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Glucosinolates are an important and unique class of secondary plant products containing b-D-thio-
glucose and sulphonated oxime moieties. These include thioglucosides, characterized by side chain with
varying aliphatic, aromatic and heteroaromatic carbon skeletons. Glucosinolates get converted into
various degradation products (isothiocyanates, thiocyanates, indoles etc.), when vegetables containing
them are cut or chewed because during this process they come in contact with the enzyme myrosinase
which hydrolyses them. Though the available literature emphasizes the drawbacks of this class of
compounds, but the potential benefits that might emerge from their biological activities have been
ignored. These compounds possess diverse biological activities including protection against various
pathogens and weeds in case of plants and as potent anticarcinogens. The enormous importance of this
group of compounds cannot be overlooked and detailed insight into their role in diverse fields and the
mechanisms operating behind them is required. The present review focuses on the beneficial bioactiv-
ities of glucosinolates such as antifungal, antibacterial, bioherbicidal, antioxidant, antimutagenic and
anticarcinogenic etc. along with their experimental evidence and mode of action. These phytochemicals
deserve proper position in therapeutic armamentarium. Clinical studies with these biomolecules are
required to be accelerated to validate their affect in vivo.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The majority of the research articles that have appeared in the
last few decades, regarding glucosinolates (GSLs) and their hydro-
lytic products in cruciferous plants, generally emphasize the
drawbacks of this class of compounds, such as their toxicity and
antinutritive properties in animals. Much less has been written
about their advantages that might emerge from their biological
activities and medicinal uses. The potentially beneficial activities of
GSLs and their enzymatic hydrolysis products are antifungal, anti-
bacterial, bioherbicidal, biopesticidal, antioxidant, antimutagenic
and anticarcinogenic. In this review an attempt has been made to
gather and compile the otherwise scattered information along with
their experimental evidence on the beneficial properties of GSLs.

GSLs, organic anions containing b-D-thioglucose and sulpho-
nated oxime moieties, are an important and unique class of
secondary plant products found in the seeds, roots, stems and
leaves of plants. They are reported to be present in 16 families of
dicotyledonous angiosperms, mainly in the Brassicaceae (Fahey,
Zalcmann, & Talalay, 2001). GSLs include approximately 100
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identified naturally occurring thioglucosides with a common
structure, characterized by side chain (R) with varying aliphatic,
aromatic and heteroaromatic carbon skeletons, all presumably
derived from amino acids by a long chain lengthening process and
hydroxylation or oxidation (Table 1) (Hansen, Møller, Sørensen, &
de Trejo, 1995). Plants possessing GSLs also contain an enzyme,
thioglucoside glucohydrolase, EC 3.2.3.1 (myrosinase). When GSLs
and myrosinase come in contact with each other in the presence of
water, the enzyme immediately causes the hydrolysis of the parent
GSL. The hydrolysis products consist of an aglycone moiety, glucose
and sulphate. The aglycone moiety is unstable and rearranges to
form isothiocyanates (ITCs), thiocyanates, nitriles, oxazolidine-
thiones and epithionitriles depending upon the structure of the GSL
and the reaction conditions (Fig. 1). Some of the characteristic and
interesting properties, attributed to above compounds, are
discussed in this review.

2. Biocidal activity

Reports on biocidal activity of plant extracts have been
appearing in the literature since the last century. The role of GSLs
and their enzymatic hydrolysis products, in addition to being
responsible for characteristic pungent flavor, also shows antifungal
and antibacterial activities (Chew, 1988; Drobnica et al., 1967). In
plant cells GSLs are kept separated from endogenous myrosinase.
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Table 1
List of glucosinolates found in different Brassica vegetables. (Adapted from Hansen et al., 1995).

No. Structure of R-group Semisystematic names of
R-groups

Trivial names Brassica spp. (þ present; � absent)

Cabbage Brussels
sprouts

Cauliflower Broccoli Chinese
cabbage

1 CH2]CH–CH2– Allyl Sinigrin þ þ þ þ �
2 CH2]CH–CH2–CH2– But-3-enyl Gluconapin þ þ þ þ þ
3 CH2]CH–CH2–CH2–CH2– Pent-4-enyl Glucobrassicanapin � � þ þ þ

4
CH2=CH-CH-CH2-

(2R)-2-Hydroxybut-3-enyl Progoitrin þ þ þ þ þ

5

CH3-S-CH2-CH2-CH2-

OH 3-Methylthiopropyl Glucoibervirin þ � þ � �

6 CH3–S–CH2–CH2–CH2$CH2– 4-Methylthiobutyl Glucoerucin þ þ þ þ �
7 CH3–SO–CH2–CH2–CH2– 3-Methylsulphinylpropyl Glucoiberin þ þ þ þ �
8 CH3–SO–CH2–CH2–CH2–CH2– 4-Methylsulphinylbutyl Glucoraphanin þ þ þ þ þ
9 CH3–SO–CH2–CH2–CH2–CH2–CH2– 5-Methylsulphinylpentyl Glucoalyssin � � � � þ
10 CH3–SO2–CH2–CH2–CH2–CH2– 4-Methylsulphonylbutyl Glucoerysolin þ � � � �

11
CH2 Benzyl Glucotropaeolin þ � � � �

12
CH2 CH2 Phenethyl Gluconasturtiin þ þ � þ þ

13 R1=H         R4=H 

R1=OCH3  R4=H

R1=H         R4=OH

R4

N

R1

CH2

R1=H         R4= OCH3

Indol-3-ylmethyl Glucobrassicin þ þ þ þ þ
14 N-Methoxyindol-3-ylmethyl Neoglucobrassicin þ þ þ þ þ
15 4-Hydroxyindol-3-ylmethyl 4-Hydroxyglucobrassicin þ þ þ þ þ
16 4-Methoxyindol-3-ylmethyl 4-Methoxyglucobrassicin þ þ þ þ þ
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Fig. 1. Hydrolysis of glucosinolates by the enzyme myrosinase and their different hydrolysis products. (Adapted from Rask et al., 2000.)
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As a result of mechanical wound or pathogen attack, the GSLs and
enzyme come into contact and produces a number of hydrolytic
products, in situ. This GSL–myrosinase system is present at different
concentrations in all Cruciferae organs and plays an important
defensive role. Biocidal effect of cruciferous tissues on other
microorganisms has been attributed mainly to volatile degradation
products of GSLs released from their plants (Brown, Morra,
McCaffrey, Auld, & Williams, 1991). GSL degradation products
exhibit biocidal activity against various pathogens like fungi,
bacteria and various other insects and pests.
2.1. Fungicidal activities

Angus (1994), Chan and Close (1987), Gamliel and Stapleton
(1993) and Vierheilig and Ocampo (1990) demonstrated that
members of family Brassicaceae have the ability to control the
growth of phytopathogenic fungi. Walker, Morell, and Foster (1937)
observed the antifungal activity of mustard oils and of cruciferous
plant extracts containing allyl and phenethyl isothiocyanates,
which was confirmed by Hooker, Walker, and Smith (1943). In
addition, Greenhalgh and Mitchell (1976), Gamliel and Stapleton
(1993) reported that isothiocyanates released from cabbage tissues
are toxic towards Peronospora parasitica, Pythium ultimum and
Sclerotium rolfsii. Later on in 1994, Angus reported that volatile
compounds from macerated Brassica root tissue inhibited the
fungal pathogen of wheat, Gaeumannomyces graminis. Mari, Iori,
Leoni, and Marchi (1993, 1996) reported the protective effect of
enzymatic hydrolysis products during shelf life of fruits against
some post harvest pathogenic fungi.

Eleven GSLs and their enzymatic hydrolysis products were
tested in vitro against Fusarium culmorum (Manici, Lazzeri, & Pal-
mieri, 1997). The results showed that native GSLs showed no fun-
gitoxic activity whereas their hydrolytic products, in particular
sulphate side chain ITCs mainly from glucoiberin, glucoerucin,
glucoheirolin and glucotropaeolin, inhibited fungal growth of
Rhizoctonia solani, Sclerotinia sclerotiorum, Diaporthe phaseolorum
and Pythium irregulare with different inhibitory responses
depending upon the chemical nature of the hydrolytic products.
Smith, Sarwar, Wong and Kirkegaard (1999) reported that incor-
poration of canola root residues caused reduction in the infection of
wheat seedlings by several root fungal pathogens.
Manici et al. (2000) indicated that ITCs produced by the hydro-
lysis of thiofunctionalized GSLs such as glucoiberin and glucoerucin
are more fungitoxic against P. irregulare and R. solani than alkenyl
GSL hydrolysis products. Dandurand, Mosher, and Knudsen (2000)
attempted to control fungal pathogens using Brassica napus cv.
Dwarf Essex, meal. A 100% reduction of myceliogenic germination of
S. sclerotiorum was observed. Likewise a number of studies have
been conducted to observe the fungicidal activities of GSLs. Table 2
presents fungicidal effect of various GSL hydrolysis products on
different fungi. Different GSL hydrolysis products respond differ-
ently to the microbial population but ITCs are the major inhibitors of
microbial activity (Mayton, Oliver, Vaughn, & Loria, 1996). The
toxicity and range of activity also vary with changes in the iso-
thiocyanate R-group. Greater toxicity is often related to increased
volatility (Lewis & Papavizas, 1971). Biofungicides may act in
different ways. They might work by triggering the plant’s defense
mechanism, or by producing the toxins that kill the target organism
or by producing a defensive barrier around the roots of the host plant
and thus preventing the harmful fungi to enter the host and thus
protecting it from the detrimental effects of fungi. Kojima and Oawa
(1971) tried to elucidate the particular biochemical mechanism of
fungicidal activity of several ITCs using three different strains of
Saccharomyces cerevisiae (yeast). They reported that ITCs act by
inhibiting the oxygen uptake by yeast through the uncoupler action
of oxidative phosphorylation in mitochondria of yeast i.e. inhibiting
the coupling between the electron transport and phosphorylation
reactions and thus eventually hindering the ATP synthesis.

2.2. Bactericidal activities

GSL hydrolysis products are potent inhibitors of bacterial
activity. Allyl isothiocyanates (AITCs) are used as a preservative in
the food industry. Tiedink et al. (1991) reported that the hydrolytic
products of alkyl and aryl GSL were cytotoxic to Salmonella
typhimurium. Primarily, reports regarding bactericidal activity of
ITCs were limited to human pathogens. Benzyl isothiocyanate is
used as an antibiotic to treat infections of respiratory and urinary
tracts (Mennicke, Gorler, Krumbiegel, Lorenz, & Rittmann, 1988).
Fenwick, Heaney, and Mullin (1983) and Smelt, Crum, and Teu-
nissen (1989) reported that gram negative bacteria are generally
less susceptible than gram positive bacteria to ITCs. Some micro-
organisms avoid toxicity by degrading the inhibitory compounds.



Table 2
Fungicidal effects of various glucosinolate hydrolysis derived products on different fungi.

Hydrolyzed glucosinolate product Fungi Reference

Allyl-ITC Aspergillus niger
Aspergillus alliaceas
Colletotrichum circinans
Giberella sanbinetti

Hooker et al., 1943

Peronospora parasitica Greenhalgh & Mitchell, 1976
Fusarium sambucinum
Peronospora parasitica

Mayton et al., 1996

Sclerotium cepivorum Smolinska & Horbowicz, 1999
Bipolaris sorokiniana
Fusarium graminearum
Gaeumannomyces graminis var. tritici
Rhizoctonia solani

Sarwar et al., 1998

Helminthosporium solani
Verticillium dahliae

Olivier, Vaughn, Mizubuti, & Loria, 1999

Sclerotium cepivorum
Fusarium oxysporum var. radicis f. sp. lycopersici

Smolinska & Horbowicz, 1999

Phytophthora capsici
Pythium aphanidermatum
Rhizoctonia solani
Sclerotinia sclerotiorum
Sclerotium rolfsii

Chung, Huang, Huang, & Jen, 2003

Allyl: benzyl: 2-phenylethyl: phenyl isothiocyanates
in a ratio of 1:3.5:5.3:9.6

Alternaria alternata Troncoso et al., 2005

Alkenyl aliphatic ITCs (methyl-ITC, propenyl-ITC, butenyl-ITC,
pentenyl-ITC) (propenyl-ITC, ethyl-ITC)

Bipolaris sorokiniana
Fusarium graminearum
Gaeumannomyces graminis var. tritici
Rhizoctonia solani

Sarwar et al., 1998

Fusarium oxysporum Smolinska et al., 2003
Benzyl-ITC Alternaria tenuis

Aspergillus oryzae
Cladosporium herbarum
Fusarium spp.
Rhizopus oryzae

Drobnica et al., 1967

Monilinia laxa
Mucor piriformis

Mari et al., 1993

Alternaria alternata Manici et al., 1997
Fusarium oxysporum var. radicis f. sp. lycopersici Smolinska & Horbowicz, 1999
Fusarium oxysporum Smolinska et al., 2003

Butenyl-ITC Aspergillus niger
Aspergillus alliaceas
Colletotrichum circinans
Giberella sanbinetti

Hooker et al., 1943

Phytophthora capsici
Pythium aphanidermatum
Rhizoctonia solani
Sclerotinia sclerotiorum
Sclerotium rolfsii

Chung et al., 2003

Glucoerucin derived-ITC Pythium irregulare
Rhizoctonia solani

Manici et al., 2000

Glucoiberin derived-ITC Fusarium culmorum Manici et al., 1997
Pythium irregulare
Rhizoctonia solani

Manici et al., 2000

Glucoraphanin derived-ITC Mucor piriformis
Monilinia laxa
Botrytis cinerea

Mari et al., 1996

Glucotropaeolin derived-ITC Fusarium culmorum Manici et al., 1997
3-Indolylacetonitrile Penicillium chrysogenum Smissman et al., 1961
3-Methylsulfinylpropyl ITC Alternaria alternata Manici et al., 1997
Propenyl-ITC Colletotrichum circinans

Aspergillus alliaceas
Aspergillus niger
Giberella sanbinetti

Hooker et al., 1943

Aphanomyces euteiches Lewis & Papavizas, 1971
Leptosphaeria maculans Mithen, Lewis, & Fenwick, 1986
Cladosporium cucumerinum
Glomus etunicatum

Schreiner & Koide, 1993

Leptosphaeria maculans Sexton, Kirkegaard, & Howlett, 1999
Phenylethyl-ITC Botrytis cinerea Dawson et al., 1993

Gaeumannomyces graminis Angus, 1994
Fusarium oxysporum Smolinska et al., 2003

Sinalbin (p-Hydroxybenzylglucosinolate) derived-ITC Penicillium glaucum Fenwick et al., 1983
Sinigrin (prop-2-enylglucosinolate) derived-ITC Sclerotinia minor

Sclerotinia sclerotium
Sanchi, Odorizzi, Lazzeri, & Marciano, 2005

5-Vinyloxazolidine-2-thione Aphanomyces euteiches f. sp. pisi Smolinska, Knudsen, et al., 1997;

ITC – isothiocyanate.
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Greater toxicity of ITCs is often related to increased volatility
(Lewis & Papavizas, 1971).

The toxicity and range of activity of GSL hydrolysis derived
products vary with the type of organism e.g. ammonium thiocyanate
inhibits bacterial growth in soil but stimulates fungi at concen-
trations> 250 mg g�1 (Smith, Dawson, & Wenzel,1945). B. napus seed
meal extracts inhibited the growth of Aphanomyces euteiches
(Smolinska, Knudsen, Morra and Borek, 1997) but slightly enhanced
the growth of propionibacterium (Rutkowski, Bielecka, Kornacka,
Kozlowska, & Roezniakowa, 1972). Koike and Subbarao (2000) con-
ducted a 2-year study in Verticillium-infested field plots. They
observed a significant decline in the number of Verticillium dahliae
microsclerotia in soil treated with broccoli residue. In contrast, soil
not treated with broccoli residue experienced five-fold increase in
number of microsclerotia.

Bacterial infection with Helicobacter pylori is associated with
a marked increase in the risk of gastric cancer (Normark, Nilsson,
Normark, & Hornef, 2003). Fahey et al. (2002) demonstrated that
purified sulforaphane (SFN), hydrolytic product of glucoraphanin,
inhibited the growth and killed multiple strains of H. pylori in the
test tube and in tissue culture, including antibiotic resistant strains.
Haristoy, Angioi-Duprez, Duprez, and Lozniewski (2003) reported
that SFN administration for 5 days eradicated H. pylori from 8 out of
11 xenografts of human gastric tissue implanted in immune-
compromised mice. The antibacterial activity of GSL hydrolysis
products is presented in Table 3.

There is plethora of literature available regarding the antimi-
crobial activity of GSLs but information about the mechanisms
behind this activity is scarce. Zsolnai (1966) proposed a theory
regarding the mechanism of antimicrobial action of GSL degrada-
tion products. He suggested that GSL hydrolytic products act by
inactivating various intracellular enzymes of the pathogen. They do
so by oxidative breakdown of �S–S– bridges present in the
enzymes. Obstruction of ATP synthesis in bacterial cells through
uncoupler action of oxidative phosphorylation in mitochondria is
another mode of action of these compounds (Kojima & Oawa, 1971).

2.3. Effects on insects and other invertebrates

GSL hydrolysis products are bioactive and have the potential to
be used as naturally produced pesticides for the control of
Table 3
Bactericidal effects of various hydrolysis products of glucosinolates on different bacteria

Hydrolyzed glucosinolate product Bacteria

Allyl-ITC Bacillus cereus IFO-1
Bacillus subtilis IFO-
Escherichia coli JCM
Pseudomonas aerug
Salmonella enteritid
Staphylococcus aure
Vibrio parahaemolyt
Pseudomonas corrug
Escherichia coli 015
Listeria monocytoge
Escherichia coli 015
Escherichia coli 015

4-hydroxybenzyl-ITC Gluconobacter spp.
Methyl-ITC Escherichia coli 015

Listeria monocytoge
4-(Methylsulfinyl)butyl

isothiocyanate
Helicobacter pylori

Phenyl-ITC Nitrifying bacteria
Oxazolidinethiones Propionic bacteria

Phoma lingam

ITC – isothiocyanate.
a number of soil-borne pests such as nematodes, fungi and bacteria
(Brown & Morra, 1995, 1997; Kirkegaard et al., 2000; Lazzeri, Tac-
coni, & Palmieri, 1993; Manici et al., 2000; Sarwar, Kirkegaard,
Wong, & Desmarchelier, 1998; Smolinska, Morra, Knudsen, & James,
2003). GSL breakdown products are safer biofumigants in pest
control as they are considered to be fully biodegradable and less
toxic. Insecticidal activity of several ITCs has been demonstrated,
especially for aromatic compounds (Ahman, 1986; Borek, Elberson,
McCaffrey, & Morra, 1995; Chew, 1988; Lichtenstein, Morgan, &
Mueller, 1964; Lichtenstein, Strong, & Morgan, 1962; Seo & Tang,
1982; Wadleigh & Yu, 1988). Borek et al. (1995) demonstrated that
aromatic ITCs are most toxic to the eggs of the black vine weevil
(Otiorhynchus sulcatus). Matthiessen and Shackleton (2000)
reported that methyl-ITCs are toxic to whitefringed weevil larvae
(Naupactus leucoloma). Organic thiocyanates have been used as
insecticides to control weevils in grain and to produce rapid erad-
ication of flying insects such as flies (Beekhuis, 1975; Wood, 1975).
Nitriles also possess insecticidal activity e.g. 3-indolylacetonitrile,
inhibits growth of insects (Smissman, Beck, & Boots, 1961).

The capacity of GSLs and their degradation products to keep
nematodes in soil under control has also been reported by various
workers. Winkler and Otto (1980) reported that rotational plant-
ings of mustard in strawberries checked the spread of nematode,
Pratylenchus penetrans. Johnson, Golden, Auld, and Sumner (1992)
demonstrated that incorporating the rapeseed tissue as green
manure in soil reduced the populations of Meloidogyne incognita
and Meloidogyne javanica. Table 4 includes the insecticidal and
nematicidal activity of GSL hydrolysis products.

GSLs get broken down in soil to their biologically active
compounds so plant tissues containing these compounds are
incorporated into soil for controlling soil-borne pests. Different
mechanisms have been proposed for their mode of action against
pests. They work either by inactivating the thiol group of essential
enzymes of the pest or by alkylating the nucleophilic groups of
biopolymers like DNA or as uncouplers they affect the respiration of
pest and eventually lead to their death (Tsao, Peterson, & Coats,
2002). Uncouplers kill pests by enhancing the respiration and not
by inhibiting normal electron transport of the respiratory chain.
Respiratory control is lost due to uncoupling between the respira-
tory chain and phosphorylation, the electron transport along the
respiratory chain occurs at full pace without producing ATP.
l pathogens.

Reference

3494
13722
-1649
inosa IFO-13275
is JCM-1891
us IFO-12732
icus IFO-12711

Isshiki, Tokuoka, Mori,
& Chiba, 1992

ate Delaquis & Sholberg, 1997
7:H7
nes

Lin, Kim, Du, & Wei, 2000

7:H7 Park, Taormina, & Beuchat, 2000
7:H7 Nadarajah, Han, & Holley, 2005

Ekanayake et al., 2006
7:H7
nes

Lin et al., 2000

Fahey et al., 2002
Haristoy et al., 2003
Haristoy, Fahey, Scholtus,
& Lozeniewski, 2005
Bending & Lincoln, 2000
Rutkowski et al., 1972
Schnug & Ceynowa, 1990
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Respiration is accelerated which needs more ATP as source of
energy and at the same time ATP production is blocked. This causes
exhaustion of stored energy sources which finally leads to death of
the pest.

3. Bioherbicidal potential

GSLs may represent a viable source of allelochemical control for
variety of weeds. Germination bioassays were conducted by Brown
and Morra (1995) with Lactuca sativa seeds in the presence of
defatted meal of B. napus. Only tissues containing GSLs produced
volatiles which inhibited germination. The results suggested that
this type of control may contribute to reduction in synthetic
pesticide usage, if weed seeds are targeted. This effect recently had
been referred to as biofumigation. Biofumigation potential of
Brassica spp. in terms of effect of environment and ontogeny on GSL
production, and in vitro toxicity of ITCs to soil-borne fungal path-
ogen have been described by Sarwar and Kirkegaard (1998) and
Sarwar et al. (1998).

Some species of the Brassica family show potential for use as
green manure (incorporating green plant material into the soil)
crops (Al-Khatib, Libbey, & Boydston, 1997; Buhler, Kohler, & Foster,
2001; Krishnan, Holshauser, & Nissen, 1998). Norsworthy, Bran-
denberger, Burgos, and Riley (2005) reported the potential of
Brassicaceae green manures as weed suppressants in Vigna ungui-
culata. Petersen, Belz, Walker, and Hurle (2001) analyzed the alle-
lopathic potential of ITCs released by turnip–rape mulch (Brassica
rapa–B. napus). They reported that ITCs were strong suppressants of
Table 4
Effects of hydrolyzed glucosinolate product and Brassica plant materials on insects and n

Hydrolyzed glucosinolate
product/Brassica plant material

Pest

Allyl-ITC Cyclocephala spp.

Musca domestica
Rhyzopertha dominica

Allyl-isocyanate Musca domestica
Rhyzopertha dominica

Allyl-thiocyanate Musca domestica
Rhyzopertha dominica

Benzyl-ITC Otiorhynchus sulcatus
Biomass of Brassica

oleracea var. botrytis
Tylenchulus semipenetrans

Biomass of Brassica hirta
and Brassica oleracea

Meloidogyne javanica

Biomass of Brassica juncea Tylenchulus semipenetrans
Brassica napus seed meal Heterodera glycines

Limonius infuscatus
Brassica napus tissue Meloidogyne chitwoodi

Meloidogyne incognita
Meloidogyne javanica

Methyl-ITC Limonius spp.
Naupactus leucoloma

Phenyl-ITC Otiorhynchus sulcatus
Phenylethyl-ITC Drosophila melanogaster

Musa domestica
Otiorhynchus sulcatus
Globodera rostochiensis

Propenyl-ITC Diabrotica undecimpunctata
howardi
Limonius californicus
Limonius canus
Limonius californicus

Thiocyanate Limonius spp.

ITC – isothiocyanate.
germination of Sonchus asper (L.) Hill (spiny sowthistle), Matricaria
inodora L. (scentless mayweed), Amaranthus hybridus L. (smooth
pigweed), Echinochloa crusgalli (L.) Beauv. (barnyard grass), Alope-
curus myosuroides Huds. (black grass) and Triticum aestivum
L. (wheat). Vaughn, Palmquist, Duval, and Berhow (2006) also
analyzed defatted seedmeals from fifteen GSL-containing plant
species for bioherbicidal activity. They reported that at 0.1% rate,
seedmeals of Brassica juncea (Brown mustard), Lunaria annua
(Money plant) and Thlaspi arvense (Field Pennycress) inhibited the
germination of T. aestivum, while at 1% rate, eight of the seedmeals
were completely inhibitory for Senna obtusifolia. Bioherbicidal
activity of different plant/plant parts containing GSL hydrolysis
products is presented in Table 5.

The exact mechanisms of weed control by ITCs are not known,
however evidence suggests that they inhibit seed germination by
interfering with protein synthesis and processes involved in the
formation of phosphorylated sugars or inhibition of plant enzyme
activity (Leblova-Svobodova & Kostir, 1962). To take advantage of
these compounds in weed suppression and to protect the crop from
their germination inhibiting effects, a complete knowledge of
biochemical mechanism involved in suppression and target weed is
required as they act in host specific manner.

4. Antioxidant activity

Vitamin C, Vitamin E and carotenoids are direct antioxidants as
they neutralize free radicals before they can harm cells. GSLs and
their hydrolysis products are considered as indirect antioxidants,
ematodes.

Type of pest Reference

Insect Noble, Harvey, &
Sams, 2002

Insect Tsao et al., 2002

Insect Tsao et al., 2002

Insect Tsao et al., 2002

Insect Borek et al., 1995
Nematode Zasada & Ferris, 2003

Nematode Zasada & Ferris, 2004

Nematode Zasada & Ferris, 2004
Nematode Bhardwaj, Hamama,

Porter, & Reese, 1996
Insect Brown et al., 1991
Nematode Mojtahedi, Santo,

Hang, & Wilson, 1991
Nematode Johnson et al., 1992

Insect Beekhuis, 1975
Insect Matthiessen &

Shackleton, 2000
Insect Borek et al., 1995
Insect Lichtenstein et al., 1964

Insect Borek et al., 1995
Nematode Serra et al., 2002
Insect Landis & Gould, 1988

Insect Lehman, 1942

Insect Williams, Morra, Brown,
& McCaffrey, 1993

Insect McCaffrey, Williams, Borek,
Brown, & Morra, 1995
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as they do not neutralize free radicals directly, but rather by
modulating the activity of xenobiotic metabolizing enzymes
(phase I and phase II enzymes, that trigger the long lasting anti-
oxidant activity. Phase I enzymes (cytochrome P450 enzymes)
generally increase the reactivity of fat soluble compounds and as
a consequence of this process, some reactive molecules are
produced which may be more toxic than parent molecule. While
phase II enzymes (glutathione-S-transferase, aldehyde reductase,
S-methyl transferase, N-acetyltransferase etc.) increase water
solubility and promote the excretion of these metabolites from the
body. Hence inhibition of phase I and induction of phase II
enzymes are necessary for the protection of cells against DNA
damage by carcinogens and reactive oxygen species. The genes for
the phase II enzymes contain a specific sequence of DNA called
antioxidant response element (ARE). GSL hydrolytic products have
been shown to increase the activity of phase II enzymes by
increasing the transcription of genes that contain ARE. This action
is mediated by nuclear factor-erythroid 2 p45 related factor-2,
which binds to ARE and regulate the transcriptional induction of
phase II enzymes (Holst & Williamson, 2004).

GSL hydrolysis products, especially isothiocyanates have gained
attention as potent inducers of phase II enzymes which are
important in the detoxification of electrophiles and protection
against oxidative stress (Prestera, Zhang, Spencer, Wilezak, &
Talalay, 1993). ITCs are powerful electrophiles, because of the
reactivity of central carbon atom of the N]C]S group, which
reacts readily with sulfur, nitrogen and oxygen-based nucleophiles
(Barton & Ollis, 1979). However, there is very less evidence
regarding the participation of these compounds in oxidation or
reduction reactions like direct-acting antioxidant under physio-
logical conditions. Plumb et al. (1996) examined the free radical
scavenging properties of some GSLs from cruciferous vegetables by
means of deoxyribose assay, ABTS (2,20-azino-bis(3-ethyl-
benzthiazoline-6-sulphonic acid) and bleomycin assay. They
reported that GSLs are unlikely to have direct antioxidant activity.
Purified GSLs such as p-hydroxybenzyl GSL, but-3-enyl GSL and
Table 5
Bioherbicidal activity of glucosinolate containing plants/plant parts.

Source Weed/

Green manure from Brassica juncea and Sinapis alba Amara
Ipomo
Leptoc
Lamium
Cyperu
Mollug

Mulch of Brassica rapa and Brassica napus Alopec
Amara
Echino
Matric
Sonchu
Triticu

Root, stem and leaf tissues of Brassica napus Lactuc
Seedmeals of
Brassica juncea
Lunaria annua
Thlaspi arvense

Triticu

Seedmeals of
Brassica juncea
Eruca vesicaria
Erysimum sp.
Lepidium sativum
Lobularia maritime
Matthiola longipetala

Senna

Sinapis alba Capsel
Kochia
Setaria
3-methylsulfinylpropyl GSL were found to have only weak antiox-
idant activity in their assay system.

SFN (4-methylsulfinylbutyl isothiocyanate) is considered as the
most active phase II enzyme inducer. SFN has been attributed
indirect antioxidant activity which would arise from induction of
glutathione transferases, quinine reductase and heme oxygenase
(Fahey & Talalay, 1999). Kim, Jin, and Ishii (2004) demonstrated that
desulfo GSLs have higher antioxidant activity than dimeric 4-mer-
captobutyl desulfo GSLs due to the asymmetrical S–S bond as an
electron donor. Barillari et al. (2005) reported that glucoerucin and
its metabolite erucin are hydroperoxide scavenging antioxidants
and thus possess good direct antioxidant activity. Glucoraphasatin,
the major GSL of Raphanus sativus possesses reducing capacity
against H2O2 and ABTS*þ radical cation.

Hence there is compelling evidence that GSLs can help reducing
the damaging effects of free radicals both directly as well as indi-
rectly. A living system cannot escape from free radicals as they are
byproducts of normal metabolic processes of body or can be
produced through external factors such as pollution, radiation,
herbicides or even cigarette smoke. As free radicals are highly
unstable due to presence of unpaired electrons in their outer
orbital, they can cause damage to parts of cells such as proteins,
DNA, amino acids and cell membranes by stealing their electrons
through a process called oxidation. Hence these important cellular
components loose their ability to function normally and it conse-
quently increases the risk of various diseases. Thus GSLs constitute
an important defense mechanism for the body against the
damaging effects of these free radicals.

5. Antimutagenic and antiproliferative activity

Chemopreventive agents, on the basis of the mechanism
through which they exert anticancer effects, can be divided into
two groups: antimutagenic and antiproliferative (Steele, 2003). In
concentrations, not dangerous to human and animal health, these
compounds also have shown an inhibitory effect against cancer
plants Reference

nthus palmeri
ea hederacea var. integriuscula
hloa filiformis

amplexicaule
s iria
o verticillata

Norsworthy et al., 2005

urus myosuroides
nthus hybridus
chloa crusgalli
aria inodoea
s asper

m aestivum

Petersen et al., 2001

a sativa Brown & Morra, 1995
m aestivum Vaughn et al., 2006

obtusifolia Vaughn et al., 2006

la-bursa pastoris
scoparia
viridis

Al-Khatib et al., 1997



Table 6
Antiproliferative activities of glucosinolate hydrolysis products.

Hydrolyzed glucosinolate products Antiproliferative activity References

Allyl-ITC Inhibition of HL60 (p53�) and human myeloblastic leukemia-1 cells (p53þ) Xu & Thornalley, 2000
Inhibition of growth of PC-3 human prostate cancer xenografts in mice Srivastava et al., 2003
Inhibition of human prostate cancer cell lines LNCaP by causing G2/M
arrest and induction of apoptosis

Xiao et al., 2003

Inhibition of cyclophophamide-induced urotoxicity Manesh & Kuttan, 2005
Benzyl-ITC Apoptosis in colon carcinoma cell line HT29 by activation of caspase-3 Kirlin, Cai, DeLong,

Patten, & Jones, 1999
Inhibition of human colon cancer cell lines LS-174 and Caco-2 Bonnesen, Eggleston, &

Hayes, 2001
Inhibition of head and neck squamous cell carcinoma (HNSCC) cells
by activation of caspase-3 and PARP cleavage mediated by activation of MAPK

Lui et al., 2003

Apoptotic induction, cell cycle arrest and inhibition of nuclear factor
kappaB activation against human pancreatic cancer cell line BxPC-3

Srivastava & Singh, 2004

Protective effects against initiation of pancreatic carcinogenesis in hamsters Kuroiwa et al., 2006
Indole-3-carbinol

(in combination with
antiestrogen tamoxifen)

Inhibit the growth of the estrogen-dependent human MCF-7 breast cancer cell line Cover et al., 1999

Indole ethyl-ITC Antiproliferative and apoptotic effects on neuroblastoma cell lines: SMS-KCNR,
SK-N-SH, SH-S454, IMR-32

Singh et al., 2007

4-Methylsulphinylbutyl-ITC Suppression of human MDA-MB-231 breast cancer cells’ activity Rosea et al., 2005
Dose-dependent cytotoxicity on human colon adenocarcinoma HT29 cells. Gamet-Payrastre

et al., 2000
Inhibition of benzo (a) pyrene and 1,6-dinitropyrene-DNA adduct formation in
human mammary epithelial cells

Singletary &
MacDonald, 2000

Inhibition of azoxymethane-induced colonic crypt foci in F344 rats Chung et al., 2000
Inhibition of human colon cancer cell lines LNCaP Bonnesen et al., 2001
Growth inhibition, cell cycle arrest and apoptosis in human T-cell leukemia Fimognari et al., 2002
Inhibition of benzo (a) pyrene-induced forestomach cancer in mice Fahey et al., 2002
Cell growth arrest and apoptosis in L-1210 leukemia and ME-18 melanoma cells Misiewicz, Skupinska, &

Kasprzycka-Guttman, 2003
Inhibition of human hepatocellular liver carcinoma cell line HepG2 Kim et al., 2003
Caspase-mediated apoptosis in cultured PC-3 human prostate cancer cells Singh et al., 2004
Induction of medulloblastoma cell apoptosis due to activation of caspases-3 and-9 Gingras et al., 2004
Inhibition of human prostate carcinoma cell line DU-145 Wang et al., 2004
Suppression of human MDA-MB-231 breast cancer cells’ activity Rosea et al., 2005
Protective effects against initiation of pancreatic carcinogenesis in hamsters Kuroiwa et al., 2006

7-Methylsulphinylheptyl-ITC Suppression of human MDA-MB-231 breast cancer cells’ activity Rosea et al., 2005
Phenyl-ITC Inhibition of cyclophophamide-induced urotoxicity Manesh & Kuttan, 2005
Phenylethyl-ITC Inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced DNA

adduct formation and tumorigenicity in lungs of F344 rats
Morse et al., 1989

Inhibition of azoxymethane-induced colonic aberrant crypt foci formation in rats Zhang et al., 1994
Inhibition of human prostate cancer cells DU-145 and LNCaP by G0–G1 arrest
and enhancement of p21 protein

Chiao et al., 2000

Inhibition of azoxymethane-induced colonic crypt foci in F344 rats Chung et al., 2000
Induction of apoptosis in p53-deficient PC-3 human prostate cancer cell line
mediated by extracellular signal-regulated kinases

Xiao & Singh, 2002

Induction of apoptosis in human prostate cancer cell line LNCaP Chen, Han, Kori,
Kong, & Tan, 2002

Inhibition of urinary bladder tumorigenesis in rats induced
by N-butyl-N-(4-hydroxybutyl) nitrosamine

Nishikawa, Morse, &
Chung, 2003

Inhibition of human colon cancer cell lines HT29 by inhibition of
NF-kappaB activity and activation of caspase-3

Jeong, Kim, Hu, &
Kong, 2004

Inhibition of human leukemia HL60 cells by inhibition of protein kinase C Johnson, Chun,
Bittman, & Jarvis, 2004

Inhibition of human bladder carcinoma and human leukemia cells Pullar et al., 2004
4-(Methylnitrosamino)-1(3-pyridyl)-1-butone-induced
pulmonary neoplasia in rats

Wu, Kassie,
& Mersch-Sundermann,
2005

Inhibits growth of ovarian cancer cells by inducing apoptosis Satyan et al., 2006
Phenylbenzyl-ITC Inhibition of human cervical cancer cell line HeLa by induction

of caspase-3 protease activity
Yu, Mandlekar,
Harvey, Ucker,
& Kong, 1998

Phenylmethyl-ITC Inhibition of human cervical cancer cell line HeLa by induction
of caspase-3 protease activity

Yu et al., 1998

ITC – isothiocyanate.
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(Nastruzzi et al., 1996). Dietary GSLs exhibit anticarcinogenicity by
blocking formation of endogenous or exogenous carcinogens so
preventing initiation of carcinogenesis.

Sedmikova et al. (1999) demonstrated that cauliflower juice
treated by high-pressure and freezing showed strong anti-
mutagenicity towards 2-amino-3-methyl-3H-imidazo-(4, 5-f)-
quinoline (IQ). Mandelova and Totusek (2007) reported that
administration of broccoli juice treated by high-pressure for 14
days to males of BALB/C mice decreased the mutagenic effects of
applied mutagens. These results were in agreement with the
similar tests performed on S. typhimurium TA 98 with metabolic
activation. They reported that SFN and indole-3-carbinol have
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antimutagenic properties. High-pressure treatment can be regar-
ded as a method, used for extension of durability, deactivation of
microorganisms, maintenance of nutritional value and for preser-
vation of phytochemicals. Shishu, Singla, and Kaur (2003) proved
strong antimutagenic abilities of SFN against group of heterocyclic
amines, 2-amino-3-methyl-3H-imidazo-(4,5-f)-quinoline(IQ), 2-
amino-3,4-dimethylimidazo[4,5-f]quinoline (MeIQ) and 2-amino-
3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx). Murugan, Balak-
rishnamurthy, and Mathew (2007) investigated the antimutagenic
effect of broccoli flower head by the Ames Salmonella reverse
mutation assay. They reported that ethanol extracts of broccoli
flower head at 46 mg/plate suppressed the mutagenic effect
induced by the corresponding mutagens on all the tester strains TA
98, TA102 and TA 1535.

Chemoprotective properties of hydrolysis products of GSLs
against chemical carcinogens have been well demonstrated. They
block the initiation of tumours in a variety of tissues e.g. liver,
bladder, pancreas, colon, small intestine etc. It was reported that the
hydrolytic products of methyl sulphinyl GSL are the most potent
inducers of phase II enzymes which detoxify carcinogens. Watten-
berg (1983) demonstrated, by using animal models, that induction
of phase II enzymes directly or indirectly reduces the risk of carci-
nogenesis. Epidemiological data suggested that dietary intake of
cruciferous vegetables may protect against the risk of various types
of cancers (Ambrosone et al., 2004; Cohen, Kristal, & Stanfordm,
2000; Verhoeven, Goldbohm, Van Poppel, Verhagen, & Van den
Brandt, 1996; Zhang et al., 2000). ITCs have been found to impose
significant protection against cancer in animal models induced by
a variety of chemical carcinogens (Conaway, Yang, & Chung, 2002;
Hecht, 2000; Jiao et al., 1997; Morse et al., 1989 Morse et al., 1991,
Stoner et al., 1991; Talalay & Fahey, 2001; Wattenberg, 1977; Yang
et al., 2002).

Many studies have indicated that SFN has potent anticancer
effects. Zhang, Kensler, Cho, Posner, and Talalay (1994) reported
that SFN offered significant protection against 9,10-dimethyl-
1,2-benzanthracene-induced mammary tumorigenesis in rats.
SFN as well as its N-acetylcysteine conjugate, administered
during the post-initiation period significantly inhibited azoxy-
methane-induced colonic aberrant crypt foci formation in rats
(Chung, Conaway, Rao, & Reddy, 2000). Singh, Xiao, Lew, Dhir,
and Singh (2004) reported that SFN inhibited proliferation of
cultured PC-3 human prostate cancer cells by inducing apoptosis.
Rosea, Huangb, Ongb, and Whiteman (2005) reported that ITCs
(4-methysulfinylbutyl and 7-methylsulphinylheptyl iso-
thiocyanates) derived form Brassica oleracea var. italica (broccoli)
and Rorippa nasturtium-aquaticum (watercress) inhibit metal-
loproteinase 9 (extracellular endopeptidase that selectively
degrade the components of various extracellular matrixes)
activities and also suppress the invasive potential of human
MDA-MB-231 breast cancer cells in vitro. Chemoprotective activ-
ities of different GSLs are presented in Table 6.

These compounds work against various cancer cells by induc-
tion of antioxidant and detoxifying enzymes such as glutathione-S-
transferases and UDP-glucuronosyl transferase and by inhibition of
carcinogen-activating enzymes such as cytochrome P450 or
altering steroid hormone metabolism. Apoptosis induction through
various signal transduction pathways is another mode of action of
these compounds. SFN-induced apoptosis was associated with
upregulation of BAX (promoter of apoptosis), down-regulation of
BCL-2 (suppressor of apoptosis) and activation of caspases-3, -9 and
-8 (executers of apoptosis). It was observed that SFN-induced
apoptosis and cleavage of procaspase-3 and poly (ADP-ribose)
polymerase (PARP), substrates for caspases, were blocked upon
pretreatment of cells with pan caspase inhibitor z-VADfmk and
specific inhibitors of caspase-9 (z-LEHDfmk) and caspase-8 (z-
IETDfmk), suggesting involvement of both caspase-9 and caspase-8
pathways in SFN-induced cell death (Singh et al., 2004).
6. Conclusion

GSLs comprise a distinctive group of bioactive compounds pos-
sessing wide array of bioactivities. They are not only important to
plants as they act as their major defense system but also to humans
in many ways. Natural products are in demand nowadays for the
control of pathogens due to the detrimental effects of synthetic
chemicals and orthodox practices. GSLs, among other natural
products, are a preferred choice among farmers for the control of
pathogens as they are safer fumigants in pest control. These natural
products are considered to be fully biodegradable and are non-toxic,
making them eligible contenders for integrated pest management.
However the potential of these compounds in agriculture needs to
be fully exploited. Earlier research was focused on lowering the GSL
content from the plant tissues because of their characteristic prop-
erty of imparting bitterness but recently their tremendous benefit in
agriculture and medicine has encouraged the plant breeders to
develop varieties containing increased levels of GSLs.

However, another potential benefit of GSLs as cancer chemo-
preventive agents deserves further attention. Extensive body of
literature demonstrates that this group of compounds acts as
potent chemopreventive agents either by enhancing apoptosis in
cancer cells, by arresting cell cycle progression etc. Some of these
compounds have also shown encouraging results in clinical trials
showing their strong potential in drug development against various
cancers. However, there are still many areas that need further
research to avail the full health benefits of these compounds.
Studies should be conducted to explore the potential of these
compounds for the prevention of various other diseases. At present,
there is a need to further unravel, characterize, patent and
commercialize the protective components like glucosinolates from
different plants for the benefit of humans and plant health.
Biochemical mechanisms and pathways responsible for different
activities of GSLs are still not well understood and deserve further
exploration.
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