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Abstract Activation of transcription factors nuclear factor-
κB (NF-κB) and signal transducer and activator of
transcription 3 (STAT3) is frequently observed in prostate
cancer and has been linked with tumor cell proliferation,
invasion, metastasis, and angiogenesis. In this study, we
investigated the effect of ursolic acid (UA) on NF-κB and
STAT3 signaling pathways in both androgen-independent
(DU145) and androgen-dependent (LNCaP) prostate cancer
cell lines and also prospectively tested the hypothesis of

NF-κB and STAT3 inhibition using a virtual predictive
functional proteomics tumor pathway technology platform.
We found that UA inhibited constitutive and TNF-α-
induced activation of NF-κB in DU145 and LNCaP cells
in a dose-dependent manner. The suppression was
mediated through the inhibition of constitutive and TNF-
α-induced IκB kinase (IKK) activation, phosphorylation
of IκBα and p65 and NF-κB-dependent reporter activity.
Furthermore, UA suppressed both constitutive and induc-
ible STAT3 activation in prostate cancer cells concomitant
with suppression of activation of upstream kinases (Src
and JAK2) and STAT3-dependent reporter gene activity.
UA also downregulated the expression of various NF-κB
and STAT3 regulated gene products involved in prolifer-
ation, survival, and angiogenesis and induced apoptosis in
both cells lines as evidenced by DNA fragmentation and
annexin V staining. In vivo, UA (200 mg/kg b.w.) treated
for 6 weeks inhibited the growth of DU145 cells in nude
mice without any significant effect on body weight.
Overall, our results from experimental and predictive
studies suggest that UA mediates its anti-tumor effects
through suppression of NF-κB and STAT3 pathways in
prostate cancer.
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Introduction

Prostate cancer is one of the leading causes of cancers
among men worldwide [1]. Early in their development,
prostate tumors require androgen stimulation for growth
and survival [2]. Following remission, however, tumors
frequently recur in an androgen-independent form refractory
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to current treatment modalities [2]. Studies in the last few
years have revealed that chronic inflammation plays a
pivotal role in carcinogenesis of the prostate [3]. Several
inflammatory signaling cascades including nuclear factor-κB
(NF-κB), signal transducer and activator of transcription
(STAT3), serine/threonine protein kinase B (AKT), and
cyclooxygenase (COX-2) have been linked with different
stages of prostate cancer progression and are reported to
regulate prostate cancer proliferation, survival, invasion,
metastasis, and angiogenesis [4, 5]. Thus, agents that can
suppress these inflammatory markers have potential in both
the prevention and treatment of prostate cancer.

Ursolic acid (UA) (3β-hydroxy-urs-12-en-28-oic-acid) is
a pentacyclic triterpenoid belonging to the cyclosqualene-
noid family [6]. UA has been previously reported to
suppress the proliferation of a variety of tumor cells, induce
apoptosis [7–10], and inhibit tumor promotion, metastasis,
and angiogenesis [11]. Although few studies on the
apoptotic effects of UA on prostate cancer cells have been
previously reported [7, 12], its detailed mechanism of
action on prostate cancer cells and in vivo effects on
prostate cancer growth has not been explored before.

Numerous studies support the critical role of NF-κB and
STAT3 in prostate tumor cell survival, metastasis, and
angiogenesis [13]; hence, we hypothesized that UA mediates
its effects through suppression of both NF-κB and STAT3
pathways. In addition, the effect of UA on prostate cancer
cells was also tested in a virtual predictive tumor cell
platform [14]. The virtual epithelial tumor cell platform on
which the predictive NF-κB and STAT3 inhibition studies
were conducted is a comprehensive integration of the
pathways representing the key cancer cell functions like
proliferation, apoptosis, angiogenesis, metastasis, and tumor
micro-environment including tumor-associated inflammation
[14]. We further investigated the anti-cancer effects of UA
on proliferation, apoptosis, as well as NF-κB and STAT3
regulated gene products in vitro and growth of prostate
cancer in vivo. We found that UA is a potent inhibitor of
constitutive and inducible NF-κB and STAT3 activation in
prostate cancer cells and also significantly suppressed the
growth of prostate cancer xenografts in vivo.

Materials and methods

Reagents

UA (98% pure) was purchased from Guangxi Changzhou
Natural Products Development Company Ltd. (China). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Tris, glycine, NaCl, SDS, curcumin, and BSA were
purchased from Sigma-Aldrich (St. Louis,MO, USA). UAwas
dissolved in dimethyl sulfoxide (DMSO) as a 100 mM stock

solution and stored at 4°C. RPMI 1640, fetal bovine serum
(FBS), 0.4% trypan blue vital stain, and antibiotic–antimy-
cotic mixture were obtained from Invitrogen (Carlsbad, CA,
USA). Antibodies against phospho-STAT3 (Tyr 705),
phospho-AKT (Ser 473), STAT3, IκBα, Bcl-2, Bcl-xL,
survivin, XIAP, VEGF, PARP, AKT, annexin V-FITC assay
kit, PTEN siRNA, c-Src, and scrambled control siRNAwere
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies to phospho-specific Src (Tyr 416), Src,
phospho-specific JAK2 (Tyr 1007/1008) and JAK2, phospho-
specific p65 (Ser 536) and p65, phospho-specific IκBα (Ser
32), phospho-specific IKKα/β (Ser 180/Ser 181), IKKα,
phospho-specific PDK1 (Ser 241), and PDK1 were purchased
from Cell Signaling Technology (Beverly, MA, USA). Goat
anti-rabbit–horseradish peroxidase (HRP) conjugate and goat
anti-mouse HRP were purchased from Sigma-Aldrich.
Bacteria-derived recombinant human TNF-α and IL-6 was
purchased from ProSpec-Tany TechnoGene Ltd. (Rehovot,
Israel). Death Detection ELISAPLUS DNA fragmentation kit
was purchased from Roche Diagnostics (Mannheim,
Germany). Bradford reagent was purchased from Bio-Rad
(Hercules, CA, USA). Nuclear extract kit and DNA binding
kit was obtained from Active Motif (Carlsbad, CA, USA).
Lipofectamine was purchased from Invitrogen. Luciferase
assay kit and β-galactosidase assay kit were purchased from
Promega (Madison, WI, USA).

Cell lines

Human androgen-independent DU145 and androgen-
dependent LNCaP prostate cancer cell lines were kindly
provided by Prof. Shazib Pervaiz of our university. Cells
were cultured in Rosewell Park Memorial Institute (RPMI
1640) medium containing 1× antibiotic–antimycotic
solution with 10% FBS.

Cell proliferation assay (MTT)

The anti-proliferative effect of UA against prostate cancer
cells was determined by the MTT dye uptake method as
described previously [15].

Apoptosis detection by ELISA

Apoptosis of cells was determined as previously described
[16] using Cell Death Detection ELISAPLUS kit according
to the manufacturer’s protocol.

Annexin V assay

Apoptosis of cells was determined as previously described
[16] using annexin V-FITC kit according to the manufac-
turer’s protocol.
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Western blotting

Vehicle or UA treated whole-cell extracts were lysed in
lysis buffer [20 mM Tris (pH 7.4), 250 mM NaCl, 2 mM
EDTA (pH 8.0), 0.1% Triton X-100, 0.01 mg/ml
aprotinin, 0.005 mg/ml leupeptin, 1 mM PMSF, and
4 mM NaVO4]. Lysates were then spun at 13,000 rpm for
10 min to remove insoluble material and resolved on a
10% SDS gel. After electrophoresis, the proteins were

electrotransferred to a nitrocellulose membrane, blocked
with 5% non-fat milk, and probed with antibodies of
interest overnight at 4°C. The blot was washed, exposed to
HRP-conjugated secondary antibodies for 1 h, and finally
examined by chemiluminescence (ECL; GE Healthcare,
Little Chalfont, Buckinghamshire, UK). Densitometric
analysis of the scanned blots was performed using Image
J software and the results are expressed as fold change
relative to control.
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Fig. 1 Predictive in silico virtual tumor platform. a Overview of the
predictive virtual tumor cell platform. b Left panel the percentage
reduction in NF-κB. NF-κB shows only a minimal reduction with 80%
inhibition of STAT3 activity. b Right panel the percentage inhibition of
STAT3, p-JAK2 and p-Src levels with NF-κB and STAT3 activity
inhibition by 80%. As seen experimentally, active Src shows the
maximum reduction of about 60% as seen with NF-κB inhibition and a
20% reduction with STAT3 inhibition. Reduction of JAK2 was 10%
with STAT3 inhibition but a higher reduction in JAK2 (40%) is seen
with NF-κB inhibition. This indicates that NF-κB could be the more
probabilistic pathway inhibited by UA. c Left panel the percentage
reductions of key kinases, ERK, p38, JNK, IKK, and AKT. JNK shows
a 38% reduction with NF-κB but only a minimal 3% reduction with
STAT3 inhibition, NF-κB mediated inhibition was 16%, 30%, 23%, and
8% for p-ERK, p-p38, IKK, and AKT, respectively, while 5%, 2%, and

2% for p-ERK, p-p38, and IKK, respectively, with STAT3 inhibition
and AKT shows a minimal increase. c Right panel the percentage
reduction in key survival markers, Bcl-2, Bcl-xL, XIAP, and survivin
following NF-κB and STAT3 inhibition. Bcl-xL shows a 50% reduction
with NF-κB as compared to 18% reduction with STAT3 inhibition. The
inhibition on Bcl-2, XIAP, and survivin was 42%, 45%, and 36%,
respectively, with NF-κB inhibition and 16%, 10%, and 20%,
respectively, with STAT3 inhibition. d Left panel the percentage
increase in caspase-3 and cleaved PARP with NF-κB and STAT3
activity inhibition and the increasing trend of these markers supports the
increase in apoptotic endpoint seen experimentally. d Right panel the
percentage reductions for CXCR4 and VEGF with NF-κB and STAT3
inhibition. CXCR4 and VEGF show a 70% and 32% reduction,
respectively, with NF-κB inhibition while VEGF and CXCR4 shows
only minimal reduction with STAT3 inhibition
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NF-κB DNA binding assay

To determine NF-κB activation, we performed DNA
binding assay using TransAM NF-κB Kit according to
the manufacturer’s instructions and as previously described
[17].

NF-κB and STAT3 luciferase reporter assay

The effect of UA on constitutive and TNF-α-induced
NF-κB-dependent reporter gene transcription in prostate
cancer cells was determined as described previously [18].
The STAT3-responsive elements linked to a luciferase reporter
gene were transfected with wild-type or dominant-negative
STAT3-Y705F (STAT3F) as described previously [19]. Lucif-
erase activity was measured with a Tecan (Durham, NC, USA)
plate reader and normalized to β-galactosidase activity. All
luciferase experiments were done in triplicate and repeated
twice.

siRNA transfection assay

DU145 cells were plated in 96-well plates and allowed to
adhere for 24 h. On the day of transfection, 4 μl
lipofectamine obtained from Invitrogen was added to
50 nM PTEN siRNA in a final volume of 100 μl of
culture medium. After 48 h of transfection, cells were
treated with UA (50 μM) for 24, 48, or 72 h. The anti-
proliferative effect of UA against prostate cancer cells
was determined by MTT assay as described previously
[20]. DU145 cells were transfected with 50 nM Src siRNA
or scrambled siRNA. The transfected cells were then
treated with UA for 48 h and apoptosis was analyzed with
(BD FACSCalibur; BD Biosciences, USA) as described
previously [20].

In silico analysis

The Cellworks tumor cell platform provides a dynamic
and transparent view of human cellular physiology at the
proteomics abstraction level [14]. The virtual tumor cell

platform consists of a dynamic and kinetic representation
of the signaling pathways essential to tumor physiology at
the bio-molecular level. Signaling pathways for different
cancer phenotypes comprise 75 major signaling networks
with more than 3,900 intracellular interacting molecules
[14]. The baseline used for the study was an androgen-
independent system with PTEN and p53 mutations. The
following studies were conducted in disease state and the
biomarker trends were evaluated as percentage change
from disease values. Individual NF-κB and STAT3
inhibition and a combination of the NF-κB and STAT3
inhibition were tested. The results for the above studies
individually or in combination were analyzed across
known biomarker trends for UA and were compared with
existing literature. The purpose of the above study was to
determine the most probable mechanism of action of UA
and to compare the virtual hypothesis testing with
empirical data.

Prostate cancer xenograft mouse model

Xenograft studies were performed as previously de-
scribed [21]. All mice were weighed before start of
experiment. Animal experiments were conducted in
accordance with Singapore NACLAR guidelines (Law
as of November 2004) for laboratory animal use and
care. Briefly, 4-week-old athymic balb/c nude male mice
(Biopolis, Singapore) weighing 20 g were randomized
into the following treatment and control group (n=6).
DU145 cells were s.c. injected (5×106 cells/mouse) to
each mice. The control group was treated with 0.1%
DMSO and treatment group mice received i.p. 200 mg/kg
UA twice a week. The treatment was continued for 6 weeks
from the date of randomization. The mice body weight and
tumor sizes were recorded twice every week and the tumor size
was determined by Vernier caliper and calculated using the
formula length� widthð Þ2

h i
=2. At the end of 6 weeks, mice

were sacrificed by a lethal dose of i.p. phentobarbital
(40 mg/kg b.w.), blood was collected for measurement of
UA, and tumor volume was measured and weighed.

Detection of UA in serum sample

Bioavailability of UA in mice serum was determined
using LC–MS/MS as previously described with mod-
ifications [22]. The analyte was quantified with using
single ion monitoring in MS multiple reactions monitor-
ing mode (MRM, m/z 455.0→455.0). All samples were
prepared in triplicate and analyzed in three separate
analytical runs. Standard curves were constructed using
weighted (1/x2) linear least square regression analysis of
the observed peak areas of UA. The unknown sample
concentrations were calculated from the linear regression

Fig. 2 UA inhibits proliferation and induces apoptosis of prostate
cancer cells. a The chemical structure of UA. b DU145 and LNCaP
(5×105/ml) were plated in triplicate, treated with indicated concen-
trations of UA, and then subjected to MTT assay after 24, 48, or 72 h.
Cell viability was analyzed by MTT method as described in
“Materials and methods”. c DU145 and LNCaP were treated with
50 μM UA for the indicated times, apoptosis was determined by
degree of DNA fragmentation in the cytoplasm of cells treated with
UA. The assay was performed using DNA fragmentation ELISA kit as
per manufacturer instructions (Roche). d DU145 and LNCaP (1×106/
ml) were treated with 50 μM UA for the indicated times, after which
the cells were washed, fixed, stained with annexin V and PI, and
analyzed for apoptotic cells by flow cytometry. *p<0.05 when
compared to untreated group

�
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equation of the peak areas against concentrations of the
calibration curve. The serum concentration of UA was
calculated using Analyst software 1.4.2 (Applied Bio-
systems, USA).

Immunohistochemical analysis of tumor samples

Immunohistochemistry was performed using LSAB kit (Dako,
Carpinteria, CA, USA) according to manufacturer’s instruc-
tions and as described previously [23]. Images were captured
using Olympus BX51 microscope (magnification, ×20).
Positive cells (brown) were quantitated using the Image-Pro
plus 6.0 software package (Media Cybernetics, Inc.).

Statistical analysis

Statistical analysis was performed by Student’s t test.
Probability (p) values less than 0.05 were considered
statistically significant.

Results

Predictive proteomics analysis for NF-κB and STAT3 activities

In this study, predictive analysis was performed using the
virtual tumor cell platform (Fig. 1a) which provides a
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comprehensive analysis to determine the primary target of
UA in the prostate cancer cells. NF-κB activity was
inhibited by 80% in a growth-factor over-expressed virtual
tumor cell aligned to DU145. Figure 1b (left panel) shows
that knocking down STAT3 activity by 80% had a very
minimal impact on NF-κB activity. Knocking down NF-κB
by 80% shows a reduction in phosphorylated JAK2 and Src
(Fig. 1b, right panel). All of the key kinases such as ERK,
p38, JNK, IKK, and AKT show a reduction with NF-κB
inhibition and a minimal reduction with STAT3 inhibition
excepting AKT where a minimal increase was observed
(Fig. 1c, left panel). The key survival markers Bcl-2, Bcl-
xL, survivin (BIRC5), and XIAP levels were reduced with
NF-κB and STAT3 inhibition. Most of these markers were
inhibited in the range of 35% to 50% with NF-κB
inhibition; in fact, only 10% to 20% reduction was

observed with STAT3 inhibition (Fig. 1c, right panel).
Analyzing the increased predictive trends seen with the
apoptotic markers caspases 3 and cleaved PARP1 (Fig. 1d,
left panel) indicates an increase in the apoptotic phenotype.
These predictions therefore support the hypothesis that
UA’s effects on the proliferative and apoptotic phenotypes
is through inhibition of both NF-κB and STAT3 activity.
Furthermore, the predictive data shows a greater inhibition
in metastatic (CXCR4) and angiogenic (VEGF) gene
products with NF-κB inhibition compared to STAT3 where
a relatively minimal inhibition is observed (Fig. 1d, right
panel). The fact that NF-κB inhibition caused a significant
reduction in STAT3 activity (around 45%) leads to the
conclusion that UA mediates its effects by inhibiting both
of these molecules (Fig. 1b, right panel).

UA inhibits proliferation of prostate cancer cell lines

The structure of UA is shown in Fig. 2a. We first examined
the anti-proliferative effects of UA using 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) method. The results of MTT assay indicated that
treatment with 0, 10, 20, 25, and 50 μM UA for different
time intervals inhibited cell proliferation in a dose- and
time-dependent manner. Exposure to 50 μM UA for 72 h
exhibited 45% cell growth inhibition in DU145 cells
(Fig. 2b, left panel) as compared to a stronger 70%
inhibition in LNCaP cells (Fig. 2b, right panel).

UA induces apoptosis in prostate cancer cell lines

DNA fragmentation, a characteristic hallmark of apoptosis,
was evaluated using cell death detection ELISA kit as
described previously [16]. UA produced significant 12- and
18-fold increase in DNA fragmentation in DU145 (Fig. 2c,
left panel) and LNCaP cells (Fig. 2c, right panel),
respectively, following treatment for 72 h as compared to
vehicle-treated control. Consistent with these results, when
apoptosis was examined by annexin V staining, 35.4% of
DU145 (Fig. 2d, left panel) and 47.8% of LNCaP cells
(Fig. 2d, right panel) were found to be annexin V positive
as compared to vehicle-treated control cells, thereby
indicating that UA is a potent inducer of apoptosis in
prostate cancer cells, although its apoptotic effects were less
in DU145 as compared to LNCaP cells.

UA inhibits TNF-α-induced IκBα and p65 phosphorylation
in LNCaP cells

Because IκBα phosphorylation is required for activation of
NF-κB [23], we determined whether inhibition of TNF-α
induced NF-κB activation in LNCaP cells by UA was due
to inhibition of IκBα phosphorylation. We found that TNF-

Fig. 3 a Top panel effect of UA on phosphorylation of IκBα. LNCaP
cells (5×105/ml) were pretreated with different concentrations of UA for
4 h and then stimulated with TNF-α (1 nM) for 1 h. Cytoplasmic extracts
were prepared and analyzed by western blotting using phospho-specific
anti-IκBα (Ser32/36) and IκBα antibodies. The results shown are
representative of three independent experiments. Equal protein loading
was evaluated by β-actin. a Middle panel UA inhibits phosphorylation
and nuclear translocation of p65. Nuclear extracts were prepared and
analyzed for NF-κB activity. LNCaP cells (5×105/ml) were pretreated
with UA for 4 h and then treated with TNF-α (1 nM) for 1 h. The results
shown are representative of three independent experiments. For loading
control of nuclear protein, the membrane was blotted with anti-PARP
antibody. a Bottom panel effect of UA on the activation of IKK by TNF-
α. LNCaP cells (5×105/ml) were pretreated with UA for 4 h and then
treated with TNF-α (1 nM) for 15 min. Whole-cell extracts were prepared
and probed for phospho-specific IKKα/β antibodies. The results shown
are representative of three independent experiments. Equal protein loading
was evaluated by IKKα. a Top right panel UA inhibits constitutive
phosphorylation of AKT. LNCaP cells (5×105/ml) were treated with
different concentrations of UA for 4 h. Whole-cell extracts were prepared
and probed for phospho-specific AKT. The results shown are represen-
tative of three independent experiments. Equal protein loading was
evaluated by antibodies specific for AKT. a Bottom right panel UA
inhibits constitutive phosphorylation of PDK1. LNCaP cells (5×105/ml)
were treated with different concentrations of UA for 4 h. Whole-cell
extracts were prepared and probed for phospho-specific PDK1. The
results shown are representative of three independent experiments. Equal
protein loading was evaluated by antibodies specific for PDK1. b Effect
of PTEN knockdown on DU145 cell proliferation. DU145 cells (5×105/
ml) were transfected with either PTEN siRNA or scrambled siRNA
(50 nM). After 48 h, cells were treated with 50 μM UA for 24, 48, and
72 h and MTT assay was performed to determine cell proliferation.*p<
0.05; **p<0.001when compared to untreated group. c Effect of UA on
TNF-α-inducible NF-κB DNA binding activity. LNCaP cells (5×105/ml)
were pretreated with different concentrations of UA for 4 h and then
treated with TNF-α (1 nM) for 1 h. Nuclear extracts were prepared, 20 μg
of the nuclear extract protein was taken for DNA binding assay as
described in “Materials and methods”. d UA inhibits TNF-α-induced
reporter gene expression. LNCaP cells (1×105/ml) were transfected with
NF-κB-luciferase and β-galactosidase reporter plasmid using lipofect-
amine, incubated for 24 h, and then treated with 10, 25, or 50 μMUA for
4 h or 50 μM curcumin for 4 h and then treated with TNF-α (1 nM) for
24 h. Cells were lysed in reporter lysis buffer and analyzed for luciferase
activity and normalized with β-galactosidase activity. Results are
expressed as fold activity over the activity of vector control. *p<0.05

�
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α induced IκBα phosphorylation was suppressed in a dose-
dependent manner in UA-pretreated LNCaP cells (Fig. 3a,
top panel). We next investigated the effect of UA on TNF-
α-induced phosphorylation of p65 because phosphorylation
is also required for its transcriptional activity [24]. LNCaP
cells were further pre-incubated with different concentra-
tions of UA and then stimulated with TNF-α. Nuclear
extracts were prepared and tested for p65 phosphorylation
using western blot analysis. As shown in Fig. 3a (middle
panel), UA inhibited TNF-α induced p65 phosphorylation
in a dose-dependent manner in LNCaP cells, with
maximum inhibition seen at 50 μM. These results
indicate that UA can modulate TNF-α-inducible IκBα and
p65 phosphorylation and supports the predictive data related
to NF-κB inhibition as shown in Fig. 1b (left panel).

UA inhibits constitutive IκBα and p65 phosphorylation
in DU145 cells

We further tested the effect of UA on IκBα phosphorylation in
DU145 cells, which express constitutively active NF-κB [18].
Treatment with various concentrations of UA suppressed
constitutive IκBα phosphorylation in a dose-dependent
manner (Fig. 4a, top panel). We also examined the effect
of UA on p65 phosphorylation in DU145 cells and found
that exposure to different concentrations of UA suppressed
constitutive p65 activation in these cells in a dose-dependent
manner (Fig. 4a, middle panel).

UA inhibits TNF-α-induced and constitutive activation
of IKK in LNCaP and DU145 prostate cancer cell lines

It has been shown that UA inhibits the phosphorylation and
degradation of IκBα; we next tested the effect of UA on
TNF-α-induced and constitutive IKK activation, which is
required for phosphorylation of IκBα [25]. LNCaP cells
were pre-incubated with different concentrations of UA and
then stimulated with TNF-α. Whole-cell extracts were
prepared and tested for IKK phosphorylation using western

Fig. 4 a Top panel effect of UA on constitutive phosphorylation of
IκBα. DU145 cells (5×105/ml) were pretreated with different
concentrations of UA for 4 h. Cytoplasmic extracts were prepared
and analyzed by western blotting using phospho-specific anti-IκBα
(Ser32/36) and IκBα antibodies. The results shown are representative
of three independent experiments. Equal protein loading was
evaluated by β-actin. a Middle panel UA inhibits constitutive
phosphorylation and nuclear translocation of p65. Nuclear extracts
were prepared and analyzed for NF-κB activity. DU145 cells (5×105/
ml) were pretreated with UA for 4 h. The results shown are
representative of three independent experiments. For loading control
of nuclear protein, the membrane was blotted with anti-PARP
antibody. a Bottom panel effect of UA on the constitutive activation
of IKKα/β. DU145 cells (5×105/ml) were pretreated with UA.
Whole-cell extracts were prepared and probed for phospho-specific
IKKα/β. The results shown are representative of three independent
experiments. Equal protein loading was evaluated by IKKα. b Effect
of UA on constitutive NF-κB DNA binding activity. DU145 cells (5×
105/ml) were pretreated with different concentrations of UA for 4 h.
Nuclear extracts were prepared, 20 μg of the nuclear extract protein
was taken for DNA binding assay as described in “Materials and
methods”. c UA inhibits constitutive activation of reporter gene
expression. DU145 cells (1×105/ml) were transfected with NF-κB-
luciferase and β-galactosidase reporter plasmid using lipofectamine,
incubated for 24 h, and then treated with 10, 25, or 50 μM UA for 4 h.
Cells were lysed in reporter lysis buffer and analyzed for luciferase
activity and normalized with β-galactosidase activity. Results are
expressed as fold activity over the activity of vector control. *p<0.05;
**p<0.001

b
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blot analysis. As shown in Fig. 3a (bottom panel), UA
inhibited TNF-α-induced IKK activation with maximum
inhibition seen at 50 μM. We also examined the effect of
UA on IKK activation in DU145 cells and found that
treatment with various concentrations of UA suppressed
constitutive IKK activation in these cells in a dose-
dependent manner (Fig. 4a, bottom panel). However, UA
was found to have a very minimal effect on expression of
IKKα in both cell lines.

UA inhibits AKT activation in LNCaP cells with minimal
effect on PDK1 phosphorylation

It has been reported that AKT and PDK1 can activate IKK
[26]. Thus, it is possible that UA suppresses TNF-α-
induced IKK activation in LNCaP cells through suppres-
sion of either of these upstream kinases. We found that UA
treatment suppressed activation of AKT in a dose-
dependent manner with a minimal effect on PDK1
phosphorylation (Fig. 3a, right panel). However, neither
constitutive nor TNF-α-inducible phospho-AKT and
phospho-PDK1 levels were detected in androgen-
independent DU145 cell line (data not shown), most
probably due to the fact that DU145 cells express PTEN,
which is a negative regulator of PI3K/AKT signaling
cascade, whereas LNCaP cells are PTEN null [27].
Interestingly, we also observed that the knockdown of
PTEN gene by siRNA sensitized DU145 cells to anti-
proliferative effects of UA as evidenced by more than 80%
decrease in cell proliferation post-72 h after PTEN siRNA
transfection (Fig. 3b). Overall, these results thus indicate
that UA-induced inhibition of TNF-α-induced IKK activa-
tion in LNCaP cells may be mediated through the
suppression of AKT activation.

UA inhibits TNF-α-induced and constitutive NF-κB DNA
binding activity in prostate cancer cell lines

Since TNF-α-induced NF-κB activation cascade is well
characterized [28], we next investigated the effect of UA on
TNF-α induced NF-κB activity in LNCaP cells. Cells were
pre-incubated with different concentrations of UA and then
stimulated with TNF-α. Nuclear extracts were prepared and
tested for NF-κB activity by DNA binding assay ELISA kit
(ActiveMotif, Carlsbad, CA, USA). As shown in Fig. 3c,
UA inhibited TNF-α-induced NF-κB DNA binding activity
in a dose-dependent manner, with maximum inhibition seen
at 50 μM. At 50 μM UA, a 2.1-fold decrease in DNA
binding activity was observed compared to TNF-α-induced
NF-κB activation. We also tested the effect of UA on NF-
κB DNA binding activity in DU145 and found that
treatment with various concentrations of UA suppressed
constitutive NF-κB activity in a dose-dependent manner

(Fig. 4b). These results indicate that UA can modulate both
inducible and constitutive NF-κB activation in prostate
cancer cells.

UA suppresses TNF-α-induced and constitutive
NF-κB-dependent reporter gene expression

Although we observed by NF-κB DNA binding assay that
UA inhibits NF-κB activation, DNA binding alone does not
always correlate with NF-κB-dependent gene transcription,
indicating that there are additional regulatory steps [29]. To
determine the effects of UA on TNF-α-induced NF-κB-
dependent reporter gene expression, we transiently trans-
fected LNCaP cells with NF-κB regulate luciferase reporter
construct and co-transfected with β-galactosidase vector. A
5-fold increase in luciferase activity was observed after
stimulation with TNF-α (Fig. 3d). When the cells were
pretreated with UA, TNF-α-induced NF-κB-dependent
luciferase expression was inhibited in a dose-dependent
manner at 50 μM concentration, which was comparable to
curcumin, a potent NF-κB blocker (Fig. 3d). To determine
the effects of UA on constitutive NF-κB-dependent reporter
gene expression in DU145 cells, transfection was done as
described above followed by treatment with UA for 4 h. In
the presence of UA, NF-κB-dependent luciferase expres-
sion was inhibited in a dose-dependent manner with
maximum inhibition at 50 μM (Fig. 4c). These results
demonstrate that UA can inhibit both TNF-α-inducible and
constitutive NF-κB-dependent reporter gene expression.

UA inhibits constitutive STAT3 phosphorylation in DU145
cells

The ability of UA to modulate constitutive STAT3
activation in DU145 cells was investigated. DU145 cells
were incubated with different concentrations of UA for 4 h.
As shown in Fig. 5a (left panel), UA inhibited the
constitutive activation of STAT3 in DU145 cells in a
dose-dependent manner, with maximum inhibition occur-
ring at around 50 μM. As shown in Fig. 5a (right panel),
the inhibition was time dependent, with maximum inhibi-
tion occurring at around 4–6 h with no effect on the
expression of STAT3 protein. This data supports the
predictive data on STAT3 inhibition as shown in Fig. 1b
(right panel).

UA suppresses constitutive activation of Src and JAK2
kinases

STAT3 has also been reported to be activated by soluble
tyrosine kinases of the Src and JAK family [4]. Hence, we
determined the effect of UA on constitutive activation of
Src and JAK2 kinase in DU145 cells. We found that UA
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suppressed the constitutive phosphorylation of Src kinase
(Fig. 5b, left panel) and JAK2 (Fig. 5c) in a time-
dependent manner. The level of non-phosphorylated Src
remained unchanged under the same experimental con-
ditions. These experimental results correlate with predic-
tive data shown in Fig. 1b (right panel). Moreover, we
observed that deletion of Src substantially reduced the
apoptotic effects of UA as evidenced by a decrease in sub-

G1 population in DU145 cells (Fig. 5b, right panel),
thereby indicating a critical role of Src in UA-induced
apoptosis.

UA represses IL-6-inducible STAT3 and JAK2
phosphorylation in LNCaP cells

IL-6 has been reported to induce STAT3 and JAK2
phosphorylation [5]. We next determined whether UA
could inhibit IL-6-induced STAT3 and JAK2 phosphory-
lation in LNCaP cells. We found that IL-6-induced
STAT3 phosphorylation was suppressed by UA in a
time-dependent manner. Exposure of cells to UA for 6 h
was sufficient to completely suppress IL-6-induced
STAT3 and JAK2 phosphorylation (Fig. 5d, left and right
panels). UA did not have any effect on non-phosphorylated
STAT3 and JAK2 proteins.

UA suppresses constitutive and IL-6-induced STAT-3
reporter gene expression

Our above results clearly indicated that UA inhibited the
phosphorylation of STAT3. We next determined whether
UA affects STAT3-dependent gene transcription. When
DU145 cells were transiently transfected with the pSTAT3-
Luc construct, STAT3-mediated luciferase gene expression
was increased and treatment with different concentrations
of UA suppressed STAT3 reporter activity in a dose-
dependent manner (Fig. 5e, left panel).

We next determined whether UA affects IL-6-inducible
STAT3-dependent gene transcription. When LNCaP cells
transiently transfected with the pSTAT3-Luc construct were
stimulated with IL-6, STAT3-mediated luciferase gene
expression was increased. When the cells were pretreated
with UA, IL-6-induced STAT3 activity was inhibited in a
dose-dependent manner (Fig. 5e, right panel).

UA downregulates the expression of NF-κB
and STAT3-dependent gene products involved in survival
and angiogenesis

It has been reported that NF-κB and STAT3 regulate the
expression of the anti-apoptotic proteins Bcl-2, Bcl-xL,
XIAP and survivin, and angiogenic (VEGF) gene products
[13, 14]. We next investigated whether UA could modulate
constitutive expression of these proteins. We found that UA
blocked constitutive expression of these anti-apoptotic
proteins in a time-dependent manner, with maximum
inhibition occurring at 24 h (Fig. 6a). In addition, UA
blocked constitutive expression of VEGF in a time-
dependent manner, with maximum inhibition occurring at
24 h (Fig. 6a). These results correlate with predictive data
shown in Fig. 1c (right panel) and Fig. 1d (right panel).

Fig. 5 Effect of UA on constitutive STAT3 phosphorylation. a Left
panel UA suppresses phospho-STAT3 levels in a dose-dependent
manner. DU145 cells (5×105/ml) were treated with the indicated
concentrations of UA for indicated dose. Whole-cell extracts were
prepared, 30 μg of protein was resolved on 10% SDS–PAGE gel,
electrotransferred onto nitrocellulose membranes, and probed with
antibodies specific for phospho-STAT3. Equal protein loading was
evaluated by STAT3. The results shown are representative of three
independent experiments. a Right panel UA suppresses constitutive
phospho-STAT3 levels in a time-dependent manner. DU145 cells
(5×105/ml) were treated with the 50 μM UA for the indicated times
and probed for phospho-STAT3 as described in “Materials and
methods”. The same blots were stripped and reprobed with STAT3
antibody to verify equal protein loading. The results shown are
representative of three independent experiments. b Left panel UA
inhibits constitutively active phospho-Src in a time-dependent
manner. DU145 cells (5×105/ml) were treated with 50 μM UA for
the indicated times. Whole-cell extracts were probed for phospho-
Src, as described in “Materials and methods”. The same blots were
stripped and reprobed with Src antibody to verify equal protein
loading. b Right panel effect of Src knockdown on DU145
apoptosis. DU145 (5×105/ml) cells were transfected with either Src
siRNA or scrambled siRNA (50 nM). After 48 h, cells were treated
with 50 μM UA for 72 h and analyzed for apoptosis (Sub-G1
accumulation). c UA suppresses constitutively active phospho-
JAK2. DU145 cells (5×105/ml) were treated with the 50 μM UA
for the indicated times. Whole-cell extracts were probed for
phospho-JAK2, as described in “Materials and methods”. The same
blots were stripped and reprobed with JAK2 antibody to verify equal
protein loading. d Left panel UA suppresses inducible phospho-
STAT3 levels in a time-dependent manner. LNCaP cells (5×105/ml)
were treated with 50 μM UA for the indicated times. Whole-cell
extracts were prepared and probed for phospho-STAT3. The same
blots were stripped and reprobed with STAT3 antibody to verify
equal protein loading. The results shown are representative of three
independent experiments. d Right panel UA suppresses inducible
phospho-JAK2 levels in a time-dependent manner. LNCaP cells (5×
105/ml) were treated with the indicated 50 μM UA for the indicated
times. Whole-cell extracts were prepared and probed for phospho-
JAK2. The same blots were stripped and reprobed with JAK2
antibody to verify equal protein loading. e Left panel UA inhibits
constitutive activation of STAT3-luciferase reporter gene expression.
DU145 cells (1×105/ml) were transfected with STAT3-luciferase
(STAT3-Luc) and β-galactosidase reporter plasmid, incubated for
24 h, and treated with 10, 25, or 50 μM UA for 6 h. Whole-cell
extracts were then prepared in reporter lysis buffer and analyzed for
luciferase activity. e Right panel UA inhibits inducible STAT3 in
LNCaP cells. LNCaP cells (1×105/ml) were transfected with STAT3-
luciferase (STAT3-Luc) and β-galactosidase reporter plasmid,
incubated for 24 h, and treated with 10, 25, or 50 μM UA for 6 h
and then stimulated with IL-6 (10 ng/ml) for 24 h. Whole-cell
extracts were then prepared in reporter lysis buffer and analyzed for
luciferase activity. The results shown are normalized to β-
galactosidase activity and representative of three independent
experiments. *p<0.05
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UA inhibits the growth of prostate cancer in vivo

Our predictive proteomics and in vitro experiments so far
have shown that UA is a potent inhibitor of NF-κB and
STAT3 signaling cascades in prostate cancer cell lines.
Next, we analyzed whether UA can inhibit the growth of

prostate cancer DU145 xenograft in nude mice. Male nude
mice were injected s.c. with DU145 cells and treated with
UA (200 mg/kg b.w.) administered i.p. for 6 weeks (twice
per week). We found that UA significantly suppressed the
tumor growth in vivo following 6 weeks of treatment
(Fig. 6b, left panel). At the end of experiment, insignificant
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change in body weight of UA-treated mice (Fig. 6b, right
panel) was observed, thereby indicating that UA is a non-
toxic compound. Immunohistochemical analysis of tumor
tissue sections for VEGF (marker for angiogenesis) and
caspase-3 (marker for apoptosis) showed substantial de-
crease in VEGF expression and an increase in caspase-3
expression in UA-treated mice as compared to control
group (Fig. 6d, left and right panels). These results provide
strong evidence of anti-angiogenic and pro-apoptotic effects
of UA in prostate cancer.

Detection of UA in serum

We next determined the bioavailability of UA or its
metabolites mice serum. MS analysis with ion-selected
monitoring yielding molecular ions of m/z 455 corresponds
to UA molecular mass. Serum samples were processed to
isolate UA, analyzed by ion-selected monitoring in MS
mode at the indicated m/z values (Fig. 6c, ii, left panel). The
retention time for UA was 3.52 min (Fig. 6c, iii–iv, left
panel). UA afforded peak with retention times identical to
those of standard. Selected ion chromatograms of control

serum extracts from mice that had not received UA did not
show any peak (Fig. 6c, i, left panel). The average serum
concentration in mice administered with UAwas 515 ng/ml
(Fig. 6c, right panel). UA does not generate any metabolites
and thus no bio-transformed metabolites were detected in
serum (Fig. 6c, left panel). UA detected in mice serum at
the end of the study was far above the concentration
required to exhibit its effects in vitro. The circulating
concentration was sufficient to elicit significant biological
effects as evidenced by inhibition of prostate tumor growth
in nude mice.

Discussion

The aim of the present study was to elucidate the molecular
mechanism(s) of anti-cancer effects of UA in prostate
cancer cell lines and to investigate its effect on the growth
of prostate cancer in vivo. We observed that UA suppressed
both constitutive and TNF-α-induced NF-κB activation in
prostate cancer cells as evidenced by suppression of NF-κB
DNA binding activity. NF-κB inhibition was due to
inhibition of IKK activation leading to suppression of IκBα
phosphorylation and degradation, and phosphorylation and
translocation of p65 and NF-κB dependent reporter activity.
UA also exerted potent inhibitory effects on both constitu-
tive and IL-6-inducible STAT3 activation in prostate cancer
cells concomitant with suppression of upstream Src and
JAK2 kinases. UA further downregulated the expression of
various NF-κB and STAT3-regulated gene products in-
volved in anti-apoptosis, metastasis, and angiogenesis. This
hypothesis was also tested in a virtual predictive tumor cell
platform with an NF-κB activity inhibition in the tumor cell
generating more aligned biomarker trends as seen experi-
mentally with UA effects on prostate cancer cells when
compared to STAT3 inhibition alone. This downregulation
led to the inhibition of proliferation, induction of apoptosis,
and significant suppression of the growth of prostate cancer
xenografts in vivo.

Although UA has been shown to inhibit constitutive NF-
κB activation in different tumor cell lines [30], its effect on
NF-κB signaling in prostate cancer cell lines has not been
investigated before. Our results demonstrate for the first
time that UA can indeed suppress both constitutive NF-κB
activation in DU145 cells and TNF-α-induced NF-κB
activation in LNCaP cells as also confirmed by the
predictive studies. The inhibition of IKK activation by
UA suggests that it abolishes NF-κB activation in prostate
cancer cells through a suppression of IKK phosphorylation.
Several kinases, such as MEKK1, MEKK3, PKC, glycogen
synthase kinase-3β, TAK1, PDK1, and AKT [31], have
been reported to function upstream of IKK. A recent study
suggests that UA can induce apoptosis through suppression

Fig. 6 a Effect of UA on NF-κB and STAT3 regulated anti-
apoptotic gene products. DU145 cells (5×105/ml) were treated with
50 μm UA for the indicated time, whole-cell extracts were prepared.
Thirty micrograms of the protein was resolved on 10% gel and the
separated proteins were electrotransferred to nitrocellulose mem-
brane. The membrane was probed with antibodies specific for Bcl-2,
Bcl-xL, XIAP, survivin, and VEGF. The same blots were stripped
and reprobed with β-actin antibody to verify equal protein loading. b
Left panel UA inhibits the prostate cancer growth in vivo. DU145
cells (5×106/ml) were injected into the left flank of mice, and the s.c.
xenograft models were established as described in “Materials and
methods”. The diameters were measured twice a week for 6 weeks
using a Vernier caliper, and the tumor volume was calculated using
the formula (L×W2)/2 where W is the shortest diameter and L is the
longest diameter (n=6). Data is represented as mean tumor volume±
SE. *p<0.05 for control group versus UA treatment group at the end
of 6 weeks treatment. b Right panel effect of UA on body weight of
mice. The mice were weighed twice a week for 6 weeks. The data is
represented as mean body weight in grams±SE. c Left panel mass
spectrometric analysis of UA in mice serum. i Selected ion
chromatograms of serum extracts from mice that had not received
UA did not show any of the peak. ii Full scan spectrum showing the
m/z peak with a molecular mass of 455 corresponds to UA. iii, iv
Retention time was 3.52 min and was the same for both standard and
sample. The chromatograms are representative of three independent
experiments. For details of standard and sample preparation, refer to
“Materials and methods”. c Right panel UA serum concentration was
calculated using Analyst software 1.4.2 from the linear regression
equation of the peak area ratio against the concentration of the
calibration curve. The date is represented as average UA concentra-
tion (ng/ml)±SE. d Immunohistochemical analysis of prostate tumor
tissues for VEGF and caspase-3. Paraffin-embedded tumor tissue
sections were processed as described in “Materials and methods”.
The sections were then probed with antibodies specific for VEGF
and caspase-3. The sections were then scored for percentage positive
staining for the given biomarker. The photographs were taken at the
magnification of ×20
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of AKT activation in androgen-independent PC-3 cells [12].
We also found that UA can suppress constitutive AKT
activation in LNCaP cells, although it had a minimal effect
on PDK1 phosphorylation. In addition, we observed that
siRNA-targeted inhibition of PTEN significantly sensitized
PTEN wild-type DU145 cells to the anti-proliferative effects
of UA. These results are in line with a previously published
report showing that liposomal encapsulated curcumin and
resveratrol can prevent prostate cancer incidence in PTEN
null mice [32]. Overall, these results thus indicate that UA-
induced inhibition of IKK activation may be mediated
through the suppression of AKT activation.

We further observed that UA could suppress both
constitutive and inducible STAT3 activation in prostate
cancer cells, and that these effects of UA on STAT3
phosphorylation correlated with the suppression of up-
stream protein tyrosine kinases c-Src and JAK2. Previous
studies have indicated that Src and JAK2 kinase activities
cooperate to mediate constitutive activation of STAT3 [33].
Our findings suggest that UA can block cooperation of Src
and JAK2 involved in tyrosine phosphorylation of STAT3
and deletion of Src can substantially reduce the apoptotic
effects of UA. We also observed that UA suppressed IL-6-
induced reporter activity of STAT3. These results are
consistent with another report in which UA was found to
suppress activation of STAT3 and its regulated gene
products in multiple myeloma cell lines [8].

STAT3 phosphorylation plays a critical role in prolifer-
ation and survival of tumor cells [4]. Several types of
cancers have been shown to express constitutively active
STAT3 [4, 33]. The suppression of constitutively active
STAT3 in prostate cancer cells raises the possibility that this
novel STAT3 inhibitor might also inhibit constitutively
activated STAT3 in other types of cancer cells. Interesting-
ly, a recent report indicated that STAT3 can prolong NF-κB
nuclear retention through acetyltransferase p300-mediated
RelA acetylation, thereby interfering with NF-κB nuclear
export [34]. Thus, it is possible that suppression of NF-κB
activation may mediate inhibition of STAT3 activation by
UA. This assumption is supported by the predictive
proteomics analysis that it is indeed NF-κB inhibition that
mediates a 45% inhibition of STAT3. Pathak et al. have also
reported that UA can induce the expression of a protein
tyrosine phosphatase (PTP), SHP-1 expression in multiple
myeloma cells [8]. Whether UA-induced inhibition of
STAT3 activation also involves a protein tyrosine phospha-
tase (PTP) in prostate cancer needs additional investigation.

We also found that UA suppressed the expression of
several NF-κB and STAT3-regulated genes, including anti-
apoptotic gene products (Bcl-2, Bcl-xL, XIAP, and survi-
vin) and angiogenic gene product (VEGF). The down-
regulation of the expression of Bcl-2, Bcl-xL, XIAP, and
survivin induces apoptosis in prostate cancer cells as

evidenced by annexin V staining and DNA fragmentation
results. These observations are consistent with recent
reports in which UA was demonstrated to induce apoptosis
in prostate cancer cells through downregulation of Bcl-2
and activation of JNK [10]. The down modulation of
VEGF expression as reported here may also explain the
anti-angiogenic potential of this triterpene that requires
further investigation.

Whether these in vitro observations with UA has any
relevance to that in vivo was also investigated. Our results
show for the first time that UA significantly suppressed
prostate tumor growth in nude mice without any signif-
icant decrease in body weight. To the best of our
knowledge, no prior studies with UA in xenograft prostate
cancer models have been reported. We next determined
the systemic bioavailability of UA in serum samples
obtained from nude mice. UA was detected in all serum
samples 24 h after last injection. Systemic bioavailability
of UA was in nanogram range and metabolites of UA
were not detected in the samples. These results indicate
that UA is well absorbed in the mouse peritoneum and
supports the role of UA as a potent compound for
chemoprevention and therapy of prostate cancer. Overall,
our predictive proteomics and experiment results clearly
indicate that anti-proliferative and pro-apoptotic effects of
UA in prostate cancer are mediated through suppression
of multiple cell survival pathways and provide a sound
basis for pursuing the use of UA further, either alone or in
combination with existing therapy for the therapeutic
intervention of prostate cancer.
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