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Abstract
Sulforaphane, an isothiocyanate from broccoli, is one of the most potent food-derived anticarcinogens. This compound is not
present in the intact vegetable, rather it is formed from its glucosinolate precursor, glucoraphanin, by the action of myrosinase, a
thioglucosidase enzyme, when broccoli tissue is crushed or chewed. However, a number of studies have demonstrated that sulforaphane yield from glucoraphanin is low, and that a non-bioactive nitrile analog, sulforaphane nitrile, is the primary hydrolysis
product when plant tissue is crushed at room temperature. Recent evidence suggests that in Arabidopsis, nitrile formation from
glucosinolates is controlled by a heat-sensitive protein, epithiospeciﬁer protein (ESP), a non-catalytic cofactor of myrosinase. Our
objectives were to examine the eﬀects of heating broccoli ﬂorets and sprouts on sulforaphane and sulforaphane nitrile formation, to
determine if broccoli contains ESP activity, then to correlate heat-dependent changes in ESP activity, sulforaphane content and
bioactivity, as measured by induction of the phase II detoxiﬁcation enzyme quinone reductase (QR) in cell culture. Heating fresh
broccoli ﬂorets or broccoli sprouts to 60 °C prior to homogenization simultaneously increased sulforaphane formation and decreased sulforaphane nitrile formation. A signiﬁcant loss of ESP activity paralleled the decrease in sulforaphane nitrile formation.
Heating to 70 °C and above decreased the formation of both products in broccoli ﬂorets, but not in broccoli sprouts. The induction
of QR in cultured mouse hepatoma Hepa lclc7 cells paralleled increases in sulforaphane formation.
Ó 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Cruciferous plants such as broccoli (Brassica oleracea
var. italica) contain glucosinolates, secondary metabolites that are part of an elegant herbivory defense
mechanism (reviewed in Bones and Rossiter, 1996).
When the tissue of these plants is damaged, glucosinolates are released from the vacuoles of myrosin cells and
are hydrolyzed by cytosolic myrosinase, a thioglucoside
glucohydrolase enzyme (EC 3.2.3.1). The spontaneous
products of this reaction at neutral pH have been shown
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to be isothiocyanates (Gil and MacLeod, 1980b), and
these compounds are the principal products of glucosinolate hydrolysis in a number of crucifers (Cole, 1976).
However, other cruciferous plants, such as rape (Brassica napus) form predominantly nitriles from these
glucosinolates (Gil and MacLeod, 1980c; Gil and MacLeod, 1980a; Lambrix et al., 2001), indicating that
diﬀerent products may be formed from the same glucosinolate, depending upon the plant species.
Sulforaphane (1) [4-(methylsulﬁnyl)butyl isothiocyanate], an isothiocyanate from broccoli, was initially
identiﬁed as a potential anticarcinogen by its capacity to
induce quinone reductase (QR), a phase II detoxiﬁcation
enzyme, in Hepa lclc7 cell culture (Zhang et al., 1992).
The phase II detoxiﬁcation enzyme system is an inducible set of xenobiotic defense enzymes that can intercept
bioactivated carcinogens, protecting against DNA
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damage in the mammal (Talalay et al., 1995). Since its
identiﬁcation, experimental evidence has accumulated
regarding the eﬃcacy of sulforaphane as a cancer preventative agent in a number of animal models of carcinogenesis. Sulforaphane has been shown to inhibit
chemically-induced cancer in rats and mice (Zhang
et al., 1994; Fahey et al., 2002). Although there are no
clinical studies showing prevention of cancer with sulforaphane, a recent clinical study evaluated absorption
of broccoli extracts perfused into the small intestine and
found that approximately 75% of the sulforaphane was
absorbed (Petri et al., 2003). In that study levels of two
detoxiﬁcation enzymes, glutathione-S-transferase and
UDP-glucuronosyl transferase, were induced more than
2-fold in exfoliated enterocytes released into the perfusate, indicating the potential for anticarcinogenic action of sulforaphane in these human subjects.
Sulforaphane has also been observed to inhibit growth
and stimulate apoptosis in several cancer cell lines in
culture (Gamet-Payrastre et al., 2000; Chiao et al.,
2002), indicating potential antiproliferative activity.
Although investigations of the eﬀects of storage and
cooking on the glucosinolate content of broccoli have
been performed (Goodrich et al., 1989; Vallejo et al.,
2003), surprisingly little research has examined the effects of storage or cooking on formation of sulforaphane in dietary broccoli. In current literature
examining the chemoprotective eﬀects of sulforaphane,
the assumption is made that sulforaphane is the sole
product of the hydrolysis of its precursor glucosinolate,
glucoraphanin (2) (Fahey et al., 1997; Shapiro et al.,
1998). However, a nitrile analog to sulforaphane, sulforaphane nitrile (3) [5-(methylsulﬁnyl)pentane nitrile]
may actually be the predominant hydrolysis product of
glucoraphanin (Matusheski et al., 2001; Mithen et al.,
2003). Sulforaphane nitrile has recently been shown not
to possess the anticarcinogenic properties of sulforaphane (Matusheski and Jeﬀery, 2001; Basten et al.,
2002). Thus the potential health beneﬁt of broccoli as a
result of sulforaphane formation is compromised by the
alternative formation of an inactive nitrile when broccoli
is crushed.
Other cruciferous plants, including crambe seed
(Crambe abyssinica), garden cress (Lepidium sativum)
and other members of the Brassica species such as rapeseed (Brassica napus) and white cabbage (Brassica
oleracea) have all been shown to form nitriles (Daxenbichler et al., 1977). A protein, called epithiospeciﬁer
protein (ESP), has been identiﬁed in some crucifers that
appears responsible for the formation of epithionitriles
(Tookey, 1973; Petroski and Tookey, 1982). This protein does not catalyze glucosinolate hydrolysis by itself,
but instead directs the products of glucosinolate hydrolysis toward epithionitriles, rather than isothiocyanates. Epithiospeciﬁer protein requires iron for its
activity, and heat treatment has been shown to decrease

Fig. 1. Proposed mechanism for the formation of sulforaphane (1) and
sulforaphane nitrile (3) in broccoli ﬂorets and sprouts.

the formation of epithionitriles in seeds of turnip rape
(Brassica campestris; Kirk and Macdonald, 1974). A
recent study in the experimental plant Arabidopsis thaliana suggests that ESP may regulate nitrile formation in
addition to epithionitrile formation (Lambrix et al.,
2001). Here, we test the hypothesis that ESP is present in
broccoli, and supports the formation of inactive sulforaphane nitrile at the expense of formation of the potent
anticarcinogen sulforaphane (Fig. 1). Our objectives
were to examine the formation of sulforaphane and
sulforaphane nitrile from glucoraphanin in fresh broccoli from several commercial cultivars, and to examine
the eﬀects of heating on sulforaphane and sulforaphane
nitrile formation, ESP activity, and potential bioactivity
of extracts prepared from fresh broccoli ﬂorets and
broccoli sprouts.

2. Results and discussion
2.1. Glucoraphanin content of commercial broccoli cultivars
Glucoraphanin content determined on lyophilized
powders of 7 commercial broccoli cultivars varied signiﬁcantly, ranging from 4:4  0:4 to 16:4  0:9 lmol/g
dry weight. Several of the cultivars examined were also
represented in a previous study, where 50 broccoli accessions and a number of other cruciferous vegetable
crops were examined for glucosinolate content (Kushad
et al., 1999). Our results were in agreement with the
earlier study, cv. Brigadier containing the highest
glucoraphanin content and cv. Baccus containing the
lowest. Purchased broccoli (unknown cultivar) fell
within this range. Minor diﬀerences in broccoli gluco-
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sinolate content may be attributable to environmental
diﬀerences, but genetic diﬀerences among cultivars have
been shown to play a key role in determining aliphatic
glucosinolate content (Brown et al., 2002).
The large variation in glucoraphanin content observed among diﬀerent cultivars currently makes it difﬁcult to determine how much glucoraphanin may be
present in dietary broccoli because of a lack of cultivar
identiﬁcation at the retail level. However, this large
variability also indicates that an eﬀective breeding program has the potential to produce a broccoli cultivar
stably expressing increased glucoraphanin content. In a
recent study, the wild species Brassica drepanensis and
Brassica villosa were crossed with a double haploid
broccoli breeding line (cv. Green Duke) and the resulting crosses produced a 10 fold higher concentration of
glucoraphanin compared to Green Duke and Marathon
commercial cultivars (Faulkner et al., 1998). A more
recent study from the same group describes the development of advanced backcrossed lines of Green Duke
cultivar broccoli and B. villosa, containing speciﬁc genomic segments from B. villosa capable of enhancing
glucoraphanin content (Mithen et al., 2003). While increased glucoraphanin content gives greater potential
for sulforaphane formation, this does not speciﬁcally
address the problem of nitrile formation in fresh broccoli.
2.2. Formation of sulforaphane and sulforaphane nitrile in
commercial broccoli cultivars
When ﬂorets of fresh broccoli were homogenized
with water, sulforaphane nitrile was the predominant
product of glucoraphanin hydrolysis in each cultivar
on a fresh weight basis. Sulforaphane and sulforaphane nitrile formation varied signiﬁcantly among the
cultivars, ranging from 0:08  0:00 to 0:62
0:08 lmol/g fresh weight for sulforaphane and from

Fig. 2. Glucoraphanin (2) concentration (lmol/g dry weight) and
subsequent formation of sulforaphane (1) and sulforaphane nitrile (3)
(lmol/g fresh weight) in commercial broccoli cultivars after crushing.
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0:35  0:04 to 1:50  0:06 lmol/g fresh weight for
sulforaphane nitrile. Interestingly, sulforaphane nitrile,
not sulforaphane, was the principal product of glucoraphanin hydrolysis measured in each cultivar tested
(Fig. 2).
These results are in agreement with previous data we
have obtained when freeze-dried broccoli powder was
rehydrated with distilled deionized water, in which case
the nitrile was the predominant product of glucoraphanin hydrolysis (Matusheski et al., 2001). Several other
studies have also reported the formation of sulforaphane nitrile from glucoraphanin in broccoli. Kore et al.
(1993) demonstrated that extraction of broccoli seed
yielded approximately equal amounts of sulforaphane
and sulforaphane nitrile. In a study examining the eﬀects
of post-harvest storage and processing, sulforaphane
nitrile made up greater than 50% of the glucoraphanin
hydrolysis products under certain conditions (Howard
et al., 1997). Mithen and coworkers (2003) recently reported that approximately 80% of the glucoraphanin
from the broccoli cultivar Marathon hydrolyzed to
sulforaphane nitrile and only 20% was converted to
sulforaphane.
A common assumption in the current literature regarding the health beneﬁts of sulforaphane from broccoli is that glucoraphanin is entirely converted to
sulforaphane when broccoli is crushed. As a result of
this assumption, an analysis method has been utilized
for broccoli and broccoli sprouts involving the extraction of glucosinolates and subsequent treatment with
puriﬁed myrosinase or crude extracts of daikon (Fahey
et al., 1997; Shapiro et al., 1998; Farnham et al., 2000;
Pereira et al., 2002). It has been documented that some
cruciferous plants form nitriles as their principal hydrolysis products while others produce primarily isothiocyanate products (Gil and MacLeod, 1980a;
Hasapis and MacLeod, 1982b; Lambrix et al., 2001).
According to the results presented here and the results
of others (Kore et al., 1993; Kyung et al., 1995; Mithen
et al., 2003), broccoli and other members of the Brassica
oleracea species are nitrile-forming plants. Daikon,
horseradish and white mustard, however, have been
shown to form only isothiocyanates from their glucosinolates (Cole, 1976; Cole, 1980; Petroski and Tookey,
1982). Thus, the source of myrosinase activity should be
carefully considered when studying the products derived
from glucosinolate hydrolysis, since the amount of isothiocyanate formed when plant tissue is disrupted may
or may not be a measure of the glucosinolate concentration, depending upon the plant species under investigation. It should also be noted that these concerns do
not address the situation when broccoli is cooked then
eaten, where the plant myrosinase is destroyed by the
cooking and glucosinolates are hydrolyzed in the human
gastrointestinal tract by gut microﬂora (Shapiro et al.,
2001).
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Homogenize 1:1 with DI Water
Incubate at 25˚ C
Aqueous Extract

Sulforaphane/
QR Induction
Sulforaphane Nitrile
ESP Activity
Content
Fig. 3. Scheme for sample preparation and analysis of heat treated
broccoli ﬂorets and sprouts. As detailed in the text, vegetable tissue
was heat treated, cooled to room temperature and homogenized.
Aqueous extracts were analyzed for the formation of sulforaphane (1)
and sulforaphane nitrile (3), ESP activity, and bioactivity (induction of
QR in Hepa lclc7 cells).

2.3. Eﬀect of heat treatment on sulforaphane formation,
ESP activity and capacity to induce QR in broccoli ﬂorets
and broccoli sprouts
Broccoli ﬂorets and sprouts were heat treated and
analyzed according to the scheme presented in Fig. 3.
Glucoraphanin content of purchased broccoli was
6:2  0:2 lmol/g dry weight. In the unheated sample,
the majority of the glucoraphanin hydrolysis products
were sulforaphane nitrile, similar to the results obtained
in commercial broccoli cultivars. All 5 and 10 min preheat treatments signiﬁcantly decreased the formation of
sulforaphane nitrile compared to the unheated control
(Fig. 4(a)). Sulforaphane formation was signiﬁcantly
increased in the sample preheated to 60 °C with 5 and 10
min treatments, but heating to 70 or 100 °C resulted in a
signiﬁcant decrease in total hydrolysis product formation compared to the other treatments. Epithiospeciﬁer
protein activity was signiﬁcantly decreased at all preheating temperatures of 50 °C or higher compared to the
unheated sample (Fig. 4(b)). This result is consistent
with the observed decrease in nitrile formation. Induction of QR by broccoli ﬂoret extracts reﬂected the observed changes in sulforaphane formation (Fig. 4(b)).
Heating treatments of 5 or 10 min at 60 °C gave signiﬁcantly greater QR induction compared to the unheated sample. Preheating at 70 °C for 5 min or 100 °C
for 5 or 10 min signiﬁcantly decreased induction of QR
compared to unheated samples, reﬂecting the decrease
observed in total hydrolysis product formation. In a
separate experiment, we monitored homogenates for
changes in acidity during hydrolysis. The initial pH of
the homogenate standing at room temperature (22 °C)
was 6.3, and the pH of the homogenate from tissue that
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Fig. 4. Eﬀect of pre-heating temperature (5 min treatment) on (a)
sulforaphane (1) and sulforaphane nitrile (3) formation in broccoli
ﬂorets, and (b) ESP activity (deﬁned as the ratio of CHEB/CHB) and
bioactivity (induction of QR in Hepa lclc7 cells) of broccoli ﬂoret
extracts. Average QR speciﬁc activity of untreated cells was
82.0  12.7, and 1 lM b-napthaﬂavone induced QR by 4.6  2.6 fold
compared to control.

had been heated to 100 °C (‘‘cooked’’) and then chilled
to room temperature prior to homogenization and hydrolysis, was 6.2. The pH of both cooked and fresh
homogenates stayed within 0.2 pH units of the initial
sample over the course of the 8-h hydrolysis. However,
extending the hydrolysis period to 22 h resulted in a pH
decrease to 5.4 in the homogenate of fresh broccoli, and
to 4.0 in the homogenate of cooked broccoli (data not
shown).
Glucoraphanin content of broccoli sprouts (cv. Majestic) was 10:3  0:8 lmol/g dry weight. Similar to
broccoli ﬂorets, the principal product of glucoraphanin
hydrolysis in broccoli sprouts was sulforaphane nitrile
(Fig. 5(a)). Preheating to 50 °C for 20 min or 60 °C for
10 or 20 min signiﬁcantly decreased nitrile formation
compared to the unheated control. Sulforaphane was
signiﬁcantly increased by preheating sprouts to 60 °C or
above for 10 min or to 50 °C or above for 20 min.
Preheating sprouts to higher temperatures resulted in a
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Fig. 5. Eﬀect of pre-heating temperature (10 min treatment) on (a)
sulforaphane (1) and sulforaphane nitrile (3) formation in broccoli
sprouts, and (b) ESP activity (deﬁned as the ratio of CHEB/CHB) and
bioactivity (induction of QR in Hepa lclc7 cells) of broccoli sprout
extracts. Average QR speciﬁc activity of untreated cells was 78:4  4:7,
and 1 lM b-napthaﬂavone induced QR by 4:3  2:5 fold compared to
control.

signiﬁcantly decreased total hydrolysis product formation in the maximum time-temperature treatment,
100 °C for 20 min (data not shown). Similar to broccoli
ﬂorets, ESP activity was signiﬁcantly decreased in
sprouts heated to 50 °C and higher for 10 min and in
sprouts heated to temperatures of 40 °C for 20 min
compared to the unheated sample (Fig. 5(b)). This result
is again consistent with the observed decrease in nitrile
formation. Induction of QR by broccoli sprout extracts
also reﬂected the observed changes in sulforaphane
formation. All preheating treatments of greater than 50
°C gave signiﬁcantly greater QR induction compared to
the unheated sample (Fig. 5(b)). Preheating at 100 °C
for 20 min signiﬁcantly decreased induction of QR
compared to treatments of 70 °C for 20 min or 100 °C
for 10 min, reﬂecting the decrease observed in total
hydrolysis product formation (data not shown).
These results suggest that a reduction in ESP activity
as a result of heat processing may allow for greater
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formation of sulforaphane from glucoraphanin because
of a decrease in the formation of the alternative product,
sulforaphane nitrile. Epithiospeciﬁer protein was ﬁrst
identiﬁed as a non-catalytic myrosinase accessory
protein in Crambe (Crambe abyssinica) seed that was
capable of directing the hydrolysis of an alkenylglucosinolate to form an epithionitrile (Tookey, 1973). Since
its identiﬁcation, ESP has been identiﬁed in a number of
nitrile-forming cruciferous plants (Cole, 1978; Kaoulla
et al., 1980; Petroski and Tookey, 1982; MacLeod and
Rossiter, 1985). The formation of epithionitriles has
been shown to be heat sensitive in the seed of turnip rape
(Brassica campestris), where a mild heat treatment was
shown to decrease the formation of epithionitriles and
increase the formation of isothiocyanates from benzylglucosinolate without retarding myrosinase activity
(Kirk and Macdonald, 1974).
More recent work with ESP has identiﬁed the intriguing possibility that ESP may be capable of controlling the formation of ‘simple nitriles’ in addition to
epithionitriles during myrosinase-catalyzed hydrolysis of
glucosinolates. A study by Lambrix and coworkers
(Lambrix et al., 2001) surveyed 122 ecotypes of Arabidopsis thaliana for the formation of glucosinolate hydrolysis products when the leaf tissue was macerated
with water. Some ecotypes were found to produce
mostly nitriles, and others mostly isothiocyanates, from
their glucosinolates. A quantitative trait locus was
identiﬁed that mapped closely to a gene with homology
to the ESP gene previously identiﬁed in Brassica napus.
The gene product was cloned and expressed in E. coli
and found to possess the activity of ESP. Since glucoraphanin was a principal glucosinolate in a number of
ecotypes, it and several other glucosinolates were assayed with myrosinase and E. coli extracts expressing
the gene product. Interestingly, the ESP-containing extracts were capable of directing the hydrolysis of
glucoraphanin toward the formation of sulforaphane
nitrile. Here we report for the ﬁrst time that broccoli
also possesses ESP activity, and demonstrate that ESP
activity tracks closely with sulforaphane nitrile formation in broccoli ﬂorets and sprouts.
Interestingly, we found that myrosinase-catalyzed
formation of sulforaphane was much more heat sensitive
in broccoli ﬂorets compared to broccoli sprouts. Myrosinase from broccoli vegetable tissue has previously
been reported to be heat-labile, with loss of approximately 90% of activity after only 3 min of heat treatment
at 60 °C (Ludikhuyze et al., 1999). However, although
not reported for broccoli seeds, myrosinase activity from
the seeds of several other crucifers has been reported to
be relatively more heat stable (Van Etten et al., 1966;
Hasapis and MacLeod, 1982a). It is possible that the
temperature resistance of myrosinase activity in the
sprouts may be a result of its content of a speciﬁc seed
myrosinase family, as has been reported in white mus-
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tard seedlings (Eriksson et al., 2001). The heat sensitivity
of myrosinase that we observed in broccoli ﬂorets suggests that with normal commercial or domestic cooking
procedures, myrosinase activity is completely lost. The
work of Shapiro and coworkers provides an initial view
towards understanding how much glucoraphanin may
be converted to bioactive sulforaphane in the human
intestine as a result of consuming the intact glucosinolates in cooked broccoli sprouts (Shapiro et al., 2001).
These investigators also examined the contribution of
plant myrosinase indirectly, by evaluating the eﬀects of
chewing on the ultimate appearance of sulforaphane
metabolites in the urine. However, more research is
clearly needed to fully characterize the hydrolysis of
glucoraphanin by gut micoﬂora.
We have shown that mild heat treatment of broccoli
and broccoli sprouts increases formation of the anticarcinogen sulforaphane, and subsequently improves
the health beneﬁt of broccoli or broccoli sprouts as evidenced by an increased capacity to induce QR in Hepa
lclc7 cell culture. The results we describe suggest that
sulforaphane nitrile formation in broccoli may be under
the control of ESP, however further research is required
to verify this proposal. If so, then optimal conversion of
glucoraphanin to sulforaphane in fresh broccoli may be
achieved by identifying processing methods, such as
temperature or pressure treatment, that target labile
ESP but still allow myrosinase to act. Speciﬁc broccoli
cultivars or crosses may be identiﬁed that express decreased levels of ESP, allowing optimal amounts of
sulforaphane formation under natural conditions, and
providing increased health beneﬁt.

3. Experimental procedures
3.1. Materials
Broccoli seeds for the production of sprouts and
mature broccoli were gifts from Asgrow Seed Co. (cv.
Majestic, Everest, Packman and Baccus), from Peto
Seed Co. (Seminis Seeds; cv. Brigadier, Peto 7) and from
Sakata Seed Co. (cv. Saga). Organic solvents (HPLC
grade) were purchased from Fisher Scientiﬁc (Fairlawn,
NJ). Puriﬁed epi-progoitrin and benzyl glucosinolate
were purchased from Dr. Jens Sørensen at the Bioraf
Denmark Foundation (Copenhagen, Denmark). Isothiocyanates, nitriles and epithionitriles for GC calibration
were puriﬁed from broccoli or crambe seed using previously described extraction and puriﬁcation methods,
and veriﬁed by mass spectrometry (Matusheski et al.,
2001; Niedoborski et al., 2001). All other chemical reagents, including phenyl and benzyl isothiocyanate,
were purchased from Sigma (St. Louis, MO). Hepa lclc7
cells were from American Type Culture Collection
(ATCC).

3.2. Preparation of broccoli sprouts
Dry broccoli seeds (15 g, cv. Majestic) were soaked
in 2% sodium hypochlorite for 10 min, then washed 5
times with distilled deionized water. The washed seeds
were soaked in water for 90 min to initiate germination, and spread into 5  6 inch ‘Sproutmaster’
sprouting trays (Sproutpeople, Viroqua, WI). Sprouts
were grown for 5 days at ambient temp (22 °C) using
a 16 h light, 8 h dark cycle (40W incandescent bulb).
An automatic spraying system provided a 5 s mist
every 15 min. Sprouts were loosened on day 3 to
prevent root mass formation. On day 5 sprouts were
harvested and de-hulled by immersing in excess cold
water, then gently shaken dry. The sprouts were
stored at 4 °C until analysis.

3.3. Formation of sulforaphane and sulforaphane nitrile in
fresh commercial broccoli cultivars
Seven broccoli cultivars were grown on-site for
analysis of sulforaphane and sulforaphane nitrile formation. Cultivars were grown to commercial harvest
maturity at the University of Illinois Vegetable Research
Farm (Champaign, IL) according to standard cultural
practices developed for cruciferous vegetables in Illinois
(Foster and Maynard, 1998) during the Fall season of
2001. At the time of harvest, broccoli heads were cut and
kept on ice until ﬂorets were sampled by cutting 5 cm
from the top of the crown, then homogenized with 1
volume of distilled deionized water in triplicate. Homogenates were incubated at room temp for 8 h in
capped tubes to assure complete glucosinolate hydrolysis, then squeezed through cheesecloth into microcentrifuge tubes and centrifuged at 4 °C under 16,000g for
20 min. Supernatants were collected and stored at
)20 °C prior to analysis.
3.4. Eﬀects of mild heat treatment on broccoli and
broccoli sprouts
Fresh broccoli heads were purchased from a local
supermarket (Meijer Inc., Champaign, IL) and stored at
4 °C until analysis. Florets were cut 5 cm from the top of
the crown and heat treated directly in distilled deionized
water for either 5 or 10 min, at temperatures ranging
from ambient (22 °C) to 100 °C in triplicate. The samples were removed from the water, cooled immediately
on ice, and chopped and homogenized with 1 volume of
distilled deionized water using a Tekmar Tissumizer.
Broccoli sprouts were heat treated in sealed tubes containing 10 volumes of distilled deionized water for either
10 or 20 min at temperatures ranging from ambient (22
°C) to 100 °C, in triplicate. Tubes were removed from
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the water bath, cooled immediately on ice, and the
contents homogenized as above.
Homogenates of broccoli ﬂorets or sprouts intended
for ESP activity determination were kept on ice, then
squeezed through cheesecloth into microcentrifuge tubes
and centrifuged at 4 °C under 16,000g for 20 min. Supernatants were collected and stored at )20 °C prior to
analysis. Homogenates intended for quantiﬁcation of
sulforaphane and sulforaphane nitrile were allowed to
incubate at room temperature for 8 h prior to extraction
and centrifugation as described above. Eight hours was
chosen as an adequate time period for the completion of
glucosinolate hydrolysis since, in a preliminary experiment, no additional glucose was released from the homogenate after this time (data not shown). Aqueous
extracts incubated at room temperature were divided.
One sample was used to quantify sulforaphane and
sulforaphane nitrile formation by GC. The second
sample was sterile-ﬁltered through a 0.22 lm nitrocellulose membrane and analyzed for the capacity to induce QR.

3.5. Analysis of glucoraphanin content and sulforaphane
and sulforaphane nitrile formation
For glucosinolate analysis, unheated intact samples
of broccoli and broccoli sprouts were snap-frozen in liquid nitrogen and stored at )80 °C. Samples were lyophilized and ground to a ﬁne powder using a Tekmar
analytical grinder. Desulfoglucosinolates were analyzed
in triplicate by HPLC as previously described (Kushad
et al., 1999).
For analysis of sulforaphane and sulforaphane nitrile
formation, 20 ll of 0.5 mg/ml benzyl isothiocyanate
(Sigma, St. Louis, MO) in acetonitrile (internal standard) was added to 500 ll of aqueous extract. After
vortexing, the solution was transferred to a Teﬂon microcentrifuge tube and extracted with 1 ml of methylene
chloride. The tubes were pulsed in a microcentrifuge to
fully separate layers, and the organic phase was collected. For GC analysis, 1 ll of methylene chloride extract was injected into a splitless HP 5890 GC system
using a 7363A autosampler. The ﬂowpath consisted of a
deactivated cyclo-double gooseneck liner (Restek Inc.,
Bellefonte, PA), a 3 m J&W DB-5 guard column and a
30 m J&W DB-5 capillary column (0.25 mm id, 0.25 lm
ﬁlm) with ﬂame ionization detection. The injector was
held at 200 °C and detector was 280 °C. Initial temperature was 40 °C for 2 min, and ramped from 40–260
°C at 10 °C per min. Final temperature of 260 °C was
held for 10 min. Helium was used as carrier gas, with a
head pressure of 25 psi. The GC was calibrated using
standard curves of 1–100 mg/ml BITC and puriﬁed
sulforaphane and sulforaphane nitrile in methylene
chloride (Matusheski et al., 2001).
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3.6. Measurement of ESP activity
Activity of ESP was measured by examining the
products formed from the puriﬁed glucosinolate epiprogoitrin when hydrolyzed by a puriﬁed myrosinase
enzyme in the presence of the extract under study
(Tookey, 1973; Bernardi et al., 2000). Epithiospeciﬁer
protein activity was deﬁned as the ratio of epithionitrile
[(2S)-1-cyano-2-hydroxy-3,4-epithiobutane] (CHEB) to
simple nitrile [(S)1-cyano-2-hydroxy-3-butene] (CHB)
formed in the presence of excess myrosinase and iron.
For each sample, 350 ll of 50 mM acetate buﬀer containing 1 mM ferrous sulfate and 1 mM dithiothreitol
(DTT; pH 5.5) was combined with 50 ll of myrosinase
solution (0.5 U/ml) and 50 ll of ESP-containing extract.
To initiate the reaction, 50 ll of 5 mg/ml epi-progoitrin
solution was added, and the samples were allowed to
incubate for 1 h in a 25 °C shaking water bath. After
incubation, 20 ll of 0.5 mg/ml phenyl isothiocyanate
(Sigma, St. Louis, MO) in acetonitrile (internal standard) was added to each sample. After vortexing, the
solution was transferred to a Teﬂon microcentrifuge
tube and extracted with 1 ml of methylene chloride. The
tubes were pulsed in a microcentrifuge to fully separate
layers, and the organic phase was collected. The methylene chloride extracts were analyzed by GC as described above, only with modiﬁcations to the column
oven temperature program. An initial temperature of 60
°C was held for 4 min, then ramped to 95 °C at 10 °C per
min. Temperature was then immediately ramped from
95 to 110 °C at 2 °C per min then from 110 °C to a ﬁnal
temperature of 200 °C at 10 °C per min. Final temperature was held for 10 min. The GC was calibrated using
standard curves of 1–100 mg/ml phenyl isothiocyanate,
CHB [(S)1-cyano-2-hydroxy-3-butene], CHEB [(2S)-1cyano-2-hydroxy-3,4-epithiobutane], and goitrin [(5R)5-vinyl-1,3-oxazolidine-2-thione] in methylene chloride,
puriﬁed from seeds of C. abyssinica (Matusheski et al.,
2001; Niedoborski et al., 2001). In preliminary experiments, assays performed in the absence of myrosinase
resulted in no detectable hydrolysis products; assays
performed in the absence of iron produced no nitriles
(goitrin, a cyclic isothiocyanate derivative was formed
exclusively) and assays performed without plant extract
resulted in formation of the simple nitrile CHB only,
with no detectable formation of the epithionitrile
CHEB. The assay was linear when serial sample dilutions were made (data not shown).
3.7. Induction of QR in hepa lclc7 cells
Hepa lclc7 cells were plated into 96 well plates (Costar # 3595, Corning, Inc., Corning, NY) at 10,000 cells/
well using a-minimum essential medium (without ribonucleosides or deoxyribonucleosides) supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 100 lg/
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ml streptomycin (ﬁnal concentrations). Cells were grown
for 24 h, then the medium was replaced with medium
containing sterile ﬁltered aqueous extracts of broccoli
(3.13 mg fresh weight/ml) or broccoli sprouts (0.57 mg
fresh weight/ml) from each experiment. One plate was
assayed for each experimental replicate. b-Naphthoﬂavone (l lM) was also used as a positive control for
each experiment. After 24 h, cells were lysed with digitonin and QR was measured using a common 96 well
plate assay procedure (Prochaska and Santamaria,
1988). Protein was measured in duplicate plates by a
modiﬁcation of the method of Bradford (Bradford,
1976) using a Bio-Rad kit (Bio-Rad Laboratories,
Hercules, CA). Results are expressed as fold induction
vs control to account for inter-plate variability.
3.8. Statistical analysis
Statistical analysis for each experiment was performed with ANOVA and Fisher’s protected LSD
(a ¼ 0:05) using Statistical Analysis Software (SAS;
Cary, NC).
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