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A crude methanol extract prepared from fresh broccoli sprouts was extracted with hexane, chloro-
form, ethyl acetate, and butanol sequentially. Residual water fraction was obtained from the residual
aqueous layer. The greatest inhibition zones (>5 cm) were noted for Helicobacter pylori strain by
the chloroform extract, followed by the hexane extract (5.03 cm), the ethyl acetate extract (4.90 cm),
the butanol extract (3.10 cm), and the crude methanol extract (2.80 cm), whereas the residual water
fraction did not show any inhibition zone. Including sulforaphane, five sulforaphane-related com-
pounds were positively identified in the chloroform extract, of which 5-methylsulfinylpentylnitrile
was found in the greatest concentration (475.7 mg/kg of fresh sprouts), followed by sulforaphane
(222.6 mg/kg) and 4-methylsulfinylbutylnitrile (63.0 mg/kg). Among 18 sulforaphane and related
compounds synthesized (6 amines, 6 isothiocyanates, and 6 nitriles), 2 amines, 6 isothiocyanates,
and 1 nitrile exhibited >5 cm inhibitory zones for H. pylori strain. The results indicate that broccoli
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sprouts can be an excellent food source for medicinal substances.

KEYWORDS: Anti-Helicobacter pylori; broccoli sprouts; isothiocyanates; sulforaphane

INTRODUCTION

First grown in California in the early 1900s, broccoli (Brassica
oleracea), derived from the cabbage family Brassicaceae (for-
merly Cruciferae), is one of the most popular vegetables in the
United States. From World War II to the present, the United
States has been the world’s largest broccoli producer. In 1998, the
United States produced 133,000 acres of broccoli with a value
of $554 million (/). Widely considered to be a healthful food,
broccoli is high in vitamins C, K, and A and soluble fiber and
contains multiple nutrients. However, potent anticancer proper-
ties found in broccoli and broccoli sprouts have received much
attention recently. Epidemiological studies suggest that broccoli
and broccoli sprouts reportedly induce carcinogen-detoxifying
enzyme systems and decrease the occurrence of cancer (2, 3). For
example, an extract from broccoli sprouts protected test subjects
from skin carcinogenesis induced by UV light (). Sulforaphane
present in broccoli sprout is the primary bioactive compound,
which may prevent prostate cancer (5). Also, a freeze-dried
aqueous extract of broccoli sprouts containing isothiocyanates
inhibited bladder cancer in experimental rats (6).

In humans, Helicobacter pylori is highly associated with a
number of diseases of the upper gastrointestinal tract, including
gastric inflammation, chronic superficial gastritis, duodenal
and gastric ulcers, gastric adenocarcinoma, and non-Hodgkin’s
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lymphomas of the stomach (7, 8). H. pylori infections are
prevalent worldwide and common in both developed and deve-
loping countries. In developing countries, 70—90% of the popu-
lation carries H. pylori, whereas the prevalence of infection in
developed countries is lower, ranging from 25 to 50% (7,9). Most
infections by H. pylori are acquired during childhood and persist
lifelong if not eradicated properly. H. pylori eradication has been
provided principally by the use of conventional antibacterial
drugs, including potent triple therapies consisting of mixture
of two antibiotics such as amoxicillin, clarithromycin, and/or
metronidazole with bismuth or a proton pump inhibitor, which
are still the most effective (§). They have a success rate of
80—90% (10), but serious side effects such as taste disturbances,
nausea, diarrhea, dyspepsia, headache, and angioedema (§) as
well as disturbance of human gastrointestinal microflora (11, 12)
have occurred. The cost of combination therapy is significant.
Additionally, widespread use of antibiotics has often resulted in
the development of resistance (8, 9, 13). These problems indicate
the need for the development of new improved antibacte-
rial agents and strategies for the prevention or eradication of
H. pylori.

Recent reviews describe various biological activities of broccoli
and its sprouts (/4, 15) containing a high level of an isothiocya-
nate, the so-called sulforaphane, reported to have powerful
bactericidal activity against H. pylori infection (16, 17). In
addition to these activities, broccoli and its sprouts have anti-
oxidant activities (/8—20) and cholesterol-lowering and anti-
obesity effects (21).
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Figure 1. Sulforaphane and related compounds synthesized and their structures.

Many studies reporting on the analysis of chemicals in fresh
broccoli and its sprouts have generally been conducted to test for
association with biologically active components, such as antioxi-
dants (22). The antioxidant activity of broccoli and its sprouts is
commonly induced by one of their major components, sulfor-
aphane, which is yielded from glucosinolates (23). Polyphenols
with potent antioxidant activity, such as quercetin, were also
reported in broccoli (24, 25). A possible anticancer agent,
sulforaphane has been detected in broccoli and its sprouts using
either HPLC (26) or GC-MS (27). The levels of sulforaphane in
four varieties of broccoli ranged from 1.9 to 3.7 mg/g (27).

In the present study, essences obtained from fresh broccoli
sprouts were investigated for their chemical compositions and
their bactericidal activity against H. pylori.

MATERIALS AND METHODS

Chemicals and Materials. HPLC grade methanol, acetonitrile, acetic
acid, hexane, chloroform, ethyl acetate, butanol, hydrogen peroxide solu-
tion (30%), potassium hydroxide, sodium hydroxide, and sodium sulfate
were bought from Fisher Scientific Co. (Rochester, NY). 3-Methylthio-
propylamine (3-MTPA) was purchased from TCI Chemical (Portland,
OR). 4-Bromobutyronitrile, 3-bromopropionitrile, S-bromovaleronitrile,
lithium aluminum hydride, ninhydrin, thiophosgene (CSCl,), and sodium
thiomethoxide were purchased from Sigma-Aldrich Corp. (St. Louis, MO).

Broccoli (B. oleracea L.) sprouts were provided by Cosmo Salad Co.,
Ltd. (Dixon, CA) as a gift. The sprouts were collected 6 days after
germination.

Synthesis of Sulforaphane and Related Compounds. The structures
of 18 compounds (3 methylthioalkylamines, 3 methylthioalkylisothiocya-
nates, 3 methylthioalkylnitriles, 3 methylsulfinylalkylamines, 3 methylsul-
finylalkylisothiocyanates, and 3 methylsulfinylalkylnitriles) synthesized
are shown in Figure 1.

Methylthioalkylnitriles. A methanol solution of sodium thiomethoxide
was prepared by adding 1 g of sodium thiomethoxide to 20 mL of
methanol in a 100 mL round-bottom flask. To this solution was slowly
added dropwise 20 mL of a methanol solution containing 1.91 g of

Table 1. Amounts of Reactants Used for the Synthesis of 3-Methylthiopro-
pylnitrile (3-MTPN), 4-Methylthiobutylnitrile (4-MTBN), and 5-Methylthiopen-
tylnitrile (5-MTPN) and Amounts of Product and Yield

3-MTPN 4-MTBN 5-MTPN
thiomethoxide (g) 1.00 1.63 0.90
bromoalkyInitrile (g) 1.91 2.96 2.00
product (g) 1.30 1.96 1.48
yield (%) 90 89 98

3-bromopropionitrile. The solution was refluxed for 7 h using a heating
nest. After the reaction solution had cooled to room temperature,
methanol solvent was removed by distillation. Purified water (50 mL)
was added to the residual material and extracted three times with a 100 mL
portion of ethyl ether. The extracts were combined and dried over sodium
sulfate overnight. After all solvent was removed by distillation, residual
materials were purified using a silica gel column chromatograph with ethyl
acetate/hexane (3:1).

4-Methylthiobutylnitrile and S-methylthiopentylnitrile were synthe-
sized according to the same method as that used for 3-methylthiopropyl-
nitrile as described above. The amounts of reactants used for each
synthesis and yields are shown in Table 1.

Methylsulfinylalkylnitriles. Three hundred microliters of a 30% H,0,
solution was added to a methanol solution (3 mL) containing 300 mg
of 3-methylthiobutylnitrile, 20 4L of isopropyl alcohol, and 20 uL of
concentrated H,SO, with stirring at room temperature for 3 h. After S mL
of water and 5 mL of saturated NaCl solution were added, the reaction
mixture was extracted four times with a 50 mL portion of CHCl;. The
extract was dried over anhydrous sodium sulfate overnight. After the
sodium sulfate had been filtered off, the solvent was removed by
evaporation. 3-Methylsulfinylpropylnitrile (320 mg) was obtained.

4-Methylsulfinylbutylnitrile and 5-methylsulfinylpentylnitrile were
synthesized by the same method as that used for 3-methylsulfinylpropyl-
nitrile. The amounts of reactants and reagents used and yields are shown in
Table 2.

Methylthioalkylamines. A fine powder of lithium aluminum hydride
(LiAlHy, 1.14 g) was dissolved in 15 mL of dry ethyl ether, and the solution
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Table 2. Amounts of Reactants and Reagents Used for the Synthesis of
3-MethylsulfinylpropyInitrile (3-MSPrN), 4-Methylsulfinylbutylnitrile (4-MSBN),
and 5-Methylsulfinylpentylnitrile  (4-MSPeN) and Amounts of Product
and Yield

Moon et al.

Table 4. Amounts of Reactants and Reagents Used for the Synthesis
of 3-Methylsulfinylpropylamine (3-MSPrA), 4-Methylsulfinylbutylamine (4-
MSBA), and 5-Methylsulfinylpentylamine (4-MSPeA) and Amounts of Product
and Yield

3-MSPN 4-MSBN 5-MSPeN 3-MSPrA 4-MSBA 5-MSPeA

nitrile (mg) 300 550 250 amine (mg) 500 550 500
H20, (ul) 300 600 300 H20, (ul) 600 600 600
methanol (mL) 3 5 3 methanol (mL) 5 5 5
H.S0, (ul) 20 30 20 H2SO, (ul) 30 30 30
isopropyl alcohol (uL) 20 30 20 isopropyl alcohol (uL) 30 30 30
product (mg) 320 580 270 product (mg) 350 395 340
yield (%) 92 93 94 yield (%) 61 63 62

Table 3. Amounts of Reactants and Reagents Used for the Synthesis of
4-Methylthiobutylamine (4-MTBA) and 5-Methylthiopentylamine (5-MTPA)
and Amounts of Product and Yield

4-MTBA 5-MTPA
nitrile (g) 2.45 1.40
LAIH, 1.14 0.60
product (g) 2.42 1.35
yield (%) 93 92

was placed in a 100 mL three-neck round-bottom flask, to which a
dropping funnel (volume 50 mL) containing 4 mL of an ethyl ether
solution of 4-methylthiobutylnitrile (2.45 g), a reflux condenser, and a
nitrogen inlet were connected. The ethyl ether solution was added to the
flask dropwise over 30 min while the reaction mixture was stirred with a
magnetic stirrer. After all of the ethyl ether solution was added, the
solution was refluxed for an additional 30 min. After the reaction mixture
was cooled with an ice bath, 2 mL of water, 2 mL of a 15% NaOH
solution, and 5 mL of water were added sequentially through the
separatory funnel. The precipitate yielded was removed on a sintered
glass filter and washed off thoroughly with fresh portions of ethyl ether
into a 250 mL round-bottom flask. The pooled ethyl ether solutions were
dried over KOH pellets. After removal of KOH pellets and ethyl ether, the
residual material was cleaned with silica gel chromatography with di-
chloromethane/methanol (19:1, v/v). 4-Methylthiobutylamine (purity =
93%) was obtained (2.42 g).

5-Methylthiopentylamine was synthesized according to the same
method as that used for 4-methylthiobutylamine. The amounts of reac-
tants and reagents used and yields are shown in Table 3.

Methylsulfinylalkylamines. Six hundred milliliters of a 30% H,0,
solution was added to a methanol solution (5 mL) containing 500 mg of
3-methylthiopropylamine, 20 uL of isopropyl alcohol, and 20 uL of
concentrated H,SO4 with stirring at room temperature for 3 h. After
S mL of water and 5 mL of saturated NaCl solution had been added, the
reaction mixture was extracted four times with a 50 mL portion of CHCl;.
The extract was dried over anhydrous sodium sulfate overnight. After
the sodium sulfate had been filtered off, the solvent was removed by
evaporation. 3-Methylsulfinylpropylamine (320 mg) was obtained.

4-Methylsulfinylbutylamine and 5-methylsulfinylpentylamine were
synthesized according to the same method as that used for 3-methylsulfi-
nylpropylamine. The amounts of reactants and reagents used and yields
are shown in Table 4.

Methylthioalkylisothiocyanates. Three milliliters of NaOH solution
(2 N) containing 200 L of thiophosgene (CSCl,) was added to a 20 mL
chloroform solution of 3-methylthiopropylamine (200 mg) at room
temperature. After 1 h, 20 mL of water was added to the reaction mixture.
The solution was extracted with 50 mL of chloroform. After the extract
had been dried over anhydrous sodium sulfate, the solvent was removed by
evaporation. The residual material was cleaned by silica gel chromato-
graphy with dichloromethane. 3-Methylthiopropylisothiocyanate was
obtained (145 mg).

4-Methylthiobutylisothiocyanate and 5-methylthiopentylisothiocya-
nate were synthesized according to the same method as that used for
3-methylthiopropylisothiocyanate. The amounts of reactants and reagents
used and yields are shown in Table 5.

Table 5. Amounts of Reactants and Reagents Used for the Synthesis of
3-Methylthiopropylisothiocyanate (3-MTPrITC), 4-Methylthiobutylisothiocya-
nate (4-MTBITC), and 5-Methylthiopentylisothiocyanate (4-MTPelTC) and
Amounts of Product and Yield

3-MTPrTC 4-MTBITC 5-MTPelTC
amine (mg) 200 200 200
CSCly (uL) 200 210 220
product (mg) 145 195 198
yield (%) 72 73 75

Table 6. Amounts of Reactants and Reagents Used for Synthesis of 3-Methyl-
sulfinylpropylisothiocyanate (3-MSPrITC), 4-Methylsulfinylbutylisothiocyanate (4-
MSBITC), and 5-Methylsulfinylpentylisothiocyanate (4-MSPelTC) and Amounts
of Product and Yield

3-MSPrITC 4-MSBITC 5-MSPelTC
amine (mg) 100 500 100
CSCl, (uL) 100 420 90
product (mg) 66 320 83
yield (%) 50 52 64

Methylsulfinylalkylisothiocyanates. Three milliliters of NaOH solution
(2N) containing 100 uL of thiophosgene (CSCl,) was added to a 20 mL of
a chloroform solution of 3-methylsulfinylpropylamine (100 mg) at room
temperature. After 1 h, 20 mL of water was added to the reaction mixture.
The solution was extracted with 50 mL of chloroform. After the extract
had been dried over anhydrous sodium sulfate, the solvent was removed by
evaporation. The residual material was cleaned by silica gel chromato-
graphy with dichloromethane/methanol (30:1-9:1, v/v) to give 3-methyl-
sulfinylpropylisothiocyanate.

4-Methylsulfinylbutylisothiocyanate (sulforaphane) and 5-methylsulfi-
nylpentylisothiocyanate were synthesized according to the same method
as that used for 3-methylsulfinylpropylisothiocyanate. The amounts of
reactants and reagents used and yields are shown in Table 6.

Sample Preparations for Chemical Analysis and Anti-Helicobac-
ter Activity Tests from Broccoli Sprouts. Fresh broccoli sprouts (3 kg)
were soaked in 10 L of methanol for 48 h. After the methanol extract had
been filtered, the residual sprouts were soaked in 10 L of methanol again
for 48 h. The two methanol extracts were combined and then filtered.
Using a rotary flash evaporator, the methanol was removed as much as
possible from the filtrate, and the residual water was removed by a freeze-
dryer (FreezOne, Labconco, Kansas City, MO) to give 66.0 g of crude
methanol extract. The freeze-dried sample (20 g) was dissolved in 500 mL
of deionized water. The aqueous solution was sequentially extracted with
500 mL each of hexane, chloroform, ethyl acetate, and n-butanol using a
2 L separatory flask. Extracts and residual aqueous solution were
concentrated with a rotary flash evaporator to approximately 1 mL in
volume. The concentrated extracts (0.613 g of hexane, 1.294 g of chloro-
form, 0.969 g of ethyl acetate, and 4.83 g of butanol) and a water fraction
(15.4 g) were stored at —5 °C until the assay for anti- Helicobacter activity.
The overall sample preparation scheme is shown in Figure 2. The samples
within frames were tested for anti-Helicobacter activity.

Bacterium Strain and Culture Conditions. H. pylori ATCC 43504
strain obtained from the College of Medicine, Dankook University,
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Figure 2. Overall sample preparation scheme.

Cheonan, Korea, was used for the anti-Helicobacter activity test. Stock
cultures of the strain were routinely stored at —80 °C on Brucella broth
(Difco, Detroit, MI) containing 5% bovine calf serum (Hyclone, Logan,
UT) and 20% glycerol, when required, and were subcultured on Brucella
agar. After the plates had been incubated at 37 °C for 3—5 days in an
atmosphere consisting of 5% oxygen, 15% carbon dioxide, and 80%
nitrogen in an anaerobic chamber (Hirayama, Tokyo, Japan), the orga-
nism was grown in Brucella broth (pH 7.4) with a supplement containing
5% bovine calf serum, 10 ug/mL vancomycin, 5 ug/mL polymyxin B, 5 ug/
mL trimethoprin, and 2 ug/mL amphotericin B. All cultures were
examined for possible contaminations at the end of the growth cycle.

Microbiological Assay for Anti-Helicobacter Activity. Bacterial
growth on Brucella agar was taken from the plates and resuspended in
10 mL of sterile physiological saline. The inoculum (0.1 mL) containing
1 x 1078 CFU/mL was prepared by adjusting the turbidity of the sus-
pension. A methanol solution (100 L) containing an extract (10 mg) or a
synthesized chemical (5 mg) was placed on a paper disk for bioassay
(8 mm diameter and 1 mm thickness, ADVANTEC, Tokyo, Japan) using a
micropippet. After the methanol had ben evaporated out, a paper disk was
placed on the agar surface inoculated with H. pylori. The plate was
incubated at 37 °C for 3—4 days in an atmosphere consisting of 5% oxygen,
15% carbon dioxide, and 80% nitrogen in an anaerobic chamber (28).

The assay was replicated three times for the extracts, and the results are
shown in Table 7. The assay was replicated twice for the authentic
sulforaphane and related compounds, and results are shown in Table 8.

Analysis of Sulforaphane and Related Compounds in Chloroform
Extract of Fresh Sprouts. The chloroform extract, which exhibited the
strongest anti-Helicobacter activity in the preliminary test, was analyzed
using an Agilent model 6890 GC equipped with a 30 m x 0.25 mm i.d.
(df = 0.5 um) DB-5MS bonded-phase fused silica capillary column
(Agilent, Folsom, CA) and an FID. The helium carrier gas flow rate
was 1.0 mL/min at a split ratio of 20:1. The injector and detector
temperatures were 250 and 280 °C, respectively. The oven temperature
was programmed from 50 °C (held for 3 min) to 280 °C at 10 °C/min and
then held for 20 min.

An Agilent model 6890 GC interfaced to an Agilent 5971A mass
selective detector (GC-MS) was used for mass spectral identification of the
GC components at an MS ionization voltage of 70 eV. GC column
conditions were exactly the same as used for GC-FID.

The identification of sulforaphane and related compounds was per-
formed by comparison with the Kovats gas chromatographic retention
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Table 7. Inhibitory Effects of Extracts from Fresh Broccoli Sprouts against
Helicobacter pylori Using the Impregnated Paper Disk Bioassay

inhibitory zone® (cm)

sample tested?

crude methanol extract 2.80+0.3
hexane extract 5.03+0.0
chloroform extract >5.00

ethyl acetate extract 490+0.2
butanol extract 3.10£0.1
water fraction 0.00+0.00
sulforaphane >5.00°

@Refer to Figure 1 for samples tested. °Values are mean & SD (n = 3). The
dose is 10 mg/disk unless otherwise noted. °Dose was 5 mg/disk.

Table 8. Concentrations of Compounds Identified in the Chloroform Extract of
Fresh Broccoli Sprouts?

no. in Figure 1 compound KI®  conen® (mg/kg)
V 4-methylthiobutylisothiocyanate 1440 1.9
Xl 3-methylsulfinylpropylisothiocyanate 1612 8.8
XV sulforaphane 1753 222.6
XVl 4-methylsulfinylbutylnitrile 1379 63.0
Xvii 5-methylsulfinylpentyInitrile 1518 475.7

2Refer to Figure 3 for gas chromatogram and Figure 1 for structures. ®Kovats
Index on DB-5. °Relative to fresh broccoli sprouts.

index (I) and by the mass spectral fragmentation pattern of each
component compared with those of authentic compounds. The identifica-
tion of the GC components was also confirmed with the NIST AMDIS
version 2.1 software.

RESULTS AND DISCUSSION

Table 7 shows the results of anti- Helicobacter assay toward the
samples prepared from fresh broccoli sprout (refer to Figure 2 for
details of each sample). Authentic sulforaphane exhibited a > 5
cm inhibition zone at the level of 5 mg/disk, indicating that the
assay is valid. The chloroform extract was found to have the
highest antimicrobial activity among the samples tested. The
greatest inhibition zones (> 5 cm) were noted for H. pylori strain
by the chloroform extract, followed by the hexane extract
(5.03 cm), the ethyl acetate extract (4.90 cm), the butanol extract
(3.10 cm), and the crude methanol extract (2.80 cm), whereas
the water fraction did not show any inhibition zone, suggesting
that the anti-Helicobacter active components are present in the
organic solvent extracts. The antibacterial activities obtained in
the present study were consistent with previously reported results
in broccoli (14, 29).

In the present study, to pinpoint the chemicals with anti-
H. pylori activity in broccoli sprouts, the chloroform extract,
which possessed the greatest activity, was analyzed by GC-MS.
The typical gas chromatogram of a chloroform extract and the
compounds identified are shown in Figure 3. The concentrations
of chemicals identified are shown in Table 8. Three isothiocya-
nates (including sulforaphane) and two nitriles were positively
identified in the chloroform extract. 5-Methylsulfinylpentylnitrile
had the greatest concentration (475.7 mg/kg of fresh sprouts),
followed by sulforaphane (222.6 mg/kg) and 4-methylsulfinyl-
butylnitrile (63.0 mg/kg). There are several papers on the analysis
of sulforaphane and related compounds in broccoli and its
sprouts. A methanol extract of lyophilized broccoli spouts con-
tained 1153 mg/100 g of dry sample (30). The sulforaphane
content in this study seems higher than that of the present study.
However, the concentration in the dry sprouts must be much
higher than that in the fresh sprouts. Therefore, the results from
the present study can be considered comparable to the previous
results.
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Figure 3. Typical gas chromatogram of a chloroform extract and the
compounds identified (refer to Table 8 for concentration).

Table 9. Inhibitory Effect of Sulforaphane and Related Compounds against
Helicobacter pylori Using the Impregnated Paper Disk Bioassay

chemical inhibitory zone® (cm)

I: 3-methylthiopropylamine

II: 4-methylthiobutylamine 3.05
[1I: 5-methylthiopentylamine >5.00
IV: 3-methylthiopropylisothiocyanate >5.00
V: 4-methylthiobutylisothiocyanate >5.00
VI: 5-methylthiopentylisothiocyanate >5.00
VII: 3-methylthiopropylnitrile 1.60
VIII: 4-methylthiobutyInitrile

IX: 5-methylthiopentyInitrile 3.95
X: 3-methylsulfinylpropylamine 5.10
XI: 4-methylisulfinylbutylamine 0.95
XII: 5-methylsulfinylpentylamine 2.70
XIII: 3-methylsulfinylpropylisothiocyanate >5.00
XIV: 4-methylsulfinylbutylisothiocyanate (sulforaphane) >5.00
XV: 5-methylsulfinylpentylisothiocyanate >5.00
XVI: 3-methylsulfinylpropylnitrile >5.00
XVII: 4-methylsulfinylbutylnitrile

XVIII: 5-methylsulfinylpentylnitrile 4.05

#Values are average of two duplicate experiments. The dose is 5 mg/disk.

There are only a few papers on the analysis of sulforaphane and
related compounds in broccoli sprouts compared to those in
broccoli. For example, four varieties of broccoli contained
sulforaphane ranging from 1885 to 3703 mg/kg and 5-methylsul-
finylpentyl nitrile (sulforaphane nitrile) ranging from 167 to 208
mg/kg (37). Among them, sulforaphane, which possesses a strong
antimicrobial activity, has been the most frequently reported
isothiocyanate (32). In particular, sulforaphane has received
much attention as an isothiocyanate, found in cruciferous vege-
tables such as broccoli, which possesses strong anti- Helicobacter
activity (17, 28, 33). Therefore, the present study was focused on
sulforaphane and related compounds for their anti-Helicobacter
activity, and 18 sulforaphane and related compounds were
synthesized and tested for anti-Helicobacter assay, the results of
which are shown in Table 9.

Among the chemicals tested, nine chemicals [two amines
(IT1, X), six isothiocyanates (IV, V, VI, XIII, XIV, XV), and
one nitrile (XVI)] exhibited >5 cm inhibitory zones. As men-
tioned above, isothiocyanates showed strong anti-Helicobacter
activity, which is consistent with a previous paper (33). Sulfor-
aphane isomers (DL-, D-, and L-) reportedly exhibited similar and
high anti-H. pylori activities with overall minimal inhibitory
concentrations (MICs) ranging from 0.06 to 8 ug/mL (33).
5-Methylsulfinylpentylnitrile (XVIII), which is found in broccoli
sprouts in the greatest concentration (475.7 mg/kg), exhibited an
appreciable inhibition zone (4.05 cm), whereas another nitrile,

Moon et al.

3-methylsulfinylpropylnitrile (XVI), showed a >5 cm inhibition
zone but was not identified in the chloroform extract of broccoli
sprouts. On the other hand, the other nitrile, 4-methylsulfinyl-
butylnitrile (XVII), which was identified in the chloroform
extract (63.0 mg/kg), did not show any activity. Low levels of
4-methylthiobutylisothiocyanate (V, 1.9 mg/kg) and 3-methyl-
sulfinylpropylisothiocyanate (XIII, 8.8 mg/kg) were identified.
However, both isothiocyanates exhibited strong anti-Helicobacter
activity at the level of 5 mg/disk.

Sulforaphane and S5-methylsulfinylpentylnitrile must contri-
bute significant anti-Helicobacter activity to broccoli sprouts. It
is hypothesized that the other sulforaphane-related compounds,
which may be present in broccoli sprouts, also play a role in their
anti-Helicobacter activity. Medicinal and chemical compositional
properties found in broccoli have been also found in its sprouts. In
addition to sulforaphane, some sulforaphane-related compounds,
which possess anti-Helicobacter activities were identified in broc-
coli sprouts in the present study. Recent studies have indicated
that broccoli sprouts possess strong antioxidant activity, which
may be due to the presence of polyphenols (34, 35). However,
sulforaphane isolated from broccoli has been also known as an
antioxidant that indirectly prevents carcinogenesis (36, 37).

The stability of sulphoraphane has been reported in a several
papers. For example, stability tests conducted under benchtop
conditions at ambient temperature for 8 h and in long-term
storage at —80 °C for 1 month showed remaining sulphoraphane
ranging from 92 to 100% (38). It has been noted that sulfor-
aphane has a relatively short half-life under gastric condi-
tions (39). However, various studies reported its potent anti-
Helicobactor activities as mentioned above, suggesting that
sulforaphane is stable enough to reveal its activity under gastric
conditions (/7, 28, 33). Recently, encapsulated sulforaphane was
developed to enhance its therapeutic effect and anticancer acti-
vity (40). It is proposed that the other sulforaphane-related
compounds might have similar stabilities as sulforaphane because
of their structures.

The present study discovered the presence of potent anti-
Helicobactor active compounds in the essences prepared from
broccoli sprouts in significant amounts. The major active com-
ponents found in broccoli sprouts were sulforaphane and related
compounds. The flavor and taste of broccoli sprouts are quite
similar to those of broccoli. The chemical composition of broccoli
and its sprouts are also similar. These results suggest that broccoli
sprouts can be consumed in the same way as broccoli for
medicinal benefit. Moreover, sprouts are quite easy to grow
compared with corresponding vegetables. They require only
UV light, water, and <1 week between germination and harvest.
Therefore, broccoli sprouts can be an excellent food source for
medicinal substances.

LITERATURE CITED

(1) Agricultural Alternatives: Broccoli Production; http://agalternatives.
acrs.psu.edu (accessed Dec 14, 2009).

(2) Jeffery, E. H.; Araya, M. Physiological effects of broccoli consump-
tion. piiesiiiay. 2009, 8, 283-298.

(3) Nestle, M. Broccoli sprouts as inducers of carcinogen-detoxifying
enzyme systems: clinical, dietary, and policy implications. s
it 1997, 94, 11149-11151.

(4) Dinkova-Kostava, A. T.; Jenkins, S. N.; Fahey, J. W.; Ye, L.;
Wehage, S. L.; Liby, K. T.; Stephenson, K. K.; Wade, K. L.; Talalay,
P. Protection against UV-light-induced skin carcinogenesis in SKH-1
high-risk nice by sulforaphane-containing broccoli sprout extracts.
imsdicimbati. 2006, 240, 243-252.

(5) Bhamre, S.; Sahoo, D.; Tibshirani, R.; Dill, D. L.; Brooks, J. D.
Temporal changes in gene expression induced by sulforaphane in
human prostate cancer cells. Buastaze 2009, 69, 181-190.


http://pubs.acs.org/action/showImage?doi=10.1021/jf1003573&iName=master.img-002.png&w=228&h=126

Article

(6) Munday, R.; Mhawech-Fauceglia, P.; Munday, C. M.; Paonessa,
J. D.; Tang, L.; Munday, J. S.; Lister, C.; Wilson, P.; Fahey, J. W.;
Davis, W.; Zhang, Y. Inhibition of urinary bladder carcinogenesis by
broccoli sprout. ke 2008, 68, 1593-1600.

(7) Taylor, D. N.; Parsonnet, J. Epidemiology and natural history of
H. pyloriinfections. In Infections of the Gastrointestinal Tract; Blaser,
M. J., Smith, P. F., Ravdin, J., Greenberg, H., Guerrant, R. L., Eds.; Raven
Press: New York, NY, 1995; pp 551.

(8) Dunn, B. E.; Cohen, H.; Blaser, M. | G EGTczNINGEGEGE
eeshiaiemiiay . 1997, 10, 720-741.

(9) Frenck, R. W.; Clemens, J. Helicobacter in the developing world.
ieesieeintan- 2003, 5, 705-713.

(10) Peitz, U.; Menegatti, M.; Vaira, D.; Malfertheiner, P. The European
meeting on Helicobacter pylori: therapeutic news from Lisbon. Gut
1998, 43, S66-69.

(11) Ahn, Y. J.; Park, S. J; Lee, S. G.; Shin, S. C.; Choi, D. H.
Cordycepin: selective growth inhibitor derived from liquid culture
of Cordyceps militaris against Clostridium spp. | R RN
2000, 48, 2744-2748.

(12) Zoppi, G.; Cinquetti, M.; Benini, A.; Bonamini, E.; Minelli, E. B.
Modulation of the intestinal ecosystem by probiotics and lactulose in
children during treatment with ceftriaxone. | R
Exp. 2001, 62, 418-435.

(13) Mégraud, F. Resistance of Helicobacter pylori to antibiotics. In
Clinical Pharmacology and Therapy of Helicobacter pylori Infection,
Scarpignato, C., Bianchi, P. G., Eds.; Karger: Basel, Switzerland, 2004,
Vol. 11, pp 364.

(14) Moreno, D. A.; Carvajal, M.; Lopez-Berenguer, C.; Garcia-Viguera,
C. Chemical and biological characterization of nuraceutical com-

pounds of broceoli. | N NN 2006. 4/, 1508-1522.
(15) Vasanthi, H. R.; Mukherjee, S.; Das, D. K. Potential health benefits

of broccoli — a chemico-biological overview. | N R
2009, 9, 749-759.

(16) Yanaka, A.; Fahey, J. W.; Fukumoto, A.; Nakayama, M.; Inoue, S.;
Zhang, S.; Tauchi, M.; Suzuki, H.; Hyodo, I.; Yamamoto, M.
Dietary sulforaphane-rich broccoli sprouts reduce colonization
and attenuate gastritis in Helicobacter-infected mice and humans.
i 2009, 2, 353-360.

(17) Haristory, X.; Angioi-Duprez, K.; Duprez, A.; Lozniewski, A.
Efficacy of sulforaphane in eradicating Helicobacter pyloriin human
gastric xenografts implanted in nude mice. GGG
imsisadas. 2003, 47, 3982-3984.

(18) Brorowski, J.; Szajdek, A.; Borowska, E. J.; Ciska, E.; Zielinski, H.
Content of selected bioactive components and antioxidant properties
of broceoli (Brassica oleracea L.). | N NN 2008, 226,
459-465.

(19) Kaur, C.; Kumar, K.; Anil, D.; Kappor, H. C. Variations in
antioxidant activity in broccoli (Brassica oleracea L.) cultivars.
I 2007, 37, 621-638.

(20) Mrkic, V.; Cocci, E.; Dalla Rosa, M.; Saccheitti, G. Effect of dry-
ing conditions on bioactive compounds and antioxidant activity
of broccoli (Brassica oleracea L.). |l NN 2006, 56,
1559-1566.

(21) Lee, J. J.; Shin, H. D.; Lee, Y. M.; Kim, A. R.; Lee, M. Y. Effect of

brocceoli sprouts on cholesterol-lowering and anti-obesity effects in
s 1ed igh o dit. I
Eloechi 2009, 38, 309-318.

(22) Eberhardt, M. V.; Kobira, K.; Keck, A.-S.; Juvik, J. A.; Jeffery, E. H.
Correlation analyses of phytochemical composition, chemical, and
cellular measures of antioxidant activity of broccoli (Brassica
oleracea L. var. italica). | - 2005, 53, 7421-7431.

(23) Tian, Q.; Rosselot, R. A.; Schwartz, S. J. Quantitative determination
of intact glucosinolates in broccoli, broccoli sprouts, Brussels
sprouts, and cauliflower by high-performance liquid chromatogra-
phy—electrospray ionization—tandem mass spectrometry. 4ugl,
Bigelew. 2005, 343, 93-99.

(24) Luthria, D. L.; Lin, L.-Z.; Robbins, R. J.; Finley, J. W.; Banuelos,
G.S.; Harnly, J. M. Discriminating between cultivars and treatments

J. Agric. Food Chem., Vol. 58, No. 11,2010 6677

of broccoli using mass spectral fingerprinting and analysis of
variance—principal component analysis. [ NEEENENENENINGEIEEE
2008, 56, 9819-9827.

(25) Lin, L.-Z.; Marnly, J. M. Identification of the phenolic components
of collard greens, kale, and Chinese broccoli. | NN
2009, 57, 7401-7408.

(26) Liang, H.; Yuan, Q. P.; Dong, H. R.; Liu, Y. M. Determination of
sulforaphane in broccoli and cabbage by high-performance liquid
chromatography. | R 2006, /9, 473-476.

(27) Chiang, W. C. K.; Pusateri, J.; Leitz, R. E. A. Gas chromatography/
mass spectrometry method for the determination of sulforaphane
and sulforaphane nitrile in broccoli. | RN 1998, 46,
1018-1021.

(28) Park, B. S.; Lee, H. K.; Lee, S. E.; Piao, X. L.; Takeoka, G. R.;
Wong, R. Y.; Ahn, Y. J; Kim, J. H. Antibacterial activity of
Tabebuia impetiginosa Martius ex DC (Taheebo) against Helicobac-
ter pylori. [ 2006, 105, 255-262.

(29) Fahey, J. W.; Haristoy, X.; Dolan, P. M.; Kensler, T. W.; Scholtus,
I.; Stephenson, K. K.; Talalay, P.; Lozniewski, A. Sulforaphane
inhibits extracellular, intracellular, and antibiotic-resistant strains of

Helicobacter pylori and prevents benzo[a]pyrene-induced stomach
tumors. & 2002, 99, 7610-7615.

(30) Nakagawa, K.; Umeda, T.; Higuchi, O.; Tsuzuki, T.; Suzuki, T.;
Miyazawa, T. Evaporative light-scattering analysis of sulforaphane
in broccoli samples: quality of broccoli products regarding sulfor-
aphane contents. [N 2006, 54, 2479-2483.

(31) Chiang, W. C. K.; Pusateri, D. J.; Leitz, R. E. A. Gas chromato-
graphy/mass spectrometry method for the determination of sulfor-
aphane and sulforaphane nitrile in broccoli. |
1998, 46, 1018-1021.

(32) Johansson, N. L.; Pavia, C. S.; Chiao, J. W. Growth inhibition of a
spectrum of bacterial and fungal pathogens by sulforaphane, an
isothiocyanate product found in broccoli and other cruciferous
vegetables. isiimidag 2008, 74, 747-750.

(33) Haristoy, X.; Fahey, J. W.; Scholtus, I.; Lozniewski, A. Evaluation
of the antimicrobial effects of several isothiocyanates on Helico-
bacter pylori. Slciicabdad. 2005, 71, 326-330.

(34) Maeda, T.; Maekawa, K.; Suzuki, T.; Oosawa, K.; Ohshima, C.
Supplemental light enhances polyphenol content and antioxidative
capacity of broccoli sprouts grown in indoor production system.
shsismbbaiis. 2008, 765, 217-223.

(35) Shign, J.; Upadhyay, A. K.; Singh, S.; Rai, M. Total phenolics
content and free radical scavenging activity of Brassica vegetables.
J. Food Sci. Technol. 2009, 46, 595-597.

(36) Kaur, C.; Kumar, K.; Anil, D.; Kapoor, H. C. Variations in
antioxidant activity in broccoli (Brassica oleracea L.) cultivars.
I 2007, 31, 621-638.

(37) Zhu, H.; Jia, Z.; Strobl, J.; Ehrich, M.; Misra, H. P.; Li, Y. Potent
induction of total cellular and mitochondrial antioxidants and phase
2 enzymes by cruciferous sulforaphane in rat aortic smooth muscle
cells: cytoprotection against oxidative and elctrophilic stress. Gardios
iitehaiiigad 2008, 8, 115-125.

(38) Agrawal, S.; Winnik, B.; Buckley, B.; Mi, L.; Chung, F.-L.; Cook,
T. J. Simultaneous determination of sulforaphane and its major
metabolites from biological matrices with liquid chromatography—

tandem mass spectroscopy. i 20006, 5§40, 99-107.
(39) Hue, R.; Hebbar, V.; Kim, B. R.; Chen, C.; Winnik, B.; Buckley, B.;
Soteropoulos, P.; Tolias, P.; Hart, R. P.; Kong, A. N. In vivo
pharmackokinetics and regulation of geneexpression profiles by
isothiocyanate sulforaphane in the rat.
2004, 310, 263-271.
(40) Do, D. P; Pai, S. B.; Rizvi, S. A. A.; D’Souza, M. J. Development of
sulforaphane encapsulated microspheres for cancer epigenetic ther-

apy. . 2010, 386, 114-121.

Received for review January 27, 2010. Revised manuscript received
March 18, 2010. Accepted April 27, 2010.



