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Are isothiocyanates potential anti-cancer drugs?
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Isothiocyanates are naturally occurring small molecules that are formed from glucosinolate precursors of cruciferous veg-
etables.  Many isothiocyanates, both natural and synthetic, display anticarcinogenic activity because they reduce activation 
of carcinogens and increase their detoxification.  Recent studies show that they exhibit anti-tumor activity by affecting mul-
tiple pathways including apoptosis, MAPK signaling, oxidative stress, and cell cycle progression.  This review summarizes 
the current knowledge on isothiocyanates and focuses on their role as potential anti-cancer agents.
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Introduction

Numerous studies support the fact that phytochemicals 
found in certain food substances protect against cancer.  Cru-
ciferous vegetables have been widely accepted as potential 
diet components that may reduce the risk of cancer[1].  Iso-
thiocyanates are abundant in cruciferous vegetables such as 
broccoli, watercress, Brussels sprouts, cabbage, Japanese rad-
ish and cauliflower, and they significantly contribute to the 
cancer chemopreventive activity of these vegetables.  Some 
isothiocyanates derived from cruciferous vegetables, such 
as sulforaphane (SFN), phenethyl isothiocyanate (PEITC), 
and benzyl isothiocyanate (BITC), are highly effective in 
preventing or reducing the risk of cancer induced by carcino-
gens in animal models.  They also inhibit the growth of vari-
ous types of cancer cells[2, 3].  These anti-tumorigenic features 
of isothiocyanates warrant further investigation.

Biosynthesis and metabolism

Cruciferous vegetables  Vegetables of the Cruciferae 
family are in the botanical order Capparales, which includes 
the Brassicas genus.  Examples are listed in Table 1.  The 
chemopreventative effect of cruciferous vegetables is thought 
to be partially due to their relatively high content of glu-

cosinolates (β-thioglucoside N-hydroxysulfates), which dis-
tinguishes them from other vegetables[4].  Cruciferous veg-
etables include the Brassica genus, which includes cabbage, 
kale, broccoli, cauliflower, Brussels sprouts, kohlrabi, rape, 
black and brown mustard, and root crops such as turnips and 
rutabagas (swedes)[5].  The glucosinolate content of plants 
depends on the variety, cultivation, climate and agronomic 
factors associated with plant growth, and the levels vary 
between the parts of the specific plant[6]; for example, indole 
glucosinolates are abundant in young shoots and growing 

Table 1.  Vegetables and fruits of the family Cruciferae.

        Genus species (sub species)	                         Vegetable
 
	 Armoracia lapathifolia	 Horseradish
	 Brassica camoestris (rapifera)	 Turnip
	 Brassica camoestris (oleifera)	 Rape
	 Brassica napus (napobrassica)	 Swede	
	 Brassica oleracea (capitata)	 White/red cabbage
	 Brassica oleracea (sabauda)	 Savoy cabbage
	 Brassica oleracea (gemmifera)	 Brussel sprouts
	 Brassica oleracea (cauliflora)	 Cauliflower
	 Brassica oleracea (cymosa)	 Sprouting broccoli
	 Brassica oleracea (laciniata)	 Curly kale
	 Brassica pekinensis	 Chinese white cabbage
	 Lepidium sativum	 Garden cress
	 Nasturtium officinale	 Watercress
	 Raphanus sativus	 Radish
	 Sinapis alba	 White mustard
	 Carica papaya	 Papaya 
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leaves[7].  The chemopreventive activity of glucosinolates is 
partially mediated by degradation of isothiocyanate deriva-
tives.  

Glucosinolates  Glucosinolates are substituted 
β-thioglucoside N-hydroxysulfates R-C(=N-O-SO3

–)-S-
glucose.  They all contain the β-D-thioglucose group, a 
sulfonated oxime moiety, and a variable side chain R.  They 
are hydrolyzed to an aglycone R-C(-SH)=N-O-SO3

– by 
the enzyme myrosinase (thioglucoside glycohydrolase, EC 
3.2.3.1).  The thioglycosidic bond is hydrolyzed, glucose is 
released and an unstable aglycone is formed (Figure 1).  The 
aglycone fragments eliminate sulfate SO4

2– and form isothio-
cyanate R-N=C=S.  Indolyl isothiocyanates undergo a differ-
ent degradation reaction, because they eliminate SO4

2– and 
form thiocyanates R-S-C≡N.  All glucosinolates eliminate 
SO4

2– and hydrogen sulfide H2S and form nitriles R-C≡N, 
particularly under reducing conditions (ferrous ions, ascor-
bate).  Some glucosinolates give rise to other products such 
as epithionitrile and oxazolidine derivatives.  The product 
distribution depends on the glucosinolate, temperature, pH 
and presence of reducing agents.  Over 100 different glu-
cosinolates have been identified, and they are classified into 
4 groups: saturated aliphatic, unsaturated aliphatic, aromatic 
and indolyl[8].  The identities and amount of glucosinolate in 
plants vary with species, variety and growing conditions.  In 
Brassica vegetables, there are typically 0.5–28 µmol aliphatic/
aromatic glucosinolates per gram dry weight and 0.7–8 µmol 
indolyl glucosinolates per gram dry weight.  Glucosinolates 
are normally localized to the cytoplasm of plant tissue[9].  
Myrosinase is expressed on the external surface of the plant 
cell wall, so it cannot access the glucosinolates[9].  When 
the tissue is ruptured by chewing, preparation for cook-
ing, heating, or insect attack, myrosinase interacts with the 

released glucosinolates and hydrolysis products are formed.  
The myrosinase acting on the glucosinolates may also origi-
nate from other species.  Most of the dietary isothiocyanate 
absorbed by mammals from ingested plant material is formed 
by the action of myrosinase originating from the gastrointes-
tinal tract bacteria[9].

Isothiocyanate  Dietary isothiocyanates are formed by 
the hydrolysis of glucosinolates of ingested cruciferous veg-
etables (Figure 1).  An isothiocyanate is a compound with 
the structure R-N=C=S, where R is an alkyl or aryl group.  
Isothiocyanates are reactive compounds, particularly with 
respect to nucleophilic attack at the electron-deficient central 
carbon atom.  Nucleophilic attack of isothiocyanates by thi-
ols forms dithiocarbamates R-N(=S)-SR′.  These compounds 
are unstable under physiological conditions and undergo 
a reverse reaction, which results in the establishment of an 
equilibrium: 

R-N=C=S + R′SH ⇌RNHC(=S)-SR′
S-(N-aralkylthiocarbamoyl)cysteine derivatives are 

formed from the reaction with cysteinyl thiols.  Nucleophilic 
attack of isothiocyanates by amino groups forms thiourea 
derivatives with the structure RNH-C(=S)-NHR′.  Nucleo-
philic attack of isothiocyanates by hydroxide ion forms 
monothiocarbamate derivatives of the form RNH-C(=S)-O–.  
These compounds eliminate carbonyl sulfide COS, which 
produces the corresponding amine derivative RNH2.  These 
two sequential reactions constitute the irreversible hydrolysis 
of isothiocyanates that is associated with the loss of phar-
macological activity.  These are spontaneous reactions that 
occur under physiological conditions.  They initially deliver a 
RNH-C(=S)-group to the nucleophile; hence, the reaction is 
called thiocarbamoylation (Figure 2).

Significant losses of isothiocyanates are expected during 

Figure 1.  Hydrolysis of glucosinolates by myrosinase and 
formation of isothiocyanates.
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food processing.  Some isothiocyanates are volatile and will 
be lost to the atmosphere by vaporization at the boiling point 
and evaporation at temperatures below the boiling point; for 
example, loss of allyl isothiocyanate occurs at a boiling point 
of 88 oC.  Isothiocyanates also are hydrolyzed at physiologi-
cal temperatures (discussed below), a process that becomes 
more rapid at higher cooking temperatures[10].  This is prob-
ably due to isothiocyanate volatility and susceptibility to 
hydrolysis, and it explains why ingested cooked vegetable 
material often has a very low content of isothiocyanate and a 
much higher (>100 fold) content of glucosinolates[10].

Metabolism of isothiocyanates  Once isothiocyanates 
are ingested or formed in the lumen of the gastrointestinal 
tract, they cross the gastrointestinal epithelium and the cap-
illary endothelium by passive diffusion.  They bind rapidly 
and reversibly to thiols of plasma protein (approximately 500 
µmol/L) and cross the plasma membrane into cells of tissues.  
Inside cells, isothiocyanates react with glutathione to form 
the glutathione conjugate, S-(N-alkyl/arylthiocarbamoyl)
glutathione, which is catalyzed by glutathione S-transferases 
(GSTs).  The glutathione conjugate is expelled from cells by 
transporter proteins, also called multidrug resistance pro-
teins (MRPs).  In the extracellular medium, the glutathione 
conjugate γ-glutamyl and glycyl residues are successively 
cleaved by γ-glutamyl transferase (γ-GT) and dipeptidase, 
respectively.  Both of these enzymes are localized to the 
extracellular surface of the plasma membrane.  The resulting 
cysteine conjugate is transported to the liver, where N-acetyl 
transferases acetylate it to form the Nα-acetyl derivative or 
mercapturic acid.  These are transported to the kidney and 
are actively secreted into the urine to eliminate them from 
the body.  This mechanism is the mercapturic acid pathway 

of isothiocyanate metabolism (Figure 3).  Mercapturic acid 
derivatives of dietary isothiocyanates have been detected as 
major urinary metabolites in rats and human subjects after 
consumption of glucosinolates[11, 12].  

Anticarcinogenic activity

Experimental tumorigenesis in laboratory animals  
The capacity of organic isothiocyanates to block chemical 
carcinogenesis was first recognized more than 30 years ago 
with α-naphthyl isothiocyanate[13].  Since then, approxi-
mately 20 natural and synthetic isothiocyanates have been 
shown to inhibit chemically induced carcinogenesis.  The 
anticarcinogenic activities of isothiocyanates have been dem-
onstrated in rodent models using a wide variety of chemical 

Figure 2.  Thiocarbamoylation of isothiocyanates.

Figure 3.  Metabolism of isothiocyanates by the mercapturic 
acid pathway.  R : is the aliphatic or aromatic substituent of the 
isothiocyanate.
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carcinogens, including polycyclic aromatic hydrocarbons, 
azo dyes, ethionine, fluorenyl acetamide and several nitro-
samines.  Protection is conferred to a variety of target organs 
including the lungs, liver, forestomach, mammary gland, 
esophagus, small intestine, colon and bladder[13, 14] (Table 2).

Isothiocyanates inhibited 7,12-dimethylbenz[a]-an-
thracene (DMBA)-induced mammary tumor formation in 
female Sprague-Dawley rats when administered 4 h prior to 
DMBA administration.  Addition of isothiocyanates to a diet 
containing DMBA also inhibited the formation of forestom-
ach neoplasms and pulmonary adenomas in female ICR/
HA mice.  Addition of BITC to the diet containing benz(a)
pyrene prevented carcinogenesis in mouse forestomach[15, 16].  

PEITC, BITC and phenyl isothiocyanate (PITC) were 
tested for their abilities to inhibit lung tumorigenesis and 
O6-methylguanine formation (DNA-adduct formation in the 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-
induced tumors) in the DNA of lung cells from A/J mice 
treated with NNK[17–20].  NNK is the most potent tobacco-
specific tumorigenic nitrosamine known to induce lung 
tumors, and it is thought to be associated with the induction 
of lung cancer in smokers[19].  Pretreatment of mice with 

PEITC for 96 h at daily doses of 5 or 25 µmol inhibited 
lung tumor multiplicity induced by a single 10 µmol dose of 
NNK by approximately 70% or 97%, respectively.  PEITC 
(25 µmol daily) also decreased the percentage of mice that 
developed tumors by 70%.  In contrast, both BITC and 
PITC failed to decrease tumor multiplicity or the percentage 
of mice that developed tumors.  However, BITC combined 
with PEITC decreased tumor multiplicity[21].  Similar rela-
tive effectiveness was found for isothiocyanates on inducing 
O6-methylguanine formation in the lungs after NNK admin-
istration.  Single administration of PEITC (5 or 25 µmol) 
inhibited NNK metabolism by 90%, DNA adduct formation 
and tumorigenesis in F344 rats[22].  However, NNK-induced 
liver and nasal cavity tumors in rats were not affected by 
this dietary treatment.  The in vivo effect of PEITC on NNK 
metabolism indicated that PEITC decreased NNK metabolic 
activation of methylating and pyridyloxobutylating electro-
philes in almost all rat tissues examined[23–25].

PEITC also inhibited N-nitrosomethylbenzylamine 
(NMBA)-induced esophageal tumorigenesis and DNA 
methylation in rats[17].  At doses of 0.75, 1.5, and 3 µmol/kg, 
it inhibited NMBA-induced esophageal tumor multiplicity 
by 39%, 70%, and 100%, respectively.  Esophageal tumor 
incidence was decreased by 0, 40%, and 100%, respectively.  
PEITC exhibited a 53%−97% dose-dependent inhibition of 
the binding of NMBA metabolites to DNA and the levels of 
DNA methylation at the N7 (20%−89%) and O6 (55%−93%) 
positions of guanine.  It also decreased the NBMA metabo-
lism in esophageal tissues, as indicated by the increased levels 
of unmetabolized NMBA in the medium of cultures contain-
ing PEITC[26].  

The length of the alkyl chain of the phenylalkyl moiety of 
isothiocyanate affected the inhibitory potency: the inhibition 
of tumorigenesis increased as the alkyl chain was increased 
from 1 to 6 methylene groups.  Phenylhexyl isothiocyanate 
(PHITC) was approximately 50−100 times more potent 
than PEITC (Table 3)[18].  At longer alkyl chain lengths 
(C8–C10), the inhibitory potency declined[27].

Most isothiocyanates have exhibited chemoprotective 
activity in protocols involving administration of the isothio-
cyanate either before or during exposure to the carcinogen.  
Only BITC inhibited DMBA-induced mammary tumor 
development when administered to rats after a single dose of 
DMBA[28].

The protective action of isothiocyanates depends upon 
many factors: the test system, the target tissue, the type of 
carcinogen challenge, the isothiocyanates, the dose, and the 
dosing regimen.  For example, PHITC was very potent in 
blocking NNK-induced lung carcinogenesis in A/J mice, but 

Table 2.  Protection against chemical carcinogenesis in rat and mouse 
organs by isothiocyanates.

	 Carcinogens
		  3′-Methyl-4-dimethylaminoazobenzene
		  4-Dimethylaminoazobenzene
		  N-2-Flourenylacetamide, acetylaminofluorence
		  7,12-Dimethylbenz[a]anthracene (DMBA)
		  Benzo[a]pyrene
		  Methylazoxymethanol acetate
		  N-Nitrosodiethylamine
		  4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
		  N-Nitrosobenzylmethylamine (NBMA)
		  N-Butyl-N-(4-hydroxybutyl)nitrosamine
 
	 Protective isothiocyanates
		  α-Naphthyl-NCS, β-naphthyl-NCS
		  Ph(CH2)n-NCS, where n= 0, 1, 2, 3, 4, 5, 6, 8, 10    
		  PhCH(Ph)CH2-NCS; PhCH2CH(Ph)-NCS
		  CH3(CH)n-NCS, where n=5, 11
		  CH3(CH2)3CH(CH3)-NCS
		  Sulphoraphane, CH3S(O)(CH2)4-NCS
		  2-Acetylnorbornyl-NCS (3 isomers)
 
	 Tumour target organs

Rat: liver, lung, mammary gland, bladder, small intestine/colon, 
oesophagus
Mouse: lung, forestomach
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it did not prevent NNK-induced skin tumor formation in 
the same strains of mice[18].  In addition, PHITC enhanced 
azoxymethane-induced colon tumorigenesis and NMBA-
induced esophageal carcinogenesis in rats[29–31].  This study 
demonstrated that the effects of PHITC on esophageal cell 
proliferation, esophageal metabolism and DNA repair did 
not account for the enhancement of NMBA-induced tum-
origenicity by PHITC, and the mechanism mediating the 
enhanced tumorigenicity has not been elucidated.  Therefore, 
we should be cautious when we use it as a cancer preventive 
agent.  

Clinical studies  There are a limited number of studies 
that evaluate the effects of isothiocyanates in human sub-
jects.  One study involved 11 smokers who avoided crucifer-
ous vegetables and other sources of isothiocyanates[32].  They 
donated 24-h urine samples on 3 consecutive days (baseline 
period).  After 1 to 3 days, they began a watercress consump-
tion period in which they consumed 56.8 g of watercress at 
each meal for 3 days and donated 24-h urine samples each 
day.  After one and two weeks, they donated another 24-h 
urine sample for 2 to 3 consecutive days (follow-up periods).  
The samples were analyzed for two metabolites of NNK: 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) 
and [4-(methylnitrosamino)-1-(3-pyridyl)but-1-yl]-β-O-
D-glucosiduronic acid (NNAL-gluc), as well as N-acetyl-S-
(N-phenethylthiocarbamoyl)-L-cysteine (PEITC-NAC), 
a metabolite of PEITC.  NNAL is formed by reduction of 
NNK and NNAL-gluc, which is the glucuronate conjugate 
of NNAL.  If oxidative metabolism of NNK is blocked, the 
level of these metabolites should increase.  Minimum expo-
sure to PEITC during the watercress consumption period 
averaged between 19 and 38 mg per day.  Seven of the eleven 
subjects had increased levels of urinary NNAL and NNAL-
gluc on days 2 and 3 of the watercress consumption period 
compared with the baseline period.  Overall, the increase in 
urinary NNAL and NNAL-gluc in this period was signifi-
cant [mean±SD, 56.1±17.9 nmol/24 h (33.5%), P<0.01].  
Urinary levels of NNAL and NNAL-gluc returned to near 
baseline levels during the follow-up periods.  The percent 
increase in urinary NNAL and NNAL-gluc during days 2 
and 3 of the watercress consumption period correlated with 
PEITC intake during this period as measured by total urinary 
PEITC-NAC.  The results of this study support the hypoth-
esis that PEITC inhibited the oxidative metabolism of NNK 
in humans, similarly to rodents, and there should be further 
development of PEITC and other compounds as chemopre-
ventive agents against lung cancer[33].

In order to directly measure the total isothiocyanate 
levels in human plasma, a high performance liquid chroma-
tography (HPLC)-based method was developed by Liebes 
et al[34].  This assay utilizes the cyclocondensation reaction of 
1,2-benzenedithiol with isothiocyanates present in human 
plasma, followed by a two-step hexane extraction and analy-
sis by HPLC using UV detection at 365 nm.  The method 
shows linearity and reproducibility with human plasma over 
a range of 49–3 003 nmol/L of PEITC.  A similar degree of 
linearity was observed with two other biologically occurring 
conjugates of PEITC: PEITC-N-acetylcysteine (PEITC-
NAC) and PEITC-glutathione (PEITC-GSH).  In clinical 
studies, the PEITC level in a non-dietary-controlled group of 
23 subjects was measured, and the concentration of PEITC 
was 413±193 nmol/L.

Multi-day pharmacokinetic analysis of plasma data from 
3 subjects taking a single 40 mg dose of PEITC showed a 
good CV (coefficient of variation) with a range of 16%–21%.  

Mechanism of anticarcinogenic activity  
Depression of activation of carcinogens  Cytochrome P-450 

(CYP) enzymes (phase I enzymes) are important for nor-
mal metabolic processing of numerous endogenous and 
exogenous compounds, but they may also activate certain 
carcinogens.  Isothiocyanates are direct and very potent 

Table 3.  Effects of arylalkyl isothiocyanates of different chain 
length on the production of pulmonary tumours in A/J mice by 
4-(methylnitrosamino)-1-(3-pyridyl)-butanone (NNK).

 Group	          Treatment	                         Tumour             Tumour 
                                                                                   multiplicity          incidence
                                                                                     inhibition           inhibition
 
	   1	 Corn oil/saline	   10%	 0.1±0.1
	   2	 Corn oil/NNK	 100%	 7.9±0.4
	   3	 5 μmol/d PEITC/NNK	   93%	 4.1±0.8
	   4	 1 μmol/d PEITC/NNK	 100%	 6.5±1.4
	   5	 0.2 μmol/d PEITC/NNK	 100%	 9.9±0.8
	   6	 5 μmol/d PPITC/NNK	   11%	 0.2±0.1
	   7	 1 μmol/d PPITC/NNK	   75%	 1.2±0.3
	   8	 0.2 μmol/d PPITC/NNK	   90%	 3.7±0.6
	   9	 5 μmol/d PBITC/NNK	   11%	 0.2±0.1
	 10	 1 μmol/d PBITC/NNK	   42%	 0.8±0.3
	 11	 0.2 μmol/d PBITC/NNK	 100%	 4.2±0.6
	 12	 5 μmol/d PPeITC/NNK	   25%	 0.3±0.1
	 13	 1 μmol/d PPeITC/NNK	   53%	 0.9±0.3
	 14	 0.2 μmol/d PPeITC/NNK	 100%	 3.0±0.4
	 15	 5 μmol/d PHITC/NNK	      5%	 0.1±0.1
	 16	 5 μmol/d PHITC/NNK	      0%	 0.0±0.0
	 17	 0.2 μmol/d PHITC/NNK	    70%	 1.2±0.3

PEITC: phenethy l i sothioc yanate; PPITC: 3-pheny lpropy l 
isothiocyanate; PBITC: 4-phenylbutyl isothiocyanate; PPeITC: 
5-phenylpentyl isothiocyanate; PHITC: 6-phenylhexyl isothiocyanate; 
NNK: 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone. 
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inhibitors (both competitively and irreversibly, depending 
on conditions) of members of the cytochrome P-450 family.  
Sulforaphane (SFN) has been shown to inhibit the catalytic 
activity of a number of CYP enzymes, including CYP1A1, 
1A2, 2B1/2, 2E1, and 3A4[35].  In a detailed correlative com-
parison of the arylalkyl isothiocyanates and some alkyl iso-
thiocyanates, Jiao and co-workers[36] found that: 

(a) increased alkyl chain length (Ph-[CH2]n-NCS, n=0–6, 
8, 10) enhanced the inhibitory activity of arylalkyl isothio-
cyanates against NNK lung tumorigenesis;

(b) the phenyl moiety was not essential for the inhibitory 
activity, because long-chain alkyl isothiocyanates (eg CH3-
[CH2]11-NCS) also exhibited strong inhibitory effects in the 
same model[18, 36].  

The ability of isothiocyanate to inhibit or enhance tum-
origenesis depended on the structure of the isothiocyanates, 
the animal species, target tissue, and the specific carcinogen 
employed.  

Acceleration of carcinogen disposal  The phase 2 enzymes 
are a diverse family of enzymes that metabolize a variety of 
reactive carcinogens, mutagens, and other toxins[35].  The 
phase II genes that are induced contain antioxidant (or elec-
trophile) response elements (AREs) in their promoters and 
include genes encoding NAD(P)H: quinone oxidoreductase 
(NQO1), GSTs, uridine 5-diphosphate-glucuronosyl trans-
ferase (UGT), epoxide hydrolase, ferritin, γ-glutamate-
cysteine ligase, and catalase[35].

Isothiocyanates are inducers of phase 2 enzymes.  The 
induction of quinone reductase (QR) and GST activity in 
various rodent tissues is a characteristic property of iso-
thiocyanates.  Aromatic isothiocyanates, α- or β-naphthyl 
isothiocyanate, allyl isothiocyanate (AITC), SFN, and exo-
2-acetyl-exo-6-isothiocyanato-norbornane were shown to 
be inducers of QR and GST in several bowel, colon, kidney, 
stomach, lung and nasal mucosa.  These compounds were 
administered either in the diet (3−4 µmol/g of diet) for 
5−28 days or by intragastric administration (5−100 µmol in 
single or several daily doses), and the specific activities of 
GST and QR in the cytosol of these organ were increased by 
1.2- to 9.4-fold over those of control animals[13].  The coor-
dinated nature of induction of phase 2 enzymes was studied 
in detailed in Wistar rats with BITC.  BITC (0.5% (w/w) in 
the diet for 2 weeks) increased liver and small intestinal GST, 
QR and UDP-glucuronyl transferase activities by 1.7- to 
11-fold[37].  BITC also increased GSH levels in the esophagus 
and small bowel of ICR/Ha mice by 63%−75%[38].  Thus, 
similar to many chemically unrelated inducers, administra-
tion of isothiocyanate to rodents evoked the ‘electrophile 
counter-attack’ response.  Molecular studies have shown that 

isothiocyanates can induce phase 2 enzymes by stimulating 
transcription of phase II genes via a common antioxidant/
electrophile enhancer element (ARE/EpRE) present in the 
upstream regions of several phase 2 enzyme genes[39].

Antitumor activity

Aralkyl isothiocyanates have been established to exhibit 
antiproliferative activities against fungi and bacteria, par-
ticularly gram-positive bacteria[40–42].  Recently, they have 
been implicated in mediating antitumor activities.  These 
compounds have inhibitory effects on the growth of several 
types of cultured cancer cells, including leukemia[43, 44], pros-
tate cancer[45], breast cancer[46], lung cancer[47, 48], cervical 
cancer[49], and colorectal cancer[50].

PEITC, AITC and their cysteine conjugates inhibited the 
in vitro growth and induced the apoptosis of human leukemia 
HL-60 (p53+) and myeloblastic leukemia-1 cells (p53-)[44].  
The median growth inhibitory concentration (GC50) values 
were between 1.49 and 3.22 μmol/L in cultures exposed to 
10% serum.  Isothiocyanates and cysteine conjugates exhib-
ited increased potency against HL-60 cells in serum-free 
medium, with GC50 values ranging from 0.8–0.9 μmol/L.  
The potency of the compounds decreased with increased 
serum content of the medium, but the potency of cysteine 
conjugates decreased more markedly.  Growth inhibition and 
toxicity were associated with either a rapid interaction of the 
isothiocyanate with the cells during the first hour of culture 
or exposure to isothiocyanate liberated from the cysteine 
conjugate during the initial 3 h of culture.  The inhibition of 
macromolecule (DNA, RNA, and protein) synthesis and a 
commitment to apoptosis developed within the initial 24 h 
following treatment.  PEITC exhibited low toxicity to corre-
sponding differentiated cells, such as neutrophils, in culture.  
Therefore, the cytotoxicity was selective against leukemia 
cells[51].

Kuang et al reported that PEITC and BITC inhibited 
the growth of human non-small cell lung carcinoma A549 
cells[47].  Their results indicated that both PEITC and BITC 
inhibited the growth of A549 cells in a dose-dependent 
manner.  Flow cytometric analyses and annexin V staining 
showed that apoptosis occurred at low concentrations of 
PEITC and BITC (≤10 μmol/L), and necrosis occurred at 
higher concentrations of PEITC and BITC (25 μmol/L).

Mechanism of antitumor activity  The mechanism for 
the antitumor activity of isothiocyanates has not been fully 
elucidated; however, studies have implicated numerous path-
ways (Figure 4).

Induction of apoptosis  The induction of apoptosis by 
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isothiocyanates was first documented by Yu et al in 1998[52].  
Their study showed that PEITC and other structurally related 
isothiocyanates, phenylmethyl isothiocyanate, phenylbutyl 
isothiocyanate, and phenylhexyl isothiocyanate, but not 
phenyl isothiocyanate, induced apoptosis in HeLa cells in a 
time- and dose-dependent manner.  In addition, treatment 
with apoptosis-inducing concentrations of isothiocyanates 
caused rapid and transient induction of caspase-3/CPP32-
like activity.  Furthermore, these isothiocyanates, except 
phenyl isothiocyanate, stimulated proteolytic cleavage of 
poly-(ADP-ribose) polymerase, which followed the caspase 
activation and preceded DNA fragmentation.  Pretreatment 
with a potent caspase-3 inhibitor AC-DEVD-CHO inhibited 
isothiocyanate-induced caspase-3 activation and apoptosis.  
These results suggest that isothiocyanates induce apoptosis 
through a caspase-3-dependent mechanism.  

PEITC and AITC inhibit leukemia cell growth by induc-
ing apoptosis.  Activities of caspase-3 and caspase-8 were 
increased during isothiocyanate-induced apoptosis, but 
caspase-1 activity was not.  The general caspase inhibitor 
Z-VAD-fmk and the specific caspase-8 inhibitor Z-IETD-
fmk inhibited apoptosis, but specific caspase-1 and caspase-3 
inhibitors did not.  This suggests that caspase-8 is critical and 
caspase-3 may exert a supporting role during apoptosis in 
leukemia cells[43].  Apoptosis was associated with cleavage of 
p22 BID protein to p15, p13, and p11 fragments, activation 
of JNK, and tyrosine phosphorylation.  This suggests that 
during isothiocyanate-induced human leukemia, cell apop

tosis depends on the caspase pathway, and the JNK pathway 
may play a supporting role[44].  

SFN induced prostate cancer cell apoptosis, by activa-
tion of caspases, ERK1/2, and Akt, and increasing p53 and 
bax protein levels.  Apoptosis induction was also observed in 
medulloblastoma and human pancreatic cancer cells.  Recent 
results demonstrated the ability of SFN to induce apoptosis 
in glioblastoma cell lines through the activation of multiple 
molecular mechanisms[53].

The mitochondria are involved in the apoptosis induced 
by isothiocyanates.  PEITC induced apoptosis in HT-29 
human colorectal carcinoma cells[50].  Both caspase-3 and -9 
activities were stimulated by PEITC.  The release of cyto-
chrome c from the mitochondrial inter-space was time- and 
dose-dependent, with a maximal release at 50 μmol/L after 
10 h of treatment.  

MAPK pathway  Three MAPKs [ JNK (c-Jun N-terminal 
kinase), extracellular signal-regulated protein kinase (ERK) 
and p38 kinase] were activated shortly after PEITC treat-
ment in HT-29 cells.  The JNK inhibitor SP600125, but not 
the ERK and p38 inhibitors, suppressed PEITC-induced 
apoptosis.  Similarly, this JNK inhibitor attenuated both 
cytochrome c release and caspase-3 activation induced by 
PEITC, suggesting that activation of JNK is critical for the 
initiation of apoptosis[50].

In ovarian cancer OVCAR-3 cells, PEITC suppressed 
the activation of Akt and ERK1/2 while simultaneously 
activating pro-apoptotic p38 and JNK1/2.  Specific inhibi-

Figure 4.  Schematic pathways of 
the antitumor activity of isothio
cyanates.
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tors of JNK1/2 and p38 reversed the cytotoxic effect of 
PEITC.  These findings suggest that PEITC inhibits Akt- and 
ERK1/2-mediated survival signaling while simultaneously 
activating pro-apoptotic p38 and JNK1/2 signaling[54].

Xu et al investigated the regulation of activator protein 
1 (AP-1) by ERK and JNK signaling pathways, and they 
investigated human prostate cancer PC-3 cell death induced 
by three isothiocyanates[45].  SFN, PEITC, and AITC each 
potently induced AP-1 activity and caused a significant eleva-
tion in the phosphorylation of ERK1/2, JNK1/2, Elk-1, and 
c-Jun.  Transfection with ERK2 and the upstream kinase 
DNEE-MEK1 activated AP-1 activity, and transfection with 
the dominant-negative mutant ERK2 (dnERK2) potently 
decreased AP-1 activation induced by SFN, PEITC and 
AITC.  Transfection with JNK1 and upstream kinase MKK7 
activated AP-1 activity, and transfection with dominant-
negative mutant JNK1-APF significantly attenuated AP-1 
activation induced by SFN, PEITC, and AITC.  Pretreatment 
with the MEK1-ERK inhibitor U0126 and the JNK inhibitor 
SP600125 substantially attenuated the decrease in cell viabil-
ity induced by SFN, PEITC, and AITC.  Transfection with 
dnERK2 and JNK1-APF significantly reversed the decrease 
in Bcl-2 expression elicited by these isothiocyanates.  Fur-
thermore, transfection with dnERK2 and JNK1-APF blocked 
the apoptosis induced by these isothiocyanates in PC-3 cells.  
Taken together, these results indicate that the activation of 
the ERK and JNK signaling pathways is important for AP-1 
transcriptional activity and is involved in the regulation of 
cell death elicited by isothiocyanates in PC-3 cells.  

Oxidative stress  Reactive oxygen species (ROS) stimulate 
cell proliferation and induce genetic instability, and their 
increased level in cancer cells is often viewed as an adverse 
event.  Abnormal increases in ROS can be exploited to selec-
tively kill cancer cells.  Oncogenic transformation of ovar-
ian epithelial cells with H-RasV12 or expression of Bcr-Abl in 
hematopoietic cells caused elevated ROS generation and ren-
dered the malignant cells highly sensitive to PEITC.  PEITC 
effectively disables the glutathione (GSH) antioxidant 
system and causes ROS accumulation preferentially in the 
transformed cells due to their active ROS output.  Excessive 
ROS cause oxidative mitochondrial damage, cytochrome c 
release, inactivation of redox-sensitive molecules (GXP), and 
massive cell death[55].  

Oxidative stress caused by isothiocyanates can be used 
to treat drug-resistant cancer cells.  Chronic lymphocytic 
leukemia (CLL) is the most common adult leukemia, and 
resistance to fludarabine-based therapies is a major challenge 
in CLL treatment.  Because CLL cells have elevated levels 
of reactive oxygen species (ROS), Trachootham et al tested 

a novel ROS-mediated strategy to eliminate fludarabine-
resistant CLL cells based on this redox alteration.  Using 
primary CLL cells and normal lymphocytes from patients 
and healthy individuals, they found that both fludarabine-
resistant and -sensitive CLL cells were highly sensitive to 
PEITC, exhibiting mean IC50 values of 5.4 and 5.1 μmol/L, 
respectively.  Normal lymphocytes were significantly less 
sensitive to PEITC (IC50=27 μmol/L, P<0.0001).  CLL cells 
exhibited intrinsically higher ROS levels and lower cellular 
GSH, which were shown to be the critical determinants of 
CLL sensitivity to PEITC.  Exposure of CLL cells to PEITC 
induced severe GSH depletion, ROS accumulation, and oxi-
dation of mitochondrial cardiolipin leading to massive cell 
death.  Such ROS stress also caused deglutathionylation and 
rapid degradation of the cell survival molecule MCL1.  This 
study demonstrated that PEITC was effective in eliminating 
fludarabine-resistant CLL cells through a redox-mediated 
mechanism with low toxicity to normal lymphocytes[56].  

Isothiocyanates induce cellular oxidative stress by rapidly 
conjugating and thus depleting cells of GSH in leukemia 
cells[57].  PEITC induced apoptosis of human leukemia 
HL-60 and myeloblastic leukemia ML-1 cells, which was 
associated with an initial decrease in GSH and GSSG (oxi-
dized GSH) and concomitant formation of the GSH adduct 
S-(N-phenethylthiocarbamoyl)glutathione inside cells.  This 
adduct was then exported from cells.  

Inhibition of cell cycle progression  The induction of cell 
cycle arrest by isothiocyanates was first reported by Hase-
gawa and coworkers in 1993[58].  The accumulation of cells 
at G2/M phase was observed 16 h after treatment with 10 
μmol/L AITC, 2.5 μmol/L BITC or PEITC, the concentra-
tions at which cell growth was inhibited by 41%−79% com-
pared with the control.  These results suggest that isothiocya-
nates delay the cell cycle progression of HeLa cells, resulting 
in the inhibition of cell growth.

SFN (20 μmol/L) completely inhibited the growth of 
LM8 cells and caused G2/M-phase arrest.  SFN induced the 
expression of p21(WAF1/CIP1) protein, which caused cell 
cycle arrest in a dose-dependent manner[59].  An additional 
study showed that SFN inhibited human lung adenocarci-
noma LTEP-A2 cell growth by causing G2/M-phase arrest[60].

Isothiocyanates may induce cell cycle arrest in differ-
ent phases in a cell line dependent manner.  AITC arrested 
HL-60 cells at the G1 phase, whereas BITC arrested the 
cells at both the G1 and the G2/M phases[61].  When AITC 
induced prostate cancer PC-3 cell arrest at G2/M phase, 
cyclin B1 levels were dramatically decreased, as well as cdk1, 
cdc25B, and cdc25C.  This suggested that cyclin B1, cdk1, 
cdc25B, and cdc25C may be targeted by AITC[62].  In HL-60 
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cells, BITC significantly up-regulated expression of G2/M 
cell cycle arrest-regulating genes including p21, GADD45, 
and 14-3-3 sigma[63].  A similar result was observed in human 
Capan-2 pancreatic cancer cells.  BITC-mediated G2/M 
arrest was associated with the up-regulation of p21 and 
the activation of checkpoint kinase 2 (Chk2), whereas the 
expression of other G2/M regulatory proteins, including 
CyclinB1, Cdc2, and Cdc25C, was down-regulated[64].  

Inhibition of angiogenesis  Inhibition of angiogenesis may 
be an important mechanism employed by PEITC to prevent 
cancer.  PEITC treatment decreased the survival of human 
umbilical vein endothelial cells (HUVEC) in a concentra-
tion- and time-dependent manner[65].  The formation of a 
capillary-like tube structure (in vitro neovascularization) 
by HUVECs and their migration (invasion potential) were 
also inhibited significantly in the presence of PEITC at 
pharmacologically relevant concentrations (<1 μmol/L).  
The PEITC-mediated inhibition of angiogenic features of 
HUVEC in vitro was associated with suppression of vascular 
endothelial growth factor (VEGF) secretion, down-regu-
lation of VEGF receptor 2 protein levels, and inactivation 
of Akt.  PEITC treatment reduced the migration of PC-3 
human prostate cancer cells, which correlated with inactiva-
tion of Akt, suppression of VEGF and epidermal growth fac-
tor (EGF) expression, and granulocyte colony-stimulating 
factor (G-CSF) secretion.  The PEITC-mediated inhibition 
of PC-3 cell migration was significantly attenuated by ectopic 
expression of constitutively active Akt.  More importantly, 
PEITC treatment inhibited ex vivo angiogenesis as assessed 
using a chicken egg chorioallantoic membrane assay.  

Inhibition of histone deacetylation  Isothiocyanates are 
histone deacetylase inhibitors[66].  SFN was first reported to 
inhibit HDAC activity in human colon cancer cells[67].  In 
human embryonic kidney 293 cells and human colorectal 
cancer HCT116 cells, SFN dose-dependently increased the 
activity of a beta-catenin-responsive reporter (TOPflash) 
without altering beta-catenin or HDAC protein levels.  Cyto-
plasmic and nuclear extracts from these cells had diminished 
HDAC activity, and global and localized histone acetylation 
was increased in both cell lines.

The histone deacetylase inhibitory activity was also 
studied in other cells.  SFN treatment significantly inhibited 
HDAC activity in four breast cancer cell lines: MDA-MB-
231, MDA-MB-468, MCF-7, and T47, particularly in the 
ER-negative cell lines, MDA-MB-231, and MDA-MB-468 
cells.  Despite this significant inhibition in global HDAC 
activity, no significant changes were observed in the acetyla-
tion of H3 or H4 in any cell line following 48 h of exposure 
to 15 μmol/L sulforaphane[68].  

PHITC inhibits the growth of human leukemia HL-60 
cells via chromatin remodeling.  PHITC reduced the expres-
sion of HDAC and increased the levels of acetyl transferase 
p300, in favor of accumulation of acetylated histones.  The 
global acetylation of histones was enhanced within hours[69].

Regulation of translation initiation  Hu et al reported a 
novel response of PEITC at pharmacologically relevant 
concentrations on the regulation of translation initiation[70].  
Treatment of human colorectal cancer HCT-116 cells and 
human prostate cancer PC-3 cells, but not a normal prostate 
epithelial cell line (PrEC), with PEITC caused an increase in 
expression of the eukaryotic translation initiation factor 4E 
(eIF4E) binding protein (4E-BP1) and inhibition of 4E-BP1 
phosphorylation.  Results from pull-down assays indicated 
that PEITC treatment reduced cap-bound eIF4E, confirming 
that increased 4E-BP1 expression and inhibition of 4E-BP1 
phosphorylation reduced the availability of eIF4E for trans-
lation initiation.  Accordingly, results from in vivo translation 
experiments using a luciferase reporter assay indicated that 
PEITC treatment inhibited cap-dependent translation, par-
ticularly the translation of mRNA with secondary structure 
(stem-loop structure).  Ectopic expression of eIF4E pre-
vented PEITC-induced translation inhibition and conferred 
significant protection against PEITC-induced apoptosis.  
These results indicate that PEITC modulates the availability 
of eIF4E for translation initiation leading to inhibition of 
cap-dependent translation.  This suggests that inhibition of 
cap-dependent translation may be an important mechanism 
for PEITC-induced apoptosis.  

Conclusion and perspectives

The emerging evidence from in vitro and in vivo stud-
ies over the past 20 years has revealed that isothiocyanates 
are chemopreventive agents.  The ability of isothiocyanate 
to inhibit tumorigenesis depended on the structure of the 
isothiocyanates, the animal species, target tissues, and the 
specific carcinogen employed.  Isothiocyanates also exhibit 
antitumor activity.  They target multiple pathways including 
apoptosis, the MAPK pathway, oxidative stress, and the cell 
cycle machinery.  Apoptosis induced by various isothiocya-
nates has been extensively studied in cancer cell lines derived 
from various tissues.  The mechanism of these activities is 
not fully understood.  Future research should focus on: a) 
molecular target screening; b) in-depth mechanistic studies; 
c) in vivo animal experiments; d) novel clinical trials; and e) 
novel compound design and development based on isothio-
cyanate.  Moreover, optimization of the isothiocyanate dose 
and dosing scheme for human study is necessary.
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