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of Mouse Prostate (TRAMP) Mice: Implication of Induction of Nrf2, HO-1
and Apoptosis and the Suppression of Akt-dependent Kinase Pathway
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Purpose. In the present study, we have evaluated the pharmacokinetics and the in vivo prostate
chemopreventive activity of broccoli sprouts.
Methods. The in vivo pharmacokinetic profiles of sulforaphane (SFN) and SFN- glutathione (GSH)
conjugate in rats after oral administration of 200 mg and 500 mg broccoli sprouts were analyzed. Next,
8-week old TRAMP mice were fed with dietary broccoli sprouts at two dosages (60 and 240 mg/mouse/
day) for 16 weeks, and the mice were sacrificed to examine the pharmacodynamic response on prostate
tumor and some biomarkers.
Results. SFN was readily released and conjugated with GSH in the rats after oral administration of
broccoli sprouts. TRAMP mice fed with 240 mg broccoli sprouts/mouse/day exhibited a significant
retardation of prostate tumor growth. Western blot analysis revealed that the expression levels of Nrf2,
HO-1, cleaved-Caspase-3, cleaved-PARP and Bax proteins were increased, but that of Keap1 and Bcl-
XL proteins were decreased. In addition, the phosphorylation and/or the expression level of Akt and its
downstream kinase and target proteins, e.g. mTOR, 4E-BP1 and cyclin D1, were reduced.
Conclusions. Our findings indicate that broccoli sprouts can serve as a good dietary source of SFN in vivo
and that they have significant inhibitory effects on prostate tumorigenesis.
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INTRODUCTION

Prostate cancer is a multi-step molecular pathogenesis,
induced by genetic and epigenetic changes that disrupt the
cellular balance, such as proliferation, apoptosis, differentia-
tion, and senescence (1). Prostate cancer currently represents
a major clinical and public health challenge in the United
States with a lifetime risk of being diagnosed with this disease
approximately 13% (2), and, therefore, early detection and/or
prevention of prostate cancer are necessary to ensure the
quality of life in men (3). It has been thought that regular

consumption of certain chemopreventive agents might inhibit
prostate carcinogenesis in human. However, such clinical
evidence has been unavailable until the completion of the
Prostate Cancer Prevention Trial (PCPT), a large-scale
population-based clinical trial that was launched by the
National Cancer Institute (NCI) to test the efficacy of
finasteride as a prostate chemopreventive agent (4). The
most notable finding of this study was that the subjects who
received finasteride developed a lower incidence of prostate
cancer compared to those who received placebo, demonstrat-
ing for the first time that prostate cancer can indeed be
inhibited by chemopreventive agent in humans. However, it
was also observed that the incidence of invasive tumors was
higher in the subjects that received finasteride compared to
those who received the placebo. This issue makes the
urologists reluctant to recommend finasteride as a possible
prostate chemopreventive agent and strongly justifies addi-
tional efforts to explore safer and stronger prostate chemo-
preventive agent(s).

A number of case-controlled studies yield some modest
support for the preventive effects of cruciferous vegetables
against human prostate tumorigenesis (5). Chemoprotective
effects of cruciferous vegetables are largely attributable to the
dietary intake of glucosinolates, which are converted into
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isothiocyanate metabolites in the body by the enzymatic
action of plant-specific myrosinase and/or gut microflora (6).
Sulforaphane (SFN; 4-methylsulfinylbutyl isothiocyanate) is a
naturally-occurring isothiocyanate, which was first isolated
and identified as a major principal inducer of quinone
reductase (QR) in broccoli (7). Follow-up studies have
demonstrated that SFN exerts significant inhibitory effects
on the growth of prostate cancer cells via diverse cellular
mechanisms, including the induction of apoptosis, cell-cycle
arrest and phase II detoxifying enzymes, beneficial modula-
tion of NF-κB and AP-1 and inhibition of histone deacetylase
(8,9). In particular, young broccoli sprouts are an exception-
ally rich source of dietary SFN in that they contain
glucoraphanin, the glucosinolate precursor of SFN around
20–50 times higher than mature market-stage broccoli (10). A
clinical study conducted with 200 healthy individuals in
Qidong, People’s Republic of China has demonstrated that
daily administration of hot-water extracts of broccoli sprouts
significantly reduced the level of aflatoxin-DNA adduct
(aflatoxin-N7-guanine) and anti-phenanthrene (anti-PheT)
in the urine, potentially useful biomarkers of carcinogen
metabolites, implying that broccoli sprouts might have
chemopreventive activities in humans (11). In the present
study, we conducted in vivo pharmacokinetic analysis of
broccoli sprouts in rats and evaluated the in vivo pharmaco-
dynamic efficacy of broccoli sprouts against the prostate
tumorigenesis in TRAMP mice.

MATERIALS AND METHODS

Chemicals and Reagents

SFN (purity >99%)was purchased fromLKTLaboratories
(St. Paul, MN). SFN-GSH (>95% purity) was chemically
synthesized at Rutgers University. Other chemicals used in the
study were all analytic grade unless specified.

Preparation of Broccoli Sprouts Diet

Broccoli sprouts were provided by Rick J Research
Company (Columbus, OH). The source of broccoli seeds
used in our experiment was Caudill Seed Co. (Louisville,
KY). The seeds were sprouted with a stream of water under a
high pressure (about 100+psi) and under a 400 watt HID
lighting source with a constant humidity and temperature
environment. After sprouting the seeds, the sprouts were
harvested and dried using the same light used in the sprouting
phase. The dried sprouts were then ground into a fine powder
by pestle and mortar after freezing with liquid nitrogen and
were mixed with AIN-76 diet pellets by the Diets Inc.
(Bethelehem, PA). Both control AIN-76A diet or exper-
imental diets, e.g. AIN-76 diets with broccoli sprouts, were
stored at −20°C until the start of the experiment.

Determine the Contents of Broccoli Sprouts

To determine the contents of SFN and its glutathione
conjugate SFN-GSH in the milled broccoli sprouts powder,
40 mg of the dried broccoli sprouts powder was extracted
using methanol:water (70:30 v:v) using the method described
by Tian et al. (12). Briefly, 40 mg of dried broccoli sprouts

powder was sonicated for 30 min at 70°C in 0.75 ml of 70%
methanol aqueous solution. After cooling in an ice bath, the
supernatant of the extracts was collected by centrifugation at
15,000g for 15 min and then filtered through a 0.2-μm nylon
filter (Waters Associates, Milford, MA). The extraction
procedure was repeated three times, and the supernatants
were combined. All the supernatants were transferred to a
glass vial and dried under nitrogen gas. The dried samples
were reconstituted in 750 μL deionized water and filtered
through 0.2-μm nylon filters for analysis. An aliquot of 40 μL
of the reconstituted sample was injected and subjected for
LC/MS/MS analysis. MicroMass Quattro Ultima tandem mass
spectrophotometer equipped with MassLynx software was
used for the detection. The content of SFN precursor
glucoraphanin was not determined when we prepared the
diet because its authentic standard was not commercially
available at the time.

Pharmacokinetic Study of Broccoli Sprouts

Male Sprague-Dawley rats (250-300 g in body weight)
implanted with a jugular vein cannulation were purchased
from Hilltop Animal Laboratory (Scottdale, PA). Animals
were housed at the Animal Care Facility of Rutgers
University, where they were acclimatized for two days and
fed ad libitum. Rats were starved overnight before starting
the experiment, and samples (300µl) of systemic blood were
obtained via jugular vein cannula at pre-dose and 0.25, 0.5, 1,
1.5, 2, 3, 4, 6, 12, and 24 h post-dose after oral gavage of
broccoli sprouts. Blood was collected into heparinized
syringes, immediately separated by centrifugation and stored
at -20°C until further analysis. 50µl of plasma was extracted
with 400µl methanol containing 0.5% formic acid and mixed
for 4 min at room temperature. The upper layer was then
transferred to a clean tube after centrifugation at 10,000g for
5 min and evaporated to dryness under a stream of nitrogen
gas at room temperature. The obtained residue was recon-
stituted in 100µl of acetonitrile/water (50:50, v/v), filtered
through a 0.45µm Nylon spin-filter (Analytical Sales, NJ) and
transferred into auto-sampler vial for LC/MS/MS analysis.
Similarly to above, MicroMass Quattro Ultima tandem mass
spectrophotometer equipped with MassLynx software was
used for the detection and quantification of the eluted
analytes. The plasma concentration data were analyzed by
non-compartmental pharmacokinetic analyses using WinNon-
lin 5.2 software (Pharsight, Mountain View, CA). The area
under the plasma concentration versus time (AUC0−t) from
time zero to the time of the last measured concentration (Clast)
was calculated using the log-linear trapezoidal rule. Compart-
mental analysis was performed with GastroPlus 6.0 (Simula-
tions, CA) to calculate the absorption rate constant (ka). The
AUC0−∞ was calculated using the following equation, where
the AUC0−tlast was calculated using the linear trapezoidal rule.

AUC0�1 ¼ AUC0�tlast þ Ctlast

kel

Design of TRAMP Mouse Experiment

Male TRAMP mice in pure C57BL/6 background were
bred in the animal facility of Rutgers University as described
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previously (13,14). All mice were maintained in a climate-
controlled environment with a 12-h light/ 12-h dark cycle.
After weaning at 3 to 4 weeks of age, tail DNA was clipped
and used to determine the presence of the transgene T-
antigen by polymerase chain reaction (PCR)-based DNA
screening (15). Eight-week-old transgenic mice were ran-
domly grouped and started to receive 3 g of control AIN76A
diet pellet or 3 g of experimental AIN76A diet pellets,
containing 2% (60 mg) and 8% (240 mg) broccoli sprouts.
After 16 weeks, mice were sacrificed, and the weight of
genitourinary apparatus (GU) consisting of the seminal
vesicles, prostate and bladder was isolated for further
analysis. During the course of experiment, each mouse was
weighed once a week, and animal handling was conducted to
monitor its general health in accordance with the established
guidelines and protocols approved by Rutgers’s Animal Care
and Use committee.

Western Blotting and Antibodies

Prostate tumors dissected from mice in each treatment
groupwereweighed, pooled and lyzedwithRIPAbuffer [50mM
NaCl, 0.5%TritonX−100, 50mMTris-HCl, pH 7.4, 25mMNaF,
20 mM EGTA, 1 mM DTT, 1 mM Na3VO4, protease inhibitor
cocktail tablet (Roche, Mannheim, Germany)] at a concentra-
tion of 10µg/ml for 40 min on ice, followed by centrifugation at
14,800×g for 15 min. The protein concentration of supernatant
was measured by BCA solution (Pierce, Rockford, IL). Pooled
protein samples were electrophoresed with 4–12% gradient gel
and transferred onto polyvinylidene difluoride (PVDF) mem-
brane. The membrane was blocked with 5% non-fat dry milk in
0.1% Tween-20 in PBS (PBST) for 1 h and incubated with
primary antibody in 3% non-fat dry milk PBS overnight at 4°C.
After three 10-min washes with 1x PBST, the membrane was
then incubated with horseradish peroxidase-conjugated secon-
dary antibody in 3% non-fat dry milk-PBS for 1 h at room
temperature and washed with 1x PBST three times. The
transferred proteins were visualized with the Super Signal
chemiluminescent substrate (Pierce, Rockford, IL), and the
intensity of the visualized bands was quantified with Quantity
One software (Bio-Rad, Hercules, CA). Polyclonal antibodies
against Nrf2 (57 KDa), Keap1 (70 kDa), HO-1 (32 kDa) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Polyclonal antibodies against Bax (23 kDa), Bcl-XL(30 kDa),
Akt (60 kDa), mTOR (289 kDa), 4E-BP1 (20 kDa), cleaved
Caspase-3 (19 kDa), cleaved PARP (89 kDa) and phospho-
specific Akt (Ser-473), mTOR (Ser- 2448), 4E-BP1 (Ser-65)
antibodies were purchased from Cell Signaling Technology
(Beverly, MA). Antibody against cyclin D1 (36 kDa) was
purchased from Upstate Biotechnology (Lake Placid, NY).

RESULTS

Pharmacokinetic Profile of SFN and SFN-GSH After Oral
Administration of Broccoli Sprouts in Rats

We have evaluated the in vivo pharmacokinetics of SFN
and SFN-GSH conjugatein rats after oral administrations of
broccoli sprouts. The milled broccoli sprouts powder used in
the pharmacokinetic studies contains 104µg (0.59µmol) of
SFN and 108µg (0.22 μmol) of SFN-GSH per gram of dried

powder. The content of SFN precursor glucoraphanin was not
determined in this study. The mean plasma-concentration
time profiles of SFN in rats after oral administration of
broccoli sprouts are shown in Fig. 1 (upper panel), and the
summary of the pharmacokinetic parameters is shown in
Table I. Likewise, the mean plasma-concentration time
profiles of SFN-GSH conjugate and the summary of pharma-
cokinetic parameters are shown in Fig. 1 (lower panel) and
Table II, respectively. The first-order absorption rate constant
ka of SFN after dosing broccoli sprouts at a dose of 200 mg
was 0.68 h−1 (Table I), which suggests the rapid conversion of
glucoraphanine to SFN by rat gut microflora followed by fast
absorption. At the doses of 200 mg and 500 mg broccoli
sprouts, the Cmax of SFN was 121.3±22.6 ng/ml and 183.9±
75.7 ng/ml and Tmax was about 1 h and 1.5 h in rats (Table I).
The AUC of SFN was 688.5±10.6 ng*h/ml (200 mg broccoli
sprouts) and 1341.1±368.4 ng*h/ml (500 mg broccoli sprouts),
and T1/2 of SFN was 4.6±1.1 h (200 mg broccoli sprouts) and
3.2±0.5 h (500 mg broccoli sprouts). On the other hand, for
SFN-GSH, the Cmax (451±77.3 ng/ml for 200 mg broccoli
sprouts and 567±270 ng/ml for 500 mg broccoli sprouts) and
AUC (1937±581 ng*h/ml at 200 mg broccoli sprouts and
5171±2068 ng*h/ml at 500 mg broccoli sprouts) (Table II)
were approximately 3–4 times higher than that of SFN. The
Tmax of SFN and SFN-GSH at 200 mg dose of broccoli
sprouts was identical (1.0±0.5 h). Although Tmax of SFN-
GSH was higher (2.6±1.6 h) than that of SFN (1.5±0.5 h) at
500 mg dose of broccoli sprouts, it was not statistically
significant. Collectively, these data demonstrate that broccoli

0

100

200

300

400

500

600

700

800

900

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (h)

S
u

lf
o

ra
p

h
an

e-
G

S
H

 (
n

g
/m

l) 200mg/rat

500mg/rat

1

10

100

1000

0 2 4 6 8 10 12

Time (h)

S
u

lf
o

ra
p

h
an

e 
(n

g
/m

l)

500 mg/rat

200 mg/rat

Fig. 1. The plasma concentration profile of SFN (upper panel) and
SFN-GSH (lower panel) after administration of broccoli sprouts. Rats
were dosed with 200 mg and 500 mg broccoli sprouts by oral gavage.
The data are expressed as mean±SD, n=4.
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sprouts can provide a good dietary source of the chemo-
preventive SFN compound in vivo.

Dietary Feeding of Broccoli Sprouts Inhibits the Growth
of Prostate Cancer in TRAMP Mice

In order to examine whether dietary administration by
feeding of broccoli sprouts could affect the growth of prostate
tumor in vivo, 8-week-old male TRAMP mice were fed with
3 g of control AIN-76A diet or 3 g of experimental AIN -76A
diets, containing 2% and 8% broccoli sprouts per day, in
which the daily amount of dietary broccoli sprouts is
equivalent to 60 mg broccoli sprouts/mouse (2% broccoli
sprouts group) and 240 mg broccoli sprouts/mouse (8%
broccoli sprouts group), respectively (Fig. 2). During the
course of study, mice were regularly inspected and weighed to
monitor general health. While there was an overall gain of
weight in TRAMP mice, we found no significant changes in
body weight between TRAMP mice in the control diet and
the experimental diet (data not shown). After 16 weeks of
feeding, all the TRAMP mice were sacrificed, and the effects
of broccoli sprouts on the growth of prostate tumors were
evaluated by measuring the weight of GU seminal vesicle
complex. As seen in Fig. 3, statistical analysis revealed that
dietary administration of broccoli sprouts at a higher dose
(8% broccoli sprouts diet) significantly retarded the growth of
prostate tumors in TRAMP mice (p=0.006), but that of
broccoli sprouts at a lower dose (2% broccoli sprouts diet)
minimally suppressed it (p = 0.062), suggesting that broccoli
sprouts have prostate tumor growth inhibitory effects in
TRAMP mice.

Broccoli Sprouts Induce the Expression of Nrf2, HO-1
and Apoptosis in the Prostate of TRAMP Mice

Stimulation of cellular detoxification and antioxidant
enzyme systems is currently regarded as a rational and
effective strategy to protect the cells against inflammatory
processes and/or oxidative tissue damages (16). Therefore, the
induction of phase II detoxifying and antioxidant enzymes,
such as glutathione S-transferases (GSTs), NAD(P)H:quinone
oxidoreductase 1 (NQO1), UDP-glucuronosyltransferase
(UDPGT), γ-glutamate cysteine ligase/synthetase (γ-GCL/
GCS), and hemeoxygenase-1 (HO-1) have gained much
attention as novel molecular targets for chemoprevention
(17). Coordinated expression of these enzymes is mediated,
at least in part, by a cis-acting element existing in the upstream
promoter region of these genes, antioxidant response element

(ARE) and its transactivator, NF-E2-related factor-2 (Nrf2)
(18). In order to examine whether activation of Nrf2/ARE
pathway might have contributed to the suppression of prostate
carcinogenesis by broccoli sprouts, we have pooled the
prostate samples of TRAMP mice and performed Western
blotting with polyclonal Nrf2, Keap1 and HO-1 antibodies. As
seen in Fig. 4, we found that the broccoli sprouts significantly
induced the expression of HO-1 protein in the prostate lysates
of TRAMP mice. The induction of HO-1 protein was closely
correlated with the induction of Nrf2 protein as well as the
suppression of Keap1 protein, implying that the induction of
Nrf2 and HO-1 protein and the suppression of Keap1 proteins
by broccoli sprouts might have contributed to the suppression
of prostate tumor growth in TRAMP mice.

Programmed cell death (apoptosis) is a natural process
that controls excessive proliferation by removing unwanted
cells with harmful mutations and or cells with critical
alterations in vital biological processes (19). In fact, dereg-
ulation of apoptosis is frequently observed in most types of
human cancer, and a variety of chemopreventive agents are
reported to exert their anti-proliferative or cytostatic effects,
in part, by induction of apoptosis (20). As seen in Fig. 4, we
found that administration of broccoli sprouts resulted in the
activation of Caspase-3 and PARP proteins in the prostate of
TRAMP mice. Activation of Caspase-3 and PARP proteins
was closely associated with the induction of Bax protein and
the suppression of Bcl-XL protein, both of which are
important regulators of mitochondria-mediated apoptosis
pathway. Our data support the notion that apoptotic induc-
tion by broccoli sprouts might be another mechanism
contributing to prostate tumor growth suppression.

Dietary Broccoli Sprouts Suppress Akt-Dependent Signaling
Pathway in the Prostate of TRAMP Mice

Protein synthesis is an energetically expensive and tightly
regulated and controlled process at the level of initiation by
modification of the eukaryotic initiation factors (eIFs), and
the Akt/mTOR signaling pathway has emerged as an
important regulator of protein synthesis due to its control in
cap-dependent mRNA translation (21). In fact, Akt/mTOR
signaling pathway is overactivated in a wide range of tumor
cell types, and, therefore, blockade or interruption of this
signaling cascade is currently considered as a novel strategy of
chemoprevention and/or chemotherapeutics (22). As seen in
Fig. 5, we found that dietary administration of broccoli
sprouts at a higher dosage (8% broccoli sprouts), but not at
a lower dosage (2% broccoli sprouts), considerably inhibited
the phosphorylation of Akt protein in the pooled prostate

Table I. Pharmacokinetic Parameters of SFN after a Single Oral
Administration of 200 mg and 500 mg of Broccoli Sprouts. N=4

Dose (mg) 200 500

AUC0-∞(ng•hr/mL) 688.5±10.6 1341.1±368.4
AUC0-∞/dose
(ng•hr/mL/ mg) 3.4±0.5 2.7±0.7
Tmax (hr) 1.0±0.5 1.5±0.5
Cmax (ng/mL) 121.3±22.6 183.9±75.7
T½ (hr) 4.6±1.1 3.2±0.5
ka (hr−1) 0.68 0.27

Table. II. Pharmacokinetic Parameters of SFN-GSH after a Single
Oral Administration of 200 mg and 500 mg of Broccoli Sprouts. N=4

Dose (mg) 200 500

AUC0-∞(ng•h/ml) 1937±581 5171±2068
AUC0-∞/dose
(ng•h/ml/ mg) 9.7±2.9 10.3±4.1
Tmax (h) 1.0±0.5 2.6±1.6
Cmax (ng/ml) 451±77.3 567±270
T½ (h) 2.6±1.1 3.6±0.8
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samples of TRAMP mice. It appears that the inhibitory effect
of a higher dosage of broccoli sprouts on Akt protein activity
was efficiently translated into the downstream targets because
phosphorylation of mTOR and 4E-BP1, two important Akt
down-stream kinase proteins, was also notably attenuated.
Because Akt prevents proteosomal degradation of cyclin D1
by phosphorylating and inhibiting the activity of GSK-3β
that allows cyclin D1 to accumulate (23), it is plausible to
speculate that the suppression of Akt activity by broccoli
sprouts might account in part for the reduced expression of
cyclin D1 in the prostate of TRAMP mice. Together, our data
demonstrate that notable suppression of prostate tumor

growth by broccoli sprouts at the higher dosage of broccoli
sprouts, but not at a lower dosage of broccoli sprouts, could
be attributable, at least in part, to the inhibition of Akt-
dependent signaling cascade, resulting in the suppression of
protein translation (mTOR and 4E-BP1) and cell cycle
progression (cyclin D1).

DISCUSSION

In the present study, we have conducted the pharmaco-
kinetic analysis of SFN and SFN-GSH conjugate after oral
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Fig. 2. Scheme of TRAMP mice experiment with the broccoli sprouts.
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administration of broccoli sprouts in rats. Following oral
administration of 200 mg and 500 mg broccoli sprouts, peak
plasma concentration of SFN and SFN-GSH conjugate
occurred around 1–2 h with a ka of 0.68 h−1 (200 mg) and
0.27 h−1, respectively (Table I). The conjugation of SFN with
GSH might have been enzymatically saturated at the high
dose in rats, since the Cmax and AUC values of SFN were
proportionally increased (from 121 ng/ml to 183 ng/ml and
from 688 ng∙hr/mL to 1341 ng∙hr/mL), but that of SFN-GSH
was not (from 451 ng/ml to 567 ng/ml and from 1937 ng∙hr/mL
to 5171 ng∙hr/mL) dose-proportionally increased from 200 mg
and 500 mg broccoli sprouts (Tables I and II). Although we
did not measure the amount of glucoraphanin in the dried
broccoli sprouts powder used in our study, there are literature
reports indicating that fresh broccoli sprouts contain about
1.33 μmol/g of glucoraphanin, while various sources of
broccoli sprout seeds contain 30–105 μmol/g of glucoraphanin
(12)(24). Using a conservative estimation that the dried
broccoli sprouts powder used in our current study would
contain about 10 μmol/g of glucoraphanin, and since the
content of SFN and SFN-GSH were 0.59 and 0.22 μmol/g of
dried broccoli sprouts, the results are consistent with liter-
ature findings indicating that SFN primarily exists in broccoli
sprouts as its precursor. The results also suggest that there
was only minor conversion of glucoraphanin to SFN during
the preparation process. Based on this information, we
postulate that upon oral administration of the powder of
broccoli sprouts, SFN would be released from broccoli
sprouts through the gut microflora-mediated glucoraphanin
conversion process, metabolized to form GSH conjugate and
then eliminated in vivo according to the classical metabolic
pathway for isothiocyanates, e.g. the mercapturic acid metab-
olism pathway. In addition, we observed that the Cmax and
AUC of SFN were much lower than those of SFN-GSH, but
both SFN and SFN-GSH had similar Tmax values (Tables I

and II). Furthermore, we had also performed a preliminary
pharmacokinetic study in which each mouse was given
200 mg doses of broccoli sprouts orally, and we found that
SFN reached a Cmax value of about 68 ng/ml while the Cmax
of SFN-GSH was 1,787 ng/ml (data not shown). The
observation of higher concentration of SFN-GSH than SFN
in the mouse after oral dosing of broccoli sprouts is
consistent with the results from the rat pharmacokinetic
study. Importantly, if the estimated content of glucorapha-
nin was 10 μmol/g in the broccoli sprouts used in the current
study, then the estimated SFN-equivalent doses would be 40
and 160 ppm in 2% (60 mg/mouse/day) and 8% (240 mg/
mouse/day) broccoli sprouts diet, respectively. However,
since the Cmax of SFN and SFN-GSH after oral dosing of
200 mg broccoli sprouts in the mouse pilot pharmacokinetic
study are comparable to our previous study of SFN in
Apcmin/+ mice (25), in which the steady state concentra-
tions of SFN and SFN-GSH were 68 and 347 ng/ml with the
600 ppm SFN diet group, these results again suggest that the
glucoraphanin content in the broccoli sprouts powder would
be higher than 10 μmol/g.

The experimental demonstration of exact molecular
mechanisms underlying prostate carcinogenesis prevention
in vivo by naturally-occurring or synthetic chemopreventive
compounds has been hampered, largely due to the lack of the
appropriate experimental animal system(s) that faithfully
recapitulate human prostate carcinogenesis (26). Given the
limitations of many transgenic prostate cancer mouse models,
it is possible that TRAMP mice might serve as a useful model
for testing the chemopreventive efficacy of broccoli sprouts
since prostate cancer in TRAMP mice arises from normal
cells in their natural tissue microenvironment, progresses
through multiple stages, as it does in human cancer, and
closely mimics human prostate carcinogenesis in terms of
pathologic features and lethality (27). In addition, no
exogenous chemical carcinogens and hormones are required
to induce prostate carcinogenesis, since prostate carcino-
genesis in TRAMP mice is mediated by the prostate-specific
rat probasin promoter (−426 to +28) driving the expression of
SV40-T- antigen-coding region. Furthermore, TRAMP mice
reproducibly produce PIN and prostate cancer and, more
importantly, will develop not only primary prostate tumors
but also metastasize to other organs, such as liver, lung and
lymph node. A number of promising chemopreventive
substances, such as green tea polyphenols (28), nonsteroidal
anti-inflammatory drugs (29), celecoxib (30), 2-methoxyestra-
diol (31), silibinin (32), SFN (33), PEITC and curcumin (14)
as well as tocopherols (13) have been tested and shown to
inhibit the growth of prostate tumors in TRAMP mice. In
agreement with these observations, we found that dietary
administration of broccoli sprouts at a high dosage (8%
broccoli sprouts) significantly attenuated prostate tumor
development in TRAMP mice, while that of broccoli sprouts
with a lower dosage (2% broccoli sprouts) was minimally
suppressive (Fig. 3). Using Western blot analysis, we have
found that tumor growth suppression in TRAMP mice was
associated not only with the activation of Nrf2/ARE-signaling
cascade, i.e. the induction of Nrf2 and HO-1 proteins and the
suppression of Keap1 protein, but also with the activation of
mitochondria-mediated apoptotic pathway, i.e. activation of
Caspase-3 and PARP proteins via an increase in Bax protein
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p-Akt

4E-BP1

p-mTOR
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Fig. 5. Effect of dietary broccoli sprouts on the expression and/or
phosphorylation of Akt and its downstream protein targets in the
prostate tissue of TRAMP mice. After sacrifice, prostate tissues of
TRAMP mice were pooled and subject to Western blot analysis using
wild-type or phospho-specific Akt, mTOR, 4E-BP and wild-type
cyclin D1 antibodies. Please note that Western blot analysis was
conducted with the same prostate lysates used in Fig. 4.
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and a decrease in Bcl-XL protein (Fig. 4). While there are no
in vivo studies reported yet to demonstrate whether con-
sumption of cruciferous vegetables could suppress the pros-
tate tumorigenesis in TRAMP mice, Xiao et al. have reported
that treatment of phenethyl isothiocyanate (PEITC) strongly
induced apoptosis TRAMP-derived cell lines (TRAMP-C1
and TRAMP-C2 cells) by activating Caspase-3 and PARP
proteins via an increase in pro-apoptotic protein, Bak and/or
a decrease in anti-apoptotic protein, Mcl-1 and Bcl-XL (34).
Because the mode of PEITC-induced apoptosis in TRAMP-
C1 and -C2 cells is analogous to what we observed in the
present study, we assume that TRAMP-C1 and -C2 in vitro
cell culture system might be useful in investigating the in-
depth biochemical mechanisms underlying the suppression of
prostate tumor growth in TRAMP mice by broccoli sprouts in
vivo. Most recently, we have found that pure compounds of
PEITC and curcumin effectively inhibited prostate tumori-
genesis in TRAMP mice (14). Similarly Singh et al. recently
showed that pure compound SFN suppressed prostate
tumorigenesis in TRAMP mice, corroborating our current
study (35).

Increasing evidence points out that the Akt-dependent
signaling regulatory proteins are critical regulators of prostate
tumorigenesis in vivo. For example, Chen et al. have shown
that the deficiency of Akt1 suppressed the development of
prostate tumor neoplasia in Pten (+/−) mice (36). Trotman et
al. have shown that prostate tumorigenesis driven in Pten-
heterozygous mutant mice was significantly accelerated by a
loss of PML suppressor via stimulation of Akt phosphoryla-
tion and/or suppression of Akt antagonizing effects by its
phosphatase protein, PPa2 (37). Gao et al. have reported that
Akt phosphorylation is highly upregulated and critical in the
development of prostate cancer in Nkx3.1/Pten knock-out
mice (38). In spite of these results, there have been no studies
conducted to implicate the modulation of Akt signaling
pathway in the prevention of prostate cancer by cruciferous
vegetables or by any other chemopreventive isothiocyanates
in vivo. Our study presents the first experimental evidence
that the inhibition of Akt pathway might be an important
cellular mechanism for prostate tumor growth suppression in
TRAMP mice by broccoli sprouts. In addition, our data
provide the possibility that not only the induction of Nrf2-
dependent and apoptotic pathway, but also the inhibition of
Akt, is required to significantly repress the prostate tumor
growth in TRAMP mice. This is because the suppression of
prostate tumor growth in TRAMP mice was statistically
significant at a higher dosage of broccoli sprouts, but not at
a lower dosage (Fig. 3) and because the inhibition of Akt and
its downstream kinases (mTOR and 4E- BP) or target protein
(cyclin D1) was evident only in the prostate of TRAMP mice
fed with the higher dosage of broccoli sprouts (Fig. 5).

Collectively, in this study we show that broccoli sprouts
can serve as a good source of naturally-occurring chemo-
preventive SFN. In addition, we provide evidence that a
dietary administration of broccoli sprouts exhibits significant
inhibitory effects on the growth of prostate tumors in
TRAMP mice. Furthermore, we show that the induction of
Nrf2/ARE-signaling pathway and pro-apoptotic proteins, as
well as the suppression of Akt/mTOR cascade, might be
implicated in the suppression of prostate tumor growth in
TRAMP mice by broccoli sprouts in vivo.
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