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Introduction
Cancer chemoprevention entails the use of natural or synthetic agents
to retard, block or reverse any of the multiple stages of the carcinogenic process (1–3). It is probable that a combination of approaches
will be required to reduce the risk of the major types of human cancers. Current chemopreventive strategies have been directed at individuals in high-risk groups, and may not be suitable for those at
moderate or lower risk. This has been observed in the case of breast
cancer chemoprevention where the use of tamoxifen, a selective estrogen receptor modulator to prevent hormone receptor-positive
breast cancer, has been limited even in women at high risk for breast
cancer due to the perception of an unfavorable side-effect profile. As

Materials and methods
Abbreviations: BPP, Brassica Protection Products LLC; DTC, dithiocarbamate;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HO-1, heme oxygenase-1;
NRF2, nuclear factor erythroid 2-related factor 2; NQO1, NAD(P)H:quinone
oxidoreductase; PCR, polymerase chain reaction.

Animals and sulforaphane treatments
Female Sprague–Dawley rats (10 weeks of age, 208–215 g) were purchased
from Harlan (Indianapolis, IN) and maintained on an AIN-76A diet without
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Consumers of higher levels of Brassica vegetables, particularly
those of the genus Brassica (broccoli, Brussels sprouts and cabbage), reduce their susceptibility to cancer at a variety of organ
sites. Brassica vegetables contain high concentrations of glucosinolates that can be hydrolyzed by the plant enzyme, myrosinase,
or intestinal microflora to isothiocyanates, potent inducers of cytoprotective enzymes and inhibitors of carcinogenesis. Oral administration of either the isothiocyanate, sulforaphane, or its
glucosinolate precursor, glucoraphanin, inhibits mammary carcinogenesis in rats treated with 7,12-dimethylbenz[a]anthracene. In
this study, we sought to determine whether sulforaphane exerts
a direct chemopreventive action on animal and human mammary
tissue. The pharmacokinetics and pharmacodynamics of a single
150 mmol oral dose of sulforaphane were evaluated in the rat
mammary gland. We detected sulforaphane metabolites at concentrations known to alter gene expression in cell culture. Elevated cytoprotective NAD(P)H:quinone oxidoreductase (NQO1)
and heme oxygenase-1 (HO-1) gene transcripts were measured
using quantitative real-time polymerase chain reaction. An observed 3-fold increase in NQO1 enzymatic activity, as well as 4-fold
elevated immunostaining of HO-1 in rat mammary epithelium,
provides strong evidence of a pronounced pharmacodynamic
action of sulforaphane. In a subsequent pilot study, eight healthy
women undergoing reduction mammoplasty were given a single
dose of a broccoli sprout preparation containing 200 mmol of
sulforaphane. Following oral dosing, sulforaphane metabolites
were readily measurable in human breast tissue enriched for epithelial cells. These findings provide a strong rationale for evaluating the protective effects of a broccoli sprout preparation in
clinical trials of women at risk for breast cancer.

breast cancer remains a global public health challenge affecting one in
eight North American and Northern European women, with an increasing incidence in developing countries, the need for non-toxic and
inexpensive preventive agents that have broad application is great.
In addition to inherited genetic alterations and estrogen burden,
environmental exposures are believed to play a significant role in
the development of breast cancer through the cumulative accumulation of mutagenic events over a women’s lifetime (4). Extent of damage to DNA reflects a molecular equilibrium between activating and
detoxifying reactions as well as DNA repair capacity (5,6). This balance can be altered by many factors including drugs and phytochemicals (7). Environmental carcinogens are often first metabolically
activated via phase 1 enzymes (principally cytochrome P450) into
reactive intermediates (8). Fortunately, at the cellular level, there exist
competing phase 2 enzymes [e.g. glutathione S-transferases and
NAD(P)H:quinone oxidoreductase (NQO1)] which facilitate the
elimination of the reactive forms of carcinogens through biotransformation reactions including sulfation, acetylation, quinone reduction
and glutathione conjugation (9). As a consequence, a promising strategy for cancer chemoprevention involves the use of agents to favorably shift the balance between phase 1 and 2 enzymes (3,5,10).
Such a favorable enzymatic induction strategy, in which cytoprotective enzymes are selectively elevated, has been demonstrated using
Brassica vegetables that contain compounds known as glucosinolates
(b-thioglucoside N-hydroxysulfates) (11). Glucosinolates are hydrolyzed to isothiocyanates by myrosinase (b-thioglucoside glucohydrolase), an enzyme released in the plant upon damage, such as by
chewing (12). Sulforaphane, one such isothiocyanate whose precursor
is abundant in 3-day-old broccoli sprouts, triggers the induction of
many cytoprotective enzymes including NQO1 and heme oxygenase-1
(HO-1). NQO1 protects cells from oxidative damage by two-electron
reduction of quinones, such as those derived from estrogens, thus
suppressing oxidative cycling and reactive oxygen species generation
(13). HO-1, an important enzyme in heme catabolism, leads to the
production of biliverdin, which upon reduction forms the reactive
oxygen scavenger bilirubin (14). Much of sulforaphane’s cytoprotective enzyme induction is thought to occur via the actions of the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2)
(15). Importantly, when sulforaphane or its precursor, glucoraphanin,
was given to female rats treated with the known mammary gland
carcinogen, 7,12-dimethylbenz[a]anthracene, the number, size and
rate of development of mammary tumors were significantly reduced
(16,17). Additional preclinical studies revealed the capacity of sulforaphane to diminish DNA adduct formation in normal mammary epithelial cells, favorably adjust cellular redox states, and inhibit mitosis
and proliferation in mammary cancer cell lines (18–22). These laboratory findings are supported by some epidemiological data that suggest a protective association between increased intake of broccoli or
Brussels sprouts and breast cancer (23–25).
The identification of biomarkers for efficacy and breast cancer risk is
necessary to advance diet-derived chemopreventive agents in both animal
and human studies (26). Several clinical studies using 3-day-old broccoli sprouts have already established their safety, described plasma
pharmacokinetics, validated methods to monitor compliance and,
most importantly, led to the development of standardized preparations
with defined concentrations of sulforaphane or its precursor, glucoraphanin (27–31). We sought to establish whether orally administered
sulforaphane reaches the mammary gland and increases the functional
capacity of antioxidative and detoxification enzymes in this tissue.
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Quantitative measurements of dithiocarbamates in urine and plasma
Measurement of sulforaphane distribution via dithiocarbamate (DTC) metabolites in biofluids was carried out using an established, well-validated cyclocondensation reaction (29).
Pharmacokinetic analysis
The measured concentrations of DTC metabolites in the rat plasma were fit into
a non-compartmental extravascular model (NCA Model 200) using WinNonlin
software (Pharsight Corporation, Mountain View, CA). The area under the
curve (AUC), maximum concentration (Cmax), elimination rate constant (Kel)
and elimination half-life (0.693/Kel) were obtained.
Tissue DTC analysis
The cyclocondensation reaction used to measure plasma DTCs was modified
slightly for tissue analysis. Rat tissue (100 mg) was homogenized in 1 ml of
0.25 M sucrose and 10 mM Tris–HCl (pH 7.4) with a Duall grinder (Kontes
Glass Co., Vineland, NJ) at 4°C for 2 min. Up to 0.6 ml of the crude homogenate was added directly to the cyclocondensation reaction mixtures and incubated as described previously (29). After incubation, the reaction mixture
was centrifuged at low speed to remove insoluble materials. A 2 ml portion of
the supernatant fraction was mixed with 2 ml water and loaded on a 50 mg SepPak C18 Cartridge (Waters Corp., Milford, MA). The cartridge was then
washed twice with 1 ml portions of 25% acetonitrile in water and subsequently
eluted with 0.3 ml acetonitrile. The eluate was mixed with 0.3 ml water, and
a 200 ll aliquot of the mixture was automatically injected (Waters Autosampler, Model 717 Plus) onto a reverse phase high performance liquid chromatography (HPLC) column (Partisil 10 ODS-2, 4.6  250 mm, Whatman,
Clifton, NJ). The cyclocondensation product (1,3-benzodithiole-2-thione)
was detected by a Waters Model 996 photodiode array detector at 365 nm.
The DTC level of the tissue was adjusted to tissue weight.
Gene expression analysis
Total RNA was isolated using the RiboPureä kit (Ambion, Austin, TX) and
cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). TaqMan polymerase chain reaction (PCR) assays were
performed in triplicate on cDNA samples in 96-well optical plates on a BioRad MyiQ Single-Color Real-Time PCR Detection System for either NQO1 or
HO-1. For each 20 ll TaqMan reaction, 2 ll cDNA (10 ng) was mixed with 1 ll
20 TaqMan Gene Expression Assay Mix (Applied Biosystems, Foster City,
CA), 10 ll 2 iQ Supermix (Bio-Rad Laboratories) and 7 ll nuclease-free
water (Promega Corporation, Madison, WI). Parallel assays for each sample
were performed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
for normalization. The reaction was carried out using the following parameters: 50°C for 2 min, 95°C for 5 min and 40 cycles of 95°C for 15 s and 60°C
for 1 min. Standard curves were prepared for each target using serial dilutions
of a single sample. All TaqMan PCR data were captured using the MyiQ
Optical System Software (Bio-Rad Laboratories). Relative quantification of
gene expression changes in the rat was determined using the 2DDCt method
and an induction ratio was ultimately obtained by normalizing the treated
animals to the controls (34).
NQO1 enzyme activity analysis
Rat tissue (100 mg) was homogenized in 1 ml of 0.25 M sucrose and 10 mM
Tris–HCl (pH 7.4) with a Duall grinder (Kontes Glass Co.) at 4°C for 2 min.
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Fig. 1. (A) Rat experiment design. Plasma and mammary glands were
removed from three female Sprague–Dawley rats per time point following
150 lmol R,S-sulforaphane gavage at time 0. At select time points (),
mammary glands were removed from three additional animals for slide
preparation. (B) Pharmacokinetics of sulforaphane in rat plasma and mammary
gland. Shown are concentrations of DTCs (sulforaphane metabolites) versus
time following a gavage of a single dose of 150 lmol R,S-sulforaphane in
female 10-week-old Sprague–Dawley rats. The DTC level in the mammary
gland was adjusted for tissue weight. Every time point between 0 and 48 h is
significantly different from control animals by t-tests (P , 0.05). Bars
represent SEM (n 5 3). (C) Quantitative real-time PCR based measurements
of rat mammary gland NQO1 and HO-1 transcripts. Relative quantification of
gene expression changes was determined using the 2DDCt method (34).
Induction ratios are the ratios of treated to the control values. All time
points .2 h (NQO1) or .1 h (HO-1) are significantly different from controls by
t-tests (P , 0.05). Bars represent SEM (n 5 3). (D) NQO1-specific enzymatic
activity induction in the mammary gland (43,44) adjusted for protein
concentration determined by the bicinchoninic acid assay (38). Activities from
treated animals were normalized to controls to obtain an induction ratio.
Time points .4 h are significantly different from controls as determined by
t-tests (P , 0.05). Bars represent SEM (n 5 3). (E) HO-1 immunostaining in
the rat mammary gland after treatment with sulforaphane. Control (0 h) and
treated (24 h). Original magnification, 100. Scale bar 5 50 lm.
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ethoxyquin (Harlan Teklad, Madison, WI). Sprague–Dawley rats (10 weeks
old) were used in this study, as the mammary glands at this age are quite
mature, containing the highest known levels of the more differentiated alveolar
buds (32,33). After 3 days of acclimatization, six rats were killed as controls
whereas the remaining animals were gavaged with 150 lmol R,S-sulforaphane
(LKT Laboratories, St Paul, MN) in 400 ll corn oil (Sigma–Aldrich, St Louis,
MO). This dose of sulforaphane has been shown previously to inhibit the
number, size and rate of development of mammary tumors in carcinogentreated rats (16). At 0.5, 1, 2, 4, 8, 12, 24 and 48 h after treatment, three
animals were killed (Figure 1A). From each rat, 4–5 ml of blood was obtained
by cardiac puncture and transferred to a 15 ml conical polypropylene centrifuge tube containing disodium ethylenediaminetetraacetic acid for plasma
sulforaphane determination. Mammary gland tissues were removed, immediately placed in liquid nitrogen and stored at 80°C for measurement of tissue
sulforaphane levels and NQO1 enzymatic activity. Additional tissue was subsequently placed in RNAlater (Ambion, Austin, TX) for gene expression analyses. Three additional animals were killed at 12, 24 and 48 h and mammary
gland tissue was removed and placed in buffered 10% formalin for immunohistochemical assays. All experiments were conducted in accordance with the
standards established by the USA Animal Welfare Acts, set forth in National
Institutes of Health guidelines and the Policy and Procedures Manual of the
Johns Hopkins University Animal Care and Use Committee.

Preclinical and clinical evaluation of sulforaphane

The homogenates were centrifuged at 14 000 r.p.m. for 20 min at 4°C. The
NQO1 activity in the supernatant fractions was determined in a 250 ll assay in
96-well microtiter plates (35–37); 10, 20 and 40 ll of supernatants were added
to the well and brought up to 50 ll with 0.25 M sucrose and 10 mM Tris–HCl
(pH 7.4). In order to assess non-specific enzymatic activity, 50 ll of 0.3 mM
dicumarol (NQO1 inhibitor) was added to parallel wells. To each well 200 ll
assay solution containing 25 mM Tris–HCl pH 7.4, 0.5% bovine serum
albumin, 0.025% Tween 20, 5 lM flavin adenine dinucleotide, 30 lM nicotinamide adenine dinucleotide phosphate, 1 lM glucose-6-phosphate, 2 U/ml
glucose-6-phosphate dehydrogenase, 0.3 mg/ml 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide and 25 lM menadione was added. The
reaction rates were immediately measured at 610 nm for 5 min at room temperature by the microtiter plate reader. For each sample, the specific activity of
NQO1 was derived by subtracting the initial reaction rates in wells containing no
dicumarol from those in wells containing dicumarol. The protein level of the
supernatant was measured by using the bicinchoninic acid assay (38). Activities
from treated animals were normalized to controls to obtain an induction ratio.

Human pilot study design
Eight women with no prior history of cancer, recent antibiotic, aspirin, nonsteroidal anti-inflammatory drugs (NSAID) or multivitamin use or with smoking history, who were scheduled to undergo elective reduction mammoplasty,
were enrolled in a pilot clinical study. They had to complete a baseline dietary
and risk factor questionnaire, be on a cruciferous-free diet for 3 days prior to
surgery, complete a diet checklist of foods to avoid each day and collect their
urine for the 12 h period prior to surgery. An hour before surgery, 10 ml of
blood was drawn and the women were asked to drink 20 ml of a filtered
broccoli sprout preparation containing sulforaphane. For this preparation,
3-day-old broccoli sprouts were grown by Sprouter Northwest (Kent, WA),
extracted with hot water, treated with daikon and freeze dried under good
manufacturing practice guidelines to produce a powder containing 200 lmol
of sulforaphane/g (Oregon Freeze Dry, Albany, OR). This powder was then
stored in a freezer at 80°C. The amount of sulforaphane was confirmed prior
to the preparation of each dose by a cyclocondensation assay (29). Blood and
urine were also collected intra-operatively at the time when breast tissue was
removed from the first breast. Breast tissue removed from both breasts was
accessioned and reviewed in the pathology department before macroscopically
enriched epithelial/stromal tissue was collected. The tissue was then placed in
liquid nitrogen for measurement of sulforaphane distribution and NQO1 enzymatic activity or in RNAlater for gene expression analyses using methods
described above. For tissue DTC levels, 80 mg of epithelial-enriched tissue
from each breast was used. The clinical study was approved by the Johns
Hopkins Bloomberg School of Public Health institutional review board and
written informed consent was obtained from each subject.
Statistical analysis
Means and standard errors were calculated for DTC levels in plasma, urine and
tissue in both the rat and human samples. t-tests were done to identify the
minimal time to statistically significant induction and time of maximal induction for all transcript and enzymatic activity data. Analysis of variance was
performed to assess significance of immunohistochemical scoring.

Results
Sulforaphane metabolite distribution in the rat mammary gland
In the rat mammary gland, DTC concentrations peaked at 18.8 pmol/
mg tissue 1 h after oral administration of 150 lmol sulforaphane
(Figure 1B). Similarly, DTC concentrations in the plasma peaked at
60 lM 1 h after dosing, declined rapidly and exhibited a minor second
peak of 22 lM at 12 h (Figure 1B). The basis for this second peak is
unclear but may relate to accumulation of glutathione conjugates

Induction of cytoprotective gene transcripts in the rat mammary gland
Quantitative real-time PCR assays were used to measure levels of
NQO1 and HO-1 transcripts to determine the extent of the pharmacodynamic action of sulforaphane in the rat mammary gland. A maximal 12-fold induction of NQO1 transcripts was observed in the
mammary gland 12 h after dosing and there was significant induction
as early as 2 h (P 5 0.0001) (Figure 1C). A biphasic pattern of HO-1
transcript induction was observed, with an initial peak at 2 h followed
by a subsequent peak at 12 h (Figure 1C). The minimal time to
statistically significant HO-1 induction was 1 h (P 5 0.0001). Transcript levels of GAPDH did not significantly change in any of the
tissues and therefore served as an appropriate control.
Induction of NQO1 enzymatic activity in the rat mammary gland
A microtiter plate assay was used to determine whether a single dose
of sulforaphane leads to measurable induction of NQO1 enzymatic
activity in the rat mammary gland (43,44). A maximal 2.8-fold induction of NQO1 enzymatic activity in the mammary gland was
observed 24 h (P 5 0.0001) after dosing with minimal time to statistically significant induction at 4 h (P 5 0.0001) (Figure 1D).
Localization of increased HO-1 immunostaining to rat mammary
epithelial cells
Immunostaining assays for HO-1 were used to localize the induction
of cytoprotective enzymes. Minimal HO-1 immunostaining was noted
throughout the control samples. Strong immunostaining for HO-1 was
observed in the mammary gland 24 h after a single sulforaphane dose
with considerable staining evident in mammary ductal and glandular
epithelial cells (Figure 1E). Using the ACIS II Automated Cellular
Imaging System the slides were scanned and six regions per slides
were scored with 4-fold increased HO-1 staining confirmed in the
treated mammary glands compared with controls [mean (SD) ACIS
percentage  intensity score, 8640 (3662) versus 2168 (1121),
P 5 0.002].
Sulforaphane metabolite distribution in human breast tissue
To determine whether sulforaphane is bioavailable in human breast
tissues, eight women undergoing reduction mammoplasty were enrolled in a proof of principle pilot study (Figure 2). All eight women
were African American. Their average age was 30 years (21–50) and
seven were pre-menopausal. Their mean pre-operative weight was
99 kg (68.3–158.8). They all consumed a broccoli sprout preparation
containing 200 lmol of sulforaphane on average 50 min (27–75) prior
to the start of surgery. As expected, the broccoli sprout preparation
was well tolerated. This dose and schedule were chosen because previous work demonstrated a peak plasma concentration of 2.0 lM
DTCs at 1 h after ingestion (29). The average time between the dose
and removal of the right and left breast tissue was similar, 93 ± 17 and
103 ± 33 min, respectively. The mean epithelial-/stromal-enriched
breast tissue DTC concentration was 1.45 ± 1.12 and 2.00 ± 1.95
pmol/mg tissue for the right and the left breast, respectively (Table I).
The mean pre-dose urinary DTC concentration was 4.07 ± 5.22 lM
with a level of 158.85 ± 93.89 lM obtained at the time of tissue
removal, consistent with isothiocyanate ingestion. The mean pre-dose
plasma DTC concentration was negligible (0.01 ± 0.02 lM), with
a post-dose level of 0.92 ± 0.72 lM.
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Immunohistochemical staining and scoring
Staining for HO-1 was carried out using the DakoCytomation EnVisionþ
System (DakoCytomation, Carpinteria, CA). Briefly, deparaffinized slides were
dehydrated and steamed, and endogenous peroxidase activity was quenched by
incubation with Dako’s dual endogenous enzyme block. Slides were washed and
incubated with Stressgen’s (Stressgen Bioreagents, Victoria, BC Canada) rabbit
anti-HO-1 polyclonal antibody (1:2000 dilution) followed by a secondary antirabbit antibody-coated polymer peroxidase complex. Substrate/chromogen (3,3#diaminobenzidine) was applied and slides were counterstained with Gill-2 hematoxylin. Slides were scanned and six regions per slide were quantitatively scored
using the ACIS II Automated Cellular Imaging System (Clarient, Aliso Viejo, CA)
as described previously (39). Negative controls utilizing rabbit serum and secondary antibody alone revealed no immunostaining in any tissues examined.

(40,41). Pharmacokinetic parameters were generated using WinNonlin by fitting the plasma data to a non-compartmental extravascular
input model (NCA Model 200) yielding an AUC of 491 h lmol/l,
Cmax of 60 lM, Kel of 0.1 h-1 and an elimination half-life of 6.7 h. The
peak plasma concentration was 3-fold higher than that reported by Hu
et al. (42) following oral administration of 50 lmol sulforaphane to
rats. These investigators also reported a shorter elimination half-life
(2.2 h) perhaps reflecting measures of sulforaphane itself, rather than
all of its biotransformation products (DTCs).
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Measurement of cytoprotective gene transcripts and NQO1 enzymatic
activity in human breast tissue
It was not possible to evaluate pharmacodynamic effect in breast
tissue because of the short interval between ingestion of the broccoli
sprouts preparation and breast resection. Nonetheless, it was possible
to detect NQO1 and HO-1 transcripts and NQO1 enzymatic activity in
the mammary tissue of all subjects. For NQO1, a mean DCt (NQO1–
GAPDH) of 4.50 ± 0.70 in the right breast and 4.23 ± 0.63 in the left
breast was determined. For HO-1, a mean DCt (HO-1–GAPDH) of
6.30 ± 0.41 in the right breast and 6.26 ± 0.34 in the left breast was
determined. The transcript levels were highly correlated (correlation
coefficient 5 0.78) between breasts for both NQO1 and HO-1. Mean
NQO1 enzymatic activity was determined with levels of 0.21 ± 0.1
mOD/lg/min in the right breast and 0.20 ± 0.1 mOD/lg/min in the
left breast.
Discussion
This study was carried out to investigate the pharmacokinetics and
pharmacodynamics of sulforaphane in the rat mammary gland with
hopes of identifying biomarkers that can be used to assess the chemopreventive efficacy of broccoli sprouts in human clinical trials. For the
first time, we measured sulforaphane metabolites in mammary tissue
from 10-week-old female Sprague–Dawley rats as early as 30 min
following a single oral 150 lmol dose of sulforaphane. This was
followed by significant induction of NQO1 and HO-1 cytoprotective
gene transcripts in the rat mammary gland. This response is consistent
with prior studies examining NRF2-mediated transcripts induced by
sulforaphane in the rodent small intestine and liver (42,45). The pattern and timing of induction varied between transcripts. The more
rapid and biphasic induction of HO-1 transcripts observed in the
mammary gland has been described previously in rat heart and liver.
The initial phase is likely mediated by the transcription factor AP-1
(46,47), whereas the subsequent induction, which peaked at 12 h, is
probably NRF2 mediated in conjunction with the catalytic subunit of
the SWI2/SNF2-like chromatin-remodeling complex, BRG1 (48). A
significant induction of mammary gland NQO1 enzymatic activity
was also observed, peaking 12 h after maximal NQO1 transcripts were
measured. The induction of NQO1 activity by sulforaphane was originally established in cultured murine hepatoma cells by Zhang et al.
(11) and recently further validated in vivo in the small intestine of
mice (45). The unimodal induction pattern of NQO1 is typical of
NRF2-regulated genes (49).
Of great importance is the necessity for any chemopreventive agent
to cause beneficial molecular changes not only in target tissues generally but also in at-risk cell populations specifically of these tissues.
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Table I. Human sulforaphane pharmacokinetics
Specimens (units)

Pre-dose

Post-dose

Breast tissue
(pmol/mg tissue)
Urine (lM)
Plasma (lM)

—

Left: 2.00 ± 1.95;
Right: 1.45 ± 1.12
158.85 ± 93.89
0.92 ± 0.72

4.07 ± 5.22
0.01 ± 0.02

Data, mean (n 5 8) ± SE.

In humans, .85% of invasive breast cancers originate in ductal epithelial cells (50). Using immunostaining assays, we were able to detect significant HO-1 induction in rat mammary ductal and glandular
epithelial cells 24 h after dosing. HO-1 was chosen as several studies
revealed little to no immunostaining in both normal human breast
tissue (http://www.proteinatlas.org) and established breast epithelial
cell lines (51). While immunostaining of NQO1 would have been
desirable, published data and pilot studies showed substantial
NQO1 staining in untreated rat and human mammary ductal epithelial
cells (52) minimizing the capacity to detect induction.
In a proof of principle clinical study, we were also able to demonstrate the presence of DTCs in human breast tissue after a single dose
of a broccoli sprout preparation containing 200 lmol of sulforaphane.
In addition, we have been able to measure NQO1 and HO-1 transcripts, as well as NQO1 enzymatic activity in human breast tissue.
Together, our studies demonstrate that sulforaphane distributes to the
breast epithelial cells in vivo and exerts a pharmacodynamic action in
these target cells consistent with its mechanism of chemoprotective
efficacy. Such efficacy, coupled with earlier randomized clinical trials
revealing the safety of repeated doses of broccoli sprout preparations
(27–31), supports further evaluation of broccoli sprouts in the chemoprevention of breast and other cancers.
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Preclinical and clinical evaluation of sulforaphane

P.T., J.W.F. and the Johns Hopkins University are founders, unpaid consultants
and equity holders in Brassica Protection Products LLC (BPP), a company that
is licensed by Johns Hopkins University to produce broccoli sprouts. These
parties may be entitled to royalty payments, and their equity in BPP is managed
according to university policy. P.T.’s son is the Chief Executive Officer of BPP.
A portion of any proceeds of BPP from broccoli sprout sales are used to
support cancer research, but no such funds were provided to support this study.
Conflict of Interest Statement: None declared.

References

1489

Downloaded from http://carcin.oxfordjournals.org by on August 27, 2010

1. Prevention of cancer in the next millennium: report of the chemoprevention
working group to the American Association for Cancer ResearchCancer
Res., 59, 4743–4758.
2. Kensler,T.W. et al. (1999) Development of cancer chemopreventive agents:
oltipraz as a paradigm. Chem. Res. Toxicol., 12, 113–126.
3. Sporn,M.B. (1996) The war on cancer. Lancet, 347, 1377–1381.
4. Yager,J.D. et al. (2006) Estrogen carcinogenesis in breast cancer. N. Engl.
J. Med., 354, 270–282.
5. Kensler,T.W. (1997) Chemoprevention by inducers of carcinogen detoxication enzymes. Environ. Health Perspect., 105, (suppl. 4), 965–970.
6. Hecht,S.S. (1999) Chemoprevention of cancer by isothiocyanates, modifiers of carcinogen metabolism. J. Nutr., 129, 768S–774S.
7. Conney,A.H. (1982) Induction of microsomal enzymes by foreign chemicals and carcinogenesis by polycyclic aromatic hydrocarbons: G.H.A.
Clowes memorial lecture. Cancer Res., 42, 4875–4917.
8. Miller,E.C. et al. (1966) Mechanisms of chemical carcinogenesis: nature of
proximate carcinogens and interactions with macromolecules. Pharmacol.
Rev., 18, 805–838.
9. Kwak,M.K. et al. (2004) Chemoprevention through the Keap1-Nrf2 signaling pathway by phase 2 enzyme inducers. Mutat. Res., 555, 133–148.
10. Fahey,J.W. et al. (1999) Antioxidant functions of sulforaphane: a potent
inducer of Phase II detoxication enzymes. Food Chem. Toxicol., 37,
973–979.
11. Zhang,Y. et al. (1992) A major inducer of anticarcinogenic protective enzymes from broccoli: isolation and elucidation of structure. Proc. Natl
Acad. Sci. USA, 89, 2399–2403.
12. Zhang,Y. et al. (1996) Quantitative determination of isothiocyanates,
dithiocarbamates, carbon disulfide, and related thiocarbonyl compounds
by cyclocondensation with 1,2-benzenedithiol. Anal. Biochem., 239,
160–167.
13. Dinkova-Kostova,A.T. et al. (2000) Persuasive evidence that quinone
reductase type 1 (DT diaphorase) protects cells against the toxicity of
electrophiles and reactive forms of oxygen. Free Radic. Biol. Med., 29,
231–240.
14. Alam,J. et al. (1999) Nrf2, a Cap’n’Collar transcription factor, regulates
induction of the heme oxygenase-1 gene. J. Biol. Chem., 274, 26071–26078.
15. Itoh,K. et al. (1997) An Nrf2/small Maf heterodimer mediates the induction
of phase II detoxifying enzyme genes through antioxidant response elements. Biochem. Biophys. Res. Commun., 236, 313–322.
16. Zhang,Y. et al. (1994) Anticarcinogenic activities of sulforaphane and
structurally related synthetic norbornyl isothiocyanates. Proc. Natl Acad.
Sci. USA, 91, 3147–3150.
17. Fahey,J.W. et al. (1997) Broccoli sprouts: an exceptionally rich source of
inducers of enzymes that protect against chemical carcinogens. Proc. Natl
Acad. Sci. USA, 94, 10367–10372.
18. Singletary,K. et al. (2000) Inhibition of benzo[a]pyrene- and 1,6dinitropyrene-DNA adduct formation in human mammary epithelial cells
by dibenzoylmethane and sulforaphane. Cancer Lett., 155, 47–54.
19. Jackson,S.J. et al. (2004) Sulforaphane inhibits human MCF-7 mammary
cancer cell mitotic progression and tubulin polymerization. J. Nutr., 134,
2229–2236.
20. Jackson,S.J. et al. (2004) Sulforaphane: a naturally occurring mammary
carcinoma mitotic inhibitor, which disrupts tubulin polymerization.
Carcinogenesis, 25, 219–227.
21. Tseng,E. et al. (2004) Dietary organic isothiocyanates are cytotoxic in
human breast cancer MCF-7 and mammary epithelial MCF-12A cell lines.
Exp. Biol. Med. (Maywood), 229, 835–842.
22. Wang,W. et al. (2005) Sulforaphane, erucin, and iberin up-regulate thioredoxin reductase 1 expression in human MCF-7 cells. J. Agric. Food Chem.,
53, 1417–1421.
23. Ambrosone,C.B. et al. (2004) Breast cancer risk in premenopausal women
is inversely associated with consumption of broccoli, a source of

isothiocyanates, but is not modified by GST genotype. J. Nutr., 134,
1134–1138.
24. Fowke,J.H. et al. (2003) Urinary isothiocyanate excretion, Brassica consumption, and gene polymorphisms among women living in Shanghai,
China. Cancer Epidemiol. Biomarkers Prev., 12, 1536–1539.
25. Terry,P. et al. (2001) Brassica vegetables and breast cancer risk. JAMA,
285, 2975–2977.
26. Kelloff,G.J. et al. (2000) Progress in cancer chemoprevention: development
of diet-derived chemopreventive agents. J. Nutr., 130, 467S–471S.
27. Shapiro,T.A. et al. (1998) Human metabolism and excretion of cancer
chemoprotective glucosinolates and isothiocyanates of cruciferous vegetables. Cancer Epidemiol. Biomarkers Prev., 7, 1091–1100.
28. Shapiro,T.A. et al. (2001) Chemoprotective glucosinolates and isothiocyanates of broccoli sprouts: metabolism and excretion in humans. Cancer
Epidemiol. Biomarkers Prev., 10, 501–508.
29. Ye,L. et al. (2002) Quantitative determination of dithiocarbamates in human plasma, serum, erythrocytes and urine: pharmacokinetics of broccoli
sprout isothiocyanates in humans. Clin. Chim. Acta, 316, 43–53.
30. Kensler,T.W. et al. (2005) Effects of glucosinolate-rich broccoli sprouts on
urinary levels of aflatoxin-DNA adducts and phenanthrene tetraols in a randomized clinical trial in He Zuo township, Qidong, People’s Republic of
China. Cancer Epidemiol. Biomarkers Prev., 14, 2605–2613.
31. Shapiro,T.A. et al. (2006) Safety, tolerance, and metabolism of broccoli
sprout glucosinolates and isothiocyanates: a clinical phase I study. Nutr.
Cancer, 55, 53–62.
32. Russo,I.H. et al. (1978) Developmental stage of the rat mammary gland as
determinant of its susceptibility to 7,12-dimethylbenz[a]anthracene. J. Natl
Cancer Inst., 61, 1439–1449.
33. Ormerod,E.J. et al. (1984) Cellular composition and organization of ductal
buds in developing rat mammary glands: evidence for morphological intermediates between epithelial and myoepithelial cells. Am. J. Anat., 170,
631–652.
34. Livak,K.J. et al. (2001) Analysis of relative gene expression data using realtime quantitative PCR and the 2(-Delta Delta C(T)) method. Methods, 25,
402–408.
35. Spencer,S.R. et al. (1990) Induction of glutathione transferases and
NAD(P)H:quinone reductase by fumaric acid derivatives in rodent cells
and tissues. Cancer Res., 50, 7871–7875.
36. Posner,G.H. et al. (1994) Design and synthesis of bifunctional isothiocyanate analogs of sulforaphane: correlation between structure and potency as
inducers of anticarcinogenic detoxication enzymes. J. Med. Chem., 37,
170–176.
37. Ye,L. et al. (2001) Total intracellular accumulation levels of dietary isothiocyanates determine their activity in elevation of cellular glutathione
and induction of Phase 2 detoxification enzymes. Carcinogenesis, 22,
1987–1992.
38. Smith,P.K. et al. (1985) Measurement of protein using bicinchoninic acid.
Anal. Biochem., 150, 76–85.
39. Messersmith,W. et al. (2005) Assessment of epidermal growth factor receptor (EGFR) signaling in paired colorectal cancer and normal colon
tissue samples using computer-aided immunohistochemical analysis. Cancer Biol. Ther., 4, 1381–1386.
40. Zhang,Y. et al. (1995) Reversible conjugation of isothiocyanates with glutathione catalyzed by human glutathione transferases. Biochem. Biophys.
Res. Commun., 206, 748–755.
41. Zhang,Y. (2000) Role of glutathione in the accumulation of anticarcinogenic isothiocyanates and their glutathione conjugates by murine hepatoma
cells. Carcinogenesis, 21, 1175–1182.
42. Hu,R. et al. (2004) In vivo pharmacokinetics and regulation of gene expression profiles by isothiocyanate sulforaphane in the rat. J. Pharmacol.
Exp. Ther., 310, 263–271.
43. Prochaska,H.J. et al. (1988) Direct measurement of NAD(P)H:quinone reductase from cells cultured in microtiter wells: a screening assay for anticarcinogenic enzyme inducers. Anal. Biochem., 169, 328–336.
44. Prochaska,H.J. et al. (1992) Rapid detection of inducers of enzymes
that protect against carcinogens. Proc. Natl Acad. Sci. USA, 89,
2394–2398.
45. Thimmulappa,R.K. et al. (2002) Identification of Nrf2-regulated genes
induced by the chemopreventive agent sulforaphane by oligonucleotide
microarray. Cancer Res., 62, 5196–5203.
46. Raju,V.S. et al. (1994) Coordinated expression and mechanism of induction
of HSP32 (heme oxygenase-1) mRNA by hyperthermia in rat organs.
Biochim. Biophys. Acta, 1217, 273–280.
47. Hartsfield,C.L. et al. (1997) Regulation of heme oxygenase-1 gene expression in vascular smooth muscle cells by nitric oxide. Am. J. Physiol., 273,
L980–L988.

B.S.Cornblatt et al.

48. Zhang,J. et al. (2006) BRG1 interacts with Nrf2 to selectively mediate HO1 induction in response to oxidative stress. Mol. Cell. Biol., 26, 7942–7952.
49. Primiano,T. et al. (1996) Isolation of cDNAs representing dithiolethioneresponsive genes. Carcinogenesis, 17, 2297–2303.
50. Brenton,J.D. et al. (2001) Molecular profiling of breast cancer: portraits but
not physiognomy. Breast Cancer Res., 3, 77–80.
51. Andreadi,C.K. et al. (2006) Involvement of Nrf2, p38, B-Raf, and nuclear
factor-kappaB, but not phosphatidylinositol 3-kinase, in induction

of hemeoxygenase-1 by dietary polyphenols. Mol. Pharmacol., 69,
1033–1040.
52. Siegel,D. et al. (2000) Immunodetection of NAD(P)H:quinone oxidoreductase 1 (NQO1) in human tissues. Free Radic. Biol. Med., 29,
246–253.
Received November 30, 2006; revised February 4, 2007;
accepted February 22, 2007

Downloaded from http://carcin.oxfordjournals.org by on August 27, 2010

1490

