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erous vegetables, are the most wellstudied organosulfur com
pounds having an electrophilic reactivity. ITCs have been accepted
as major ingredients of these vegetables that afford their health
promoting potentials. ITCs are able to modulate protein functions
related to drugmetabolizing enzymes, transporters, kinases and
phosphatases, etc. One of the most important questions about
the molecular basis for the health promoting effects of ITCs is
how they modulate cellular target proteins. Although the molec
ular targets of ITCs remains to be validated, dietary modulation of
the target proteins via covalent modification by ITCs should be
one of the promising strategies for the protection of cells against
oxidative and inflammatory damage. This review discusses the
plausible target proteins of dietary ITCs with an emphasis on pos
sible involvement of protein modification in their health promot
ing effects. The fundamental knowledge of ITCs is also included
with consideration of the chemistry, intracellular behavior, and
metabolism.
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abundant in water cress (Nasturtium officinale L.); and benzyl ITC
(BITC) is formed from benzyl glucosinolate (glucotropaeolin) in
papaya (Carica papaya) (Fig. 1). The health promoting properties
of cruciferous vegetables might be attributable to their GLs,
which are also responsible for their pungent odor and biting taste.
However, since GLs themselves are much less bioactive than the
corresponding ITCs and can be metabolized by the myrosinase
(MYR, thioglucoside glucohydrolase)-like activity of the intestinal
microflora in humans, ITCs are accepted as the main principles for
the disease preventive potentials of cruciferous vegetables.(1)
Among the various biological activities, chemoprevention
against chemical carcinogenesis in experimental animals and its
underlying mechanisms have been most extensively studied.
ITCs have the abilities to inhibit both the formation and development of cancer cells through multiple pathways; i.e., inhibition
of carcinogen activating enzymes and induction of carcinogen
detoxifying enzymes, induction of antiproliferation by inducing
cell cycle arrest and apoptosis, inhibition of cancer cell invasion
and metastasis, inhibition of angiogenesis, etc.(1,4) Accordingly,

isothiocyanates, cruciferous vegetables,
covalent modification, protein targets

I

IIntroduction
sothiocyanates (ITCs) are one of the most famous organosulfur compounds having an electrophilic reactivity. ITCs
have also been accepted as major ingredients of cruciferous
vegetables to afford their health promoting and disease preventive
potentials, such as anti-cancer, anti-inflammatory, and antioxidative effects.(1) They are stored as glucosinolates (GLs; βthioglucoside-N-hydrosulfates) in plants and are released when the
plant tissue is damaged. There are over 120 GLs in various plants,
each yielding the corresponding ITCs.(2) Most GL-containing
genera are categorized within the Brassicaceae, Capparaceae,
Caricaceae and Moringaceae; Brassicaceae alone contains more than
350 genera and 3,000 species.(2) All the investigated Brassicaceae
species are thought to have the ability to synthesize GLs, such
as aliphatic, methylthioalkyl, aromatic and indole GLs.(3) For
example, allyl ITC (AITC) is ubiquitous in cruciferous plants as
its GL, sinigrin; sulforaphane (SFN), one of the most famous
ITCs, is particularly abundant in broccoli (Brassica oleracea L.
var. italica) in the form of its GL, glucoraphanin; β-phenethyl ITC
(PEITC) is, also a well-studied ITC, found as gluconasturtiin,
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Fig. 1.

The chemical structures of the ITCs most extensively studied.
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ITCs are able to modulate protein functions related to carcinogenesis, including phase 1 (cytochrome P450) and 2 drugmetabolizing enzymes, drug transporters, cell cycle regulators,
caspases, kinases and phosphatases, etc. In addition, most of the
protein targets are shared by the different types of ITCs in spite of
their various side chains.
The most important question about the molecular mechanisms
for the disease preventing effects of ITCs is how they modulate the
functions of cellular target proteins. It is also very interesting to
understand why different ITCs share similar molecular mechanisms, even though a certain effect is responsible for the specific
ITC.(5) The common structural point of ITCs is the presence of an
ITC (-N=C=S) group, the central carbon of which is electrophilic
and thus participates in a chemical reaction by accepting an electron pair of a nucleophile. Although ITCs could directly bind to
DNA and RNA as well as proteins, no detectable binding with
DNA or RNA was observed in human lung cancer cells,(6) suggesting that DNA or RNA is unlikely to be a major target of
ITCs in cells. ITCs actually inhibit glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a model protein having active thiol
groups, whereas the non-electrophilic O-methylthiocarbamate
does not.(7) This structure-activity relationship has also been
observed in some biological activities, including the suppression
of the NADPH oxidase-dependent superoxide generation,(7) induction of glutathione S-transferase (GST) activity,(8) and modification of mitochondrial respiration.(9) Similar to the ITC metabolism,
the health promoting effects of ITCs are regarded to be initiated,

at least partly, by direct reaction of the ITC group with the nucleophilic amino acid residues in the target proteins. The side chains of
ITCs may play an additional role in the interaction with the targets
and cellular accumulation, possibly by influencing the electron
density, steric hindrance and lipophilicity. Although validation of
the real molecular targets of ITCs remains a big issue, dietary
modulation of the key regulatory factors directly via covalent
modification by ITCs should be one of the promising strategies for
disease prevention and health promotion. This review includes the
fundamental knowledge of ITCs on their chemistry, metabolism,
absorption, and intracellular behavior. This review also discusses
the plausible molecular targets of ITCs with an emphasis on
physiological relevance of protein modification to their health
promoting effects.
Decomposition, Metabolism and Cellular Behavior of
Isothiocyanates
The conversion of GLs into ITCs is summarized in Fig. 2. The
formation of ITCs is mediated by the hydrolysis of GLs by MYR
in plants or intestinal microflora, followed by Lossen rearrangement under neutral conditions. At neutral pH, the major GL hydrolysis products are relatively stable ITCs, whereas a low pH prefers
to produce nitriles.(10) The main decomposition pathway of ITCs in
neutral or alkaline media is the addition of a hydroxyl ion to the
ITC group and formation of monothiocarbamates (Fig. 3A).(11)
Under a weakly alkaline or neutral condition, the amines and

Fig. 2. The conversion of GLs to ITCs. ITCs are formed by the hydrolysis of GLs by MYR in plants or intestinal microflora, followed by Lossen
rearrangement under neutral conditions. At neutral pH, the major GL hydrolysis products are ITCs.

Fig. 3. The schematic reactions between ITCs and nucleophiles. ITCs can react with water (A), thiol (B), primary amine (C) and secondary amine
(D, proline) to yield monothiocarbamates, DTCs and TUs.
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carbonyl sulfide (COS, O=C=S) are formed from the monothiocarbamates, the latter of which is further converted into hydrogen
sulfide and carbon dioxide. The formed amines can further react
with ITCs to yield thioureas (TUs), as shown in Fig. 3C. In addition, the rearrangement of ITCs into thiocyanates occurs during
the GL metabolism or storage in aqueous solutions.(11) Reduced
glutathione (GSH), the most abundant cellular molecule carrying
a thiol group (0.5–10 mM in cells), is a primary target for the
conjugation of ITCs, which results in the formation of dithiocarbamates (DTCs) (Fig. 3B). In the cells, the DTC formation with
GSH is enhanced by GST.(12) ITCs also bind to cysteine sulfhydryl
groups in proteins directly or via thiol exchange reactions. DTCs
exist in equilibrium with the free form, dependent on the chemical
characteristics of the sulfhydryl groups and ITCs, such as the pKa
and electrophilicity, respectively.(13) In addition to the cysteineDTC formation, ITCs are able to react with amine groups in
proteins, such as the α-amino groups in the N-terminal residues,
ε-amino groups in the lysine residues and secondary amine groups
in the N-terminal proline (Pro1) residues with the lower pKa to
form stable TUs (Fig. 3C and D). The TU formation with amino
acids is irreversible, but the rate of the reaction is much less than
that of the DTC formation.(14)
The intracellular behavior of ITCs is well understood as shown
in Fig. 4. The exposure of cells to ITCs leads to the rapid and
high intracellular accumulation mainly through simple diffusion.
The GSH conjugation by GST is also the major driving force for
ITC accumulation by means of the enhanced intracellular trapping
that prevents from diffusive efflux.(15) When murine hepatoma
Hepa1c1c7 cells were treated with 10 μM BITC or 50 μM SFN for
30 min, the total intracellular levels (ITC + DTCs) were estimated
at 1.9 and 5.1 mM, respectively.(16) Although the GSH-DTCs are

initially predominant intracellular metabolites 30 min after the
ITC treatment, their increasing amount in the culture medium and
the shift of the binding toward cellular proteins were observed in
the later period.(6) Intracellularly accumulated ITCs are mainly
exported as the GSH-DTCs, possibly through membrane drug
transporters, such as multidrug resistance associated protein-1 and
P-glycoprotein.(17) Since the covalent conjugation with GSH is
reversible, the GSH-DTCs can undergo either dissociation or
replacement reactions with proteins.(18) Intracellularly, ITCs might
also be liberated from the DTCs and then react with the amine
groups of proteins.(19)
The ITCs digested and absorbed in the body are predominantly
metabolized via the mercapturic acid pathway (Fig. 5).(20) GST
isozyme polymorphisms have a significant impact on the overall
ITC metabolism, because the first reaction of the ITC metabolism
is GSH conjugation catalyzed by GSTs in the digestive tract and
liver. The DTCs of GSH are further converted into those with
cysteinylglycine, cysteine and N-acetylcysteine (NAC) via the
mercapturic acid pathway in the kidneys, then excreted in the
urine. Therefore, the uric level of the NAC-DTCs serves as a
major metabolic marker of ITCs or the digested GLs.
Analytical Methods for Detection of ITCs
The most frequently used detection method for ITCs or their
DTCs is the cyclocondensation assay.(21,22) This assay utilizes 1,2benzenedithiol as the vicinal dithiol reagent and spectroscopically
measures the reaction product, 1,3-benzodithiole-2-thione. However, this method cannot identify the tested ITCs, because the
reaction with 1,2-benzenedithiol is dependent only on the ITC
moiety and independent of the side chains. Numerous studies of

Fig. 4. The cellular behaviors of ITCs. ITCs accumulate through simple diffusion and conjugation with GSH. The GSHDTCs are excreted via
membrane drug transporters. The GSHDTCs also modify sulfhydryls or amines of cellular proteins by exchange reactions. The GSHDTCs are
exported through membrane drug transporters, such as multidrug resistance associated protein1 (MRP1) and Pglycoprotein (Pgp).

T. Nakamura et al.

J. Clin. Biochem. Nutr. | January 2018 | vol. 62 | no. 1 | 13
©2018 JCBN

the individual ITCs have used more strict analytical instruments,
such as high performance liquid chromatography (HPLC) and gas
chromatography (GC) often with mass spectrometry (MS) (Table 1).
The ITCs derived from GLs by MYR have been classically measured by GC or GC-MS analysis.(23–25) HPLC with MS(/MS)
(LC-MS, LC-MS/MS), especially quadrupole (Q) or ion trap MS
with electrospray ionization (ESI), has frequently been used as an
analytical tool for the ITCs and their metabolites from in vivo
samples, such as blood plasma, urine, liver, kidney and lung.(26–38)
The adduction between ITCs and proteins has also been investigated using MS, such as matrix assisted laser desorption ionizationtime of flight (MALDI-TOF) and ESI-Q-TOF after enzymatic
digestion of the tested proteins.(39,40) In addition, specific monoclonal
antibodies against the AITC-, BITC-, or 6-methylsulfinylhexyl
ITC (6-MSITC)-lysine adduct have been developed.(41) Using
these antibodies, the ITC-lysine adduct formation was confirmed
in the reaction mixture of ITCs and bovine serum albumin (BSA)
by an enzyme-linked immunosorbent assay. In any case, the
instrumental and immunochemical methods may be essential
tools to understand the disposition and target molecules of the
ITCs and their metabolites.
Potential Targets of ITCs and Their Physiological Rele
vance

Fig. 5. The mercapturic acid pathwaydependent metabolism of ITCs.
ITCs initially react with GSH to form the GSHDTCs, which are enhanced
by GSTs. The conjugates undergo further enzymatic modifications; γ
glutamyltranspeptidase (GT) converts the GSHITCs into cysteinylglycine
DTCs, then cysteinylglycinase (CG) converts cysteinylglycineDTCs into
cysteineDTCs, and Nacetyltransferase (AT) converts cysteineDTCs into
NACDTC conjugates.

Keap1. Among the plausible protein targets for ITCs, the
cysteine-rich protein Keap1 [Kelch-like erythroid cell-derived
protein with CNC homology (ECH)-associated protein 1], has
been most extensively studied as a negative regulator of nuclear
factor-erythroid 2 p45-related factor 2 (Nrf2) (Fig. 6). The Keap1Nrf2 system plays a major role in the transcriptional regulation
of various cytoprotective genes in response to electrophiles like
ITCs as well as oxidative stress. Not only SFN, but also ITCs
including BITC, PEITC and 6-MSITC, are able to up-regulate the
Nrf2-targeted gene expression.(8,42–45) Nrf2, as a heterodimer with
small Maf, controls the gene transcription through the binding to
the antioxidant response element (ARE) in the enhancer regions
of its target genes. Among the six Nrf2-ECH homology (Neh)
domains in Nrf2, the Neh2 domain contains two Keap1-binding
sites, the DLG motif and the ETGE motif. Keap1 has five domains,
such as an N-terminal domain, a BTB (Broad complex/Tramtrack/
Bric-a-brac) domain, a central linker domain [intervening region
(IVR)], a Kelch repeat [double glycine-repeat (DGR)] domain and
a C-terminal domain.(46) The BTB domain provides the dimer

Table 1. Detection methods for analysis of ITCs and their metabolites
Method

ITCs

Detection

Sample

GC

A, SFN, PE, B, etc.

ITCs

plant

Reference

GCMS

A, PE, B, etc.

ITCs

plant

(25)

HPLCUV

B

ITCs, GLs

plant

(26)

HPLCUV

A

DTCs

urine (rat)

(27)

HPLCUV

A

DTCs

urine (human)

(28)

HPLCUV

PE

DTCs

urine, feces, tissue (mouse)

(29)

LCMS

SFN

DTCs

intestinal contents (human)

(30)

LCMS/MS

SFN

ITCs, DTCs

plasma, urine, feces, tissue (mouse)

(31)

LCMS/MS

SFN, etc.

ITCs, DTCs

plasma, tissue (mouse)

(32)

LCMS/MS

SFN, etc.

ITCs, DTCs

plasma, urine, tissue (mouse)

(33)

LCMS/MS

A, SFN, PE, B, etc.

DTCs

urine

(34)

LCMS/MS

SFN

DTCs

urine (human)

(35)

LCMS/MS

SFN

ITCs, DTCs

urine (human)

(36)

LCMS/MS

SFN

ITCs, DTCs

plasma, intestinal perfusate (rat)

(37)

LCMS/MS

A, SFN, PE, etc.

ITCs

plasma (human)

(38)

(24)

A, allyl ITC; SFN, sulforaphane; PE, βphenethyl ITC; B, benzyl ITC; GLs, glucosinolates; DTCs, dithiocarbamates.
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Fig. 6. The structure of Nrf2 and Keap1. (A) Nrf2 has six Nrf2ECH homology (Neh) domains. (B) Keap 1 consists of five domains, such as an N
terminal domain, a BTB (Broad complex/Tramtrack/Bricabrac) domain, a central linker domain [intervening region (IVR)], a Kelch repeat [double
glycinerepeat (DGR)] domain and a Cterminal domain. Chemically reactive cysteines with SFN are illustrated in white font on a black ground.
Functionally important cysteines are in black font on a white ground. (C) Nrf2 interacts with the Keap1 dimer at the DLG motif and the ETGE motif
in the Neh2 domain to form the Keap1Nrf2Cul3 complex under basal conditions. Triangles represent electrophiles.

structure of Keap1 and binds to the ubiquitin E3 ligase Cullin3
(Cul3).(47) The DGR domain is bound to the Neh2 domain in Nrf2
and to the actin,(48) which contributes to the cytoplasmic sequestration of Nrf2. Under basal conditions, Nrf2 interacts with the
Keap1 dimer at the ETGE motif and the DLG motif in the Neh2
domain to form the Keap1-Nrf2-Cul3 complex, which keeps Nrf2
at a low level via ubiquitin-proteasome degradation.(49–51) Thiol
modification by electrophiles results in structural changes in the
complex. Although the conformational changes are not sufficient
to release Nrf2 from Keap1 due to high affinity binding of the
ETGE motif, they result in misalignment of the lysine residues
between the DLG and ETGE motifs and disruption of the ubiquitination and proteasomal degradation of Nrf2.(52)
Zhang and Hannick (53) identified two cysteine residues in
Keap1, Cys273 and Cys288 as critical targets for the Keap1dependent ubiquitination and degradation of Nrf2. They also
identified Cys151 as a SFN target for inhibition of the Keap1dependent degradation of Nrf2. Several cysteine residues in
Keap1 have been identified as the potential ITC binding sites
using an in vitro ectopic expression system or overexpression
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experiments. SFN is able to modify 25 of the 27 cysteines of
Keap1 in a concentration-dependent manner.(46) Predominant SFN
targeting sites in Keap1 were suggested; Cys77 in BTB domain,
Cys226, Cys249 and Cys257 in central linker domain, Cys489,
Cys513, Cys518 and Cys583 in Kelch repeat domain, and Cys624
in C-terminal domain. Since not only the Keap1 targeting selectivity, but also the ubiquitination switching inducibility varies
with the electrophiles tested,(46) further studies are needed to
validate the actual functions of the cysteine residues modified by
ITCs. Although ITCs are believed to activate the Nrf2 pathway
through direct binding to Keap1, many other factors than Keap1
have also been postulated to regulate the Nrf2 pathway, including
protein kinases, transcription factors and epigenetic modifications.(54) Moreover, we have recently reported that BITC activates
the Nrf2-dependent transcription via a Keap1-independent and
phosphatidylinositide 3-kinase (PI3K)- and autophagy-dependent
pathway.(55) Future efforts will be concerned with the identification of other ITC targets activating the Nrf2 signaling than Keap1.
Tubulin. Microtubules are the key components of the cytoskeleton that are responsible for many cellular processes including
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mitosis, cytokinesis, organization of the intracellular structure,
intracellular traffic and cell motility. They are the tube-shaped
dynamic polymers composed of α- and β-tubulin heterodimers.
During mitosis, microtubules form the mitotic spindle through the
formation of a bipolar array of microtubules emanating from the
centrosomes.(56) The mitotic spindle ensures that the replicated
chromosomes equally separate at the end of the mitotic phase into
two daughter cells. When the dynamics of the mitotic spindle are
compromised, mitotic delaying or arrest occurs at the metaphaseanaphase transition, eventually leading to apoptosis.(57) Therefore,
microtubules are considered as one of the best therapeutic targets
for rapidly proliferating cancer cells. Tubulin-binding agents (or
microtubule-targeting agents), such as the taxanes that stabilize
microtubules and the vinca alkaloids that destabilize them, are
widely used as anti-cancer agents.(58)
ITCs have been shown to inhibit cell proliferation by inducing
cell cycle arrest and apoptosis in various cancer cells.(5,59–66) The
antiproliferative effect of ITCs in human non-small lung cancer
A549 cells followed the order of BITC > PEITC > SFN.(39) The
same order of potency is found in the binding affinities of ITCs
to tubulin, the inhibition of tubulin polymerization in vitro, the
disruption of microtubule networks, the induction of tubulincontaining protein aggregates, and degradation of tubulin through
ubiquitin-proteasome system,(39,67) strongly suggesting the physiological relevance of ITC binding to tubulin. Furthermore, Nmethyl phenethylamine (NMPEA), a structural analog of PEITC
without the ITC functional group, has no binding affinity for
tubulin, suggesting that the ITC functionality is essential for the
binding. Mi et al.(39) identified α- and β-tubulin as ITC-binding
targets to trigger cell cycle arrest and apoptosis induction using
radioisotope-labeled ITCs. This is the first in vivo evidence of
binding between ITC and an intracellular human protein. They
also showed that ITCs having different side chains, such as BITC,
PEITC and SFN, are able to bind at the same cysteine residue,
Cys303, in the purified porcine β-tubulin.(39)
Proteasome. The ubiquitin proteasome system, an essential
and highly regulated mechanism to control intracellular protein
degradation and turnover, plays important roles in various fundamental cellular processes, such as the regulation of cell cycle progression, division, apoptosis, cell trafficking, and the modulation
of the immune and inflammatory responses. A recent proteomics
study identified proteasome as a potential ITC-binding target.(68)
BITC and PEITC significantly inhibited both the 26S and 20S
proteasome activities, possibly through the direct ITC binding,
whereas NMPEA did not inhibit the proteasome activity under the
same conditions,(69) suggesting that the ITC functional group is
essential for the ITC binding to proteasome like Keap1 and
tubulin. The potency of the proteasome inhibition correlates with
the rapid accumulation of p53 (tumor suppressor) and IκB (NF-κB
inhibitor).(69) Furthermore, BITC and PEITC significantly suppressed the cell proliferation of multiple myeloma, a type of
blood cancer that is sensitive to proteasome inhibition, through
induction of G2/M arrest and apoptosis.(69) These findings indicate
that ITCs exert a physiological activity through the dysfunction
of proteasome by direct binding.
TRPA1. Transient receptor potential cation channel, subfamily
A, member 1 (TRPA1) is also known to activate by various
pungent compounds including ITCs. TRPA1 plays a physiological
role not only in thermosensing, but also thermogenesis and energy
expenditure.(70) A study using the TRPA1-expressing HEK cells
demonstrated that the channel was activated by covalent modification of AITC to the cysteine residues.(71) Of the 31 cysteine mutations, the triple mutant at Cys415, Cys422 and Cys622 showed
no detectable calcium influx in response to AITC. Another study
using cysteine substitutions at 13 of 21 positions that are invariant
among human, rat, and mouse TRPA1 sequences indicated that
the TRPA1 channel is activated by AITC, possibly through its
interaction with three cysteine residues (Cys619, Cys639 and
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Cys663) in the cytoplasmic N-terminal tail of the channel.(72) In
addition to the cysteine residues, a lysine residue (Lys708), at least
in part, contributed to the activation of TRPA1 by ITCs.(72)
MIF. Macrophage migration inhibitory factor (MIF) is a
homotrimeric multifunctional proinflammatory cytokine that has
been implicated in the pathogenesis of many inflammatory and
autoimmune diseases.(73) It is also a tautomerase with a catalyticallyactive Pro1, even though a defined physiological substrate remains
uncovered. ITCs, including BITC and PEITC, are reported to irreversibly inhibit the tautomerase activity of MIF through covalent
binding to the Pro1 residue.(74–76) Although MIF contains many
cysteine residues, PEITC exclusively modified Pro1 and formed
the TU adducts.(75) This is probably because the Pro1 residue displays a low pKa (around 5.6–6).(77) Functional changes induced
by ITCs, including inhibition of the MIF tautomerase activity and
interference with binding of MIF to its receptor CD7433, may
contribute to the anti-inflammatory property of ITCs. The six ITC
analogues, including AITC, BITC and PEITC, are able to modify
the proline residue of the recombinant MIF with inhibition of
the MIF tautomerase activity.(76) Furthermore, Miyoshi et al.(40)
recently developed a novel method to identify the target molecules
of the aromatic ITCs. This analytical method is based on monitoring a pattern of mass differences between BITC and PEITC
(D = 14.01565). Using this method, they also identified MIF and
GSH as plausible targets for the aromatic ITCs in human colon
cancer HCT116 cells.(40)
Others. Biochemical experiments using a biotinylated ITC
probe indicated that ITCs inhibit the enzymatic activity of mitogen
activated protein kinase/extracellular signal-regulated kinase kinase
kinase 1 (MEKK1), possibly through the covalent modification of
Cys1238 of MEKK1 with the ITC.(78) Shibata et al.(79) have also
identified five proteins, i.e., Hsp90β, Hsp60, α-tubulin, β-actin,
and GAPDH, as the ITC targets using alkynylated 6-MSITC and
click chemistry. Some ITCs inactivate protein tyrosine phosphatase 1B (PTP1B) by covalent modification of the active site
cysteine residue, Cys215.(80) The PTP1B inhibition may play an
important role in the modulation of the insulin receptor/PI3K/Akt
survival pathway by BITC.(66) In addition, the Cys112 of GSTA1,
playing a key role in the catalytic activity, has been identified as a
covalent modification target of PEITC by high-resolution MS.(81)
Besides the cysteine residues, ITCs are well-known to react
with amine groups in proteins to form very stable TUs under
alkaline conditions. Edman degradation, a representative method
of the amino acid sequencing of polypeptides, is based on this
principle.(82) It should be noted that AITC is able to react with
lysine residues in albumin as well as in lysine derivatives under
neutral conditions.(19) The AITC-lysine TU adduct in albumin was
also detected in the reaction mixture of albumin and the AITCNAC DTC, suggesting that the ITCs dissociated from the DTCs in
proteins might react with ε-amino groups in the lysine residues.(19)
Consistently, covalent modification of Lys235, Lys437 and
Lys548 in BSA by ITCs is quite probable, while the ITC-Cys58
adduct was not detected.(83) Furthermore, the ITC-lysine TUs in
albumin and hemoglobin have been identified in human plasma.(84)
The LC-MS/MS analyses of the digested proteins demonstrated
that the TU adducts were detectable 1 day after consumption of
ITC-containing foods, and that a half-life of the albumin adduct
was 21–23 days.(84) These results suggested that the ITC-lysine
TUs in albumin and hemoglobin are very stable metabolic markers
in human plasma after cruciferous vegetable intake.
Additionally, many other proteins have been identified as the
binding targets of ITCs by a recent proteomics analysis; for
example, actin, vimentin, thioredoxin, glutaredoxin-1, ubiquitin
carboxyl-terminal hydrolase isozymes, heat shock proteins, NADH
dehydrogenase 1, ATP synthase, cytochrome c oxidase copper
chaperone, 14-3-3 protein, GSTP1, etc.(68) However, these include
several proteins abundantly existing in cells, such as actin, tubulin
and vimentin,(85) presumably due to the low binding specificity of
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ITCs, which makes it difficult to find the molecular targets
strongly associated with the physiological activity of ITCs. Therefore, the screening system of ITC targets based on the ITCinduced phenotype is required to decipher the physiological
relevance of the ITC binding to each protein.
Conclusion
Undoubtedly, ITCs possess the potential to exhibit various
biological activities, possibly through the covalent modification of
certain protein targets. Transcriptional induction of the Nrf2dependent drug-metabolizing and cytoprotective genes partly, but
substantially, contributes to their health promoting effects. It
should be noted that non-specific protein modifications by electrophiles, including ITCs, cause mild proteostress and may contribute
to cytoprotection.(86) On the other hand, the administration of
excessive amounts of electrophiles provokes harmful effects, such
as an induction of cytotoxicity and inflammatory reaction.(1) For
example, both BITC and PEITC promote urinary bladder chemical carcinogenesis in rats, possibly through necrotic cytotoxicity
by severe protein modification.(87) Our previous studies on the
toxic effects of higher doses of phenolic acids(88) also support this
idea. If the dose employed is higher than that required for health

promotion, the benefitial effects of ITCs might not be entirely
expected. It is also noteworthy that the Nrf2 activation in cancer
cells can contribute to the resistance to chemotherapeutic drugs.(89)
Accordingly, we have more recently demonstrated that BITC
activates not only the PI3K/Akt/FoxO1 survival pathway,(66) but
also the PI3K/autophagy/Nrf2 cytoprotection pathway in human
colon cancer cells.(55) Therefore, further studies not only on the
more precise molecular targets for ITCs, but also on the optimization of their dose or dose scheme for clinical studies are essential.
Acknowledgments
We are grateful to Prof. Yoji Kato of the University of Hyogo
for his valuable discussion.
This study was partly supported by MEXT KAKENHI Grant
Numbers 17H04725 (TN), 17K17923 (NAK), 25292073, 16K14928
and 17H03818 (YN) and partly by a Research Grant from the
Wesco Foundation for the Promotion of Sciences (YN).
Conflict of Interest
No potential conflicts of interest were disclosed.

References
1 Nakamura Y, Miyoshi N. Electrophiles in foods: the current status of
isothiocyanates and their chemical biology. Biosci Biotechnol Biochem 2010;
74: 242–255.
2 Fahey JW, Zalcmann AT, Talalay P. The chemical diversity and distribution
of glucosinolates and isothiocyanates among plants. Phytochemistry 2001;
56: 5–51.
3 Kjñr A. Glucosinolates in the cruciferae. In: Vaughan JG, MacLeod AJ,
Jones BMG, eds. The Biology and Chemistry of the Cruciferae. London:
Academic Press, 1976; 207–219.
4 Zhang Y. Cancer-preventive isothiocyanates: measurement of human exposure and mechanism of action. Mutat Res 2004; 555: 173–190.
5 Abe N, Hou DX, Munemasa S, Murata Y, Nakamura Y. Nuclear factorkappaB sensitizes to benzyl isothiocyanate-induced antiproliferation in p53deficient colorectal cancer cells. Cell Death Dis 2014; 5: e1534.
6 Mi L, Wang X, Govind S, et al. The role of protein binding in induction of
apoptosis by phenethyl isothiocyanate and sulforaphane in human non-small
lung cancer cells. Cancer Res 2007; 67: 6409–6416.
7 Miyoshi N, Takabayashi S, Osawa T, Nakamura Y. Benzyl isothiocyanate
inhibits excessive superoxide generation in inflammatory leukocytes: implication for prevention against inflammation-related carcinogenesis. Carcinogenesis 2004; 25: 567–575.
8 Nakamura Y, Morimitsu Y, Uzu T, et al. A glutathione S-transferase inducer
from papaya: rapid screening, identification and structure-activity relationship
of isothiocyanates. Cancer Lett 2000; 157: 193–200.
9 Kawakami M, Harada N, Hiratsuka M, Kawai K, Nakamura Y. Dietary
isothiocyanates modify mitochondrial functions through their electrophilic
reaction. Biosci Biotechnol Biochem 2005; 69: 2439–2444.
10 Rouzaud G, Young SA, Duncan AJ. Hydrolysis of glucosinolates to isothiocyanates after ingestion of raw or microwaved cabbage by human volunteers.
Cancer Epidemiol Biomarkers Prev 2004; 13: 125–131.
11 Cejpek K, Valusek J, Velísek J. Reactions of allyl isothiocyanate with
alanine, glycine, and several peptides in model systems. J Agric Food Chem
2000; 48: 3560–3565.
12 Kolm RH, Danielson UH, Zhang Y, Talalay P, Mannervik B. Isothiocyanates
as substrates for human glutathione transferases: structure-activity studies.
Biochem J 1995; 311 (Pt 2): 453–459.
13 Conaway CC, Krzeminski J, Amin S, Chung FL. Decomposition rates of
isothiocyanate conjugates determine their activity as inhibitors of cytochrome
p450 enzymes. Chem Res Toxicol 2001; 14: 1170–1176.
14 Podhradský D, Drobnica L, Kristian P. Reaction of cysteine, its derivatives,
glutathione, coenzyme A, and dihydrolipoic acid with isothiocyanates.
Experientia 1979; 35: 154–155.
15 Zhang Y. The molecular basis that unifies the metabolism, cellular uptake
and chemopreventive activities of dietary isothiocyanates. Carcinogenesis

T. Nakamura et al.

2012; 33: 2–9.
16 Zhang Y. Role of glutathione in the accumulation of anticarcinogenic
isothiocyanates and their glutathione conjugates by murine hepatoma cells.
Carcinogenesis 2000; 21: 1175–1182.
17 Callaway EC, Zhang Y, Chew W, Chow HH. Cellular accumulation of
dietary anticarcinogenic isothiocyanates is followed by transporter-mediated
export as dithiocarbamates. Cancer Lett 2004; 204: 23–31.
18 Zhang Y, Kolm RH, Mannervik B, Talalay P. Reversible conjugation of
isothiocyanates with glutathione catalyzed by human glutathione transferases.
Biochem Biophys Res Commun 1995; 206: 748–755.
19 Nakamura T, Kawai Y, Kitamoto N, Osawa T, Kato Y. Covalent modification of lysine residues by allyl isothiocyanate in physiological conditions:
plausible transformation of isothiocyanate from thiol to amine. Chem Res
Toxicol 2009; 22: 536–542.
20 Brüsewitz G, Cameron BD, Chasseaud LF, et al. The metabolism of benzyl
isothiocyanate and its cysteine conjugate. Biochem J 1977; 162: 99–107.
21 Zhang Y, Cho CG, Posner GH, Talalay P. Spectroscopic quantitation of
organic isothiocyanates by cyclocondensation with vicinal dithiols. Anal
Biochem 1992; 205: 100–107.
22 Zhang Y, Wade KL, Prestera T, Talalay P. Quantitative determination of
isothiocyanates, dithiocarbamates, carbon disulfide, and related thiocarbonyl
compounds by cyclocondensation with 1,2-benzenedithiol. Anal Biochem
1996; 239: 160–167.
23 Lamy E, Scholtes C, Herz C, Mersch-Sundermann V. Pharmacokinetics and
pharmacodynamics of isothiocyanates. Drug Metab Rev 2011; 43: 387–407.
24 Daxenbichler ME, VanEtten CH. Glucosinolates and derived products in
cruciferous vegetables: gas-liquid chromatographic determination of the
aglucon derivatives from cabbage. J Assoc Off Anal Chem 1977; 60: 950–953.
25 Cole RA. Isothiocyanates, nitriles and thiocyanates as products of autolysis
of glucosinolates in Cruciferae. Phytochemistry 1976; 15: 759–762.
26 Nakamura Y, Yoshimoto M, Murata Y, et al. Papaya seed represents a rich
source of biologically active isothiocyanate. J Agric Food Chem 2007; 55:
4407–4413.
27 Hwang ES, Jeffery EH. Evaluation of urinary N-acetyl cysteinyl allyl isothiocyanate as a biomarker for intake and bioactivity of Brussels sprouts. Food
Chem Toxicol 2003; 41: 1817–1825.
28 Jiao D, Ho CT, Foiles P, Chung FL. Identification and quantification of the
N-acetylcysteine conjugate of allyl isothiocyanate in human urine after
ingestion of mustard. Cancer Epidemiol Biomarkers Prev 1994; 3: 487–492.
29 Eklind KI, Morse MA, Chung FL. Distribution and metabolism of the natural
anticarcinogen phenethyl isothiocyanate in A/J mice. Carcinogenesis 1990;
11: 2033–2036.
30 Petri N, Tannergren C, Holst B, et al. Absorption/metabolism of sulforaphane and quercetin, and regulation of phase II enzymes, in human jejunum in

J. Clin. Biochem. Nutr. | January 2018 | vol. 62 | no. 1 | 17
©2018 JCBN

vivo. Drug Metab Dispos 2003; 31: 805–813.
31 Li Y, Zhang T, Li X, Zou P, Schwartz SJ, Sun D. Kinetics of sulforaphane in
mice after consumption of sulforaphane-enriched broccoli sprout preparation.
Mol Nutr Food Res 2013; 57: 2128–2136.
32 Bricker GV, Riedl KM, Ralston RA, Tober KL, Oberyzyn TM, Schwartz
SJ. Isothiocyanate metabolism, distribution, and interconversion in mice
following consumption of thermally processed broccoli sprouts or purified
sulforaphane. Mol Nutr Food Res 2014; 58: 1991–2000.
33 Platz S, Piberger AL, Budnowski J, et al. Bioavailability and biotransformation of sulforaphane and erucin metabolites in different biological matrices
determined by LC–MS–MS. Anal Bioanal Chem 2015; 407: 1819–1829.
34 Vermeulen M, van Rooijen HJ, Vaes WH. Analysis of isothiocyanate
mercapturic acids in urine: a biomarker for cruciferous vegetable intake. J
Agric Food Chem 2003; 51: 3554–3559.
35 Vermeulen M, van den Berg R, Freidig AP, van Bladeren PJ, Vaes WH.
Association between consumption of cruciferous vegetables and condiments
and excretion in urine of isothiocyanate mercapturic acids. J Agric Food
Chem 2006; 54: 5350–5358.
36 Egner PA, Kensler TW, Chen JG, Gange SJ, Groopman JD, Friesen MD.
Quantification of sulforaphane mercapturic acid pathway conjugates in
human urine by high-performance liquid chromatography and isotopedilution tandem mass spectrometry. Chem Res Toxicol 2008; 21: 1991–1996.
37 Agrawal S, Winnik B, Buckley B, Mi L, Chung FL, Cook TJ. Simultaneous
determination of sulforaphane and its major metabolites from biological
matrices with liquid chromatography-tandem mass spectroscopy. J Chromatogr
B Analyt Technol Biomed Life Sci 2006; 840: 99–107.
38 Song L, Morrison JJ, Botting NP, Thornalley PJ. Analysis of glucosinolates,
isothiocyanates, and amine degradation products in vegetable extracts and
blood plasma by LC-MS/MS. Anal Biochem 2005; 347: 234–243.
39 Mi L, Xiao Z, Hood BL, et al. Covalent binding to tubulin by isothiocyanates. A mechanism of cell growth arrest and apoptosis. J Biol Chem 2008;
283: 22136–22146.
40 Miyoshi N, Yonemochi T, Tomono S, Fukutomi R, Nakamura Y, Ohshima H.
Development and application of a method for identification of isothiocyanatetargeted molecules in colon cancer cells. Anal Biochem 2012; 429: 124–131.
41 Nakamura T, Kitamoto N, Osawa T, Kato Y. Immunochemical detection of
food-derived isothiocyanate as a lysine conjugate. Biosci Biotechnol Biochem
2010; 74: 536–540.
42 Juge N, Mithen RF, Traka M. Molecular basis for chemoprevention by
sulforaphane: a comprehensive review. Cell Mol Life Sci 2007; 64: 1105–1127.
43 Xu C, Yuan X, Pan Z, et al. Mechanism of action of isothiocyanates: the
induction of ARE-regulated genes is associated with activation of ERK and
JNK and the phosphorylation and nuclear translocation of Nrf2. Mol Cancer
Ther 2006; 5: 1918–1926.
44 Hou DX, Fukuda M, Fujii M, Fuke Y. Transcriptional regulation of
nicotinamide adenine dinucleotide phosphate: quinone oxidoreductase in
murine hepatoma cells by 6-(methylsufinyl)hexyl isothiocyanate, an active
principle of wasabi (Eutrema wasabi Maxim.). Cancer Lett 2000; 161: 195–
200.
45 Hou DX, Korenori Y, Tanigawa S, et al. Dynamics of Nrf2 and Keap1 in
ARE-mediated NQO1 expression by wasabi 6-(Methylsulfinyl)hexyl isothiocyanate. J Agric Food Chem 2011; 59: 11975–11982.
46 Hong F, Freeman ML, Liebler DC. Identification of sensor cysteines in
human Keap1 modified by the cancer chemopreventive agent sulforaphane.
Chem Res Toxicol 2005; 18: 1917–1926.
47 Zipper LM, Mulcahy RT. The Keap1 BTB/POZ dimerization function is
required to sequester Nrf2 in cytoplasm. J Biol Chem 2002; 277: 36544–36552.
48 Tong KI, Katoh Y, Kusunoki H, Itoh K, Tanaka T, Yamamoto M. Keap1
recruits Neh2 through binding to ETGE and DLG motifs: characterization of
the two-site molecular recognition model. Mol Cell Biol 2006; 26: 2887–
2900.
49 McMahon M, Itoh K, Yamamoto M, Hayes JD. Keap1-dependent proteasomal degradation of transcription factor Nrf2 contributes to the negative
regulation of antioxidant response element-driven gene expression. J Biol
Chem 2003; 278: 21592–21600.
50 Kobayashi A, Kang MI, Okawa H, et al. Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2. Mol Cell Biol 2004; 24: 7130–7139.
51 Dayalan Naidu S, Kostov RV, Dinkova-Kostova AT. Transcription factors
Hsf1 and Nrf2 engage in crosstalk for cytoprotection. Trends Pharmacol Sci
2015; 36: 6–14.
52 Li W, Kong AN. Molecular mechanisms of Nrf2-mediated antioxidant

18

response. Mol Carcinog 2009; 48: 91–104.
53 Zhang DD, Hannink M. Distinct cysteine residues in Keap1 are required for
Keap1-dependent ubiquitination of Nrf2 and for stabilization of Nrf2 by
chemopreventive agents and oxidative stress. Mol Cell Biol 2003; 23: 8137–
8151.
54 Qin S, Hou DX. Multiple regulations of Keap1/Nrf2 system by dietary
phytochemicals. Mol Nutr Food Res 2016; 60: 1731–1755.
55 Liu X, Abe-Kanoh N, Liu Y, et al. Inhibition of phosphatidylinositide 3kinase impairs the benzyl isothiocyanate-induced accumulation of autophagic
molecules and Nrf2 in human colon cancer cells. Biosci Biotechnol Biochem
2017; 81: 2212–2215.
56 Forth S, Kapoor TM. The mechanics of microtubule networks in cell
division. J Cell Biol 2017; 216: 1525–1531.
57 Jordan MA, Wilson L. Microtubules as a target for anticancer drugs. Nat Rev
Cancer 2004; 4: 253–265.
58 Wilson L, Panda D, Jordan MA. Modulation of microtubule dynamics by
drugs: a paradigm for the actions of cellular regulators. Cell Struct Funct
1999; 24: 329–335.
59 Chiang WCK, Pusateri DJ, Leitz REA. Gas chromatography/mass spectrometry method for the determination of sulforaphane and sulforaphane nitrile
in broccoli. J Agric Food Chem 1998; 46: 1018–1021.
60 Miyoshi N, Uchida K, Osawa T, Nakamura Y. A link between benzyl
isothiocyanate-induced cell cycle arrest and apoptosis: involvement of
mitogen-activated protein kinases in the Bcl-2 phosphorylation. Cancer Res
2004; 64: 2134–2142.
61 Nakamura Y, Kawakami M, Yoshihiro A, et al. Involvement of the mitochondrial death pathway in chemopeventive benzyl isothiocyanate-induced
apoptosis. J Biol Chem 2002; 277: 8492–8499.
62 Miyoshi N, Uchida K, Osawa T, Nakamura Y. Selective cytotoxicity of
benzyl isothiocyanate in the proliferating fibroblastoid cells. Int J Cancer
2007; 120: 484–492.
63 Miyoshi N, Watanabe E, Osawa T, et al. ATP depletion alters the mode of
cell death induced by benzyl isothiocyanate. Biochim Biophys Acta 2008;
1782: 566–573.
64 Abe N, Okuhira M, Tsutsui C, Murata Y, Nakamura Y. Cytotoxicity of
benzyl isothiocyanate in normal renal proximal tubular cells and its modulation by glutathione. J Agric Food Chem 2012; 60: 1887–1892.
65 Sakai R, Yokobe S, Abe N, Miyoshi N, Murata Y, Nakamura Y. Luteolin
overcomes resistance to benzyl isothiocyanate-induced apoptosis in human
colorectal cancer HCT-116 cells. J Food Drug Anal 2012; 20 (Suppl 1): 389–
393.
66 Liu X, Takano C, Shimizu T, et al. Inhibition of phosphatidylinositide 3kinase ameliorates antiproliferation by benzyl isothiocyanate in human colon
cancer cells. Biochem Biophys Res Commun 2017; 491: 209–216.
67 Mi L, Gan N, Cheema A, et al. Cancer preventive isothiocyanates induce
selective degradation of cellular α- and β-tubulins by proteasomes. J Biol
Chem 2009; 284: 17039–17051.
68 Mi L, Hood BL, Stewart NA, et al. Identification of potential protein targets
of isothiocyanates by proteomics. Chem Res Toxicol 2011; 24: 1735–1743.
69 Mi L, Gan N, Chung FL. Isothiocyanates inhibit proteasome activity and
proliferation of multiple myeloma cells. Carcinogenesis 2011; 32: 216–223.
70 Uchida K, Dezaki K, Yoneshiro T, et al. Involvement of thermosensitive
TRP channels in energy metabolism. J Physiol Sci 2017; 67: 549–560.
71 Macpherson LJ, Dubin AE, Evans MJ, et al. Noxious compounds activate
TRPA1 ion channels through covalent modification of cysteines. Nature
2007; 445: 541–545.
72 Hinman A, Chuang HH, Bautista DM, Julius D. TRP channel activation by
reversible covalent modification. Proc Natl Acad Sci U S A 2006; 103:
19564–19568.
73 Morand EF, Leech M, Bernhagen J. MIF: a new cytokine link between
rheumatoid arthritis and atherosclerosis. Nat Rev Drug Discov 2006; 5: 399–
410.
74 Cross JV, Rady JM, Foss FW, Lyons CE, Macdonald TL, Templeton
DJ. Nutrient isothiocyanates covalently modify and inhibit the inflammatory
cytokine macrophage migration inhibitory factor (MIF). Biochem J 2009;
423: 315–321.
75 Brown KK, Blaikie FH, Smith RA, et al. Direct modification of the proinflammatory cytokine macrophage migration inhibitory factor by dietary
isothiocyanates. J Biol Chem 2009; 284: 32425–32433.
76 Ouertatani-Sakouhi H, El-Turk F, Fauvet B, et al. A new class of
isothiocyanate-based irreversible inhibitors of macrophage migration inhibitory factor. Biochemistry 2009; 48: 9858–9870.

doi: 10.3164/jcbn.1791
©2018 JCBN

77 Swope M, Sun HW, Blake PR, Lolis E. Direct link between cytokine activity
and a catalytic site for macrophage migration inhibitory factor. EMBO J
1998; 17: 3534–3541.
78 Cross JV, Foss FW, Rady JM, Macdonald TL, Templeton DJ. The isothiocyanate class of bioactive nutrients covalently inhibit the MEKK1 protein
kinase. BMC Cancer 2007; 7: 183.
79 Shibata T, Kimura Y, Mukai A, et al. Transthiocarbamoylation of proteins by
thiolated isothiocyanates. J Biol Chem 2011; 286: 42150–42161.
80 Lewis SM, Li Y, Catalano MJ, et al. Inactivation of protein tyrosine phosphatases by dietary isothiocyanates. Bioorg Med Chem Lett 2015; 25: 4549–
4552.
81 Kumari V, Dyba MA, Holland RJ, Liang YH, Singh SV, Ji X. Irreversible
inhibition of glutathione S-transferase by phenethyl isothiocyanate (PEITC),
a dietary cancer chemopreventive phytochemical. PLoS One 2016; 11:
e0163821.
82 Edman P. Method for determination of the amino acid sequence in peptides.
Acta Chem Scand 1950; 4: 283–293.
83 Mi L, Di Pasqua AJ, Chung FL. Proteins as binding targets of isothiocya-

T. Nakamura et al.

nates in cancer prevention. Carcinogenesis 2011; 32: 1405–1413.
84 Kumar A, Sabbioni G. New biomarkers for monitoring the levels of
isothiocyanates in humans. Chem Res Toxicol 2010; 23: 756–765.
85 Lenstra JA, Bloemendal H. The major proteins from HeLa cells. Identification and intracellular localization. Eur J Biochem 1983; 130: 419–426.
86 Ohnishi K, Ohkura S, Nakahata E, et al. Non-specific protein modifications
by a phytochemical induce heat shock response for self-defense. PLoS One
2013; 8: e58641.
87 Akagi K, Sano M, Ogawa K, Hirose M, Goshima H, Shirai T. Involvement of
toxicity as an early event in urinary bladder carcinogenesis induced by
phenethyl isothiocyanate, benzyl isothiocyanate, and analogues in F344 rats.
Toxicol Pathol 2003; 31: 388–396.
88 Nakamura Y. Plant polyphenols as a double-edged sword in health promotion: lessons from the experimental models using simple phenolic acids. AgriBiosci Monogr 2016; 6: 1–57.
89 Wang XJ, Sun Z, Villeneuve NF, et al. Nrf2 enhances resistance of cancer
cells to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis 2008;
29: 1235–1243.

J. Clin. Biochem. Nutr. | January 2018 | vol. 62 | no. 1 | 19
©2018 JCBN

