The antimicrobial activity of AITC

Although sinigrin itself is not known to possess anti-
microbial properties, AITC displays bactericidal activity
against a variety of pathogenic bacteria, including Helico-
bacter pylori, Escherichia coli, Salmonella typhimurium,
Staphylococcus aureus, Streptococcus mutans, Penicillium
notatum, Bacillus cereus and Vibrio parahaemolyticus, with the
minimum bactericidal concentrations of AITC (the lowest
concentration needed for complete inhibition of growth)
ranging from 3.8 uM to 16.7mM [31-33]. It has not been
clearly understood why the minimum bactericidal concen-
trations of AITC varied so widely, but it was reported that
change in pH in the culture medium from 4.5 to 8.5
elevated the minimum bactericidal concentration against

Table 1. Amounts of radioactivity remaining within the organs of rats at various time intervals following oral administration of ["*CJAITC®

Microgram equivalent of ["*CJAITC/g wet tissue weight

Time after oral doing (h) Urinary bladder Brain Kidney Liver Spleen

0.33 235.3+48.7 3.6+3.0 18.1+8.0 12.4+1.7 10.5+7.2
1 248.5+27.4 2.8+0.6 14.44+3.6 145+2.6 10.4+3.7
2 248.3+22.8 3.5+1.6 19.3+2.4 14.5+3.6 9.6+0.4
6 215.0+39.9 3.0+3.0 19.7+6.7 16.0+4.8 8.8+3.7

a) A single oral dose of ["*CJAITC at 250 pmol/kg was administered to male F344 rats and the organs were then collected at the indicated

time points and measured for radioactivity (ref. [17]). The results in female rats were similar.
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E. coli by 20-fold [32]. The anti-microbial activity is a property
shared by many ITCs, and the activity of AITC appears to be
relatively weak compared with several other ITCs. For
example, the bactericidal activities of phenethyl ITC against
three strains of H. pylori were 7.8-20.5 times more potent
than AITC [31]. The implication of the bactericidal activity of
AITC in cancer and infection in humans is unclear,
although H. pylori is known to cause gastritis, gastric ulcer
and gastric cancer in humans.

AITC also showed fungicidal activity against a variety of
fungi and vyeasts, including Aspergillus flavus, Endomyces
fibuliger, Penicillium commune, Penicillium corylophilum,
Penicillium  discolor, ~ Penicillium  palitans,  Penicillium
polonicum, Penicillium roqueforti, Penicillium solitum and
Pichia anomala [34], and the mustard oil, of which 99% was
AITC, was one of the strongest antifungal substances
among the various natural oils examined [35].

The mechanism by which AITC kills bacteria or fungi is
largely unknown, but its action appears to resemble poly-
myxin B [36], which is known to bind to cell membrane and
to increase its permeability. AITC was also shown to
significantly inhibit both thioredoxin reductase and acetate
kinase isolated from E. coli at approximately 100 uM [32].
These enzymes play an important role in cell growth and
proliferation. In addition, AITC was also shown to cause
oxidative stress and DNA damage in E. coli [37]. Further-
more, as described in section 5, studies in mammalian cells
have revealed other mechanisms by which AITC causes cell
death, some of which may be relevant to its bactericidal
activity. However, both GSH and cysteine were shown to
almost completely abolish the bactericidal effect of AITC
[38], which likely resulted from inhibition of its cellular
uptake, as these agents were shown to block ITC uptake by
mammalian cells (see Section 3 for details).

5 The anticancer activity of AITC
5.1 Inhibition of cell proliferation

Although sinigrin itself is not known to possess any anti-
proliferative activity, AITC inhibits proliferation of various
types of human cancer cells, with the IC50 values at the low
micromolar range, regardless of their tissue origins and p53
status, and even in drug-resistant cells that overexpress drug
transporter multidrug resistance associated protein-1 or
Pgp-1 [39-43]. In fact, exposure of cells to AITC for only 3h
seems sufficient to achieve growth inhibition [39, 42]. More
interestingly, AITC appears to be significantly less toxic to
normal cells. For example, 83% of normal human prostate
epithelial cells were viable following a 24-h exposure to
40uM AITC, whereas only 36-38% of human prostate
cancer cells (LNCaP cells and PC-3 cells) survived under
similar conditions of AITC treatment [40]. Detransformation
of human colorectal cancer HT29 cells also rendered them
more resistant to the cytotoxic effect of AITC, elevating the
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maximal concentration at which no cell is killed from
3.2uM in HT29 cells to 7.4 uM in detransformed counter-
parts (24h treatment) [41]. The IC50 value of AITC in
normal human bladder epithelial cells is approximately
twenty times higher than that in human bladder cancer cells
(our unpublished observation).

5.2 Cell cycle arrest and induction of apoptosis

Inhibition of cell proliferation by AITC was associated with
cell cycle arrest and/or induction of apoptosis. AITC at
concentrations near its IC50 value caused significant arrest
of cells (up to 80%) in either G1 phase or G2/M phase. For
example, it arrested human leukemia HL60 cells in G1
phase [39], but caused G2/M arrest in bladder cancer UM-
UC-3 cells [42], human cervical cancer Hela cells [44],
human colorectal cancer HT29 cells [45] and human pros-
tate cancer cells (PC-3 and LNCaP) [40]. Smith et al. subse-
quently showed that approximately 25% of AITC-treated
HT29 cells were arrested in M phase. The reason as to why
AITC causes G1 arrest in some cells but G2/M arrest or M
arrest in other cells is not known. In LNCaP cells, however,
where AITC causes G2/M arrest, AITC was shown to
modulate a number of important G2/M regulators, includ-
ing downregulation of cyclin B1, cdkl, cdc25B and cdc25C,
and to cause the disruption of tubulin [40, 45].

Treatment of HL60 cells with AITC at 10uM for 24h
rendered nearly 30% cells apoptotic, which was associated
with disruption of mitochondrial transmembrane potential,
activation of several caspases (caspse-3, -8, -9 and -12), and
activation of c-Jun N-terminal kinase (JNK) [39, 46]. AITC
also significantly induced apoptosis in PC-3 cells and LNCaP
cells, which was associated with downregulation of anti-
apoptotic Bcl-2 and Bclxl and activation of extracellular
signal-regulated kinase and JNK [40, 47]. However, AITC
was a poor apoptosis inducer in other cell lines, such as
HT29 cells and UM-UC-3 cells (no more than 5% cells
became apoptotic after AITC treatment) [42, 45]. Interest-
ingly, it is of note that AITC induces c-Jun, a key component
of activator protein 1 (AP-1), increased the transactivation
activity and/or DNA binding activity of AP-1 in both HT29
cells and UM-UC-3 cells [48, 49]. The pro-survival or apop-
tosis inhibitory function of AP-1 is well known.

5.3 Other anticancer activities

Matrix metalloproteinases (MMPs) play important roles in
cancer metastasis. Both AITC and its NAC conjugate
were reported to significantly inhibit the transcription of
MMP-2/-9 in human hepatoma SK-Hep1 cells at 0.1-5 pM,
which was associated with inhibition of cell adhesion,
migration and invasion [50]. MMP-2 and -9 degrade
components of basement membrane and are strongly
implicated in the invasion and metastasis of cancer cells [51,
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52]. The extent of histone acetylation also influences the
growth of cancer cells and increasing histone acetylation is a
recognized strategy for cancer prevention and therapy [53,
54]. AITC at 20 uM was shown to stimulate histone acet-
ylation in mouse erythroleukemia DS19 cells, but this does
not appear to result from inhibition of histone deacetylase
[55]. However, sulforaphane was shown to inhibit histone
deacetylase in cancer cells [56]. AITC was also found to
significantly inhibit the production of nitric oxide (NO) and
the expression of inducible nitric oxide synthase (iNOS) in
lipopolysaccharide-treated ]J774.1 macrophages at <10uM
[57] and to inhibit NF-kB activation in lipopolysaccharide-
treated HT-29 cells at 25-100 uM [58]. NO, iNOS and NF-xB
are important signaling molecules in inflammation and
cancer.

5.4 Inhibition of tumor growth

Intraperitoneal injection of 10pumol AITC (approximately
333 pmol/kg body weight) three times per week for 3wk,
beginning the day of tumor cell inoculation, inhibited PC-3
human prostate cancer xenografts in athymic mice by
approximately 45%, with no apparent toxicity [59]. In
another study, male Wistar rats were given dimethylhy-
drazine (DMH) subcutaneously twice (separated by 5 days)
to induce aberrant crypt foci in the colonic mucosa, and
AITC or sinigrin was given to the rats in the diet for 5wk,
starting the next day after the second dose of DMH. Both
sinigrin and AITC reduced the number of DMH-induced
aberrance crypt foci in the colonic mucosa by approximately
40% [60]. Interestingly, in this study, sinigrin was more
potent than AITC, as sinigrin at 1umol/kg diet was as
effective as AITC at 4 umol/kg diet. Since sinigrin itself is
not known to possess cancer preventive activity, its inhibi-
tion of DMH-induced colonic aberrant crypt foci formation
most likely resulted from its myrosinase-catalyzed conver-
sion to AITC in vivo. In another study where hepatocarci-
nogenesis in ACI/N rats was induced by adding
diethylnitrosamine in drinking water for 5wk, dietary
supplementation with sinigrin at 1200ppm (3 pmol
sinigrin/g diet) during the carcinogen treatment period
also reduced tumor incidence by 50% and reduced
tumor multiplicity by more than 90% [61]. However, in
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced
lung tumorigenesis in A/J mice, where a single oral dose of
AITC at 1 or 5umol/mouse was given to the animal 2h
prior to a single intraperitoneal injection of 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone and lung tumorigenesis
assessed 16 wk later, AITC was ineffective, while a number
of synthetic ITCs, especially 1-dodecyl ITC and 1,2-diphe-
nylelthyl ITC were highly effective under the same experi-
mental conditions [62]. The last animal model differs from
other three models in that it is designed to evaluate acute
inhibition of carcinogen activation (inhibition of carcinogen-
activating enzymes) by a test agent.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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6 The dichotomy of cytoprotective
activity and toxicity of AITC

6.1 Stimulation of cytoprotective mechanisms

AITC has been shown to induce several Phase 2 enzymes,
including NAD[P]H:quinone oxidoreductase-1, glutathione
S-transferase, glutamate cysteine ligase and/or heme oxyge-
nase 1 in both cultured cells in vitro and animal tissues in vivo
[18, 21, 28, 42, 63-65]. Induction of the Phase 2 proteins by
AITC must have resulted at least in part from the activation
of nuclear factor erythroid 2-related factor 2 (Nrf2), a key
transcription activator of the above-mentioned Phase 2 genes
and many other genes, as AITC at 25 puM rapidly and mark-
edly elevated Nrf2 level and Nrf2 transactivation activity in
human hepatoma HepG2 cells [28, 63]. Nrf2 activates Phase 2
gene transcription by binding to the upstream regulatory
element, namely the antioxidant response element. Indeed,
McWalter et al. showed that AITC was unable to stimulate the
transcription of the downstream gene linked to a mutated
antioxidant response element [65]. Given that Nrf2 is known
to regulate a variety of Phase 2 genes and other genes [66],
AITC probably stimulates many such genes. Because many
Phase 2 proteins are major cellular antioxidant and carcino-
gen detoxification enzymes, it seems reasonable to assume
that AITC would prevent oxidant- and carcinogen-induced
damage. Indeed, AITC was found to significantly inhibit in a
dose-dependent manner the formation of gastric lesions
induced by ethanol, hydrochloric acid, ammonia, aspirin and
indomethacin in Sprague—-Dawley rats at the oral dose levels
of 1.25-10 mg/kg body weight (12.5-100 pmol/kg) [67].

However, to what extent stimulation of cytoprotective
proteins by AITC contributes to its cancer chemopreventive
activity is not clear. Nor is it clear whether activation of Nrf2
signaling attenuates its anticancer activities such as induc-
tion of cell cycle arrest and apoptosis of cancer cells.

6.2 Cytotoxicity and genotoxicity of AITC

Pretreatment of HepG2 cells with AITC at up to 6 pM for
24h enhanced benzo(a)pyrene-induced DNA damage by
almost twofold, as measured by the single-cell gel electro-
phoresis assay [68]. The reason why AITC increased
benzo(a)pyrene genotoxicity is not known, as its effect on
Nrf2 and carcinogen-detoxifying enzymes was not measured
in these cells. Treatment of HL60 cells with AITC at 2-5 uM
for only 3h was shown to cause DNA damage and the
formation of 8-oxo-7,8-dihydro-2’-deoxyguanosine, which
was thought to result from increased formation of reactive
oxygen species [69]. Intracellular generation of reactive
oxygen species and DNA damage were also detected in
bacterial cells treated with AITC [70].

However, DNA damage by AITC, which was detected in
HepG2 cells (formation of micronucleus), was negligible in
Hela cells (unscheduled DNA synthesis), and its muta-
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genicity in bacterial cells (Ames test) occurred only at rela-
tively high concentrations (> 50 pM) [37, 71]. Nor did AITC
cause significant chromosome aberrations or sister chro-
matic exchanges in a SV40-transformed Indian muntjac cell
line and a Chinese hamster ovary cell line even at highly
cytotoxic doses [72, 73]. Similarly, unscheduled DNA
synthesis was not detected in the livers of Sprague-Dawley
rats receiving a single oral dose of AITC up to 125 mg/kg
body weight (1.25 mmol/kg) [74].

Rats receiving a single oral dose of AITC at approximately
13mg/kg showed reduced uptake of iodine by the thyroid
gland [75], suggesting a weak goitrogenic activity of AITC.
However, another study showed that rats (Shoe: WIST) given
AITC at oral doses up to 40mg/kg 5 days/week for 4 wk did
not show any changes in thyroid weight, even though the
highest AITC dose caused a significant decrease in body
weight [76]. F344 rats and B6C3F1 mice given oral AITC at
50mg/kg body weight (500 umol/kg) 5 days per week for
2wk showed a thickened mucosal surface of the stomach in
both rats and mice and a thickened urinary bladder wall in
male mice, but no gross or microscopic lesions were detected
in the animals given oral AITC at 25 mg/kg (250 pmol/kg) 5
days per week for 13wk [77]. In a further experiment where
F344 rats and B6C3F1 mice of either sex were administered
orally with 12 or 25mg/kg (120 or 250 pmol/kg) AITC 5
times per week for 103wk [77], urinary bladder cancer was
detected in 4 and 8% male rats treated with the low and high
doses of AITC, respectively, whereas no bladder tumor was
detected in any other groups. Subcutaneous fibrosarcoma
was detected in 6% of female rats receiving the high dose of
AITC, but not in any other groups. Human relevance of
these findings is likely to be very limited, if any, because
average human consumption of AITC has been estimated to
Dbe less than 1 mg/day (approximately 10 pug/kg body weight)
[78]. The sex-, species-, and organ-specific susceptibilities of
tumorigenesis to AITC have not been well understood. A
single instillation of AITC into the urinary bladder of female
F344 rats at 2.8mg/mlL/kg body weight for 2h via the
urethra using a catheter caused acute toxic damage to the
bladder, including hemorrhage, inflammatory cell infiltra-
tion, vacuolar degeneration and apoptosis/necrosis of the
mucosal/submucosal tissues, and delayed increase in BrdU
labeling index [79]. But interpretation of this data needs
caution, because AITC was given at very high concentration
(28mM), and its NAC conjugate (the principal urinary
metabolite) was not examined.

7 Concluding remarks

AITC, a common dietary phytochemical, presents many
desirable attributes of a cancer chemopreventive agent,
including extremely high bioavailability after oral adminis-
tration, rapid uptake by cells, microbicidal activity against a
wide spectrum of pathogens, significantly higher toxicity in
malignant cell than in normal cells, its ability to rapidly
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Figure 3. Putative cancer chemopreventive mechanisms of AITC.
The arrows indicate activation, and the Ts indicate inhibition.
The information is compiled from a collection of published
studies in different cell lines, which are discussed in this review.
ERK, extracellular signal-regulated kinase.

induce cancer cell death regardless of its tissue origin or p53
status and even in drug resistant cells, activation of Nrf2
signaling and inhibition of cancer development in vivo.
However, the AITC dose levels used in the preclinical
studies are far greater than what humans are normally
exposed to, raising the question of whether the preclinical
data are relevant to humans and whether dietary
consumption of AITC significantly contributes to cancer
prevention in humans. The observation that bladder is the
tissue, which is by far the most exposed to orally adminis-
tered AITC, apparently resulting from its almost exclusive
elimination through the urine, suggests that AITC may be
most useful for bladder cancer prevention.

The molecular mechanisms by which AITC attacks
bacteria, fungi and cancer cells remain poorly defined, but
the putative chemopreventive mechanisms are summarized
in Fig. 3. Further studies are needed to verify and extend
these findings. Chronic administration of AITC to rodents at
high-dose levels caused low incidence of urinary bladder
transitional cell carcinoma and subcutaneous fibrosarcoma
among other toxicities. But it is highly unlikely that such
toxicities would occur in humans, because dietary
consumption levels of AITC appear to be several orders of
magnitude lower than the doses used in the animal studies.
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