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Broccoli-Derived Phytochemicals
Indole-3-Carbinol and 3,30-Diindolylmethane
Exerts Concentration-Dependent Pleiotropic
Effects on Prostate Cancer Cells: Comparison
With Other Cancer Preventive Phytochemicals
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In the present studies, we utilized prostate cancer cell culture models to elucidate the mechanisms of action
of broccoli-derived phytochemicals 3,30-diindolylmethane (DIM) and indole-3-carbinol (I3C). We found DIM and I3C at

1–5 mM inhibited androgen and estrogen-mediated pathways and induced xenobiotic metabolism pathway. By con-
trast, DIM and I3C induced cyclin inhibitors, indicators of stress/DNA damage, only at �25 mM. We also demonstrated
that an inhibitory effect of DIM and I3C on cell growth involves inhibition of insulin-like growth factor-1 receptor
expression. More importantly, we showed that differences in efficacies and mechanisms existed between DIM and

I3C. These included differences in effective concentrations, a differential effect on androgen receptor binding, and a
differential effect on xenobiotic metabolic pathway through aryl hydrocarbon receptor-dependent and -independent
mechanism. Furthermore we determined that several other diet-derived cancer protective compounds, similar to DIM

and I3C, exhibited pleiotrophic effects on signaling pathways that included proliferation, cell cycle, and nuclear recep-
tors-mediated pathways. However, the efficacies and mechanisms of these compounds vary. We also showed that
some cellular pathways are not likely to be affected by DIM or I3C when circulating concentration of orally ingested

DIM or I3C is considered. Based on our results, a model for cancer protective effects of DIM and I3C was proposed.
� 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Prostate cancer is the most common noncutane-
ous cancer among American men and is ranked
third as a cause of cancer deaths [1,2]. Since there
is currently no effective cure for this disease, there
is much interest in developing preventive strat-
egies to reduce prostate cancer’s occurrence and
impact [2–6].

Plant-based compounds have been suggested as
possible alternative strategies in anti-cancer pre-
vention/treatment [3–7]. A wealth of epidemiologi-
cal and preclinical studies supports a link between
high dietary intake of cruciferous vegetables and
lowered cancer risks [7–9]. Considerable evidence
attributes the protective activity of cruciferous veg-
etables to the phytochemical indole-3-carbinol
(I3C) and its metabolic products 3,30-diindolylme-
thane (DIM) [7,9–11]. I3C is chemically unstable
in the acidic environment of the stomach and is
rapidly converted into its dimeric form, DIM [11–
13]. These indole derivatives have been shown to
suppress the proliferation of various cancer cell
lines at the concentration range between 1 and

100 mM. These include those of breast [14–17],
colon [18–20], and prostate [21–23], by targeting a
wide spectrum of signaling pathways governing
hormonal homeostasis, cell-cycle progression, and
cell proliferation and survival [24–28]. Previous
studies have also shown DIM and I3C can suppress
the proliferation of prostate cancer cells [29–31].
These results, as well as reports from other
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laboratories [32,33], suggested the potential
benefits of DIM and I3C in the prevention and/or
treatment of prostate cancer. In an earlier attempt
to explain the mechanism of action, others have
shown that B-DIM, a synthetically formulated DIM
with presumably higher bioavailability, induces
growth inhibition and apoptotic cell death in pros-
tate cancer cells by downregulation of androgen
receptor (AR) and Akt [34] and by inactivation
of FOXO3a/b-catenin/GSK-3b signaling pathways
[35]. In addition, B-DIM appeared to downregulate
urokinase-type plasminogen activator and its
receptor and lead to decreased production of
VEGF/MMP-9 and inhibition of angiogenesis and
invasion of human prostate cancer cells [36,37].
Moreover, others have shown DIM induced apop-
tosis and cell-cycle arrest in cancer cells through
signaling mechanisms analogous to those of I3C
[23,29,35,38–42].
Despite intense research efforts, there are several

questions that remain to be addressed including:
(1) Which pathway(s) are responsible for protec-
tion against cancer? (2) Are there any difference
between I3C and DIM in terms of cancer protective
mechanism(s)? and (3) Are there any mechanistic
differences between these indoles (I3C and DIM)
and other cancer protective phytochemicals?
In the present study we sought to address these
questions using cell culture models of prostate can-
cer. The examination of concentration depend-
ency on the homeostasis of specific pathway(s)
related to proliferation was used to provide clues
for plausible mechanism (s) by which these
food constituents suppress prostate cancer
development.

MATERIALS AND METHODS

Chemicals

DIM, I3C, 17b-estradiol, dihydrotestosterone
(DHT), and dimethylsulfoxide (DMSO) were
obtained from Sigma Chemical Co. (St. Louis, MO)
and used without additional purification.

Cells and Cell Culture

LNCaP and PC-3 human prostate cancer cells
were obtained from the American Type Culture
Collection (Manassas, VA) and maintained in
Media A [RPMI-1640 medium with phenol red and
L-glutamine (Invitrogen, Carlsbad, CA), 100 U/mL
of penicillin, and 100 mg/mL of streptomycin
(Invitrogen) with 10% fetal bovine serum (FBS)
(Invitrogen)]. In some cultures, Media A was
replaced with Media B, which had the same com-
position as Media A except that RPMI-1640
medium without phenol red (Invitrogen) was used
and FBS was replaced with 10% charcoal dextran-

treated FBS (Invitrogen). Cells were incubated in
the presence of 5% CO2 in air at 378C.

Cell Growth Assay

LNCaP or PC3 cells (1–2 � 105 cells/well) were
plated in six-well plates (Costar, Corning Incorpor-
ated, Corning, NY); 24 h later treatments began.
Cells were treated with 0, 1, 2.5, 5, or 25 mM for
DIM and 0, 1, 5, 25, 50, 100 mM for I3C (DMSO as
vehicle) for 0–72 h and the medium containing
test compounds was replaced every 24 h. DMSO
added as vehicle was at concentration ¼ 0.05%.
Cell growth was analyzed using the sulforhod-
amine B (SRB) assay [43].

Cell-Cycle Analysis Using Flow Cytometry

LNCaP cells (3 � 106 cells) were seeded into T-75
flask (NUNC, Rosklide, Denmark) in Medium A.
Twenty-four hours later the media were changed
to that containing vehicle (DMSO) or varied con-
centrations of test compounds. DMSO added as
vehicle was at concentration ¼ 0.05%. DIM at con-
centrations of 0, 1, 5, or 25 mM, and I3C at 0, 25,
50, and 100 mM was used. Cells were treated for
72 h and harvested for cell-cycle analysis [44].

Determination of the Effects on Gene Expression

Using RT-PCR

To examine the effects of phytochemicals on
mRNA expression levels of select gene markers for
cellular pathways, LNCaP or PC3 cells were plated
in six-well plates (0.25 � 106 cells/well) in Media
A and after 24 h the media was removed and
replaced with fresh media containing vehicle or
varied concentrations of test compounds for 48 h.
For experiments using the androgen DHT or 17b-
estradiol, LNCaP cells were plated in six-well plates
(0.25 � 106 cells/well) in Media A, and switched to
Media B 24 h after plating to minimize the effect
of serum hormones. The cells were then incubated
in Media B for an additional 24 h before the treat-
ments begun. Twenty-four hours later, the
medium was replaced with fresh medium contain-
ing 1 nM of DHT or 17b-estradiol with or without
test compounds for 48 h. For all experiments fresh
medium containing the test compounds was
changed daily and cells were harvested for total
RNA isolation using the Trizol (Invitrogen) method
after 48 h [43,44]. Taqman real-time PCR was used
to quantify expression of the mRNA [43,44]. Taq-
man real-time PCR primers and probes for glyceral-
dehydes-3-phosphate dehydrogenase (G3PDH),
prostate-specific antigen (PSA), cyclin-dependent
kinase inhibitor (CDKN) 1A and 1B, AR, aryl
hydrocarbon receptor (AHR), Cytochrome p450
1A1 (CYP1A1), NK3 homeobox 1 (NKX3.1), NADP
quinone oxidoreductase 1 (NQO1), insulin-like
growth factor-1 receptor (IGF-1R) were purchased
from Applied Biosystems (Foster City, CA).
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Protein Analysis

Effects of DIM and I3C on PSA, CDKN1A, B, and
NQO1 protein levels were determined using West-
ern blots. LNCaP cells (2 � 106 cell/flask) were
plated in 175 cm2 cell culture flask in Media A,
24 h later, the medium was replaced with fresh
medium containing vehicle (DMSO), 25 mM of
DIM, or 100 mM of I3C. Fresh medium containing
the test compound was changed daily and cells
were harvested for Western blot analysis after 72 h
of treatments. Cells were harvested by washing
with phosphate-buffered saline (PBS, pH 7.4, Invi-
trogen), scarped and centrifuged at 1000g, 10 min
to obtain cell pellets. Cell pellets were re-sus-
pended in 1 mL of RIPA buffer (Thermo Scientifics,
Rockford, IL) containing 1� HaltTM protease
inhibitor Cocktail (Thermo Scientifics) and soni-
cated for 10-s than centrifuged at 10 000g for
10 min. Protein concentration of the supernatants
was determined using the BCATM method accord-
ing to manufacturer’s protocol (Thermo Scien-
tifics). Ten micrograms of extract were separated
on a 12% NUPAGE gel according to manufacturer’s
protocol (Invitrogen), and transferred by iBlot
machine (Invitrogen) onto PVDF membranes (Invi-
trogen). The membranes were probed with primary
antibodies followed by incubation with horse-
radish peroxidase-tagged secondary antibodies.
Immunoreactive bands were visualized by X-ray
film (Kodak X-Omat MR-1) using SuperSignal West
Dura Extended Duration Substrate (Thermo Scien-
tifics) and digitized using a flatbed scanner (Hew-
lett-Packard model 4850, Hewlett-Packard, Palo
Alto, CA) according to the manufacturer’s proto-
col. The intensity of the band was determined
using ImageJ software (http://rsb.info.nih.gov/ij/).
The effects of DIM and I3C on CYP1A1 protein
levels were determined by measurement of
CYP1A1 enzyme activity using published protocol
[45]. LNCaP cells (2 � 106 cell/flask) were plated in
175 cm2 cell culture flask in Media A, 24 h later,
the medium was replaced with fresh medium con-
taining vehicle (DMSO), 25 mM of DIM, or 100 mM
of I3C. Fresh medium containing the test com-
pound was changed daily and cells were harvested
for after 72 h of treatments. Treated cell were har-
vest by scarping cell into 1 mL of PBS containing
1� HaltTM protease inhibitor Cocktail and soni-
cated for 10-s. Protein concentration of the super-
natants was determined using the BCATM method
according to manufacturer’s protocol (Thermo Sci-
entifics). Twenty-five micrograms of the extract
were used for CYP1A1 activity assay.

Androgen Receptor Binding Assays

To assess the affinity of phytochemicals for AR,
the Androgen Receptor Competitor Assay Kit,
Green (Invitrogen), a fluorescence polarization AR

binding assay using a fluorescent androgen ligand
FluormoneTM ALGreen, was performed according
to manufacturer’s protocol. DHT (0–1.5 mM) was
used as a positive control. The concentration range
of the test compounds used were: DIM and I3C,
0–50 mM; genistein (GEN) and resveratrol (RES)
0–25 mM. Fluorescence polarization was detected
using a TECAN ULTRA fluorescence plate reader
(Tecan Systems, Inc., San Jose, CA) set at 485 nm
excitation and 535 nm emission wavelengths.
Results were calculated as % Control ¼ ((no com-
pound control fluorescence units (FU) � with com-
pound FU)/(no compound control FU � with
1.5 mM DHT FU)) � 100%. Triplicate assays were
performed and results expressed as % Control �
SD.

Experiments Using Small Interfering RNA (siRNA)
Oligonucleotides

LNCaP cells were seeded in six-well plates at a
density of 0.2 � 106 cells/well and grown for 24 h
in Media A. For transfection, cells were switched to
Media B and transfected with 25 nM of Negative
control (Negative Universal ControlTM, Invitrogen)
or Dharmacon siGenome SMARTpool siRNA oligo-
nucleotides targeting AHR using the HiPerFect
transfection reagent (Qiagen, Valencia, CA) accord-
ing to the manufactures protocol. After 48 h of
siRNA transfection, cells were treated with Media B
containing 10 mM of beta-naphthoflavone (b-NF)
or 10 mM of DIM or 100 mM of I3C. For b-NF the
treatments was for an additional 24 h and DIM
and I3C are for an additional 48 h. After treat-
ment, total RNA was isolated and gene expression
analysis for AHR, CYP1A1, and NQO1 performed
as described above.

Statistical Methods

GraphPad Prism 4 (GraphPad Software, Inc., San
Diego, CA) software was used for statistical
analysis. Multiple group data were analyzed using
ANOVA followed by post hoc analysis with the
Bonferroni test. The unpaired Student’s t-test was
used to compare means between the two groups.
Values were considered significant at P < 0.05.

RESULTS

DIM and I3C Differentially Affect Androgen-Dependent
and -Independent Human Prostate Cancer Cells Growth

As shown in Figure 1, both DIM and I3C inhib-
ited cell growth of the androgen-dependent
human prostate cancer cell LNCaP in a concen-
tration-dependent fashion. The EC 50 for DIM
(10 mM) (Figure 1A) was lower than for I3C
(100 mM) (Figure 1B). By contrast, neither DIM nor
I3C significantly modified the growth of androgen
nonresponsive human prostate cancer cell PC-3
(Figure 1). Moreover, both DIM and I3C inhibited
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the cell cycle. Treatment of LNCaP with both
DIM and I3C resulted in G0/G1 arrest. Again, the
response to DIM was at lower exposure concen-
trations (1 mM) than I3C (50 mM) (Figure 2).

DIM and I3C Modulated Cyclin Inhibitors CDKN1A and B
mRNA Expression in LNCaP Cells

To further elucidate the underlying molecular
target of DIM and I3C in causing cell-cycle arrest,

the effects on two cyclin inhibitors (CDKN1A and
B) were monitored in the presence or absence of
either DIM or I3C. As shown in Figure 3A and B,
treatment of LNCaP cells with DIM (Figure 3A
and B, left panel) and I3C (Figure 3A and B, right
panel) led to induction of both CDKN1A and B
mRNA. The effects of both compounds on the
cyclin inhibitors occurred at concentration �25 mM.
At the protein level, treatment with I3C but not
DIM lead to an increase in CDKN1A protein as
determined by Western blots (Figure 3C, left
panel). By contrast, both DIM and I3C treatment
led to increased CDKN1B protein levels as deter-
mined by Western blots (Figure 3C, right panel).

Figure 1. Comparison of effects of DIM and I3C on androgen
responsive LNCaP and nonresponsive PC3 prostate cancer cells.
Effect of DIM and I3C on prostate cancer cell growth. LNCaP
or PC-3 cells (1–2 � 105 cells/well) were plated on six-well plates.
Cell treatments with 0–25 mM of DIM or 0–100 mM of I3C were
started 24 h later for an additional 72 h and cell number deter-
mined as described in the Materials and Methods Section.�Represent significantly different from control at P < 0.05 (n ¼ 6).
Left panel: DIM; right panel: I3C. Solid circle: LNCaP cells. Open
circle: PC3 cells.

Figure 2. Effects of DIM and I3C on cell cycle in LNCaP cells.
LNCaP cells (3 � 106 cell) were plated in T-175 flask and treated
with 0–25 mM of DIM or 0–100 mM of I3C for 72 h, cell-cycle
analysis performed as described in the Materials and Methods Sec-
tion. Results are expressed as % of total cells (n ¼ 3). Left panel:
effects of DIM. Right panel: effects of I3C.
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Figure 3. Effects of DIM and I3C on cyclin inhibitors CDKN1A
and 1B mRNA levels. (A) Effect of DIM and I3C on CDKN1A mRNA
levels. LNCaP or PC3 cells cultured in 10% FBS were treated with
0–25 mM of DIM (left panel) or 0–100 mM of I3C (right panel) for
48 h, total RNA isolated and mRNA levels of CDKN1A determined
as described in the Materials and Methods Section. Results are
expressed as means � SD (n ¼ 3). (B) Effect of DIM and I3C on
CDKN1B mRNA levels. LNCaP or PC3 cells cultured in 10% FBS
were treated with 0–25 mM of DIM (left panel) or 0–100 mM of
I3C (right panel) for 48 h, total RNA isolated and mRNA levels of

CDKN1A determined as described in the Materials and Methods
Section. Results are expressed as means � SD (n ¼ 3). (C) Effects
of DIM and I3C on CDKN1A and B protein levels in LNCaP cells.
LNCaP cultured in 10% FBS were treated with 25 mM of DIM
or 100 mM of I3C for 72 h, cell harvested and CDKN1A and B
protein levels determined using western analysis as described
in the Materials and Methods Section. Results are expressed as
means � SD (n ¼ 3). � Represent significantly different from
control at P < 0.05. Solid circle: LNCaP cells. Open circle: PC3
cells.
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Effects of DIM and I3C on Androgen Responsive
Gene Expression

Given an effect of DIM and I3C on androgen
responsive LNCaP growth and cell cycle, the effects
of DIM and I3C on androgen responsive gene
(ARG) expression were examined. As presented
in Figures 4 and 5, treatment with both DIM
(Figure 4) and I3C (Figure 5) effectively inhibited
ARG expression in LNCaP cells. The genes tested
including PSA, a well-documented ARG [43,44],
NKX3.1, and IGF-1R were also modified. The
response to DIM was observed at concentration as
low as 1 mM, but 5 mM of I3C was required to elicit
a similar response. I3C at 1 mM did not influence
these genes and hence 5 mM was the lowest I3C
concentration used for subsequent experiments.
Effects of DIM and I3C on androgen-responsive

pathway was further supported at protein levels
as treatment with DIM or I3C led to inhibition
of PSA protein as determined by Western blots
(Figure 6).

DIM and I3C Modulated Xenobiotic Metabolisms

The ability of DIM or I3C to modulate xeno-
biotic metabolism, a critical pathway involve in
carcinogenesis [46], was examined by monitoring
CYP1A1 and NQO1 mRNA levels. These enzymes
are representative of Phase I (CYP1A1) and Phase II
(NQO1), respectively [46,47]. The sequential
nature of induction of Phase I and II enzymes [47]
lead also to examining the role of AHR, an import-
ant receptor involve in Phase I and II metabolisms
[47]. AHR siRNA effectively inhibited AHR mRNA
expression (Figure 7A and B) and the induction of

Figure 4. Effects of DIM on selective androgen responsive genes. LNCaP or PC3 cells cultured in 10% FBS
were treated with 0–25 mM of DIM for 48 h, total RNA isolated and mRNA levels of (A) PSA, (B) NKX3.1, and
(C) IGF-1R determined as described in the Materials and Methods Section. Results are expressed as means � SD
(n ¼ 3). � Represent significantly different from control at P < 0.05. Solid circle: LNCaP cells. Open circle: PC3
cells.

Figure 5. Effects of I3C on selective androgen responsive genes. LNCaP or PC3 cells cultured in 10% FBS
were treated with 0–100 mM of I3C for 48 h, total RNA isolated and mRNA levels of (A) PSA, (B) NKX3.1, and
(C) IGF-1R determined as described in the Materials and Methods Section. Results are expressed as means � SD
(n ¼ 3). � Represent significantly different from control at P < 0.05. Solid circle: LNCaP cells. Open circle: PC3
cells.
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CYP1A1 and NQO1 mRNA by the documented
AHR ligand bNF (Figure 7A). Both DIM and I3C
treatment effectively increased CYP1A1 and NQO1
mRNA levels (Figure 7B). AHR siRNA block the
inhibition of CYP1A1 mRNA by DIM and I3C but
only attenuated DIM’s effects on NQO1 mRNA
levels (Figure 7B). Both DIM and I3C induced
CYP1A1 mRNA at a concentration range similar
to their action on ARG with threshold at 1–5 mM
(Figure 7C and D). While the effective concen-
tration for NQO1 mRNA was between 5 and
25 mM for DIM and I3C, respectively (Figure 7C
and D). The changes in message level were
reflected at protein as both DIM and I3C induced
CYP1A1 activity (Figure 7E) and NQO1 protein as
determined by Western blots (Figure 7F).

Effects of DIM and I3C on Marker Genes Expression

in PC3 Cells

The effects of DIM and I3C on marker genes
expression for cell cycle, ARG, and AHR pathways
were also examined in the androgen nonrespon-
sive PC3 cells as comparison to the androgen-
responsive LNCaP cells. Both DIM (Figure 3A and
B, left panel) and I3C (Figure 3A and B, right
panel) induced CDKN1A but not CDKN1B mRNA
levels in PC3 cells. The magnitude of responses of
CDKN1A was less then LNCaP cells (Figure 3A).

DIM (Figure 4) and I3C (Figure 5) did not affects
the ARGs NKX 3.1 and IGF-1R mRNA expression
in PC3 cells. PSA were not detected under identical
condition in PC3 cells. DIM and I3C both induced
AHR-responsive gene CYP1A1 and NQO1 mRNA
levels in PC3 Cells (Figure 7C and D).

Comparison of Effects of I3C and DIMWith Other Cancer
Protective Phytochemicals

Figure 8 summarizes the comparison of the effects
of DIM and I3C on selected marker gene mRNA
levels, as determined by RT-PCR, to the candidate
cancer protective phytochemicals including GEN,
RES, and sulforaphane (SULFO) in LNCaP cells.
DIM and I3C were similar to GEN and RES in their
inhibitory effects on androgen responsive path-
ways, as treatment with all four compounds lead
to a decreased PSA mRNA level. By contrast, treat-
ments of LNCaP cells with SULFO did not affect
PSA mRNA levels. Increase in CDKN1A mRNA
levels was universal for all the test compounds.
DIM, I3C, GEN, and RES treatment led to increased
CDKN1A mRNA levels at �25 mM. SULFO treat-
ments led to increased CDKN1A mRNA levels at
10 mM. Above this concentration SULFO was cyto-
toxic and thus expression data are not included.
DIM and I3C treatment led to decreased CYP1A1
mRNA levels at low concentration (1–5 mM). In
contrast, addition of 25 mM of GEN and RES was
required to elicit an effect on CYP1A1 mRNA
levels. Different from other compounds, SULFO
inhibited CYP1A1 mRNA expression. DIM, I3C,
SULFO, and GEN induced NQO1mRNA levels at
similar concentration range (threshold of 1–5 mM),
while RES showed a slight inhibition at 25 mM.
Finally, under these experimental conditions, AR
mRNA expression was not influenced by any of
the test compounds.

Phytochemicals Differentially Affect Ligand Binding to AR

A comparison to GEN and RES to DIM and I3C
on the androgen responsive pathway was also
examined by monitoring ligand (FluormoneTM AL
Green) binding to AR. DIM was the only com-
pound that displaced FluormoneTM AL Green bind-
ing to AR (Figure 9).

DIM and I3C Affected 17b-Estradiol-Mediated Induction
of PSA mRNA

Since we previously reported 17b-estradiol can
also induces ARG in LNCaP cells [48], the ability of
DIM and I3C to alter estrogen induction of the
classic ARG, PSA mRNA was examined (Figure 10A
and B). Treatment with either DIM or I3C inhibited
DHT (Figure 10A) and 17b-estradiol (Figure 10B)
induction of PSA mRNA levels. DIM was more
potent than I3C as the inhibitory effect of DIM
was observed at 1 mM. I3C was more effective in
inhibiting 17b-estradiol induction of PSA with the

Figure 6. Effects of DIM and I3C on PSA protein. LNCaP cul-
tured in 10% FBS were treated with 25 mM of DIM or 100 mM of
I3C for 72 h, cell harvested and PSA protein levels determined
using western analysis as described in the Materials and Methods
Section. Results are expressed as means � SD (n ¼ 3). � Represent
significantly different from control at P < 0.05.
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Figure 7. Effects of DIM and I3C on CYP1A1 and NQO1. (A)
Effects of AHRsi RNA on the AHR ligand bNF induction of CYP1A1
and NQO1 mRNA levels. LNCaP cells were transfected with 25 nM
AHR siRNA or negative control siRNA as described in the Materials
and Methods Section. After transfection, cells were treated with or
without bNF (10 mM) for 24 h as described in the Materials and
Methods Section. After treatment, total RNA was isolated and
mRNA for AHR, CYP1A1, and NQO1 determined as described in
the Materials and Methods Section. Results are expressed as
means � SD (n ¼ 3). � Represent significantly different from cells
transfected with negative control (black bar, �AHRsi). (B) Effects of
AHR siRNA on DIM and I3C induction of CYP1A1 and NQO1
mRNA levels. LNCaP cells were transfected with 25 nM AHR siRNA
or negative control siRNA as described in the Materials and
Methods Section. After transfection, cells were treated with or
without DIM (10 mM) or I3C (100 mM) for 48 h as described in the
Materials and Methods Second. After treatment, total RNA was
isolated and mRNA for AHR, CYP1A1, and NQO1 determined as
described in the Materials and Methods Section. Results are
expressed as means � SD (n ¼ 3). � Represent significantly differ-
ent from cells transfected with negative control (black bar,
�AHRsi). (C) Concentration-dependent effects of DIM on CYP1A1
and NQO1 mRNA levels. LNCaP or PC3 cells cultured in 10% FBS
were treated with 0–25 mM of DIM for 48 h, total RNA isolated
and mRNA levels of CYP1A1 and NQO1 determined as described

in the Materials and Methods Section. Results are expressed as
means � SD (n ¼ 3). � Represent significantly different from con-
trol at P < 0.05. Left panel: CYP1A1, right panel: NQO1. Solid
circle: LNCaP cells. Open circle: PC3 cells. (D) Concentration-
dependent effect of I3C on CYP1A1 and NQO1 mRNA levels.
LNCaP or PC3 cells cultured in 10% FBS were treated with 0–
100 mM of I3C (right panel) for 48 h, total RNA isolated and
mRNA levels of CYP 1A1 and NQO1 determined as described in
the Materials and Methods Section. Results are expressed as
means � SD (n ¼ 3). � Represent significantly different from con-
trol at P < 0.05. Left panel: CYP1A1, right panel: NQO1. Solid
circle: LNCaP cells. Open circle: PC3 cells. (E) Effects of DIM and
I3C on CYP1A1 enzyme activity. LNCaP cultured in 10% FBS were
treated with 25 mM of DIM or 100 mM of I3C for 72 h, cell har-
vested and CYP1A1 enzyme activity determined as described in the
Materials and Methods Section. Results are expressed as
means � SD (n ¼ 3). � Represent significantly different from con-
trol at P < 0.05. (F) Effects of DIM and I3C on NQO1 protein.
LNCaP cultured in 10% FBS were treated with 25 mM of DIM or
100 mM of I3C for 72 h, cell harvested and NQO1 protein levels
determined using western analysis as described in the Materials
and Methods Section. Results are expressed as means � SD
(n ¼ 3). � Represent significantly different from control at
P < 0.05.
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EC50 at �25 mM, while the EC50 on DHT induc-
tion of PSA was >50 mM.

DISCUSSION

Several cruciferous vegetable-derived com-
pounds, including DIM and I3C, have been pro-
posed to be candidate components that contribute
to cancer protective effects of cruciferous veg-
etables [9–11] but the mechanisms remain unclear.
In the present study we show that DIM and I3C
exerts pleiotropic effects on prostate cancer cells.
Molecular and cellular markers of cell growth
(Figure 1), cell cycle (Figures 2 and 3), steroid hor-
mone-responsive (Figures 4, 5, and 10), and xeno-
biotic metabolism (Figure 6) pathways were
modulated by these two compounds in a concen-
tration-dependent fashion in androgen-responsive
LNCaP cells. At low (<5 mM) concentrations,
steroid hormone-responsive and xenobiotic meta-
bolisms pathways were affected. At high concen-
tration (>5 mM) stress/DNA damage-related
pathway, as indicated by upregulation of the p53-

dependent stress-responsive cyclin inhibitors
CDKN1A mRNA [49], were also activated. The atte-
nuated growth inhibitory effects (Figure 2) and
lack of effects on ARG (Figure 6) in the androgen
nonresponsive PC3 cells support a critical role for
AR-mediated pathways in DIM and I3C’s effects on
LNCaP cells. Additionally, attenuated reponses of
CDKN1A in p53-negative PC3 [50] suggested
involvement of p53-dependent pathway in overall
growth inhibitory effects of DIM and I3C. These
data also support the notion that DIM or I3C may
act more effectively at proximal points of prostate
carcinogenesis when AR-mediated and/or p53-
dependent pathways remain un-perturbed.
The concentration–dependency of our data is

especially relevant when considering DIM and I3C
consumed from dietary sources. Circulating con-
centrations of DIM can reach 2 mM after consum-
ing a single dose of 1000 mg of I3C capsule in
human [51]. In mice, plasma I3C has been
reported to reach �30 mM and DIM to �4 mM
when isolated compounds are provided [13]. We
summarized our data on DIM and I3C with

FIGURE 7. (Continued )
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consideration of reported physiological concen-
trations of these two compounds [13,51] in
Figure 11A. We reason that, based on their physio-
logical achievable concentration, cancer protective
effects of DIM and I3C are more likely due to their
effects on hormone-dependent and xenobiotic
metabolisms pathways. Figure 11B illustrate a
working model based on Figure 11A data. We pro-
pose that the effects of DIM and I3C, and perhaps
other cancer protective phytochemicals, at physio-
logical concentration exert their cancer protective
effects indirectly through regulation of pathways
such as steroid hormone-mediated pathway/

xenobiotic metabolism. Effect on hormone-related
pathways can lead to modulation of cell growth,
cell cycle as well as cell death. Direct effect on cell
cycle or apoptosis may be pharmacological. This
model can be applied to other cancer protective
compounds such as GEN and RES, as their circulat-
ing concentration (3–5 mM, Refs. [52,53]) lay in
the range of their effective molecular concen-
trations for androgen-responsive and xenobiotics
metabolism pathways (Figure 8).
DIM and I3C mechanistically appeared to be

different. DIM but not I3C appeared to directly
interact with AR as demonstrated by DIM’s ability

Figure 8. Comparison of DIM and I3C to genistein, resveratrol,
and sulforaphane on gene expression. LNCaP cells cultured in 10%
FBS were treated with following concentration of test compound.
DIM (0–25 mM), I3C (0–100 mM), genistein (GEN, 0–25 mM),
resveratrol (RES, 0–25 mM), or SULFO (0–10 mM) for 48 h, total
RNA isolated and mRNA levels determined as described in the
Materials and Methods Section. Log 2 transformed mean

expression values relative to vehicle control were analyzed using
CLUSTER, a cluster analysis program, and visualized as HEAT map
using TREEVIEW as previously described [53]. The intensity scale
range is from �3 to 3. Red color indicates upregulation from
vehicle control (0, black) green color indicates downregulation
from vehicle control and Gray color indicate no data. (A) CDKN1A.
(B) PSA. (C) CYP1A1. (D) AR. (E) NQO1.
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to compete with ligand binding to AR (Figure 9).
Also, DIM but not I3C appeared to induce both
Phase I (CYP1A) and Phase II (NQO1) xenobotic
metabolic enzymes in AHR-dependent fashion
(Figure 7B and C). I3C appeared to be able to
induce Phase I (CYP1A1) enzyme through AHR-
dependent fashion (Figure 7B) but not Phase II
(NQO1) (Figure 7B). Also, I3C induces cyclin inhi-
bitors mRNA and protein (Figure 3A and B) while
DIM induces cyclin inhibitors mRNA (Figure 3A
and B) but only CDKN1B protein changes
(Figure 3C) was observed in our experiment.

A side-by-side comparison of DIM and I3C with
several other candidate prostate cancer protective
phytochemicals revealed similarities, as well as
differences. DIM, I3C, GEN, and RES appeared to
act through inhibition of the androgen-mediated
pathways. This is consistent with previous reports
that GEN and RES are less effective in inhibiting
growth of PC-3 cells [44,54] at exposures ranging
from 0 to 25 mM. SULFO at (0–10 mM) had little
effect on the androgen-mediated event as indi-
cated by a lack of inhibition on PSA mRNA levels
(Figure 8B). The AR binding studies also revealed
that the mechanisms of the inhibitory effect on
ARG maybe different between these compounds.
DIM appeared to be unique since it was the only
compound that competed with androgen binding
to AR (Figure 9). Hence, DIM may act directly on
AR to inhibit the upregulation of ARG by andro-
gen while I3C, GEN, and RES act indirectly. The
indirect effects of I3C and other phytochemicals
may be through interaction of estradiol-dependent
event as I3C (Figure 10), GEN [43], and RES [53]
effectively inhibited estradiol-induced increase of
ARG. Our observed differences between DIM and
I3C also provide independent confirmation of
results previously reported by Hsu et al. [55]

In summary, we answer the three questions we
posed in the introduction. Our results indicate
DIM and I3C may act more effectively at earlier
stage of prostate carcinogenesis and likely through

Figure 9. Comparison of affinity of phytochemicals to androgen
receptor (AR). AR binding assays were performed to assess the
affinity of DIM, I3C, GEN, and RES for AR as described in the
Materials and Methods Section. Dihydrotestosterone (DHT) was
use as positive control. Results are expressed as % Control � SD
(n ¼ 3). Points with � are significantly different from vehicle con-
trol (0) at P < 0.05.

Figure 10. Effects of DIM and I3C on androgen or 17b-estra-
diol-induced increase of PSA mRNA levels. (A) Effects of DIM and
I3C on androgen induction of PSA mRNA level. LNCaP cells were
plated in six-well plates; 24 h after plating the medium was
switched to Media B, which contains 10% CDS, for an additional
24 h. Cells were then treated with or without DHT (1 nM) in the
presence or absence of DIM (0–25 mM) or I3C (0–50 mM) for 48 h,
total RNA was isolated and mRNA levels of PSA was determined
as described in the Materials and Methods Section. Results are
expressed as % of DHT-treated control � SD (n ¼ 3). � Represent
significantly different from DHT-treated control at P < 0.05. (B)
Effects of DIM and I3C on 17b-estradiol-induced increase of PSA
mRNA levels. LNCaP cells were plated in six-well plates; 24 h after
plating the medium was switched to Media B, which contains
10% CDS, for an additional 24 h. Cells were then treated with or
without 17b-estradiol (1 nM) in the presence or absence of DIM
(0–25 mM) or I3C (0–50 mM) for 48 h, total RNA was isolated, and
mRNA levels of PSA were determined as described in the Materials
and Methods Section. Results are expressed as % of 17b-estradiol-
treated control (n ¼ 3). � Represent significantly different from
17b-estradiol-treated control at P < 0.05.
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a combination of effects on steroid hormones and/
or xenobiotic metabolism pathway (Figure 11). We
also found that DIM and I3C appeared to differ
in their mechanisms of action. Moreover, various
cancer protective phytochemicals share similarity
as well as differences to DIM and I3C in their
mechanisms of action.
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