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Abstract

Pancreatic cancer (PC) remains the fourth most common cause of cancer related death in the United
States. Therefore, novel strategies for the prevention and treatment are urgently needed. Numerous
dietary and pharmacological agents have been proposed as alternative strategies for the prevention
and/or treatment of PC. Isoflavone is a prominent flavonoid found in soy products and has been
proposed to be responsible for lowering the incidence of PC in Asians. Similarly, curcumin, an active
ingredient of turmeric, that inhibits growth of malignant neoplasms, has a promising role in the
prevention and/or treatment of PC. Here we examined whether isoflavone together with curcumin
could elicit a greater inhibition of growth of PC cells than either agent alone, and also sought to
determine the molecular mechanism of action. We found that the inhibition of cell growth and
induction of apoptosis was significantly greater in the combination group than that could be achieved
by either agent alone. These changes were associated with decreased Notch-1 expression and DNA
binding activity of NF-kB and its target genes such as Cyclin D1, Bcl-2, and Bcl-xL. Moreover, we
found that the combination of four natural agents at lower concentration was much more effective.
Collectively, our results suggest that diet containing multiple natural products should be preferable
over single agents for the prevention and/or treatment of PC. The superior effects of the combinatorial
treatment could partly be attributed to the inhibition of constitutive activation of Notch-1 and NF-
kB signaling pathways.
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Introduction

Pancreatic cancer (PC) is a highly aggressive malignant disease, which is currently treated with
limited success and dismal outcomes using conventional therapeutics including chemotherapy
and irradiation. PC is ranked as the fourth most common cause of cancer related mortality in
the United States (Jemal et al., 2008). It is estimated that approximately 37,680 new PC cases
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will be diagnosed with estimated deaths of 34,290 in 2008 (Jemal et al., 2008). Despite
therapeutic advances, the prognosis of patients with PC is extremely poor, with a median
survival of 6 months (Jemal et al., 2008). This disappointing outcome strongly suggests that
the evaluation of novel, targeted therapeutic agents is urgently needed to improve the outcome
of patients diagnosed with this deadly disease.

Epidemiological studies have consistently shown that regular consumption of fruits and
vegetables is associated with a markedly reduced risk of cancer (Sarkar and Li, 2006).
Moreover, people (Asians) who consume a diet high in soy products and a plant Curcuma
longa (Linn), which provide curcumin, have a relatively low incidence and mortality of PC,
suggesting that a high intake of soy products and curcumin may protect people against
pancreatic cancer (Wang et al., 2006b; Wang et al., 2006c). Soy isoflavone, a natural flavonoid
found in soybean products, has been proposed to be associated with lower incidence of PC and
is believed to function as a chemopreventive agent (Fotsis et al., 1995; Banerjee et al., 2005;
Banerjee etal., 2007). It has been found that isoflavone can inhibit the growth of various cancer
cell lines both in vitro and in vivo (Banerjee et al., 2005; Banerjee et al., 2007; El-Rayes et al.,
2006; Li et al., 2005). Our previous studies have shown that isoflavone can induce apoptosis
and inhibit NF-xB activation in PC cells (Wang et al., 2006c). Curcumin (diferuloylmethane),
which is a phenolic compound, is a widely used flavoring agent in food and it has shown to
have antitumor activity in many cancers, including PC (Goel et al., 2008; Kunnumakkara et
al., 2007; Wang et al., 2006c). Plummer et al. reported that curcumin consistently suppressed
NF-xB activation by inhibiting IxB kinase, which induces IxBa phosphorylation, leading to
the inhibition of NF-xB downstream gene expression in PC cells (Plummer et al., 1999). NF-
kB downstream gene over-expression is associated with apoptosis resistance, angiogenesis,
enhanced invasion, and metastasis (Sarkar and Li, 2008).

Moreover, NF-xB plays important roles in the control of cell growth, differentiation, and
apoptosis (Sarkar and Li, 2008). The activation of NF-xB involves the phosphorylation of
IxB, an inhibitory binding partner of NF-kB complex, for ubiquitination and degradation
through proteasome degradation pathway. This allows the translocation of NF-kB into the
nucleus where it activates transcription of genes that are involved in controlling cell
proliferation, differentiation, apoptosis, inflammation, stress response, angiogenesis, tumor
promotion and metastasis, and also control many other cellular and physiological processes
(Sethi et al., 2008). A key regulatory step in the NF-xB pathway is the activation of a high
molecular weight IKK complex in which catalysis is done by kinases, including IKKa and
IKK, which directly phosphorylate 1«B proteins (Sarkar and Li, 2008). Therefore, the precise
molecular mechanism by which NF-kB is activated in many disease processes is under intense
investigation.

The Notch signaling pathway is another important transduction pathway in cells, and it plays
a critical role in controlling cell survival and apoptosis. To date, four vertebrate Notch genes
have been identified: Notch-1-4 (Miele, 2006). Notch genes encode proteins which can be
activated by interacting with a family of its ligands. Upon activation, Notch is cleaved, releasing
ICN (intracellular Notch) which translocates into the nucleus. The ICN associates with
transcription factors, regulating the expression of target genes in regulating the development
and growth of cells (Miele et al., 2006; Miele, 2006). Recent evidence suggests that the Notch
signaling pathway is involved in PC cell survival (Miyamoto et al., 2003; Wang et al.,
2006d). Miyamoto et al reported that Notch pathway components and Notch target genes such
as Hes-1 are up-regulated in PC (Miyamoto et al., 2003). These reports clearly suggest a
possible link between Notch gene over-expression and PC. Recent reports also showed that
Notch-1 regulates the NF-xB pathway via activation of molecules in the NF-«xB pathway (Jang
et al., 2004; Oswald et al., 1998; Wang et al., 2006a).
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The fate of cancer chemopreventive strategies relies largely on the ability of chemopreventive
agents to maximally exploit the intrinsic anti-tumor potential of in combination without
incurring undue toxicity. Targeting multiple signal transduction pathways by a combinatorial
approach using natural products would ideally empower the clinician to better delay the
progression of cancer especially PC. Emerging evidence suggest that cancer is due to defects
in multiple genes, and therefore a multi-targeting agent or the combination of agents targeting
multiple pathways without causing any toxicity would be required for the success of prevention
and/or treatment of PC. Therefore, we believe that the combination of soy isoflavone and
curcumin, or even other agents together would be highly effective in PC cells. In this study,
we found that the combination approach is better in killing PC cells, which was partly due to
inactivation of Notch-1 and NF-«kB signaling and their downstream genes.

Materials and methods

Cell culture and experimental reagent

Human PC cell line BXPC-3 (ATCC, Manassas, VA) was cultured in RPMI-1640 media
(Invitrogen, Carlshad, CA) supplemented with 10% fetal bovine serum and 1% penicillin and
streptomycin. Colo-357 cells were generously provided by Dr. Paul Chiao at M.D. Anderson
Cancer Center (Houston, TX), and grown as a monolayer cell culture in DMEM containing
4.5 mg/mL D-glucose and L-glutamine supplemented with 10% FBS. Isoflavone, curcumin,
resveratrol and epigallocatechin-3-gallate (EGCG) were purchased from Amax NutraSource
Inc (Eugene, OR).

Cell growth inhibition studies by MTT assay

BxPC-3 and Colo-357 cells (5 x 103) were seeded in a 96-well culture plate and subsequently
treated with dietary compounds in different concentrations as described under the figure
legend. After treatment, the cells were incubated with 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent (0.5 mg/ml; Sigma) at 37°C for 2 h and then with
isopropanol at room temperature for 1 h. The Spectrophotometric absorbance of the samples
was measured by using Ultra Multifunctional Microplate Reader (Tecan, Durham, NC, USA).
The experiment was repeated three times and the t test was performed to verify the significance
of cell growth inhibition after treatment.

Histone/DNA ELISA for detection of apoptosis

The Cell Death Detection ELISA Kit (Roche, Palo Alto, CA, USA) was used for assessing
apoptosis in BXPC-3 and Colo-357 cells treated with dietary compounds according to the
manufacturer's protocol. Briefly, BXPC-3 and Colo-357 cells were treated the same way as
described previously for growth inhibition study. After treatment, the cells were lysed, and the
cell lysates were overlaid and incubated in microtiter plate modules coated with anti-histone
antibody. Samples were then incubated with anti-DNA peroxidase followed by color
development with ABTS® substrate. The optical densities of the samples were determined
using the Ultra Multifunctional Microplate Reader (Tecan, Durham, NC, USA) at 405 nm.

Western blot analysis

BxPC-3 and Colo-357 cells were seeded in 100 mm dishes and allowed to attach for 24 h,
followed by the addition of isoflavone, curcumin, or a combination of both for 72 h. After
incubation, cells were lysed in a buffer containing 62.5 mw Tris-HCI and 2% SDS and were
sonicated for 3 x 10 seconds. Protein concentration was measured using the BCA Protein Assay
Kit (Pierce, Rockfbrd, IL, USA). Samples were resolved through a 10% SDS polyacrylamide
gel and then transferred to a nitrocellulose membrane. After blocking with 5% nonfat dry milk,
each blot was incubated with polyclonal anti-Notch-1, anti-Cyclin D1, anti-Bcl-2, anti-Bcl-xL
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(Santa Cruz Biotechnology, Santa Cruz, CA), or anti-B-actin (Sigma) antibodies. The bound
antibodies were detected by secondary antibodies conjugated with peroxidase and Supersignal
Chemiluminescent Substrate (Pierce).

Preparation of Nuclear extract

BxPC-3 and Colo-357 cells were plated in 100 mm dishes and cultured for 24 h. Subsequently,
the cultures were treated with isoflavone, curcumin, or a combination of both for 72 h. Cells
exposed to dietary compounds or kept as control were washed with cold phosphate-buffered
saline and suspended in 0.15 ml of lysis buffer [10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, 2 ug/ml leupeptin, 2 ug /ml aprotinin, and
0.5 mg/ml benzamidine). The cells were allowed to swell on ice for 20 min and then 4.8 pl of
10 % Nonidet P-40 was added. The tubes were then vigorously mixed on a vortex mixer for a
few seconds and centrifuged for 120 sec in a microfuge. The nuclear pellet was resuspended
in 30 pl of ice - cold nuclear extraction buffer [20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 2 ug /ml leupeptin, 2 pg/ml aprotinin, and
0.5 mg/ml benzamidine], and incubated on ice with intermittent mixing. The tubes were then
centrifuged for 5 min in a microfuge at 4°C, and the supernatant (nuclear extract) was collected
in a cold eppendorf tube and stored at —70°C for later use. The protein content was measured
by BCA method.

Electrophoretic mobility shift assay (EMSA) for measuring NF-kB activity

EMSA was performed by incubating 10ug of nuclear protein extract with IRDye™ 700-labeled
NF-«xB oligonucleotide (LI-COR, Lincoln, NE). The incubation mixture included 2 pg of poly
(d1-dC) in a binding buffer. The DNA-protein complex formed was separated from free
oligonucleotide on 8.0% native polyacralyamide gel using buffer containing 50 mM Tris, 200
mM glycine, pH 8.5, and 1 mM EDTA, and then visualized by Odyssey Infrared Imaging
System using Odyssey Software Release 1.1 (LI-COR, Lincoln, NE). Super-shift assay using
NF-xB p65 antibody was also conducted to confirm the specificity of NF-xB DNA-binding
activity. For loading control, 10 ug of nuclear proteins from each sample were subjected to
Western blot analysis for retinoblastoma protein, which showed no alternation after genistein
treatment.

Densitometric and statistical analysis

Results

The growth inhibition of BXPC-3 and Colo-357 cells by dietary compounds treatment was
statistically evaluated using GraphPad StatMate software (GraphPad Software, Inc., San
Diego, CA). Comparisons were made between control and dietary compounds treatment.
P<0.05 was used to indicate statistical significance.

Cell growth inhibition by isoflavone and curcumin

The treatment of BxPC-3 pancreatic cancer cells for 1-3 days with 10, 25, 50 uw of isoflavone
and 1.0, 2.5, 5.0 uM curcumin resulted in cell growth inhibition, respectively. The inhibition
of cell growth was found to be dose- and time-dependent (Fig.1A, B). Similar results were
found in Colo-357 cells treated with isoflavone and curcumin, respectively, although Colo-357
cells were more resistant to curcumin (Fig.1C, D).

Cell growth inhibition with the combinations of isoflavone and curcumin

In order to detect the effects of the combinations of isoflavone and curcumin on the cell growth
inhibition, we used the MTT assay with treatment durations of 24, 48 and 72h. As shown in
Fig. 2, the cell growth inhibition increased to 35% and 80%, respectively relative to control in
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the BxPC-3 cells treated with combinations comprising isoflavone 10 uM + curcumin 1.0 uM
and isoflavone 10 uM + curcumin 2.5 pM for 72 hours. Our results showed that 10 uM
isoflavone alone did not inhibit BxPC-3 cell growth, and 2.5 pM curcumin alone inhibited
about 40% cell growth at 24 h. However, isoflavone 10 pM + curcumin 2.5 uM significantly
inhibited (65%) BxPC-3 cell growth at 24 h. The similar changes in cell growth were also
observed in Colo-357 cells in response to either isoflavone or curcumin, each alone or in
combination. In Colo-357, both 10 uM isoflavone and 5 uM curcumin alone did not
significantly inhibit cell growth at 72 h, respectively. However, isoflavone 10 uM + curcumin
5 uM caused cell growth inhibition up to 60%. Taken together, these results suggest that a
combinatorial treatment of PC cells with isoflavone and curcumin produced a greater inhibition
of cell growth compared to either agent alone. Our results provides scientific basis in support
of the role of combination of isoflavone and curcumin at a lower doses for inhibiting cell growth
and that the use of low doses are likely to have lower toxicity to normal cells. Inhibition of cell
proliferation observed by MTT could also be attributable to the induction of apoptosis in
BxPC-3 and Colo-357 cells. Therefore, we explored whether the inhibition of cell growth was
also accompanied by the induction of apoptosis induced by isoflavone and curcumin. DNA/
histone fragmentation analysis was employed to investigate the degree of apoptosis induced
by isoflavone and curcumin.

Inhibition of apoptosis with combinations of isoflavone and curcumin

BxPC-3 and Colo-357 cells were treated with different concentrations of isoflavone, curcumin
or a combination of both for 72 h, respectively, and apoptosis was assessed. We found that in
combinatorial treatment group there was a greater degree of induction of apoptosis than that
caused by either agent alone, when compared with the control (Fig. 3). For example, 10 uM
isoflavone alone did not induce apoptosis, whereas 2.5 uM curcumin caused approximately
4.5-fold increase in apoptosis of BXPC-3 cells, but the combination group showed 8-fold
increase in apoptosis, when compared with the untreated control (Fig. 3). Similar results were
also observed in Colo-357 cells in response to either isoflavone or curcumin, each alone or in
combination. These results provide convincing data showing induction of apoptosis by the
combinatorial treatment of PC cells with isoflavone and curcumin. These results are also
consistent with cell growth inhibition observed by MTT assay, suggesting that greater cell
growth inhibition by combination treatment is partly due to greater degree of apoptosis in PC
cells.

Isobologram analyses and combination indices for the combinations of isoflavone and

curcumin

In order to detect whether there was a synergistic interaction observed in cell growth inhibition
and apoptosis with the combinations of isoflavone and curcumin, we performed isobologram
analyses of our data similar to those reported previously by our laboratory (Li et al., 2005).
Isobologram analysis showed that the combination index for every combination treatment
examined was <1, suggesting the lower doses of isoflavone with curcumin would be able to
elicit synergistic inhibition of cell growth and induction of apoptosis in PC cells (Fig. 4A, B).

Inhibition of the Notch-1 expression by isoflavone and curcumin

The Notch-1 signaling pathway is an important signal transduction pathway that plays a critical
role in cell survival and apoptotic process. In our earlier studies, we have shown that isoflavone
and curcumin inhibits cell growth by attenuating the signal transduction pathways including
Notch-1 pathway (Wang et al., 2006b; Wang et al., 2006c¢). Because the combinatorial
treatment produced a greater effect on cell growth and apoptosis than that elicited by either
agent alone, we measured the Notch-1 expression following treatments with isoflavone,
curcumin, or the combination of both agents. We found that the protein level of Notch-1 was
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down-regulated in BxPC-3 and Colo-357 cells treated with isoflavone, curcumin, or the
combination of isoflavone and curcumin (Fig. 4C, D). Moreover, the magnitude of reduction
of Notch-1 in response to the combinatorial treatment was found to be considerably greater
than that observed by either agent alone, when compared with the controls (Fig. 4C, D). To
confirm our data, we also found that the expression of Notch-1 target genes including cyclin
D1, Bcl-2 and Bcel-xL, was also down-regulated in cells treated with combination of both
compounds (Fig. 4C, D).

Inhibition of NF-kB activation by isoflavone and curcumin

Emerging evidence suggest that Notch-1 regulates the NF-«B via activation of molecules in
the NF-«xB pathway (Jang et al., 2004; Oswald et al., 1998; Wang et al., 2006a). Therefore, to
determine weather attenuation of Notch-1 activation by these agents could lead to reduction
in NF-kB activity, we examined the DNA binding activity of NF-xB. The nuclear protein
extracts from control and compound-treated BxPC-3 and Colo-357 cells were subjected to
analysis for NF-kB DNA-binding activity by EMSA. We found that the combination of
isoflavone and curcumin caused greater inhibition of NF-xB DNA-binding activity in BXPC-3
and Colo-357 cells compared to untreated control, although isoflavone or curcumin alone
inhibited NF-kB activity to a lesser degree (Fig. 5). The specificity of NF-kB DNA binding to
the DNA consensus sequence was confirmed by super-shift assay using anti-p65 antibody.

Cell growth inhibition with the combinations of isoflavone, curcumin, resveratrol and EGCG

Since consumption of fruits and vegetables provides a complex mixture of different compounds
that are associated with reduced cancer risk, we further sought to test weather lower
concentrations of a mixture (cocktail) could be effective in the inhibition of PC cell growth.
We chose resveratrol and EGCG together with isoflavone and curcumin for our current study.
In order to detect the effects of the combinations of these four compounds on cell growth
inhibition, we used the MTT assay after treatment of BxPC-3 cells for 24, 48 and 72h. We have
tried various ratios of the combinations of four agents and found optimal results with a
combination that are shown in Fig. 6. We found that the cell growth was inhibited up to 40%
relative to control in BXPC-3 cells treated with combinations comprising isoflavone 10 nM +
curcumin 500 nM + resveratrol 125 nM + EGCG 125 nM. However, the same concentrations
of curcumin, resveratrol, EGCG, and isoflavone alone for 72 h did not significantly inhibit the
cell growth of BXPC-3 cells. Taken together, our results showed that a combinatorial treatment
with natural products yields a greater inhibition of cell growth of PC cells, suggesting the
importance of a diet or supplement containing a mixture of compounds that apparently have
no toxicity could be useful for the prevention and/or treatment of PC and other cancers.

Discussion

Pancreatic Cancer (PC) is a deadly disease, and only 4% of all patients with PC in the U.S. are
expected to survive 5 years after diagnosis (Jemal et al., 2008). The low cure rate in PC is in
part due to the lack of an effective strategy for the prevention of tumor progression and/or
treatment. Emerging evidence suggest that many dietary compounds exhibit beneficial effects
toward the prevention of cancer (Sarkar and Li, 2003; Sarkar and Li, 2004; Sarkar and Li,
2006). Although advances have been made in better understanding the biology of human
cancers, much of the research focusing on cancer prevention using a variety of
chemopreventive agents without any toxicity to normal cells remains to be clinically proven.
In recent years combinatorial approach to cancer therapy or prevention is being widely
recognized as an effective approach to maximize benefit. Recently, Nair et al. reported
combined inhibitory effects of green tea polyphenols and sulforaphane in human colon
carcinoma cells (Nair et al., 2008). In addition, combination therapy of gastrointestinal cancer
using sulforaphane and dibenzoylmethane was recently reported (Shen et al., 2007). The results
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from our laboratory have shown that the combination of isoflavone with reduced doses of
chemotherapeutic agents could be much more effective compared to higher doses of
chemotherapeutic agents in different types of cancers including prostate, breast, lung, and PCs,
suggesting that enhanced anti-cancer activity could be achieved without any toxicity to normal
cells (Li et al., 2005; Sarkar and Li, 2006). In the present study, we investigated whether the
combinations of two dietary natural products (isoflavone and curcumin) could show greater
degree of cell growth inhibition and induction of apoptosis in PC cell lines compared to single
agents.

Our current data showed, for the first time, that the combined treatment of PC cells with
isoflavone and curcumin caused significantly increased growth inhibition and apoptosis,
suggesting that this strategy could be an effective approach for the killing of PC cells. In
addition, our data provided mechanistic information supporting the concept of combination of
two compounds, which exerts their pro-apoptotic effects by inhibiting Notch-1, resulting in
the inactivation of NF-xB DNA-binding activity and the inactivation of their target genes.

Notch signaling plays important roles in maintaining the balance between cell proliferation,
differentiation and apoptosis (Miele and Osborne, 1999; Miele et al., 2006; Miele, 2006). The
Notch gene is abnormally activated in many human malignancies. It has been reported that the
Notch signaling is involved in PC cell survival and that Notch pathway components and Notch
target genes are up-regulated in PCs (Miyamoto et al., 2003; Wang et al., 2006a; Wang et al.,
2006d). It has been known that Notch gene suppresses apoptosis and promotes cell proliferation
through a growth factor mediated survival pathway. Nair et al observed that Notch-1 induces
cyclin D1 and CDK?2 activity and inhibits p53 dependent apoptosis in cervical cancer cells
through PI3K/AKT pathway (Nair et al., 2003). Jang et al have shown that Notch-1 expression
regulates cell death through both apoptosis and cell cycle pathways in erythroleukemia cells
with regulation of Bel-xL, p21¢iPLiwafl ‘no7kipl and the retinoblastoma protein Rb (Jang et al.,
2004). Based on our results, we speculate that one possible mechanism by which isoflavone
and curcumin induce apoptosis is in part due to the down-regulation of Notch-1, which leads
to the down-regulation of Notch-1 target genes, such as cyclin D1, Bcl-xL, resulting in the
inhibition of cell proliferation, and induction of apoptosis. Indeed, we found that isoflavone
and curcumin inhibited the expression of Notch-1. Moreover, the combined treatment was
more effective, which could be attributed to the inactivation of Notch-1 signaling pathway as
supported by greater degree of reduction in the levels of Notch-1 target gene expression (Cyclin
D1, Bcl-2 and Bcel-xL) compared to either agent alone.

Notch-1 signaling pathway has been shown to activate NF-«xB. Specifically, Notch-1 has been
reported to strongly induce NF-xB promoter activity and induce the expression of several NF-
kB subunits and NF-xB DNA-binding activity (Jang et al., 2004; Oswald et al., 1998; Wang
et al., 2006a). Levels of basal and stimulation-induced NF-«B activity were significantly
decreased in mice with reduced Notch levels (Wang et al., 2004). Constitutive levels of Notch
activity are essential to maintain NF-«B activity in various cell types. It is generally accepted
that Notch and NF-kB pathways are key regulators of numerous cellular processes such as
proliferation, differentiation and apoptosis. In the present study, we found that isoflavone and
curcumin inhibited NF-xB DNA-binding activity. We also found a greater degree of reduction
in the DNA binding activity of NF-«xB in PC cells in response to the combinatorial treatment
compared to either agent alone, suggesting that these changes are partly responsible for the
increased apoptosis or decreased survival of PC cells.

Itis becoming increasingly clear that the blocking of multiple signaling pathways is an effective
therapeutic approach for the prevention of disease progression and/or treatment of human
cancers, including PC. Therefore, identification of inhibitors targeting multiple members of
the signaling pathway is likely to provide a better therapeutic outcome in patients diagnosed
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with cancer, a disease caused by dysregulation of multiple and complex signaling pathways.
Reddy et al observed that cell growth inhibition in response to the combination of curcumin
and EGFR inhibitor (EGFR Related Protein, ERRP) was significantly greater than that caused
by either agent alone and this was associated with decreased activation (tyrosine
phosphorylation) of EGFR, ErbB-2, ErbB-3, and/or IGF-1R. (Reddy et al., 2006). Whereas
curcumin inhibited constitutive activation of both EGFR and IGF-1R, ERRP decreased
activation of EGFR, ErbB-2, and ErbB-3 but had no effect on IGF-1R (Reddy et al., 2006). In
addition, we have reported that isoflavone down-regulated the EGFR and Akt pathway (EI-
Rayes et al., 2006) whereas curcumin inhibited COX-2 and EGFR expression and decreased
Erk1/2 activity in PC cells (Lev-Avri et al., 2006). Kotha et al reported that resveratrol inhibits
Src and Stat3 signaling and induces apoptosis of malignant PC cells containing activated Stat3
protein (Kotha et al., 2006). Recently, Shankar et al reported that EGCG caused growth arrest
at G1 stage of cell cycle through regulation of cyclin D1, cdk4, cdk6, p21/WAF1/CIP1 gng
p27/KIP1 ‘and induced apoptosis through generation of reactive oxygen species and activation
of caspase-3 and caspase-9 (Shankar et al., 2007; Shankar et al., 2008). EGCG also inhibited
the expression of Bcl-2 and Bcl-xL and induced the expression of Bax, Bak, Bcl-xS and PUMA
in PC cells (Shankar et al., 2007; Shankar et al., 2008). Based on these results, we speculated
that one possible mechanism by which four natural products, used in our study, inhibited cell
growth to a greater degree is in part due to down-regulation of multiple signaling pathways
such as Notch-1, Akt, EGFR, and NF-xB. However, further in-depth studies including clinical
trials are needed to fully evaluate the value of isoflavone in combination with curcumin,
resveratrol and EGCG for the prevention and/or treatment of human PC.

In Summary, our results demonstrate that exposure of PC cells to isoflavone together with
curcumin caused a greater degree of cell growth inhibition than either agent alone. The effect
of combinatorial treatment on the inhibition of growth and induction of apoptosis could be
attributed to the inhibition of Notch-1 and NF-«xB signaling pathways. Because neither
isoflavone nor curcumin are known to exert toxic effects, the current combinatorial strategy
using more than one natural product could potentially be a superior and nontoxic strategy for
the prevention and/or treatment of PC.
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Effect of isoflavone or curcumin on BxPC-3 and Colo-357 cell growth. Dose and time-
dependent inhibition of cell growth by isoflavone and curcumin in BXPC-3 and Colo-357 PC
cells. Cells were seeded in 96-well plates at 5,000 cells per well and treated with the indicated
concentrations of isoflavone or curcumin for various time periods. After treatment, cell
viability was determined by MTT assay. Each value represents the mean £+ SD (n=6) of three
independent experiments. * P<0.05, **P<0.01 compared with the control.
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Effects of the combination of isoflavone (Iso) and curcumin (Cur) on cell growth of BxPC-3
and Colo-357 cells. Each value represents the mean = SD (n=6) of three independent
experiments. * P<0.05, **P<0.01 compared with the control.
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Figure 3.

Effects of isoflavone (Iso) or curcumin (Cur) alone or their combination on apoptosis of
BxPC-3 and Colo-357 cells. The cells were incubated for 72 h in the absence (control) or
presence of indicated concentrations of isoflavone and/or curcumin. Values represent mean +
SD of 5-6 observations. * P<0.05, **P<0.01 compared with the control.
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Figure 4.

A-B, Isobologram analyses of synergy between combinations of isoflavone and curcumin in
BxPC-3 cells. The cells were incubated for 72 h in the absence (control) or presence of indicated
concentrations of isoflavone and/or curcumin. Data points (*) are described by concentrations
(in uM) of curcumin and isoflavone reflected on x- and y-axes respectively, and are
representative of three independent experiments. Combination index (CI): a quantitative
measure of the degree of drug interaction. Cl < 1 indicates synergism; ClI > 1 indicates
antagonism; CI = 1 indicates additive effect.

C-D, Western blot analysis showing changes in the levels of Notch-1, Cyclin D1 and Bcl-xL
as well as the levels of Bcl-2 in BXxPC-3 and Colo-357 cells treated with isoflavone, curcumin,
or their combination for 72 h. B-actin represents protein loading control.
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Figure 5.

Electrophoretic mobility shift assay (EMSA) showing the DNA binding activity of NF-xB in
nuclear protein fractions from untreated (control), isoflavone-, curcumin-, or isoflavone +
curcumin-treated BXPC-3 and Colo-357 cells. Super-shift assay showed that NF-xB band was
shifted because of the formation of bigger complex after addition of anti- NF-xB p65 antibody.
This assay confirmed the specificity of NF-xB binding to the DNA consensus sequence.
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Effects of isoflavone, curcumin, resveratrol, EGCG alone, or the combination of four
compounds on cell growth of pancreatic cancer BXPC-3 cells. Each value represents the mean
+ SD (n=6) of three independent experiments. * P<0.05, **P<0.01 compared with the control.
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