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3,30-Diindolylmethane (DIM) is a major in vivo derivative of indole-3-carbinol, which is present in cruciferous
vegetables and has been reported to possess anti-carcinogenic properties. In the present study, we examined whether
DIM inhibits the development of prostate cancer using the transgenic adenocarcinoma mouse prostate (TRAMP)

model. DIM feeding inhibited prostate carcinogenesis in TRAMP mice, reduced the number of cells expressing the
SV40 large tumor antigen and proliferating cell nuclear antigen, and increased the number of terminal dUTP nick-end
labeling-positive cells in the dorsolateral lobes of the prostate. Additionally, DIM feeding reduced the expression of

cyclin A, cyclin-dependent kinase (CDK)2, CDK4, and Bcl-xL, and increased p27 and Bax expression. To assess the
mechanisms by which DIM induces apoptosis, LNCaP and DU145 human prostate cancer cells were cultured with
various concentrations of DIM. DIM induced a substantial reduction in the numbers of viable cells and induced

apoptosis in LNCaP and DU145 cells. DIM increased the cleavage of caspase-9, -7, -3, and poly (ADP-ribose)
polymerase (PARP). DIM increased mitochondrial membrane permeability and the translocation of cytochrome c and
Smac/Diablo from the mitochondria. Additionally, DIM induced increases in the levels of cleaved caspase-8, truncated
Bid, Fas, and Fas ligand, and the caspase-8 inhibitor Z-IETD-FMK was shown to mitigate DIM-induced apoptosis and

the cleavage of caspase-3, PARP, and Bid. These results indicate that DIM inhibits prostate carcinogenesis via induction
of apoptosis and inhibition of cell cycle progression. DIM induces apoptosis in prostate cancer cells via the
mitochondria- and death receptor-mediated pathways. � 2010 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer is the most frequently diagnosed
cancer amongmen in theUnitedStates [1]. Although
the exact causes of prostate cancer are currently
unknown, several risk factors have been associated
with prostate cancer, including age, race, family
history, anddiet [2,3]. As the incidenceof this disease
increases with age and prostate cancer is a relatively
slow-growing variety of cancer, chemoprevention
utilizing dietary agents is considered to be an
effective means for slowing the development of
prostate cancer.
Previous epidemiological studies have demon-

strated that diets rich in cruciferous vegetables, such
as broccoli, Brussel sprouts, cabbage, and cauliflower
are associated with lowered risk of prostate cancer
development [4–6]. Indole-3-carbinol (I3C), a major
bioactive component present in these vegetables [7],
has been shown to exert chemopreventive effects in
prostate cancer [8]. However, in the low-pH environ-
ment of the stomach, I3C is converted rapidly into
many self-condensation products; 3,30-diindolylme-
thane (DIM) being the principal product [9], thus
suggesting that DIM may mediate the biological
effects of I3C. DIM has been reported to induce G1

arrest in human prostate cancer cells in culture via
an induced reduction in the expression of cyclin-
dependent kinase (CDK)2 andCDK4proteins and an
increase in p2KIP1 expression [10]. Additionally, DIM
hasbeenpreviously reported to induce apoptosis and
increase the release of cytochrome c frommitochon-
dria inhumanprostate cancer cells [11,12].However,
the molecular mechanisms underlying the DIM-
mediated apoptosis of prostate cancer cells have yet
to be studied in detail.
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Because a common feature of cancer cells is their
ability to evade apoptosis, the induction of apoptosis
in malignant cells is one of the most effective
strategies for the prevention and/or treatment of
cancer. In addition to synthetic drugs, researchers
are increasingly searching for bioactive food compo-
nents with the ability to regulate apoptotic signaling
pathwaysbecauseof their lowtoxicity. The apoptosis
induced by a variety of caspases is initiated by two
separate signals—one extrinsic and the other intrin-
sic. The extrinsic apoptotic pathway is activated
through death receptors, which themselves are
activated by specific death ligands, such as TRAIL
and Fas-ligand, thereby inducing caspase activation
[13]. In the intrinsic apoptotic pathway, the Bcl-2
family proteins perform a pivotal function in the
regulation of the permeability of mitochondrial
membranes. Anti-apoptotic Bcl-2 family proteins
such as Bcl-2 and Bcl-xL reduce membrane perme-
ability, whereas pro-apoptotic Bcl-2 proteins includ-
ing Bax, Bid, and Bad increase membrane
permeability. The increase in membrane permeabil-
ity results in the release of cytochrome c into the
cytoplasm, which induces the formation of apopto-
somes thatharbor anumber ofApaf-1molecules that
recruit and activate caspase-9 [14].
In vivo animal studies have previously demon-

strated that DIM inhibits the growth of prostate
tumor resulting from the subcutaneous injection of
TRAMP-C2, a mouse prostate cancer cell line [15].
Subcutaneous sites are not orthotopic and do not
represent appropriate sites for human tumors [16].
Although these subcutaneous xenograft models
have been previously utilized as preclinical models
for anticancer drug activity, theymay not ultimately
prove to be appropriate animal models for the
assessment of the effects of agents on the develop-
ment and progression of human prostate cancer.
Transgenic adenocarcinoma mouse prostate
(TRAMP) mice were developed by Greenberg using
the prostate-specific rat probasin promoter (�426/
þ28) to drive the expression of the SV40 large tumor
antigen (T-ag)-coding region specifically in the
prostatic epithelium [17]. The T-ag abrogates the
function of retinoblastoma (Rb) and p53, and thus
operates as an oncoprotein. It has been reported
that cancer develops spontaneously in the original
tissue microenvironment and progresses through
multiple stages, as does human prostate cancer; this
is the principal advantage of this transgenic model.
This model was generally considered to closely
mimic the histological progression of human pros-
tate cancer [17,18].
The primary objective of the present study, then,

was to determine whether DIM suppresses prostate
cancer development in TRAMP mice. We also
attempted to identify the mechanisms by which
DIM induces the apoptosis of prostate cancer cells
using the human prostate cancer cell lines, LNCaP

(androgen receptor positive, wild-type p53) and
DU145 (androgen receptor-negative, mutated p53
and Rb) cells [19–21].

MATERIALS AND METHODS

Materials and Reagents

The following reagents were purchased: DIM (LKT
Laboratories, Inc., St. Paul, MN); horse-radish perox-
idase (HRP)-conjugated anti-rabbit and anti-mouse
IgG from Amersham (Arlington Heights, IL); 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) and anti-b-actin from Sigma (St. Louis,
MO); antibodies against cleaved caspase-3, cleaved
caspase-7, cleaved caspase-9, cleaved caspase-8,
cleaved poly (ADP-ribose) polymerase (PARP), Bid,
and Bcl-xL from Cell Signaling (Beverly, MA); anti-
bodies against CDK2, CDK4, cyclin A, p27, Smac/
Diablo, Bcl-2, Bax, Fas, Fas-L, proliferating cell
nuclear antigen (PCNA), and heat shock protein 60
(HSP60) fromSantaCruz Biotechnology (SantaCruz,
CA); and cytochrome c antibody, phycoerythrin
(PE)-conjugated annexin V (annexin V-PE) and 7-
amino-actinomycin D (7-AAD), and anti-T-ag anti-
body from BD Pharmingen (Franklin Lake, NJ).

Animals and Treatments

All animal experiments were approved by the
Animal Care and Use Committee of Hallym Univer-
sity (Chuncheon, Korea) and conducted in accord-
ance with the University’s Guidelines for the Care
and Use of Laboratory Animals. Heterozygous
TRAMP females and nontransgenic C57BL/6 breeder
males were purchased from the Jackson Laboratory
(Bar Harbor, ME) and maintained under specific
pathogen-free (SPF) conditions on a commercial
unpurified rodent diet (containing 234 g/kg protein,
100 g/kg fat, 5.3 g/kg crude fiber, and 69 g/kg ash;
Superfeed Co., Wonju, Korea) and water ad libitum.
Mouse tail DNA was isolated with an Extract-N-
AmpTM Tissue PCR kit (Sigma) and the TRAMP
animals were genotyped via PCR-based DNA screen-
ing, as described previously [22]. Male TRAMP mice
and their nontransgenic littermates at 6wk of age
were randomly divided into control and DIM-treat-
ment groups and gavage-fed with 0 (vehicle), 10, or
20mg/kg of DIM every other day (TRAMP, 8 mice/
group; normal, 6 mice/group). DIM was dissolved in
DMSO and diluted with corn oil at a ratio of 1:99 (v/
v). All mice were sacrificed at 22wk of age, and the
genitourinary (GU) tract was removed, weighed, and
fixed in 4% paraformaldehyde.

Immunohistochemical Analysis

The paraffin-embedded sections (5 mm) were
stained with Hematoxylin and Eosin (H&E). Each
pathologic grade [prostatic intraepithelial neoplasia
(PIN) and well-differentiated carcinoma (WDC)] in
the dorsolateral lobes of the prostate (DP) was scored
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in accordance with the histologic grading system
described for TRAMP [23].
For immunohistochemistry, endogenous peroxi-

dases were quenched for 10min with 3% hydrogen
peroxide. The sections were then incubated with
their relevant antibodies at 1:250dilutionsovernight
at 48C. The following steps were continued using
an LSABþ kit (Dako, Carpinteria, CA) in accordance
with the manufacturer’s instructions. Sections
were counterstained with hematoxylin, dehydrated
through a graded series of alcohol into xylene, and
mounted under glass coverslips. Apoptotic cells
were identified via terminal dUTP nick-end labeling
(TUNEL) staining using a DeadEndTM Fluorometric
TUNEL System (Promega, Madison, WI).

Cell Culture

DU145 and LNCaP cells were obtained from the
American Type Culture Collection (Manassas, VA)
and maintained in DMEM/F12 containing 10% FBS
with 100000U/L of penicillin and 100mg/L of
streptomycin. In order to evaluate the effects of
DIM, we plated the cells on multi-well plates with
DMEM/F-12 containing 10% FBS. Before administer-
ing DIM treatment, the cell monolayers were rinsed
and serum-deprived for 24h with DMEM/F-12
supplemented with 1% (DU145) or 5% (LNCaP)
charcoal stripped FBS (serum-deprivation medium,
SDM). After serum deprivation, cells were incubat-
ed in SDM containing the various concentrations
(0–30 mmol/L) of DIM. Viable cell numbers were
estimated by the MTT assay.
In order to detect time-dependent apoptotic cell

death, the cells were treated with 30 mmol/L of DIM
for 12, 24, or 48h. The cell lysates were then assayed
for quantitative determinations of mono- and oligo-
nucleosomes released into the cytoplasm using a
Cell Death Detection ELISAPLUS kit (Roche Applied
Science, Mannheim, Germany), based on the
manufacturer’s recommendations.

Fluorescence-Activated Cell Sorting (FACS) Analysis

Inorder toquantify thenumbers of apoptotic cells,
cells were plated in 24-well plates and treated with
various concentrations of DIM as described above.
In order to inhibit caspase-8 activity, the cells were
pretreated for 4hwith20 mmol/Lof Z-IETD-FMK (R&
D System, Minneapolis, MN) before treatment with
30 mmol/L of DIM. The cells were trypsinized and
incubated with annexin V-PE and 7-AAD for 15min
at room temperature in darkness. Living cells and
early apoptotic cells were analyzed via flow cytom-
etry within 1h using a FACScanTM system (Becton
Dickinson, Franklin Lake, NJ).
In order to quantify the number of cells with

depolarized mitochondrial membranes, the DIM-
treated cells were stained with JC-1 (Sigma) and
analyzed via flow cytometry with a FACScanTM

system, as described previously [24].

Western Blot Analysis

Total cell lysates were prepared as previously
described [25] and the mitochondrial and cytosolic
proteins were separated as described by Eguchi et al.
[26]. The total cell lysates, mitochondrial fractions,
and cytosolic fractionswere utilized forWestern blot
analysis with their relevant antibodies, as described
previously [24]. The abundance of each band was
quantified using the Bio-profile Bio-1D application
(Vilber-Lourmat, Marine La Vallee, France), and the
expression levels were normalized to b-actin. The
purity of the mitochondrial and cytosolic prepara-
tions were estimated via Western blotting with an
antibody raised against mitochondrial HSP60 [27]
and COX-1 [28].

Caspase-3 Activity Assay

A Caspase-3 Colorimetric Assay Kit (Biovision,
Mountain View, CA) was used to detremine caspase-
3 activity, in accordance with the manufacturer’s
recommendations. In brief, the cells were treated for
48h with 0–30 mmol/L of DIM. The cell lysates
(100 mg of protein) were mixed with the reaction
buffer and 200 mmol/L of DEVE-pNA substrate and
incubated for 4h at 378C. The absorbance was
subsequently measured at 405nm.

Statistical Analysis

The results were expressed as means� SEM, and
analyzed via analysis of variance. Differences among
the treatment groups were assessed by Duncan’s
multiple-range test, utilizing the SAS statistical
software version 8.12 (SAS Institute, Cary, NC).
Differences were considered significant at P< 0.05.

RESULTS

DIM Feeding Inhibits Prostate Cancer Development in
TRAMP Mice

At the time of sacrifice (22wk of age), the body
weights between the normal and transgenic animals
did not differ substantially. Additionally, DIM feed-
ing did not affect body weights in either the normal
or the transgenic mice (Figure 1A). Kaplan-Lefko
et al. [29] reported that the GU tract—including the
bladder, urethra, seminal vesicles, ampullary gland,
and prostate—weight increases as a function of
cancer progression in TRAMP mice. In the current
study, the GU weight of TRAMP mice was increased
markedly as compared to the nontransgenic (nor-
mal) mice, and this increase was suppressed signifi-
cantly via the oral administration of 10mg/kg of
DIM (Figure 1B). According to the report of Kaplan-
Lefko et al. [29], PIN and WDC in the DP are the
predominant lesions detected in 8- and 20-week-old
TRAMP mice, respectively. H&E staining of the DP
demonstrated that WDC characterized by increased
quantities of small glandswas a predominant feature
in the22-week-old vehicle-fedTRAMPmice,whereas
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the number of lobes withWDCwas reduced and the
number of lobes with PIN was increased by feeding
with 20mg/kg of DIM (Figure 1C and D). These
results indicate that DIM feeding delays the develop-
ment of prostate cancer in TRAMP mice.

DIM Feeding Reduces Proliferation Index and Increases
Apoptosis in the DP of TRAMP Mice

Immunohistochemical staining for T-ag and
PCNA in the DP are shown in Figure 2. As compared
to vehicle-fed TRAMP mice, the proportions of T-ag
andPCNApositive cellswere reduced significantly in
the DP of TRAMPmice fed on 20mg/kg of DIM. The

expression of CDK2, CDK4, and cyclin A in the DP
were increased in the TRAMPmice as comparedwith
the non-TRAMP mice, and these increases were
inhibited significantly by DIM feeding (20mg/kg)
(Figure 3). The expression of p27 was also increased
in the TRAMPmice, and p27 expressionwas elevated
further by DIM feeding (20mg/kg; Figure 3). Fur-
thermore, the number of TUNEL-positive apoptotic
cells (Figure 2) and the amount of Bax expression
(Figure 3)were increased,whereas the levels of Bcl-xL
expression (Figure 3) were reduced in TRAMP mice
fed on 20mg/kg of DIM, as compared to the vehicle-
fed TRAMP mice. However, DIM feeding did not

Figure 1. DIM feeding inhibits GU weight in TRAMP mice. TRAMP
mice and their nontransgenic littermates were exposed to DIM via
gavage as described in the Materials and Methods section. (A) The
body weights of nontransgenic (0 and 20mg/kg DIM-fed) and
transgenic (0, 10, and 20mg/kg DIM-fed) male mice at 22wk of age
are shown. (B) All mice were sacrificed at 22wk of age, and the
GU tract—including the bladder, urethra, seminal vesicles, ampullary

gland, and prostate—was removed and weighed. Each bar
represents the mean� SEM (n¼ 8). (C) The prostate was fixed in
4% paraformaldehyde, and the DP was stained with H&E (�200).
(D) Each bar represents the percentage (mean� SEM) of each
pathologic grade in the DP of TRAMP mice (n¼ 8). PIN, prostatic
intraepithelial neoplasia; WDC, well-differentiated carcinoma.
Means without the same letter differ, P< 0.05.
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affect the expression of CDK2, CDK4, cyclin A, p27,
Bax, or Bcl-xL in normal mice (data not shown).
These data indicate that the DIM-mediated inhib-
ition of prostate carcinogenesis was due, at least in
part, to the suppression of cell cycle progression and
the induction of apoptosis.

DIM Inhibits Growth and Induces Apoptosis of Prostate
Cancer Cells

In order to evaluate the effects of DIM on prostate
cancer development in greater detail, we conducted

in vitro experiments using LNCaP and DU145
human prostate cancer cells. The results of the MTT
assays showed that DIM induced dose-dependent
reductions in the number of viable cells in both
DU145 andLNCaP cell lines at concentrations of 10–
30mmol/L (Figure 4A). When this study was being
conducted, Vivar et al. [10] reported that DIM
induced a G1 arrest, inhibited the expression of
CDK2 and CDK4 proteins, and increased p27KIP1

expression in LNCaP and DU145 cells. Additionally,
the DIM-induced apoptosis of prostate cancer cells

Figure 2. DIM feeding reduces PCNA expression and increases
apoptosis in the DP of TRAMP mice. (A) Immunohistochemical
staining for T-ag and PCNA in the DP was based on 3,30-
diaminobenzidine staining as described in the Materials and
Methods section. Apoptosis was analyzed via TUNEL staining using
a DeadEndTM Fluorometric TUNEL System (Promega). Sections were

counterstained with propidium iodide. (B) T-ag or PCNA positive cells
were quantified by counting the number of brown-stained cells
among the total cells. TUNEL-positive cells were quantified by
counting green fluorescence-positive cells among the total cells.
Each bar represents the mean� SEM (n¼5). Means without the
same letter differ, P< 0.05.
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has been previously reported [11,12,30]. Therefore,
in the current study we attempted to assess in detail
the mechanisms by which DIM induces the apopto-
sis of DU145 and LNCaP cells. The translocation of

phosphatidylserine from the inner leaflet of the
plasma membrane to the outer leaflet was deter-
mined by staining the cells with annexin V and
7-AAD followed by flow cytometry. As is shown in

Figure 3. DIM feeding reduces CDK, cyclin A, and Bcl-xL expression and increases p27 and Bax expression
in the prostate epithelium. Immunohistochemical staining for CDKs, cyclin A, p27, Bax, and Bcl-xL was based on
3,30-diaminobenzidine staining as described in the Materials and Methods section. Sections were counterstained
with hematoxylin. Photographs of immunohistochemical staining, which are representative of six different
animals, are shown.
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Figure 4B, the numbers of apoptotic cells were
increased in DU145 cells treated with 30mmol/L of
DIM and LNCaP cells treated with 20 mmol/L of DIM
for 48h. In order to determine whether DIM induces
apoptosis in a time-dependent manner, we quanti-
tatively analyzed the mono- and oligo-nucleosomes
released into the cytoplasm. Apoptosis was detected

inDU145 cells at 24h after treatmentwith 30 mmol/L
of DIM, and had increased more profoundly at 48h
(Figure 4C).
The results of Western blot analysis of total cell

lysates demonstrated that the levels of cleaved
caspase-8, -9, -3, and -7 were increased in DU145
cells treated with 30 mmol/L of DIM. Pro-caspase-8

Figure 4. DIM induces apoptosis and increases the protein levels
of cleaved caspases in prostate cancer cells. DU145 and LNCaP cells
were plated and treated with various concentrations of DIM as
described in the Materials and Methods section. (A) Viable cell
numbers were estimated via an MTT assay. (B) Cells were trypsinized,
stained with 7-amino-actinomycin D and annexin V, and subse-
quently analyzed via flow cytometry. The number of living cells and
early apoptotic cells is expressed as a percentage of the total cell
number. (C) Cells were treated with 0 or 30 mmol/L DIM for 12, 24, or

48 h. Apoptosis was measured using a Cell Death Detection
ELISAPLUS kit (Roche). Each bar represents the mean� SEM (n¼6).
(D) Total cell lysates were analyzed by Western blotting with their
relevant antibodies. Photographs of chemiluminescent detection
of the blots, which are representative of three independent
experiments, are shown. The relative abundance of each band
was quantified. The adjusted mean� SEM of each band is
shown above each blot. Means without a common letter differ,
P<0.05.
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levels were increased and pro-caspase-3 levels
remained unaltered. However, the levels of pro-
caspase-9 and -7 were reduced in the DIM-treated
DU145 cells. In LNCaP cells, the increases in cleaved
caspase-8, -9, -3, and -7 were principally DIM dose-
dependent. The levels of pro-caspase-9 and -7 were
reduced, whereas the levels of pro-caspase-8 and -3
were unaltered in the DIM-treated LNCaP cells
(Figure 4D). Additionally, caspase-3 activity was
quantified using DEVE-pNA as a substrate. Caspase-
3 activity was increased significantly in the cells
treated with 30mmol/L of DIM (306.3� 2.43% in
DU145 and177.2� 2.53% inLNCaP cells). The levels
of cleaved PARPwere also increased in both cell types
treated with DIM. The levels of intact PARP were not
altered by DIM treatment (Figure 4D).

DIM Increases the Release of Cytochrome c and Smac/
Diablo from Mitochondria and Mitochondrial Membrane

Permeability in DU145 Cells

Building on the finding thatDIM induced caspase-
9 activation, we further attempted to determine
whether or not DIM induces the release of cyto-
chrome c from the mitochondria. The levels of
cytochrome c and Smac/Diablo were increased
significantly in the cytoplasm of cells treated with
30 mmol/L DIM (Figure 5A). Because DIMwas shown
to induce cytochrome c release, we attempted to
determine whether DIM induces mitochondrial
membrane depolarization by staining cells with the
mitochondrial-selective dye JC-1, followed by flow
cytometry. JC-1 forms aggregates that emit a red

Figure 4. (Continued )
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fluorescence in normal polarized mitochondria.
Upon the depolarization of the mitochondrial
membrane, JC-1 forms monomers that emit only
green fluorescence [31]. The number of cells with
depolarized mitochondrial membranes was shown
to increase in a DIM concentration-dependent
manner (Figure 5B). The increase in mitochondrial
membrane permeability was detected within 12h
after the treatment of DU145 cells with 30 mmol/L
of DIM and increased more profoundly at 24h
(Figure 5C).

DIM Alters the Levels of Bcl-2 Family Proteins in

DU145 Cells

As the permeability of mitochondrial membranes
was increased inDIM-treated cells,wenext evaluated
the effects of DIM on the levels of Bcl-2 family
proteins via Western blotting. As is shown in
Figure 5D, DIM induced a significant increase in
the levels of Baxand truncatedBid (t-Bid) at 48h. The
levels of Bcl-xL were reduced in cells treated with
30 mmol/L of DIM, whereas the levels of Bcl-2 were
not altered by DIM treatment. An increase in Bax
expression and a reduction in Bcl-xL expressionwere
detectedwithin12hafterDIM treatment (Figure 5E).

A Caspase-8 Inhibitor Mitigates DIM-Induced Apoptosis
in DU145 Cells

Because DIM increased the levels of cleaved
caspase-8 (Figure 4D) and t-Bid (Figure 5D), the
effects of DIM on Fas and membrane-bound Fas
ligand (Fas-L) were assessed using Western blotting.
DIM increased the levels of Fas and Fas-L in DU145
cells (Figure 6A). As DIM increased caspase-8 activa-
tion and Bid cleavage, we subsequently attempted
to determine whether the pretreatment of cells with
Z-IETD-FMK (a caspase-8 inhibitor) could inhibit
DIM-induced apoptotic cell death. The treatment of
DU145 cells with 30 mmol/L of DIM significantly
reduced the number of living cells and increased the
number of apoptotic cells. The caspase-8 inhibitor
induced a decline in DIM-induced apoptosis (Figure
6B). Additionally, treatment with a caspase-8 inhib-
itor significantly reduced DIM-induced increases
in the levels of cleaved caspase-3, t-Bid, and cleaved
PARP (Figure 6C).

DISCUSSION

I3C is naturally present in cruciferous vegetables
such as cabbage, broccoli, Brussels sprouts, and kale,
and was shown recently to inhibit the tumor growth
of subcutaneously injected TRAMP-C2 xenografts
[32]. I3C is an unstable compound and, upon
ingestion, is converted into several condensation
products, amongwhichDIM is the principal product
[9]. DIM has been demonstrated to inhibit cell cycle
progression and induce apoptosis in prostate cancer
cells in culture [10–12]. Additionally, DIM has been

shown to inhibit the growth of TRAMP-C2 cells
injected subcutaneously into C57BL/6 mice [15].
Because the TRAMPmousemodel is closely reflective
of the histological progression of human prostate
cancer, the present study attempted to determine
whether DIM feeding inhibits prostate cancer devel-
opment in TRAMPmice.We demonstrated that DIM
feeding suppresses the increase in GUweights and T-
ag expression anddelays thehistological progression
of prostate cancer. We also demonstrated that DIM
feeding suppresses the expression of PCNA and
induces apoptosis in the DP of TRAMP mice.
Furthermore, the anti-proliferative and pro-apop-
totic effects of DIM on TRAMP mice are associated
with the alteration of cell cycle modulators (CDK2,
CDK4, cyclin A, and p27) and Bcl-2 family proteins
(Bax and Bcl-xL), respectively (Figure 7). These
results are consistent with the in vitro results
obtained in the present study (Figure 5) and by Vivar
et al. [10]. Together, these results indicate that DIM
may have some potential for use as a chemopreven-
tive agent for prostate cancer.
Kaplan-Lefko et al. [29] have demonstrated that

androgen receptor (AR) was expressed during cancer
progression, but its levels were reduced or absent in
late-stage TRAMP mice. In both AR-positive LNCaP
and AR-negative DU145 cells, we noted that DIM
decreased cell viability (Figure 4A). We also noted
that DIM inhibited the expression of PCNA (Figure
2), cyclin A, CDK2, and CDK4 and increased p27
expression (Figure 3) in the DP in TRAMP mice, as
shown by immunohistochemical staining. Further-
more, a recent report showed that DIM induced a G1
arrest in LNCaP andDU145 cells via the inhibition of
CDK2 and CDK4 expression and the induction
of p27 expression [10]. Collectively, these results
show that DIM inhibits the cell cycle progression
of prostate cancer cells via the inhibition of CDK
activity.
The number of TUNEL-positive apoptotic cells

(Figure 2) and Bax expression levels (Figure 3) were
increased, whereas Bcl-xL (Figure 3) expression was
decreased in the DP of DIM-fed TRAMP mice as
compared to the mice fed with vehicle only. Our
in vitro data obtained using DU145 cells indicated
that DIM alters the levels of Bcl-2 family proteins
(Bax, t-Bid, and Bcl-xL) (Figure 5D). By way of
contrast, Nachshon-Kedmi et al. [12] reported that
Bax expression levels were not altered in LNCaP,
DU145, andPC3 cells as the result of 24hof exposure
to 75 mmol/L of DIM. Similar to our results, it
was reported that Bax protein levels were increased
after 48h following treatment with 50 mmol/L DIM
in human breast cancer cells [33]. Bax undergoes a
conformational change in response to a death signal
which results in its homodimerization and mito-
chondrial integral membrane insertion, and Bcl-2 or
Bcl-xL can inhibit Bax activation [34]. Although
future studies will be required to resolve this
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discrepancy, the results of the present study indicate
that the alteration of Bcl-2 family proteins may have
induced the permeabilization of mitochondrial
membranes (Figure 5B), thereby resulting in the
release of cytochrome c and Smac/Diablo from
the mitochondria (Figure 5A). These events may
have further triggered the activation of caspases
and PARP cleavage (Figure 4D), resulting in the
induction of apoptosis (Figure 4B) in DIM-treated
DU145 cells. Our empirical observations revealed
thatDIM treatment sequentially induced the expres-
sion of Bcl-2 family proteins at 12h (Figure 5E), the
permeabilization of mitochondrial membranes at
12–24h (Figure 5C), and PARP cleavage (Figure 5E)
and apoptotic cell death at 24–48h (Figure 4C) in
DU145 cells.
The apoptotic cascade can be initiated via the

activation of plasma membrane death receptors in
response to ligand binding [13]. We noted that the
treatment of DU145 cells with DIM resulted in
dramatically increased expressions of Fas and
slightly increased the levels of Fas-L (Figure 6).

Although it has been previously demonstrated that
Fas promotes tumor growth and also performs a
variety of nonapoptotic functions depending on the
experimental conditions and the involved tissues
[35,36], the activation of Fas by its physiological
ligand has been reported in several studies to trigger
apoptosis [37,38]. Consistent with increases in
Fas and Fas-L, the levels of cleaved caspase-8 were
shown to have increased in DIM-treated cells, and
the caspase-8 inhibitor significantly reduced DIM-
mediated apoptosis and caspase-3, PARP, and Bid
cleavage. These results indicate that, in addition to
the mitochondrial pathway, the death receptor-
dependent pathway (caspase-8 activation) is also a
contributing factor in DIM-induced apoptosis. In
pancreatic cancer cells, DIM has been reported to
induce apoptosis via endoplasmic reticulum stress-
dependent upregulations of DR5 [39]. In the current
study, the effects of DIM on other death receptors
such as tumor necrosis factor receptor, DR4, andDR5
were not addressed. Future studies will be required
to determine whether the activation of other death

Figure 5. DIM induces mitochondrial membrane depolarization in
DU145 cells. (A, B, and D) Cells were treated for 2 d with different
concentrations of DIM. (C and E) Cells were treated with 30 mmol/L
of DIM for 12, 24, 36, or 48 h. The cytosolic and mitochondrial
fractions (A) and total cell lysates (D and E) were analyzed via
Western blotting with their relevant antibodies. Photographs of
chemiluminescent detection of the blots, which are representative of
three independent experiments, are shown. The relative abundance

of each band was quantified. The adjusted mean� SEM of each
band is shown above each blot. (B and C) Cells were loaded with JC-
1 and then analyzed by flow cytometry. The number of cells with
normal polarized mitochondrial membranes (red) and cells with
depolarized mitochondrial membranes (green) are expressed as
percentages of the total cell number. Each bar represents the
mean� SEM (n¼ 6). (A–D) Means without a common letter differ,
P< 0.05. (E) *Different from 0 mmol/L DIM at a time, P<0.05.
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receptors contributes to apoptosis in DIM-treated
prostate cancer cells.
In addition to the observed inhibition of cell cycle

progression and the induction of apoptosis DIMmay
exert chemopreventive effects in the prostate via
different mechanisms. As inflammatory cells and
molecules can influence many aspects of cancer
development and progression [40], an inflammatory
microenvironment was recently suggested to be
added to the list of cancer hallmarks [41]. We
reported previously that DIM inhibits the inflamma-
tory responses of murine macrophages to lipopoly-
saccharide stimulation [42] and attenuates dextran
sodium sulfate-induced colonic inflammation and

tumorigenesis in mice [43]. Whether or not DIM
feeding inhibits inflammatory mediators in TRAMP
mice, however, remains to be determined.
In our in vitro studies, we demonstrated that DIM

induces apoptosis in human prostate cancer cells at
20–30 mmol/L. To the best of our knowledge, the
distribution of DIM in the prostates ofmice after oral
administration of this compound has yet to be
elucidated. Anderton et al. [44] reported that DIM
was detected in the plasma and tissues (liver, heart,
lung, kidney, andbrain) after theoral administration
of DIM to mice. The plasma concentrations of DIM
were 19 mg/mL (0–24h) after the oral administration
of 250mg/kg of DIM to mice. Moreover, the net

Figure 6. The caspase-8 inhibitor Z-IETD-FMK mitigates DIM-
induced apoptosis in DU145 cells. (A) Cells were treated for 2 d
with DIM. Total cell lysates were analyzed via Western blotting with
their indicated antibodies. (B and C) Serum-deprived DU145 cells
were pretreated for 4 h with 20 mmol/L Z-IETD-FMK prior to 2 d of
treatment with 30 mmol/L of DIM. (B) The cells were trypsinized,
stained with 7-amino-actinomycin D and annexin V-PE, and then
analyzed by flow cytometry. The number of living cells and early

apoptotic cells are expressed as percentages of the total cell
numbers. Each bar represents the mean� SEM (n¼6). (C) Total cell
lysates were analyzed by Western blotting with their relevant
antibodies. Photograph of chemiluminescent detection of the blots,
which were representative of three independent experiments, are
shown. The relative abundance of each band was quantified. The
adjusted mean� SEM of each band is shown above each blot. Means
without a common letter differ, P<0.05.
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exposure of tissues such as the liver, kidney, lung,
and heart was approximately 54–129 mg/g, thus
suggesting that orally administered DIM is absorbed
quitewell into the blood and distributed throughout
the tissues. Collectively, these results are suggestive
of the possibility of DIM distribution in the prostate.
In the present study, we fed mice with 10–20mg/kg
of DIM. Although future studies will be required to
determine what quantity of DIM reaches the plasma
and the target tissues in our DIM-treated mice, one
might speculate that the concentration of DIM
might have reached a level of approximately 1.5 mg/
mL (6 mmol/L) in the blood, and the actual concen-
trations ofDIM in the tissues inmice fedon20mg/kg
of DIM might have reached levels as high as 18–
42mmol/L, comparable to those used in our cell
culture studies.
I3C is derived from the hydrolysis of glucobrassi-

cin, and the concentration of glucobrassicin varies
among different cruciferous vegetables and condi-
tions, including different growing seasons [45] and
technological processes [46]. As the content of I3C in
vegetables of genus Brassica ranges between approx-
imately 15–500mg/kg of fresh weight and approx-
imately 10–20% of the breakdown products of
I3C are converted into DIM, it can be calculated that
1.5–100mg of DIM can be formed from a single
kilogram of genus Brassica. Thus, it appears that it
would be difficult for humans to achieve the in vitro

concentrations and in vivo doses of DIM used in the
present studies simply by consuming cruciferous
vegetables.
In conclusion, the results of this study demon-

strated that DIM feeding delays the histological
progression of prostate cancer. We also demon-
strated that DIM feeding suppresses the expression
of PCNA and induces apoptosis in the DP of TRAMP
mice. Additionally,wehave shown thatDIM induces
apoptosis in human prostate cancer cells (see the
proposed schemata of the mechanism in Figure 7).
BecauseTRAMP isone suchmodel forprostate cancer
that closely mimics progressive forms of human
disease, the results of this study suggest that DIM
might potentially prove useful as a chemopreventive
agent for prostate cancer.
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