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ABSTRACT: Isothiocyanates (ITCs) are well-known chemo-
preventive agents that have received significant interest across the
nutrition and pharmaceutical industries owing to their anticancer
properties, thus it is essential to increase the conversion of
glucosinolate to ITCs by myrosinase to maximize their health
benefits. In this paper, using broccoli seed meals as a raw material,
we comparatively analyzed the outcomes of two extraction
methods: (i) hydrolysis followed by extraction (HFE) and (ii)
simultaneous hydrolysis and extraction (SHE) in terms of the ITC yield. The results revealed that the SHE method showed a
relatively greater erucin production from broccoli seeds and greater antitumor and antioxidant activities. A similar phenomenon was
found for the hydrolysates of crude myrosinase and crude glucosinolate separated from broccoli seeds. However, when the crude
glucosinolates were hydrolyzed by purified broccoli myrosinase, or when pure glucoraphanin was hydrolyzed by crude myrosinase,
no significant effects were noted on the types and yields of ITCs between the SHE and HFE methods.

■ INTRODUCTION
In recent years, the consumption of broccoli has been
increasingly advocated for effectively reducing the risk of
some chronic diseases, such as obesity, type 2 diabetes,
cardiovascular diseases, cancer, and osteoporosis.1−5 The
beneficial properties of broccoli can be mainly attributed to
its bioactive phytochemicals, including hydroxycinnamic acids,
flavonoids (e.g., quercetin, kaempferol and myricetin),
carotenoids (lutein), and glucosinolates, in which glucosino-
lates are of the most interest.6

During chewing or cutting, broccoli cells are damaged, the
glucosinolates are released and converted by endogenous
myrosinase to produce D-glucose and thiohydroximate-O-
sulfinate, the latter is unstable and immediately rearranged into
sulfate and isothiocyanate (ITC), nitrile or thiocyanate,
depending on the pH, epithiospecifier protein (ESP), ascorbic
acid, Fe2+, and so forth.7 Glucoraphanin is the main
glucosinolate present in broccoli, accounting for approximately
80% of the total yield, along with the presence of other
glucosinolates (such as glucobrassicin, 4-methoxyglucobrassi-
cin, and 1-methoxyglucobrassicin) in smaller amounts.8 The
hydrolysis of glucoraphanin by myrosinase forms sulforaphane
(4-(methylsulfinyl) butyl isothiocyanate, SF). Erucin (4-
(methylthio) butyl isothiocyanate, ER) as the reduced
analogue of SF is the product hydrolyzed by glucoerucin,
which is also present in broccoli, especially in broccoli sprouts
(Figure S1).9,10

ER and SF are similar in structure because they both possess
an aliphatic side chain that supports a similar pharmacokinetic
outcome. The protective effects of SF and ER against prostate,
pancreas, lung, liver, and colon cancer in several tissues and

cancer cells have been proved by several past studies.11−13 One
major mechanism of action of SF is the upregulation of several
phase II detoxification enzymes, including NAD(P)H:quinone
oxidoreductase 1 (NQO1), which provides protection against
oxidative stress and exhibits versatility by acting as a
cytoprotective enzyme.14 In most cases, SF and ER exert
similar effects.10

As structurally related compounds, glucoraphanin and
glucoerucin or SF and ER can be transformed into each
other both in vitro and in vivo. The in vivo studies on humans
and rats have reported the reduction of SF to ER, and the
conversion of glucoraphanin/SF to reduced glucoerucin/ER
occurred in the liver, with hydrolysis and enterohepatic
circulation of glucosinolates caused by the gut microbes.15,16

After the mice were fed with purified SF or broccoli sprout
powders, ER was the favored form in the liver, kidney, and
bladder, even when only pure SF was consumed.17 In an in
vitro study, glucoerucin was oxidized to glucoraphanin by
hydrogen peroxide,18 and ER was oxidized to SF under
transition-metal-free conditions (hydrogen peroxide/glacial
acetic acid).19

Alyssin (5-methylsulfinylpentyl isothiocyanate), iberin
(methylsulfinylpropyl isothiocyanate), and iberverin (1-iso-
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thiocyanato-3-(methylthio) propane) are also analogues of SF
(Figure 1). Considering their structures, alyssin differs from SF
only in having an extension of its methylene chain by one
−CH2− group, while iberin is shortened by one −CH2−
group, and iberverin is the reduced analogue of iberin. Iberin,
SF, and alyssin increase the intracellular reactive oxygen
species and inhibit tubulin polymerization in HepG2 cells,
which result in the cell cycle arrest in the S and G2/M phase,
among which, alyssin possesses the highest antitumor
activity.20 SF, iberin, and iberverin from oxheart cabbage
seed extract can inhibit the growth of A549 cells in vitro and
exhibit inhibitory activity on A549 cells in the following order:
SF > iberin > iberverin.21

The common method of SF preparation from broccoli
include an enzymatic conversion process, followed by an
extraction process.22−24 Generally, there are two hydrolysis
and extraction methods, namely, hydrolysis followed by
extraction (HFE) and simultaneous hydrolysis and extraction
(SHE), of which the HFE method is more commonly applied.
In our previous study, we have reported that ethyl acetate and
potassium phosphate buffer were added simultaneously to the
seed meal and agitated for some period of time,25 but the
effects of the hydrolysis methods on SF and ITCs yields have
not yet been compared. In this paper, the ITC yields including

SF and ER extracted by HFE and SHE methods from broccoli
seeds were comparatively analyzed. Moreover, the enzymatic
hydrolysis of ITCs from glucosinolate was affected by several
factors, such as the temperature, pH, and Fe2+, which have all
been well studied. However, to the best of our knowledge, the
effects of organic solvents on the myrosinase and ITC yields
are not yet reported. Our pre-experiment study revealed that,
in Brassica vegetable seed meal, organic solvents such as ethyl
acetate and dichloromethane exert significant effects on the
production of ITCs (data not shown). In this paper, the effects
of hydrolysis methods on the yields of SF and ER were studied
and the possible mechanisms involved have been discussed.

■ RESULTS

Effects of Hydrolysis and Extraction Methods on the
Hydrolysates of Broccoli Seeds. It is essential to optimize
the conversion of glucosinolates to ITCs by myrosinase to
maximize its health benefits. In this study, the effects of HFE
and SHE methods on the yields of ITCs from the 3 different
cultivars of broccoli seeds were analyzed (Table 1), which
indicated that the extraction methods significantly affected the
yield of total ITCs from broccoli seeds (P < 0.05). The total
ITCs from broccoli seeds extracted by SHE varied with the
different cultivars, in which ITC yield of Xingfeng was

Figure 1. Structures of iberverin, iberin, erucin, sulforaphane, and alyssin.

Table 1. Effects of HFE and SHE on the Changes in Types and Content of ITCs from Broccoli Seedsa

cultivars

LS-1 LS-2 Xinfeng

ITCs HFE SHE HFE SHE HFE SHE

3-BITC 0.15 ± 0.01a 0.17 ± 0.01a -a -a -a -a

iberverin 0.14 ± 0.00a 0.17 ± 0.01b 0.13 ± 0.01a 0.14 ± 0.00a 0.15 ± 0.00a 0.26 ± 0.01b

ER 0.35 ± 0.07a 0.92 ± 0.25b 0.41 ± 0.06a 0.80 ± 0.24a 0.32 ± 0.05a 1.08 ± 0.07b

PEITC 0.14 ± 0.00a 0.14 ± 0.00a 0.14 ± 0.00a 0.14 ± 0.01a 0.17 ± 0.02a 0.18 ± 0.00a

iberin 0.27 ± 0.04a 0.25 ± 0.03a 0.16 ± 0.03a 0.13 ± 0.01a 0.37 ± 0.12a 0.33 ± 0.01a

SF 1.30 ± 0.35a 1.34 ± 0.35a 2.11 ± 0.29a 1.63 ± 0.41a 0.85 ± 0.34a 0.70 ± 0.03a

alyssin 0.13 ± 0.00a 0.13 ± 0.01a 0.14 ± 0.01a 0.13 ± 0.00a -a -a

ERN 0.16 ± 0.01a 0.16 ± 0.02a 0.26 ± 0.02a 0.22 ± 0.04a 0.14 ± 0.00a 0.13 ± 0.00a

SFN 0.15 ± 0.00a 0.13 ± 0.00a 0.17 ± 0.02a 0.17 ± 0.02a -a -a

total ITCs* 30.63 ± 2.78a 34.51 ± 2.32a 44.26 ± 5.98a 35.33 ± 11.38a 18.52 ± 1.41a 25.90 ± 0.85b

aThe unit of each ITC is mg/g, while the unit of total ITCs is μmol/g. The data are represented as mean ± SD (n = 3). a,bValues in the same seed
column with different superscripts are significantly different (P < 0.05). “-”: not detected. 3-BITC: 3-butenyl isothiocyanate; ER: erucin; PEITC:
phenethyl isothiocyanate; SF: sulforaphane; ERN: erucin nitrile; and SFN: sulforaphane nitrile. *Types and contents of ITCs were measured by
GC−MS (mg/g), while total ITCs were measured by the cyclocondensation method through HPLC (μmol/g).
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increased by 1.40-folds (P < 0.05), while LS-2 was decreased
slightly. We analyzed totally 6 broccoli cultivars (data not
shown), with LS-2 as the only exception.
The effects of HFE and SHE on the changes in the types and

yields of ITCs from broccoli seeds were analyzed by gas
chromatography−mass spectrometry (GC−MS) (Table 1).
When compared with the HFE group, the most significant
change in the SHE group is ER (P < 0.05), which was
increased by 2.63- to 3.38- folds. Another significant change in
the yield was noted for iberverin in the LS-1 and Xingfeng
seeds but not in the LS-2 seeds. The yields of other ITCs
containing sulfoxide groups, such as alyssin, SF, and iberin, did
not change significantly. In addition to ITCs, the nitriles
including erucin nitrile (ERN) and sulforaphane nitrile (SFN)
were also detected in the hydrolysates, although the yields of
the two nitriles in the 3 broccoli cultivars showed no significant
differences (P > 0.05).
The cell inhibition and NQO1 inducing activities of LS-1

broccoli seed hydrolysates extracted by the SHE and HFE
methods were analyzed. The extracts significantly inhibited the
viability of B16 cells (P < 0.05), and extraction through the
SHE method inhibited the B16 cells to a greater degree than
that through the HFE method (Figure 2A). The NQO1
inducing analysis revealed that the SHE method increased the

NQO1 activity of the extracts by 37% when compared to that
by the HFE method (Figure 2B).

Effects of Hydrolysis and Extraction Methods on the
Hydrolysates of Crude Myrosinase and Crude Glucosi-
nolates. Crude glucosinolates and crude myrosinase were
extracted from broccoli, respectively, and the total ITCs
generated from crude glucosinolates hydrolyzed by crude
broccoli myrosinase were analyzed (Table 2). The SHE
methods significantly increased the yield of total ITCs by 1.7-
fold (P < 0.05). To detect the differences in the types and
yields of ITCs, the hydrolysates were analyzed by GC−MS. As
shown in Table 2, when the crude broccoli myrosinase
hydrolyzed crude glucosinolates through the SHE method, the
yield of ER and SF increased to 1.91 and 4.88 mg/g, which
were 11.4-fold and 1.4-fold higher than that through the HFE
method, respectively.

Effects of Hydrolysis and Extraction Methods on the
Hydrolysates of Purified Myrosinase and Crude
Glucosinolates. To analyze the effects of different extraction
methods (SHE and HFE) on ITCs produced from seeds, the
myrosinase was purified from broccoli seeds via gel filtration.
The crude broccoli myrosinase extracts were separated into 4
peaks through the Sephadex G-75 (Figure S2). As indicated in
Figure S3, using sinigrin as a substrate, the ability of peak 1 to

Figure 2. Effects of the broccoli seed extract through HFE and SHE methods on the viabilities (A) and NQO1 activities (B) of the B16 cell. The
data are represented as mean ± SD (n = 3). a−cValues with different superscripts are significantly different (P < 0.05).

Table 2. Effects of HFE and SHE on the Types and Contents of TICs Generated by Crude Broccoli Myrosinase and Crude
Glucosinolates, the Unit of Each ITC is mg/G, While the Unit of Total ITCs is μmol/Ga

methods 3-BITC iberverin ER iberin SF alyssin SFN total ITCs*

HFE 0.16 ± 0.06a -a 0.17 ± 0.06a 0.18 ± 0.05a 3.47 ± 1.05a 0.08 ± 0.02a 0.07 ± 0.00a 41.36 ± 10.27a

SHE 0.25 ± 0.04a 0.08 ± 0.00b 1.91 ± 0.23b 0.17 ± 0.02a 4.88 ± 0.80a 0.10 ± 0.01a 0.10 ± 0.01b 70.16 ± 3.46b

aThe data are represented as mean ± SD (n = 3). a,bValues in the same column with different superscripts are significantly different (P < 0.05).
*Types and contents of ITCs were measured by GC−MS (mg/g), while total ITCs were measured by the cyclocondensation method through
HPLC (μmol/g).

Table 3. Effects of HFE and SHE on the Kinds and Contents of ITCs Generated by Purified Broccoli Myrosinase and Crude
Glucosinolates, the Unit of Each ITC is mg/G, While the Unit of Total ITCs is μmol/Ga

methods 3-BITC iberverin ER SF total ITCs*

HFE 0.12 ± 0.08a -a 1.44 ± 0.05a 2.62 ± 0.16a 54.40 ± 0.27a

SHE 0.14 ± 0.06a 0.05 ± 0.00b 1.66 ± 0.38a 3.03 ± 1.17a 60.55 ± 4.44a

aThe data are represented as mean ± SD (n = 3). a,bValues in the same column with different superscripts are significantly different (P < 0.05).
*Types and contents of ITCs were measured by GC−MS (mg/g), while total ITCs were measured by the cyclocondensation method through
HPLC (μmol/g).
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produce ITC was 63-fold higher than that of the crude enzyme.
The activities of crude myrosinase in peaks 2 to 4 were also
much weaker than that in peak 1.
The broccoli myrosinase from peak 1 provided a strong

protein band on the sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel corresponding to 32 kDa
(Figure S4). The broccoli myrosinase from peaks 2 to 4
showed the same soluble fractions. However, their grayscale
was weaker than that of broccoli myrosinase from peak 1. The
crude extract contained only a few other proteins (25−32
kDa), which may demonstrate the myrosinase activity and
hydrolyze glucosinolates to proudce ITCs.
The total ITC yield obtained from crude glucosinolates

hydrolyzed by purified broccoli myrosinase were analyzed
(Table 3). Unlike hydrolysis with crude myrosinase, the effect
of the SHE method on crude glucosinolates hydrolyzed with
purified broccoli myrosinase was insignificant and similar to
that by the HFE method (P > 0.05). The crude broccoli
myrosinase hydrolyzed the crude glucosinolates to generate
ITCs in a slightly greater yield than that with purified broccoli
myrosinase through the SHE method.
The crude glucosinolates hydrolyzed with purified broccoli

myrosinase were analyzed by GC−MS (Table 3), in which the
SHE and HFE methods had the same effect on the types and
yields of ITCs (except for iberverin). Notably, the yield of ER
and SF was not affected by the selected hydrolysis and
extraction methods (P > 0.05). The types of ITCs generated
from crude glucosinolates hydrolyzed by purified broccoli
myrosinase were much fewer than those by crude broccoli
myrosinase through both the SHE and HFE methods. For
example, iberin and alyssin were not detected in the
hydrolysate of purified myrosinase. In addition, no nitrile was
detected in the ITCs generated with purified broccoli
myrosinase, indicating that ESP was removed via gel filtration.
Effects of Hydrolysis and Extraction Methods on the

Hydrolysates of Crude Myrosinase and Pure Glucor-
aphanin. The total yield of ITCs and SF generated with crude
myrosinase and pure glucoraphanin through the HFE and SHE
methods were analyzed by reverse phase high-performance
liquid chromatography (RP-HPLC) and GC−MS, respectively
(Figure 3). As indicated in Figure 3A, the difference in the
yields of total ITCs in the hydrolysates of crude myrosinase
and glucoraphanin through the HFE and SHE methods was
insignificant (P > 0.05). In addition, only the SF was detected,

which indicated that the hydrolysis of glucoraphanin could not
produce ER (Figure 3B), and the yield of SF was not affected
by the selected method (P > 0.05).

■ DISCUSSION

Broccoli seeds can produce the highest amounts of SF
(approximately 4.47- to 13.19-folds than that of broccoli
spouts) and hence are a suitable raw material for preparing
SF.24 Liang et al.31 reported that broccoli seeds produced up to
4.75 mg/g SF. However, Lv et al.23 reported that SF
production in various broccoli seeds ranged from 2.43 to
12.07 mg/g, much higher than that reported by Liang et al.31

These differences may be attributed to the difference in the
analytical methods, and SF yield varied significantly among the
different cultivars.23 In this study, the ITC yield ranged from
1.84 to 4.41 mg/g, while the SF yield ranged from 0.70 to 2.11
mg/g, these results were consistent with those reported by
Liang et al.32

The precursor of iberin, ER, SF, and alyssin have been
reported to be present in several Brassica plants. For example,
glucoalyssin, a precursor of alyssin, was detected in Alyssum (
Brassicaceae) plants, which contains a high amount of total
glucosinolates ranging from 9.90 to 135.40 μmol/g dried
material and can be used as an alternative source of total ITCs
and alyssin.20 ER has been identified as a major component
derived from Arugula and Siberian wallflower seed meal, and
glucoiberin is abundantly present in Lesquerella seed meal, the
average yield of glucoiberin is 65.00 ± 0.80 mg/g of defatted
seed meal, while the molar yield of iberin is 48.6% from
glucoiberin.33 In this study, although SF was the main
hydrolysate obtained from broccoli seeds, the analogues of
SF (such as ER, alyssin, iberin, and iberverin) were also
detected in the hydrolysates (Table 1). Interestingly, the
productions of ER and iberverin but not SF and iberin were
affected by the addition of the organic solvent, that is, the SHE
method had higher ER and iberverin yields, but there was no
significant difference in the iberin, SF, and alyssin yields
between the two methods (Table 1). Moreover, because ER
and iberverin have similar activities with SF and iberin,10 the
SHE method increased the cell inhibition and NQO1-inducing
activities of hydrolysate (Figure 2). Therefore, the SHE
method was more suitable for the extraction of ITCs from
broccoli seeds.

Figure 3. Effects of HFE and SHE methods on the yields of total ITCs (A) and SF (B) generated by crude broccoli myrosinase and pure
glucoraphanin. The data are represented as mean ± SD (n = 3). Same letter indicates insignificant difference (P > 0.05).
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In the Introduction section, we have discussed that
glucoraphanin and glucoerucin or SF and ER can be
transformed into each other both in vitro and in vivo. However,
these mechanisms do not explain how the production of ER
was increased in the present work. The ER concentration was
much higher when the broccoli seed meal was extracted by the
SHE method than by the HFE method (Table 1). A similar
phenomenon was recorded for the hydrolysates of crude
myrosinase and crude glucosinolate (Table 2). However, when
myrosinase was purified by gel filtration, no significant
difference was noted in the ITC yields between the HFE
and SHE methods (Table 3), and when pure glucoraphanin
was hydrolyzed with crude myrosinase, ER was not detected
(Figure 3). Based on these experiments, we deduced that
although organic solvents showed no effect on the myrosinase
activity, some proteins other than myrosinase may have
produced ER in the action of the organic solvent.
Beside myrosinase, ESP, thiocyanate forming proteins

(TFP), and nitrile-specifier proteins (NSP) in Brassica
vegetables may affect the yield of ITCs. ESP and NSP could
shift the hydrolysis of glucosinolate in favor of ITC nitrile
instead of ITCs within the Lossen-type rearrangement,34 while
TFP is termed so owing to its ability to form thiocyanate.35

The temperature, pH and Fe2+ may affect the stability and
activity of ESP, TFP, and so forth, and thus decreased the yield
of ITCs. In this experiment, the yield of SFN in two broccoli
groups showed no significant diffidence (Table 1), implying
that ethyl acetate has no effect on the activity of ESP. However,
whether these proteins with myrosinase produce ER and
whether any protein plays an important role in the conversion
of sulfoxide SF to thioether ER remain to be evaluated in
further studies.

■ CONCLUDING REMARKS

In the present study, the effects of HFE and SHE methods on
the yields of ITCs from broccoli seeds were analyzed, the SHE
method showed a relatively greater ER production from
broccoli seeds and greater antitumor and antioxidant activities.
Interestingly, the productions of ER and iberverin but not SF
and iberin were affected by the addition of the organic solvent.
A similar phenomenon was found for the hydrolysates of crude
myrosinase and crude glucosinolate. However, no significant
difference was recorded in the ITC yields between the HFE
and SHE methods when pure myrosinase or pure glucor-
aphanin were employed. Some proteins other than myrosinase
may have produced ER in the action of the organic solvent.

■ EXPERIMENTAL PROCEDURE

Materials. In this work, three cultivars of broccoli seeds
were employed, in which LS-1 and LS-2 were preserved at
Zhejiang Provincial Key Lab for Chem & Bio Processing
Technology of Farm Products, and Xingfeng was provided by
Qingfengyingke Seed Co., Ltd. (Guangdong, China). The
moisture contents of LS-1, LS-2 and Xingfeng were 7.8 ± 0.3,
8.0 ± 0.2, and 9.3 ± 0.3%, respectively. Column chromatog-
raphy materials were purchased from GE Healthcare
(Pittsburgh, USA). Myrosinase, sinigrin, SF, and the reagents
of NAD(P)H:quinone oxidoreductase 1 (NQO1) determi-
nation were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). Glucoraphanin with 98% purity was
purchased from J&K Chemical Ltd. (Shanghai, China), and
iberin, iberverin, phenethyl isothiocyanate (PEITC), 3-BITC,

and alyssin for GC calibration were also purchased from J&K
Chemical Ltd. (Shanghai, China). The B16 cells was purchased
from Nuoyang Biotechnology Co., Ltd. (Hangzhou, China).
The materials of cell culture were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). The other chemicals used
in the study were purchased from Aladdin Chemical Reagent
Co., Ltd. (Shanghai, China).

Extraction of ITCs. To analyze the differences in the
content of total ITCs from broccoli seeds and different
extraction methods, broccoli seeds were crushed by a grinder
(DXF-20D, Daxiang, China) to particle sizes of 0.5−1 mm.
Crushed seed meals (30 g) was added to petroleum ether (210
mL) and shaken for 2 h, then the petroleum ether layer was
removed by filtration. The defatted seed meal was dried in a
fume hood overnight at room temperature. The dried defatted
seed meal was divided into two groups. The first group was
HFE, in which the defatted seed meal was added with 15 mL
of the phosphate buffer (0.1 M, pH 7.0) and was shook for 2 h,
after which 35 mL of ethyl acetate was added to the mixture
and shaken for 4 h, then 2 g of sodium chloride was added to
the solution. After shaking for another 15 min, the ethyl acetate
layer was separated and the residue was washed with ethyl
acetate for another two times. The ethyl acetate layer was
combined and added with anhydrous sodium sulfate (10 g) to
remove water. The combined ethyl acetate was evaporated by a
Rotavapor at a temperature of 60−70 °C, the residue was
dissolved in 5 mL of methanol and stored at −20 °C. Another
group is SHE, which was similar with the HFE group, except
that the defatted seed meal was added with 15 mL of
phosphate buffer (0.1 M, pH 7.0) and 35 mL of ethyl acetate
at the same time and was shook for 4 h.

Extraction of Crude Glucosinolates. The crude
glucosinolates were extracted according to the method of
Sarvan et al.26 with some modifications. The broccoli seeds (30
g) were kept at 100 °C for 5 h to inactivate the myrosinase,
and the seeds were defatted. The defatted seed meal was added
to 70 mL of 70% methanol with glass beads and the
glucosinolate was extracted by a Soxhlet extractor. The crude
glucosinolate extract was concentrated and maintained at −80
°C for the subsequent experiments.

Extraction and Purification of Broccoli Myrosinase.
The crushed broccoli seeds were added to phosphate buffer
[pH 6.8, 1 mM dithiothreitol, 3 mM ethylenediaminetetra-
acetic acid (EDTA), and 5% glycerin] and disrupted by
sonication for 20 min at 4 °C, after which the crude extract was
centrifuged at 6000g for 40 min. Ammonium sulfate was added
to the supernatant to 55% saturation and kept for 2 h at 4 °C.
The mixture was centrifuged at 6000g for 40 min (4 °C), then
the precipitate was dissolved in phosphate and centrifuged at
7000g for 10 min. The clear supernatant containing crude
myrosinase was collected and dialyzed through a dialysis bag
(8−14 kDa). Thereafter, the crude enzyme solution was
lyophilized to powder for further experiments.
For further purification, the crude myrosinase powder was

well dissolved in 10 mM phosphate buffer (pH 6.5). The above
crude myrosinase obtained was passed through a column (D 2
× 70 cm) of Sephadex G-75 that was pre-equilibrated with 10
mM phosphate buffer (pH 6.5). Elution was achieved with 10
mM phosphate buffer at a flow rate of 0.3 mL/min. The
purified fractions with myrosinase activity were collected,
dialyzed, and lyophilized for further research.

Purity of Myrosinase and Protein Determination. The
purity and molecular weight of myrosinase were analyzed by
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SDS-PAGE on a 12% resolving slab gel system according to
the method of Zhang et al.27 The protein concentrations were
determined by the Bradford method.28

B16 Murine Melanoma Cell Viability Analysis. The
B16 murine melanoma cells were cultured according to the
method of Qarawi et al.29 The cells were cultured in RPMI
1640 media (Gibco) containing heat-inactivated foetal bovine
serum (10%, ICN), L-glutamine (2 mM), nonessential amino
acids (1%), penicillin (50 U/mL), and streptomycin (50 μg/
mL) in a humidified atmosphere of 95% of air and 5% of CO2.
The B16 murine melanoma cell viability was monitored by

the tetrazolium dye colorimetric test according to the method
of Chiang et al.30 with some modifications. Briefly, the cells in
the logarithmic growth phase were digested with trypsin
containing EDTA to prepare a single cell suspension, after
which the cells were inoculated in 96-well microplates (2 × 104

cells/well in 100 μL of medium) and cultured with 5% of CO2
at 37 °C for 24 h. Cells were then washed with phosphate-
buffered saline (PBS) and incubated with the SF solution (30
μM) and the extracts (30 μM) from the broccoli seed meal
through the HFE method for 24 h, respectively. The extracts
through the SHE method were diluted by the same multiple
with the HFE method. The solution without SF and extracts
was taken as the control. The medium was removed at the end
of incubation. Then, the 20 μL of 5 mg/mL 3-(4,5-
dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma, USA) was added to each well, and incubation was
continued for 4 h. Finally, 150 μL of dimethyl sulfoxide was
added to each well and incubated for 10 min. The plate was
read by a UV/vis spectrophotometer (Jasco model 7800,
Japan) at 570 nm. The cell viability was calculated by dividing
the absorbance of each experimental sample by the
corresponding control sample.
NQO1 Activity Analysis. The activity of NQO1 was

determined according to the method of Liu et al.14 with slight
modification. The single cell suspension was inoculated in 24-
well microplates (2 × 105 cells/well in 1 mL of medium) and
incubated with the SF solution (5 μM), the extracts from
broccoli seeds through the HFE method (5 μM) and SHE
method, respectively. The extracts through the SHE method
were diluted by the same multiple with the HFE method. The
solution without SF and extracts was used as the control. The
mixture was cultured with 5% of CO2 at 37 °C for 24 h. Cell
suspension was then washed with PBS and digested with
trypsin containing EDTA. The cell sediment after centrifuga-
tion at 2000g for 5 min was added to cell lysis buffer,
dithiothreitol, and protease inhibitor (the ratio of 200:1:2) and
disintegrated at 4 °C for 30 min. The supernatant was obtained
by centrifugation at 12,000g for 30 min and stored at −80 °C.
The supernatant was mixed with the reaction mixture [25 mM
Tris-HCl buffer, 0.67 mg/mL bovine serum albumin (BSA),
0.01% Tween-20 (vol/vol), 0.03 mM NADP+, 1 mM glucose-
6-phosphate, 5 μM FAD, 2 U/mL glucose-6-phosphate
dehydrogenase, 0.72 mM MTT, and 50 μM menadione
(added immediately before reaction)] at a ratio of 1:4. The
mixture was analyzed by a μQuant plate reader (BioTek,
Winooski, VT, USA) and measured every 60 s over 7 min at
610 nm. The reaction was stopped by adding 50 μL of
dicumarol (0.3 mM). The absorbance was measured for
another 5 min to correct for the specific activity of non-NQO1.
The protein concentrations were determined by the Bradford
method with BSA as the standard.28 The specific activity of
NQO1 was defined as nM MTT reduced/min/mg protein.

Total ITC Quantification. The content of ITCs was
measured by the cyclocondensation method through RP-
HPLC according Liu et al.14 In brief, the samples were
incubated with potassium phosphate buffer (25 mM) and 1,2-
benzenedithiol (10 mM) at 65 °C for 2 h. The mixture was
centrifuged at 12,000g for 10 min after cooling to room
temperature and measured by a C18 reverse-phase column
(WondaCract ODS-2, 5 μm, 4.6 × 250 mm, Shimadzu, Japan)
attached to an Agilent HPLC system (Agilent Technologies
Inc., California, USA). The solvent system was operated with
methanol (80%, vol/vol) and water (20%, vol/vol) in a flow
rate of 1.0 mL/min at 365 nm. The standard was allyl
isothiocyanate at a range of 12.5−200 μM.

GC−MS Analysis. The types of ITC analysis was measured
by GC−MS and carried out according to the method of Wu et
al.25 with some modifications. A GC-MS 7890A (Agilent
Technologies Inc., California, USA) equipped with Hp-5MS
UI (0.25 μm ID × 30 m, injection volume 1 μL, Agilent
Technologies Inc., California, USA) was used. The column
temperature was 50−300 °C (50 °C for 2 min, 10 °C/min to
190 °C, 20 °C/min to 300 °C and was maintained for 5 min).
The split ratio of carrier gas is 10:1. The mass spectrometry
conditions were interface temperature 220 °C, ionization mode
EI, ionization energy 70 eV, and mass range 35−500 amu. The
GC was calibrated using standard curves of 1−100 mg/mL
ITCs in dichloromethane. The cyclohexanone was used as the
internal standard.

Statistical Analysis. Unless specifically mentioned, all the
experiments were conducted as three replicates. Origin
software (version 5.0) and SPSS statistics (version 17.0)
were used for making standard deviations of the data.
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