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Selective increase of the potential anticarcinogen
4-methylsulphinylbutyl glucosinolate in broccoli

Kathy Faulkner!? Richard Mithen'and sinolates are found in several cruciferous vegetables, but are
Gary Williamson 23 most abundant in broccoli (syn. calabreBeassica oleracea
LJohn Innes Centre, Norwich Research Park, Colney Lane, Norwich NR4 IL Itallcg)’ WhIC]f-1 _la%ks a functlonalf a"e][e at. tr@gt-ﬁtﬁ
7UH, UK and?Department of Biochemistry, Institute of Food Research, ocus ( Igure ) the presence O_ a functior@ -~

Norwich Research Park, Colney Lane, Norwich NR4 7UA, UK allele would convert these glucosinolates to their alkenyl
homologues, which are poor inducers of phase Il enzymes (3).
) ] ) _ . ) The levels of glucosinolates in commercially grown broccoli
The putative anticarcinogenic activity of Brassica veget-  gre relatively low compared with those found in salad crops
ables has been associated with the presence of certain gch as rockeBruca sativg, which accumulates 4-methylthio-
glucosinolates. 4-Methylsulphinylbutyl isothiocyanate (sul- butyl glucosinolate, and watercresRdfippa nasturtium-
phoraphane), derived from the corresponding glucosinolate 54 aticum), which accumulates phenylethyl glucosinolate (7).
found in broccoli, has previously been identified as a potent  gnhancing the levels of 4-methylsulphinylbuty! glucosinolate
inducer of the anticarcinogenic marker enzyme quinone i, proccoli would be expected to enhance the potency of
reductase [NADP(H):quinone-acceptor oxidoreductase] in  jnqyction of phase Il enzymes. It would be unlikely to lead to
murine hepatoma Hepa 1clc7 cells. We have therefore |qqced palatability as methylsulphinylalkyl glucosinolates are
produced a broccoli hybrid with increased levels of this  non.yglatile and have a relatively small contribution to flavour,

anticarcinogenic glucosinolate and tested the ability of ;n contrast with the majority of other isothiocyanates found in
extracts to induce quinone reductase. A 10-fold increase vegetables and salad crops (7).

in the level of 4-methylsulphinylbutyl glucosinolate was Many wild members of theBrassica oleraceaspecies
obtained by crossing broccoli cultivars with selected wild complex (chromosome numbat, = 9) have high levels of
taxa of the Brassica oleracedchromosome numbern = 9)  jyqividual aliphatic glucosinolates (8,9). Studies on the genetics
complex. Tissue from these hybrids exhibited &>100-fold ¢ gycosinolates in these taxa have, in addition to elucidating
increase in the ability to induce quinone reductase in Hepa  {he genetic pathway for glucosinolate biosynthesis (Figure 1),
1c1c7 cells over broccoli cultivars, due to both anincrease in suggested several taxa that would be valuable in broccoli
4-methylsu|phinylbu'tyl glucosinolate content and increased breeding programs that are designed to specifically enhance
percentage conversion to sulphoraphane. 4-methylsulphinylbutyl glucosinolate and, by so doing, its
anticarcinogenic potential. Foremost amongst these are mem-
, bers of theB.villosa-rupestriscomplex from Sicily, which
Introduction possess a non-function@iSL-ALKallele, and may be the wild

Several complementary pieces of evidence suggest that isothigrogenitors of cultivated broccoli.

cyanates derived from the hydrolysis of methylsulphinylalkyl Measurement of the induction of quinone reductase (QR*)
glucosinolates found in the Cruciferae family may be importanin murine hepatoma Hepa 1c1c7 cells provides a rapid and
in the human diet in reducing the risk of cancer, for a numbeféliable indicator of the ability of vegetable extracts to induce
of reasons: (i) dietary provision of cruciferous vegetablesehzymes such as glutathione transferase and UDP-glucuronosyl
protects rodents against chemically induced cancer (1); (i?ransferase via the antioxidant responsive element in mamma-
methylsulphinylalky! isothiocyanates are known to be potentian cells (10), and hence of putative anticarcinogenic activity
inducers of phase Il detoxification enzymes in murine hepatomyia a blocking mechanism (1). This assay has been used to
Hepa 1ci1c? cells in culture (2,3), which are associated witi@ssess the potential of synthetic isothiocyanates (2,11), extracts
reduced susceptibility of mammals and mammalian cell culfrom cruciferous vegetables (6) and myrosinase-treated glucosi-
tures to the toxic and neoplastic effects of carcinogens; and (iiifolates (3). The glucosinolate/isothiocyanate content of the
sulphoraphane (4-methylsulphinylbutyl isothiocyanate) blocky/egetable extracts has generally not been reported. In this
the formation of mammary tumours in Sprague—Dawley ratgaper, we have used this assay to investigate the relationship
treated with 9,10-dimethyl-1,2-benzanthracene (4). In generaRetween the ability to induce QR activity and the glucosinolate
epidemiological studies show that people with high levels ofcontent of three wild members of th.oleraceacomplex,
vegetables in their diet are less susceptible to cancer (5), bthich have high levels of 3-methylthiopropyl, 3-methylsulphi-
these studies are not able to identify food components a8ylpropyl and 2-propenyl glucosinolates in commercial broc-
potential anticarcinogens. coli cultivars and hybrids between the wild accessions and a

3-Methylsulphinylpropyl and 4-methylsulphinylbutyl gluco- commercial double haploid broccoli breeding line, respectively.

3To whom correspondence should be addressed

o ) ) ] Materials and methods
*Abbreviations: QR, quinone reductase [NADP(H):quinone-acceptor oxidore-

ductase], EC 1.6.99.2; GSL, glucosinolate; CD value, concentration of arpource of material and sampling

inducer required to double the quinone reductase specific activity in muriné\ double haploid broccoli breeding line derived from the cultivar Green Duke
hepatoma Hepa 1c1c7 cells; GD DH, Green Duke double haploid broccol{GD DH) (12), three commercial cultivars (Trixie, Green Comet and Marathon)
breeding line; SPME, solid phase matrix extraction; GC-MS, gas chromatoand three wildBrassicaspecies:B.drepanensisCaruel (syn.B.villosa Biv.
graphy-mass spectroscopy; EMSA, electrophoretic mobility shift assays.  subspdrepanensis B.villosa Biv. and B.atlantica (Coss.) O.E.Schultz, were
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grown in a glasshouse under standard conditions as previously described (1y9- 2. Induction of QR activity in murine hepatoma Hepa 1c1c7 cells from

Each of the wild species was crossed to the GD DH breeding lipsggds  the cultivar Marathon and synthetic sulphoraphane. Sulphorapliene (

were obtained and grown as previously described (13). Inflorescences weMarathon extract (0.125 mg/ml) with added sulphoraphdi Marathon

harvested from the cultivars after 8-12 weeks and from the hybrids after 12€xtract (0.001 mg/ml to 0.125 mg/mi)). The estimated isothiocyanate

16 weeks, immediately frozen in liquid nitrogen and freeze-dried. Syntheticconcentration of the Marathon extract has been based on an assumption that

sulphoraphane was kindly supplied by Professor P.Talalay, Johns Hopkink00% of the parent glucosinolate is converted to the isothiocyanate. Thus,

University School of Medicine, Baltimore, MD. Marathon extract (1 mg/ml) is equivalent to 518 4-methylsulphinylbutyl

Glucosinolate analysis isothiocyanate. Results for Marathon (0.125 mg/ml) with added
sulphoraphane have been plotted with respect to the added synthetic

Glucosinolates were extracted from the freeze-dried material, converted tgyphoraphane concentration only, as the Marathon extract alone has no
desulphoglucosinolates and analysed by HPLC as previously described (13)gnificant effect on induction activity.

using benzyl glucosinolate as an internal standard.

Induction of quinone reductase ) .

Extracts from the freeze-dried material were assessed for their inductiof16)- W'ld Species .had an ~10-fold greater .level of
activity in murine hepatoma Hepa 1c1c7 cells. Approximately 0.1 g of milledtotal aliphatic glucosinolates than the cultivaBB.villosa,
freeze-dried material was moistened by addition of water (2 ml), homogenize@ drepanensisndB.atlanticahad predominantly 3-methylsul-

and left at room temperature for 1 h with occasional mixing. Hot 70% (V/V) ~hi _ ; _ Al
methanol (3 ml) was added and mixed thoroughly prior to incubation forphmylpmpyl’ 3-methyithiopropyl and 2-propenyl glucosinol

15 min at 70°C. The homogenates were cooled to room temperature an@tesl _respectlvel_y (Table I)_' The d'_fferences . in the
centrifuged for 5 min at 3009. Supernatants were removed and the volume glucosinolate profiles were attributed to differences in alleles
decreased in a vacuum centrifuge to ~one-fifth of the initial volume. Theat the GSL-OXID and GSL-ALK loci (9). Hybrids between

resulting concentrates were filtered through sterile non-pyrogenic filterqyrgccoli and the wild species had similar total levels to

(0.22 um) and stored at —70°C prior to testing. The concentrations of eacl . - .
extract were expressed as dry wt of original material to each ml of culture hose found in the florets of the wild species themselves.

medium. Induction was measured according to published methods (3,14,130 hybrids with B.drepanensis an_d B.villosa, the major
with the following modifications. Each sample was analysed at eight concentraglucosinolates were 3-methylsulphinylpropyl and 4-methylsul-
tions using four replicates for each concentration and the data in all figurephinylbutyl, which is similar to the profile found in broccoli,

are presented with standard deviatiggNapthoflavone was used as a positive ; ; ; ; ; ;
control at a concentration of 0.gM. This typically produced a 3-fold whereas in hybrids with.atlantica, the major glucosinolates

induction (CD; 0.02uM) and was comparable with previous determinations were 2-prope_nyl, 3-butenyl a_nd z'hydrOX_V's'_bUtenyl glucos_ln-
(15). Each cultivar/hybrid was extracted on three occasions and analysed seplate. The dlfferem 9|UC(_)SIn0|ate profile in these hybrlqls
arately. resulted from the interaction of the genes in the respective
Gas chromatography-mass spectroscopy (GC-MS) analysis parents.

Non-volatile and volatile components of the hydrolytic breakdown products|nduction of quinone reductase

of the cultivars, wild species and the hybrids were analysed by GC-MS usin . ..

a HP Chemstation GP800A equipped with a 3 @25 mm HP1 cross- ynth_e“(_: sulp_horaphane_ was used as a positive control to
linked methylsilane column (Hewlett—Packard Co., Palo Alto, CA). Typically, quantify induction of QR in Hepa 1c1c7 cells. It was a potent
the column was heated from 60°C to 250°C at 20°C/min and the mass spectipaducer and produced a three-fold induction at [iM (CD;

scanned from 35 to 250 m/z. Approximately 0.1 g of freeze-dried material ; ; ; ; ;
was moistened with water, mixed thoroughly and incubated for 1 h Withlo'4 HM)’ compared with previous determinations (See Figure

occasional mixing. Non-volatile hydrolytic products were extracted from the2)- NO Cytotoxicity was observed for any sample at any of the
samples with methylene chloride and filtered prior to analysis. In order toconcentrations tested.

analyse volatile products, freeze-dried material (0.1 g) was moistened with Extracts from all the cultivars were poor inducers. However,
water (0.5 ml), the glass vial sealed immediately and volatile products collecteghe induction was less than expected if 100% of the glucosinol-
from the vial head-space with a solid phase matrix extraction (SPME) probeates had been converted to isothiocyanates and not to other

Supelco Inc., Bellefonte, PA). . o S .
(Sup ) products such as thiocyanate or nitrile derivatives, which do

Results and discussion not induce (7). For example, Mgrathon contained frdol
i ) of 4-methylsulphinylbutyl glucosinolate/g dry wt (Table I).
Glucosinolate analysis Therefore, an extract containing p%/ml of Marathon would

The levels of 4-methylsulphinylbutyl glucosinolate in the be expected to have a 4-methylsulphinylbutyl isothiocyanate
broccoli cultivars were similar to those previously reportedconcentration of 0.4uM, which would result in a 2-fold
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induction. However, no significant induction was observed at{4-methylsulphinylbutyl glucosinolate equivalent), which is
this concentration. Indeed, 2.5 mg/ml of Marathon extractsimilar to that of pure sulphoraphane and to that reported in
was required for a 2-fold induction, which if 100% of the previous studies (10). Thus, while there was an ~10-fold increase
glucosinolate is converted to isothiocyanate, is equivalent tin the levels of 4-methylsulphinylbutyl glucosinolate in GD
13.5 uM 4-methylsulphinylbutyl isothiocyanate (unpublished DHXB.villosa and GD DHxB.drepanensiscompared with
data). Thus, either a small proportion of the glucosinolate hadllarathon and GD DH, there was>al00-fold difference in
been converted to 4-methylsulphinylbutyl isothiocyanate, ombility to induce QR activity (i.e. it requires at least 100 times
the induction of QR activity was reduced by other componentshe amount of Marathon tissue to induce equivalent QR activity
in the vegetable extract. To test for the presence of an inhibitogompared with the GD DH hybrids). An explanation for this
Marathon extract (0.125 mg/ml) was spiked with synthetichigher inducer activity could be that there is greater conversion
sulphoraphane prior to application to the Hepa 1clc7 cellsof glucosinolates to isothiocyanates, instead of conversion to
The induction observed was similar to that of pure sulphoraether hydrolytic products (thiocyanates and nitrile derivatives),
phane alone (Figure 2), which demonstrated that there haoecause ofthe changein genetic background. For example, novel
been no inhibitory effect by other components in the extractsmyrosinase alleles may have been introduced from the wild
Therefore, it is possible that in Marathon (and also othemparent. Alternatively, there may be other compounds that induce
cultivars) only a proportion of the glucosinolate had beenQR activity, which are not present Biatlantica
converted to the isothiocyanate. In order to examine the composition and nature of the
Extracts from both GD DbB.wvillosa and GD hydrolytic products, extracts were analysed by GC-MS
DHXB.drepanensisvere potent inducers of QR activity (Figure (Figure 5). Hydration of freeze-dried leaves Bflrepanensis
4). Based on 100% conversion of the glucosinolates to isothiocyand B.atlantica led to the production of large amounts of
anates, the apparent concentration of an inducer required tmlatile 3-methylthiopropyl and 2-propenyl isothiocyanates.
double the quinone reductase-specific activity in murine hepa3-Methylsulphinylpropyl isothiocyanate was detected in
toma Hepa 1clc7 cell (CD) values, of both extracts, wagi®3 methylene chloride extracts from.villosa, which was con-

4
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Fig. 4. The effect of extracts of the cultivar GD DH®{, GD
Fig. 3. Effect of extracts oB.drepanensi{M), B.villosa (¢), and DHXB.drepanensigll), GD DHXxB.villosa (<), and GD DHxB.atlantica
B.atlantica (CJ) on induction of QR in murine hepatoma Hepa 1c1c7 cells. (A) on the induction of QR in murine hepatoma Hepa 1c1c7 cells.

Table I. Individual and total aliphatic glucosinolate conteptr{oles/g dry wt+ 1 SE) of broccoli cultivars, wildBrassicaspecies and hybrids produced from
crosses between GD DH and the wibdassicaspecies

MSP MSB PROP BUT MTP OH-BUT Total

Green Comet 0.x 0.1 0.8£ 0.5 0.2x 0.1 0.0 2705 0.5+ 0.3 43+ 05
GD DH 0.2+ 0.2 46x1.1 0.0 0.0 2.3 0.6 0.0 7.1+ 1.1
Marathon 1.0+ 0.3 54+ 1.1 02+ 0.1 0.0 4.1+ 0.7 0.0 10.7+ 1.8
Trixie 04+0.2 11.1+ 2.1 0.2+ 0.1 0.0 49+ 1.2 0.0 16.6+ 2.6
B.atlantica 0.9+ 0.7 0.0 92.8+ 25.4 0.5+ 0.3 1.1+ 1.0 0.0 95.3+ 26.6
B.drepanensis 11.0+ 1.7 0.0 0.0 0.0 51.6- 9.3 0.0 62.6+ 10.9
B.villosa 119+ 18 14+0.2 0.0 0.1+ 0.1 3.4+ 0.9 0.1+ 0.1 124+ 19
GD X B.atlantica 22+0.8 53+ 14 76.9+ 20.8 23.6* 6.3 2.0+ 0.7 43.7+ 6.7 154+ 30
GDXB.drepanensis 26.2+ 29 76.5* 8.9 0.0 0.0 1.9+ 04 0.0 105+ 12
GDXB.villosa 264+ 27 81.8+ 5.0 0.0 0.0 1.0+ 0.3 0.0 109+ 7

MSP, 3-methylsulphinylpropyl; MSB, 4-methylsulphinylbutyl; PROP, 2-propenyl; BUT, 3-butenyl; MTP, 3-methylthiopropyl; OH-BUT, 2-hydroxy-3-butenyl,
GD, GD DH.
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Fig. 5. Gas chromatograph profile of an extract from GD BBldrepanensisMass spectrometry confirmed the peaksBs -methylsulphinylpropyl nitrile;
(2), 4-methylsulphinylbutyl nitrile; 8), 3-methylsulphinylpropyl isothiocyanate; and),(4-methylsulphinylbutyl isothiocyanate.

sistent with the glucosinolate profiles. In extracts of GDincrease in 4-methylsulphinylbutyl glucosinolate and to a
DHXB.villosa and GD DHxB.drepanensisthe dominant iso- greater conversion to isothiocyanate.

thiocyanate was 4-methylsulphinylbutyl isothiocyanate, as was There have been a large number of studies that have used
expected. Relatively low levels of 3-methylsulphinylpropyl animal models to show that glucosinolate breakdown products,
isothiocyanate and nitrile derivatives were also detected (Figursuch as isothiocyanates, inhibit chemically-induced carcino-
5). In contrast, only trace amounts of 4-methylsulphinylbutylgenesis by up to 100%. Furthermore, studies in humans have
isothiocyanate were detected in the cultivars. This indicatedhown that consumption &rassicavegetables can reduce the
that the 100-fold difference in ability to induce QR activity amount of DNA damage and increase the level of detoxifying
between the two hybrids and the cultivars was caused by aenzymes (17,18). The most potent glucosinolate breakdown

608



4-Methylsulphinylbutyl glucosinolate in broccoli

products for induction of detoxification enzymes are thel3.Magrath,R., Herron,C., Giamoustaris,A. and Mithen,R. (1993) The
methylsulphinylalkyl isothiocyanates, of which the most Tlhleg?”?; of aliphatic glucosinolates Brassica napusPlant Breed,
reported IS sulphoraphane (4_'m¢thylsmphmylbm_yl 'S(_)th|ocy_'l4.Prochaska,H.J. and Santamaria,A.B. (1988) Direct measurement of
anate) (2). The results also highlight that the anticarcinogenic NAD(P)H:quinone reductase from cells cultured in microtitre wells: A
properties of broccoli depend both on the concentration of screening assay for anticarcinogenic enzyme inducengl. Biochem,
4-methylsulphinylbutyl glucosinolate and on the conversion of _ 169 328-336.

. : - . . 5.Williamson,G., Plumb,G.W., Uda,Y., Price,K.R. and Rhodes,M.J.C. (1996)
this compound into the isothiocyanate on autolysis. The Iatte} Dietary quercetin glycosides: antioxidant activity and induction of the

is affected by temperature, pH, endogenous levels of myro- anticarcinogenic phase Il marker enzyme quinone reductase in Hepa 1c1c7

sinase and on the concentration of reactants (7). cells. Carcinogenesisl7, 2385-2387.
Hybrids between commercial broccoli cultivars and the two16.Carlson,D.G., Daxenbichler,M.E., Van Etten,C.H., Kwolek,W.F. and
wild speciesB.villosa and B.drepanensisare fully fertile, and Williams,P.H. (1987) Glucosinolates in crucifer vegetables: broccoli,

. s . Brussels sprouts, cauliflower, collards, kale, mustard greens, and kohirabi.
back-cross populations have been developed. Thus, itis feasible ;" am soc Hort. Sci, 112 173-178.

to develop broccoli lines with enhanced levels of 4-methylsul-17. Bogaars,J.J.P., Verhagen,H. Williams,M.1., Van Poppel,G. and Bladeren,P.J.
phinylbutyl glucosinolate and its associated anticarcinogenic (1994) Consumption of Brussels sprouts results in elevated alpha-class
activity. The efficiency of development of these lines is glutathioneS-transferase levels in human blood plasr@arcinogenesis

. A 15, 1073-1075.
considerably enhanced by the availability of molecular markergB.Verhagen’H. Poulsen,H.E., Loft,S., Van Poppel,G. Willems,M.I. and Van

to select for both glUC_OSinmate content and the deSired_ genetic gjaderen,P.J. (1995) Reduction of oxidative DNA damage in humans by
background. These lines may be of value for experimental Brussels sprout€Carcinogenesis16, 969-970.
purposes in dietary intervention studies and for commer- _
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