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Gastric infection with Helicobacter pylori is a cosmopolitan problem, and is especially common in developing regions where there
is also a high prevalence of gastric cancer. These infections are
known to cause gastritis and peptic ulcers, and dramatically enhance the risk of gastric cancer. Eradication of this organism is an
important medical goal that is complicated by the development of
resistance to conventional antimicrobial agents and by the persistence of a low level reservoir of H. pylori within gastric epithelial
cells. Moreover, economic and practical problems preclude widespread and intensive use of antibiotics in most developing regions.
We have found that sulforaphane [(ⴚ)-1-isothiocyanato-(4R)(methylsulfinyl)butane], an isothiocyanate abundant as its glucosinolate precursor in certain varieties of broccoli and broccoli
sprouts, is a potent bacteriostatic agent against 3 reference strains
and 45 clinical isolates of H. pylori [minimal inhibitory concentration (MIC) for 90% of the strains is <4 g兾ml], irrespective of their
resistance to conventional antibiotics. Further, brief exposure to
sulforaphane was bactericidal, and eliminated intracellular H. pylori from a human epithelial cell line (HEp-2). In complementary
experiments, sulforaphane blocked benzo[a]pyrene-evoked forestomach tumors in ICR mice. This protection resulted from induction of phase 2 detoxication and antioxidant enzymes, and was
abrogated in mice lacking the nrf2 gene, which regulates phase 2
enzymes. Thus, the dual actions of sulforaphane in inhibiting
Helicobacter infections and blocking gastric tumor formation offer
hope that these mechanisms might function synergistically to
provide diet-based protection against gastric cancer in humans.

A

denocarcinoma of the stomach is the second most common
malignancy in the world, and the principal cause of mortality from cancer in the developing regions of Asia, Africa, and
South America (1, 2). The annual incidence approaches 100 per
100,000 in Japan (3), where it is the leading cause of cancer
mortality. Much evidence points to the major importance of
extrinsic factors in the etiology of this disease: (i) the dramatic
decline of stomach cancer in the 20th century, frequently
attributed to the advent of refrigeration and improved methods
of food preservation (4); (ii) large geographic differences in
stomach cancer mortality, and the observation that migration of
populations results in cancer incidences that resemble those of
the new locations (5); and (iii) the inverse association between
high consumption of vegetables and fruits and gastric cancer
incidence in developed countries (6). But the most striking
advance in our understanding of the etiology of gastric cancer
was the identification of the role of infection with Helicobacter
pylori in the development of peptic ulcers and their progression
to gastric dysplasia and gastric malignancy (reviewed in ref. 7).
Gastric cancer is therefore a highly preventable disease. The
challenge is to devise methods for the eradication of Helicobacter
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by practical, implementable methods and to determine whether
this will protect medically underserved populations from the
ravages of this disease.
The relation of H. pylori to gastric pathology was first described 20 years ago (8). H. pylori is a Gram-negative, bacilliform,
motile, microaerophilic bacterium that colonizes the gastric
mucosa in humans, causes gastritis and peptic ulcer disease, and
is also an important risk factor for development of gastric cancer
and mucosa-associated lymphoid tissue (MALT) lymphoma
(9–11). The risks for developing gastric adenocarcinoma and
MALT lymphoma are 3 to 6 times higher among carriers of H.
pylori infections than in uninfected subjects (7, 11, 12). Strong
epidemiological evidence supports the correlation of age and
markers of poverty with both H. pylori prevalence and stomach
cancer (13–15), as well as involvement of H. pylori in iron
deficiency anemia (16, 17), a serious public health problem in
many developing countries. As much as 40% of the population
in developed countries and 70% in developing countries are
carriers of this organism (18). Numerous retrospective studies
and a recent long-term prospective epidemiological study demonstrated development of gastric cancer in persons infected with
H. pylori but not in uninfected persons (19, 20). Several large
multicenter intervention trials are currently assessing the potential of H. pylori eradication to prevent gastric cancer, and results
should soon be available (21–23). Recent animal studies support
the notion that antibiotic therapy targeted at eliminating the
microbe may also contribute to the prevention of stomach cancer
in humans (24).
Although H. pylori is now recognized as one of the most
prevalent human pathogens in the world (25), it is difficult to
eradicate in 15–20% of individuals by antibiotic therapy, which
is now recommended for infected patients with gastric or
duodenal ulcers or gastric mucosa-associated lymphoid tissue
lymphoma (26, 27). Multidrug therapies consisting of combinations of two or more antibiotics (e.g., amoxicillin, clarithromycin,
or metronidazole) with an inhibitor of acid secretion (histamine
H2 antagonist or proton pump inhibitor) are required. But even
by the most optimistic estimates, these treatments are not
universally successful (26, 28). This lack of efficacy appears to be
due, at least in part, to the development of resistance of H. pylori
strains to these antibiotics (29, 30) and the persistence of
organisms within gastric epithelial cells (31, 32). Moreover, the
Abbreviations: cfu, colony forming units; EMEM, Eagle’s minimal essential medium;
MIC, minimal inhibitory concentration; MIC90, MIC at which growth of 90% of strains is
inhibited.
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Experimental Procedures
Chemicals and Materials. Sulforaphane was isolated from broccoli

seeds (33, 38). Seeds were extracted with hexane, boiled in 20
mM potassium phosphate buffer (pH 7.4), filtered through
Celite, and hydrolyzed with crude myrosinase, and the hydrolyzate was partitioned against ethyl acetate. The ethyl acetate
was then removed under vacuum in a rotary evaporator, and the
resultant product was fractionally distilled to yield a chromatographically pure, light yellow, oily liquid boiling at 134–136°C at
5 m of mercury. The sulforaphane thus obtained was ⬎95%
pure, based on cyclocondensation (47), and its characteristic UV
absorbance spectrum (molar extinction coefficient A238 ⫽ 910
M⫺1䡠cm⫺1). The molecular weight of 177 was confirmed by
electrospray mass spectroscopy. Amoxicillin was supplied by
GlaxoSmithKline and clarithromycin by Sanofi-Synthelabo (Paris). Metronidazole was purchased from Sigma-Aldrich. Stock
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solutions were prepared in acetonitrile for sulforaphane, and as
recommended by their manufacturers for the other antibiotics.
Further dilutions of all antibiotics were made with sterile water.
Bacterial Strains. Three reference strains (26695, J99, and ATCC
43504) and 45 clinical isolates (LBN200 to LBN244) of H. pylori
were used. The clinical isolates were obtained in 2000 and 2001
at the University Hospital Center of Nancy, France, from
individual patients with gastritis and gastric or duodenal ulcers.
These strains were identified as H. pylori by Gram stain, and
oxidase, catalase, and urease production. All strains were stored
in Brucella broth (Oxoid, Basingstoke, England) containing 15%
(wt兾vol) glycerol at ⫺80°C until use. Experiments were all
performed at 37°C in a microaerophilic (5% O2, 15% CO2, 80%
N2) atmosphere, with H. pylori cultures grown on Columbia agar
containing 10% horse blood.
Determination of Bacteriostatic Activity and Antibiotic Resistance.

The bacteriostatic activity of sulforaphane, amoxicillin, clarithromycin, and metronidazole was evaluated for all H. pylori
strains by determining the minimal inhibitory concentration
(MIC) of each drug by using the agar dilution method (pH 7.4)
recommended by the National Committee for Clinical Laboratory Standards (NCCLS; ref. 48). MICs of sulforaphane were
also determined under the same conditions at pH 5.8, obtained
by addition of 0.1 M HCl (to approximate the gastric juxtamucosal pH). Twofold dilutions of each drug ranging from 64 to
0.03 g兾ml were tested. The MIC was defined as the lowest
concentration of each compound that resulted in no visible
growth after 3 days of incubation at 37°C under microaerophilic
conditions. Clarithromycin resistance was defined by an MIC ⱖ1
g兾ml, as recommended by NCCLS (48). Resistance breakpoints for metronidazole and amoxicillin were defined as ⬎8
g兾ml (49) and ⬎0.5 g兾ml (50), respectively.
Determination of Bactericidal Activity. The bactericidal activity of

sulforaphane against H. pylori strains LBN201 and 26695 was
evaluated by using a time-to-kill assay. Tests were performed in
Brucella broth supplemented with 10% FCS, inoculated with
each isolate to a final concentration of ⬇5 ⫻ 106 colony forming
units (cfu)兾ml. The kinetics of the bactericidal effects were
determined both at pH 7.4, the initial pH of the broth, and at pH
5.8 (51), which reflects more closely the pH prevailing in the
gastric juxtamucosal environment. For each strain, sulforaphane
was tested at both 0.25⫻, 0.5⫻, 1⫻, and 5⫻ the MIC. After 0,
2, 4, 6, 8, and 24 h of incubation at 37°C under microaerophilic
conditions and gentle shaking, 100-l samples were serially
diluted and plated onto Columbia blood agar. After 5 days of
incubation under microaerophilic conditions at 37°C, colonies
were counted. The limit of detection was 20 cfu兾ml. Tests were
performed in duplicate; results are expressed as mean log10
cfu兾ml. Bactericidal activity was defined as a greater than
1,000-fold reduction in viable colony forming units.
Determination of Intracellular Bactericidal Activity. Intracellular

activity was studied in HEp-2 cells (ATCC CCL 23), a human
epithelial cell line previously used to determine the activity of
drugs against intracellular H. pylori (52, 53). HEp-2 cells were
routinely cultured in 75-cm2 plastic tissue culture T-flasks containing minimum essential medium supplemented with Eagle’s
salts, 50 mM L-glutamine, and 0.75% sodium bicarbonate
(EMEM), and 10% FCS at 37°C in 5% CO2. The cells were
trypsinized, washed in EMEM, seeded into six-well tissue culture
plates, and incubated overnight at 37°C in 5% CO2. Monolayers
of HEp-2 cells (106 cells per well) were exposed to 108 cfu per
well (multiplicity of infection ⫽ 100) of H. pylori strains LBN201
or 26659 in EMEM with FCS for 12 h at 37°C in 5% CO2. Cells
were gently washed 6⫻ with Hanks’ balanced salt solution to
PNAS 兩 May 28, 2002 兩 vol. 99 兩 no. 11 兩 7611

MEDICAL SCIENCES

widespread use of antibiotics to eradicate H. pylori infections in
developing countries is both logistically and economically impractical. It is therefore imperative to identify new antimicrobial
agents that are effective against both intra- and extracellular
forms of H. pylori (especially those that are resistant to conventional antibiotics), and that can be delivered simply and economically by the oral route.
Our studies on the effects of [(⫺)-1-isothiocyanato-(4R)(methylsulfinyl)butane] (sulforaphane) on Helicobacter began
when one author was told of several individuals who were
afflicted with persistent peptic ulcer disease and quite unexpectedly experienced dramatic relief of their symptoms after consuming 3-day-old broccoli sprouts. These cruciferous sprouts are
an exceptionally rich source of the isothiocyanate sulforaphane,
or more precisely glucoraphanin (33), its naturally occurring
glucosinolate precursor (34). Substantial quantities of isothiocyanates (up to 100 mg daily) and even greater quantities of their
glucosinolate precursors are widely consumed by humans (34–
36). They may act locally within the gastrointestinal tract (37), or
may distribute systemically after conversion to their cognate
isothiocyanates (34, 38). Sulforaphane was originally isolated on
the basis of its antimicrobial activity from hoary cress (Cardaria
draba; white top), a widely distributed weed belonging to the
plant family Cruciferae (39). Sulforaphane was subsequently
shown to inhibit the growth of a variety of microorganisms,
including some human pathogens (40). We therefore examined
the possibility that sulforaphane might inhibit the growth of H.
pylori, and thereby could account for the aforementioned amelioration of gastric symptoms.
Sulforaphane is also of special interest because of its anticarcinogenic activity. It was isolated 10 years ago as one of the most
potent inducers of phase 2 proteins (41) and inhibitors of
experimental carcinogenesis in animal systems (42). There is
now convincing evidence that induction of phase 2 genes (e.g.,
glutathione transferases, NAD(P)H:quinone reductase, UDPglucuronosyltransferases) is a highly effective and sufficient
condition for protecting animals and their cells against the toxic
and neoplastic effects of carcinogens (43, 44). Nevertheless, the
effects of sulforaphane on the formation of gastric tumors have
not, to our knowledge, been examined.
In this report, we show that sulforaphane is bactericidal to
both extracellular and intracellular forms of H. pylori, by mechanisms that are not yet understood. We also show that sulforaphane protects the mouse forestomach against the neoplastic
effects of benzo[a]pyrene, and that this effect depends on
induction of phase 2 enzymes because it is abolished in mice
deficient in the nrf2 gene, which controls these inductions (45,
46). Thus, the dual properties of sulforaphane as an antibiotic
and anticancer agent provide a two-tiered, and possibly synergistic, approach to eliminating H. pylori and reducing the incidence of gastric disease.

remove any nonadherent bacteria, and then incubated with this
solution containing 100 g兾ml of gentamicin for 1.5 h to kill
extracellular bacteria (54). Monolayers were then washed 6⫻
again with the same solution, and incubated in culture medium
containing either sulforaphane at concentrations of 2 and 10
g兾ml (strain LBN201), or 4 and 20 g兾ml (strain 26695), at
37°C in 5% CO2. After 0, 2, 4, 8, and 24 h, replicate plates of cells
were washed 6⫻ with Hanks’ balanced salt solution, and lysed
with distilled water. The number of intracellular viable bacteria
(cfu兾ml) in the lysate was determined as described above for the
extracellular time-to-kill studies. Tests were performed in duplicate; results are expressed as mean log10 cfu兾ml. Concentration of sulforaphane and its conjugates in H. pylori-infected
HEp-2 cells was determined by using duplicate aliquots of cell
lysates obtained as described above. Each of these samples was
incubated with 1,2-benzenedithiol to produce a cyclocondensation product (1,3-benzodithiole-2-thione) that could be separated chromatographically and detected at levels as low as 15
pmol (47, 55). Concentrations of sulforaphane and its conjugates
were determined as a mean of four determinations.
Carcinogenesis Study. Inhibition of benzo[a]pyrene-generated

gastric tumors by sulforaphane was examined in four groups (20
each) of 9- to 12-week-old female ICR mice; two groups were
genotyped as wild-type (⫹兾⫹) and two groups were nrf2 deficient (⫺兾⫺) (56). All animals were acclimatized on an AIN-76A
diet without ethoxyquin (Teklad, Madison, WI) for 1 wk and
maintained on this diet or the diet supplemented with 2.5 mmol
(442.5 mg) of sulforaphane per kg of diet, for the control and
treated groups, respectively. The estimated daily intake of
sulforaphane per mouse was 7.5 mol. The animals received
benzo[a]pyrene (120 mg兾kg in 0.2 ml of corn oil) by gavage on
four occasions, at 1-wk intervals, beginning after the dietary
acclimatization period. The sulforaphane diet was begun 7 days
before the first dose of the carcinogen and continued for 2 days
after the last dose. The animals were weighed weekly, and were
killed by CO2 asphyxiation and cervical dislocation 20 wk after
the first dose of carcinogen. The forestomachs were removed and
fixed in 10% buffered formalin, and the tumors were counted
according to Wattenberg (57). The tumor numbers were analyzed by simple descriptive statistics. Experiments on animals
were conducted in compliance with protocols approved by the
Animal Care and Use Committee of The Johns Hopkins Medical
Institutions.
Results and Discussion
The bacteriostatic potency of sulforaphane was examined for a
broad range of clinical isolates, as well as three reference strains
of H. pylori. One clinical isolate and one reference strain
were then used for subsequent demonstration of both extracellular and intracellular bactericidal potency. In addition, the
effect of sulforaphane on gastric tumor formation in the classical
benzo[a]pyrene mouse forestomach carcinogenesis model was
examined.
Bacteriostatic Potency of Sulforaphane. At neutral pH, sulfora-

phane exhibited high bacteriostatic activity against all 48 strains
tested, with MIC values ranging from 0.06 to 8 g兾ml [mean ⫽
2.5 g兾ml; median ⫽ 2 g兾ml; MIC90 (MIC at which growth of
90% of strains is inhibited) ⫽ 4 g兾ml; Fig. 1]. This activity was
not significantly (less than 2-fold) different at pH 5.8, which
reflects more closely the gastric juxtamucosal pH (data not
shown). Thus, sulforaphane was significantly more potent than
other natural compounds that have been tested, such as resveratrol from grape skins and red wine (MIC90 ⫽ 25 g兾ml; ref. 58),
allixin from garlic bulbs (MIC90 ⫽ 25 g兾ml; ref. 59), protolichesterinic acid from the lichen Cetraria islandica (MIC90 ⫽ 32
g兾ml; ref. 60), and epigallocatechin gallate from tea (MIC90 ⫽
7612 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.112203099

Fig. 1. Bacteriostatic potency (minimal inhibitory concentration, MIC) of
sulforaphane against 45 clinical isolates and 3 reference strains of H. pylori.
Twenty-three bacterial strains were susceptible to clarithromycin (ClaS) and
metronidazole (MetS), and the rest of the strains were resistant to clarithromycin (ClaR), metronidazole (MetR), or both antibiotics (ClaR MetR). Median
MIC values for each of the four groups of strains were 2, 4, 4, and 2 g兾ml,
respectively, and were not significantly different from each other. Each
data point represents an individual strain, and means are indicated by horizontal bars.

32 g兾ml; ref. 61). All 48 strains were susceptible to amoxicillin
(MIC90 ⫽ 0.125 g兾ml, MIC range: 0.06–0.5 g兾ml), and 23 of
these strains were also susceptible to both clarithromycin and
metronidazole. Of the remaining 25 strains, 11 were resistant to
clarithromycin, 8 were resistant to metronidazole, and 6 were
resistant to both agents. The inhibitory potency of sulforaphane
was not related to the resistance of these strains to the other
antibiotics, and there were no significant differences in MIC90
among resistance classes. Moreover, sulforaphane exhibited a
high inhibitory activity (MIC90: 4 g兾ml) against both the
clarithromycin-resistant strains (n ⫽ 17; MIC90 for clarithromycin, 32 g兾ml) and the metronidazole-resistant strains (n ⫽ 14;
MIC90 for metronidazole, 64 g兾ml) tested.
Extracellular Bactericidal Potency of Sulforaphane. Having established the bacteriostatic activity of sulforaphane against H.
pylori, we next evaluated its bactericidal potency by using a
time-to-kill assay with one reference strain (26695) and one
clinical isolate (LBN201). These experiments were run in parallel at pH 7.4 and 5.8, because most H. pylori colonize the
mucous layer and gastric pits of the antrum, where it is assumed
that the pH is about 5.5 (62). However, the urease of H. pylori
generates ammonia in its immediate surroundings, which thus
increases the pH to about neutrality (63, 64). Bactericidal activity
was defined in accordance with convention as a reduction in
plate counts of ⱖ1,000 cfu兾ml. The effect was nearly always
concentration dependent (Fig. 2). For strain LBN201, there was
a 1,000-fold reduction within 24 h of exposure to 10 g兾ml (5⫻
MIC) of sulforaphane. There was no effect of changes in pH over
the range examined with any of the strains or any of the
sulforaphane concentrations tested (0.25⫻, 0.5⫻, 1⫻, or 5⫻ the
MIC for those strains; data not shown). At all of the subinhibiFahey et al.

tory concentrations of sulforaphane tested against strains 26695
and LBN201, no reduction in viable counts was observed at any
time during the assays. Although sulforaphane has not been
previously tested, the concentration-dependent bactericidal activity of sulforaphane against H. pylori is similar to that of other
isothiocyanates against other Gram-positive and Gram-negative
bacteria (65, 66).
Intracellular Bactericidal Potency of Sulforaphane in HEp-2 Cells. To

test the effect of sulforaphane on intracellular forms of H. pylori,
reproducible intracellular infections were established, with bacterial titers comparable to those obtained by others with this cell
line (67, 68). We found that sulforaphane delivered at a concentration equivalent to its MIC in strains 26695 and LBN201
completely killed intracellular bacteria within 24 h (Fig. 3).
Higher, but easily achievable, concentrations (e.g., 5⫻ the MIC)
completely killed the intracellular bacteria within 4 to 8 h (Fig.
3), and sulforaphane was well tolerated by the mammalian cells
up to concentrations of 110 M. The cellular uptake of sulforaphane (5 M initial extracellular concentration) into noninfected HEp-2 cells, as well as ARPE-19, AGS, and Hepa1c1c7
cells, was evaluated, and was very rapid over the first 30 min,
reaching levels as high as 500 M (data not shown) and was
followed by rapid decline, presumably by export of sulforaphane
as described by Zhang (69–71). Initial accumulation of sulforaphane and its conjugates in H. pylori-infected HEp-2 cells
reached levels of between 2- and 5-fold the administered concentration, thus potentially accounting for the rapid 1,000-fold
reduction in viable H. pylori titer within 4 h of dosing.
Effect of Sulforaphane on Gastric Tumor Formation. The chemopro-

tective antitumor effects of sulforaphane have been ascribed to
its potent induction of phase 2 detoxication enzymes in rodent
tissues. The mouse forestomach responds to sulforaphane by
up-regulation of genes controlling glutathione transferases,
NAD(P)H:quinone reductase, and other phase 2 proteins (41).
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Fig. 3. Eradication of intracellular bacterial infection in cultured HEp-2 cells
after treatment with sulforaphane (SF) at 0.5⫻, 1⫻, and 5⫻ the MIC for a
clinical isolate (A, LBN201; 1, 2, and 10 g兾ml) and a reference strain (B, 26695;
2, 4, and 20 g兾ml) of H. pylori. HEp-2 cells were infected with H. pylori,
extracellular bacteria were removed, and the mammalian cells were lysed at
each sampling time to measure intracellular sulforaphane concentration and
count cfu of H. pylori. Note the sharp demarcation between lack of activity
(0.5⫻ MIC) and bactericidal potency (1⫻ MIC). Data points are the means of
duplicate determinations; the asterisks indicate points below the limits of
detection. Intracellular sulforaphane was calculated to be from 2- to 5-fold
greater than initial external concentration, and gradually decreased over
time.

To examine the effect of sulforaphane on gastric tumor formation, we used the classical mouse forestomach tumor model, in
which administration of four weekly doses of benzo[a]pyrene by
gavage results in development of numerous tumors that can be
reliably quantified (57). Under standard experimental conditions, the forestomachs of control ICR mice developed 17.6
tumors per mouse 20 wk after the first administration of
benzo[a]pyrene. Feeding of sulforaphane (estimated intake 7.5
mol per day) in the diet for the period extending from 7 days
before the first dose to 2 days after the last dose of carcinogen
reduced the number of tumors to 10.8 per mouse (a 39%
reduction; P ⬍ 0.001) (Fig. 4). This observation is consistent with
the finding that sulforaphane blocked 7,12-dimethylbenz[a]anthracene (DMBA)-induced mammary tumor formation in rats
(42), reduced benzo[a]pyrene-induced aberrant crypt formation
in mouse mammary gland explants (72), and suppressed
azoxymethane-dependent abnormal colon crypt formation in
rats (73).
The induction of phase 2 proteins is regulated by the Nrf2
transcription factor (45, 46). The recent availability of mice in
which the gene coding for the Nrf2 has been disrupted (45, 46)
has made it possible to validate the importance of phase 2
induction in the protective response to inducers. Consequently,
in the experiment described above, we also included two groups
of ICR mice in which the nrf2 gene had been deleted. These
animals developed a significantly larger number of forestomach
tumors (30.2 per mouse) in comparison with controls (17.6
tumors per mouse; P ⬍ 0.001), and an identical regime of
PNAS 兩 May 28, 2002 兩 vol. 99 兩 no. 11 兩 7613
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Fig. 2. Bactericidal potency of sulforaphane (SF) on two strains of H. pylori
(A, LBN201, clinical isolate; B, 26695, reference strain) after exposure to 1⫻
and 5⫻ MIC of SF at pH 5.8. (Data points are the means of duplicate determinations; the asterisk indicates a point below the limits of detection.)

Fig. 4. Effect of sulforaphane on benzo[a]pyrene-induced neoplasia of the
forestomach in female wild-type and nrf2-deficient mice. Female mice (9 –12
wk old) were fed sulforaphane at an estimated intake of 7.5 mol per animal
per day, for a period extending from 7 days before, to 2 days after the last dose
of carcinogen. Dosing with benzo[a]pyrene (120 mg兾kg in 0.2 ml corn oil by
gavage), was at four consecutive weekly intervals, and animals were killed 20
wk after the first benzo[a]pyrene treatment. Gastric tumors are reported as
follows: (number of gastric tumors in the entire group)兾(number of mice at
risk at termination of experiment). Two animals in the nrf2-deficient control
group had tumors too numerous to count. Open bar, vehicle-treated; filled
bar, sulforaphane-treated. Error bars are ⫾ SEM.

for an etiological connection between these conditions. Helicobacter infections are difficult to eradicate for biological, logistic,
sociologic, and economic reasons. H. pylori is able to penetrate
the gastric epithelium and occupy a protected ‘‘sanctuary’’ from
which it can repopulate the gastric lumen, and many clinical
isolates have acquired resistance to one or more conventional
antibiotics. These factors pose difficult problems, and the routine
and intensive use of modern antibiotics in many developing
regions of the world is impractical.
Sulforaphane, a phytochemical, appears to overcome all of
these problems. It can be delivered in high concentrations in the
diet in the form of edible cruciferous vegetables (33, 38), and it
eradicates both intracellular and resistant strains of H. pylori.
Although higher concentrations are required to achieve bactericidal activity for the intracellular forms, sulforaphane accumulates intracellularly to high levels, as its glutathione conjugate
(69–71). It is present in edible cruciferous plants, can be safely
administered to humans (38, 74), and can be directly delivered
to the stomach.
Because sulforaphane is highly effective in blocking mammary
and colon tumors in animal models (33, 42, 73), it was gratifying—although not surprising—to find that it also blocks stomach
tumors in mice, as shown in this paper. The recent discovery that
H. pylori eradication in patients with H. pylori-associated gastritis
elevated or restored glutathione S-transferase activity and glutathione levels in the antral mucosa (75) further supports the
concept that sulforaphane could have a similar direct tumorpreventive effect in humans. This duality of action of sulforaphane in eradicating Helicobacter infections by a direct but
unknown mechanism and blocking gastric tumor formation by
phase 2 enzyme induction thus offers promise that these effects
could operate synergistically and could provide highly effective
protection against gastric cancer in humans.

Conclusions
The present study was undertaken for several reasons. Helicobacter infections are geographically widespread and extremely
common, especially in developing countries where there is also
a high prevalence of gastric cancer. There is powerful evidence
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