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Summary

Cancer cells exhibit deregulation in multiple cellular signaling pathways. Therefore, treatments using
specific agents that target only one pathway usually fail in cancer therapy. The combination
treatments using chemotherapeutic agents with distinct molecular mechanisms are considered more
promising for higher efficacy; however, using multiple agents contributes to added toxicity.
Emerging evidence has shown that some “natural products” such as isoflavones, indole-3-carbinol
(I13C)and its in vivo dimeric product 3,3'-diindolylmethane (D1M), and curcumin among many others,
have growth inhibitory and apoptosis inducing effects on human and animal cancer cells mediated
by targeting multiple cellular signaling pathways in vitro without causing unwanted toxicity in
normal cells. Therefore, these non-toxic “natural products” from natural resources could be useful
in combination with conventional chemotherapeutic agents for the treatment of human malignancies
with lower toxicity and higher efficacy. In fact, recently increasing evidence from pre-clinical in
vivo studies and clinical trials have shown some success in support of the use of rational design of
multi-targeted therapies for the treatment of cancers using conventional chemotherapeutic agents in
combination with “natural products”. These studies have provided promising results and further
opened-up newer avenues for cancer therapy. In this review article, we have succinctly summarized
the known effects of “natural products” especially by focusing on isoflavones, indole-3-carbinol
(13C) and its in vivo dimeric product 3,3'-diindolylmethane (DIM), and curcumin, and provided a
comprehensive view on the molecular mechanisms underlying the principle of cancer therapy using
combination of “natural products” with conventional therapeutics.
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Introduction

Despite enormous efforts made toward the development of cancer therapies over the past
several decades, cancer is still a major public health problem in the United States, and
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accounting for one in 4 deaths in the United States.> Chemotherapy is one of the important
approaches among cancer therapies. Physicians and scientists have vigorously investigated
ways to improve the efficacy of chemotherapy by developing new chemotherapeutic agents,
refining therapeutic approaches, and optimizing combination treatment strategies. It is now
well accepted that cancer cells are highly heterogeneous and they exhibit deregulation in
multiple cellular signaling pathways. Therefore, treatments using specific agents or inhibitors
that target only one biological event or a single pathway usually fail in cancer therapy. In order
to overcome this failure and to achieve higher efficacy, combination treatments using multiple
agents with distinct targets have been considered more promising, resulting in better cancer
cell killing. Therefore the premise is that by attacking or blocking multiple important pathways
that are responsible for promoting cancer cell survival and growth, and thus multi-targeted
cancer therapy is likely to be more effective in inhibiting cancer cell growth and inducing
apoptotic cell death. However, the combination treatment using conventional
chemotherapeutic agents has been shown to be associated with unacceptable dose-related
toxicity; therefore, the development of mechanism-based multi-targeted therapeutic strategies
in the new era of targeted therapy is urgently needed for improving therapeutic efficacy without
added systemic toxicity during the combination treatment. We believe that such a strategy of
rational design is likely to be a breakthrough in the treatment of the majority of human
malignancies.

In recent years, dietary and natural compounds harvested from nature (natural compounds)
have received increased attention primarily because epidemiological studies have shown that
the consumption of fruits, soybean and vegetables is associated with reduced risk of several
types of cancers.2:3 Emerging evidence has also shown that some “natural products” especially
isoflavones, indole-3-carbinol (13C) and its in vivo dimeric product 3,3'-diindolylmethane
(DIM), and curcumin have potent growth inhibitory and apoptosis inducing effects on human
and animal cancer cells mediated by targeting multiple cellular signaling pathways in vitro.
45 Therefore, these non-toxic “natural products” could be useful in combination with
conventional chemotherapeutic agents for the treatment of cancer and such strategies are
expected to have lower toxicity but higher efficacy. Recent in vivo pre-clinical studies and
clinical trials have provided increasing evidence in support of the development of multi-
targeted therapies for cancer treatment using chemotherapeutic agents in combination with
“natural products”.5-13 These studies have provided some early promising results and opened-
up newer avenues for cancer therapy. In this review article, we have attempted to summarize
the known effects of selected “natural products” and provided a comprehensive view on the
molecular mechanisms and underlying rationale for the combination of conventional
therapeutics with “natural products” for the treatment of human malignancies.

Soy isoflavones including genistein, daidzein, and glycitein are mainly derived from soybean,
and genistein has been found to inhibit cancer cell growth in vivo and in vitro.14-16 Whereas
I3C and its in vivo dimeric product DIM are produced from naturally occurring glucosinolates
found in the family Cruciferae have shown inhibitory effects on cancer cell growth through
the modulation of genes that are related to the control of cell proliferation, cell cycle, apoptosis,
signal transduction, oncogenesis, and transcription regulation.1”:18 Moreover, curcumin is also
a natural compound present in turmeric and has been known to possess both anti-inflammatory
and antioxidant effects and it has also been studied as a cancer chemopreventive agent in several
cancer models.19:20 Thus, it is becoming clear that these “natural products” exerts their
pleiotropic effects on cancer cells through targeting multiple cellular signaling pathways
including NF-xB, Akt, MAPK, Wnt, Notch, and androgen receptor (AR), suggesting that these
“natural products” could be useful either alone or in combination with conventional
therapeutics for the prevention of tumor progression and/or treatment of human malignancies.
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Targeting multiple pathways by Isoflavone
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There are growing in vitro and in vivo evidence demonstrating the inhibitory effects of
isoflavone genistein on carcinogenesis and cancer progression. These inhibitory effects have
been believed to be mediated by multiple signaling pathways, among which NF-xB appears
to be most important, which is well known for its central function in promoting human
malignancies. We found that isoflavone genistein significantly inhibited the DNA-binding
activity of NF-kB in prostate cancer cells 21, suggesting that the inactivation of NF-«B is
mechanistically linked with growth inhibitory and apoptosis promoting activity of isoflavone.
By immunochemistry and confocal microscopic analysis, we also found that isoflavone
genistein inhibited the nuclear translocation of NF-kB 21, suggesting that genistein may reduce
the DNA binding activity of NF-kB to its target DNA and thereby inhibit the transcription of
its target genes. Similar findings have been reported by other investigators showing that
isoflavone could inhibit NF-xB through modulation of IKK and 1xB in human lung epithelial
cells and myeloid cells 22:23, suggesting that soy isoflavone could exert its cancer
chemopreventive activity through the regulation of NF-«xB signaling. More importantly, we
have found that isoflavone genistein could enhance the anti-tumor activity of chemotherapeutic
agents not only via the down-regulation of NF-kB signaling but by also attenuating the
activation of NF-«xB induced by chemotherapeutic agents.?* These results clearly suggest that
isoflavones either alone or with rational combination with conventional therapeutics could be
useful for the treatment of human malignancies as schematically demonstrated in Fig 1.

Isoflavone genistein also regulates Akt signaling which is another important signaling pathway
that is known to be responsible for cancer development and progression. We found that
genistein did not alter the level of total Akt protein; however, the phosphorylated Akt protein
at Ser473 and the Akt kinase activity were decreased after genistein treatment.2> To further
explore the inhibitory mechanism of genistein on the activity of Akt and NF-xB pathways, we
have conducted transfection experiments in PC-3 cells using Akt expression vector and NF-
kB-Luc reporter construct. Luciferase assay showed an increased luciferase activity in PC-3
cells co-transfected with the constructs. However, genistein inhibited the luciferase activity in
co-transfected PC-3 cells. These results were further confirmed by examining the DNA-
binding activity of NF-«xB in transfected cells using EMSA, and the results clearly suggested
that genistein exerts its inhibitory effects on NF-xB pathway mediated in part by targeting Akt
signaling pathway. We have also observed similar results in MDA-MB-231 breast cancer cells;
26 therefore, isoflavone genistein could down-regulate both Akt and NF-kB signaling, leading
to the inhibition of cancer cell growth and the induction of apoptosis (Fig 1). It is also important
to note that EGFR could activate PI3K/AKkt signaling through induction of Src and that
isoflavone is a Src kinase inhibitor.2” Therefore, the inhibition of Akt activity by isoflavone
could also be via the down-regulation of Src signaling.

Recently, we have investigated the effects of isoflavone on Wnt signaling. We found that
isoflavone up-regulated the expression of GSK-3p, enhanced GSK-3p binding to B-catenin,
and increased the phosphorylation of B-catenin, suggesting that isoflavone could inhibit
prostate cancer cell growth by the inactivation of Wnt signaling (Fig 2).28 Other investigators
have also reported that isoflavone could inhibit the expression of Wnt-5a,2? diminish basal and
Whnt-1-induced cell proliferation, and attenuate Wnt-1 targeted c-Myc and Cyclin D1
expressions,30 suggesting the inhibitory effects of isoflavone on Wnt signaling.

Isoflavone genistein also showed inhibitory effects on Notch signaling, resulting in the
inhibition of cancer cell growth. We have found that isoflavone genistein inhibited Notch
signaling, leading to the down-regulation of NF-xB activity consistent with the inhibition of
cell proliferation, and the induction of apoptosis in pancreatic cancer cells.31:32 Sy et al also
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reported that isoflavone genistein could suppress the expression of Notch-2,2% which is
consistent with our findings. These results suggest that isoflavone genistein could inhibit cancer
cell growth and induce apoptosis through the down-regulation of Notch and NF-«B signaling

(Fig 1).

In an effort to find the effects of isoflavone genistein on androgen receptor (AR) signaling
especially because targeting of AR could be useful strategy for the treatment of prostate cancer.
We found that genistein transcriptionally down-regulated AR, decreased nuclear AR binding
to androgen responsive element (ARE) and, thereby, inhibited the transcription and translation
of PSA in androgen-sensitive LNCaP cells 33:34 as schematically summarized in Fig-2. Fritz
etal also found that isoflavone genistein down-regulated the expression of AR in the rat prostate
at concentrations comparable to those found in humans on a soy diet.3> Moreover, we have
found that isoflavone could inhibit cancer cell proliferation and induce apoptosis through the
regulation of the Akt/FOX03a/GSK-3p/AR signaling network.28 The above molecular
mechanistic studies from our laboratory and others have clearly suggested that isoflavone
regulates multiple cellular signaling pathways in vitro, suggesting that isoflavone could also
suppress tumor growth in vivo, which could be due to attenuation of these signaling pathways.

Effects of isoflavone on the inhibition of tumor growth in animal

It has been reported that isoflavone has protective roles against carcinogenesis in animals. In
an early study, soy-containing diets has been shown to reduce the severity of prostatitis in rats.
36 The diets supplemented with soy isoflavone also prevented the development of
adenocarcinomas in the prostate and seminal vesicles in a rat carcinogenesis model.3”
Moreover, soy diet reduced growth of transplantable prostate adenocarcinomas and inhibited
tumor cell proliferation and angiogenesis of transplantable prostate cancer in immunodeficient
mice.38:39 A diet rich in soy also inhibited pulmonary metastasis of melanoma cells in C57BI/
6 mice.4? Furthermore, isoflavone genistein also inhibited the growth of carcinogen-induced
cancers in rats and human leukemia cells transplanted into mice.?1+42 These in vivo studies
provided strong evidence in support of the role of isoflavone genistein in the protection against
carcinogenesis in animal models. Importantly, increasing number of human studies and clinical
trials has also been conducted in recent years toward molecular investigation and anti-tumor
activity of isoflavone on human cancers as summarized in this article.

Effects of isoflavone on the suppression of oxidant stress in human through the inhibition
of NF-kB activation

Isoflavone genistein is a well known antioxidant 43 and the treatment of cancer cells with
genistein could significantly increase the expression of anti-oxidant proteins,** boosting the
endogenous anti-oxidant pathways. Therefore, soy isoflavone supplementation is expected to
inhibit NF-xB activation and, in turn, may reduce the oxidative DNA damage in human cells.
We have conducted a human intervention study to investigate the effects of isoflavone
supplementation on NF-kB activation in vivo in human volunteers.#> The lymphocytes from
healthy male subjects were harvested from peripheral blood and cultured for 24 hours in the
absence and presence of isoflavone genistein that was previously shown to protect cells from
TNF-a or H,0, induced NF-xB activation in vitro. We found that isoflavone genistein
treatment inhibited basal levels of NF-kB DNA binding activity by 56% and abrogated TNF-
o induced NF-«kB activity by 50%.45 Furthermore, when human volunteers received isoflavone
supplements for three weeks, TNF-a failed to activate NF-«xB activity ex-vivo in lymphocytes
harvested from these volunteers, while lymphocytes from these volunteers collected prior to
soy isoflavone intervention showed activation of NF-xB DNA binding activity upon TNF-a
treatment ex-vivo.*> We have further determined whether soy supplementation had any effect
on the levels of oxidative DNA damage in human lymphocytes by measuring the levels of 5-
OHmdU, which represents oxidative DNA damage, in the blood of the volunteers before and
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after isoflavone supplementation. The mean value of 5-OHmMdU before supplementation was
156.7£25.72 and it was decreased to 60.83+12.61 (p < 0.01) after three weeks of soy
supplementation.*® These results clearly demonstrate that soy isoflavone supplementation has
a protective effect against NF-kB activation and oxidative DNA damage in humans in vivo.

Effects of isoflavone on the inhibition of serum PSA in patients with prostate cancer

In an in vitro study, we found that isoflavone genistein transcriptionally down-regulated AR
and decreased nuclear AR binding to ARE, leading to the inhibition of PSA expression in
prostate cancer cells 34 as indicated above. Because PSA is an important biomarker for the
diagnosis of prostate cancer and the prediction of prostate cancer progression in humans, we
conducted a Phase Il clinical trial to investigate the modulation in serum PSA levels in patients
diagnosed with prostate cancer by soy isoflavone supplementation. Patients with prostate
cancer were enrolled if they had rising PSA levels and were previously untreated (Group 1),
treated with local therapy (Group Il), or treated with hormone therapy (Group I11), and had
either three successive rising PSA levels or a PSA of > 10 ng/ml at two successive evaluation.
Patients received 100 mg Novasoy™ (Archer Daniels midland Company, Decatur, IL, USA)
orally twice daily for a minimum of three months in the absence of progression or toxicity.
Novasoy™ contains genistein, daidzein, and glycitin at a 1.3:1:0.3 ratios. Serum PSA, IGF-1
and IGFBP-3 levels were measured and toxicity was assessed. There was a decrease in the rate
of rise of serum PSA in the whole group (P = 0.01) with rate of rise in PSA was decreased
from 14 to 6% in group Il (P = 0.21) and from 31 to 9% in group 11 (P = 0.05) following the
soy isoflavone intervention.*6 This pilot clinical data demonstrated that soy isoflavone
supplementation could decrease the rate of rise in serum PSA levels without any toxicity in
prostate cancer patients. The lack of significant side effects of soy isoflavone makes it an ideal
agent for patients with advanced prostate cancer, suggesting that further definitive clinical trials
are warranted.

Another phase Il clinical trial has been conducted to evaluate the efficacy of isoflavone in
patients with PSA recurrent prostate cancer after prior therapy.*’ Patients received soy milk
containing 47 mg of isoflavonoid per 8 0z serving three times per day for 12 months. Serum
PSA, testosterone, lipids, and isoflavone levels (genistein, daidzein, and equol) were measured
at various time points from 0 to 12 months and PSA outcome was also evaluated. It was found
that dietary intervention with isoflavone supplementation decreased the slope of rising PSA,
providing beneficial evidence in support of the use of isoflavone supplements against prostate
cancer.?” In another clinical trial focusing on determining the biological effects of soy protein
isolate (SPI) consumption on circulating hormone profiles and AR expression patterns in men
at high risk for developing advanced prostate cancer, the authors used prostate biopsy samples
obtained pre- and post-intervention and subjected to immunostaining for assessing the
expression of AR and ER-p. The authors have found that consumption of SPI significantly
suppressed AR expression but did not alter ER-f3 expression or circulating hormones,
suggesting that isoflavone could be beneficial in preventing prostate cancer by inhibition of
AR and PSA expression 8 and these results from clinical studies are consistent with in vitro
findings.

In a prospective follow-up study, the effects of a dietary supplementation including isoflavone
have been tested in men with isolated high-grade prostatic intraepithelial neoplasia (HGPIN).
It has been found that 67.6% of patient showed a stable or decreasing PSA level and had a

lower risk (25.5%) of prostate cancer after isoflavone supplementation, suggesting that the

supplements could decrease the level of PSA and thereby decreasing the risk of prostate cancer.
49 Several other clinical trials have also shown similar results documenting reduced PSA after
receiving isoflavone supplements;5%:51 however, another clinical trial showed that isoflavone
did not alter the level of PSA in healthy men aged 50-80 years,2 suggesting that differential
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effects of isoflavone may exist between healthy men and patients diagnosed with prostate
cancer. Collectively, evidence from both in vitro as well as in vivo clinical trials clearly suggest
that soy isoflavone has biological activity against prostate cancer without any known systemic
toxicity; therefore in our humble opinion further definitive studies are warranted in order to
fully appreciate the chemopreventive and therapeutic effects of soy isoflavone for human
prostate cancer.

The effects of isoflavone on breast and other cancers

Since it is known that low concentration of genistein could stimulate the growth of ER-positive
MCF-7 breast cancer cells,3 there is a concern whether isoflavones will increase breast cancer
risk in healthy women or worsen the prognosis of breast cancer patients although there is no
clinical evidence whether isoflavone intake could increase breast tissue density in pre- or
postmenopausal women or increase breast cell proliferation in postmenopausal women with
or without a history of breast cancer, the known risk factors for the development of breast
cancer, and such clinical studies have shown no adverse effects although it was tested in a small
number of subjects.>* Moreover, the epidemiological data are consistent with the clinical data,
showing no indication of increased risk of breast cancer in the populations consumes
isoflavone-rich diets. In a large epidemiological study in women in China, the plasma genistein
and daidzein concentrations have been measured and correlated with the risk of breast disease
and the authors have found that isoflavone concentrations were inversely associated with the
risk of non-proliferative and proliferative fibrocystic conditions and breast cancer.5> Women
in the highest quartile of plasma genistein (>76.95 ng/mL) were less likely to have breast cancer
or benign fibrocystic conditions compared with women in the lowest quartile (<9.42 ng/mL),
suggesting the inhibitory effects of isoflavone on mammary carcinogenesis . In another study
of 117 case-control pairs of postmenopausal women, the inverse associations between urinary
phytoestrogens and breast cancer risk were also found especially among women with a high
body mass index.%8 Other clinical trials also showed the beneficial effects of isoflavone on
breast cancer,®’:%8 suggesting that the consumption of soy-rich diet could be useful for the
prevention of breast cancer although longitudinal studies in a large-population would be
required to authenticate the above findings so that the NCI could issue a public health release
in support of the role of soy isoflavone in breast cancer prevention.

In addition to breast cancer, a recent study has found that high intake of flavonols and
isoflavonoid genistein was associated with decreased risk of advanced colorectal adenoma
recurrence, suggesting that a isoflavone-rich diet could also decrease the risk of advanced
colorectal adenoma recurrence.>® However, another clinical study on colorectal neoplasia
showed that supplementation with soy protein containing isoflavones did not reduce colorectal
epithelial cell proliferation or the average height of proliferating cells in the cecum, sigmoid
colon, and rectum,50 suggesting that further clinical trials are needed in this area.

New or ongoing clinical trials using isoflavone

Based on the molecular evidence showing that isoflavone targets multiple cellular signaling
pathways, more and more clinical trials are being conducted to investigate the value of
isoflavone in human cancer (Table 1). These clinical trials are focused on investigating the
effects of isoflavone on the prevention of various cancer developments and the combination
treatment of various cancers with chemotherapeutic agents or other “natural products”. We
believe that the conventional cancer therapeutics combined with isoflavone supplement could
be an important novel strategy for the treatment of human cancers and/or the prevention of
cancer progression; therefore, further rationally-designed clinical trials are needed in order to
fully appreciate the health benefit of soy isoflavones in humans. In support of our belief, we
have recently shown that soy isoflavone in conjunction with radiation therapy could reduce
urinary, gastrointestinal and sexual adverse effects observed in patients receiving external
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beam radiation therapy for prostate cancer,%! suggesting the beneficial effects of isoflavone on
combination treatment in cancer therapy.

The roles of I3C/DIM in cancer therapy

I13C is produced from naturally occurring glucosinolates contained in a wide variety of plants
including members of the family Cruciferae. In the family Cruciferae, vegetables of the genus
Brassica contribute most to our intake of glucosinolates found in all kinds of cabbages, broccoli,
cauliflower, and Brussels sprouts. 13C is biologically active and it is the immediate precursor
of DIM. Under the acidic conditions of the stomach, 13C undergoes extensive and rapid self-
condensation reactions to form several derivatives.52 DIM is the major derivative and
condensation product of 13C and its formation from I3C has been believed to be a likely
prerequisite for 13C-induced anti-carcinogenesis.53

Targeting multiple pathways by I3C and DIM

Both 13C and DIM have been found to regulate NF-xB signaling in various cancer cells in
vitro. We have reported that 13C significantly inhibited NF-xB DNA binding activity with the
induction of apoptosis in PC-3 prostate cancer cells.1” We have also found that DIM could
inhibit NF-xB DNA binding activity in androgen sensitive LNCaP and androgen insensitive
PC-3 and C4-2B prostate cancer cells.54:6% These results suggest that inhibition of NF-kB
signaling pathway may be one of the molecular mechanisms by which 13C and DIM induce
apoptosis and inhibit prostate cancer cell growth (Fig 1).

Both 13C and DIM also regulate Akt signaling transduction and inhibit the activation of Akt
in various cancer cells. We have found that the phosphorylated Akt protein was decreased in
I3C or DIM treated prostate cancer cells,%:66 suggesting their inhibitory effects on Akt
activation. Akt kinase activity in 13C or DIM treated prostate cancer cells was also down-
regulated, suggesting the inactivation of Akt after 13C or DIM treatment. From the gene
expression profiles of PC-3 cells exposed to 13C, we found down-regulation of PI3K
expression, which is consistent with our results showing inactivation of Akt kinase activity by
13C.18 In summary, these results clearly suggest that I13C and DIM inhibits Akt signaling
pathway, which may contribute to the inhibition of cell proliferation and the induction of
apoptotic cell death (Fig 1).

To further explore the comprehensive molecular effects of 13C and DIM, we have conducted
microarray analysis to determine the alternation of gene expression profiles of PC-3 prostate
cancer cells exposed to 13C or DIM.18 We found that 13C and DIM treatments down-regulated
the expression of MAP2K3, MAP2K4, MAP4K3, and MAPK3, suggesting the inhibitory
effects of 13C and DIM on MAPK pathway. Other investigators also reported similar results
showing that the effects of DIM were mediated by cross-talk between the protein kinase A and
MAPK signaling pathways.6” Therefore, the down-regulation of the important molecules in
MAPK pathway by I3C and DIM could be mechanistically responsible for the inhibition of
cancer cell survival and growth.

It has been well known that there is a cross-talk between Akt and Wnt signaling pathways
through the signal transduction between GSK-3p and B-catenin, two of the important molecules
in Akt and Wnt pathways as discussed previously with respect to the biological effects of
isoflavone. Since both I3C and DIM inhibits the activation of Akt as described above, it is
obviously the DIM that inhibits Wnt activation through the signal transduction between Akt
and Whnt signaling pathway because DIM is the in vivo dimeric and biologically active product
of 13C. In prostate cancer cells, we have found that DIM significantly increased the
phosphorylation of B-catenin and inhibited B-catenin nuclear translocation,®8 suggesting that
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DIM could suppress the activation of Wnt signaling and inhibit the growth of prostate cancer
cells (Fig 2).

It has been known that DIM could inhibit the AR nuclear translocation, the PSA expression,
and the cell proliferation induced by dihydrotestosterone (DHT) in LNCaP cells.59 We have
also found that DIM significantly inhibited Akt activation, NF-kB DNA binding activity, AR
phosphorylation, AR nuclear translocation, and the expressions of AR and PSA, suggesting
that DIM could inhibit the signal transduction between Akt/NF-kB and AR.54 These results
collectively demonstrated that DIM-induced inhibition of cell proliferation and induction of
apoptosis are partly mediated through the down-regulation of AR, Akt, and NF-«B signaling.
Therefore, we have further investigated the molecular effects of DIM on Akt and AR signaling
and we found that DIM significantly inhibited the phosphorylation of Akt and FOXO3a,
suppress FOX0O3a binding to the promoter of AR, and enhanced FOXO3a binding to the
p27XIP1 promoter, resulting in the alteration of AR and p27K!P1 expression, the inhibition of
cell proliferation, and the induction of apoptosis in both androgen-sensitive and -insensitive
prostate cancer cells.58 These results clearly demonstrated that DIM-induced inhibition of cell
proliferation and induction of apoptosis are partly mediated through the regulation of Akt/
FOXO03a/AR signaling (Fig 2), and thus we believe that DIM could be useful for the treatment
of both androgen-sensitive but most importantly castrate-resistant prostate cancer for which
there is no curative therapy.

Inhibition of tumor growth in animal by I3C and DIM

I13C has been shown to inhibit chemically induced tumorigenesis of the liver, mammary gland,
colon, and other organs, and suppress spontaneous carcinogenesis of mammary gland and
endometrium.%2:70:71 |t has been reported that treatment of rat with 13C increases CYP1A1,
1A2, 2B, and 3A activity in rat liver.”2:73 |3C also up-regulates the level and activity of
glutathione S-transferases (GST).”2:74 Therefore, the anti-oncogenic activity of 13C
administered before or concurrently with a carcinogen is thought to be mediated through
alternations in the levels and activities of Phase | (e.g. p450 or CYP) and phase Il (e.g. GST)
isozymes in the liver and/or extrahepatic tissues, resulting in their increased capacity for
detoxification of carcinogens. Recent report showed that 13C exhibited inhibitory and
preventive effects on prostate tumors in mice with the induction of apoptosis.’® 13C also
inhibited 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone plus benzo(a)pyrene-induced lung
tumorigenesis in A/J mice and modulated carcinogen-induced alterations in protein levels;’®
however another study has shown tumor promoting activity of 13C,”” suggesting that 13C could
have harmful effects in selected tumor model. It is important to note however that DIM do not
show any genotoxic adverse effects which is typically seen by 13C,”8 suggesting that future
clinical trials should be conducted with DIM but not 13C.

It has been reported that DIM inhibited angiogenesis and the growth of transplantable human
breast carcinoma in athymic mice with the upregulation of p27KiP1 expression and the down-
regulation in the expression of CDK2 and CDK®6.79 We have also found that DIM could inhibit
prostate cancer cell growth in mice through the down-regulation of uPA, MMP-9, mTOR,
PDGF-D, and angiogenesis.8%:81 Moreover, we found that DIM could potentiate the anti-tumor
activity of erlotinib, leading to a significant inhibition in pancreatic cancer cell growth in
vitro and tumor growth in experimental model in vivo in SCID mice.82 Other investigators also
reported that DIM significantly inhibited TRAMP-C2 mouse prostate cancer cells growing in
C57BL/6 mice with increased apoptosis and decreased cell proliferation compared to controls.
83 These evidences all suggest that 13C and DIM could inhibit tumor growth in experimental
animals invivo, suggesting that DIM could be an useful agent for the inhibition of tumor growth
in humans.
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Clinical trials for cancer therapy using I3C or DIM

Several clinical trials have been conducted to investigate the tolerability and effects of I3C and
DIM in human. In a phase | trial of I13C, 17 women from a high-risk breast cancer cohort have
been involved. All subjects tolerated chronic doses of 400 mg 13C daily for 4 weeks followed
by a 4-week period of 800 mg 13C daily,84 suggesting the safety of 13C at these doses in human.
It was found that 400 mg I3C daily elicited a maximal protective effect if the ratio of
hydroxylated estrone metabolites were considered as a biomarkers for chemoprevention.84 A
phase Il clinical trial has been conducted to determine the potential therapeutic benefits of 13C
in the management of vulvar intraepithelial neoplasia (VIN). It has been found that there was
a significant improvement in symptomatology and vulvoscopic appearance of VIN with 13C
therapy.13 In a clinical study using I3C for the treatment of recurrent respiratory papillomatosis
(RRP), 33% of patients experienced remission of papillomatous growth and did not require
surgery while on 13C intervention and 30% of patients had a reduction in papillomatous growth
that resulted in less frequent surgery, suggesting that 13C is a successful treatment option for
RRP.85 Several NIH sponsored clinical trials at different phases to test the effects of 13C on
the prostatectomy patients with PSA recurrence, the healthy participants for preventing cancer,
and the nonsmoking women at high risk of breast cancer for preventing breast cancer have
been completed but no results are yet available at this time (ClinicalTrials.gov). More new
clinical trials are being conducted to investigate the clinical value of 13C or DIM in cancer
patients (Table 2). These clinical trials are focused on investigating the effects of 13C or DIM
in the treatment of prostate cancer or cervical dysplasia. We believe that 13C and DIM could
be useful and potent agents either alone or combination with conventional therapeutics for the
treatment of human malignancies in the future. Because studies have shown that 13C may have
adverse effects,”” DIM has been the recent choice for further clinical studies. In a recent study,
the authors have shown the phase | data supporting the non-toxic nature of DIM in healthy
volunteers.86 Our group has recently shown that a formulated DIM (B-DIM) is biologically
active in vitro and in pre-clinical animal model in vivo:4:68 which prompted us to conduct a
phase | clinical trials in prostate cancer patients. We found that B-DIM was well tolerated and
that pharmacokinetics revealed that drug exposure was dose proportional with measurable
levels of B-DIM in the plasma.8” Serum PSA stabilization and partial response were seen at
the recommended phase 11 dose of B-DIM (225 mg twice daily), suggesting the beneficial
effects of B-DIM in prostate cancer treatment, which is being tested by a phase 11 study in out
institution.

The roles of curcumin in cancer therapy

Targeting multiple pathways by curcumin

Curcumin has been used for the inhibition of inflammation because of its strong inhibitory
effect on NF-xB; however, curcumin also inhibits proliferation, angiogenesis, invasion, and
metastasis of cancer cells through the regulation of multiple cell signaling pathways.88 It has
been reported that curcumin down-regulated IKK and suppressed NF-kB nuclear translocation.
89 Recent studies have shown that curcumin inhibited constitutive activation of NF-kB 9 and
sensitized human colorectal cancer xenografts in nude mice to y-radiation by targeting NF-
«B-regulated gene products.®? It has also been reported that liposomal formulation of curcumin
could cause a dose-dependent growth inhibition of cancer cells and a decreased activation of
NF-xB.92 NF-«B target genes including cyclin D1, cyclooxygenase-2, matrix
metalloproteinase-9, Bcl-2, Bel-xL, Mcl-1L, and Mcl-1S were also down-regulated,
suggesting the effect of curcumin on the NF-«xB signaling pathway. The NF-«B targeted effects
of curcumin could also be due to the inhibition of proteasome activity as reported recently by
our group.23 Furthermore, clinical study showed that curcumin inhibited the expressions of
NF-kB and cyclooxygenase-2 in peripheral blood mononuclear cells in pancreatic cancer
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patients.12 These results clearly indicate that curcumin could inhibit NF-xB signaling in
vitro and in vivo (Fig 1).

Apart from NF-xB, Akt signaling is also a target gene of curcumin. Curcumin inhibited the
phosphorylation of Akt, mTOR, and their downstream targets in prostate cancer cells in a dose-
and time-dependent manner.94 Curcumin also suppressed the proliferation of cisplatin-resistant
ovarian cancer cells through the inhibition of Akt activation.9® In addition, an analogue of
curcumin, 4-hydroxy-3-methoxybenzoic acid methyl ester (HMBME), has been found to
inhibit the proliferation of cancer cells and induce apoptosis.?® HMBME decreased the level
of phosphorylated Akt, inhibited Akt kinase activity, and reduced DNA-binding activity of
NF-«B.%6 Other investigators also reported that curcumin targeted the molecules within the
Akt signaling pathways and that the inhibition of Akt activity by curcumin led to the inhibition
of proliferation and induction of apoptosis in cancer cells (Fig 1).97:98 Despite the biological
activity of curcumin in vitro and in selected models in vivo, curcumin is perceived as an agent
with poor tissue bioavailability.?® Preclinical and clinical pilot studies have shown that
concentrations of curcumin achieved in plasma and target tissues are low. It has been reported
that the plasma and colorectal tissue concentrations of curcumin in patients receiving 3,600
mg curcumin orally were 11.1 nM 190 and 12.7 nM, 101 respectively. Furthermore, the level of
curcumin concentration in the liver was below the limit of detection.102 These findings suggest
that novel synthetic analogs of curcumin must be developed or the bioavailability of curcumin
must be improved by nano-formulation. In our recent study, we have shown that a curcumin
analog is biologically active and also inhibit proteasome 103 which is consistent with our
previous findings.93 These results are encouraging, and thus further studies are needed for
testing whether curcumin analog could show superior bioavailability compared to curcumin
and, in turn, could show better anti-tumor activity.

Curcumin also modulates MAPK signaling pathway, resulting in the inhibition of inflammation
and cancer cell growth. It has been reported that curcumin inhibited the activation of MAPK
and the translocation of NF-xB.194 Curcumin could attenuate experimental colitis through a
reduction in the activity of p38 MAPK.195 Gene expression profiles of curcumin treated cells
showed that curcumin suppressed the expression of MEKK4, MKK4, and JNK,106
demonstrating its inhibitory effect on MAPK signaling.

Curcumin also exerts its inhibitory effects on Wnt signaling. It has been reported that curcumin
suppressed B-catenin response transcription activated by Wnt3a and inhibited the growth of
various colon cancer cell lines.1%7 Curcumin could also induce caspase-3-mediated degradation
of B-catenin, 198 leading to the reduced binding of p-catenin to TCF and the inactivation of Wnt
signaling. Curcumin has been found to down-regulate p300, which is a positive regulator of
the Wnt/B-catenin pathway. 107 Gene expression profile analysis showed that the expression of
Frizzled-1 (Wnt receptor) was strongly attenuated by curcumin.196 These results suggest that
curcumin could inhibit cancer cell growth through the inhibition of Wnt signaling pathway

(Fig 2).

It has been found that curcumin down-regulated the transactivation and expression of AR and
AR-related molecules (AP-1 and NF-«xB), and reduced colony formation in soft agar.199
Several curcumin analogues has been evaluated as potential androgen receptor antagonists in
the presence of AR and AR coactivator, ARA70.110 The results demonstrated that some
curcumin analogs have potent anti-androgenic activities and were superior to
hydroxyflutamide, which is one of the currently available anti-androgen for the treatment of
prostate cancer. The results from structure-activity relationship studies confirmed that some
moieties were important factors related to the anti-androgenic activity.110 These results suggest
that the curcumin analogs could serve as a new class of anti-androgenic agents to control AR-
mediated prostate cancer growth.
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Inhibition of tumor growth in animal by curcumin

The effects of curcumin on tumor formation and growth in animals have been tested. In a study
evaluating the effects of curcumin on N-bis(2-hydroxypropyl)nitrosamine (DHPN) induced
tumor in BALB/c mice, curcumin has been found to significantly inhibit pulmonary and liver
adenoma formation and growth in BALB/c mice.11! The effects of curcumin on 7,12-
dimethylbenz[a]anthracene (DMBA)-induced oral carcinogenesis in hamsters has also been
investigated.112 It has been found that curcumin significantly decreased the visible tumor
incidence and the squamous cell carcinoma incidence of oral cancer.112 Curcumin also
decreased the proliferation index in hyperplasia, dysplasia and papillomas and inhibited the
angiogenesis in papilloma and squamous cell carcinoma.112 These results suggested that
curcumin had inhibitory effects against carcinogenesis. It has been reported that liposome-
encapsulated curcumin suppressed growth of head and neck squamous cell carcinoma in
xenografts through the inhibition of NF-kB and the NF-«B related molecules including cyclin
D1, cyclooxygenase-2, MMP-9, Bcl-2, Bel-xL, Mcl-1L, and Mcl-1S.92 Curcumin has also
been found to sensitize human colorectal cancer xenografts in nude mice to gamma-radiation
by targeting NF-kB and NF-xB-regulated molecules, cyclin D1, c-myc, Bcl-2, Bel-xL,
cyclooxygenase-2, MMP-9, and VEGF.®1 Curcumin also potentiated antitumor activity of
gemcitabine in an orthotopic model of pancreatic cancer through the down-regulation of NF-
kB signaling.113 Moreover, curcumin has been found to prevent hematogenous breast cancer
metastases in immunodeficient mice with down-regulation of NF-xB, AP-1, and MMP-9.
These results clearly suggest that curcumin is a potent agent for the inhibition of carcinogenesis
and tumor progression in vivo in animal models, which clearly provided rationale for testing
the anti-tumor activity of curcumin in human patients as summarized below.

Clinical trials for cancer therapy using curcumin

Inaphase | trial using combination treatment with curcumin and quercetin to regress adenomas
in patients with familial adenomatous polyposis (FAP), all 5 patients had a decreased polyp
number and size from baseline after 6 months of curcumin and quercetin treatment without
appreciable toxicity,114 suggesting that curcumin could inhibit adenoma growth in vivo.
Another phase I trial has been conducted to evaluate the dose and the biomarkers in fifteen
patients with advanced colorectal cancer refractory to standard chemotherapies. It has been
found that a daily dose of 3.6 g curcumin caused 62% decreases in inducible PGE, production
in blood samples, indicating the biological activity in humans.190 The effects of curcumin has
also been tested in a phase I trial in patients with high-risk or pre-malignant lesions which
include recently resected urinary bladder cancer, arsenic Bowen's disease of the skin, uterine
cervical intraepithelial neoplasm, oral leucoplakia, and intestinal metaplasia of the stomach.
115 The results showed that histologic improvement of precancerous lesions was seen in 1 out
of 2 patients with recently resected bladder cancer, 2 out of 7 patients of oral leucoplakia, 1
out of 6 patients of intestinal metaplasia of the stomach, 1 out of 4 patients with cervical
intraepithelial neoplasm and 2 out of 6 patients with Bowen's disease after curcumin treatment.
This study also demonstrated that curcumin was non-toxic to humans up to 8,000 mg/day by
mouth for 3 months and also suggesting the biologic effect in the chemoprevention of cancer.
A phase Il trial of curcumin in patients with advanced pancreatic cancer has been reported.12
In this study, twenty-one patients received 8 g curcumin by mouth daily until disease
progression. Out of 21 cases, two patients showed clinical evidence for biological activity.
Among them, one had ongoing stable disease for more than 18 months and another patient had
a significant tumor regression (73%).12 No toxicities were observed in all patients during the
trial period. Theses results suggest that oral curcumin is well tolerated and has biological
activity in some patients with pancreatic cancer; however further improvements in
bioavailability of curcumin or its synthetic analogs are warranted.
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More new clinical trials are being conducted to investigate the value of curcumin in cancer
patients (Table 3). These clinical trials are ongoing to investigate the efficacy of curcumin in
the prevention setting for the development of various cancers, and the combination treatment
of cancer with conventional chemotherapeutic agents or other dietary agents. We also believe
that cancer chemotherapy combined with curcumin supplement could be an important novel
strategy for the treatment of cancers and/or for the prevention of cancer progression of various
human cancers.

Conclusion and perspectives

In recent years, more dietary compounds including isoflavone, I3C, DIM, curcumin, (-)-
epigallocatechin-3-gallate, resveratrol, lycopene, etc, have been recognized as cancer
chemopreventative agents because of their anti-carcinogenic activity. Among them, isoflavone,
I13C, DIM and curcumin, the subject of the current article, have been demonstrated to be more
potent in the inhibition of carcinogenesis and cancer progression in vivo in human and in animal
studies, which has been clearly supported by various in vitro experiments. These inhibitory
effects have been found to be mediated through the regulation of multiple cell signaling
pathways including NF-xB, Akt, MAPK, Wnt, Notch, and AR pathways. It is our humble
opinion that in order to effectively suppress cancer cell growth and induce apoptosis without
causing any systemic toxicity to humans, “natural agents” harvested from the bounties of nature
could play an important role toward cancer prevention and therapy by targeting multiple
signaling pathways. Therefore, we believe that isoflavone, I3C, DIM and curcumin could be
considered multi-targeted agents which are likely to be useful as single agents or in combination
with conventional therapeutics for the prevention of tumor progression and/or treatment of
human malignancies. However, further in-depth mechanistic in vitro studies, relevant in vivo
animal model studies, and rationally designed novel clinical trials are needed to fully appreciate
the value of these “natural products” in the management of human cancers.
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Figure 1.
NF-xB, Akt, and Notch signaling pathways altered by isoflavone, 13C, DIM, and curcumin.
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Figure 2.
Whnt and AR signaling pathways altered by natural products such as isoflavone, I3C, DIM, etc.
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Table 1

The new or ongoing clinical trials to investigate the value of isoflavone in cancer clinic”.

NCT ID Title

NCT00617617 The specific role of isoflavones in reducing prostate cancer risk

NCT00204490 Soy isoflavones and breast cancer risk reduction

NCT00243048 Isoflavones and radiation therapy in treating patients with localized prostate
cancer

NCT00078923 Soy isoflavones in treating patients who are undergoing radical prostatectomy
for stage | or stage 11 PCa

NCT00200824 Effects of soy compounds on breast cancer, prostate cancer, and bone health

NCT00003100 Dietary soy isoflavones for the prevention of cancer

NCT00354432 Soy protein/isoflavones and venlafaxine in treating hot flashes in patients
receiving hormone therapy for prostate cancer

NCT00255125 Role of soy supplementation in prostate cancer development

NCT00513916 Effect of dietary soy on estrogens in breast fluid, blood, and urine samples
from healthy women

NCT00499408 Vitamin d and soy supplements in treating patients with recurrent prostate
cancer

NCT00555386 Soy, selenium and breast cancer risk

NCT00118040 Genistein in patients who are undergoing surgery for bladder cancer

NCT00345813 Soy supplements in treating patients undergoing surgery for localized prostate
cancer

NCT00765479 Soy protein in preventing recurrent cancer in patients who have undergone
surgery for stage Il prostate cancer

NCT00290758 Genistein in preventing breast cancer in women at high risk for breast cancer

NCT00701584 The role of diet and lifestyle in breast cancer survival

NCT00244933 Gemcitabine hydrochloride and genistein in treating women with stage iv
breast cancer

NCT00005827 Genistein in treating patients with stage ii, stage iii, or stage iv prostate cancer

NCT00118040 Genistein in patients who are undergoing surgery for bladder cancer

NCT00276835 Genistein and interleukin-2 in treating patients with metastatic melanoma or
kidney cancer

NCT00546039 Synthetic genistein (bonistein™) in patients who are undergoing surgery for
prostate cancer

NCT00290758 Genistein in preventing breast cancer in women at high risk for breast cancer

NCT00376948 Genistein, gemcitabine, and erlotinib in treating patients with locally advanced
or metastatic pancreatic cancer

NCT00499408 Vitamin D and soy supplements in treating patients with recurrent

*
Information collected from ClinicalTrials.gov
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Table 2

The new or ongoing clinical trials to investigate the value of 13C or DIM in cancer clinic ™

NCT ID Title

NCT00607932 Brassica vegetables or indole-3-carbinol in treating patients with PSA
recurrence after surgery for prostate cancer

NCT00450229 Diindolylmethane in treating patients undergoing surgery for stage | or stage
11 prostate cancer

NCT00305747 Diindolylmethane in treating patients with nonmetastatic prostate cancer that
has not responded to previous hormone therapy

NCT00462813 Diindolylmethane in treating patients with abnormal cervical cells

NCT00212381 Oral diindolylmethane (DIM) for the treatment of cervical dysplasia

NCT00784394 Diindolylmethane in healthy nonsmokers

*
Information collected from ClinicalTrials.gov
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Table 3

The new or ongoing clinical trials to investigate the value of curcumin in cancer clinic”.

NCT ID Title

NCT00745134 Curcumin with pre-operative capecitabine and radiation therapy followed by
surgery for rectal cancer

NCT00094445 Trial of curcumin in advanced pancreatic cancer

NCT00365209 Curcumin in preventing colon cancer in smokers with aberrant crypt foci

NCT00896103 Curcumin and docetaxel in treating patients with metastatic breast

NCT00192842 Gemcitabine with curcumin for pancreatic cancer

NCT00295035 Phase 111 trial of gemcitabine, curcumin and celebrex in patients with metastatic
colon cancer

NCT00486460 Phase 11 trial of gemcitabine, curcumin and celebrex in patients with advance
or inoperable pancreatic cancer

NCT00003365 Sulindac and plant compounds in preventing colon cancer

NCT00113841 Curcumin (diferuloylmethane derivative) with or without bioperine in patients
with multiple myeloma

NCT00118989 Curcumin for the chemoprevention of colorectal cancer

NCT00542711 Bio-availability of a new liquid tumeric extract

NCT00689195 Pilot study of curcumin formulation and ashwagandha extract in advanced
osteosarcoma

NCT00475683 Curcumin for prevention of oral mucositis in children chemotherapy

NCT00768118 A capsule containing curcumin, green tea extract, polygonum cuspidatum
extract, and soybean extract in healthy participants

NCT00641147 Curcumin for treatment of intestinal adenomas in familial adenomatous

polyposis (FAP)

*
Information collected from ClinicalTrials.gov
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