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Abstract
Isothiocyanates, derived from glucosinolates, are thought to be responsible for the
chemoprotective actions conferred by higher cruciferous vegetable intake. Evidence suggests that
isothiocyanates exert their effects through a variety of distinct but interconnected signaling
pathways important for inhibiting carcinogenesis, including those involved in detoxification,
inflammation, apoptosis, and cell cycle and epigenetic regulation, among others. This article
provides an update on the latest research on isothiocyanates and these mechanisms, and points out
remaining gaps in our understanding of these events. Given the variety of ITC produced from
glucosinolates, and the diverse pathways on which these compounds act, a systems biology
approach, in vivo, may help to better characterize their integrated role in cancer prevention. In
addition, the effects of dose, duration of exposure, and specificity of different ITC should be
considered.
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INTRODUCTION
Higher consumption of cruciferous vegetables (from the Brassicaceae plant family; e.g.,
broccoli, cabbage, Brussels sprouts, watercress, kale, cauliflower) is associated with a
reduced risk of several cancers, particularly cancers of the gastrointestinal tract, lung and
prostate.1–4 Similarly to many other plant foods, crucifers contain various compounds
associated with reduced cancer risk including fiber, carotenoids, lutein, flavonoids,
phytosterols, folic acid and vitamin C.5 In contrast to other plants however, cruciferous
vegetables also contain substantial amounts of sulfur-containing glucosinolates, which, on
hydrolysis by the enzyme myrosinase in the crucifers or β-thioglucosidases in certain gut
bacteria, are converted to biologically active compounds such as indoles and isothiocyanates
(ITC), and less active nitriles.6 These bioactive compounds are hypothesized to be
responsible for the chemoprotective effects conferred by cruciferous vegetable consumption
above and beyond the protective effects of higher intake of fruits and vegetables in general.
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GLUCOSINOLATE PROFILES
Glucosinolates are a class of sulfur-rich secondary plant metabolites. Although derived from
the same botanical family, the glucosinolate composition of different cruciferous vegetables
varies substantially (Figure 1).7–10 For example, broccoli is a rich source of the
glucosinolate glucoraphanin, cabbage is rich in sinigrin, and watercress is high in
gluconasturtiin. The type and amount of glucosinolates produced by the plants depend on
environmental factors such as temperature, hydration, presence of iron, insects, and soil pH
(sulfur and nitrogen content), although the ratio of individual glucosinolates remains
relatively constant within each specific plant.2 There are over 150 known glucosinolates,2
which all share a common sulfur-linked β-D-glucopyranose structure, but differ in side
chains. These side chains are derived from different amino acids during glucosinolate
synthesis in plant cells. The glucosinolates can be divided into several sub-groups based on
the chemical structure of the side chains (Figure 1).8, 11, 12 For example, the alkylthioalkyl
side-chain of glucoraphanin contains a sulfur group, whereas, the aromatic side-chain of
gluconasturtiin contains a phenethyl group.

Following metabolism of glucosinolates into ITCs in vivo, the structural difference of the
glucosinolate is conferred to that of the cognate ITC [e.g, glucoraphanin to sulforaphane
(SFN), sinigrin to allyl ITC (AITC), and gluconasturtiin to phenethyl ITC (PEITC) Figure
2]. The biological effect of ITCs varies due to the side-chain structure. For instance, in vitro
studies have shown that SFN is taken into cells faster, kept intracellularly longer, and at
higher accumulations than several other ITCs,13, 14 and has the highest potency of inducing
the expression of two phase 2 enzymes – glutathione S-transferase (GST) and quinone
reductase (QR).13, 15 In contrast, Jakubikova et al.16 showed that AITC was most effective
in causing HL60 cell cycle arrest, while PEITC and benzyl ITC (BITC)17 were the most
effective in inducing apoptosis, among six different ITCs. Prawan, et al.18 studied the effect
of ten synthetic ITC analogs on pro-inflammatory NF-κB activity in vitro, and reported that
subtle changes in ITC structure had a profound impact on inhibition potential. Therefore, in
addition to the amount consumed, the variety of cruciferous vegetables ingested may also
influence biologic response. To date, differential effects of cruciferous vegetables with
diverse glucosinolate profiles have not been directly compared in vivo in humans.

MECHANISMS OF ACTION
Enthusiasm for the study of the chemoprotective effects of ITCs was initially generated by
early work in animal models demonstrating inhibition of carcinogen-induced tumor
formation at various sites with administration of ITCs.19–23 These studies supported the
epidemiologic literature suggesting a cancer protective effect of cruciferous vegetable
consumption. Subsequently, evidence has emerged to suggest that ITCs may be involved in
a number of other distinct but interconnected signaling pathways important for inhibiting
carcinogenesis, including those involved in detoxification, inflammation, apoptosis, and cell
cycle and epigenetic regulation, among others (Figure 3). In addition to ITCs, other
glucosinolate hydrolysis products include indoles and nitriles, which have also been
purported to have chemoprotective activity. An in-depth discussion of other glucosinolate
products is beyond the scope of the present review and the reader is referred to other work
on the topic.24–27 Numerous comprehensive reviews have been published on the biologic
activities of ITCs over the past several years, however, this field continues to evolve and
remains an active area of research.

Modulation of Phase 1 and Phase 2 Biotransformation Enzymes
In studies designed to elucidate the mechanisms of cancer prevention by ITCs,
Wattenberg21, 28 found that ITC administration increased carcinogen metabolism and

Navarro et al. Page 2

Food Funct. Author manuscript; available in PMC 2012 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



detoxification, resulting in decreased initiation and promotion of tumors in carcinogen-
challenged rats. Based on this seminal work, it was hypothesized that the major mechanism
of chemoprevention by ITCs was through modulation of biotransformation enzymes [phase
1, e.g., cytochrome P450 (CYP) family, and phase 2, e.g., glutathione S-transferases (GST),
UDP-glucuronosyl transferases (UGT), etc.].29, 30 GST and UGT are multigene families of
enzymes involved in conjugation of exogenous compounds (e.g., various carcinogens and
other xenobiotics) and endogenous compounds (e.g., sex steroid hormones) implicated in
cancer risk.31

Most in vitro evidence suggests that up-regulation of phase 2 biotransformation enzymes by
ITCs occurs through interaction of ITCs with the cytoplasmic-anchoring protein Kelch-like
ECH-associated protein 1 (Keap 1), which represses the transcription factor NF-E2-related
factor 2 (Nrf2).32, 33 ITC interaction with critical cysteine residues of Keap1 results in
dissociation of Keap1 from Nrf2, allowing Nrf2 translocation to the nucleus and gene
activation via the antioxidant response element (ARE) located upstream of the promoter
region of the genes of many antioxidant and phase 2 biotransformation enzymes,32, 33

including GST,34 UGT,35 and NAD(P)H:quinone oxidoreductase-1 (NQO1),36 among
others. Participation of Nrf2 in regulation of genes involved in carcinogen metabolism and
antioxidant activity has been extensively reviewed.37–41

The effects of ITC-mediated upregulation of phase 2 enzymes have been corroborated in
feeding studies in humans. For example, we showed previously that consumption of
cruciferous vegetables for two weeks compared to a diet devoid of fruits and vegetables
increased GST-α concentrations, and decreased serum bilirubin concentrations, indicative of
increased UGT1A1 activity.42, 43 Gasper and colleagues44 observed increased expression of
several xenobiotic metabolizing enzymes in gastric mucosa after individuals consumed
high-glucosinolate broccoli.

There is also some evidence to suggest that ITCs directly inhibit phase 1 enzymes, although
to a lesser extent, via both competitive inhibition as well as direct covalent modification
(reviewed in 22, 45). Phase 1 enzymes are involved in metabolic activation of endogenous
and exogenous compounds, including potential carcinogens. However, in addition to ITCs,
glucosinolate hydrolysis leads to the production of indoles and nitriles. Indoles induce both
phase 1 and 2 enzymes through binding with the aryl-hydrocarbon receptor (AhR) and
subsequent interaction with the xenobiotic response element (XRE).27, 46, 47 Crambene, a
nitrile, has been shown to act similarly to ITCs and interact with the ARE.27 Generally,
induction of both phase 1 and phase 2 enzymes is thought to accelerate metabolism of
carcinogens toward elimination.

As cruciferous vegetables contain a mixture of ITCs, indoles and nitriles, consumption of
the whole food, versus single, isolated compounds, may confer protection beyond that of
individual compounds. Thus, translation of studies based on isolated compounds to intake
data in humans is very complex, and points to the need for further in vivo studies evaluating
the effects of these vegetables on biologic outcomes in humans. The impact of ITCs on
biotransformation has been extensively reviewed.22, 24, 45, 48–52

Inhibition of Nuclear Factor kappa B (NF-κB) Pathways
Further study on the chemopreventive potential of ITCs led to the discovery that ITCs may
play a role in several other signaling pathways critical to carcinogenesis, including inhibition
of NF-κB.24 NF-κB is a transcription factor and central mediator in the activation of genes
involved in the inflammatory process, e.g., cytokines, chemokines, adhesion molecules and
other soluble factors involved in the immune response.53 While acute inflammation is
beneficial in some instances (e.g., injury or infection), persistent low-level inflammation is
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associated with predisposition to several chronic diseases.54–57 ITCs have been shown to
inhibit NF-κB-mediated processes in vitro 24, 50, 58–60 and in vivo, in animal models,61, 62

and may therefore reduce inflammation — a well-recognized risk factor in carcinogenesis.63

For instance, constitutive activation of NF-κB is common in colon, liver and prostate cancer,
and leads to upregulation of a number of cytokines, growth factors and anti-apoptotic
genes.50, 64, 65 ITC-mediated inhibition of NF-κB-regulated pathways is mentioned in
several reviews,24, 50, 66, 67 however, a dedicated work on the subject is still lacking.

The NF-κB family of transcription factors is composed of heterodimeric complexes of
proteins from the Rel family, the most abundant of which is the p65/p50 heterodimer. 61 NF-
κB is retained in an inactive form in the cytoplasm by an inhibitor molecule, inhibitor kappa
B (IκB).68 Following a pro-inflammatory stimulus or oxidative event, IκB is phosphorylated
via the IκB kinase complex (IKK) and ubiquitinated resulting in degradation and subsequent
liberation of the NF-κB complex. ITC-mediated inhibition of NF-κB has been attributed to
repression of IKK phosphorylation, preventing IκB degradation and thereby inhibiting
transcriptional induction by NF-κB.59 This inhibition results in decreased expression of
numerous NF-κB target genes, most notably inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-
α).50, 59, 69 There is also some evidence that SFN binds directly to essential thiol groups of
p50, a functionally active subunit of NF-κB, thereby inhibiting NF-κB-binding to DNA.70

In addition to direct inhibition of NF-κB activity, it has been proposed that ITC-activation of
Nrf2 may also lead to inhibition of NF-κB indirectly via crosstalk between Nrf2 and NF-κB
transcription factors.71–73 This hypothesis is based on several observations. Nair et al.74

proposed a regulatory network for coordinated modulation of Nrf2 and NF-κB through a
common mitogen-activated protein kinase (MAPK) cascade, based on common regulatory
sequences in the transactivation domains of Nrf2 and NF-κB, and key regulatory genes in
inflammatory signatures. Additionally, Khor et al.75 reported decreased levels of anti-
oxidant/phase 2 enzymes with simultaneous up-regulation of the NF-κB-regulated pro-
inflammatory mediators COX-2, iNOS, IL-1, IL-6, and TNF-α in Nrf2 knock-out mice with
chemically-induced colitis. Ma et al.76 also observed a lupus-like autoimmune syndrome in
Nrf2-deficient mice, marked by multi-organ inflammatory lesions and premature death due
to rapid progression of nephritis. Taken together, these data suggest that Nrf2 is involved not
only in the activation of antioxidant/phase 2 gene transcription machinery, but also in the
suppression of pro-inflammatory signaling.

This finding is consistent with previous observations of an anti-inflammatory role for
Nrf2.71, 77 Although the mechanism for this inhibition has yet to be worked out, direct
evidence of the reverse (i.e., inhibition of Nrf2 by NF-κB) has been well-documented. Liu et
al.78 demonstrated antagonism of Nrf2 by NF-κB at the transcriptional level through
competition for co-activator CREB-binding protein (CBP) required for translocation, and
concomitant recruitment of histone deacetylase (HDAC), a co-repressor. The potential
cross-talk between NF-κB and Nrf2 requires further study, but may explain part of the
cancer-protective effects of ITCs. Thus, Nrf2 may be a key mediator through which both
phase 2 biotransformation and inflammation pathways are modulated.

Epigenetic Regulation
Epigenetic regulation is a modification of DNA without a change in the sequence, that
results in a change in gene expression or phenotype. Unlike mutations in the genetic code,
these epigenetic alterations, e.g., histone modification and methylation, may be modifiable.
Recent evidence suggests that constituents in the diet, including ITCs, have the potential to
alter a number of these epigenetic events (reviewed in 24, 50, 79–82).
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One form of epigenetic regulation is the modification of histone proteins. When histones are
acetylated, DNA is accessible to transcription factors. Conversely, when acetyl groups are
removed from histones through the action of histone deacetylases (HDAC), access to DNA
by transcription factors is restricted, and transcription is suppressed. As such, coordination
of histone acetylation and deacetylation is an important regulatory mechanism for gene
expression. In cancer, the balance between acetylation and deacetylation is often
dysregulated, and tumor suppressor genes are frequently silenced.83 Inhibition of HDAC has
been shown for ITC both in vitro and in vivo in animal models and may alter
tumorigenesis.84–88 Associations between inhibition of HDAC activity and increases in gene
expression have been demonstrated with the tumor suppressor gene p2189, 90 and the pro-
apoptotic gene Bax.84 Interestingly, it appears that SFN metabolites (sulforaphane-cysteine
and sulforaphane-N-acetyl cysteine) rather than the parent compound may be responsible for
the inhibition, possibly by acting as competitive inhibitors.86

ITCs can also exert an epigenetic effect via modulation of DNA methylation. Meeran et al.91

showed that DNA methyltransferases were down-regulated by SFN in breast cancer cells,
which led to site-specific CpG island demethylation in the telomerase reverse transcriptase
gene. Another study by Wang et al.92 showed a CpG island demethylation effect of PEITC
on the GSTP1 gene in prostate cancer cells, resulting in a significant increase in enzyme
expression and activity. Lu et al.88 examined the effect of phenylhexyl ITC on myeloma
cells. This ITC not only inhibited HDAC, but also induced DNA demethylation of the p16
gene, which led to reactivation of this tumor suppressor gene in myeloma cells. While
potential modification of epigenetic events may be a significant chemoprotective property,
how ITCs are interacting in these pathways is, thus far, poorly understood. This is currently
an active area of research however, and we can anticipate further characterization of these
interactions in the near future.

Micro RNA (miRNA) Regulation
miRNAs, are a recently discovered class of post-transcriptional regulators that bind to target
messenger RNA transcripts, usually resulting in gene silencing.93 This is an exciting new
area of research, particularly in the area of cancer prevention. Two recently published
studies in animal models suggest that ITCs may have the potential to modulate miRNA
regulation.94, 95 Using microarray and quantitative PCR methods, investigators found that
the altered expression of a number of miRNA molecules, triggered by environmental
cigarette smoke, can be attenuated by PEITC.94, 95 A variety of these small noncoding RNA
molecules are known to have regulatory functions in cell proliferation, differentiation and
apoptosis, Ras activation, p53 signaling, NF-κB inhibition, etc. Therefore, modulation of
miRNA expression by ITCs may be another avenue through which ITCs exert a
chemoprotective effect.

Stimulation of Cell Cycle Arrest and Apoptosis
Suppression of tumor cell growth in culture and animal models, has been reported with
several ITCs, and while the molecular processes of this suppression are still uncertain,
investigations have provided some potential ITC targets. In prostate cancer cells, treatment
with either SFN or PEITC resulted in cell cycle arrest in the G2/M phase of the cell cycle
and concomitant decrease in concentrations of a number of cell division cycle (Cdc)
regulators (e.g., Cyclin B1, Cdc25B and Cdc25C), required for progression into M-
phase.96, 97 Similarly, AITC has been shown to inhibit survival of brain malignant glioma
GBM 8401 cells in a dose-dependent manner via G2/M arrest with parallel reduction in
cyclin dependent kinase 1 (CDK1)/Cyclin B activity.98 Mi et al.99 reported inhibition of
proteosomal protein degradation and dysruption of microtubule formation in multiple
myeloma cells. In vivo, mice with mutations in one allele of the APC gene (adenomatous
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polyposis coli; APCnull/+) treated with 300 or 600 ppm SFN in their diet for three weeks
developed fewer and smaller intestinal adenomas compared to mice on a control diet.100 The
investigators also reported increased apoptotic activity and lower cell proliferation in mice
fed the ITC-containing diet.

Apoptosis can be achieved through mitochondrial/intrinsic pathways, death-receptor
cascades/extrinsic pathways, which converge on down-stream effector caspase-3, or
caspase-independent pathways.51 In vitro studies have reported apoptosis in response to
treatment with ITC through a number of targets, at different points in these pathways. These
include down-regulation of anti-apoptotic Bcl-2 and up-regulation of pro-apoptotic Bax
expression,101 proteolytic activation of caspase-3,101 decrease in mitochondrial potential
with subsequent release of apoptotic generating proteins cytochrome c and inhibitor of
apoptosis (IAP) family member Smac/DIABLO,102 activation of parallel MAPK cascades,
(e.g., extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38),51 as well as others. It is not entirely clear how ITCs initiate intracellular signaling
leading to apoptosis. One mechanism put forth to explain these observations is that
administration of ITCs to cells in high concentrations results in the generation of reactive
oxygen species (ROS) and consequent depletion of intracellular glutathione.24 Alternatively,
Xiao, et al.103 proposed ITC-inhibition of oxidative phosphorylation as a means of ROS
production, based on observations of PEITC interaction with mitochondrial complex III in
prostate cancer cells. Mi and colleagues99 recently reported ITC-induced apoptosis through
inhibition of proteasome activity with marked accumulation of the tumor suppressor p53 in
multiple myeloma cells, independent of ROS generation. These results indicate that ITCs
likely elicit apoptosis through a variety of pathways. Moreover, there is evidence to suggest
that the cytotoxic effects of ITCs may selectively target cancer, rather than normal cell
types.104 Numerous papers exist on the molecular basis of cell cycle regulation and
induction of apoptosis.51, 67, 105–108

Modulation of Hormone Receptor Expression
The complexing of androgen or estrogen with their receptors can activate transcription of
numerous genes involved in cell proliferation. Certain types of cancers, such as breast and
prostate, have been linked to dysregulation of sex hormone-mediated gene
expression.109, 110 Although modulation of sex steroid metabolism by crucifers, mainly
indoles, has been documented,26, 111 few studies have investigated the effects of ITCs on the
expression of sex hormones and their receptors. In an in vitro prostatic cell study,
Beklemisheva et al.112 showed that PEITC suppressed testosterone-induced cell growth by
down-regulating Sp1-mediated androgen receptor transcription. More recent work by Kang
et al.113 found that ITCs can repress the expression of estrogen receptor (ER)-α in human
breast cancer cells. These investigators found that the expression of an estrogen responsive
gene, pS2, was significantly reduced after ITC treatment due to abrogation of estrogen and
receptor interaction.113 Ramirez et al.114 reported that progesterone receptor expression, in
addition to ER-α expression, was also inhibited by SFN. Interestingly, Telang et al.115

demonstrated up-regulation of the ER-β gene in human mammary cells by both SFN and
PEITC, indicating that ITCs may serve as a modulator for the ratio of ER-α- to -β-subtype
concentrations. ER subtypes have been shown to have opposing actions on AP1-dependent
genes, including those involved in mammary proliferation and cell growth.116 ER-α
generally enhances proliferation whereas ER-β has been shown to reduce proliferation by
stimulating cell cycle arrest in the G2.115 In the work by Telang et al.,115 changes in the ER
subtype ratio paralleled increases in the pro-apoptotic gene BAD, and tumor suppresser
genes, p21 and p27.115
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Anti-Angiogenic and Anti-Metastatic Effects
Angiogenesis and metastasis are key steps in the development of malignant cancer. The
growth of new blood vessels is essential for the formation of large tumors because of the
high demand for oxygen and nutrient import, and the necessity of waste export for the fast-
growing tumor cells. The anti-angiogenic effects of ITCs have been reviewed recently by
Cavell et al.117 Studies have shown that ITCs modulate tumor angiogenesis via several
different pathways. ITCs can down-regulate the expression of pro-angiogenic genes such as
vascular endothelial growth factor (VEGF) by targeting hypoxia inducible factor (HIF)
transcription factors. ITCs can also inhibit other factors involved in tumor angiogenesis such
as NF-κB, activator protein-1 (AP1) and MYC, independent of the HIF pathway. Tubulin, a
protein required for cell morphogenesis and migration during the tumor angiogenesis
process, has also been recognized as a target for ITCs. ITCs not only inhibit tubulin
polymerization118, 119 but also promote tubulin degradation in cancer cells.120, 121

Metastasis, or the spread of tumor cells, both locally and to distant places via lymphatic or
blood vessels, is another indication of cancer progression. ITCs and derivatives were shown
to inhibit cell adhesion, invasion and migration in vitro, and suppress metastasis in vivo
through down-regulation of matrix metalloproteinase (MMP) and up-regulation of tissue
inhibitors of matrix metalloproteinase (TIMP). Several metastatic biomarkers were
suppressed after SFN treatment in animal models.122, 123 Epidemiologic studies also
indicate that crucifer intake is inversely associated with survival of many cancers.124–126

Anti-bacterial Effects
From the point of view of the plant, ITCs act as a deterrent for insects, suppress the growth
of other nearby plants and provide antibiotic properties, warding off invading pathogens.2
The antibacterial effects of ITCs in humans were first described by Fahey et al.127 with
Helicobacter pylori (H. pylori). SFN was shown to inhibit the growth of this bacterium,
which is an established risk factor for gastric cancer. This inhibitory effect was observed
irrespective of the antibiotic resistance status of the bacterium. Another study found that H.
pylori colonization in mice and humans was alleviated after a two-month feeding of broccoli
sprouts.128 In addition to direct antibacterial effects on H. pylori, cytoprotective responses in
human cells may play a role, as the protective effects of ITCs were not observed in Nrf2
knockout mice. The transcription factor Nrf2 is involved in the induction of a battery of
antioxidant and phase 2 biotransformation enzymes.37–41 These enzymes protect the
mucosal cells from oxidative stress and subsequent DNA damage.129 ITCs have also been
shown to have bactericidal effects on food borne pathogens, including Escherichia coli,130

Pseudomonas aeruginosa, Listeria monocytogenes and Staphylococcus aureus,131

supporting a broader anti-bacterial effect for these compounds.

Given their anti-bacterial effects, ITCs may also modulate the human gut microbial
community. Glucosinolates reach the large intestine and gut bacteria play an important role
in metabolizing these dietary constituents to ITCs and other compounds in vivo when
cruciferous vegetables are ingested.6, 132 Aires et al.133 examined the effects of four ITCs on
17 human gut-associated bacteria. All ITCs had some anti-bacterial effects and SFN and
BITC were the strongest inhibitors. These effects were dose-dependent with the strongest
effects observed at high concentrations (3 μM). In humans, Shapiro et al.132 reported that
urinary ITC excretion with cruciferous vegetable consumption decreased significantly when
participants were pretreated with antibiotics and bowel cleansing. Further details on the anti-
bacterial effects of ITCs can be found in other publications.134, 135
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INTERINDIVIDUAL VARIATION IN BIOLOGIC RESPONSE IN HUMANS
By way of necessity, much of the mechanistic work on ITCs has been conducted in vitro, in
cell systems, or in well-controlled animal models using isolated compounds. In humans
consuming cruciferous vegetables, biologic response may vary due to differences in types
and amounts of crucifers consumed, as well as genetic and other factors that influence
exposure, metabolism and disposition of the ITCs, and interaction of the ITCs with target
genes. Exposure to ITCs in vivo may be influenced by the environment in the digestive tract
(e.g., hydrolysis by gut microbiota, microbiota composition, pH, nutrient interactions, etc.),
how well food is chewed, and genetic variation in enzymes involved in metabolism of
ITCs.47 These factors may translate into interindividual differences in the protective effects
of cruciferous vegetables.

ITCs are metabolized by GST through the addition of a glutathione moiety, producing
dithiocarbamates; then they are further metabolized to N-acetylcysteine conjugates and
broken down via the mercapturic acid pathway.136 Null genotypes of GSTM1 and GSTT1
result in a complete lack of their respective enzymes and considerable variability in the
modifying effect of GST genotypes on cancer risk is observed.137–144 Based on
pharmacokinetic studies, this variability does not appear to be the result of slower ITC
metabolism, as ITCs appear to be excreted at a greater rate among GSTM1-null
individuals.44, 145 This observation may reflect ITC regulation of other signaling pathways
that affect GST activity or differences in the type or amounts of ITCs consumed. It may also
be that variants in N-acetyltransferase enzymes which produce N-acetylcysteine conjugates,
further down the ITC metabolic pathway after conjugation with glutathione, are responsible,
in part, for these observed differences.146

As discussed in the context of the anti-bacterial effects of ITCs, metabolism by gut bacteria
may be another source of variation in ITC exposure. Typically, most crucifers eaten by
humans are consumed cooked, and plant myrosinase is largely destroyed. In in vitro
incubations of fecal or pure bacterial samples with select glucosinolates, several gut
bacterial species have been shown to degrade glucosinolates.147–150 Feeding studies have
also shown significant interindividual differences in urinary ITC recovery (1%–50% of
original glucosinolate ingested) after participants consumed the same amount of cooked
cruciferous vegetables.132, 151–155 The variation was smaller when raw vegetables or ITCs
were consumed directly, indicating individual differences in the ability to metabolize
glucosinolates.132, 151–155 A recent study by our group showed that fecal bacteria obtained
from persons who had higher urinary ITC excretion after broccoli feeding, degraded more
glucoraphanin in vitro after a two day incubation compared to the bacteria from the low
excreters. However, no overall fecal microbiota composition differences were detected
between the two groups, possibly due to the complexity of micriobiota structure, and
functional redundancy of glucosinolate metabolism within the community.156

Other factors in the digestive tract may also contribute to the variation of ITC exposure in
vivo. For example, a small percentage of glucosinolates may undergo acidic hydrolysis in
stomach.157 In addition, the presence of iron and acidic environment in the intestine were
found to lead to nitrile formation instead of ITCs from glucosinolates.12, 158

SUMMARY AND FUTURE DIRECTIONS
Accumulated evidence from studies conducted in cell culture, animal models, and
epidemiologic cohorts over the past several decades, have demonstrated an important role
for ITCs in dietary prevention of several cancers. The biological effects of ITCs are diverse,
involving multiple signaling pathways as well as cross-talk between pathways, and
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characterization of these continues to evolve. Given the variation in chemical structure of
ITCs produced from different glucosinolates, this diversity is not unexpected. However,
even with the wealth of information we have on the chemoprotective effects of ITCs to date,
gaps in our understanding of their function remain.

While there is value in elucidating the effects of ITCs on isolated pathways looking at a
small number of targets, there is a need to understand systemic response of cells to ITCs
from a whole-body perspective. Use of a systems biology approach, employing
metagenomic, transcriptomic, proteomic and metabolomic technology may offer more
comprehensive information on the actions of ITCs. For example, Traka, et al.159 examined
gene expression profiles in prostate tissue before and after men consumed 400 g broccoli/
week for 12 months. Using pathway analyses, they found diet-induced changes in insulin
signaling, transforming growth factor-β1 and epidermal growth factor signaling pathways.
Interestingly, these changes were greater among carriers of a GSTM1+ genotype.159 We
recently utilized high throughput proteomics methods to determine how human serum
peptides changed in response to cruciferous vegetables in a controlled feeding trial. We
reported significant changes in circulating levels of several peptides, including GSTM1
genotype-dependent decreases in transthyretin (TTR), a carrier protein for retinol and the
thyroid hormone thyroxine, and zinc α-glycoprotein, an adipokine involved in lipid
metabolism.160

These previously unrecognized responses to cruciferous vegetables point to the complexity
of the mechanisms involved in crucifer-mediated effects, and modulation by GST genotype.
Further, the effects of dose, duration of exposure, specific ITCs, and other host genetic
factors should be considered. Because precursor glucosinolates, rather than ITCs, are present
in cruciferous vegetables, investigation of glucosinolate metabolism by gut microbiota may
also be an important link between cruciferous vegetable consumption with ITC exposure.
Finally, in addition to systems biology approaches, future investigations should examine the
effects of ITCs in vivo, in humans, through study of intermediate biomarkers of cancer-
related processes.
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Figure 1.
Glucosinolates in cruciferous vegetables can be divided into several sub-groups based on the
chemical structure of the side chains.
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Figure 2.
Conversion of select glucosinolates to their corresponding isothiocyanates.
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Figure 3.
Mechanisms of action of isothiocyanates in the modulation of signaling pathways involved
in cancer chemoprevention. (CYP=cytochrome P450; GST=glutathione S-transferase;
UGT=UDP-glucuronosyl transferase; NF-κB=nuclear factor kappa B; HDAC=histone
deacetylase; miRNA=micro RNA)
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