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Preface

Although cancer may be experienced by any age group, incidence increases with
time, suggesting in many cases there is a prolonged period from the time of
initiation to the time of invasive and metastatic cancer. Accordingly, numerous
opportunities for intervention are apparent, either through primary prevention at
early stages or through therapeutic interventions during later stages of carcinogen-
esis. In general, cancer chemoprevention is considered as the use of drugs, vitamins,
or other agents to reduce the risk of (or delay the development or recurrence of)
cancer. The concept of implementing cancer chemoprevention through the use of
nontoxic agents, dietary and natural sources, has emerged as an appropriate strategy
for controlling disease progression.

Research in the area of cancer chemoprevention has grown over the past few
decades, and this has become a rather specialized field of study. Phytochemicals
from natural products are recognized as promising agents that play a role in cancer
prevention as well as in cancer therapy. Dietary constituents as well as natural
products have been demonstrated to modulate common signaling pathways in
cancer development. These naturally occurring compounds could become impor-
tant agents for the prevention of various types of cancer.

In the field of natural products in cancer prevention and therapy, there is the need
to review the progress that has been made during the last 50 years and to identify the
challenges ahead.

This volume of Topics in Current Chemistry addresses the hurdles and chal-
lenges in the practice of human cancer prevention in the general population. The
process of slowing the progression of cancer is applicable to many cancers with
long latency. Although cancer chemoprevention has proven to be a successful
strategy in animals, its application to humans has met with limited success.

In this volume, Hasan Mukhtar and his colleague discuss various challenges
associated with chemoprevention of cancer with focus on studies with green tea.
Allan Conney and his colleague discuss the inhibition of ultraviolet B radiation
(UVB)-induced nonmelanoma skin cancer by discovery of a path from tea to
caffeine to exercise to decreased tissue fat. From the inhibitory effects of tea and
caffeine in UVB-induced skin carcinogenesis, his group further demonstrated the
role of increased locomotor activity and decreased tissue fat in skin cancer.

Gary Stoner summarizes the beneficial effects of berries in the prevention of
esophageal squamous cell carcinoma in rodents as well as recent data from a human
clinical trial in China. He concludes that the use of berry preparations might be a
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practical approach for the prevention of esophageal squamous cell carcinoma in
China and, potentially, other high-risk regions for this disease. Young-Joon
Surh demonstrates that cancer chemopreventive and therapeutic potential of
guggulsterone, a phytosterol derived from the gum resin of guggul plants. With
anti-inflammatory, antioxidative properties, and cancer chemopreventive and ther-
apeutic potential, the underlying molecular mechanisms and chemopreventive/
therapeutic targets of guggulsterone were discussed.

In the context of cancer prevention approaches, the importance of chemoprotec-
tion against cancer by isothiocyanates is discussed by several investigators. Albena
Dinkova-Kostova notes that the isothiocyanates are among the most extensively
studied chemoprotective agents, and the Cruciferae family represents a rich source
of glucosinolates. There have been numerous examples of the chemoprotective
effects of isothiocyanates in a number of animal models of experimental carcino-
genesis at various organ sites and against carcinogens of several different types.
She indicates that the efficient protection in tumorigenesis and metastasis might be
due to multiple mechanisms, involving the Keap1/Nrf2/ARE and NF-kB pathways.
The Keapl-Nrf2 signaling pathway is further discussed as a key target for cancer
prevention by Thomas Kensler. He reports the ongoing clinical evaluation of
broccoli or broccoli sprouts rich in either sulforaphane or its precursor form in
plants for cancer prevention in Qidong, China. He indicates that interventions with
well-characterized preparations of broccoli sprouts may enhance the detoxication
of aflatoxins and air-borne toxins, which may in turn attenuate cancer in targeted
populations.

Tony Kong also discusses dietary phytochemicals and cancer chemoprevention
focusing on the oxidative stress, Nrf2 and epigenomics. His recent studies show that
dietary phytochemicals possess cancer chemopreventive potential through the
induction of Nrf2-mediated antioxidant/detoxification enzymes and anti-inflamma-
tory signaling pathways to protect organisms against cellular damage caused by
oxidative stress. He concludes that the advancement and development of dietary
phytochemicals in cancer chemoprevention research requires the better understand-
ing of the Nrf2-mediated antioxidant, detoxification, and anti-inflammatory sys-
tems and corresponding in vitro and in vivo epigenetic mechanisms. Clarissa
Gerhduser summarizes important epigenetic approaches in her extensive review
of in vitro and in vivo data on natural products and cancer prevention. A role of
epigenetic regulation in cancer chemoprevention and new challenges in future
nutri-epigenetic research are also discussed.

CS Yang and his colleagues argue the importance of understanding of differen-
tial effects of specific forms of tocopherols in cancer prevention. Many epidemio-
logical studies have suggested that a low vitamin E nutritional status is associated
with increased cancer risk. However, several recent large-scale human trials have
produced negative results in cancer prevention and therapy with a-tocopherol. He
notes that a better understanding of the biological activities of different forms of
tocopherols is needed. For safe and inexpensive cancer prevention with tocopher-
ols, use of a naturally occurring tocopherol mixture is suggested for broad antican-
cer activity of various types of cancer.
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Scott Lippman discusses the evolution of chemoprevention research in exciting
new directions. Since large chemoprevention trials in unselected patients have often
been negative, this trend promises to be reversed by more-focused and novel trial
designs emphasizing the identification of molecular targets and predictive biomar-
kers. He points out the importance of clinical study designs, relevant biomarkers,
and surrogate endpoints in new prevention trials. His review in this issue highlights
several promising natural agents and how early clinical development may elucidate
their role in personalized cancer chemoprevention. Kathryn Gold emphasizes the
need for personalizing cancer prevention through a reverse migration strategy.
She proposes a new approach to drug development, drawing on the experience in
the treatment of advanced cancer to bring agents, biomarkers, and study designs
into the prevention setting. She concludes that personalized therapy may develop
more effective, tolerable chemoprevention by identifying molecular drivers of
cancer and using matched targeted agents.

We would like to thank the authors of this volume for their excellent contribu-
tions. This special issue was supported in part by NIH Grant R13 CA159733
“Natural products in the prevention of cancer,” awarded by the National Cancer
Institute, Congressionally directed funding P116Z100211 awarded by the US
Department of Education, the College of Pharmacy, University of Hawaii at Hilo.

Piscataway, NJ Nanjoo Suh
Hilo, HI John M. Pezzuto
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Chemoprevention of Esophageal Squamous Cell
Carcinoma with Berries

Gary D. Stoner and Li-Shu Wang

Abstract Esophageal squamous cell carcinoma (SCC) is responsible for about
one-seventh of all cancer-related mortality worldwide. This disease has a multifac-
torial etiology involving numerous environmental, genetic, and dietary factors. The
5-year survival from esophageal SCC is poor because the disease has usually
metastasized at the time of diagnosis. Clinical investigations have shown that
primary chemoprevention of this disease is feasible; however, only a few agents
have shown efficacy. The Fischer 344 (F-344) rat model of esophageal SCC
has been used extensively to investigate the pathophysiology of the disease and
to identify chemopreventive agents of potential use in human trials. Multiple
compounds that inhibit tumor initiation and/or tumor progression in the rat model
have been identified. These include the isothiocyanates which inhibit the metabolic
activation of esophageal carcinogens and agents that inhibit the progression of
dysplastic lesions to cancer including inhibitors of inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF),
and c-Jun (a component of activator protein-1 [AP-1]). The present review deals
principally with the use of berry preparations for the prevention of esophageal SCC
in rodents, and summarizes recent data from a human clinical trial in China. Our
results suggest that the use of berry preparations might be a practical approach to
the prevention of esophageal SCC in China and, potentially, other high risk regions
for this disease.

Keywords Berries - Chemoprevention - Esophagus - Squamous Cell Carcinoma
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1 Introduction

Esophageal cancer in humans occurs worldwide with a variable geographic distri-
bution and ranks seventh as a cause of cancer mortality [1]. The two main types
of esophageal cancer are squamous cell carcinoma (SCC) and adenocarcinoma.
SCCs represent about 90% of esophageal malignancy worldwide, although adeno-
carcinomas are more prevalent in the USA [2]. Epithelial dysplasia, characterized
by an accumulation of atypical cells with nuclear abnormalities and loss of
polarity, is the principal precursor lesion of esophageal SCC [3, 4]. Like many
other epithelial cancers, esophageal SCC develops through a progressive sequence
from mild, moderate to severe dysplasia, carcinoma in situ, and invasive carcinoma
[5-7]. Most esophageal cancer patients present with advanced metastatic disease at
the time of diagnosis [8] which results in a poor prognosis; only one in five
esophageal SCC patients survive more than 3 years after initial diagnosis [9, 10].

2 Epidemiology of Esophageal SCC

The incidence of esophageal SCC shows a marked variation in geographical
distribution. The highest risk areas include western and northern China, Japan,
Iran, Iraq, southeastern Africa, Uruguay, France, and parts of South America
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[3, 11-13]. Half of all esophageal SCC in the world occurs in China and principally
in high-risk areas of Henan and Shandong provinces. In Linxian county (Henan
province) the age-adjusted annual mortality rates from esophageal SCC have been
as high as 151/100,000 for males and 115/100,000 for females [14]. Studies in these
high-risk areas have identified specific environmental factors as etiological agents
of the disease. Males have a threefold to fourfold greater risk for developing
esophageal SCC than females and, in the USA, the incidence of esophageal SCC
is five times higher in African Americans than in Caucasians [15].

3 Etiology of Esophageal SCC

Risk factors involved in the etiology of esophageal SCC have been summarized in
detail in previous reviews [12, 16, 17] and will be discussed briefly here. Two major
risk factors are tobacco smoking and alcohol consumption. Several tobacco
carcinogens, including certain nitrosamines and polycyclic hydrocarbons, may be
causally related to the disease [18, 19]. Alcohol consumption has been shown to
increase the risk for esophageal SCC amongst tobacco users [20]. Consumption of
salt-cured, salt-pickled, and moldy food is also implicated in the development of
this disease because of the injurious effects of salt on the epithelium of the
esophagus and the frequent presence of N-nitrosamine carcinogens and/or fungal
toxins in the food [21]. Studies in China and South Africa suggest that N-nitroso
compounds and their precursors are etiological agents for esophageal SCC [22, 23].
N-Nitrosamine compounds have been identified in the diets and gastric juice
collected from subjects in Henan province, China [24]. O°-Methylguanine adducts
have been detected in the DNA of normal esophageal tissue obtained from esopha-
geal cancer patients in China, further substantiating the role of methylating
nitrosamines in the development of esophageal SCC [25].

Other factors associated with the etiology of esophageal SCC include vitamin
and trace mineral deficiencies [23, 26]. Plasma levels of vitamins A, C, and E are
frequently reduced in patients with the disease. There is an inverse relationship
between esophageal cancer mortality and levels of zinc, selenium, and other trace
elements in foods [12]. Diets high in starch but low in fruits and vegetables have
also been linked to an increased risk for esophageal SCC [8, 27]. Consumption of
temperature hot beverages, such as tea, and fungal invasion in esophageal tissues
leading to localized inflammation and irritation may be additional promoting
factors for the disease [26]. Finally, a role for human papilloma virus (HPV) has
been suggested in the etiology of SCC of the esophagus [28], although a recent
study in Australia of 222 esophageal SCC patients indicated that only eight tested
positive for HPV (six cases of HPV-16 and two cases of HPV-35) [29].
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4 Strategies to Prevent Esophageal SCC

An important approach to the prevention of esophageal SCC is through changes in
lifestyle, especially the avoidance of tobacco and alcohol use. For populations
living in high-risk regions, additional benefits could be realized by (1) the elimina-
tion of high-salt foods and foods that may be contaminated with microbial toxins
and nitrosamine compounds, (2) the increased consumption of vegetables and fruit,
(3) educational efforts to inform populations of the major risk factors for the disease
and steps they might take to reduce their risk, and (4) perhaps most importantly, the
continued and expanded use of endoscopic surveillance of the esophagus of
individuals in high-risk regions to identify premalignant lesions and malignant
tumors and take appropriate clinical measures to deal with them.

Chemoprevention may be another feasible approach to the prevention of esoph-
ageal SCC, especially in the high incidence areas of the world where carcinogen
exposure is high. Animal models are important for the identification of putative
chemopreventive agents for specific organ sites as well as for determining their
mechanisms of action. Section 5 of this chapter focuses principally on a description
of a rat model of esophageal SCC and its use for the evaluation of berries and berry
preparations for chemoprevention of esophageal cancer. Previous review articles
have summarized investigations on the ability of individual synthetic and naturally-
occurring compounds to prevent the development of esophageal tumors in rats
[12, 16, 17]. The reader is referred to these reviews for discussions of individual
compounds.

5 Rat Esophagus Tumor Model

5.1 Tumor Induction with N-Nitrosomethylbenzylamine

The Fischer-344 rat has proven to be a valuable animal model for studies of the
molecular biology and chemoprevention of esophageal SCC [12, 18, 30]. The most
potent inducer of esophageal tumors in the F344 rat is the nitrosamine compound,
N-nitrosomethylbenzylamine (NMBA), a procarcinogen that must be metabolically
activated to induce tumors in the esophagus (Fig. 1). The metabolism of NMBA
leads ultimately to the formation of a methylcarbonium ion that methylates guanine
residues at the N’ and O° positions [12]. The O°-methylguanine adduct is particu-
larly important for carcinogenesis since it is poorly repaired and leads to single base
mispairing in DNA. Repeat NMBA dosing results in esophageal tumor formation in
rats within 20-25 weeks (Fig. 2). Several preneoplastic lesions produced in NMBA-
treated rat esophagus closely mimic lesions observed in the human disease. These
lesions include simple hyperplasia, leukoplakia, and epithelial dysplasia (Fig. 3).
Squamous papilloma is the predominant tumor type seen in the rat esophagus
whereas papillomas are rarely observed in the human esophagus. The incidence
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Fig. 1 Schema for metabolic activation of N-nitrosomethylbenzylamine (NMBA) [12]

Fig. 2 Appearance of rat esophageal lesions at the termination of a 25 week bioassay. There are
several papillomas on the surface of the esophagus (black arrows). The lesion on the lower left was
found to be a carcinoma upon histopathological analysis (white arrow) [31]
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Fig. 3 Histopathology of normal rat esophagus and NMBA-induced lesions in rat esophagus [31]

of SCC in the rat esophagus is low because the animals often succumb to the
occlusive effects of papillomas in their esophagi before carcinomas can develop.
In a typical bioassay, subcutaneous administration of NMBA at either 0.3 or
0.5 mg/kg body weight three times per week for 5 weeks, or once per week for
15 weeks, results in a 100% tumor incidence at 20-25 weeks. On average, these two
doses of NMBA will produce from two to four or four to ten tumors per esophagus,
respectively, at 25 weeks. Our laboratory and others have used this model to
develop surrogate end-point biomarkers, identify novel targets for intervention,
and evaluate putative chemoprevention agents against esophageal SCC.

5.2 Genetic Alterations in NMIBA-Treated Rat Esophagus

Genetic analyses of NMBA-induced rat esophageal tumors have identified multiple
molecular alterations in the conversion of normal esophagus to cancer, and these
events have been discussed in detail [16, 17]. In contrast to human esophageal
SCCs, >90% of NMBA-induced rat esophageal papillomas have a G:C — A:T
transition mutation in codon 12 of the H-ras gene [32, 33]. This mutation is
consistent with the formation of O°-methylguanine adducts in DNA. Interestingly,
mutational activation of the Harvey-ras (H-ras) gene is present infrequently (~5%)
in premalignant dysplastic lesions; however, the high frequency of the mutation in
papillomas suggests that it is important for the progression of some premalignant
lesions to papillomas [34]. The high occurrence of H-ras gene mutations in eso-
phageal papillomas is consistent with the observed increases in protein expression
levels of p44/42 mitogen-activated protein kinase (Erk 1/2) [35] and both mRNA
and protein expression levels of c-Jun, a component of the transcription activator,
activator protein-1 (AP-1) [36, 37]. Other studies have demonstrated elevations in
cyclin D1 and cyclin E mRNA levels in rat esophageal papillomas, and immuno-
histochemical staining revealed extensive nuclear staining for both G; cyclins
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[38—41]. These observations suggest that cell cycle regulation is altered during rat
esophageal tumorigenesis. Deregulated expression of transforming growth factor
B1 (TGF-B1) and increased expression of epidermal growth factor receptor (EGFR)
has also been documented in these tumors [39]. As in human esophageal tumors,
G:C — A:T transition mutations have been observed in the p53 tumor suppressor
gene in ~30% of rat esophageal papillomas [32, 38]. Undoubtedly, all of the above
molecular changes are responsible, at least in part, for the increased epithelial cell
proliferation rates observed in NMBA-induced preneoplastic lesions and
papillomas compared to normal rat esophagus as indicated by immunohistochemi-
cal staining for proliferating cell nuclear antigen (PCNA) [42] or Ki-67 [35].

Immunohistochemical staining for apoptotic cells by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), and protein expression levels of
B-cell lymphoma 2 (Bcl-2) and BCL-2-associated X protein (Bax) by Western blot,
revealed no significant differences in these biomarkers between NMBA-induced
preneoplastic tissues and untreated rat esophagus [35]. However, TUNEL staining
for apoptotic cells and the protein expression levels of Bcl-2 and Bax were
increased in papillomas relative to preneoplastic tissues.

Elevated levels of cyclooxygenase-2 (COX-2), prostaglandin E, (PGE,), inducible
nitric oxide synthase (iNOS), nitrate/nitrite, and the nuclear translocation of nuclear
factor kappa B (NFxB)-p50 in preneoplastic tissues and papillomas of NMBA-treated
rat esophagus have also been reported [35-37, 43—45]. The mRNA and protein levels
of COX-2 and iNOS and the nuclear translocation of NFkB p50 increased with
progression of dysplastic lesions to papillomas indicating that they play a functional
role in esophageal tumorigenesis. Recently, both cyclooxygenase and lipoxygenase
pathways of arachidonic acid metabolism were found to be upregulated in rat esopha-
gus following treatment with NMBA [46]. Alterations in the expression of these genes
are undoubtedly associated with the inflammatory changes observed in preneoplastic
lesions and papillomas in NMBA-treated rat esophagus.

Immunohistochemical staining for CD34 revealed a marked increased in micro-
vessel density (MVD) or angiogenesis in preneoplastic tissues and papillomas
of NMBA-treated rat esophagus when compared to normal esophagus [36, 37].
Western blot analysis indicated that NMBA-induced angiogenesis is associated
with increased protein expression levels of vascular endothelial growth factor-C
(VEGF-C) [36, 37] and HIF-1a [35].

The identification of alterations in genes associated with cell proliferation,
cell cycle, apoptosis, inflammation, and angiogenesis during the progression of
normal esophagus > preneoplastic lesions (dysplasia) > papilloma in NMBA-
treated F344 rats provides a significant number of potential biomarkers to evaluate
the efficacy of chemopreventive agents. We have attempted to take advantage of
this information in recent years when evaluating the efficacy of berry formulations
for the prevention of esophageal SCC.
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Table 1 Freeze-dried berries as effective agents against NMBA-induced esophageal tumorigenesis
in F344 rat when administered in the diet before, during and after NMBA treatment [31]

Experimental Tumor incidence Tumor multiplicity
Berry types protocols (% inhibition) (% inhibition)
BRBs* Complete 8-22% 40-50%
STRWs" Complete 20% 24-56%

“BRBs = freeze-dried black raspberries
"STRWs = freeze-dried strawberries

6 Chemoprevention of Rat Esophageal Tumors with Berries
and Berry Components

In 1990 our laboratory reported on the ability of the naturally-occurring polyphenol,
ellagic acid (EA), to inhibit NMBA-induced tumorigenesis in the F-344 rat esoph-
agus when given in the diet before, during, and after treatment of the rats with
NMBA [47]. At that time, it was known that EA was present in strawberries,
blackberries [48], grapes, walnuts, and Brazil nuts [49], but its quantity in these
and other fruits and nuts had not been determined. We therefore extracted EA from
a series of freeze-dried (lyophilized) fruits and nuts using either acetone/water
or methanol and found the highest concentrations (520-1,800 pg/g dry weight) in
blackberries (BB), red raspberries, strawberries (STRW), walnuts, and pecans [50].
EA was present in the pulp and seed of the berries, but none was detected in the
juice. Based upon these observations, we decided to freeze-dry berries to increase
the concentration of EA and other potential inhibitory agents in them because
berries are about 80-90% water. The freeze-dried berries were ground into a
fine powder and the berry powder mixed into synthetic American Institute of
Nutrition-76A (AIN-76A) diet for subsequent administration to the animals. In an
initial toxicity study we observed that the administration of either BRB or STRW to
F-344 rats at 10% of the diet for 9 months resulted in no observable clinical toxicity.
Histopathological analysis of all major organs revealed no obvious toxic effects in
any of the organs. In addition, there was a 10—15% reduction in blood cholesterol in
rats killed after 9 months of berry treatment [51].

In a series of experiments, both freeze-dried STRW and BRB, at 5% and 10%
of the diet, produced a 50-60% inhibition of NMBA-induced tumor development
in the rat esophagus when administered in the diet before, during, and after NMBA
treatment (Table 1) [42, 52, 53]. This inhibition was similar to that seen in earlier
experiments with pure EA [47], suggesting that the inhibitory effects of the berries
were due to their content of EA. However, analysis of both STRW and BRB diets
indicated that the EA content in the berry diets was much lower than the dietary
concentrations of pure EA (0.44.0 mg/kg) used in the initial study of Mandal
and Stoner. It became apparent, therefore, that other components in the berries
were responsible, at least in part, for their cancer inhibitory effects. In this regard,
subsequent biofractionation studies have shown that the anthocyanins in BRB
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Table 2 Some chemopreventive agents in black raspberry powder [56]

Berry samples analyzed®

Components 1997 2001 2006
Minerals
Calcium 215.00 175.00 188.00
Selenium <5.00 <5.00 <5.00
Zinc 2.69 2.34 2.16
Vitamins
A from carotene nd.’ 915.00 132.00
Ascorbic acid 4.40 1.10 6.60
a-Carotene <0.02 <0.02 <0.03
-Carotene <0.02 0.06 <0.07
a-Tocopherol n.d. n.d. 10.40
B-Tocopherol n.d. n.d. 3.51
y-Tocopherol n.d. n.d. 11.20
Folate 0.06 0.08 0.14
Sterols
[-Sitosterol 80.10 88.80 110.00
Campesterol 3.40 5.90 5.50
Simple phenols
Ellagic acid 166.30 185.00 225.00
Ferulic acid 17.60 <5.00 47.10
p-Coumaric acid 9.23 6.82 6.92
Chlorogenic acid n.d. n.d. 0.14
Quercetin n.d. 43.60 36.50
Anthocyanins (complex phenols)
Cyanidin-3-O-glucoside n.d. 250.00 278.50
Cyanidin-3-O-sambubioside n.d. 220.00 56.00
Cyanidin-3-O-rutinoside n.d. 2,002.00 1,790.00
Cyanidin-3-O-xylosylrutinoside n.d. 510.00 853.50

#Components reported in mg/100 g dry weight, except selenium in pg/100 g, and vitamin A in TU.
Data from crop years 1997, 2001, and 2006
n.d. = not determined

are more crucial for their chemopreventive effects in the rat esophagus than the
ellagitannins (the natural forms of ellagic acid) [35, 54, 55]. Moreover, the alcohol-
insoluble (fiber) fractions of several berry types (BRB, STRW, and blueberries
[BB]) were nearly as effective as the anthocyanin fractions in inhibiting rat esoph-
ageal tumorigenesis [35]. To date, the components responsible for the inhibitory
effects of berry fiber on esophageal carcinogenesis have not been identified.
Finally, it is not known to what degree other potential chemopreventive agents in
berries such as the simple phenols (e.g., quercitin, coumaric acid, chlorogenic acid,
ferulic acid), vitamins (A, C, E, folic acid), minerals (calcium, selenium, magnesium,
zinc), phytosterols (B-sitosterol, campesterol), and other compounds are responsible
for their cancer inhibitory effects [31, 56]. Table 2 lists berry components that are
routinely measured in yearly batches of BRB used in our studies. Because the BRB
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Table 3 Freeze-dried berries

as effective agents

tumorigenesis in F344 rat in a post-initiation scheme [31]

G.D. Stoner and L.-S. Wang

against NMBA-induced esophageal

Experimental Tumor incidence Tumor multiplicity
Berry types protocols (% inhibition) (% inhibition)
BRBs* Post-initiation 40-47% 40-60%
STRWs" Post-initiation 0% 31-38%
“BRBs = Freeze-dried black raspberries
"STRWs = Freeze-dried strawberries
Proliferation Apoptosis
| PCNA, Ki-67/MIB-1 T TUNEL
1 AP-1 (c-Jun) { Bcl-2

N

| cOX-2, | PGE, / T Bax

1 Erk1/2 T Caspase-3
Black

Inflammation Raspberries Angiogenesis

¥ .COX-Z, i.Pf}Ez‘ I VEGF-1

4 iNOS, { nitrite/nitrate / \ J HIF-1a

{ NF-kB I Microvessel

J CD45 (leu.kocyte density

common antigen)

Fig. 4 Effects of BRB on cellular events and associated genes in NMBA-treated rat esophagus [56]

have been obtained from the same farm for the past 20 years, are of the same cultivar
(Jewel variety), and are grown in the same field, the variation in the content of most of
these components does not exceed 25-30% [56].

At the same dietary concentrations (5% and 10%), STRW and BRB significantly
reduced esophageal tumor multiplicity by more than 30% when administered in a
post-initiation scheme, indicating the ability of the berries to inhibit tumor progres-
sion in the esophagus (Table 3) [42, 52, 53]. By reducing the dose of NMBA,
subsequent studies with BRB at the same dietary concentrations have demonstrated
up to 50-60% inhibition of NMBA-induced tumorigenesis in the rat esophagus [35,
55]. In an early study, BRB reduced the PCNA labeling index in NMBA-treated
esophagus, indicating their ability to reduce the growth rate of preneoplastic cells
[42]. Further mechanistic studies indicated that BRB diets down-regulated NMBA -
induced COX-2, i-NOS, c-Jun, and VEGF-C mRNA and protein expression levels
in the esophagus, and this correlated with reduced levels of PGE,, nitrate/nitrite,
and MVD, respectively, and with tumor multiplicity [36, 37]. The extent of COX-2
inhibition by BRB was similar to that observed with a specific COX-2 inhibitor,
L-748706, under development by Merck, Inc., indicating the potency of the berries
for down-regulating COX-2 [57]. Recent studies indicate that BRB protectively
modulate genes associated with apoptosis (Bcl-2, Bax) in NMBA-treated rat eso-
phagus [35]. Figure 4 summarizes the effects of a 5% BRB diet on genes associated
with cell proliferation, inflammation, apoptosis, and angiogenesis in NMBA-treated
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rat esophagus as determined by Real-Time Polymerase Chain Reaction (RT-PCR)
and Western blot analysis.

cDNA microarray analysis has been used to identify additional genes in NMBA-
treated rat esophagus whose expression is affected by a BRB diet. In an initial
study, BRB were evaluated for their effects on the expression of esophageal genes
during the initiation stage of cancer development [58]. Male F344 rats 4-5 weeks
old were fed either control AIN-76A diet or control diet supplemented with 5%
BRB for 3 weeks. During the 3rd week, one-half of all rats fed either the control diet
or the berry supplemented diet received three subcutaneous injections of NMBA.
Esophagi from control and berry fed rats were harvested 24 h after the third
injection of NMBA and the epithelium was stripped of the submucosal and
muscularis layers. RNA microarrays for more than 41,000 transcripts revealed
that treatment with NMBA only for 1 week led to the dysregulation of 2,261
genes in the esophageal epithelium, and the berry diet restored 462 of these genes
to near-normal levels of expression, regardless of whether they were upregulated or
downregulated. These 462 genes included genes associated with signal transduc-
tion, cell proliferation/cell cycle, inflammation, differentiation, adhesion and motil-
ity, apoptosis, and angiogenesis. Relative to the control diet, treatment with the 5%
BRB diet alone altered the expression levels of only 36 genes, suggesting that the
berries produce only modest effects on the rat esophagus [59]. In a follow-up study,
the effects of a 5% BRB diet on gene expression in NMBA-induced preneoplastic
esophagus and papillomas was determined [46]. Esophagi from control, NMBA-
treated, and NMBA + 5% BRB-treated rats were collected at the end of a 35-week
bioassay. Treatment with the 5% BRB diet reduced the number of dysplastic lesions
and the number and size of esophageal papillomas in NMBA-treated rats. When
compared to esophagi from control rats, NMBA treatment led to the differential
expression of 4,807 genes in preneoplastic esophagus and 17,846 genes in esopha-
geal papillomas. Dietary BRB modulated 626 of the 4,807 differentially expressed
genes in preneoplastic esophagus and 625 of the 17,846 differentially expressed
genes in esophageal papillomas towards normal levels of expression. In both
preneoplastic esophagus and in papillomas, BRB modulated the mRNA expression
of genes associated with carbohydrate and lipid metabolism, cell proliferation and
death, inflammation and many other cellular functions (Table 4). In these same
tissues, Western blot analysis revealed that the BRB positively modulated the
expression of proteins associated with cell proliferation, apoptosis, inflammation,
angiogenesis, and both cyclooxygenase and lipoxygenase pathways of arachidonic
acid metabolism. Interestingly, matrix metalloproteinases involved in tissue inva-
sion and metastasis and proteins associated with cell—cell adhesion, were also
positively modulated by BRB. Genes commonly modulated by BRB at both time
points (1 week and 35 weeks) were keratin 6 alpha, keratin 11, keratin 14, keratin 17,
cadmium inducible gene 1L, amphiregulin protein kinase, and cGMP-dependent,
type II. Four of the seven genes are keratin genes associated with squamous cell
differentiation, and the other three genes are involved in cellular communication.
These results suggest that the modulation of genes involved in cell differentiation
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Table 4 Cellular functions in preneoplastic esophagus (PE) and in esophageal papillomas from
NMBA-treated rats whose genes are restored to near normal levels of expression by BRBs [46]

PE* Papilloma

Cellular functions No. of genesb p Value No. of genes  p Value

Carbohydrate metabolism 27 4.32E-06 3 2.10E-02
Lipid metabolism 28 1.18E-06 9 2.10E-02
Inflammatory response 16 6.71E-04 29 1.19E-02
Cell cycle 16 4.33E-04 18 3.66E-04
Cell death 20 4.31E-04 10 1.19E-02
Cellular movement 23 3.54E-04 9 2.10E-02
Cell morphology 39 1.88E-04 9 2.10E-02
Cellular growth and proliferation 29 1.71E-04 4 2.10E-02
Cell-to-cell signaling and interaction 27 1.69E-04 13 2.10E-02
Post-translational modification 3 3.38E-03 5 6.25E-03
Cell signaling 29 2.53E-03 7 3.24E-02
Vitamin and mineral metabolism 17 2.51E-03 8 3.24E-02
DNA repair 9 1.71E-03 14 3.58E-04
Energy production 5 1.54E-03 1 4.16E-02
Nucleic acid metabolism 11 1.51E-03 8 2.10E-02

“PE is the entire esophagus from NMBA-treated rats following removal of papillomas. It is
composed of normal and hyperplastic epithelium, and foci of dysplastic change

"Genes were assigned to specific cellular functions using Ingenuity’s pathway analysis software.
The count column indicates the number of genes from the two sets of 626 and 625 genes in PE and
in papillomas (see Results), respectively, that are associated with the specific cellular function

and communication may be important for the preventative effects of BRB in models
of squamous cell carcinogenesis [46].

The relative ability of seven different berry types (acai, black raspberries,
blueberries, goji, noni, red raspberries, and strawberries) to prevent NMBA-
induced tumorigenesis in rat esophagus when added at 5% of AIN-76A diet was
recently assessed [60]. These berry types were chosen for the study because they
vary markedly in their type and content of chemopreventive constituents, including
anthocyanins, carotenoids, ellagitannins, phytosterols, and stilbenes. Because black
raspberries contain high levels of both anthocyanins and ellagitannins, we predicted
that they would be more effective than the other berry types in preventing NMBA-
induced esophageal carcinogenesis. Intriguingly, however, all seven berry types
were about equally effective in inhibiting NMBA-induced tumorigenesis in the
esophagus (Table 5). They also reduced levels of the serum cytokines, interleukin 5
(IL-5) and growth-related-oncogene/keratinocyte-associated chemokine (GRO/KC),
the rat homolog for human interleukin-8 (IL-8), and these effects were associated
with increased serum antioxidant capacity. Although this data is preliminary, it sug-
gests that multiple berry types possess compounds with anticancer potential. In that
regard, the residue (fiber) fractions of BRB, STRW, and BB were about equally
effective in preventing NMBA-induced esophageal cancer [55] and, thus, the “equal-
izer” amongst the different berry types might reside in their content and specific types
of fiber.
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Table S Effect of different berry types on NMBA-induced esophageal tumors in F-344 rats when
administered at 5% of the diet [60]

Tumor Tumor Tumor size
NMBA incidence  multiplicity (mm?)
Group Diet (0.3 mg/kg/inj) (%) (mean + SE) (mean + SE)
1 AIN-76A control diet — 0 0 0
2 AIN-76A + 95 2.15 £ 041 11.69 £ 5.07
3 AIN-76A + 5% BRBs + 60" 1.07 + 0.28° 7.50 + 2.46
4 AIN-76A + 5% BLBs + 63" 1.00 + 0.32° 9.21 £ 7.01
5 AIN-76A + 5% + 75% 1.25 £ 0.32° 8.58 £ 3.46
STRWs
6 AIN-76A + 5% RRBs + 75% 1.19 + 0.28° 6.72 £ 1.85
(WGO02)
7 AIN-76A + 5% RRBs + 63* 0.88 + 0.27° 9.07 £+ 3.86
(Meeker)
8 AIN-76A + 5% noni  + 60" 1.10 £+ 0.41° 7.93 £ 3.21
9 AIN-76A + 5% + 63* 0.94 + 0.27° 5.73 £ 1.24
wolfberry
10 AIN-76A + 5% acai  + 75% 1.19 £ 0.25° 5.26 +£ 2.15

BRBs black raspberries, BLBs blueberries, STRWs strawberries, RRBs red raspberries
“Significantly lower than Group 2 (NMBA only) as determined by y2 test (P < 0.05)
"Significantly lower than Group 2 (NMBA only) as determined by analysis of variance (P < 0.05)

7 Chemoprevention of Human Esophageal SCC

Chemoprevention of human esophageal SCC is focused mainly on blocking the
progression of premalignant lesions, such as epithelial dysplasia, to malignant SCC.
With the availability of cytological and endoscopic screening techniques, it is possible
to identify high-risk individuals for esophageal cancer and take appropriate measures
to reduce their risk. The progressive use of endoscopy in high-risk areas of China has
proven useful in identifying individuals with premalignant lesions and improving their
survival by clinical intervention. For example, esophageal dysplasias classified as
“severe” by routine histopathology are often removed by surgical intervention, a
practice that has saved many lives in China. Individuals with premalignant lesions
of the esophagus have also been accrued to chemoprevention trials and we have
discussed the results of these trials in detail in a previous review [16]. This chapter,
therefore, will be confined to a discussion of results from a randomized phase II trial of
lyophilized strawberries for their effects on dysplastic lesions of the esophagus [61].

8 Effects of Freeze-Dried Strawberries on Dysplastic Lesions
of the Esophagus

A randomized phase II chemoprevention trial in a high-risk population in China
was conducted to determine the ability of lyophilized strawberries to influence the
development of dysplastic lesions [61]. The primary endpoint of the trial was to
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Table 6 Effect of 60 g (N = 36) or 30 g (N = 36) freeze-dried strawberries on histological grade
of esophageal precancerous lesions [61]

Normal Hyperplasia Mild dysplasia Moderate dysplasia
Treatment (g)* Before/after (%) Before/after (%) Before/after (%) Before/after (%)
30 0/2 (5.5) 0/3 (8.3) 30 (83.3)/24 (66.7) 6 (16.7)/7 (19.4)
60 0/19 (52.7) 0/9 (25) 31 (86.1)/5 (13.9)° 5 (13.9)/3 (8.3)

“Daily for 6 months
"Significantly lower than before strawberry treatment as determined by the McNemar test
(P < 0.0001)

evaluate the effects of the berries on histologic grade of the lesions. Although most
preclinical and clinical studies on the chemoprevention of esophageal cancer have
been conducted with black raspberries, strawberries were chosen for this trial for
the following reasons: (1) in the rat model of NMBA-induced esophageal SCC,
strawberries were nearly as effective as BRBs in preventing the development of
esophageal papillomas, (2) strawberries are the principal berry type grown in
China, and therefore they are readily available for human consumption throughout
the year at relatively low cost, and (3) the Chinese government was reluctant to
permit the transit of black raspberry powder across the border into China because of
the concern that the powder might contain some viable seed from which BRB could
be grown randomly in China.

Freeze-dried strawberries (Fragaria ananassa) obtained from the California
Strawberry Commission were shipped from the Ohio State University to Beijing,
China where they were kept frozen at —20 °C until used in the trial. The trial was
conducted in the Henan and Shandong provinces of China where the population is
at high risk for the development of esophageal SCC. Seventy-five subjects identified
by endoscopy to have dysplastic esophageal premalignant lesions were randomly
assigned to receive freeze-dried strawberry powder at a total dose of either 30 g/day
(15 g/2x/day; 37 subjects) or 60 g/day (30 g/2x/day; 38 subjects) for 6 months; the
powder was mixed with water and consumed orally in the morning and in the
evening. Subjects were encouraged to drink the berry slurry slowly over a period
of about 30 min to increase the probability of localized absorption of berry
compounds into the dysplastic lesions. After 6 months, potential changes in histo-
logical grade of the lesions were assessed in a blind fashion. For this purpose,
the esophageal epithelium was characterized into three categories: normal, hyper-
plasia, and dysplasia (mild and moderate). Histopathological analysis indicated that
the consumption of strawberry powder at 30 g/day did not significantly affect
the overall histologic grade of the dysplastic lesions (Table 6). The consumption
of 60 g/day, however, reduced the histologic grade of dysplastic premalignant
lesions in 29 of the 36 patients. The strawberry powder was well tolerated at both
dose levels, with no observed toxic effects or serious adverse events.
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Fig. 5 Effect of freeze-dried strawberries on the protein expression of iNOS, COX-2, p-NF«kB-p65,
and pS6 as determined by Western blot analysis. Representative blots are shown in (a). The values
are relative densitometric intensity expressed as mean + SE. **P < 0.001 as determined by
Student’s #-test when compared with the expression level before strawberry treatment (b) [61]

9 Effects of Strawberries on Protein Expression Levels of iNOS,
COX-2, pNFkB-p65, and Phospho-S6 in Esophageal Mucosa

Freeze-dried strawberries at 60 g/day also significantly reduced protein expression
levels of iNOS by 79.5%, COX-2 by 62.9%, pNFkB-p65 by 62.6%, and phospho-S6
(pS6) by 73.2% in esophageal mucosa (Fig. 5). The effects of reducing the protein
expression levels of iNOS, COX-2, and NF-kB on inflammation, cell proliferation
and gene transcription are discussed above. Mammalian target of rapamycin (mTOR)
is a key regulator of cell proliferation so downregulation of this gene could lead
to reduced cell growth [62]. pS6 is one of the downstream targets of mTOR and
measurement of pS6 by Western blot has been used to assess the activity of mTOR
[63]. The protein expression levels of iNOS, COX-2, pNFkB-p65, and phospho-S6
were not affected in esophageal mucosa obtained from subjects who consumed
30 g/day. Freeze-dried strawberries (60 g/day) also significantly inhibited the
Ki-67 labeling index by 37.9%.

10 Summary

These results indicate the potential of freeze-dried strawberry powder for
preventing human esophageal SCC, supporting further clinical testing of this
natural agent, especially in China and other developing countries. However, a
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companion article to [61], in Cancer Prevention Research, points out several
relevant concerns about moving forward with additional clinical evaluation of
freeze-dried strawberries as such, and recommends that, ultimately, additional trials
be conducted with individual agents or combinations of agents in strawberries.
These concerns are well taken and, ultimately, it should be possible to identify an
agent or combination of agents that elicits little or no toxicity, is reasonable in cost,
and equally or more efficacious than whole berries in regressing dysplastic lesions
in the human esophagus.

11 Conclusions

The survival rate for esophageal SCC worldwide has not improved markedly in the
past several decades in spite of advances in surgical techniques, radiotherapy, and
chemotherapy. Prevention is clearly an important approach to reduce the incidence
and mortality from this disease. Lifestyle changes, especially the avoidance
of tobacco and alcohol, and the elimination of moldy and salty foods, would
have a major effect in reducing the incidence and mortality from this disease. In
addition, the increased consumption of vegetables and fruit, especially in high-risk
areas, could well provide sources of preventative agents as well as reduce dietary
deficiencies associated with the disease. Chemoprevention is another approach
that deserves more attention in that the overall number of chemopreventive agents
tested in humans against esophageal SCC is limited. Special emphasis should
be placed on the identification of additional molecular targets in premalignant
(dysplastic) lesions for chemopreventive modulation. Mechanistic studies using
the F-344 rat model of esophageal carcinogenesis can provide important leads as
to new targets for chemoprevention. In this regard, studies demonstrating the
chemopreventive efficacy of agents that modulate the expression levels of iNOS,
c-Jun (AP-1), COX-2, NFkB, mTOR, and VEGF in esophageal tissues could
provide additional leads for agents that might be efficacious in humans. Freeze-
dried berries modulate all of these markers as well as many others in esophageal
carcinogenesis in both animals and humans. Additional preclinical studies, there-
fore, are needed to identify individual compounds in different berry types with
chemopreventive potential for the esophagus, including the anthocyanins and their
metabolites (e.g., protocatechuic acid [PCA]J; [64, 65]), urolithins from ellagic acid
[66, 67], pterostilbene from blueberries, which has been shown to inhibit colon
cancer in rats by protectively modulating a wide range of relevant molecular
biomarkers [68, 69], kaempferol or other phytosterols [70], carotenoids such as
B-carotene, and polysaccharides in fiber. These compounds, alone or in combina-
tion, could be very effective for the prevention of esophageal SCC in humans.
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Cancer Prevention by Different Forms
of Tocopherols

Chung S. Yang and Nanjoo Suh

Abstract Many epidemiological studies have suggested that a low vitamin E
nutritional status is associated with increased cancer risk. However, several recent
large-scale human trials with high doses of a-tocopherol (a-T) have produced
disappointing results. This points out the need for a better understanding of the
biological activities of the different forms of tocopherols. Using a naturally
occurring tocopherol mixture (y-TmT) that is rich in y-T, we demonstrated the
inhibition of chemically induced lung, colon, and mammary cancer formation as
well as the growth of xenograft tumors derived from human lung and prostate cancer
cells. This broad anticancer activity of y-TmT has been attributed mainly to the
trapping of reactive oxygen and nitrogen species and inhibition of arachidonic acid
metabolism. Activation of peroxisome proliferator-activated receptor ¥ (PPARY)
and the inhibition of estrogen signaling have also been observed in the inhibition of
mammary cancer development. 6-T has been shown to be more active than y-T in
inhibiting the growth of human lung cancer cells in a xenograft tumor model and the
development of aberrant crypt foci in azoxymethane-treated rats, whereas a-T is not
effective in these models. The higher inhibitory activities of -T and y-T (than o-T)
are proposed to be due to their trapping of reactive nitrogen species and their
capacity to generate side-chain degradation products, which retain the intact
chromanol ring structure and could have cancer preventive activities.
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1 Introduction

Tocopherols, collectively known as vitamin E, are a family of fat-soluble phenolic
compounds. Each tocopherol contains a chromanol ring system and a phytyl chain
containing 16 carbons. Depending upon the number and position of methyl groups
on the chromanol ring, they exist as ao-, B-, y-, or d-tocopherols (a-T, B-T, y-T,
and 6-T) [1]. Their structures are shown in Fig. 1. o-T is trimethylated at the 5-, 7-,
and 8-positions of the chromanol ring, whereas y-T is dimethylated at the 7- and
8-positions and 6-T is methylated at the 8-position. The hydrocarbon tail and ring
structure provide the lipophilicity for tocopherols to be incorporated into the lipid
bilayers of biological membranes. The phenolic group in the chromanol moiety
effectively quenches lipid free radicals by one electron reduction. The resulting
tocopherol phenoxy radical can be reduced by ascorbic acid or glutathione to
regenerate the phenolic group. This is probably the most important physiological
antioxidant mechanism to protect the integrity of biological membranes. The
unmethylated carbons at 5- and 7-positions at the chromonol ring are electrophilic
centers that effectively react with oxygen and nitrogen species (RONS). All the
tocopherols are antioxidants; however, y-T and d-T are more effective than o-T in
trapping reactive nitrogen species [2—4]. The formation of 5-nitro-y-T, 5-nitro-5-T,
7-nitro-8-T, and 5,7-dinitro-8-T have been reported [5].

The major dietary sources of tocopherols are vegetable oils, such as oils from
corn, soybean, sesame, cottonseeds, and nuts [6, 7]. In these oils, y-T is three to five
times more abundant than o-T, and 6-T is as abundant as o-T, whereas B-T exists in
only minute amounts. Upon ingestions, these tocopherols are incorporated into the
chylomicrons and transported to the liver via the lymphatic system. The transfer of
tocopherols in the liver to very low-density lipoproteins is mediated by a specific
o-T transfer protein, which preferentially transfers o-T over y-T, and 6-T is even
less effectively transferred [8]. As a consequence, o-T is efficiently secreted into the
circulation and transported to nonhepatic tissues, and is the most abundant form of
vitamin E in the blood and tissues. The blood and tissue levels of y-T are much
lower, and those of 8-T are even lower.
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Fig. 1 Structures of tocopherols

Because o-T is the most abundant form of tocopherols in blood and tissues and
has the highest activity in the classical fertility-restoration assay, a-T is generally
considered to be “the vitamin E.” Therefore, many studies on vitamin E have been
conducted with a-tocopheryl acetate. However, the results of many of the animal
studies are inconsistent, and the results of some of the human intervention studies are
disappointing and at variance with those from observation epidemiological studies
(reviewed in [9]). In recent years it has been recognized that y-T and 6-T have
beneficial health effects beyond a-T [9-12]. Our collaborative team at Rutgers has
demonstrated the broad cancer preventive activities of a y-T-rich mixture of
tocopherols (y-TmT) as well as pure 8-T and y-T [13-20]. In this chapter we will
discuss the cancer preventive activities of different forms of tocopherols, based on our
recent results from animal studies, and their implications to human cancer prevention.

2 Studies on Tocopherols and Cancer in Humans

2.1 Observational Epidemiological Studies

Because of the involvement of RONS in carcinogenesis, the antioxidant nutrients
tocopherols have been suggested to have cancer preventive functions. There are
many studies that are in support of this concept, but some studies are not (reviewed
in [9]). For example, of the three reported cohort studies on lung cancer, two studies
found a significant inverse association between dietary intake of vitamin E and risk
of lung cancer [21-23]. In both of these studies, the cancer preventive effects were
found in current smokers, suggesting a protective effect of vitamin E against insults
from cigarette smoking. In four case—control studies on lung cancer, three studies
found lower serum o-T levels in lung cancer patients than in matched controls [9].
In a recent case—control study, Mahabir et al. observed that the odds ratios of lung
cancer for increasing quartiles of dietary o-T intake were 1.0, 0.63, 0.58, and 0.39,
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respectively (P for trend <0.0001) [24]. The authors concluded that o-T accounts
for 34-53% reduction in lung cancer risk [24]. Since the intake of y-T was also
increased in proportion to o-T in the diet, and at higher quantities, the beneficial
effect could also be due to y-T or the combined effects of all the forms of
tocopherols. y-T is three to four times more abundant than o-T and 3-T could
also be more abundant than o-T in the American diet.

Of the six cohort studies on colorectal cancer reviewed, two studies showed an
inverse association between vitamin E intake and colorectal cancer risk [25, 26]. For
example, in the lowa Women’s Health Study [25], a high intake of vitamin E was
associated with a low risk of colon cancer (P for trend <0.0001). This study also
found that the protective effect was stronger in subjects under the age of 65 years
than in subjects older than that. Of the two case—control studies, one found an inverse
association between supplementary vitamin E intake and colorectal cancer risk [27],
but the other did not find a protective effect of dietary or supplementary vitamin E
against colorectal cancer [28].

Of the 14 case—control studies on prostate cancer reviewed, seven showed an
inverse association between dietary or blood levels of tocopherols and risk of
prostate cancer [9]. In two nested case—control studies (CLUE I and CLUE II),
serum levels of y-T, but not o-T, were inversely associated with prostate cancer risk
[29, 30]. In CLUE I, serum levels of y-T were significantly lower in subjects who
developed prostate cancers than subjects who did not (P = 0.02), but no dose-
response trend was observed. In CLUE 1I, a strong inverse association between
v-T and prostate cancer risk was observed (P = 0.0001) [29]. Out of the six cohort
studies examining the association between dietary or supplementary vitamin E
intake and prostate cancer risk, none found any significant association. In the
National Institutes of Health-American Association of Retired Persons Diet and
Health Study, dietary y-T and 8-T were found to be significantly related to a reduced
risk of advanced prostate cancer (RR: 0.68; 95% CI: 0.56—0.84 for y-T and RR: 0.8;
95% CI: 0.67-0.96 for 8-T), but supplemental vitamin E (a-T) intake beyond dietary
sources was not related to prostate cancer risk [31].

In 24 case—control studies on the relationship between the use of vitamin E
supplementation and breast cancer; 11 studies found a risk reduction; however, 13
studies did not find an association [32]. In the Shanghai Breast Cancer Study, it was
found that vitamin E supplement may reduce the risk of breast cancer among women
who have low dietary intake [33]. In 12 cohort studies there was no association
between vitamin E supplementation and breast cancer risk [32]. In one cohort study,
the European Prospective Investigation into Cancer and Nutrition (EPIC) trial
observed that vitamin E did not reduce breast cancer risk, but there was a weak
risk reduction in post-menopausal women [34]. Previously, detailed assessments
revealed that vitamin E (o-T) supplements did not protect against breast cancer [35, 36].
Recently, Fulan et al. performed a meta-analysis on 38 studies between vitamin E and
breast cancer [37]. For case—control studies, dietary vitamin E and total vitamin E
reduced breast cancer risk by 18% and 11%, respectively [37]. When the cohort
studies were pooled with the case—control studies, dietary vitamin E and total
vitamin E both became nonsignificant [37]. Thus, a conclusion remains elusive
between breast cancer and vitamin E. The term “vitamin E” is used loosely, and a
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distinction in these case—control and cohort studies needs to clarify which variant of
vitamin E is utilized. Thus, epidemiological evidence between different forms of
vitamin E and breast cancer is limited.

2.2 Intervention Trials with a-Tocopherol

There have been many intervention trials to study the effects of vitamin E supplemen-
tation on cancer. However, the results from several large-scale intervention studies
with o-T have been disappointing [38—41]. For example, in the Women’s Health
Study with 39,876 healthy US women aged 45 years or older, the administration of
600 IU of o-T on alternate days did not significantly affect the incidence of colon,
lung, or total cancers [38]. In the Physicians’ Health Study II Randomized Control
Trial, supplementation with vitamin E (400 IU of o-T every other day) or vitamin C
(500 mg synthetic ascorbic acid) to physicians for 8 years did not reduce the risk of
prostate cancer or all other cancers [39].

The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study was
initially designed to investigate the prevention of lung cancer in male smokers with
a daily supplement of 50 IU of all-racemic-a-tocopheryl acetate and 20 mg of
B-carotene in a two-by-two design [42]. Supplementation with o-T or B-carotene, or
both, for 5-8 years did not produce a significant effect on the incidence of lung
cancer [42]. However, o-T supplementation was significantly associated with the
reduced incidence of prostate cancer (as a secondary endpoint) and higher serum
a-T was associated with a reduced risk of prostate cancer (RR: 0.80; 95% CI:
0.66-0.96 for highest vs lowest quintile; P for trend = 0.03) [43—45]. These results
encouraged the launching of the selenium and vitamin E cancer prevention trial
(SELECT), in which 35,533 men from 427 study sites in the United States, Canada,
and Puerto Rico were randomized between August 2001 and June 2004 [40]. These
healthy individuals (ages >55 years old, and for blacks >50 years old) were
allocated into four groups and took 400 IU all-rac a-tocopheryl acetate or 200 pg
selenium from L-selenomethionine daily in a two-by-two design for an average of
5.5 years. However, the result showed that the supplementations did not prevent
prostate or other cancers [40]. It was noted that the o-T supplement caused a 50%
decrease in median plasma y-T levels [40]. In the recently published follow-up (for
7-12 years) results of this study, subjects receiving o-T had a hazard ratio of 1.17
for developing prostate cancer [41]. A possible interpretations of the result is that
supplementation of a nutrient to a population that is already adequate in this nutrient
may not produce any beneficial effects. It is also possible that supplementation of a
large quantity of o-T decreases the blood and tissue levels of y-T, which has been
suggested to have stronger anti-inflammatory and cancer preventive activities
[9-12, 46, 47]. Other possible mechanisms have also been discussed [48], but the
exact reasons for these negative results are not known. Nevertheless, the disap-
pointing outcome of these large-scale trials reflects our lack of understanding of the
biological activities of tocopherols and points to the need for systematic studies of
the disease preventive activities of the different forms of tocopherols.



26 C.S. Yang and N. Suh

3 Inhibition of Tumorigenesis by Single Forms and Mixtures
of Tocopherol in Animal Models

Previous cancer prevention studies in different animal models with pure o-T have
obtained inconsistent results [9]. On the other hand, recent studies from our
research team at Rutgers University have demonstrated the inhibitory effect of
v-TmT against lung, colon, mammary gland, and prostate cancers [13-20]. y-TmT
is a by-product in the distillation of vegetable oil and usually contains (per gram)
130 mg o-T, 15 mg B-T, 568 mg y-T, and 243 mg 5-T. Some of our studies are
discussed in the following sections.

3.1 Inhibition of Lung Carcinogenesis and Tumor Growth

In studying the lung cancer preventive activity of y-TmT, we treated A/J mice
(6 weeks old) with a tobacco carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), plus benzo[a]pyrene (B[a]P), a ubiquitous environmental pollutant,
at doses of 2 pmol each, by oral gavage weekly from weeks 1 to 8. At week 19, the
mice in the control group (on the AIN93M diet) developed an average of 21 tumors per
mouse [13]. Treatment of the mice with 0.3% y-TmT in the diet during the entire
experimental period lowered the tumor multiplicity to 14.8 (30% inhibition,
p < 0.05). y-TmT treatment also significantly reduced the average tumor volume
and tumor burden by 50% and 55%, respectively [13]. In a second study, lung
tumorigenesis was induced by i.p. injection of two doses of NNK (100 mg/kg on
week 1 and 75 mg/kg on week 2). The 0.3% y-TmT diet was given during the
carcinogen-treatment stage, the post-initiation stage, or the entire experimental period.
v-TmT treatment during these three time periods all reduced the tumor multiplicity
(17.1, 16.7, and 14.7 tumors per mouse, respectively, as compared to 20.8 in the
control group; p < 0.05). Moreover, the tumor burden was significantly reduced by
v-TmT treatment given during the tumor initiation stage or during the entire experi-
mental period by 36% and 43% inhibition, respectively [13].

In the NNK plus B[a]P-treated model, dietary y-TmT treatment significantly
increased the apoptotic index (based on cleaved-caspase 3 positive cells) from
0.09% to 0.25% in the lung tumors, whereas the treatment did not affect apoptosis
in nontumorous lung tissues. Dietary y-TmT treatment also significantly decreased
the percentage of cells with positive immunostaining for 8-hydroxydeoxyguanine
(8-0x0-dG) (from 26% to 17%), a marker for oxidative DNA damage, as well as for
v-H2AX (from 0.51% to 0.23%), a reflection of double-strand break-induced DNA
repair. The plasma levels of prostaglandin E2 (PGE2) and leukotriene B4 (LTB4)
were markedly elevated in the tumor-bearing A/J mice at week 19 as compared to
mice that received no carcinogen treatment. Y-TmT treatment resulted in lower
plasma levels of PGE2 (by 61%, p < 0.05) and LTB4 (by 12.7%, p < 0.1). These
results demonstrate the antioxidant and anti-inflammatory activities of y-TmT.
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The antiangiogenic activity of dietary y-TmT was demonstrated with antiendothelial
cell CD31 antibodies. CD31-labeled capillary clusters and blood vessels were observed
mainly in the peripheral area of the lung adenomas, and dietary y-TmT reduced the
microvessel density (blood vessels/mm?) from 375 to 208 (p < 0.05) [13].

When 0.3% y-TmT was given to NCr nu/nu mice in the diet 1 day after
implantation of human lung H1299 cells (1 x 10° cells injected subcutaneously
per site to both flanks of the mouse), an inhibition of xenograft tumor growth was
observed [13]. After 6 weeks, the tumor size and weight were significantly reduced
by 56% and 47%, respectively, as compared to the control group. The y-TmT
treatment also caused a 3.3-fold increase in apoptotic index as well as a 52%
decrease in 8-o0xo0-dG-positive cells and a 57% decrease in y-H2AX-positive cells
in the xenograft tumors. Strong cytoplasm staining of nitrotyrosine was observed in
xenograft tumors, and the staining intensity was decreased by 44% in mice that
received y-TmT. The y-TmT treatment also reduced the plasma LTB4 level by
36.5% (p < 0.05) [13].

In a similar experiment, the effectiveness of different forms of pure tocopherols
in the inhibition of H1299 xenograft tumor growth was compared [14]. Pure &-T
was found to be most effective, showing dose-response inhibition when given at
0.17% and 0.3% in the diet, and pure y-T and y-TmT were less effective. Studies of
H1299 cells in culture also showed that 6-T was more effective than y-T and y-TmT
in inhibiting cell growth, whereas o-T was not effective [13]. In another
transplanted tumor study, dietary 0.1% and 0.3% 7y-TmT were found to inhibit
the growth of subcutaneous tumors (formed by injection of murine lung cancer
CL13 cells) in A/J mice by 54% and 80%, respectively, on day 50 [15].

3.2 Inhibition of Colon Inflammation and Tumorigenesis

Previous studies concerning the effect of «-T on colon carcinogenesis have yielded
mostly negative results [9]. Recently, we studied the effect of y-TmT in the colons of
mice that had been treated with azoxymethane (AOM) and dextran sulfate sodium
(DSS) [16]. Dietary y-TmT treatment (0.3% in the diet) resulted in a significantly
lowered colon inflammation index (52% of the control) on day 7, and reduced the
number of colon adenomas (to 9% of the control) on week 7. y-TmT treatment also
resulted in higher apoptotic indexes in adenomas, lower PGE2, LTB4, and
nitrotyrosine levels in the colon, and lower PGE2, LTB4, and 8-isoprostane levels
in the plasma on week 7. In the second experiment, with AOM/DSS-treated mice
sacrificed on week 21, dietary y-TmT treatment significantly inhibited adenocarci-
noma and adenoma formation in the colon (to 17-33% of the control). In the third
experiment, mice received dietary treatment with 0%, 0.1%, and 0.3% y-TmT in the
AIN 93 M basal diet. One week later, 1% DSS was given to mice in drinking water
for 1 week to induce inflammation, and a dose-dependent anti-inflammation
by y-TmT treatment was also observed [16]. These studies demonstrate the anti-
inflammatory and anticarcinogenic activities of y-TmT in the colon.
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3.3 Inhibition of Mammary Carcinogenesis

In previous studies on mammary carcinogenesis, four studies showed a protective
effect of o-T [49-52], but one study showed no effect [53]. Recently, we
demonstrated that dietary administration of y-TmT significantly inhibited
N-methyl-N-nitrosourea-induced mammary tumorigenesis in rats [17, 18]. We
found that mammary tumor growth and tumor multiplicity, as well as a proliferation
marker, proliferating cell nuclear antigen (PCNA), were markedly decreased by
administration of y-TmT. Administration of 0.1%, 0.3%, or 0.5% y-TmT dose-
dependently suppressed mammary tumor development and growth [17]. The inhi-
bition of mammary tumorigenesis was associated with increased expression of p21,
p27, cleaved caspase-3, and PPAR-y, whereas Akt and the estrogen-dependent
signaling pathways in mammary tumors were significantly decreased by y-TmT
treatment [17]. Furthermore, in N-methyl-N-nitrosourea-treated rats, dietary
v-TmT, v-T, and O-T decreased PCNA levels while increasing the levels of
cleaved-caspase 3 in mammary tumors, but o-T was not active [32].

Our in vitro data showed that treatment with y-TmT, y-, and 6-T inhibited cell
proliferation in MCF-7 breast cancer cells in a dose-dependent manner, while o-T did
not [17]. In MCF-7 and T47D breast cancer cells, y-TmT, y-T, and, more strongly,
5-T enhance the transactivation of peroxisome proliferator-activated receptor
(PPAR)-y [17]. Since PPARY transactivation can be suppressed by ERa binding to
the PPAR response element [54], the inhibition of ERa expression by tocopherols
may result in the activation of PPARy. Thus, tocopherols may indirectly activate
PPARY, and possibly through this pathway may interfere with ER-a expression,
inhibit cell cycle progression, and induce apoptosis to prevent breast cancer. The
inhibitory activities of y-T and 3-T, but not «-T, have also been demonstrated in
breast cancer cell lines by other authors [41, 54-56]. In a xenograft model, y-T
treatment inhibited tumor growth and enhanced apoptosis of tumor cells [57].

3.4 Inhibition of Prostate Carcinogenesis and Tumor Growth

Barve et al. demonstrated the inhibition of prostate carcinogenesis in the TRAMP
model by 0.1% y-TmT in the diet [20]. During the development of prostate cancer
in the TRAMP mouse, loss of expression of Nrf2 and related cell protective
enzymes was observed, and y-TmT treatment prevented the loss [20]. Takahashi
et al. demonstrated that y-T (0.005% or 0.01% in the diet), but not o-T, decreased
the number of adenocarcinomas in the ventral lobe in the transgenic rat for
adenocarcinoma of prostate (TRAP) model [58] and the inhibitory action was
associated with enhanced apoptosis (activation of caspase-3 and caspase-7). In
collaboration with Dr. Xi Zheng and others, we also demonstrated the dose-
dependent inhibition of LNCaP prostate cancer growth by y-TmT (0.1%, 0.3%,
and 0.5% in the diet) in a xenograft tumor model in severe combined
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immunodeficient (SCID) mice [19]. The inhibition was associated with suppressed
cell mitosis and stimulated apoptosis (activation of caspase-3).

4 Possible Mechanisms of Action

As reviewed previously [9], many mechanisms have been proposed for the actions of
tocopherols. Since our recent results show that y-T and &-T effectively inhibit
carcinogenesis and xenograft tumor growth, but o-T does not, an important mecha-
nistic issue is why y-T and 6-T are more active than o-T. All tocopherols are
antioxidant. However, the unmethylated 5-position of the chromanol ring enables
v-T and J-T to quench reactive nitrogen species. In addition, because y-T and o-T are
less effectively transported to the blood, they are prone to side-chain degradation by
the w-oxidation/B-oxidation pathway. The resulting metabolites, retaining the intact
chromanol ring structure, have been reported to have interesting biological activities
[9, 12]. The long chain metabolites have been shown to inhibit cyclooxygenase-2
activity [59]. In mice and rats receiving 8-T or y-T supplementation, short-chain
metabolites, - or 7y-carboxyethyl hydroxychroman, and carboxymethylbutyl
hydroxychroman have been found in blood and tissues at micromolar concentrations
[14]. These metabolites, without the hydrophobic phytyl chain, may effectively trap
RONS in the cytosol.

The activation of PPARY and the inhibition of ERa-dependent estrogen signal-
ing may play a role in the inhibition of mammary carcinogenesis. It has been shown
that PPARy was more effectively activated by y-T and 6-T in comparison to o-T
[17]. y-T and &-T have also been shown to be more active than o-T in inhibiting the
growth and inducing apoptosis of different cancer cell lines [9]. For the former
action, cell cycle arrest at the S phase and related decrease in cyclin D1, cyclin E,
p27, p21, and pl16 have been reported [9, 17]. For the induction of apoptosis,
activation of caspase-2 and caspase-9, the involvement of caspase-independent
pathways, and interruption of de novo synthesis of sphingolipids, have been
proposed [9]. Other mechanisms for cancer prevention that contribute to the high
activity of 6-T over y-T in contrast to the very low or null activity of o-T still
remain to be discovered.

5 Concluding Remarks

Based on epidemiological and animal studies, we may suggest that at the nutritional
level, a-T, being an antioxidant nutrient, contributes to the cancer preventive activity.
At the supra-nutritional level, however, y-T and 8-T are cancer preventive, but o-T is
not. The lack of cancer preventive activity of o-T is consistent with many previous
studies in animal models [9] and may explain why disappointing results were
observed in some recent large scale human trials with o-T [38—41, 60]. The decrease
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of y-T levels in the blood and nonhepatic tissues by high doses of o-T has been well
demonstrated in animal models and humans [9, 40]. When a high dose of o-T is used,
it may decrease the blood and tissue levels of y-T and diminish its cancer preventive
activity [40, 41]. o-T may also increase the cancer incidence if it competes with y-T
and d-T for binding to molecular targets that are important for cancer prevention. In
future intervention trials, high doses of y-T may also not be suitable because this may
decrease the blood and tissue levels of o-T, as has been shown in animals [14]. In the
light of the broad cancer preventive activity of y-TmT and its general availability, this
or similar tocopherol mixtures may have a high potential for practical application.
These mixtures, with different tocopherols, existing at ratios approximately equal to
those in our diet, may have an advantage over pure tocopherols.
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Cancer Chemopreventive and Therapeutic
Potential of Guggulsterone
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Abstract Guggulsterone (GS) is a phytosterol derived from the gum resin of
guggul plants that have been used traditionally to treat various disorders such as
burns, wounds, gastric ulcer, cough, gum diseases, urinary complaints, diarrhea,
stomach cramps, fascioliasis, and intestinal worms. It has anti-inflammatory and
antioxidative properties and has recently attracted substantial attention due to its
cancer chemopreventive and therapeutic potential exemplified by its antiproli-
ferative, antimetastatic, and proapoptotic properties in many cancer cell lines and
animal models. This review highlights some of the cancer chemopreventive/
therapeutic targets of GS and the underlying molecular mechanisms.
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1 Introduction

The incidence of cancer, in general, is still high all over the world despite the huge
international efforts to control it, and this provokes the need for more active action to
minimize its spread [1]. Carcinogenesis is a multistage process, composed of at least
three stages — initiation, promotion, and progression [2]. Initiation involves DNA
damage, which is often caused by carcinogens, and this process is usually rapid and
irreversible [3]. In contrast, promotion involves epigenetic changes of the cells, and is
a relatively slow and reversible process [3]. The last stage is the progression, which
involves the transformation of the cells into malignant ones [3, 4].

As cancer treatment with conventional synthetic anticancer drugs is generally
mono-targeted, expensive, and time consuming, which often results in side effects,
it is more realistic to control cancer by intervening in the transformation from a
preneoplastic state to the cancerous state than to treat it after the malignancy
manifests [3]. This is how the concept of chemoprevention was first coined by
Michael Sporn in 1976 [5]. Chemoprevention refers to the use of nontoxic chemical
substances, such as those present in edible plants, to delay, prevent, or even reverse
the carcinogenesis stages [4, 5]. Interrupting promotion, rather than initiation or
progression, seems to be a feasible strategy since this carcinogenic step is slow and
reversible [3].

Accumulating evidence indicates that many edible phytochemicals have cancer
chemopreventive potential [6, 7]. Examples are guggul plants, such as Commiphora
kataf, Commiphora erythraea, Commiphora wightii [8], Commiphora mukul [9],
Commiphora myrrha, Commiphora molmol, and Balsamodendron mukul [10].
The guggul plants are members of the Burseraceae family that are found mainly in
India, Kenya, China, Bangladesh, Pakistan, Middle East, and Arabia [10-12]. The
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Cis-GS trans-GS

Fig. 1 The chemical structures of GS isomers. (a) [4,17(20)-(cis)-Pregnadiene-3,16-dione] is the
E form, and called alternatively cis-GS, and (b) [4,17(20)-(trans)-pregnadiene-3,16-dione] is the Z
form, and called alternatively trans-GS

guggulu gum resin has been used in making perfumes, especially in the Arabian
Peninsula because of its characteristic aromatic odor and has also been prescribed as
Ayurvedic medicine to treat hypercholesterolemia, obesity, bone fractures, inflam-
mation and rheumatism, atherosclerosis, urinary complaints, and abdominal disorders
[11, 12]. Guggulsterone (GS) is the major constituent of the gum resin and has two
stereo-isomers (Fig. 1), E-GS (cis-GS) and Z-GS (trans-GS) [10-12].

Inflammation and oxidative stress are two major culprits that are implicated in the
pathogenesis of the majority of human malignancies [13]. Oxidative stress induced
by reactive oxygen species (ROS) causes not only genetic alterations, such as
DNA mutation, but also epigenetic changes that facilitate carcinogenesis [14]. In
addition, cancer develops due to chronic inflammation [15]. Many pathophysiologi-
cal conditions including obesity, diabetes, and infections are associated with chronic
inflammation, and are somehow linked to carcinogenesis [16]. Recently, much
attention has been focused on GS as a potential chemopreventive phytochemical
because it possesses strong antioxidant [11, 17-20] and anti-inflammatory [21-27]
properties. The following sections deal with the scientific progress that has been
accomplished regarding the mechanisms of action and molecular targets of GS with
special focus on its role in the prevention of cancer.

2 Biological Properties of GS

GS has anti-inflammatory, antioxidant, hypolipidemic [11], hypocholesterolemic,
and hypoglycemic activities [28, 29]. The aforementioned properties make GS a
good choice for treatment or prevention of some metabolic disorders, such as
diabetes mellitus, artherosclerosis, and obesity [29]. As oxidative stress and inflam-
mation are implicated in the pathogenesis of diabetes and obesity which, in turn,
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can increase the risk of cancer, it is anticipated that this medicinal phytochemical
has cancer chemopreventive potential as well.

2.1 Hpypolipidemic and Hypocholestremic Properties of GS

GS enhances lipid accumulation in hepatocytes and hepatoma cells [30]. It has been
proposed that GS-mediated hypolipidemic activity is attributable to its ability to
antagonize the bile acid receptor farnesoid X receptor (FXR) and to upregulate the
bile salt export pump that plays a role in the excretion of cholesterol metabolites
from the liver [11, 31]. Thus, GS interferes with abnormal cellular accumulation of
fatty acids, cholesterol, and bile acid [32]. Considering a strong association between
FXR and carcinogenesis [33, 34], GS acting as a powerful FXR antagonist is likely
to exert anticancer activities.

2.2 Antioxidant Properties of GS

GS inhibits nitric oxide (NO)-nitrosative and H,O,-induced oxidative stresses [20,
35, 36]. Oxidative/nitrosative stress is implicated in many disorders, such as
rheumatoid arthritis, cardiovascular disorders, diabetes, and neurodegenerative
diseases [11, 12]. GS inhibits oxidation of low-density lipoprotein and thereby
lowers the cholesterol levels, conferring cardio-protection against artherosclerosis
[18, 19, 37]. In addition, GS and the plant gum resin protect cells from cytokine-,
endotoxin-, and lipopolysaccharide (LPS)-mediated oxidative stress and toxicity
in vivo and in vitro [20, 35, 36, 38, 39]. Interestingly, GS fortifies cellular defense
against oxidative stress by inducing the de novo synthesis of the powerful antioxi-
dant enzyme heme oxygenase-1 (HO-1) in human mammary epithelial (MCF-10A)
cells [40].

2.3 Anti-Inflammatory Properties of GS

GS [12, 21, 26] and two of its derivatives [41] have been shown to exert anti-
inflammatory effects through suppression of nuclear factor-xB (NF-xB), which
plays a crucial role in the inflammatory processes by regulating the expression of
diverse proinflammatory proteins, including cyclooxygenase-2 (COX-2) [42]. GS
exerts potent protective effects against the inflammatory conditions by inhibiting
NF-kB signaling in several different types of cells including pancreatic beta cells
[35], intestinal epithelial cells [27, 41], fibroblast-like synoviocytes [24], and human
primary nonpigment ciliary epithelial cells [26]. Besides GS, guggulipid (GL) was
reported to abrogate LPS-induced expression of COX-2, tumor necrosis factor-
alpha (TNF-a), and glial fibrillary acidic protein in rat astroscytoma cells [39].
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E-GS, unlike its stereoisomer, suppressed the development of inflammatory
bowel disease in BALB/c and SCID mice in two different murine colitis models
[21]. 2,4,6-Trinitrobenzenesulphonic acid (TNBS)-induced colitis is a model of the
T helper (Th)1-mediated disease that results in Crohn’s disease, while oxazolone-
induced colitis is a model of the Th2-mediated disease that mimics human ulcerative
colitis [43, 44]. E-GS abrogated TNBS- and oxazolone-induced expression of
inflammatory mediators, such as interferon-(IFN)-y, TNF-o, transforming growth
factor-(TGF)-B and interleukin (IL)-2, IL-4, and IL-6 [21].

GS abrogated LPS-induced NF-xB activation through inhibition of IxB kinase
(IKK) activity [23, 27]. GS also suppressed LPS-induced NF-xB activation by
blocking TIR-domain-containing adapter-inducing interferon-f-dependent signal-
ing of the toll-like receptor (TLR)3 and TLR4 [45, 46]. The GS-mediated inhibition
of TLR3 and TLR4 was associated with the inhibition of the expression of COX-
2 and IFN-B and the phosphorylation of IRF3 [46].

3 Chemopreventive and Chemotherapeutic Potential of GS

While GS has preventive/therapeutic potential for the management of diabetes,
obesity, inflammation, and other human disorders [11, 12, 29, 47, 48], much
attention has been paid in the last few years to the ability of this molecule to treat
cancer [49-51]. Some of the anticarcinogenic effects of GS reported in the literature
are summarized in Table 1.

One common mechanism of the anticarcinogenic activity of GS is its
proapoptotic effect [23, 51, 62, 65, 66]. Thus GS significantly induces apoptosis
in several different types of cancer cells while it has a minimal effect on normal cell
viability [40, 65]. Apoptosis, also known as programmed cell death, accompanies
specific morphological and biochemical changes such as DNA fragmentation and
cell shrinkage [67]. These characteristics are associated with the expression of a
distinct set of stress-inducible signaling molecules [67]. GS delays skin tumor
growth in SENCAR mice through inhibition of NF-xB and mitogen activated
protein kinase (MAPK) signaling [38].

Apoptosis can be induced via the mitochondrial (intrinsic) pathway or the death
receptor (extrinsic) pathway [68]. A common step in both pathways is caspases
activation [69]. Caspases are cysteine proteases that are synthesized as inactive
procaspases and activated by their cleavage at the post-translational level [70].
They are classified into two categories, initiator (apical) caspases (e.g., caspase-2,
caspase-8, caspase-9, and caspase-10) and effector (executioner) caspases, such as
caspase-3, caspase-6, and caspase-7 [67]. Initiator caspases directly bind to death-
inducing signaling complexes and possess a longer prodomain consisting of a small
and a large subunits that contains either CARD domain as in the cases of caspase-2
and caspase-9 or death effector domain as seen in caspase-8 and caspase-10
[71]. Upon activation, the initiators activate effectors, and this in turn cleaves
and activates other cytoplasmic and nuclear proteins [70, 71]. GS-induced
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caspase-dependent apoptosis in human prostate cancer cells was found to be
mediated by Bax and Bak [64].

Bcl-2 family proteins play an essential role in the mitochondrial apoptotic
pathway [68]. They are divided into antiapoptotic proteins, such as Bcl-2, Bcl-X|,
and Mcl-1, and proapoptotic proteins including Bax, Bek, and Bad [67]. GS and GL
induce apoptosis in different cells by increasing the expression of proapoptotic
proteins, while decreasing the levels of antiapoptotic proteins (e.g., IAP1, XIAP,
Bfi-1/A1, Bcl-2, cFLIP, Survivin, etc.) [51, 59, 63, 65].

FXR is involved in cell migration and invasion, and GS inhibits cancer cell
metastasis by acting as a potent FXR antagonist [34]. In addition, GS exerts
antimetastatic and antiangiogenic effects by inhibiting the activation of NF-xB
and signal transducer and activator 3 (STAT3) and the expression of vascular
endothelial growth factor (VEGF) [9, 34, 50, 60].

3.1 Effect on Colon Cancer

GS possesses potent anti-inflammatory properties as evidenced by its ability to inhibit
NF-xB activation [27], making it a good preventive/therapeutic agent against
inflammation-associated cancer [23]. Z-GS exerts a potent antitumor activity in
human colon cancer (HT-29) cells by inducing apoptosis and inhibiting angiogenesis
and metastasis [50, 65]. STAT3 plays a pivotal role in angiogenesis via modulation of
aryl hydrocarbon receptor nuclear translocator (ARNT)-mediated VEGF expression,
which is responsible for endothelial proliferation and degradation of extracellular
matrix [50, 72]. Z-GS inhibited STAT3 activation and the subsequent ARNT-induced
VEGF expression in HT-29 cells [50]. In addition, the antimetastatic properties of
Z-GS were confirmed by its suppression of the capillary tube formation and migration
of human umbilical vein endothelial cells (HUVECS), and also inhibition of matrix
metalloproteinase (MMP)-2 and MMP-9 activities in HT-29 cells [50].

An and colleagues have shown that Z-GS induces apoptosis in HT-29 cells [65].
Interestingly, Z-GS failed to induce apoptosis in the normal intestinal (IEC-18) cells
under the same treatment conditions [65]. Activation of the mitochondrial-
apoptotic pathway by Z-GS was characterized by the enhancement of caspase-3,
and caspase-8 activities, elevated levels of cleaved caspases, and decreased levels
of the counterpart procaspases [65]. Z-GS attenuated the expression of the inhibitor
of apoptosis proteins (IAP) including cIAP-1 and cIAP-2, suppressed Bcl-2 protein
expression, and increased the levels of the truncated-Bid, while it had no effect on
Bak expression in HT-29 cells [65]. In addition, Z-GS stimulated the extrinsic
apoptosis pathway characterized by caspase-8 activation [65]. This effect was
mediated by Fas, which activates Fas receptor-associated death domain protein
responsible for the activation of caspase-8 [65]. Z-GS treatment induced Fas
expression in H-29 cells by phosphorylating the upstream c-Jun-N-terminal kinase
(JNK) and subsequently c-Jun [65]. The anticarcinogenic effect of Z-GS was
also investigated in vivo using a HT-29 xenograft model, and it was found that
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Z-GS-mediated cell growth suppression was associated with the down-regulation of
Bcl-2 protein expression [65].

3.2 Effect on Breast Cancer

GS inhibited cells proliferation and induced apoptosis in human mammary carci-
noma (MCF-7) cells and doxorubicin-resistant breast cancer cells [62], while
it augmented antioxidative potential in immortalized normal human mammary
epithelial (MCF-10A) cells [40]. Z-GS significantly suppressed the activation of
Akt and the subsequent phosphorylation of glycogen synthase kinase 3-bata
(GSK3p) in some cancerous cells [62].

Bone is the most common site to which breast cancer cells metastasize. The bile
acid salt sodium deoxycholate (DC) released from osteoblast-like MG63 cells or
bone tissue promotes cell survival and induces the migration of metastatic human
breast cancer MDA-MB-231 cells [73]. DC increases the expression and nuclear
translocation of FXR in MDA-MB-231 cells, thereby mediating the migration of
breast cancer cells. The FXR antagonist Z-GS prevents the migration of MDA-MB-
231 cells and induces apoptosis [73]. In another study, Z-GS was found to obliterate
the antiapoptotic effect of DC in murine mammary carcinoma 4T1 cells, again by
antagonizing FXR [74].

3.3 Effect on Prostate Cancer

Z-GS induced apoptosis in human prostate cancer (PC-3) cells but not in normal
human epithelial prostate (PrEC) cells [64]. Z-GS-induced apoptosis in different
human prostate cancer lines (PC-3, LNCaP, and DU145) was related to ROS-
dependent activation of JNK [49]. Z-GS generated ROS in human prostate cancer
cells but not in human prostate epithelial cells (PrEC) that were resistant to Z-GS-
induced JNK activation [49]. Activation of JNK induced the expression of
proapoptotic Bcl-2 family member proteins, such as Bax and Bak in PC-3 cells
[64]. SV40-immortalized mouse embryofibroblasts (MEFs) from Bax—Bak double
knock-out mice were resistant to Z-GS-induced apoptosis compared with wild-type
cells [64]. SV40-immortalized MEFs derived from Bax—Bak double knock-out mice
were also more resistant to Z-GS-induced apoptosis than that observed in Bax or Bak
single knock-out MEFs [64]. The proapoptotic activity of Z-GS was caspase-
dependent as demonstrated by the cleavage of caspase-8 and caspase-9 [64].
Although PC-3 cells are androgen-independent and lack functional p53, whereas
LNCaP cells are androgen-dependent and express functional p53 [75], Z-GS treat-
ment increased Thr'®*/Tyr'®> phosphorylation of INK1/2 and Tyr'®* p38 MAPK in
both cell lines without affecting the total protein levels of these two kinases [49].
However, phosphorylation of extracellular signal-regulated kinase (ERK)1/2 was



44 1. Almazari and Y.-J. Surh

distinct between those cell lines, as it decreased in PC-3 cells, while both
phosphorylated and total protein levels of ERK1/2 increased in LNCaP cells [49].
Z-GS-mediated phosphorylation of JNK and the subsequent DNA fragmentation
were attenuated in the presence of SP600125 (pharmacological inhibitor of JNK) in
both PC-3 and LNCaP cells, but independent of ERK1/2 and p38 MAPK [49].

Z-GS and E-GS equivalently inhibit capillary-like tube formation in HUVEC,
indicative of their antiangiogenic potential [9]. In addition, Z-GS inhibited migration
of HUVEC and human prostate cancer (DU145) cells through suppression of Akt
phosphorylation [9]. This Z-GS-mediated suppression of cell migration was more
pronounced in the presence of the Akt1/2 inhibitor [1,3-dihydro-1-1(1-((4-(6-phenyl-
1H-imidazo(4,5-g)quinoxalin-7-yl)phenyl)methyl)-4-piperidinyl)-2H-benzimidazol-
2 one] [9]. In addition, migration of DU145 cells transfected with constitutively
active Akt was not affected by Z-GS compared to cells transfected with a control
vector [9]. Z-GS also suppressed the secretion of the proangiogenic growth factors
such as VEGF, granulocyte-colony stimulating factor, IL-17, and MMP-2 in both
HUVEC and DU145 cells [76]. VEGF induces cancer cell survival by interacting
with one of its receptors VEGF-R1, VEGF-R2, or VEGF-R3, but VEGF-R2 is mainly
involved in the regulation of angiogenesis [76]. Z-GS suppressed the VEGF-R2
expression in HUVEC and DU14S5 cells [9]. Z-GS-mediated inhibition of angiogene-
sis was also determined in vivo using a DU145-Matrigel plug assay in male nude
mice [9]. The tumor volume and the net weight were markedly reduced in mice upon
administration of Z-GS five times per week compared with vehicle-treated control
mice [9]. Immunohistochemical data in sections taken from DU145-Matrigel plugs
showed that Z-GS-treated mice expressed VEGF-R2, factor VIII, and CD31 to a
lesser extent than vehicle-treated control mice [9].

3.4 Effect on Head and Neck Cancer

GS exerts antiproliferative and proapoptotic effects in head and neck squamous
carcinoma (HNSC) cells (SCC4 and HSC2) [51, 59-62]. Z-GS inhibited smokeless
tobacco (ST)-induced and nicotine-induced phosphorylation of Akt (at serine 473
and threonine 308), Bad, Bax, and GSK3f in SCC4 and HSC2 cell lines without
affecting the total protein expression levels [59]. The Z-GS-mediated inhibition of
Akt, Bad, and Bax was equivalent to that achieved with LY294002, the PI3K/Akt
specific inhibitor [51, 59]. In addition, Z-GS inhibited proliferation and induced
apoptosis in different human HNSC (HNS, SCC4, and FADU) cell lines through
inhibition of Akt signaling [62]. Notably, Z-GS inhibited the activation of the
upstream kinases, PI3K and PDK1 and the downstream proteins, RAF, GSK3p,
and S6, involved in the Akt pathway [59].

Under survival conditions, the proapoptotic proteins are phosphorylated and
localized predominantly in the cytoplasm, but during apoptosis, mitochondrial
localization of dephosphorylated Bax and Bad is essential to induce the release of
cytochrome ¢ [77]. Z-GS inhibited the ST-induced and nicotine-induced
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phosphorylation of Bad (at serine 136) and Bax (at serine 184), and their cytoplas-
mic retention by restoring their mitochondrial relocalization without affecting the
total levels of both proteins [59].

ST and nicotine pretreatment induced phosphorylation of Bax and Bad and
increased their association with 14-3-3C protein, leading to the sequestration of Bad
in the cytoplasm [59, 78, 79]. Z-GS treatment induced the PP2A phosphatase-
mediated dephosphorylation of pBad (serine 136) and its dissociation from 14-3-3(
to undergo mitochondrial relocalization in SCC4 cells [51]. In the mitochondrial
outer membrane, Bad facilitates Bax release that increases the permeability of
the mitochondrial membrane to release cytochrome ¢ and subsequently activate
caspase-3 and caspase-9 [51]. Akt and Bax were primarily co-localized in the
cytoplasm of SCC4 cells, suggesting that phosphorylation and concurrent inactiva-
tion of Bax are mediated via Akt-induced phosphorylation [59].

ST and nicotine treatment induced the phosphorylation of STAT3, activation
of NF-xB, and VEGF expression [60]. Z-GS induces apoptosis by inducing MKK4-
mediated activation of JNK, which leads to inhibition of STAT3 [61, 62]. Interest-
ingly, Z-GS, but not E-GS, reduced the levels of total and phosphorylated STAT3 in
HNSC cells [61]. Z-GS-mediated activation of JNK and suppression of Akt seem to
be NF-xB-dependent and related to each other [60, 62]. GS treatment suppressed
ST-induced and nicotine-induced NF-kB activation and COX-2 expression in
HNSC (SCC4) cells by inhibiting IxBo phosphorylation and degradation [60].

3.5 Effect on Gastrointestinal Cancer

Gastrointestinal carcinogenesis is related to the incomplete differentiation and
development of mucosal cells, or occurs as a result of chronic inflammation [80].
In humans there are three CdX (Caudal-related homeobox) proteins: CdX1, CdX2,
and CdX4 [81]. Only CdX1 and CdX2 are important in intestinal epithelial devel-
opment [81]. It is speculated that CdX proteins, particularly Cdx2, may act as a
tumor suppressor because Cdx2*'~ heterozygous mice develop more polyps than
do wild type mice [82-84]. However, other studies have shown that CdX2
possesses an oncogenic potential in intestinal and colon cancer cells [85]. NF-xB
is one of the major transcription factors involved in the regulation of CdX2
expression [81], and its activation is suppressed by GS treatment in different cell
lines [23, 24, 35, 38, 60]. GS suppresses both bile acid (CDCA and DCA)-induced
and constitutive expression of CdX2 in gut-derived adenocarcinoma (Bic-1) cells
[55]. While bile acids induced CdX2 expression via NF-xB in esophageal cells
[86], GS reduced CdX2 expression at low concentrations without affecting the cell
viability or bile acid-induced NF-xB activation, indicating that GS-mediated sup-
pression of CdX2 is not likely to be mediated through NF-kB inactivation [55].
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3.6 Effect on Liver Cancer

Hepatocellular carcinoma (HCC) is a tumor of the liver and it can be treated with
chemotherapeutic agents such as TRAIL [87, 88]. However, many tumors possess
TRAIL resistance that can be reversed by combination therapy [89-92]. Several
agents sensitize HCC cells to TRAIL-induced apoptosis via a STAT3-mediated
DR5-dependent mechanism [93, 94] or through NF-kB-dependent inhibition of
COX-2 expression [95].

GS enhanced TRAIL-induced apoptosis via elF2a- and CHOP-mediated induc-
tion of DR5 expression in HCC (Hep3B, HepG2) cell lines [53]. GS also induced
endoplasmic reticulum (ER) stress which accompanies upregulation of ER stress
proteins including IRE, JNK, BiP, protein kinase-like endoplasmic reticulum
kinase (PERK), elF2a, and activating transcription factor-4 [53]. GS treatment
generated ROS in HCC, which accounts for the activation of PERK and elF2q,
upregulation of CHOP/DRS5 expression, and the cleavage of procaspase-3 and
PARP [53]. Notably, co-treatment of HCC with GS and TRAIL augmented the
apoptosis via ROS-dependent induction of ER-stress [53].

3.7 Effect on Lung Cancer

It has been reported that Z-GS significantly suppresses proliferation and induces
apoptosis in nonsmall cell lung (H1299) and other cell types via Akt-dependent and
JNK-dependent mechanisms [62]. Z-GS inhibited the survival pathway and induced
apoptosis by inhibiting Akt phosphorylation at Ser 473 and Thr 308 residues [62].

4 Signaling Molecules Modulated by GS

Although the mechanism of the anticarcinogenic action of GS is unclear yet, many
studies reported its ability to modulate distinct signaling pathways. Some of the
identified molecular targets of GS are listed (Table 2).

4.1 MAPK

Multiple lines of evidence support the notion that abnormal regulation of MAPKs
is implicated in inflammation-associated carcinogenesis [96]. In mammals, at least
six groups of MAPKs have been identified so far: ERK1/2, ERK3/4, ERKS,
ERK?7/8, INK1/2/3, and p38 isoforms [97]. ERK regulates cellular proliferation,
angiogenesis, and differentiation, depending on the cell type [98, 99], while INK
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signaling regulates cellular proliferation and transformation [97]. However, p38 is a
stress-responsive or inflammatory-responsive kinase that is involved in the regula-
tion of cellular apoptosis, growth, cell cycle progression, and differentiation [97].

Z-GS-induced apoptosis in human prostate cancer (PC-3 or LNCaP) cells was
not mediated by ERK1/2 or p38, but by JNK [49]. Interestingly, Z-GS has weak
ability to activate JNK in normal prostate (PrEC) cells [49, 63]. Topical applica-
tion of GS on mouse skin abrogated 12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced phosphorylation of MAPKs including ERK1/2, JNK1/2, and p38
[38]. In addition, GS inhibited the TNF-a-induced activation of JNK and p38, but
not ERK in vascular cells [22].

4.2 PI3K/Akt

The activation of the PI3K pathway is essential for cell survival, growth and
proliferation [100-102]. Thus, one of the common mechanisms underlying inhibi-
tion of cell proliferation and induction of apoptosis in cancer cells by antineoplastic
agents involves blockade of abnormally amplified PI3K/Akt signaling [103—-105].
Z-GS exerts antiproliferative and proapoptotic effects in many cancer cell lines [52,
59, 62] including leukemia, HNSC, multiple myeloma, lung carcinoma, melanoma,
breast carcinoma, and ovarian carcinoma through suppression of Akt phosphoryla-
tion. Z-GS-induced apoptosis via PI3K/Akt inhibition was associated with
the activation of JNK signaling [62]. In addition, the antiangiogenic activity of
Z-GS in prostate cancer is linked to its suppression of Akt signaling [9]. GS-induced
Akt inactivation was associated with down-regulation of VEGF and its receptor
VEGF-R2 [9].

43 Nrf2

NF-E2-related factor2 (Nrf2) is a master regulator in activating the antioxidant
response element (ARE) that is located in the promoter regions of majority of
antioxidant enzymes and other cytoprotective proteins including HO-1 [106]. GS
induced Nrf2 activation with concurrent expression of HO-1 in human mammary
epithelial (MCF-10A) cells [40]. E-GS-induced Nrf2 activation appears to be
mediated through PTEN inactivation and subsequent activation of PI3K—Akt sig-
naling. PTEN is a negative regulator of the PI3K/Akt signaling. PTEN has essential
adjacent cysteine residues (Cys 71 and Cys 124) in its catalytic domain. The
oxidation of these two adjacent cysteine residues renders PTEN catalytically
inactive [40]. A preliminary study in our laboratory has shown that E-GS treatment
generates moderate amounts of ROS in MCF-10A cells, but ROS is unlikely to
oxidize PTEN (Fig. 2). It is speculated that E-GS may rather covalently modify a
critical cysteine residue of PTEN, thereby activating the PI3K/Akt axis and
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Table 2 Molecular targets of GS in different types of cancer

Form

Model used

Molecular targets affected

References

Z-GS

GL

GS

Z-GS

HNSC (SCC4, HSC2)

Prostate cancer (PC-3)

Prostate cancer (PC-3,
LNCaP)

Prostate cancer
(LNCaP, LNCaP-
C81)

Esophageal
adenocarcinoma

Chronic myelogenous
leukemia (KBM-5)

Monocytic leukemia
(U937)

Melanoma (A375,
WM35)

Lymphoblastic
leukemia (Jurkat)

Chronic myelogenous
leukemia (K562)

Non-small cell lung
carcinoma (H1299)

Bronchial epithelial
cells (BEAS-2B)

Multiple myeloma
(U266, MM1)

HNSC (HN5, SCC4,
FADU)

Breast cancer (MCF-7)

Ovarian cancer (HEY8,
SKOV3)

Colon cancer (HT-29)

HT-29 xenograft

7 p2 I WAFVCIPL 1557 cyclin D1, Bax/
Bcl-2, cytosolic cytochrome c,
caspase-3, caspase-9, caspase-8,
cleavage of PARP, Fas/CD95, and

tBid

| xIAP, cyclin D1, Xiap, Mcl-1, c-Myc,

pBad, and Survivin

| pAkt, pPI3K, pPDK1, pRaf, GSK3,

pS6, pBax, and pBad

| pp65 (NF-xB), pIxkBa, COX-2, IL-6,

pSTATS3, and VEGF

T IxBa

T Bax, Bak, Bcl-xL and Bcl-
2 (initially), DNA fragmentation,
caspase-8, caspase-9, and caspase-3
| Bel-xL and Bcl-2 (delayed), NF-kB
T JNK, p38 MAPK, DNA
fragmentation, and ROS generation
T DNA fragmentation, ROS, Bax, Bak,
cleavage of PARP, Bcl-2, JNK,

c-Jun, Akt, and pAkt

1 Caspase-3 activity

1 Caspase-8, caspase-9, caspase-3, bid
and cPARP, cytochrome c release,

and JNK

| Cyclin D1, cdc2, Akt activation,
antiapoptotic gene products (Bfl-1,
xIAP, cFLIP, Bcl-XL, Bcl-2, and
Survivin), c-Myc, COX-2, IL-1J,
IL-6, TNF, pAkt, pPDK1, pPI3K,

GSK3B, and JNK

1 Caspase-3, caspase-8, truncated Bid,

Fas, p-JNK, and p-c-Jun

| cIAP-1, cIAP-2, Bcl-2, caspase-9,

and tBid

MMP-9

[51]

[59]

[60]

[64]

[49]

(]

[33]

[62]

[65]

| STAT3, ARNT, VEGF, MMP-2, and [50]

(continued)
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Table 2 (continued)
Form Model used Molecular targets affected References
E-GS Prostate cancer | VEGF, FGF, G-CSF, MMP-2, and [9]
Z-GS (DU145) IL-17, VEGF-R2, and pAkt
E-GS Mammary epithelial T HO-1, Nrf2, ROS, and pAkt [40]
Z-GS (MCF-10A) cells | PTEN
Z-GS Monocytic leukemia T ROS and HO-1 [57]
E-GS (U937) | pPERK
Promyelocytic
leukemia (HL60)
Bone marrow or
peripheral blood
E-GS Z-GS HNSC (PCI-37a, UM- | pSTAT3 and STAT3 [61]
GL 22b, 1483)
SV40-immortalized
esophageal
epithelial (Het-1a)
cells
GS Hepatocellular T ER-stress (IRE, JNK, BiP, PERK, [53]
carcinoma (Hep3B elF2a, ATF4), CHOP, DR5, ROS,
and HepG2) caspase-8, caspase-9, caspase-3,
Bid and PARP cleavage,
cytochrome c release, and Bad
| cIAP-1 and XIAP
GS Doxorubicin-resistant | P-glycoprotein [52]
myelogenous
leukemia (K562/
DOX)
GS Doxorubicin-resistant | P-glycoprotein [56]
breast carcinoma
(MCF-7/DOX)
GS Female SENCAR | COX-2, iNOS, pMAPK (ERK1/2, [38]
mouse skin P38, INK1/2 ), NF-xB, pIKKa,
plkBo, and ornithine decarboxylase
GS Gut-derived | CdX2 and NF-«xB [55]
adenocarcinoma
(Bic-1)
GS Murine macrophage | Activation of NF-kB and IKK [54]
(RAW 264.7)
Z-GS Nonsmall cell lung | Activation of NF-kB and IKK, pp65, [23]
carcinoma (H1299) plkBa, COX-2,cIAPI1, xIAP, Bfl-1,
Lung epithelial cell Bcl-2, TRAF1, Cflip, Survivin
carcinoma (A549)
T cell leukemia (Jurkat)
Myeloid leukemia
(KBM-5)
Z-GS Multiple myeloma | pSTAT3 [58]
GS (U266, MM1) | pJAK2, p-c-Src, SHP-1, STAT3,

Bcl-2, Mcl-1, cyclin D1, VEGF,
and Bcl-xl
1 Caspase-3 and PARP cleavage
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facilitating nuclear translocation of Nrf2, most likely through phosphorylation of
this transcription factor at serine and/or threonine residues [40].

4.4 STATs

STAT3 is a transcription factor that forms a complex with hypoxia-inducible factor
(HIF)-1 to activate VEGF gene expression [107]. Inhibition of angiogenesis is
achieved by suppressing STAT3-mediated activation of VEGF expression in hyp-
oxic PC-3 cells [108]. Moreover, GS inhibited angiogenesis and metastasis in colon
cancer cells by preventing STAT3 and ARNT from binding to VEGF promoter
[50]. In addition, Z-isomer but not E-isomer of GS inhibited the constitutive and
IL-6-induced phosphorylation of STAT3 via inhibition of Janus kinase (JAK)2
phosphorylation in human multiple myeloma cells [58]. Z-GS suppressed the
expression of the antiapoptotic proteins (Bcl-2, Bcl-xl1, and Mcl-1), the proliferative
protein (cyclin D1), and the angiogenic protein (VEGF) [58]. Notably, Z-GS
suppressed the phosphorylation of STAT3 without affecting the total STAT3 levels
in human multiple myeloma (U266) cells [58], while it decreased both the total and
tyrosine phosphorylated STAT3 in HNSC [61] and HT-29 cell lines [50].

4.5 NF-kB

NF-xB is linked strongly to inflammation and cancer, and NF-kB suppression is
considered one of the rational strategies in treating and preventing carcinogenesis
[109]. GS inhibits NF-xB activation induced by many inflammatory signals in
different cell lines such as RANKL in mouse macrophage (RAW 264.7) cells [54],
LPS or IL-1p in human colon cancer (Caco-2) cells and rat nontransformed small
(IEC-18) cells [27], IL-1B in fibroblast-like synoviocytes (FLS) [24], and IL-13 and
IFN-v in rat pancreatic B-cells (RINmSF) [35]. GS suppresses LPS-induced and
TNF-induced COX-2 expression by inhibiting NF-kB binding to the prompter
regions of the inflammatory genes [23, 41]. This is mediated by inhibition of IKK
and the subsequent phosphorylation and degradation of IkBo., resulting in suppres-
sion of inflammation in normal cells [41] and induction of apoptosis in cancer cells
[23]. GS suppressed TNF-induced NF-xB-activation in human lung epithelial cell
carcinoma (A549), human myelogenous leukemia [23], and mouse peritoneal mac-
rophage RAW 264.7 cells [54]. In addition, GS suppresses the constitutive and
nicotine-induced NF-xB activation in multiple myeloma and HNSC cells [23]. GS,
when topically applied onto SENCAR mouse skin, reversed the TPA-induced
expression of COX-2 and inducible nitric oxide synthase (iNOS) [38].
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GS H202+
DMSO sl H,0, DTT reduced PTEN

pTEN|------ |‘:

oxidized PTEN

Actn | D e e e e - |

Fig. 2 Identification of reduced and oxidized forms of PTEN by immunoblot analysis. MCF-10A
cells were treated with GS (5, 10, or 25 uM), DTT (0.5 mM) or H,O, (5 mM) for 1 h. Cells were
then washed with 1 x ice-cold phosphate-buffered saline, and lysed with 10% trichloroacetic acid.
The cell suspensions were vortexed and centrifuged at 12,000 x g for 5 min. The pellets were
washed with acetone and then solubilized in 100 mM Tris—HCl (pH 6.8) containing 2% SDS and
40 mM NEM. The samples (50 pg) were loaded on SDS-PAGE under nonreducing conditions to
separate oxidized and reduced forms of PTEN. While addition of the positive reference oxidant
H,O, produced the oxidized PTEN which was abolished by the reducing agent dithiothreitol
(DTT), GS treatment failed to induce oxidation of PTEN

4.6 14-3-3¢

14-3-3 is a family of eukaryotic regulatory proteins involved in regulation of cell
survival and death [110]. 14-3-3 proteins are capable of binding to distinct
phosphorylated ligands including Bad and Bax and sequester them in the cytoplasm
leading to loss of their proapoptotic function [110]. Among these, 14-3-3( is
involved in head and neck cancer progression [111] and in insulin regulation
[112, 113].

Under normal conditions, pBad (Ser 136) is sequestered in the cytoplasm as a
complex with 14-3-3(, thereby inducing proliferation and inhibiting apoptosis
[110]. Z-GS-induced apoptosis was mediated via the intrinsic mitochondrial path-
way and characterized by reduced expression of antiapoptotic proteins (e.g., XIAP,
Mcll, c-Myc, and Survivin) and dephosphorylation of Bad and its dissociation
from 14-3-3C, resulting in the release of cytochrome ¢ from mitochondria [51]. In
addition, Z-GS induced apoptosis in SCC4 that was medicated by suppression of the
cell cycle regulatory protein cyclin D1 and induction of the expression of the
cyclin-dependent kinase inhibitor p21“AF"*! and p27 [51].

4.7 P-Glycoprotein

One of the serious problems in cancer therapy is multidrug resistance (MDR) [114].
MDR enables cancer cells to resist structurally unrelated chemotherapeutic agents
[115]. One of the main mechanisms of MDR development involves the elevated
influx of drugs via energy-dependent transporters as a consequence of increased
expression of the P-glycoprotein that belongs to ATP-binding cassette (ABC)
transporter superfamily of membrane transport proteins [116]. Some phyto-
chemicals such as curcumin [117], piperine, capsaicin, and sesamin reverse MDR
and sensitize cancer cells to chemotherapeutic drugs [118]. GS was reported to
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reverse MDR in human doxorubicin-resistant cell lines, such as breast carcinoma
(MCF-7/DOX) [56] and myelogenous leukemia (K562/DOX) cells [52], and also
gleevac-resistant (K562) and dexamethasone-resistant multiple mylenoma (MM1)
[62] cells. The GS-induced apoptosis in anticancer drug-resistant cells is likely to
be mediated by inhibition of the expression and function of the P-glycoprotein [52].

4.8 iINOS

Constitutive activation of NF-kB was found in many different types of cancer
[119]. NO generation induced by toxins is mediated by activation of NF-kB, and
it causes cell toxicity and damage that leads to chronic inflammation and carcino-
genesis [120]. Z-GS is a potent anti-inflammatory agent that inhibits the expression
or production of inflammatory mediators including MMP-2, iNOS, prostaglandin
E,, and COX-2 through inhibition of NF-kB phosphorylation [26, 35]. Z-GS exerts
protective effects against various inflammatory and cytotoxic stimuli by targeting
of iNOS as exemplified by its ability to reverse LPS-induced inflammation in Lewis
rats [26], and cytokine (IL-1 and IFN-y)-induced toxicity in pancreatic 3-cells and
rat insulinoma (RIN) cells [35]. Thus, GS treatment gives B-cells the acquired
protection against induction of iNOS expression and maintains an appropriate
function of insulin in the case of diabetes [35]. The anti-inflammatory and
antidiabetic properties of GS, mediated via inhibition of iNOS, make it a good
choice for chemoprevention as both inflammation and diabetes are linked directly
or indirectly to carcinogenesis [121].

4.9 Growth Factors

Growth factors are the subject of many studies due to their roles in cell proliferation
and/or differentiation [122]. Some of the growth factors involved in carcinogenesis
include fibroblast growth factor [122, 123], TGF [124], insulin-like growth factor
[125], IFN-y [126—128], IL-1 [129], platelet-derived growth factor [130], and TNF
[131]. GS exerts antiproliferative, antiangiogenic, and antimetastatic agent effects
by inhibiting cellular signaling mediated by one of the aforementioned growth
factors [50].

5 Conclusion

Numerous bioactive substances have been isolated from a vast variety of medicinal
plants, and many of them possess strong anticancer activities. GS, a biologically
active ingredient of guggul plants, has substantial anti-inflammatory and
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Stimulation of carcinogen elimination by inducing
Nrf2-mediated phase-2 detoxifying and antioxidant
gene expression

Inhibition of cancer cell proliferation through cell cycle
arrest by modulating cyclins, CDKs, etc.

Induction of apoptosis of cancerous or transformed cells
by modulating expression/activity of caspases, IAPs,
Bcl-2 family proteins, 1-3-3¢

Inhibition of angiogenesis by targeting HIF-1a, VEGF,
VEGF-R, etc.

Suppression of invasion and metastasis by targeting
MMPs, FXR, etc.

Abrogation of pro-inflammatory signaling by inhibiting
activity/expression of IKK-NF-kB, STAT3, COX-2,
iNOS, etc.

Sensitization of tumor cells to apoptosis induced by
chemotherapeutic drugs and reversal of multi-
drug resistance

Fig. 3 Multiple mechanisms underlying cancer chemopreventive/therapeutic effects of GS. For
simplification, only the structure of Z-isoform of GS is shown

antioxidant properties, which contribute to its cancer thermopreventive and thera-
peutic potential. GS exerts anticarcinogenic effects by modulating distinct signaling
molecules involved in carcinogen detoxification, cell proliferation/cell cycle con-
trol, apoptosis, angiogenesis, metastasis, inflammation, MDR, etc. (Fig. 3). These
include transcription factors such as Nrf2, NF-xB, STAT3, and AP-1, kinases, such
as MAPKSs, PI3K/Akt, and 14-3-3 zeta, P-glycoprotein, etc. GS is an electrophilic
compound due to its o, -unsaturated carbonyl functional group, and hence acts as a
Michael acceptor. Many of the aforementioned transcription factors and their
regulators contain cysteine and other nucleophilic amino acids, such as lysine and
histidine that often function as a redox sensor. Direct modification of these signal-
ing molecules by GS represents an important mechanism underlying cancer
chemopreventive and therapeutic functions of GS. Further studies will be necessary
to identify the bona fide amino acid(s) modified by GS in its modulating the
activities of redox-sensitive signaling molecules.
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Abstract Oral administration of green tea, black tea, or caffeine (but not the decaf-
feinated teas) inhibited ultraviolet B radiation (UVB)-induced skin carcinogenesis in
SKH-1 mice. Studies with caffeine indicated that its inhibitory effect on the ATR/
Chk1 pathway is an important mechanism for caffeine’s inhibition of UVB-induced
carcinogenesis. The regular teas or caffeine increased locomotor activity and
decreased tissue fat. In these studies, decreased dermal fat thickness was associated
with a decrease in the number of tumors per mouse. Administration of caffeine,
voluntary exercise, and removal of the parametrial fat pads all stimulated
UVB-induced apoptosis, inhibited UVB-induced carcinogenesis, and stimulated
apoptosis in UVB-induced tumors. These results suggest that caffeine administration,
voluntary exercise, and removal of the parametrial fat pads inhibit UVB-induced
carcinogenesis by stimulating UVB-induced apoptosis and by enhancing apoptosis
in DNA-damaged precancer cells and in cancer cells. We hypothesize that tissue fat
secretes antiapoptotic adipokines that have a tumor promoting effect.
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1 Introduction

Sunlight-induced nonmelanoma skin cancer is the most prevalent cancer in the
United States with more than two million cases per year (more than the number of
cases for all of the other cancers combined) [1], and the number of nonmelanoma
skin cancer cases has been increasing in recent years [2, 3]. Possible reasons for
the increasing incidence of nonmelanoma skin cancer are increased recreational
exposure to sunlight, increased use of “sun tanning salons,” and depletion of the
ozone layer. We also wonder whether the increasing incidence may be related to the
use of certain moisturizing creams [4].

2 Inhibitory Effects of Green Tea and Caffeine
on UVB-Induced Carcinogenesis

In an early study we found that oral administration of green tea inhibited the
formation of ultraviolet B radiation (UVB)-induced nonmelanoma skin cancer
in SKH-1 mice, but decaffeinated green tea was inactive [5] (Table 1). Oral
administration of caffeine had a strong inhibitory effect on UVB-induced carcino-
genesis, and adding caffeine to the decaffeinated green tea restored its inhibitory
activity [5] (Table 1). Similar observations were made with black tea [5]. Our results
indicate that caffeine is a biologically important component of tea.
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Table 1 Effect of oral administration of green tea, decaffeinated green tea or caffeine on UVB-
induced complete carcinogenesis

Number of keratoacanthomas Number of squamous
Treatment per mouse cell carcinomas per mouse
Water 5.75 £ 1.04 1.17 + 0.27
Green tea 2.21 + 0.46%* 0.52 £ 0.18%*
Decaf. green tea 4.58 + 0.64 1.35 £ 0.29
Caffeine 1.81 £ 0.44* 0.63 £ 0.14*
Decaf. green tea + caffeine 2.53 + 0.43* 047 £ 0.11*

Female SKH-1 mice were treated with UVB (30 mJ/cmz) twice weekly for 44 weeks. Tea leaf
extracts (1.25 g tea leaf/100 mL hot water; ~4 mg tea solids/mL) or caffeine (0.36 mg/mL) were
administered as the drinking fluid. Each value is the mean + S.E. from 24-30 mice

*p < 0.05 (Taken from [5])

Table 2 Inhibitory effect of oral administration or topical applications of caffeine on tumor
formation in UVB-pretreated high risk mice

Keratoacanthomas Squamous cell carcinomas
Tumors per Percent Tumors per Percent
Exp. Treatment mouse decrease mouse decrease
1 Water 4.00 + 047 - 1.82 +£ 0.30 -
Oral caffeine 1.70 £ 0.48* 57 0.63 + 0.31* 65
2 Acetone 7.07 + 1.27 - 1.18 + 0.25 -
Topical caffeine 3.93 £ 0.74* 44 0.33 £ 0.12% 72

In Experiment 1, UVB-pretreated high risk SKH-1 mice (30/group) with no observable tumors
were given caffeine (0.44 mg/mL) as their sole source of drinking fluid for 23 weeks. The number
of tumors per mouse is expressed as the mean £ S.E. In Experiment 2, high risk UVB-pretreated
SKH-1 mice (30/group) were treated topically with 100 pL acetone or caffeine (6.2 pmol) in
100 pL acetone once daily 5 days a week for 18 weeks. Each value represents the mean + S.E.
*p < 0.01 (Taken from [6, 7])

In additional studies, we irradiated SKH-1 mice with UVB (30 mJ/cm?) twice a
week for 20 weeks and then stopped UVB irradiation. These UVB-pretreated mice
have no tumors but develop tumors over the next several months in the absence of
further UVB irradiation (high risk mice) [6]. Treatment of these UVB-pretreated
high risk mice with oral or topical administration of caffeine inhibited tumor
formation (Table 2) [6, 7]. These results parallel epidemiological studies indicating
that people ingesting regular coffee had a decreased risk of nonmelanoma skin
cancer, and decaffeinated coffee was inactive [8, 9].

Oral administration of green tea (6 mg tea solids/mL) or caffeine (0.4 mg/mL) as
the sole source of drinking fluid during irradiation of SKH-1 mice with UVB twice
a week for 20 weeks inhibited UVB-induced formation of mutant p53 positive
patches in the epidermis by ~40% [10]. Oral administration of green tea (6 mg tea
solids/mL) as the sole source of drinking fluid or topical applications of caffeine
(6.2 pmol) once a day 5 days a week starting immediately after discontinuation
of UVB treatment enhanced the rate and extent of disappearance of the mutant
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Fig. 1 Stimulatory effect of oral administration of green tea, coffee or caffeine on UVB-induced
apoptosis. The time course for the effect of oral caffeine (0.4 mg/mL) for 2 weeks on UVB-
induced apoptosis in female SKH-1 mice is shown in the first panel. In additional studies, SKH-1
female mice were treated with green tea (6 mg tea solids/mL), coffee (10 mg coffee solids/mL), or
caffeine (0.4 mg/mL) as their sole source of drinking fluid for 2 weeks. The mice were irradiated
with UVB (30 mJ/cm?) and killed 10 h later. Apoptotic sunburn cells in the epidermis were
determined. The solid bars represent control animals treated with water. The dashed bars indicate
treatment with green tea, coffee, or caffeine as indicated. (Taken from [12, 14])

pS53-positive patches [10]. Topical applications of caffeine to the dorsal skin of
mice pretreated with UVB for 20 weeks resulted in enhanced apoptosis selectively
in focal basal cell hyperplastic areas of the epidermis (putative precancerous
lesions), but not in areas of the epidermis that only had diffuse hyperplasia [10].
These studies indicate that the chemopreventive effect of caffeine or green tea may
occur by a proapoptotic effect, preferentially in early precancerous lesions.

3 Mechanism Studies

Mechanistic studies indicated that caffeine has a sunscreen effect [11] and also
enhances UVB-induced apoptosis [12, 13]. The stimulatory effect of oral adminis-
tration of green tea, coffee, and caffeine on UVB-induced apoptosis is shown in
Fig. 1 [14]. In other studies, topical application of caffeine immediately after UVB
irradiation also enhanced UVB-induced apoptosis [13], and the stimulatory effect
of topical caffeine on UVB-induced apoptosis occurred by p53-dependent and
pS53-independent mechanisms [12, 15]. Application of caffeine after UVB irradia-
tion avoided the potential sunscreen effect of caffeine. Studies on the p53-
independent pathway suggested that oral or topical caffeine administration
enhanced lethal mitosis in UVB irradiated mice by inhibiting the ATR/Chk-1
pathway in the epidermis [16] and in tumors from UVB-treated mice [17]. In
addition, inhibition of the ATR/Chk-1 pathway by caffeine was associated with
enhanced UVB-induced apoptosis in primary human keratinocytes [18].
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Fig. 2 ATR-kd transgene delays tumor onset and suppresses UV tumorigenesis. ATR-kd trans-
gene suppresses UV-induced tumor development. Mean number of tumors per mouse is shown up
to 19 weeks when some mice with advanced tumors were sacrificed and the cohort was no longer
complete. Error bars represent SEM. Statistical significance in mean number of tumors per mouse
between the groups was as shown at the indicated time points: *P < 0.05, **P < 0.01 (Taken
from [19])

Additional evidence for the importance of blocking the ATR/Chk-1 pathway for
inhibition of UVB-induced carcinogenesis came from finding that genetic inhibition
of epidermal ATR kinase resulted in inhibition of UVB-induced carcinogenesis [19].
To test the effect of genetic inhibition of the ATR-Chk-1 pathway on UVB carcino-
genesis, transgenic FVB mice were prepared that expressed a kinase dead form of
human ATR (ATR-kd) under a human keratin-14 promoter. These mice were crossed
into Xpc ™/~ mice with a global repair deficiency. UVB-induced carcinogenesis was
determined in ATR-kd transgenic mice and transgene-negative littermate controls.
Formation of UVB-induced skin tumors was markedly decreased in ATR-kd
transgenic mice when compared with UVB-induced tumor formation in transgene-
negative controls, indicating that genetic inhibition of the ATR/Chk-1 pathway
inhibits UVB-induced carcinogenesis (Fig. 2) [19].

The results of mechanistic studies indicate that caffeine can inhibit UVB-induced
carcinogenesis by exerting a sunscreen effect, by stimulating UVB-induced upregulation
of wild-type p53, and by inhibition of the ATR/Chk-1 pathway.

4 Effects of Oral Administration of Tea, Decaffeinated Tea,
and Caffeine on Tissue Fat and Skin Carcinogenesis
in UVB-Pretreated High-Risk Mice

We found that oral administration of green tea or black tea (6 mg tea solids/mL) for
23 weeks to UVB-pretreated high risk mice in the absence of continued treatment
with UVB decreased the number of tumors per mouse by 66-68%, the size of
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the parametrial fat pads by 32-54%, and the thickness of the dermal fat layer
by 39-53% [20]. Administration of the decaffeinated teas had little or no effect
on any of these parameters, and adding caffeine (equivalent to the amount in the
regular teas) to the decaffeinated teas restored their inhibitory effects [20]. Admin-
istration of caffeine alone (0.4 mg/mL) decreased the number of tumors per mouse
by 61%, decreased the average size of the parametrial fat pads by 56%, and caused
a substantial decrease in the thickness of the dermal fat layer [20].

We observed that the dermal fat layer was much thinner under tumors than away
from tumors in all experimental groups [20]. For instance, in UVB-pretreated high
risk mice given only water as their drinking fluid for 23 weeks, the thickness of the
dermal fat layer away from tumors was 162 um but was only 60 pm directly under
tumors. In high risk mice given 0.6% green tea for 23 weeks, the average thickness
of the dermal fat layer away from tumors was 100 um but was only 28 um directly
under tumors. Administration of caffeinated beverages decreased the average
thickness of the dermal fat layer directly under tumors by 36% for small tumors
(£0.5 mm diameter), by 57% for tumors 0.5—1 mm in diameter, by 70% for tumors
1-2 mm in diameter, by 90% for tumors 2-3 mm in diameter, and by 97% for
tumors >3 mm in diameter. In addition to the effect of caffeine to decrease the
thickness of the dermal fat layer under tumors, our results suggest that tumors may
be utilizing dermal fat as a source of energy or that tumors are secreting substances
that enhance lipolysis.

S Relationship Between the Thickness of the Dermal Fat Layer
Away from Tumors and Tumor Multiplicity

In the above study with UVB-pretreated high risk mice treated with water, green
tea, black tea, decaffeinated green tea, decaffeinated black tea, decaffeinated
green tea plus caffeine, decaffeinated black tea plus caffeine, or caffeine alone,
all mice at the end of the study were analyzed histologically for tumors, and 152
of these mice had a total of 689 tumors and 27 mice had no tumors. The
relationship between the thickness of the dermal fat layer away from tumors
(possible surrogate for total body fat levels) in individual mice and the number of
tumors per mouse in all 179 mice was evaluated [20] (Table 3). Fourteen mice
with a very thin dermal fat layer (<50 pm) away from tumors had an average of
only 1.6 £ 0.7 tumors/mouse whereas 7 mice with a thick dermal fat layer
(>250 pm) away from tumors had 7.4 + 1.8 tumors/mouse. Regression analysis
was performed with data from all 179 mice to assess the relationship between the
thickness of the dermal fat layer away from tumors for each mouse and the
number of tumors per mouse. There was a highly significant positive linear
association between the number of tumors per mouse and the thickness of the
dermal fat layer away from tumors (p = 0.0001).
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Table 3 Relationship between the thickness of the dermal fat layer (away from tumors) and tumor
multiplicity

Thickness of dermal fat Number of Number of tumors
layer (um) mice per mouse
<50 14 1.6 +£ 0.7
50-100 63 29 +04
100-150 68 3.8 £ 0.6
150-200 17 55+1.0
200-250 10 7.8 £ 14
>250 7 74 +£18

UVB-pretreated high risk SKH-1 mice were given water, green tea, black tea, decaffeinated green
tea, decaffeinated black tea, caffeine, decaffeinated green tea + caffeine or decaffeinated black
tea + caffeine for 23 weeks. The thickness of the dermal fat layer in areas away from tumors or in
mice with no tumors was determined. Each value represents the mean + S.E. p = 0.0001 (from
the Pearson correlation coefficient) for the thickness of the dermal fat layer away from tumors vs
the number of tumors/mouse for all 179 mice. (Taken from [20])

6 Effects of Topical Applications of Caffeine on Apoptosis
in Tumors During Carcinogenesis in UVB-Pretreated
High Risk Mice

Tumor-free high risk mice (30 mice per group) were treated topically with 100 pL.
of acetone or with caffeine (6.2 pmoles) in 100 pL of acetone once a day 5 days a
week for 18 weeks, and all tumors in the treated areas of the mice were counted and
characterized by histological examination. The treatments with caffeine decreased
the number of nonmalignant tumors (mostly keratoacanthomas) and squamous cell
carcinomas by 44 and 72%, respectively (Table 2), and tumor volume per mouse
was decreased by 72 and 79%, respectively [7].

The results of immunohistochemical staining of tumors described in the above
study indicated that topical applications of caffeine to high risk mice enhanced
apoptosis in the tumors but not in areas away from the tumors (Table 4) [7]. These
results suggest that the inhibitory effect of caffeine administration on tumorigenesis
in high risk mice may be caused in part by enhanced apoptosis in small tumors
during their formation and growth.

7 Effects of Running Wheel Exercise on UVB-Induced
Apoptosis, UVB-Induced Carcinogenesis, and Apoptosis
in Tumors

During the course of our studies we observed that mice treated orally with green
tea or caffeine had increased locomotor activity and decreased tissue fat [21].
Because of these observations, we studied the effect of voluntary exercise (running
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Table 4 Stimulatory effect of topical applications of caffeine on apoptosis in tumors

Treatment Number of tumors Percent caspase Percent
examined 3 positive cells increase

Nontumor areas

Control - 0.159 + 0.015 -

Caffeine - 0.165 + 0.027 4

Keratoacanthomas

Control 198 0.229 + 0.017 -

Caffeine 118 0.430 £ 0.034* 88

Carcinomas

Control 33 0.196 + 0.022 -

Caffeine 10 0.376 £+ 0.056* 92

High risk mice (30 per group) were treated topically with acetone (100 pL) or with caffeine
(6.2 pmol) in 100 pL acetone once daily 5 days a week for 18 weeks. Each value for the percent of
caspase 3 positive cells represents the mean + S.E.

*p < 0.01. (Animals are from Table 2, Exp. 2.) (Taken from [7])

wheel in the cage) on UVB-induced apoptosis, UVB-induced carcinogenesis,
and apoptosis in UVB-induced tumors. An inhibitory effect of voluntary exercise
on UVB-induced tumor formation and a stimulatory effect of voluntary exercise
on UVB-induced apoptosis and apoptosis in tumors were observed [22, 23]. These
results are similar to those observed for animals treated with caffeine.

8 Effects of a Combination of Running Wheel Exercise
Together with Oral Caffeine on Tissue Fat and
UVB-Induced Apoptosis

Treatment of SKH-1 mice orally with caffeine (0.1 mg/mL in the drinking water),
voluntary running wheel exercise, or a combination of caffeine and exercise
for 2 weeks (1) decreased the weight of the parametrial fat pads by 35, 62, and
77%, respectively, (2) decreased the thickness of the dermal fat layer by 38, 42, and
68%, respectively, and (3) stimulated the formation of UVB-induced caspase 3
(active form) positive cells in the epidermis by 92, 120, and 389%, respectively
[23]. No effects of voluntary exercise or oral caffeine administration (alone or
together) on apoptosis in the epidermis were observed in the absence of UVB
irradiation. The plasma concentration of caffeine in mice ingesting caffeine
(0.1 mg/mL drinking water) is similar to that in the plasma of most coffee drinkers
(1-2 cups/day). The results of our studies indicate a greater than additive stimula-
tory effect of combined voluntary exercise and oral administration of a low dose of
caffeine on UVB-induced apoptosis. In an additional study, oral administration of
caffeine (0.1 mg/mL in the drinking water), voluntary running wheel exercise or the
combination to SKH-1 mice irradiated with UVB (30 mJ/cm?) twice a week for
34 weeks inhibited the formation of tumors (tumors/mouse) by 25, 35, and 62%,
respectively.
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Fig. 3 Proposed inhibitory effect of tissue fat on DNA damage-induced apoptosis in precancer
cells and in tumors

9 Stimulatory Effect of Fat Removal (Partial Lipectomy) on
UVB-Induced Apoptosis in the Epidermis of SKH-1 Mice

Since administration of caffeine or running wheel exercise decreased tissue fat and
enhanced UVB-induced apoptosis, we evaluated the effect of removal of tissue fat
on UVB-induced apoptosis. Surgical removal of the two parametrial fat pads
2 weeks before UVB irradiation enhanced UVB-induced apoptosis in the epidermis
by 107% at 6 h after irradiation when compared with the effect of UVB on
apoptosis in sham-operated control mice [24]. In control studies with mice that
did not receive UVB irradiation, partial lipectomy had no effect on the small
number of apoptotic cells in the epidermis. Our results suggest that tissue fat may
secrete antiapoptotic substances that enhance carcinogenesis by inhibiting the death
of DNA-damaged precancer cells and cancer cells as hypothesized in Fig. 3.
According to this hypothesis, factors that decrease tissue fat will decrease cancer
risk by decreasing the amount of antiapoptotic adipokines, thereby enhancing
apoptosis in DNA-damaged precancer cells and in cancer cells. Antiapoptotic
adipokines associated with tissue fat may help explain why obese individuals
have an increased risk of cancer.

10 Surgical Removal of the Parametrial Fat Pads Decreases
Serum Levels of TIMP1 and Other Adipokines

Feeding SKH-1 mice, a 40% kcal high fat diet rich in omega-6 fatty acids as
described earlier [25] or a 60% kcal very high fat diet for 2 weeks increased the
serum levels of TIMP1 (tissue inhibitor of metalloproteinase 1) and several other
adipokines. TIMP1 was reported to enhance cell proliferation and to inhibit apo-
ptosis [26], suggesting that it has tumor promoting activity. TIMP1 was also
reported to be a useful indicator of cutaneous cancer invasion and progression
[27]. Removal of the parametrial fat pads from mice on a high fat diet resulted in a
marked decrease in the serum level of TIMP1 and other adipokines when compared
with the sham-operated control mice. Our results suggest that a high fat diet
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increases adipokines that have tumor promoting properties and that partial
lipectomy decreases the serum levels of these adipokines.

11 Surgical Removal of the Parametrial Fat Pads Inhibits
UVB-Induced Formation of Skin Tumors in Mice Fed
a High Fat Diet

Our previous studies showed that a 40% kcal high fat diet rich in omega-6 fatty
acids enhanced UVB-induced skin tumor formation when compared with mice fed
a diet rich in omega-3 fatty acids [25]. We investigated the effect of lipectomy on
UVB-induced skin tumorigenesis in mice fed either a high fat diet rich in omega-6
fatty acids or a low fat Chow diet.

SKH-1 mice were given a high fat diet and other mice were given a low fat Chow
diet for 2 weeks. Mice on each diet were then divided into two groups. One group
of mice had their parametrial fat pads removed and the other group of mice was
a sham-operated control. The average weight of the removed parametrial fat pads
from the mice that were fed a Chow diet or the high fat diet was about 15% of total
body fat. All animals were treated with UVB (30 mJ/cm?) once a day, twice a week
for 33 weeks.

Surgical removal of the parametrial fat pads markedly inhibited UVB-induced
skin tumorigenesis in mice fed the high fat diet, but this effect was not observed in
mice fed the low fat Chow diet. Although there was no difference in body weight
between lipectomized mice and sham-operated control animals fed the high fat diet,
histopathology examination indicated that removal of the parametrial fat pads
decreased the number of keratoacanthomas and squamous cell carcinomas per
mouse by 75-80% when compared to the sham-operated controls. Partial lipectomy
decreased the tumor volume per mouse for keratoacanthomas and carcinomas
by ~90% when compared to the sham-operated controls.

Immunohistochemical analysis of the tumor samples indicated that lipectomy
increased the percentage of caspase 3 (active form) positive cells in areas away
from the tumors by 48%, in keratoacanthomas by 68%, and in carcinomas by 224 %,
respectively, and proliferation was also inhibited in lipectomized mice when
compared with sham-operated mice. These results indicate that inhibition of
UVB-induced carcinogenesis may have resulted from an increase in apoptosis
and an inhibition of proliferation in tumors and in precancerous areas away from
tumors. Our proposed effect of caffeine administration, exercise, low fat diet, and
partial lipectomy to decrease tissue fat and associated antiapoptotic adipokines is
shown in Fig. 3.

It was of considerable interest that compensatory fat appeared in the peritoneal
cavity of partially lipectomized mice near where the parametrial fat pads had been
removed. Biochemical properties of the compensatory fat in lipectomized mice
at the end of the above tumor study were compared with the biochemical properties



Inhibition of UVB-Induced Nonmelanoma Skin Cancer: A Path from Tea to. .. 71

of the parametrial fat pads in sham-operated control mice at the end of the tumor
study in mice fed the 40% high fat diet. It was found by RT-PCR that mRNAs
for TIMP1, Serpin E1, and MCP1 were 50- to 80-fold higher in the parametrial fat
pads than in the compensatory fat. Our results suggest that the parametrial fat pads
secrete pro-inflammatory/tumor promoting adipokines that are not secreted in
appreciable amounts by the compensatory fat.
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Cancer Chemoprevention and
Nutri-Epigenetics: State of the Art and
Future Challenges

Clarissa Gerhauser

Abstract The term “epigenetics” refers to modifications in gene expression caused
by heritable, but potentially reversible, changes in DNA methylation and chromatin
structure. Epigenetic alterations have been identified as promising new targets for
cancer prevention strategies as they occur early during carcinogenesis and represent
potentially initiating events for cancer development. Over the past few years, nutri-
epigenetics — the influence of dietary components on mechanisms influencing the
epigenome — has emerged as an exciting new field in current epigenetic research.
During carcinogenesis, major cellular functions and pathways, including drug
metabolism, cell cycle regulation, potential to repair DNA damage or to induce
apoptosis, response to inflammatory stimuli, cell signalling, and cell growth control
and differentiation become deregulated. Recent evidence now indicates that epige-
netic alterations contribute to these cellular defects, for example epigenetic silenc-
ing of detoxifying enzymes, tumor suppressor genes, cell cycle regulators,
apoptosis-inducing and DNA repair genes, nuclear receptors, signal transducers
and transcription factors by promoter methylation, and modifications of histones
and non-histone proteins such as p53, NF-kB, and the chaperone HSP90 by
acetylation or methylation.

The present review will summarize the potential of natural chemopreventive
agents to counteract these cancer-related epigenetic alterations by influencing the
activity or expression of DNA methyltransferases and histone modifying enzymes.
Chemopreventive agents that target the epigenome include micronutrients (folate,
retinoic acid, and selenium compounds), butyrate, polyphenols from green tea,
apples, coffee, black raspberries, and other dietary sources, genistein and soy
isoflavones, curcumin, resveratrol, dihydrocoumarin, nordihydroguaiaretic acid
(NDGA), lycopene, anacardic acid, garcinol, constituents of Allium species and
cruciferous vegetables, including indol-3-carbinol (I3C), diindolylmethane (DIM),
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sulforaphane, phenylethyl isothiocyanate (PEITC), phenylhexyl isothiocyanate
(PHI), diallyldisulfide (DADS) and its metabolite allyl mercaptan (AM), cambinol,
and relatively unexplored modulators of histone lysine methylation (chaetocin,
polyamine analogs). So far, data are still mainly derived from in vitro investigations,
and results of animal models or human intervention studies are limited that demon-
strate the functional relevance of epigenetic mechanisms for health promoting or
cancer preventive efficacy of natural products. Also, most studies have focused on
single candidate genes or mechanisms. With the emergence of novel technologies
such as next-generation sequencing, future research has the potential to explore
nutri-epigenomics at a genome-wide level to understand better the importance of
epigenetic mechanisms for gene regulation in cancer chemoprevention.

Keywords Cancer chemoprevention ¢ Dietary compounds « DNA methylation *
Histone modifications ¢ Nutri-epigenetics
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1 Introduction

The term “epigenetics” refers to modifications in gene expression caused by
heritable, but potentially reversible, changes in DNA methylation and chromatin
structure [1]. Given the fact that epigenetic modifications are reversible and occur
early during carcinogenesis as potentially initiating events for cancer development,
they have been identified as promising new targets for cancer prevention strategies.
Major epigenetic mechanisms of gene regulation include DNA methylation,
modifications of the chromatin structure by histone tail acetylation and methylation,
and small non-coding microRNAs, that affect gene expression by targeted degra-
dation of mRNAs or inhibition of their translation (overview in Fig. 1) [3, 4].
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Fig. 1 Overview of epigenetic mechanisms including DNA methylation, histone tail
modifications and non-coding (micro) RNAs, targeting DNA, N-terminal histone tails and
mRNA (modified from [2], with permission of Nature Publishing Group)

Epigenetic mechanisms are essential to control normal cellular functions and
they play an important role during development. Distinct patterns of DNA methyl-
ation regulate tissue specific gene expression and are involved in X-chromosome
inactivation and genomic imprinting [5-7]. Histone modifications are critical for
memory formation [4, 8]. Interestingly, epigenetic profiles can be modified to adapt
to changes in the environment (e.g., nutrition, chemical exposure, smoking, radia-
tion, etc.) [3, 9] as has been exemplified in studies with monozygotic twins and
inbred animals [10, 11]. Consequently, alterations in DNA methylation and histone
marks eventually contribute to the development of age-related and lifestyle-related
diseases, such as metabolic syndrome, Alzheimer’s disease, and cancer [8, 12, 13].

2 DNA Methylation

DNA methylation is mediated by DNA methyltransferases (DNMT) that transfer
methyl groups from S-adenosyl-L-methionine (SAM) to the 5'-position of cytosines.
This reaction mainly takes place at cytosines when positioned next to a guanine (CpG
dinucleotides) and creates 5-methylcytosine (SmC) and S-adenosyl-L-homocysteine
(SAH). Three active mammalian DNMTs have been identified so far, i.e., DNMT]I,
3a, and 3b. DNMT1 is a maintenance methyltransferase that maintains DNA methyl-
ation during DNA replication. It preferentially methylates the newly synthesized,
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Fig.2 Overview of DNA methylation changes during carcinogenesis and cancer chemopreventive
agents inhibiting the activity of expression of DNMTs, thereby preventing aberrant (promoter)
hypermethylation or genome wide hypomethylation. DNA methylation is catalyzed by DNA
methyltransferases (DNMTs) using S-adenosylmethionine (SAM) as a substrate. See text and
Table 1 (Appendix) for further details. Asterisks indicate epigenetic activity in vivo. Empty circles:
unmethylated CpG dinucleotide; red circles: methylated CpG site

unmethylated DNA strand after replication and thus assures transmission of DNA
methylation patterns to daughter cells. DNMT3a and DNMT3b are “de novo”
methyltransferases that catalyze methylation of previously unmethylated sequences.
DNMT3b is believed to play an important role during tumorigenesis [14, 15].

In normal cells, CpG-rich sequences (so-called CpG islands, CGIs) in gene
promoter regions are generally unmethylated, with the exception of about 6-8%
CGIs methylated in a tissue-specific manner [7]. Conversely, the majority of
CpG sites in repetitive sequences such as ribosomal DNA repeats, satellite repeats,
or centromeric repeats are often heavily methylated, thereby contributing to
chromosomal stability by limiting accessibility to the transcription machinery
[16]. This controlled pattern of DNA methylation is disrupted during ageing,
carcinogenesis, or development of chronic diseases. Increased methylation (DNA
hypermethylation) of promoter CGIs leads to transcriptional silencing of tumor
suppressors and other genes with important biological functions [12, 16, 17]. In
contrast, global loss of DNA methylation at repetitive genomic sequences (DNA
hypomethylation) during carcinogenesis has been associated with genomic insta-
bility and chromosomal aberrations and was first described about 30 years ago [18,
19] (Fig. 2). Different from irreversible gene inactivation by genetic deletions or
nonsense mutations, genes silenced by epigenetic modifications are still intact and
can potentially be reactivated by small molecules acting as modifiers of epigenetic
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Fig. 3 Simplified overview of histone modifying enzymes with a focus on histone deacetylases
(HDAG:S), histone acetyltransferases (HATS), histone methyl transferases (HTMs), and histone
demethylases (HDM), and their influence on chromatin structure. Sirtuins represent a NAD*-
dependent subclass of HDACs (class III). Also indicated is the inhibitory potential of
chemopreventive agents. See text and Tables 2 and 3 (Appendix) for further details. Asterisks
indicate epigenetic activity in vivo

mechanisms. Consequently, development of agents or food components that pre-
vent or reverse methylation-induced inactivation of gene expression is a new
promising approach for cancer prevention [20].

3 Histone Modifications

Epigenetic regulation of gene expression is also mediated by post-translational
modifications at the N-terminal tails of histones. These include acetylation, meth-
ylation, phosphorylation, ubiquitinylation, sumoylation, and ADP ribosylation and
contribute to genomic stability, DNA damage response, and cell cycle checkpoint
integrity [118—120]. Histones can be modified through sequence-specific transcrip-
tion factors or on a more global scale through histone-modifying enzymes [120]. So
far, histone acetylation and histone methylation have been investigated the most
and disturbance of their balance has been associated with neoplastic transformation
(Fig. 3).

Histone acetylation is maintained by the interplay of histone acetyltransferases
(HATs) and histone deacetylases (HDACs). HATs transfer acetyl groups from
acetyl-CoA to the g-amino group of lysine (K) residues in histone tails, whereas
HDACs remove histone acetyl groups by catalyzing their transfer to Coenzyme A
(CoA). Acetylation of histone tails opens up the chromatin structure, allowing
transcription factors to access the DNA. Consequently, proteins with HAT catalytic
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activity are often transcriptional coactivators. So far at least 25 HAT proteins have
been characterized. They are organized into four families based on structure
homology [189] and often possess distinct histone specificity. Subgroups include
the GNAT (hGCNS5, PCAF), MYST (MYST, Tip60), p300/CBP (p300/CBP), SRC
(SRC-1), and TAFII250 families (TAFII250) [119, 190]. In contrast to histone
acetylation, histone deacetylation generally leads to chromatin condensation and
transcriptional repression. So far, 18 proteins with HDAC activity have been
classified [191, 192]. HDACs 1-11 are subdivided into three classes — I, II, and
IV — based on homology, size, sub-cellular expression, and number of enzymatic
domains. Class III is comprised of sirtuins 1-7, which are structurally unrelated to
class I and II HDACs and require NAD" as a cofactor for activity [191, 192].
Interestingly, HDAC substrates are not limited to histones. As further outlined
below, several important regulatory proteins and transcription factors such as
p53, E2F, and nuclear factor-kB (NF-kB) involved in stress response, inflamma-
tion, and apoptosis have been shown to be regulated by acetylation [193—195].

Histone methylation takes place at lysine and arginine residues. Histone lysine
methylation has activating or repressive effects on gene expression. This is depen-
dent on the lysine residue that is methylated (e.g., K4, K9, K27, K36, K79 in H3),
the methylation status (mono-, di-, or tri-methylation), and the location (interaction
with promoter vs gene coding regions) [118, 119, 196]. Methylation at H3K4,
H3K36, and H3K79 is generally associated with transcriptional active chromatin
(euchromatin), whereas methylation at H3K9, H3K27, and H4K20 is frequently
associated with transcriptional inactive heterochromatin [190, 197]. Histone lysine
methylation is mediated by histone lysine methyltransferases (HMTs) that transfer a
methyl group from SAM to the lysine residue. HMTs can be classified as Dot/
protein family and proteins containing a so-called SET domain, based on sequence
similarity with Drosophila proteins suppressor of variegation (SUV), enhancer of
zeste (EZH), and homeobox gene regulator Trithorax (TRX). So far, more than 50
SET domain family members have been identified in humans [197]. They are
grouped into six subfamilies, SET1, SET2, SUV39, EZH, SMYD, and PRDM,
and several SET-containing HMTs that do not fall into these groups [197].

Several types of histone lysine demethylases (HDMs) have been identified so far,
for example lysine specific demethylase 1 (LSDI) and the family of about 20
Jumonji domain-containing (JmjC) histone demethylases [118, 119, 197]. Similar
to lysine acetylation, lysine methylation is not limited to histone proteins, and
several non-histone protein substrates including p53, retinoblastoma protein (RB),
the NF-kB subunit RelA, and estrogen receptor o (ERx) have been identified
(summarized in [198-200]).

4 MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs of 20-22 nucleotides that
inhibit gene expression at the posttranscriptional level. MiRNAs are involved in
the regulation of key biological processes, including development, differentiation,
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apoptosis, and proliferation, and are known to be altered in a variety of chronic
degenerative diseases including cancer [201]. MiRNAs are generated from
RNA precursor structures by a protein complex system composed of members
of the Argonaute protein family, polymerase II-dependent transcription, and
the ribonucleases Drosha and Dicer [202]. MiRNAs regulate the transforma-
tion of mRNA into proteins, either by imperfect base-pairing to the mRNA
3'-untranslated regions to repress protein synthesis, or by affecting mRNA
stability. Each miRNA is expected to control several hundred genes. They
have been implicated in cancer initiation and progression, and their expression
is often down-regulated during carcinogenesis. Major mechanisms of miRNA
deregulation include genetic and epigenetic alterations as well as defects in the
miRNA processing machinery [196].

5 Interplay Between Chemopreventive and Epigenetic
Mechanisms and Natural Products Effects

Over the last few years, evidence has accumulated that natural products and dietary
constituents with chemopreventive potential have an impact on DNA methylation
(Fig. 2), histone modifications (Fig. 3), and miRNA expression. The available
information on the topic has been summarized in several recent review articles
[20-36, 121, 122, 203, 204].

As indicated in Fig. 2, folate and B-vitamins have a potential impact on DNA
hypomethylation. They affect the so called “one-carbon metabolism” which
provides methyl groups for methylation reactions. Folate is an important factor
for the maintenance of DNA biosynthesis and DNA repair, and folate deficiency
leads to global DNA hypomethylation, genomic instability, and chromosomal
damage. As an essential micronutrient, folate needs to be taken up from dietary
sources, such as citrus fruits, dark green vegetables, whole grains, and dried beans.
Alcohol misuse is often associated with folate deficiency. Epidemiological studies
have indicated that low folate levels are associated with an increased risk for
colorectum, breast, ovary, pancreas, brain, lung, and cervix cancer [66, 76, 205].
Consequently, the relationship between folate status, DNA methylation, and cancer
risk has been analyzed in numerous rodent carcinogenesis models and in human
intervention studies. Overall, the results are inconclusive and depend on various
parameters, for example dose and timing of the intervention, the severity of folate
deficiency, and health status (reviewed in [23, 66-68, 76]). Excessive intake of
synthetic folic acid (from high-dose supplements or fortified foods) may even
increase human cancer risk by accelerating growth of precancerous lesions [66].
Therefore folate supplementation cannot be generally recommended, and
deficiencies should be prevented by dietary intake. In a cohort-based observation
study with 1,100 participants, Stidley et al. investigated the effect of various dietary
factors on promoter methylation levels of eight genes commonly hypermethylated



C. Gerhauser

80

sjuagde aanuaAdrdowayd Jo douanyur Ay pue sAemyjed pue SWSTUBYIIW PAJedIpul oY) Jo uondLIdsop pa[IeIop € I0J 1x9) 99§ SOUdS Podudlls

A[reoneuadido jo uoneAnoear o) pedl ued sjudde aanuardrdowayo Aq surajord Surkjipour

QUOoISIY 10 STIANC JO UoIssaidxo 10 KJIATIOR 9yj JO UOTE[NpOUT

/uoniqIyuy ‘sIsauASourdIed JuLnp pare[nIaIop A[UOWWOD SQUSS JO UOne[NIal Y} U0 SQWAZUS JUIAJIPOW-aU0ISIY pue uone[Ayiow YN Jo joedwy ¢ 31

y

uolssaldx3 NN

Vool

s |

Jreday

Buijeubis 1122 ¢ YNa 3

uonenualayig § uonewwepu| §

1591y

uonesyixola
8[9AD |19D 4 o 8

IS

e

uolssaldx3 NN

o
g

uonejAyley-aq
lajowold

@

Issaldxajfyianoe LI




Cancer Chemoprevention and Nutri-Epigenetics: State of the Art and Future. . . 81

in cancer, including RassFI1A, pl6, MGMT, DAPK, GATA4, GATAS, PAX5u,
and PAX5p in exfoliated aerodigestive tract cells from sputum samples of current
and former smokers. Significant protection from DNA methylation (less than two
genes methylated) was observed for regular consumption of folate [OR (odds
ratio) = 0.84 per 750 pg/day; CI (95% confidence interval), 0.72-0.99], leafy
green vegetables (OR, 0.83 per 12 monthly servings; CI, 0.74-0.93), and multivita-
min use (OR, 0.57; CI, 0.40-0.83) [77].

The following chapter will focus on pathways which are relevant for chemopre-
vention and are commonly deregulated by epigenetic mechanisms in cancer cells,
including drug detoxification, cell cycle regulation, apoptosis induction, DNA
repair, tumor-associated inflammation, cell signaling that promotes cell growth,
and cell differentiation (overview in Fig. 4). It will present a summary of natural
chemopreventive agents targeting these pathways by affecting DNA methylation
and histone tail modifications. Their effect on miRNAs and subsequent gene
expression will not be discussed.

Plant compounds which affect DNA methylation and inhibit DNMT enzymatic
activity (DNMT inhibitors, DNMTi), revert aberrant DNA promoter methylation,
or reactivate genes silenced by promoter hypermethylation, are listed in Table 1
(Appendix). Natural products with influence on histone acetylation and methylation
that inhibit the activity or modulate the expression of histone-modifying enzymes
including HDACs, SIRTs, HATs, and HMTs are summarized in Tables 2 and 3
(Appendix).

6 Detoxification

GSTPI is a member of the glutathione S-transferase family of isoenzymes that
conjugate reactive chemicals and carcinogens with the tripeptide glutathione (GSH)
and thus enhance their excretion and detoxification [206]. Induction of GSTs and
other enzymes involved in phase 2 of drug metabolism via the Nrf2-Keapl pathway
is an important mechanism in cancer chemoprevention [207]. Recently, GSTPI
activity has also been associated with cell-signaling functions critical for survival,
for example the regulation of c-Jun N-terminal kinase (JNK) activity and modula-
tion of protein functions by S-glutathionylation [208].

Loss of GSTP1 expression by CGI hypermethylation is very common in prostate
cancer [209]. GSTPI is expressed and unmethylated in normal prostate tissue.
Hypermethylation increases with increasing prostate carcinogenesis and can be
detected in up to 70-100% prostate adenocarcinoma [209]. GSTPI
hypermethylation is also detectable in plasma, ejaculate, or urine, and is discussed
as a promising prostate cancer biomarker. In addition to prostate cancer, GSTP!
hypermethylation is frequent in ~30% and >80% of breast cancer and hepatocellu-
lar carcinoma, respectively [209]. Deletion of GSTP/ in mice was shown to
enhance susceptibility to chemically-induced skin and lung cancer, and to increase
adenoma incidence and multiplicity when mGstp1/p2 knockout mice were crossed
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with APCM™* mice [206]. Gene expression studies in these models indicate a
protective role of GSTP! in inflammation and immune response.

Reexpression of GSTP1 after treatment with natural products has been tested in
prostate and breast cancer cell lines. Ramachandran et al. was unable to detect
demethylation and reexpression of GSTP/ in LNCaP and PC-3 prostate cancer
cells after treatment with seleno-pL-methionine. More recently, reactivation of
GSTP1 by sodium selenite in LNCaP cells was shown to involve a dual effect on
both DNA methylation and histone modifications. Incubation with low dose sodium
selenite lowered DNMTI mRNA and protein expression, reduced global DNA
methylation, and led to the reexpression of GSTP/ associated with reduced GSTP/
promoter methylation [115]. An earlier study identified sodium selenite and organic
seleno-compounds as inhibitors of DNMT activity in vitro [112]. Therefore, direct
inhibition of DNMT enzyme activity might contribute to the demethylating potential
of sodium selenite. Phenethylisothiocyanate (PEITC) derived from the glucosinolate
gluconasturtiin from watercress was able to revert epigenetic silencing of GSTP! in
LNCaP cells. Reduced DNA methylation at specific CpG sites was associated with
enhanced protein expression and increased GSTPI enzymatic activity [100]. Green
tea polyphenols (GTP) and epigallocatechin gallate (EGCG) inhibited DNMT
enzyme activity and DNMT protein expression in LNCaP cells. DNMT inhibition
was associated with reduced methylation of the GSTP/ proximal promoter and
reactivation of GSTP/ expression. Transcription was facilitated by enhanced binding
of transcription factor Spl to the GSTPI promoter [45]. Intervention of prostate
cancer cell lines with the soy phytoestrogens genistein and daidzein significantly
reduced GSTPI promoter methylation and resulted in reexpression of GSTP/ protein,
determined by immunocytochemistry and western blotting [83, 84]. The mechanism
of inhibition was not further analyzed. King-Batoon et al. investigated the effects of
genistein and the tomato-derived carotenoid /ycopene on DNA methylation in breast
cancer cells. A single application of lycopene reactivated GSTPI mRNA expression
within 1 week, associated with reduced promoter methylation in MDA-MB-468 cells,
whereas genistein was weakly effective only after repetitive treatments. Both
compounds were ineffective in the MCF7 cell line, and also did not reduced RARf
and HINI promoter methylation in both cancer cell lines [79]. Similarly, treatment of
MCF7 cells with a series of dietary polyphenols, including ellagic acid,
protocatechuic acid, sinapic acid, syringic acid, rosmarinic acid, betanin, and
phloretin did not lead to demethylation and reexpression of GSTPI, RASSFIA, and
HIN1, although all of these compounds at the same concentrations inhibited DNMT
activity in vitro by 20-88% [40]. Lack of demethylating activity in cell culture might
indicate an unspecific enzyme inhibitory effect.

As mentioned above, transcription factor Nrf2 (nuclear factor-erythroid 2 p45-
related factor 2) plays an important role in phase 2 enzyme induction [207].
Recently, Nrf2 was shown to be epigenetically silenced by promoter methylation
at specific CpG sites during prostate carcinogenesis in tumors of transgenic adeno-
carcinoma of mouse prostate (TRAMP) mice and tumorigenic TRAMP C1 cells. In
contrast, the Nrf2 promoter CGI was unmethylated in normal prostate tissue and
non-tumorigenic TRAMP C3 cells. Methylation led to transcriptional repression by
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increased binding of methyl binding protein 2 (MBD2) and H3K9me3, and reduced
interaction with RNA polymerase II and the activating histone mark acetylated
histone 3 (ac-H3) [210]. Treatment of TRAMP C1 cells with curcumin significantly
reduced Nrf2 promoter methylation at five specific CpG sites and led to mRNA
reexpression of Nrf2 and NAD(P)H:quinone reductase (NQOI) as a downstream
target [49]. Curcumin (diferuloyl methane) is a well characterized cancer
chemopreventive agent derived from turmeric (Curcuma longa) [211].

7 Cell Cycle Regulation

One of the hallmarks of cancer cells is their ability to evade growth-suppressing
signals. Various genes affecting cell cycle progression have been identified as
tumor suppressor genes, first of all p53 and pRB [212]. Progression through the
cell cycle is regulated through activation and inactivation of cyclin-dependent
kinase (Cdks) that form sequential complexes with cyclins A—E during the different
phases Gy, S, G, and M of the cell cycle. During G, phase, Cdk2—cyclin E and
Cdk4/6—cyclin D1 complexes promote entry into S-phase by phosphorylation of
PRB, thereby releasing the transcription factor E2F [213]. The activity of Cdks is
controlled by binding of Cdk inhibitors (CKIs) to Cdk—cyclin complexes. CKIs
p21, p27, and p57 preferentially interact with Cdk2— and Cdk4—cyclin complexes,
whereas CKIs p15™%*8 and p16™%** are more specific for Cdk4— and Cdk6—cyclin
complexes and block their interaction with cyclin D [213].

Interestingly, both DNA methylation and histone acetylation are involved in the
regulation of CKI expression, as exemplified with pl6™5#4 and p271</F//WAF!
pl 6INK#A (inhibitor of Cdk4, also known as CDKN2, CDK inhibitor 2) is genetically
inactivated by point mutations, deletion, or DNA methylation in about 50% of all
human cancers [214]. Hypermethylation of the p/6 promoter is frequently observed
in all major human malignancies, including hepatocellular carcinoma, primary
gastric carcinoma, Barrett’s esophagus and esophageal adenocarcinoma [214],
breast cancer [215], squamous cell carcinoma of the lung [216], colorectal cancer
[217], lymphoma [218], as well as tumors of the ovary, uterus, head and neck, brain,
kidney, bladder, and pancreas [219]. Murine p/6 knockout strains are more prone to
spontaneous tumorigenesis than wildtype littermates, whereas overexpression of
pl16 led to a threefold reduction of spontaneous cancers [220].

Several studies have investigated whether natural products were able to demeth-
ylate and reactivate p/6 in a wide variety of cancer cell lines. Fang et al. reported
demethylation and re-expression of p/6 in KYSES510 esophageal cancer cells and
HCT116 colon cancer cells after treatment with EGCG [37, 55]. These results could
not be confirmed in a subsequent study by Chuang et al. [56] using T24 bladder
cancer cells, HT 29 colon cancer cells, and PC3 prostate cancer cells. In A431
epidermoid carcinoma cells, EGCG decreased global methylation and inhibited
DNMT activity as well as expression of DNMT]I, 3a, and 3b, which led to the
reexpression of p/6 mRNA and protein [61]. Genistein treatment of KYSES510
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esophageal cancer cells resulted in dose-dependent and time-dependent demethyl-
ation and re-expression of p/6 [78]. In a study by Fini et al., intervention of RKO,
SW48, and SW480 colon cancer cells with an apple polyphenol extract also
resulted in p/6 promoter demethylation and mRNA or protein reexpression. This
was explained by downregulation of DNMT I and DNMT 3b protein expression in
RKO and SW480 cells [38]. Nordihydroguaiaretic acid (NDGA) was investigated
in RKO and T47D breast cancer cell lines. p/6 promoter demethylation and
reactivation was associated with reduced cyclin DI expression and RB phosphory-
lation, G cell cycle arrest, and increased senescence [96]. Phenylhexyl isothiocya-
nate (PHI) was initially identified as an HDAC inhibitor, as described below. Lu
et al. were able to demonstrate that intervention in RPMI8226 myeloma cells
reduced pl6 promoter methylation and induced cell cycle arrest in G phase [102].
p21, also known as CDK-interacting protein 1 (Cip1) or wild-type p53-activated
fragment 1 (WAF1), is encoded by the cyclin-dependent kinase inhibitor 1
CDKNIA gene locus [221-223]. p21 directly inhibits the activity of Cdk2/cyclin
E and functions as an adaptor protein for Cdk4/6/cyclin D complexes, thereby
modulating cell cycle progression at S-phase [224]. Overexpression of p2/ can lead
to G;-phase, G,-phase, or S-phase arrest, whereas p2 [ -deficient cells fail to undergo
cell cycle arrest in response to p53 activation after DNA damage [225]. In addition
to cell cycle regulation, p2/ is involved in regulation of cell differentiation,
senescence, gene transcription, apoptosis, and DNA repair (review in [223]). p2/
knockout mice are prone to development of spontaneous tumors [223]. In contrast
to pl6 or p53, mutations in p2/ are extremely rare (summarized in [225]). In
comparison to other tumor suppressor genes, methylation at the p2/ promoter
was not frequently observed in hematological malignancies [226]. p2] was
overexpressed after downregulation of DNMTs, but the mechanism of induction
might be independent of changes in promoter methylation and rather involve
competing interactions of DNMTs and p2/ with PCNA and enhanced stability
[224, 227]. p21 expression is more commonly regulated at the transcriptional
level, and chromatin structure controlled by histone acetylation seems to play an
important role. The p2/ promoter region contains binding sites for p53 and Sp1/3,
several E-boxes, and can be repressed by the oncogene c-Myc [224]. Inhibition of
HDAC activity, in addition to opening the chromatin structure, has been suggested
to lead to a release of HDAC1 from the p2/ promoter, thereby facilitating binding of
Sp1/3 and HATs p300 or PCAF. Indirectly, hyperacetylation of p53 through HDAC
inhibition may promote p2/ transcription by enhancing the affinity of p53 to the
p21 promoter (summarized in [224]). Alternatively, p2] expression can be tran-
scriptionally silenced through recruitment of CTIP2 (COUP-TF -interacting protein
2) and interactions with HDACs and histone methyltransferases (HMTs) [180].
Butyric acid (its sodium salt being referred to as “butyrate”) is a major short-
chain fatty acid produced by colonic fermentation of resistant starch and dietary
fiber. Butyrate was first described to inhibit HDAC activity in vitro and in cell
culture models more than 30 years ago. Initial work focused on its anti-proliferative
and differentiation-inducing effects in leukemia cell lines [228-230]. Since dietary
fiber consumption has been associated with colon cancer prevention [231], Archer
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et al. established a link between butyrate-mediated HDAC inhibition, p2/ induc-
tion, and cell growth inhibition in colon cancer cell lines [130]. Induction of p2/
mRNA and protein expression was also associated with histone hyperacetylation
and colon cancer prevention in 1,2-dimethylhydrazine-induced tumorigenesis in a
mouse model of colorectal cancer [133].

Dietary sources of selenium, such as Se-methyl-Se-cysteine (SMC) and
Se-methionine (SM), can be metabolized to a-methylselenopyruvate (MSP) and
a-keto-y-methylselenobutyrate (KMSB) with structural similarity to butyrate [156].
Consequently Nian et al. investigate HDAC-inhibitory potential of these a-keto
acid metabolites. MSP and KMSB caused a dose-dependent inhibition of human
HDACI and HDACS activities in vitro. Enzymatic kinetic studies and computa-
tional molecular modeling identified MSP as a competitive inhibitor of HDACS,
based on reversible interaction with the active site zinc atom. In human colon
cancer cells, MSP and KMSB dose-dependently inhibited HDAC activity and
increased global H3 acetylation and p2/ expression levels, which led to G,/M
cell cycle arrest and apoptosis induction [156]. In a seminal study published in
2004, Myzak et al. first suggested that sulforaphane (SFN) might possess HDAC-
inhibitory activity, based on the observation that SFN treatment caused p2/
upregulation and cell cycle arrest, similar to the activities of butyrate. SFN failed
to inhibit directly HDAC activity in cell-free systems in vitro. Rather, in silico
modeling indicated that SFN-Cys, an SFN metabolite, might possess HDAC inhib-
itory potential. Consistently, cell culture media after incubation with SFN contained
a metabolite able to inhibit HDAC enzymatic activity [169]. Further studies con-
firmed the HDAC inhibitory activity of SFN intervention in various human cancer
cell lines [169, 170, 174]. In human prostate cancer cells, SFN treatment increased
global histone acetylation, accompanied by locus-specific hyperacetylation of H3,
H4, or both at the p2/ promoter [170]. A study of SFN intervention in APCM"'*
mice underlined the relevance of HDAC inhibition for chemopreventive activity of
SFEN. A single dose of SFN lowered HDAC activity and transiently increased ac-H3
and ac-H4 levels in colonic mucosa of wild-type mice [176]. Long-term application
for 10 weeks produced similar effects in ileum, colon, prostate, and peripheral
blood mononuclear cells (PBMC). In APCY™'* mice, SEN treatment reduced tumor
multiplicity, increased ac-H3 levels, and ac-H3 occupancy at the p2/ and Bax
promoter in tumor samples, and induced expression of pro-apoptotic Bax [176].
Bax is a member of the Bcl-2 protein family of apoptosis regulators which play an
important role in mediating the intrinsic, mitochondrial pathway of apoptosis
induction [232, 233]. SFN reduced growth of androgen-independent human pros-
tate cancer cells in a xenograft model, and increased global histone acetylation in
prostate tissue and in xenografts [177]. In a human pilot study, three healthy
volunteers ingested 68 g of broccoli sprouts as a source of SFEN. After 3 h and 6 h
the intervention transiently induced strong hyperacetylation of H3 and H4 in
PBMCs, concomitant with HDAC inhibition. Both acetylation and enzyme activity
returned to normal levels by 24 and 48 h [178]. These findings support a role for
SFN as an HDAC inhibitor in vivo, with evidence for decreased HDAC activity in
various tissues, increased global histone acetylation, as well as enhanced
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localization of acetylated histones at specific promoters. These findings may also be
relevant for human cancer prevention.

Two additional isothiocyanates (ITCs), PEITC found in water cress [234, 235],
as well as the synthetic PHI were also confirmed as inhibitors of HDACsS,
suggesting that this might be a more common mechanism of ITCs. Exposure of
prostate cancer cells to PEITC significantly enhanced histone acetylation, cell cycle
arrest, and p53-independent up-regulation of CKlIs, including p2/ and p27 [158].
Similar to SEN and PEITC, PHI was first identified as an HDAC inhibitor and
inducer of cell cycle arrest, but was also shown to reduce p/6 promoter methylation
in myeloma cells [102]. HDAC inhibitory potential and chromatin modifications
were confirmed in human prostate and liver cancer, and leukemia and myeloma
cells. PHI affected both the expression as well as the activity of HDACI in LNCaP
and HL-60 cells [159, 160]. In leukemia cells, PHI treatment increased expression
of the HAT p300/CBP [161]. Increased levels of ac-H3 and ac-H4 were commonly
detected in all cell lines, as well as in bone marrow of AML patients [163]. This was
further associated with increased interaction of acetylated histones with the p2/
promoter, p2/ induction, Go/G; cell cycle arrest, and apoptosis induction
[160-162].

In addition to sulfur-containing ITCs, dietary organosulfur compounds found in
garlic and other Allium species such as diallyldisulfide (DADS) have been shown to
inhibit HDAC activity. After consumption, DADS is converted to the active metab-
olite S-allylmercaptocysteine (SAMC). Both compounds are further metabolized to
allyl mercaptan (AM) and other metabolites (reviewed in [121]). Induction of
histone acetylation by DADS and SAMC was first described in murine
erythroleukemia cells [236]. Interestingly, when testing HDAC inhibitory potential
in vitro, AM was more potent than the precursor compounds DADS and SAMC.
Nian et al. predicted direct binding of AM to the HDAC active site by in silico
docking studies and confirmed inhibitory potential in vitro and in cell culture.
HDAC inhibition by AM led to hyperacetylation of H3 and H4, enhanced ac-H3
association with the p2/ promoter, upregulation of p2/, and cell cycle arrest [123].
DADS treatment induced transient histone hyperacetylation followed by p2/ induc-
tion, cell-cycle arrest, and induction of differentiation and apoptosis in various
cancer cell lines (reviewed in [141]). Intracecal perfusion or intraperitoneal injec-
tion of DADS (200 mg/kg b.w.) to male rats also resulted in histone hyperace-
tylation in normal hepatocytes and colonocytes [142]. These data indicate that
effects on histone acetylation and downstream mechanisms induced by
organosulfur compounds may be relevant for preventive efficacy, although the
described effects observed both in vitro as well as in vivo require doses that
might not be reached by dietary consumption of Allium vegetables. Also, inhibition
of HDAC activity and histone hyperacetylation are transient effects. This may
suggest that the compounds or dietary sources have to be consumed regularly to
achieve long-term effects in vivo. Apicidin, a fungal metabolite, is a cyclic
tetrapeptide antibiotic with broad spectrum antiparasitic, antiprotozoal, and poten-
tial antimalarial properties [127]. Apicidin treatment at low microgram per milliliter
concentrations inhibited cell proliferation in a series of cancer cell lines. Apicidin



Cancer Chemoprevention and Nutri-Epigenetics: State of the Art and Future. . . 87

induced morphological changes, accumulation of ac-H4, and G, cell cycle arrest in
human cervical cancer cells. This led to induction of p2/ and gelsolin involved in
cell cycle control and cell morphology, respectively. Decreased phosphorylation of
Rb protein was indicative of Cdk inhibition. Interestingly, in contrast to the dietary
HDAC inhibitors described above, the effects of apicidin on cell morphology,
expression of gelsolin, and HDACI activity appeared to be irreversible [127]. So
far, apicidin has not been tested in animal models for chemopreventive activity.

In addition to these direct effects on HDAC activity, several chemopreventive
agents, including the soy isoflavone genistein, 3,3'-diindolylmethane (DIM) derived
from cruciferous vegetables, parthenolide, a sesquiterpene lactone from feverfew,
the fungal metabolite chaetocin, and EGCG have been described to modulate
histone acetylation by changing the expression of histone modifying enzymes.

In prostate cancer cell lines, genistein treatment caused an upregulation of
histone acetyl transferases (HATs) CREB-binding protein (CREBBP), p300,
PCAF, and HATI. This resulted in hyperacetylation of histones H3 and H4,
increased association of acetylated H3K4 with the transcription start sites of p/6
and p21, re-expression of p/6 and p21, and cell cycle arrest [153]. Indole-3-carbinol
(IC3) is the main hydrolysis product of the glucosinolate glucobrassicin [234].
Under low gastric pH conditions I3C is condensed to polycyclic compounds such
as DIM as the major condensation product [237]. In a study by Li et al., DIM
selectively induced proteasomal degradation of the class I histone deacetylases
HDACI, 2, 3, and 8 in human colon cancer cells in vitro and in tumor xenografts,
without affecting class Il HDACs. HDAC depletion resulted in re-expression of p21
and p27 and triggered cell cycle arrest in G,/M phase. Additionally, HDAC deple-
tion was associated with DNA damage and apoptosis induction [144]. Parthenolide
was described as an HDACi-like compound with ability to induce transient and
selective ubiquitination and proteasomal degradation of HDAC! in breast cancer
and other cancer cell lines, whereas other classes I and II HDACs were not affected.
Downstream effects were similar to those of HDACi, with p53-independent
upregulation of p2/ and global histone hyperacetylation. Downregulation of
HDAC1 involved the phosphoinositide-3-kinase-like kinase ATM (ataxia telangiec-
tasia), as siRNA-mediated knockdown of ATM severely affected parthenolide-
induced degradation of HDAC1. However, the exact mechanism how parthenolide
induces HDAC degradation via ATM is presently unknown [157].

In addition to increased histone acetylation through various mechanisms, inhi-
bition of repressive histone methylation marks also results in upregulation of p21.
Chaetocin, a fungal metabolite, was one of the first identified selective inhibitors for
the SUV39 class of HMTs targeting H3K9 (overview in [238]). H3K9
trimethylation is generally associated with repressed chromatin. Chaetocin treat-
ment of microglial cells transfected with a p2[-promoter reporter construct
repressed H3K9 trimethylation at the p2/ promoter, stimulated p2/ expression,
and induced cell cycle arrest [180].

Recent research indicates that EGCG may regulate expression of cell cycle
regulators p2/ and p27 and apoptotic proteins by influencing polycomb group
(PcG)-mediated histone modifications [184]. PcG proteins, including BMI-1 and
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EZH?2, are HMTs that increase H3K27 methylation leading to a repressed chroma-
tin conformation and enhanced cell survival. In skin cancer cells EGCG treatment
reduced levels of BMI-1 and EZH2, lowered H3K27me3 levels, and reduced cell
survival. This was associated with induction of cell cycle regulators and activation
of caspases and Bc/-2 family proteins. The inhibitory effects of EGCG on BMI-1
expression were corroborated by overexpression of BMI-1 [184]. EGCG treatment
of human epidermoid carcinoma cells reduced H3K9 methylation and concomi-
tantly increased H3 and H4 acetylation by HDAC inhibition. This was associated
with an upregulation of p/6 and p2/ mRNA and protein levels [61].

RassFIA (Ras Association Domain family 1, isoform A) is a candidate tumor
suppressor gene located on the chromosome 3p21.3 locus that is frequently
inactivated in cancer by loss of heterozygosity. RassF1A promoter methylation
and silencing have been described as the most frequent epigenetic change observed
in human cancers, including lung, breast, pancreas, kidney, liver, cervix, nasopha-
ryngeal, prostate, thyroid, and other cancers [239, 240]. Loss of RassFIA is
associated with advanced tumor stage and poor prognosis. Since RassFIA
hypermethylation is detectable in various body fluids including blood, urine, nipple
aspirates, sputum, and bronchial alveolar lavages, it may serve as a valuable
diagnostic or prognostic marker [239]. RassFIA knockout mice are viable and
fertile, but prone to spontaneous tumorigenesis [241]. RassF1A is involved in two
pathways commonly deregulated in cancer — cell cycle regulation and apoptosis
[239, 240]. Overexpression of RassF1A in vitro was found to inhibit accumulation
of cyclin D1, thereby blocking G,/S cell cycle progression [242].

Numerous studies have attempted to demethylate and reexpress RassFIA by
chemopreventive agents in vitro or dietary intervention in vivo. Most of these
studies have reported negative results. As summarized in Table 1 (Appendix),
genistein and seleno-p.L-methionine did not influence the methylation status of
RassF1A in prostate cancer cell lines in vitro [83, 111]. In a randomized 4-week
human intervention study with cruciferous vegetables or soy products in combina-
tion with green tea, neither treatments influenced methylation of RassFIA and a
series of other candidate genes in PMBCs of heavy smokers, whereas methylation
of the repetitive element Line! (long interspersed nuclear element) was slightly but
significantly increased [47]. Also, 4-week dietary intervention in 34 healthy
premenopausal women with daily doses of 40 or 140 mg isoflavones did not
influence RassFIA methylation in intraductal specimens [92]. Jagadeesh et al.
tested the effect of mahanine, a carbazole alkaloid found in some Asian vegetables,
in a series of prostate cancer and several other human cancer cell lines. Mahanine
treatment at low microgram per milliliter concentrations led to reexpression of
RassF1A, reduced expression of cyclin DI and inhibition of cell proliferation. The
authors did not investigate changes in RassFIA promoter methylation, but DNMT
activity in mahanine-treated prostate cancer cell lines was significantly reduced. In
a subsequent study, a synthesized mahanine derivative was equally or even more
effective as mahanine with respect to inhibition of PC-3 cell proliferation, DNA
synthesis, and DNMT activity, reactivation of RassFIA mRNA expression, and
downregulation of cyclin D1 [94]. The derivative was shown to act by sequestering
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DNMT3b, but not DNMT3a in the cytoplasm. Consistently, depletion of DNMT3b
was shown previously to cause RASSFIA reactivation, cell growth inhibition, and
apoptosis induction in cancer cell lines, but not in normal cells [14]. In Balb/c nude
mice, the mahanine derivative was not toxic after oral application at concentrations
up to 550 mg/kg. It reduced growth of PC-3 xenografts by 40% when applied at
10 mg/kg body weight every other day for 4 weeks. The influence of epigenetic
mechanisms for tumor growth inhibition was however not investigated [94].

8 Apoptosis

Tissue homeostasis is balanced by cell proliferation and cell death. Evading apo-
ptosis (programmed cell death) has been recognized as one of the hallmarks of
cancer cells [243]. Apoptosis can be triggered when cells sense abnormalities such
as DNA damage, imbalance in signaling by aberrant activation of oncogenes, lack
of survival factors, or hypoxia [243]. p53 is one of the most important pro-apoptotic
mediators involved in sensing DNA damage. It is lost or functionally inactivated in
more than 50% of all human tumors [243]. p53 activity is also epigenetically
controlled: deacetylation of p53 through SIRT! (silent information regulator 1), a
member of the sirtuin HDAC class III family, prevents p53-mediated
transactivation of cell cycle inhibitor p2/ and pro-apoptotic Bax, allowing promo-
tion of cell survival after DNA damage and ultimately tumorigenesis [193]. Inhibi-
tion of SIRTI should therefore lead to induction of apoptosis by counteracting the
deacetylation of p53 and other key factors such as FOXO3a. However, despite the
fact that SIRT1 can inactivate p53 and is upregulated in several human cancer
types, recent data suggest that SIRT1 is a tumor suppressor in vivo [244].

Two natural products, cambinol and dihydrocoumarin (DHC) have been
identified as SIRT inhibitors. The B-naphthol compound cambinol was identified
in a chemical screen and inhibits both SIRTI and SIRT2, whereas class I and II
HDACs were not affected [134]. Cambinol acts as a competitive inhibitor with
respect to the histone H4 peptide and as a non-competitive inhibitor with respect to
the co-substrate NAD™. In lung cancer cells, cambinol treatment in combination
with etoposide to induce DNA damage led to hyperacetylation of SIRT target
proteins such as p53, FOXO3a and Ku70. Deacetylation of these later proteins
promoted cell survival under stress, which was abrogated by inhibition of SIRT with
cambinol. BCL6 is a transcriptional repressor that is also deacetylated by SIRT. In
BCL6-expressing Burkitt lymphoma cells, treatment with cambinol induced apo-
ptosis, accompanied by hyperacetylation of BCL6 and p53. In vivo, cambinol
intervention at a dose of 100 mg/kg i.v. or i.p. inhibited growth of Burkitt lymphoma
xenografts in SCID mice and was well tolerated [134]. DHC, a component of
Melilotus officinalis (sweet clover), is frequently used in cosmetics or as a flavoring
agent. DHC was identified as an inhibitor of yeast Sir2p and human SIRT/ activity.
Treatment of human TK6 lymphoblastoid cells with DHC led to a dose-dependent
induction of ac-p53, cytotoxicity, and apoptosis [143]. Kahyo et al. attempted to
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identify novel inhibitors of sirtuins (S/RTs), also known as class IIIl HDACs. Using
acetylated p53 as a substrate, they identified the synthetic 3,2',3' 4'-tetrahydroxy-
chalcone as an inhibitor of SIRT activity and p53 deacetylation in vitro. Treatment
of human embryonic kidney cells with the chalcone induced hyperacetylation of
endogenous p53, increased p2] expression and suppressed cell growth. Since
HDAC inhibitory potential of the compound was not tested, it is difficult to
conclude whether p21 induction is indeed mediated via inhibition of SIRTI [135].

An alternative mechanism leading to hyperacetylation of p53 and apoptosis
induction is mediated through the activity of MTAI/HDACI! in the nucleosome
remodeling deacetylation (NuRD) complex. MTAI (metastasis-associated protein
1) expressed in various cancers has been associated with aggressiveness and
metastasis [165]. Kai et al. identified that treatment of prostate cancer cells with
resveratrol resulted in down-regulation of MTAI. This functionally blocked the
MTA/NuRD complex and led to hyperacetylation of p53, trans-activation of p21/
and Bax, and apoptosis induction. This effect was corroborated by knockdown of
MTAI and further enhanced by cotreatment with the HDACi suberoylanilide
hydroxamic acid (SAHA). These combination effects might present an innovative
therapeutic strategy for the management of prostate cancer [165].

The tumor suppressor PTEN (phosphatase and tensin homolog deleted on chro-
mosome 10) negatively regulates the phosphatidylinositol 3-kinase (PI3K)-AKT
pathway that transmits anti-apoptotic survival signals and regulates cell prolifera-
tion, growth and motility [245]. Downstream signaling is indirectly mediated via
transcription factors such as NF-kB and FOXO [245, 246]. Somatic PTEN deletions
and mutations, and epigenetic inactivation of PTEN by promoter methylation or
miRNA silencing are common in multiple tumor types. Silencing through epige-
netic mechanisms frequently occurs in breast, prostate, thyroid, and lung cancer,
glioma, and melanoma, whereas mutations and deletions are common in endome-
trium, bladder, kidney, colorectal cancer, and leukemias. PTEN "/~ was shown to
lead to early onset of prostate or mammary cancer in mouse models [245, 246].

PTEN is hypermethylated in breast cancer cell lines MCF-7 and MDA-MB-231.
Stefanska et al. analyzed whether PTEN silencing could be reversed in these cell lines
after incubation with the chemopreventive agents all-trans-retinoic acid (ATRA),
Vitamin D3, and resveratrol alone and in combination with nucleoside analogs such
as 2-chloro-2'-deoxyadenosine (2CdA), 9-B-p-arabinosyl-2-fluoroadenine (F-ara-A),
and 5-aza-2'-deoxycytosine (5-Aza) [104]. In MCF-7 cells with a methylation level
of about 30% at the PTEN promoter, incubation with all three natural products
resulted in demethylation and reexpression of PTEN. This was associated with
down-regulation of DNMTI and upregulation of p2/ after incubation with vitamin
D3 and resveratrol. The effects were further enhanced by co-incubation with 2CdA
and F-ara-A. In highly invasive MDA-MB-231 cells, the PTEN promoter was >90%
methylated. Only Vitamin D5 treatment was able to reduce methylation and to
enhance concomitantly expression of PTEN, whereas the combined treatment with
nucleoside analogs did not enhance efficacy [104]. Kikuno et al. investigated whether
genistein might suppress AKT signaling via epigenetic mechanisms. In prostate
cancer cell lines, genistein treatment led to reexpression of PTEN and consequential
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inactivation of AKT, resulting in induction of p53 and FOXO3a. Genistein treatment
also upregulated the endogenous NF-xB inhibitor CYLD and decreased constitutive
NF-kB activity. These effects were likely unrelated to inhibition of DNA methyla-
tion, as promoter regions of all of these factors were unmethylated in the investigated
cell lines. Rather, reexpression was associated with elevated H3K9 acetylation
(PTEN, CYLD, p53, and FOXO3a) and loss of H3K9 methylation (PTEN and
CYLD). H3K9 hyperacetylation could be associated with reduced expression and
nuclear localization of SIRTI after genistein treatment [154].

Death-associated protein kinase (DAPK) is a pro-apoptotic serine/threonine
kinase acting in the extrinsic death receptor-mediated pathway of apoptosis induc-
tion [233, 247]. DAPK is induced by p53 activation and in turn elevates p53
expression, supporting the existence of an autoregulatory feedback loop between
DAPK and p53 that controls apoptosis. In addition to apoptosis induction, DAPK is
also involved in the control of autophagy, which can lead to cell survival or cell
death depending on the cellular context (review in [247]). DAPK expression is
reduced in a wide range of cancer types by promoter methylation, including lung,
bladder, head and neck, kidney, breast, and B-cell malignancies. Detection of
DAPK methylation has been suggested as a useful prognostic biomarker for inva-
sive and metastatic potential [247]. DAPK is an NF-kB regulated gene.
Hypermethylation of DAPK might be mediated by a targeted recruitment of
DNMTs to RelB (a subunit of NF-kB)-regulated genes via Daxx, an apoptosis
regulator. DAPK function is also lost by deletion and point mutations [247]. In a
study by Fang et al. treatment of mouse lung cancer cells with EGCG in combina-
tion with trichostatin (TSA) or butyrate synergistically increased mRNA levels of
DAPK and retinoic acid receptor B (RARp), indicating a reversal of epigenetic
silencing. DAPK promoter methylation was not investigated in this study.

9 DNA Repair

Cancer genomes are characterized by accumulation of genomic instability and
chromosomal aberrations, associated with underlying defects in the DNA repair
machinery [248]. Important DNA repair genes, such as the mismatch repair gene
hMLHI and the DNA-alkyl repair gene MGMT (O°-methylguanine DNA
methyltransferase) are commonly inactivated in human cancers by CpG island
hypermethylation. Loss of AtMLH I expression by germ-line mutations and promoter
hypermethylation leads to microsatellite instability that is mainly associated with
hereditary non-polyposis colorectal cancer (HNPCC), but also observed in endo-
metrial and gastric tumors [249]. MGMT repairs promutagenic O°-methylguanine
adducts by transferring the methyl group to a cysteine residue in its active site.
Methylated MGMT is then degraded by the proteasome. MGMT has been shown to
be silenced by aberrant methylation in a large spectrum of human tumors, with
highest hypermethylation rates in tumors of the testis and colon, in retinoblastoma,
glioma, head and neck and cervical cancer, lymphoma, lung, esophageal, gastric
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and pancreatic cancer, and several further cancer types. It has been suggested that
silencing of MGMT is associated with 72% of the mutations observed in the p53
gene, and with 40% of the colon cancer cases induced through K-ras mutations
[250]. Noteworthy, although loss of MGMT expression contributes to tumorigenesis
and is a marker of poor prognosis, glioma patients with reduced MGMT activity
respond better to treatment with alkylating agents [251].

Several studies have investigated the effect of natural products on the methyla-
tion status and expression of repair genes. EGCG and genistein treatment resulted
in reduced MGMT and hMLHI promoter methylation and mRNA/protein re-
expression in human esophageal carcinoma cells [37, 55, 78, 252]. Incubation of
colon cancer cell lines with apple polyphenols also led to reexpression of hMLHI
by promoter hypomethylation due to reduced DNMT1 and DNMT3b protein expres-
sion [241]. This effect on DNA methylation may contribute to the colon cancer
preventive efficacy of apple polyphenols (reviewed in [253]). In the transgenic
adenocarcinoma of the mouse prostate (TRAMP) model, intervention with PEITC
given at a dose of 15 umol daily by gavage for 13 weeks significantly reduced
prostate tumor formation and lowered MGMT promoter methylation in tumor tissue
[101]. In the same model, intervention with 5-aza-2'-deoxycytidine (5-Aza) at a
dose of 0.25 mg/kg twice per week completely prevented prostate cancer develop-
ment at 24 weeks of age, whereas in 54% of the control mice poorly differentiated
prostate cancers were detected upon necropsy. Treatment with 5-Aza also
prevented lymph node metastases and dramatically extended survival compared
with control-treated mice. In tumor tissue, MGMT promoter methylation was
reduced by 5-Aza treatment, and MGMT mRNA expression was induced [254].

10 Inflammation and Regulation of NF-«kB

Epidemiological evidence indicates that chronic infections and subsequent inflam-
mation are causally linked to about 15-20% of all cancer deaths [255, 256].
Examples include chronic infections with Hepatitis B and C virus and risk for
hepatocellular carcinoma, infections with Helicobacter pylori and gastric cancer,
chronic inflammatory bowel diseases and colorectal cancer, and chronic airway
irritations and inflammation caused by tobacco smoke and lung cancer [255].
Chronic inflammatory conditions are characterized by the accumulation of inflam-
matory cells, which are recruited to the tumor tissue and contribute to the stromal
tumor microenvironment and the release of tumor-promoting pro-inflammatory
mediators [256]. These factors facilitate evasion from host defense mechanisms,
promote genomic instability, regulate growth, migration, and differentiation, alter
response to hormones and chemotherapeutic agents, and stimulate angiogenesis and
metastasis [256, 257].

One of the most important transcription factors controlling inflammatory
conditions is NF-kB [258]. NF-kB is a homodimer or heterodimer of members of
the NF-kB subunit family, consisting of RELA (also known as p65), RELB, REL,
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p50, and p52. All these members contain a REL homology domain that allows
DNA-binding and dimerization (for further detailed information refer to [255,
259]). During carcinogenesis, aberrant NF-xB activation regulates transcription of
anti-apoptotic genes, cyclins, and oncogenes that promote cell proliferation, pro-
angiogenic genes, as well as matrix metalloproteinases and cell adhesion genes
[259]. Interestingly, NF-xB activity is partly controlled by post-translational
modifications, including phosphorylation, acetylation, methylation, and ubiquiti-
nylation [259]. Reversible acetylation at lysine 310 mediated by the HAT p300 is
required for full trans-activating activity [260-262].

NF-kB has been extensively studied as a target for chemopreventive agents
[263]. Interestingly, recent research now establishes a link between NF-kB and
chemopreventive agents via an indirect epigenetic mechanism by inhibition of NF-
kB acetylation mediated by p300 HAT. Anacardic acid (6-nonadecyl salicylic acid)
isolated from cashew nut shell liquid was identified as the first natural product
inhibitor of p300 HAT activity. In a natural product screen it was found to inhibit
p300 and PCAF activities with ICs values of 8.5 and 5 uM, respectively [124]. In a
study by Sung et al., anacardic acid blocked NF-kB activation by TNF-o. and
a series of other stimuli and suppressed acetylation and nuclear translocation of
the NF-xB subunit p65. Anacardic acid-mediated effects could be mimicked by
down-regulation of p300 HAT by siRNA, indicating that p300 is a key mediator of
the effects of anacardic acid on NF-xB signaling. In cancer cell lines, anacardic acid
potentiated TNF-a-, cisplatin-, and doxorubicin-mediated apoptosis induction, and
strongly suppressed TNF-«-mediated upregulation of NF-kB target genes, includ-
ing the anti-apoptotic proteins Bcl-2, Bcl-xL, cFLIP, cIAP-1, and survivin, as well
as cyclin D1, c-Myc, Cox-2, VEGF, ICAM-1, and MMP9 involved in invasion and
angiogenesis. Based on these results, anacardic acid might be an interesting lead
compound for further development in cancer prevention [126]. Garcinol is a
polyisoprenylated benzophenone isolated from the Mangosteen tree Garcinia
indica Choisy (Clusiaceae) [264]. Garcinol was identified as a cell-permeable
inhibitor of PCAF and p300 HAT activities with ICs, values of 5 and 7 pM,
respectively. In HeLa cells, garcinol treatment repressed general histone acetylation
and induced apoptosis [151]. Similar to the activities of anacardic acid, garcinol
reduced the expression of various NF-xB target proteins, including anti-apoptotic
survivin, Bcl-2, XIAP, and cFLIP [265]. Although garcinol has previously been
reported to inhibit NF-kB, acetylation of p65 was not analyzed in this study.
Curcumin was identified as a specific inhibitor of p300/CBP in vitro and in cell
culture, whereas other histone-modifying enzymes, including PCAF, HDAC, and
HTM activities were not inhibited by curcumin. HAT inhibition was attributed to a
structural modification of p300, thereby preventing binding of histones or cofactor
acetyl-CoA. Curcumin also inhibited acetylation of p53 as a non-histone target of
p300/CBP [137, 138]. In Raji cells, curcumin treatment significantly down-
regulated levels of HDAC! and p300 protein and mRNA. Reduction was prevented
by co-treatment with MG-132, an inhibitor of the 26S proteasome [136]. Although
not specifically addressed in these studies, direct inhibition and down-regulation of
p300 might contribute to the well-known inhibition of NF-xB by curcumin [266].
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In a natural product screen, Choi et al. identified gallic acid from rose flowers, a
simple polyphenol found in various fruits, tea, and wine, as a novel inhibitor of p65
acetylation, leading to suppression of lipopolysaccharide (LPS)-induced NF-kB
signaling [149]. Gallic acid was found to inhibit uncompetitively p300 HAT
activity with an ICs, value of 14 uM. Other HATSs, such as PCAF and Tip60,
were inhibited to a lesser extent, whereas SIRTI, HDAC, and HMT activities were
not affected. In cell culture, gallic acid prevented p65 acetylation, binding to the IL-
6 promoter, activation of an NF-kB reporter construct by LPS, inhibited inflamma-
tory response to various stimuli, and downregulated the expression of NF-xB-
dependent inflammatory and anti-apoptotic proteins. Inhibition of p65 acetylation
was also confirmed in vivo in macrophages of LPS-stimulated mice [149]. The
same group also identified EGCG as a p300 inhibitor with similar effects on p65
acetylation and downstream pathways as described for gallic acid. Inhibition of p65
acetylation reduced EBV-induced B-lymphocyte transformation [147]. Recently,
they also reported that delphinidin, an anthocyanidin plant pigment isolated from
pomegranate (Punica granatum L.), potently inhibited p300 HAT activity and
suppressed pro-inflammatory signaling through inhibition of NF-xB acetylation in
synoviocyte cells and in T lymphocytes [140]. Interestingly, all three compounds
structurally share a 1,2,3-trihydroxybenzene moiety. The authors did not discuss
whether this structural feature might be important for the observed p300-inhibitory
activity. Overall these data demonstrate that acetylation of NF-kB seems to play an
important role in mediating downstream signaling events, and that regulation of p65
acetylation by inhibition of p300 might be an interesting target for chemoprevention.

11 Cell Signaling and Cell Growth

Normal cells do not proliferate without mitogenic stimulatory signals. Conse-
quently, “self-sufficiency in growth signals” was defined as one of the hallmarks
of cancer cells [243].

Androgen receptor (AR) signaling provides the most important growth stimulus
in hormone-dependent prostate cancer. Androgen action is mediated via circulating
testosterone levels. Free testosterone enters prostate cells and is converted by 5a-
reductase to dihydrotestosterone (DHT) with higher affinity to the AR than testos-
terone. AR is sequestered in the cytosol by complexation with heat shock proteins
(HSP) such as HSP90. After DHT binding, receptor dimerization, phosphorylation,
and nuclear translocation, the receptor-ligand complex binds to the androgen-
response element in promoter regions of androgen-responsive genes. This leads to
recruitment of co-activators, which then facilitate transcription of androgen-
sensitive target genes, resulting in increased proliferation and survival [267]. In
early stages of prostate cancer, androgen signaling primarily controls cellular
growth and proliferation [268], and therefore androgen ablation therapy is carried
out as a first line of treatment [269]. An initial response is often followed by an
androgen-resistant, lethal disease state. This transition has been attributed to
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aberrant reactivation of AR-signaling that is hypothesized to occur through multiple
mechanisms, including AR amplification, AR mutations, ligand-independent AR
activation, excessive production of co-activators, and enhanced local production
of androgens [270, 271].

Anti-androgen therapy is achieved by compounds binding to the androgen
receptor. Alternatively, compounds inhibiting Sa-reductase and the formation of
DHT (such as finasteride) are used, but their application in the prevention of
prostate cancer is controversial [272].

Chemopreventive agents might indirectly target AR signaling via epigenetic
mechanisms. HDAC6 was shown to deacetylate and activate non-histone proteins,
including the AR-chaperone heat shock protein 90 (HSP90). Basak et al. reported
that genistein treatment of LNCaP cells led to enhanced proteosomal degradation of
AR. Genistein downregulated the expression of HDAC6, which resulted in hyperace-
tylation of HSP90 and consequent dissociation of the AR. Genistein-mediated
effects of HDAC6 downregulation on AR were mimicked by HDAC6 siRNA.
These data indicate that prostate cancer preventive potential of genistein may be
mediated through modulating the complex of HDAC6 with HSP90 and AR [152].
Similarly, SFN treatment of LNCaP cells induced rapid hyperacetylation of HSP90
and dissociation of the AR by inhibition of HDAC6 activity. AR degradation led to
decreased expression of AR target genes such as prostate specific antigen (PSA) and
the androgen-regulated fusion of TMPRSS2 with the oncogene ERG. SFN-mediated
effects on AR were mimicked by HDAC6 siRNA or treatment with TSA, whereas
overexpression of HDAC6 restored the effects of HDAC6 inhibition. Therefore,
similar to genistein [152], SFN may act as a prostate cancer preventive agent by
affecting the complex of HSP90-AR through HDAC6 inhibition [171]. Recently,
EGCG was shown to affect acetylation of AR via inhibition of HAT activity. This
was associated with reduced acetylation and nuclear translocation of AR, leading to
inhibition of cell proliferation, especially in hormone-dependent prostate cancer
cells [148]. In summary, these indirect epigenetic mechanisms might be interesting
tools to counteract androgen signaling as a means for prostate cancer prevention.

Whnt signaling plays an important role during embryonic tissue development and
tissue homeostasis in adults. Aberrant Wnt signaling has been implicated in cancer
development in various organs, including colon, skin, liver ovary, breast, and lung
[273]. The main function of canonical Wnt signaling is controlling the levels of the
transcriptional co-activator 5-catenin. In the absence of Wnt, f-catenin levels in the
cytosol are regulated through interaction and complex formation with the scaffold-
ing protein Axin, APC (the gene product of the adenomatous polyposis coli gene),
casein kinase (CK1), and glycogen-synthase kinase 3 (GSK3f3). Phosphorylation
by CK1 and GSK3f; marks f-catenin for ubiquitinylation and degradation through
the proteasome. Under these conditions, f-catenin levels in the nucleus are low, and
Wht-target genes are repressed by binding of the Tcf/Lef (T cell factor/lymphoid
enhancer factor) family of proteins in conjunction with Groucho corepressors
[274]. Binding of a Wnt ligand to the transmembrane receptor Frizzled activates
the Wnt signaling pathway and ultimately results in the recruitment of Axin to the
membrane. Consequently, the CKI/APC/GSK3f destruction complex gets
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disrupted, and f-catenin is stabilized, accumulates in the cytosol, and finally
translocates to the nucleus, where it interacts with Tcf/Lef and activates the tran-
scription of Whnt target genes, including c-Myc, cyclin DI and many others [274].

Components of the Wnt signaling pathway are mutated or altered in over 90% of
human colorectal cancers and in high fractions of other cancer types. In addition to
these genetic alterations, endogenous Wnt antagonists that inhibit Wnt signaling
through direct binding to Wnt are frequently disrupted by DNA methylation in
various cancers. These include secreted frizzled-related proteins (sFRPs) and Wnt-
inhibitory factor 1 (WIF-1) [274].

Several recent studies indicate that the chemopreventive agents EGCG, genis-
tein, and black raspberries reactivate silenced Wnt pathway antagonists by pro-
moter demethylation [41, 60, 80]. In lung cancer cell lines treated with EGCG,
promoter methylation of WIF-1 was potently reduced, resulting in reexpression of
WIF-1. This was associated with decreased f-catenin levels and reduced Tcf/Lef
reporter activity, indicating that EGCG can inhibit aberrant Wat signaling in vitro
[60]. Wang and Chen reported variable methylation and expression levels of the
Wht receptor ligand Wnt5a in colon cancer cell lines [80]. In the SW1116 cell line
derived from an early stage colorectal cancer, Wnt5a promoter methylation
correlated with lowest expression compared to cell lines derived from later stage
tumors that were not methylated. Treatment with genistein reduced SW1116 cell
viability by about 80%. Under these conditions, Wnt5a mRNA levels increased
upon treatment, accompanied by about a 10% decrease in Wnt5a promoter methyl-
ation [80]. Dose-dependent effects were not analyzed in this study.

Wang et al. performed a small human Phase 1 pilot study with 20 colorectal
cancer patients to investigate the effects of intervention with 60 g/day freeze-dried
black raspberries (BRB) for 1-9 weeks on biomarkers of colorectal cancer [41].
Promoter sequences of Wnt-inhibitory genes WIF1, sFRP2, and sFRP4, as well as
pl6 and the developmental gene PAX] were analyzed for methylation changes.
Also, expression of downstream Wnt target genes, including f-catenin, E-cadherin,
and c-Myc, as well as of markers of proliferation, apoptosis, and angiogenesis, was
measured in colorectal cancer and adjacent normal tissue. At least a 4 weeks
intervention was necessary to detect a significant reduction in promoter methylation
of sFRP2 and Pax6 in both normal and tumor tissue, comparing samples from
before and after intervention. In tumor tissue, promoter methylation of WIFI was
also significantly lower in the group with higher BRB uptake than in the group with
uptake for only about 2 weeks. Reduced methylation levels correlated with lowered
expression of DNMT] in both normal and tumor tissue in the high BRB dose group.
Overall, demethylation of Wnt inhibitors led to reduced expression of f-catenin,
E-cadherin, and Ki67 as a proliferation marker in tumor tissue, and induced apoptosis
[41]. This is one of the first studies demonstrating modulation of epigenetic markers
and downstream effects in human target tissue after chemopreventive intervention.

Interestingly, a study by Huang et al. indicates that Wnt inhibitory genes are
repressed not only by DNA methylation but also by histone lysine methylation. As
outlined above, histone lysine methylation is regulated by the balance between
HMT and HDMs (compare also Fig. 3). LSDI is a FAD-dependent amine oxidase
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which demethylates mono-methylated and di-methylated H3K4 as part of a
multiprotein co-repressor complex and thereby broadly represses gene expression
([187] and references cited therein). Since LSD/ has high homology with mono-
amine and polyamine oxidases and histone lysine residues resemble polyamines,
Huang et al. tested the hypothesis that polyamine analogs might inhibit LSD/
activity and lead to reexpression of epigenetically silenced genes. Treatment of
colon cancer cells with polyamine analogs indeed resulted in re-expression sFRP1,
SFRP4, sFRPSs, and transcription factor GATAS [186]. This was accompanied by a
dose-dependent global increase in H3K4mel and H3K4me2 levels and enhanced
occupancy of these activating histone marks and H3K9ac at the promoters of
all re-expressed genes, whereas binding of the repressive marks H3K9mel and
H3K9me?2 was reduced. Knockdown of LSD1 by siRNA recapitulated the effects of
the LSD1 inhibitors on sFRP and GATAS gene expression [186]. These results were
further strengthened by a follow up study that identified two decamine analogs,
PG11144 and PG11150, as LSD] inhibitors with similar effects on histone methyl-
ation and sFRP reexpression leading to reduced proliferation and apoptosis induc-
tion in colon cancer cell lines. Combined treatment with PG11144 and 5-Aza
strongly repressed tumor growth of HCT116 colon cancer xenografts [187].
These data indicate the potential value of LSD/ inhibitors for the reactivation of
silenced genes in cancer prevention or therapy.

WTERT is a catalytic subunit of the enzyme telomerase, which is often
upregulated in cancer cells. Telomerase activity is responsible for the maintenance
of telomeres which protect chromosome ends from degradation and repair activities
to ensure chromosomal stability. Loss of telomeres is associated with ageing,
whereas gain of telomerase activity during carcinogenesis enables unlimited cell
division [275]. Sequence variations at the A”TERT locus on chromosome 5 have been
associated with many types of cancer, including acute myelogenous leukemia and
tumors of the lung, bladder, prostate, cervix, and pancreas (review in [275]). ATERT
transcription is repressed through binding of the repressor E2F to its promoter
region. In tumor cells, methylation at the E2F binding site prevents E2F binding,
contributing to elevated expression [54].

ATRA treatment is used in differentiation therapy of leukemia. In human
promyelocytic leukemia (HL60) and human teratocarcinoma (HT) cells, ATRA
treatment induced cell differentiation and led to progressive histone
hypoacetylation. This was coupled with gradual accumulation of ”TERT promoter
methylation, reduced hTERT expression, and lower telomerase activity [107].
hTERT methylation was not influenced by ATRA treatment in SKBr3 breast cancer
cells [276]. In two studies with estrogen receptor (ER)-positive and negative breast
cancer cell lines in comparison with an immortalized breast epithelial cell line,
treatment with EGCG or a prodrug of EGCG with enhanced bioavailability and
stability differentially reduced promoter methylation of ATERT at selected CpG
sites in the cancer cell lines. This allowed enhanced binding of the E2F repressor
measured by chromatin immunoprecipitation (ChIP), and reduced expression of
hTERT mRNA. Concomitantly, cell proliferation was reduced in the cancer cell
lines by apoptosis induction [54, 62]. Similarly, genistein treatment inhibited
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hTERT transcription by increasing the binding of the repressor E2F-1 to the htTERT
core promoter. This was facilitated by site-specific hypomethylation of the E2F-1
binding site. Reduced methylation was concomitant with genistein-mediated
downregulation of DNMT expression [81]. Only recently Meeran et al. identified
SEN as a DNA demethylating agent. SFN treatment of breast cancer cell lines
inhibited telomerase activity and repressed ”TERT mRNA expression. SEN inter-
vention reduced DNMTI! and DNMT3a protein expression and significantly
lowered hTERT methylation at CpG sites in exon 1. These sites were identified as
binding region for the transcription factor CTCF that is also known to act as an
hTERT repressor. Activating histone marks, including ac-H3, H3K9ac, and ac-H4,
were enhanced at the h”TERT promoter, whereas the inactivating marks H3K9me3
and H3K27me3 were decreased. SFN-induced histone hyperacetylation facilitated
binding of hTERT repressors MADI and CTCF and decreased binding of c-Myc.
The importance to CTCF for SFN-mediated effects was demonstrated by knock-
down of CTCF that restored ATERT expression and decreased the apoptosis-
inducing potential of SFN. In addition, SEN treatment inhibited HDAC activity
and may modulated histone methylation by increased expression of the histone
demethylase RBP2 [173, 178].

12 Cell Differentiation

Retinoid acid receptors (RAR) belong to the steroid hormone receptor superfamily
of nuclear receptors that play important roles in embryonic development, mainte-
nance of differentiated cellular phenotypes, metabolism, and cell death. Dysfunc-
tion of nuclear receptor signaling is implicated in the development of proliferative,
reproductive or metabolic diseases such as obesity, diabetes, and cancer [277].
Genetic studies have identified three isoforms of RAR, namely RARu, RARf, and
RAR7y, that are activated by binding of ATRA and function as heterodimers with a
member of the 9-cis retinoic acid receptor (RXR) family represented by RXRu,
RXRf, and RXRy. RXR heterodimerization with RARs or other steroid hormone
receptors allows fine-tuning of nuclear hormone receptor signaling [277].

Alterations in RAR function may contribute to cancer development in two ways.

A fusion of RARo with the promyelocytic leukemia (PML) gene caused by
translocation of RAR« leads to formation of a PML-RARo. fusion protein that acts
as a co-repressor of ATRA-responsive genes and is involved in the development of
acute promyelocytic leukemia (APL). This defect is efficiently treated by differen-
tiation therapy with ATRA. Some ATRA-resistant leukemia cells fail to respond to
ATRA treatment [278]. Treatment of these ATRA-refractory APL blasts with
ATRA plus HDAC inhibitors or with demethylating agents restored ATRA sensi-
tivity and cell differentiation [226].

RARp has been identified as silenced by promoter methylation in various tumor
types, including colorectal, breast, prostate, head and neck, stomach, and liver
cancer, and lymphoma (overview in [279]). Combination of ATRA with natural
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or synthetic DNMT or HDAC inhibitors has been suggested to facilitate
reexpression of RARfS and may provide beneficial effects for chemoprevention
[280]. This was recently demonstrated by the combined intervention with ATRA
and butyrate as an HDAC:I in colon cancer cell lines that led to demethylation and
reexpression of RARf. Butyrate treatment alone resulted in demethylation of single
CpG sites in the RARP promoter. Its effect on RAR[} reexpression was further
enhanced by cotreatment with the soy isoflavone genistein alone or in combination
with ATRA [42]. Loss of expression of the RARfS2 gene is commonly observed
during breast carcinogenesis. ATRA therapy failed to induce RARf2 in primary
breast tumors if the RARSP2 promoter was methylated. When breast cancer cell
lines were treated with ATRA alone or in combination with trichostatin A (TSA) to
induce histone acetylation, reactivation of RARB2 transcription was facilitated,
accompanied by inhibition of cell growth and apoptosis induction [105, 110].
Treatment of APL cells with ATRA reduced RAR[32 promoter methylation linked
with RAR2 mRNA reexpression [106]. In the same cell line, Nouzawa et al. were
unable to detect ATRA-mediated alterations in RARf CpG island methylation.
However, following ATRA-induced differentiation, more than 100 CpG islands
within 1 kB of transcription start sites of a known human gene became
hyperacetylated [108]. Tang et al. investigated the effect of ATRA at two
concentrations alone and in combination with 5-Aza on carcinogen-induced oral
cavity carcinogenesis in mice. Both compounds alone and in combination reduced
the average number of oral lesions per mouse; combined treatment additionally
reduced severity of tongue lesion. Reduction of RARS2 mRNA expression in
tongue tissue as a consequence of the carcinogen treatment was partly prevented
by the combined intervention, whereas carcinogen-induced Cox-2 and c-Myc
mRNA expression was inhibited [281].

In studies with natural products, treatment of esophageal cancer cell lines with
EGCG led to demethylation and reexpression RAR 82 in a time-dependent and dose-
dependent manner [37, 55]. Similar effects were observed with genistein in the
same cell line [78]. In breast cancer cell lines, Lee et al. reported a slight reduction
of RARf2 promoter methylation by EGCG intervention [44]. Also, treatment with
two coffee polyphenols, caffeic acid and chlorogenic acid, led to a partial demeth-
ylation of the RAR 32 promoter. Both compounds were potent inhibitors of DNMT
activity in vitro [43]. King-Batoon et al. investigated the effects of /ycopene and
genistein on RAR[32 methylation in breast (cancer) cells. A single low dose of
lycopene, a caroteinoid isolated from tomatoes, reduced RAR 32 and HIN promoter
methylation in immortalized MCF10A human breast cells, but not in MCF-7 breast
cancer cells [79]. The mechanism of DNA demethylating activity was not further
investigated. In the same study, genistein treatment did not result in demethylation
of the RAR 2 promoter in MCF-7 and MDA-MB468 breast cancer cell lines [79].
In a 4-week human intervention trial in 34 healthy premenopausal women, soy
isoflavones at two doses led to dose-dependent changes in RARS2 and CCND2
promoter methylation in mammary tissue. Before treatment, methylation levels of
both genes were very low. The low dose of isoflavones further reduced methylation,
whereas the high dose weakly increased methylation levels of both genes [92].
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Jha et al. investigated RARf2 promoter methylation in cervical cancer cell lines
[51]. Both genistein and curcumin resulted in demethylation of the RARS2 pro-
moter and led to the reactivation of the gene, especially after incubation for 6 days.
Concomitantly with reduction of RAR[2 promoter methylation, both compounds
induced apoptosis in the cervical cancer cell lines at higher concentrations [51].
Since DNMT bears a cysteine in its active center, Lin et al. speculated that
disulfiram as a thiol-reactive dithiocarbamate might inhibit DNMT activity. Disul-
firam is an inhibitor of aldehyde dehydrogenase currently used clinically for the
treatment of alcoholism [282], and has been shown to prevent chemically-induced
carcinogenesis in various animal models. Lin et al. demonstrated that disulfiram
dose-dependently inhibited DNMT! enzyme activity in vitro. In prostate cancer cell
lines, global levels of Sme-C decreased upon disulfiram treatment. At the same
time, disulfiram intervention decreased APC and RAR 32 promoter methylation and
led to reexpression of the genes. Cell growth and clonogenic survival of prostate
cancer cell cultures were inhibited in vitro. In vivo, there was a trend for reduced
growth of prostate cancer xenografts. So far, a direct causal relationship between
tumor growth inhibition and demethylating effects has not been established. Volate
et al. analyzed the effect of green tea intervention on azoxymethane-induced colon
carcinogenesis in the APCY"™* mouse model that is characterized by a defect in
Whnt signaling due to a mutation in the APC gene [64]. Intervention with green tea as
a 0.6% solution for 8 weeks significantly reduced the number of colonic tumors by
28%. Expression of f-catenin and cyclin D1 as a Wnt target gene was reduced in
tumors of the green tea group. Interestingly, RXRx expression was selectively
downregulated early during colon carcinogenesis due to an increase in promoter
methylation, whereas other retinoic acid receptors (RAR«, RARf, RXRf3, and RXR7y)
were all expressed. RXRa silencing was independent of f-catenin, and could be
reversed by green tea intervention [64]. This study showed that dietary levels of
GTP were sufficient to reexpress silenced RXRo at the mRNA and protein level and
to inhibit colon carcinogenesis.

13 Summary and Conclusions

As outlined above, major cellular pathways and cell functions, including drug
metabolism, cell cycle regulation, potential to repair DNA damage or to induce
apoptosis, response to inflammatory stimuli, cell signalling, cell growth control and
differentiation, become deregulated during carcinogenesis by defects in epigenetic
gene regulation. These include, among others, silencing by promoter methylation of
detoxifying enzymes, tumor suppressor genes, cell cycle regulators, apoptosis-
inducing and DNA repair genes, nuclear receptors, signal transducers and transcrip-
tion factors, as well as modifications of histones and non-histone proteins such as
pS3, NF-xB, and HSP90 by acetylation or methylation. Accumulating evidence
indicates that dietary chemopreventive agents can prevent or reverse these
alterations by affecting global DNA methylation, reexpressing tumor suppressor
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genes silenced by promoter methylation, and upregulating genes by altering histone
and non-histone acetylation and methylation, at least in cell culture systems.

There are several challenges for future nutri-epigenetic research in cancer

chemoprevention:

1.

A definite link between cancer chemopreventive efficacy in animal models or
human pilot studies and targeting of epigenetic mechanisms is often missing.
Future investigations will have to demonstrate that chemopreventive efficacy is
mediated by epigenetic gene regulation.

. Some of the described nutri-epigenetic effects appear to be cell type or organ-

specific. Underlying mechanisms for these differences have not yet been
addressed.

. Given the fact that epigenetics plays an important role in gene regulation during

development, timing of dietary chemopreventive interventions might be critical
to target epigenetic deregulation during tumorigenesis. Epigenetic alterations
are considered as early events during cancer development. Consequently,
interventions with chemopreventive agents might have to start early after birth
to be most effective, and cancer preventive effects through epigenetic
mechanisms might have been underestimated in studies performed so far. The
question of “critical time windows” for application should be addressed in more
detail in the future, both in direction of cancer prevention and with respect to
potential harmful effects.

. Frequency of application might also be a critical determinant of

chemopreventive efficacy. Several studies have reported that inhibition of
HDACS and consequent histone hyperacetylation is a transient effect. Although
these activities have been demonstrated in rodent models and in humans, it is not
yet clear whether occasional consumption of dietary HDAC inhibitors, for
example from cruciferous vegetables would result in long-term epigenetic regu-
lation of gene expression and downstream chemopreventive effects. This also
applies to other epigenetic mechanisms.

. Some interventions are apparently more effective when applied in combination,

as exemplified by the combined application of ATRA with DNMT or HDAC
inhibitors. This aspect has not been systematically investigated in nutri-
epigenetics, but might be relevant when comparing activities of isolated
compounds with complex extracts or food items.

. Most investigations on epigenetic effects have so far only been performed in a

targeted candidate gene approach. It becomes more and more clear that epige-
netic gene regulation is coordinated in an intricate network and involves a
crosstalk between effects on DNA methylation, histone modifications, and
miRNA expression. To understand fully the potential impact of epigenetic
gene regulation and to target it for chemoprevention, we need to consider the
epigenome as an interactive three-dimensional system. Future investigations on
DNA methylation changes and the modulation of activating and repressive
histone marks at a genome-wide level will improve our understanding of mech-
anistic links. These analyses will also provide important clues as to whether
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nutri-epigenetic effects are specific for certain pathways or selective for subsets
of genes. The emergence of novel technologies such as next-generation sequenc-
ing for genome-wide assessment of DNA methylation and localization of histone
marks, the expected drop in sequencing costs, and the development of bioinfor-
matic tools to integrate systematically available information will facilitate this
type of analyses in future chemoprevention studies.
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A Perspective on Dietary Phytochemicals and
Cancer Chemoprevention: Oxidative Stress,
Nrf2, and Epigenomics

Zheng-Yuan Su, Limin Shu, Tin Oo Khor, Jong Hun Lee, Francisco Fuentes,
and Ah-Ng Tony Kong

Abstract Oxidative stress is caused by an imbalance of reactive oxygen species
(ROS)/reactive nitrogen species (RNS) and the antioxidative stress defense systems
in cells. ROS/RNS or carcinogen metabolites can attack intracellular proteins, lipids,
and nucleic acids, which can result in genetic mutations, carcinogenesis, and other
diseases. Nrf2 plays a critical role in the regulation of many antioxidative stress/
antioxidant and detoxification enzyme genes, such as glutathione S-transferases
(GSTs), NAD(P)H:quinone oxidoreductase 1 (NQO1), UDP-glucuronyl transferases
(UGTs), and heme oxygenase-1 (HO-1), directly via the antioxidant response ele-
ment (ARE). Recently, many studies have shown that dietary phytochemicals possess
cancer chemopreventive potential through the induction of Nrf2-mediated antioxi-
dant/detoxification enzymes and anti-inflammatory signaling pathways to protect
organisms against cellular damage caused by oxidative stress. In addition, carcino-
genesis can be caused by epigenetic alterations such as DNA methylation and histone
modifications in tumor—suppressor genes and oncogenes. Interestingly, recent studies
have shown that several naturally occurring dietary phytochemicals can epigeneti-
cally modify the chromatin, including reactivating Nrf2 via demethylation of CpG
islands and the inhibition of histone deacetylases (HDACs) and/or histone
acetyltransferases (HATs). The advancement and development of dietary
phytochemicals in cancer chemoprevention research requires the integration of the
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known, and as-yet-unknown, compounds with the Nrf2-mediated antioxidant, detox-
ification, and anti-inflammatory systems and their in vitro and in vivo epigenetic
mechanisms; human clinical efficacy studies must also be performed.

Keywords Antioxidant response - Inflammation - Keapl - Nrf2
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1 Introduction

Cancer chemoprevention is a major cancer preventive strategy that utilizes naturally
occurring dietary phytochemicals or therapeutic drugs with relatively low toxicity.
Phytochemicals, along with physical activity and mental relaxation, can inhibit,
retard, or reverse carcinogenesis. With the advent of modern technology and instru-
mentation, many studies on dietary phytochemicals have been performed, including
studies on their chemistry, biological activities, and mechanisms of action at the
cellular level, in in vivo animal model systems, and in clinical trials. Carcinogenic
species, such as environmental pollutants, dietary mutagens and radiation, may
result in the production of reactive oxygen species (ROS) and/or reactive nitrogen
species (RNS), which further react with cellular molecules such as proteins, lipids, and
DNA to induce carcinogenesis. Dietary phytochemicals not only directly scavenge
ROS/RNS but also indirectly remove carcinogenic reactive intermediates via the
transcription factor Nrf2 [nuclear factor erythroid 2 p45 (NF-E2)-related factor 2]
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antioxidant and detoxification system. When Nrf2 is released from Kelch-like
ECH associated protein 1 (Keapl) and translocates to the nucleus, Nrf2 binds to
antioxidant responsive elements (AREs) in the promoter/enhancer region of phase II
detoxification and antioxidant enzyme genes with the Maf protein. Recent research
has also shown that the reactivation of Nrf2 might be regulated by dietary
phytochemicals through epigenetic modifications such as DNA methylation and
histone modification. In this review we will summarize the correlations among
oxidative stress, Nrf2 and cancer. The cancer chemopreventive effects of dietary
phytochemicals on the activation of Nrf2-mediated antioxidant, detoxification and
anti-inflammatory systems through Nrf2—-Keap 1 and epigenetic pathways will also be
discussed with regard to their roles in blocking the initiation of carcinogenesis.

2 Oxidative Stress and Cancer

2.1 Oxidative Stress

Free radicals are molecules or molecular fragments containing one or more
unpaired electrons. The human body is under attack from free radicals, including
superoxide (O, e ), nitric oxide (NO) and hydroxyl ions (OH e ) [1]. Hydrogen
peroxide, superoxide, and hydroxyl radicals are more generally known as ROS
generated as byproducts of the metabolism of oxygen, whereas nitrite, nitrate,
and peroxynitrite, referred to as RNS, are generated as the products of NO
metabolism [2]. ROS/RNS are generated through various processes, including
mitochondria-catalyzed electron transport reactions, UV irradiation, X-rays and
gamma rays, inflammatory processes, lipid peroxidation (LPO), and environ-
mental pollutants [3].

Oxidative stress is an imbalance between the generation of ROS/RNS and the
antioxidative stress defense systems [4, 5]. Cumulatively produced ROS/RNS in the
body induce a cellular redox imbalance and subsequent biomolecular damage.
Oxidative stress is a common pathogenic mechanism in aging and the development
of various types of cancers and neurodegenerative diseases, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS)
[6, 7].

2.2 Oxidative Stress and Cancer

Reactive species are well recognized for playing a dual role as both deleterious and
beneficial species. ROS/RNS are important intracellular signaling molecules that
play key roles in various physiological processes, including apoptosis [8]. ROS/
RNS can regulate Bcl-2 expression levels, thereby impacting the function of Bcl-2
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to induce cell death through the necrotic or apoptotic pathway [8]. Apoptotic
regulation involves receptor activation, a change in the expression levels of the
Bcl-2 family of proteins, caspase activation, and mitochondrial dysfunction [9].
C-Jun N-terminal kinase (JNK), or stress-activated protein kinase (SAPK),
members of the mitogen-activated protein kinase superfamily (MAPK), are also
involved in ROS/RNS-mediated cell death [10]. When at low to moderate
concentrations, ROS may induce cellular senescence and apoptosis and play a
beneficial physiological role as antitumorigenic species [11, 12]. However, ROS
act as second messengers in signal-transduction pathways [13] and are considered
to be important mediators of damage to cell structures, including lipids and
membranes, proteins, and DNA [14].

Increased levels of reactive species are associated with oncogenic stimulation,
and oxidative stress can be considered an important class of carcinogen [11].
Chronic inflammation is associated with an increased risk of various types of
human cancers, and inflammation is associated with the induction of oxidative/
nitrosative stress and LPO, which generate excess ROS/RNS and DNA-reactive
aldehydes [15]. Cancer development is characterized by the cumulative action of
multiple events in a single cell with initiation, promotion, and progression stages;
the ROS are involved in all stages [16].

The initiation stage involves a non-lethal mutation in DNA [17]. Both ROS and
RNS have been shown to be involved in DNA damage [18, 19]. The DNA
mutations caused by reactive species include point mutations, deletions, insertions,
chromosomal translocations, crosslinks, and other modifications. An early study
demonstrated that DNA alterations by oxidative stress through 8-hydroxyguanine
(8-OH-G) mutations, which may arise from the formation of 8-OH-dG, involve the
GC — TA transversion [17]. This type of modified DNA is relatively easily
formed, is mutagenic and carcinogenic, and can be used as a potential biomarker
of carcinogenesis [20]. Direct DNA damage or genomic instability coupled with
altered gene expression and changes in protein conformation occur simultaneously
in cancer development [12].

The promotion stage is characterized by the clonal expansion of initiated cells by
the induction of cell proliferation and the failure to induce cell death. A high level
of oxidative stress is cytotoxic and induces cell apoptosis or necrosis. However, if
the oxidative stress is present continuously at a relatively low level, cell division
and subsequent tumor growth is stimulated [21]. Progression is an irreversible stage
of the carcinogenic process. Further genetic damage and the disruption of chromo-
some integrity occur at this stage, corresponding to a cell transition from benign to
malignant [21, 22].

2.3 The Antioxidant Defense System in Carcinogenesis

Antioxidants may be characterized as acting either through the inhibition of ROS
generation or through the direct scavenging of free radicals [12, 23]. In living
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organisms the effects of ROS/RNS are balanced by the antioxidant action, which is
composed of both enzymatic and nonenzymatic antioxidants. Antioxidants directly
remove free radicals and maintain the intracellular redox status [24].

The nonenzymatic antioxidants include vitamin C (L-ascorbate), vitamin E,
carotenoids, selenium, flavonoids, and thiol antioxidants such as glutathione,
thioredoxin (Txn), and lipoic acid. [11, 17, 25]. Vitamin C is a water-soluble
antioxidant and an enzyme cofactor present in plants and some animals. Humans
must obtain vitamin C through the diet because of the inability to synthesize this
nutrient endogenously. There are two chemical forms of vitamin C: the reduced
form (ascorbic acid, AA) and the oxidized form (dehydroascorbic acid, DHA).
Reduced AA is the more predominant chemical structure in the human body, and it
is a potent antioxidant that efficiently quenches damaging free radicals. Many
in vivo studies have shown a beneficial role of vitamin C in cancer prevention
and treatment [26]. However, at high concentrations, vitamin C also serves as a pro-
oxidant promoting ROS levels [26]. Vitamin C can also cooperate with vitamin E to
regenerate alpha-tocopherol radicals in membranes and lipoproteins [27]. Vitamin
E is a fat-soluble vitamin that exists in eight different forms, and this vitamin also
serves as both an anti- and a pro-oxidant via different mechanisms [26].

The enzymatic antioxidants include superoxide dismutases (SODs), catalase,
and glutathione peroxidases (GPxs) [27]. SODs are the major antioxidant defense
systems against O, e and consist of three isoforms in mammals: SODI1 (the
cytoplasmic Cu/ZnSOD), SOD2 (the mitochondrial MnSOD), and SOD3 (the
extracellular Cu/ZnSOD). All of the SOD isoforms require a catalytic metal (Cu
or Mn) for activation [28]. Catalase is an enzyme that degrades hydrogen peroxide,
reducing H,O, to water and oxidizing it to molecular oxygen [29]. Glutathione S-
transferases (GSTs) and GPxs are important in the defense against free-radical-
induced oxidative damage [30, 31].

The thiol-containing small molecules, such as glutathione (GSH), are major
intracellular antioxidants. y-Glutamyl cysteine synthase (YGCS), including the
glutamate cysteine ligase (Gcl), catalytic (Gcele), and modifier (Gelm) subunits, is
essential for the biosynthesis of GSH. Some small thiol-containing compounds,
such as Txn, glutaredoxins, and periredoxins, undergo rapid oxidization and regen-
eration and serve as substrates for antioxidant enzymes [24]. In addition to the
above-described antioxidant enzymes (SODs, catalase, and GPxs), which inactivate
ROS/RNS directly, the antioxidant system also includes enzymes such as glutathi-
one reductase (GSR), NAD(P)H:quinone oxidoreductase 1 (NQO1), UDP-
glucuronyl transferases (UGTs), and thioredoxin reductase (Txnd), sulfiredoxin
(Srx), and GSTs, which recycle thiols or facilitate the excretion of oxidized and
reactive secondary metabolites (e.g., quinones, epoxides, aldehydes, and peroxides)
through reduction/conjugation reactions. In antioxidant systems there are other
stress response proteins, such as heme oxygenase-1 (HO-1) and -2 (HO-2),
metallothionines, and heat shock proteins that also provide cellular protection
against various oxidant or pro-oxidant insults [24].
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2.4 Antioxidant Gene Regulation and the Antioxidant Response
Element

Most of the antioxidant genes listed above contain cis-acting antioxidant response
elements (AREs) with a functional consensus sequence of 5'-RTGAYnnnGCR-3'
(where R=A or Gand Y = C or T) [32]. The AREs have been widely used to
screen for potential inducers of antioxidant enzymes [12, 32]. At the transcription
level, the antioxidant enzymes are largely regulated by the binding of a particular
transcription factor known as nuclear factor erythroid 2p45 (NF-E2)-related factor
2 (Nrf2) to the ARE [33, 34]. Nrf2 was first isolated in 1994 from a hemin-induced
K562 erythroid cell line belonging to the basic leucine zipper nuclear transcription
factor family, which share regions of homology with that of the Drosophila cap “n”
collar (CNC) protein [35, 36]. The human Nrf2 showed a high sequence homology
to the known p45 subunit of nuclear factor erythroid 2 (NF-E2) [35, 36]. The
importance of Nrf2 was demonstrated with Nrf2-knockout mice, which were
found to contain lower levels of detoxifying enzymes than wild-type mice and
were susceptible to xenobiotics and environmental poisons [37, 38].

Nrf2 activity is mainly regulated by Kelch-like ECH-associated protein 1
(Keapl), a homolog of the Drosophila actin-binding protein Kelch, which binds
to the actin cytoskeleton. Under homeostatic conditions, N1f2 is mainly retained in
the cytosol by the Keapl protein [39]. Upon a challenge by oxidative or chemical
stress, Nrf2 can be released from the Keap 1 sequestration and translocates to the
nucleus [39, 40]. In the nucleus, Nrf2 selectively heterodimerizes with Maf, activa-
tion transcription factor (ATF), and/or members of the AP-1 family of leucine
zipper proteins to trigger the transcription of its target genes [41, 42].

2.5 The Regulation of Nrf2 Activation

The MAPKSs include extracellular signal-regulated kinases (ERKs), JNK, and
protein 38 (p38). The MAPK cascade, protein kinase C (PKC), and phosphatidy-
linositol 3-kinase (PI3K) are involved in the activation of Nrf2-Keap1 with signifi-
cant cross talk. Numerous studies have revealed that ERK and JNK have a positive
effect on ARE-mediated activities [12, 43, 44] and that the phosphorylation of Nrf2
by p38 may inhibit Nrf2 activation by increasing Keap1/Nrf2 binding [45]. Nrf2
can be directly phosphorylated by PKC at serine 40 [46—49], and PI3K signaling
facilitates Nrf2 nuclear translocation [50-53]. The direct phosphorylation of Nrf2
by MAPKSs, however, has only a slight effect on Nrf2 translocation and activity
[54]. However, recent evidence suggests that oxidative stress-mediated post-
transcriptional control of Nrf2 activation may also play a role in the regulation of
Nrf2 activation [23, 55].
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2.6 Cancer Chemoprevention by Dietary Phytochemicals

Phytochemicals from dietary plants and medicinal herbs are becoming increasingly
important factors in cancer chemoprevention or adjuvant chemotherapy because
many of these plants exhibit effects on cell death and intracellular redox status
modulation [40]. Many flavonoids and polyphenolic antioxidants, such as
catechins, epigallocatechin gallate (EGCG), and curcumin, exert their anti-
inflammatory and antioxidative effects through phase II detoxification/antioxidant
enzymes that are mediated by integrated Nrf2 [12, 25, 56, 57]. One phytochemical
compound may act on multiple pathways. For example, curcumin has an anti-
inflammatory effect by inhibiting NF-xB by blocking IkB degradation. Curcumin
has also been shown to regulate the antioxidant response by inhibiting the phos-
phorylation of Akt and ERK [58, 59]. In addition, curcumin regulates cell death by
decreasing the expression levels of tumor necrosis factor-o. and endogenous Bcl-2
and Bcl-xL [60, 61]. EGCG has been shown to have multiple effects on the cell
cycle and on anti-inflammatory and anticancer regulation through the modulation of
NF-kB, COX-2, DNA methyl transferase 1 (DNMT1), ERK-1/2, p38, and matrix
metalloproteinase-2 (MMP2) [62-64].

3 Nrf2-Mediated Antioxidant and Detoxification Systems
and Anti-inflammation and Cancer Prevention

Oxidative stress results in various pathological conditions and diseases such as
inflammation and cancer because oxidative stress causes biochemical alterations in
cellular components such as proteins, nucleic acids, and lipids [14]. Oxidative stress
is caused by the imbalance between ROS formation and cellular antioxidant
capacity. The antioxidant system in cells mitigates the toxic attack and ROS
potential. Thiol-containing small molecules, such as GSH and Txn, which belong
to the nonenzymatic antioxidant system, can eliminate ROS directly [65]. Enzymes
such as catalase, GPx, and peroxiredoxins (Prdx) can remove ROS via catalytic
reactions accompanied by GSH or Txn [66, 67].

Xenobiotics come from various drugs, carcinogens and environmental
chemicals, and they are typically converted into intermediate molecules that may
contain nucleophilic or electrophilic groups through the catalytic action of phase I
enzymes such as cytochrome P450 enzymes [68, 69]. Some xenobiotic metabolites
may possess toxic or carcinogenesis potentials, and the induction of oxidative stress
may be one of the inducible phenomena. However, most if not all hydrophobic
xenobiotic metabolites are eliminated after conjugation with hydrophilic molecules
such as GSH and glucuronic acid by phase II detoxification and antioxidant
enzymes [70].

Nrf2 is a crucial regulator in the induction of the phase II antioxidant and
detoxification enzyme genes, which protect cells from damage resulting from
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oxidative and electrophilic attack [71, 72]. Therefore, dietary phytochemicals will
be indirect antioxidants that improve cellular antioxidant capacity by enhancing the
gene expression of phase II antioxidant and detoxification enzymes via the Nrf2
pathway.

3.1 Nrf2 and the Antioxidant and Detoxification Systems

The principal phase II antioxidant and detoxification enzymes include the classical
conjugating enzymes such as GSTs and UGTs, reduction enzymes such as NQOs,
and stress response enzymes such as HO-1 [67, 73]. Many phase II antioxidant and
detoxification genes are regulated through the ARE in the promoter [74]. Nrf2 has
been demonstrated in extensive studies to be an essential transcription factor for the
regulation of the ARE [42, 75-77]. Nrf2 that has translocated from the cytoplasm to
the nucleus interacts with other bZIP transcription factor partners, such as small
Maf proteins (Maf F, Maf G, and Maf K) and ATF4, and transactivates AREs
[78-81]. Many chemicals induce the expression of ARE-driven genes through the
translocation of Nrf2, including phenolic antioxidants, such as BHA and tert-butyl
hydroxyquinone (tBHQ); isothiocyanates, such as sulforaphane (SFN) and PEITC;
and synthetic triterpenoids, such as oleanane [82—88].

GSTs have seven distinct classes based on amino-acid sequences, the physical
structure of the genes and immunological cross-reactivity; these classes include
alpha (o), mu (), omega (®), pi (1), sigma (o), theta (0), and zeta ({) [89]. GSTs
scavenge endogenous and exogenous electrophiles, such as epoxides, aldehydes,
and peroxides, in cells [§9]. A number of studies have demonstrated that Nrf2 plays
a crucial role in the regulation of GSTs. Nrf2 induces significant changes in the
mRNA expression levels of many subtypes of mouse hepatic GSTs [75]. GST
mRNA and protein expression levels are decreased in Nrf2-KO mice compared
with wild-type mice, and elevated Nrf2 activation in the liver resulted in a marked
increase of GST mRNA expression in Keapl-knockdown mice [75, 90].
Chemopreventive synthetic antioxidants, such as butylated hydroxyanisole
(BHA) and ethoxyquin, increased the expression of GSTs in the mouse liver
through Nrf2 induction [91]. In addition, lithocholic acid, the most toxic bile
acid, has been shown to increase hepatic glutathione and GST activity in wild-
type mice compared with Nrf2-KO mice [92].

UGTs are important enzymes for the excretion of water-soluble glucuronides
transformed from toxic exogenous (such as drugs, pesticides, and carcinogens) and
endogenous (such as bilirubin, steroids, and hormones) compounds through a
conjugation reaction [93]. UGTs play a critical protective role against environmen-
tal chemicals and carcinogens. For example, UGT-deficient cultured rat skin
fibroblast is more susceptible to B[a]P carcinogenesis [94]. The reduction of
DMBA-DNA adduct formation was found in breast cancer cells with elevated
UGT1A1 [95]. It has also been found that tBHQ induces the UGT1A1 mRNA level
and enzyme activity in the liver and intestine in UGT1A transgenic mice [96].
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Lower basal mRNA expression levels of UGTs such as UGT1A6, UGT1AY,
UGT2B34, UGT2B35, and UGT2B36 were observed in Nrf2-knockout mice com-
pared with wild-type mice [86, 97, 98]. It has been demonstrated that Nrf2 up-
regulates UGT activity and promotes a conjugation reaction of 4-aminobiphenyl
(ABP) from tobacco smoke with glucuronic acid in the liver, which might protect
the liver against ABP [99]. The GST activity was reduced in the liver and small
intestine of Nrf2 KO mice, and oltipraz, a chemopreventive agent, does not affect
the expression levels of these enzymes in Nrf2-KO mice compared with wild-type
mice [100].

NQOL is a cytosolic flavoprotein and facilitates the detoxification and excretion
of endogenous and exogenous chemicals through a reduction reaction from
quinones to hydroquinones [101, 102]. It has been reported that the disruption of
NQOL1 contributed to a higher susceptibility to B[a]P-induced skin carcinogenesis
in mice [103]. Lower Nqol expression and activity were found in the liver, small
intestine, and forestomach of Nrf2-KO mice [75, 99, 100]. Early carcinogenesis
induced by cyclophosphamide, which causes oxidative stress in the rat liver, can be
effectively inhibited by the powerful antioxidant astaxanthin accompanied by an
increase in NQO-1 and HO-1 as mediated through the Nrf2-ARE pathway [104].
The lycopene metabolite apo-8'-lycopenal induced the accumulation of nuclear
Nrf2, which resulted in an increase in HO-1 and NQO-1 expression levels in human
hepatoma HepG2 cells [105]. In addition, NQO1 mRNA and protein expression
levels can be increased by curcumin as mediated by restoring Nrf2 expression
through DNA demethylation on Nrf2 promoter CpG islands [106].

HO-1 exhibits both antioxidative and anti-inflammatory capacities. HO-1
catalyzes the catabolism of the pro-oxidant heme to produce bilirubin and carbon
monoxide, which have antioxidative and anti-inflammatory effects, respectively
[107-109]. HO-1 mRNA and protein expression levels are induced when cells are
exposed to oxidative stress that results in cellular injury [110], and Nrf2 is a critical
transcription factor that regulates the induction of the HO-1 gene [111]. The
administration of toxic paraquat and cadmium chloride induced the expression of
HO-1 mRNA and protein in peritoneal macrophages of wild-type mice but not in
Nrf2-KO mice [112]. Nordihydroguaiaretic acid (NDGA), a cancer
chemopreventive agent, induced the protein expression of Nrf2 and HO-1 in
kidney-derived LLC-PK1, in HEK293T cells, and in wild-type MEFs, but not in
Nrf2-KO MEFs [113]. Berberine is an important active compound in the Chinese
herb Rhizoma coptidis. Berberine promoted HO-1 mRNA and protein expression
levels mediated by Nrf2 activation through the PI 3-kinase/AKT pathway in rat
brain astrocytes [114].

3.2 Nrf2 and Anti-inflammation

In addition to oxidative stress, Nrf2 also participates in the protection against
inflammation in cells [115-120]. It has been shown that lipopolysaccharide (LPS)



142 Z.-Y. Su et al.

increased NADPH oxidase-dependent ROS generation and the levels of TNF-alpha,
IL-6 and chemokines (Mip2 and Mcp-1) in the peritoneal neutrophils from Nrf2-
KO mice compared with wild-type mice [121]. Nrf2 is a crucial regulator that has
been shown to modulate the innate immune response and survival during experi-
mental sepsis using Nrf2-deficient mice and Nrf2-deficient mouse embryonic
fibroblasts [122]. Some findings have suggested that there is cross-talk between
Nrf2 and inflammation [123]. The Nrf2/ARE signaling pathway may be negatively
regulated by proinflammatory signaling [124]. It was hypothesized that NF-kB/p65
could result in the inactivation of Nrf2 through the selective deprivation of the
CREB binding protein (CBP) from Nrf2 [124]. NF-xB/p65 also promotes the
interaction of HDAC3 with either CBP or MafK, which results in the repression
of ARE [124].

It has been reported that Nrf2 mitigates chemical-induced pulmonary injury and
inflammation [125, 126]. The genetic ablation of Nrf2 resulted in severe tobacco-
smoke-induced emphysema, airway inflammation, and asthma in mice [127, 128].
The major reason for the expression of these phenotypes is that a disruption of Nrf2
caused lower antioxidant gene expression levels, enhanced the expression levels of
the T helper type 2 cytokines interleukin (IL)-4 and IL-13 in bronchoalveolar
lavage fluid and in splenocytes, and increased alveolar cell apoptosis after allergen
challenge [127, 128]. The Nrf2-KO mice are also more susceptible to DSS-induced
colitis. More severe colonic colitis was observed in Nrf2-KO mice, including the
loss of colonic crypts, the massive infiltration of inflammatory cells, and anal
bleeding, than in wild-type mice [117]. A lower induction of phase II antioxidant
and detoxification enzymes, such as HO-1, NQO1, UGT1Al, and GSTMI, and a
higher induction of proinflammatory biomarkers, such as interleukin (IL)-1, IL-6,
TNF-o, nitric oxide synthetase (iNOS), and cyclooxygenase 2 (COX2), were
observed in Nrf2-KO mice [117]. It has also been shown that indirect antioxidants
protected animals from inflammatory damage via Nrf2 activation, which may be a
cancer-preventive mechanism [121, 129], and that Nrf2 is required for sulforaphane
(SFN)-mediated anti-inflammatory response [130].

4 Cancer Prevention by Dietary Phytochemicals Via the Nrf2
Pathway

Chemoprevention involves the use of dietary compounds or synthetic chemicals to
inhibit the development of invasive cancer. Chemoprevention can involve
preventing carcinogens from reaching the target sites, from undergoing metabolic
activation, or from subsequently interacting with crucial cellular macromolecules
such as DNA, RNA, and proteins at the initiation stage. In addition, chemopreven-
tion can inhibit the malignant transformation of initiated cells at either the promo-
tion or the progression stage [71, 131, 132].
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In this context, the induction of phase II detoxification and antioxidant enzymes is
assumed to be one of the most effective ways to prevent carcinogenesis by both
endogenous and exogenous carcinogens [133]. Thus, several dietary compounds that
exhibit antioxidant activity and function as inducers and/or cell signals have been
reported to increase phase II detoxification enzymes, and these compounds may act as
chemopreventive agents [134, 135]. Most of these phase II detoxification enzymes are
known to be induced by promoting the nuclear translocation of Nrf2 and its
subsequent binding to the ARE sequence in those enzyme genes, leading to transcrip-
tional activation [136]. Thus, Nrf2 is considered the major regulatory pathway of
cytoprotective gene expression against oxidative and/or electrophilic stress [137].

Several studies have used in vitro and in vivo approaches involving natural
dietary compounds to show that Nrf2 controls the expression of ARE-mediated
gene expression and to demonstrate the role of Nrf2 in cancer chemoprevention
[138, 139]. Some examples of Nrf2 inducers include curcumin from turmeric [106];
indole-3-carbinol (I3C), 3,3'-diindolylmethane (DIM), phenethyl isothiocyanate
(PEITC), and sulforaphane (SFN) from cruciferous vegetables [56, 140]; epigallo-
catechin-3-gallate (EGCG) from green tea [141]; resveratrol from grapes [142],
gamma-tocopherol-enriched mixed tocopherols from soybeans and corn oil [143];
and other compounds described in Table 1. To date, the Nrf2 downstream genes
identified can be grouped into the following categories: intracellular redox-
balancing proteins, which reduce the levels of ROS with enzymes such as glutamate
cysteine ligase (GCL), GPx, Txn, Txnd, peroxiredoxin (Prx), and HO-1; phase II
detoxifying enzymes, which metabolize xenobiotics into less toxic forms and/or
catalyze conjugation reactions to increase the solubility of xenobiotics, thereby
facilitating their elimination [133] with enzymes like HO-1, NQO1, GSTs, GSR,
glutamate—cysteine ligase (the catalytic subunit, GCLC and the modifier subunit,
GCLM), microsomal epoxide hydrolase 1 (mEH), and the UGT1 family polypep-
tide A6 (UGT1A6) [150]; and transporters, which control the uptake and efflux of
endogenous substances and xenobiotics such as the multidrug resistance-associated
protein (MRP) [112, 133]. Thus, this complicated crosstalk among various molec-
ular targets and signaling pathways constitutes an elaborate network that responds
coordinately to various xenobiotics, including carcinogens, drugs, and dietary
bioactive compounds [134].

Interestingly, the Nrf2 pathway has also been connected to the inflammatory
response by studies using the TRAMP mouse model of prostate carcinogenesis
[154]. Mice lacking the Nrf2 pathway have proven to be more susceptible to
experimentally induced colitis; as expected, these mice express low levels of
phase II detoxification and antioxidant enzymes (i.e., HO1, NQO-1, UGSTI1Al,
GST) and exhibit an increased expression of proinflammatory cytokines/mediators
[i.e., cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), interleu-
kin 1B (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor oo (TNF-o)] [117]. In
contrast, extracts from Chrysanthemum zawadskii (CZ) and licorice Glycyrrhiza
uralensis (LE) have been shown (using in vitro and in vivo approaches) to possess a
strong inhibitory effect against NF-kB-mediated inflammation and to have a strong
activation of the Nrf2-ARE-antioxidative stress-signaling pathways [155].
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Other studies have suggested Nrf2 involvement with MAPK pathways, includ-
ing the ERK, JNK, and p38 pathways, in chemical-induced detoxifying enzyme
regulation [148, 156]. For example, it has been demonstrated that blocking the ERK
pathway attenuates the induction of ARE-mediated gene expression by tBHQ and
SEN in human hepatoma HepG?2 cells and in the murine hepatoma Hepalclc7 cells,
whereas inhibition of the p38 pathway shows an opposite effect, implying the
involvement of MAPKs in the modulation of ARE-mediated gene expression
[157, 158]. These MAPKSs, such as ERK, JNK, and p38, have also been activated
by treatment with diallyl trisulfide (DATS), one of the three major organosulfur
compounds of garlic. However, the inhibition of MAPKSs did not affect DATS-
induced ARE activity in HepG2-ARE-C8 cells (human hepatoma cells transfected
with pARE-TI-luciferase) [148].

5 [Epigenetic Alterations in Cancer

Cancer is caused by a series of genetic changes in tumor suppressor genes and
oncogenes. However, a large amount of evidence has shown that epigenetic
alterations such as DNA methylation and histone modifications can also contribute
to carcinogenesis [159]. The term “epigenetics” was first defined as “the causal
interactions between genes and their products, which bring the phenotype into
being” by the developmental biologist Conrad H. Waddington in 1942 [160]. The
concept of epigenetics has evolved as well. As Wolffe defined it, epigenetics
became ‘“the study of heritable changes in gene expression that occur without a
change in DNA sequence” [161].

In cancer, hypermethylation of the promoter regions of certain tumor suppressor
genes is thought to be the most relevant epigenetic change associated with malig-
nant transformation. These heritable changes occur through the methylation of
cytosine bases in the DNA and by post-transcriptional modifications of histones
[162]. For example, hypermethylation of the CpG island located in the promoter
region of tumor suppressor genes such as p16™* and BRCAI results in gene
silencing [163, 164]. Histones also play a pivotal role in epigenetic modification.
Histone modification is known to regulate gene expression and chromatin structure,
which are closely associated with DNA methylation [165].

Unlike genetic changes, epigenetic alterations are potentially reversible. Epige-
netically modified genes can be restored, whereas genetic mutations are permanent.
Transcriptionally repressed genes that are silenced by epigenetic alteration can be
reactivated by epigenetic modification because these silenced genes are still intact.
The removal of the methyl groups from the silenced tumor suppressor genes
reverses the expression of these genes, leading to the recovery of function [166].
Therefore, the study of epigenetic targets and the mechanism of inhibition can be a
novel approach to halt or delay carcinogenesis. The application of drugs to target
epigenetic alterations represents a new and fascinating approach in the field of
cancer prevention and therapy. With their relatively low toxicity levels and
promising effects, dietary chemopreventive phytochemicals may provide a plausi-
ble avenue for epigenetic chemoprevention.
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We present two important epigenetic mechanisms, DNA methylation and histone
modification, that are of interest for cancer chemoprevention. Specific inhibitors of
these epigenetic alterations and the dietary chemopreventive phytochemicals that
have potential as epigenetic modifiers are also presented in this review.

5.1 DNA Methylation

DNA methylation is the most extensively studied epigenetic event. In mammalian
cells, DNA methylation is the addition of a methyl group to the 5’ position of
cytosine bases in CpG dinucleotides by DNA methyltransferases (DNMT) [167,
168]. The CpG dinucleotides are not distributed evenly throughout the genome but
instead tend to group in regions known as CpG islands [168]. Approximately 60%
of the human genome promoters are linked to CpG islands. Most CpG sites
throughout the genome are known to be methylated. In contrast, the majority of
CpG islands usually remain unmethylated in undifferentiated normal cells [168,
169]. These unmethylated CpG islands have an open structure and accord closely
with the adjacent transcriptional promoter, leading the genes to remain transcrip-
tionally active [170]. However, in cancer cells, the hypermethylation of CpG
islands is known to cause gene silencing by preventing the recruitment of transcrip-
tional protein from DNA [171]. In addition, DNA methylation can interact with
various methyl-CpG binding domain proteins (MBDs), such as MBD1-MBD4 and
methyl CpG binding protein 2 (MeCP2), by providing the binding site [172, 173].
These binding proteins can interact with a co-repressor complex, including histone
deacetylases (HDACS), resulting in transcriptional repression [174, 175].

The primary goal of DNA methylation studies is to find DNMT inhibitors.
However, other molecules are also involved in epigenetic mechanisms. Among
the DNMT inhibitors, 5-azacytidine and 5-aza-2-deoxycytidine are the most widely
studied epigenetic modifiers [176, 177]. However, there are many studies showing
that DNA methylation is an essential function in normal mammalian cells [169]. In
a mutant-DNMT mouse model, homozygous mouse embryos exhibited delayed
development and did not survive past mid-gestation [178]. DNMT 3a and 3b are
essential for de novo DNA methylation and mouse development. The inactivation
of both genes by gene targeting blocks de novo methylation in embryonic stem cells
and arrests embryonic development [179]. Thus, the genetic disruption of DNMTs
in a mouse model shows that a balanced DNMT activity is important to maintaining
cellular homeostasis. Accumulating evidence demonstrates that the DNA methyla-
tion of genes in most human cancers, similar to mutations and deletions, causes the
transcriptional silencing of tumor suppressor genes [180].

5.2 Histone Modifications

Together with DNA methylation, histone modification plays an important role in
gene expression and tumorigenesis by influencing chromatin structure [159, 181].
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Chromatin is present in eukaryotic cells and is a densely packed macromolecular
complex that is composed of DNA, histones, and non-histone proteins. The func-
tional roles of chromatin are to package DNA into a small volume to fit within the
nucleus and to influence gene expression and DNA replication. The nucleosome,
the basic subunit of chromatin, is composed of a histone octamer that consists of an
H3/H4 tetramer and two H2A/H2B dimers, and 146 bp of DNA is wrapped around
this octamer. Higher-order structuring of nucleosomes results in a compact 30-nm
fiber, which is then condensed to form chromosomes. The stability of these more
highly folded structures is maintained by the addition of histones. The chromatin
structure, which is closely involved in gene expression, is regulated by post-
translational modifications of histones [182—184]. There are two different forms
of chromatin structure: heterochromatin (condensed) and euchromatin (extended)
[185]. In general, heterochromatin is a tightly packed structure, and it is difficult for
transcription factors to access heterochromatin, which represses gene transcription.
In contrast, euchromatin is loosely packed and more accessible to transcription
factors, which enables active gene expression [186]. Histone proteins contain a
globular C-terminal domain and an unsaturated N-terminal tail, which are amino-
terminal residues protruding from nucleosomes [182]. Most histone modifications
occur at the lysine, arginine, and serine residues of the N-terminal tails extending
from the histone core by post-transcriptional modifications such as acetylation,
methylation, phosphorylation, ubiquitination, and sumoylation [182, 187, 188]. The
chromatin structure can be regulated through these modifications, which provide
different levels of accessibility to transcription factors [189]. Various histone
modifications are potentially reversible through the addition and removal of cova-
lent alterations at the histone tail [181].

Interestingly, methylation on a lysine residue at histone H3 appears to induce
two opposite structures, transcriptionally active chromatin or inactive chromatin,
depending on which residue is methylated. Methylation at lysine 4 (Lys4) at the
histone H3 tail is known to be associated with transcriptionally active chromatin,
whereas methylation at lysine 9 (Lys9) in the same histone tail is reported to be
related to transcriptionally repressed chromatin [185, 190, 191]. Moreover, impor-
tant findings suggest that the methylation of H3 Lys9 might be required for DNA
methylation [192, 193]. DNMT inhibitors, such as 5-azacytidine and 5-aza-2-
deoxycytidine, trichostatin A and suberoylanilide hydroxamic acid (SAHA), are
widely used as HDAC inhibitors in many studies [177, 194].

6 The Epigenomic Reactivation of Nrf2 by Dietary
Phytochemicals

Epigenetic modification plays a prominent role in the development and differentia-
tion of various cells in an organism. Defects in the epigenome have been implicated
in many diseases and are known to be influenced, in whole or at least in part, by
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environmental factors. It is apparent that environmental factors, diet, and lifestyle
have an impact on the development of various cancers in humans. Hence,
minimizing exposure to environmental carcinogens, maintaining a healthier life-
style, and consuming a healthy diet are thought to be reasonable approaches for
cancer prevention. In addition to genetic mutations, epigenetic alterations play an
important role in cancer development. It is believed that epigenetic changes arise
before genetic alterations. The potential of dietary phytochemicals as cancer
chemopreventive/anticancer agents through epigenetic modification has been
demonstrated in many studies. In this chapter we will provide an overview of
cancer epigenetics and discuss the potential for (and challenges of) using dietary
phytochemicals as epigenetic modifiers for cancer chemoprevention.

The inclusion of epigenetics in the National Institutes of Health (NIH) research
portfolio and roadmap in 2008 has indicated the urgent need for research in
epigenetic mechanisms of diseases, including cancer. Unlike genetic mutations,
changes in gene expression due to epigenetic regulation during carcinogenesis can
be reversed or prevented by chemicals. Therefore, the pharmacological targeting of
epigenetic events has emerged as a promising approach to treating or preventing
cancers.

Several HDAC and DNMT inhibitors have been approved for the treatment of
hematological malignancies and are currently at different phases of clinical trials
[195, 196]. Similarly, the DNA-hypomethylating agents 5-azacitdine and 5-aza-2’'-
deoxycytidine (decitabine) have been tested in myelodysplastic syndrome (MDS),
acute myelogenous leukemia (AML), and chronic myelogenous leukemia (CML)
patients with some encouraging outcomes [197-200]. HDAC inhibitors, such as
vorinostat (suberoylanilide hydroxamic acid or SAHA), belinostat, romidepsin, and
panobinostat, have been used to treat hematological malignancies and solid tumors
[201, 202]. The development of HDAC or DNMT inhibitors as anticancer drugs has
been hindered by their adverse side effects [203]. Accumulating evidence suggests
that some dietary phytochemicals may exert their cancer chemopreventive/antican-
cer effects via epigenetic modifications [204-206]. In this chapter, we focus on a
few of the most widely studied dietary compounds as epigenetic modifiers.

6.1 Curcumin

Hailed as “Indian solid gold,” curcumin is a polyphenolic compound derived from
the Curcuma longa plant. Despite its poor bioavailability, curcumin has been shown
to be a strong anticancer agent against different types of cancers in animals and with
in vitro cell culture systems [207]. At least 33 proteins have been identified as being
targeted by curcumin. The potential of curcumin in targeting epigenetic
modifications has recently been revealed [207].
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6.1.1 Curcumin as a DNA Hypomethylation Agent

DNA methylation is a heritable epigenetic modification that modulates the tran-
scriptional plasticity of the genome. The hypermethylation of promoter CpG
islands, particularly at tumor suppressor genes, plays a causative role in carcino-
genesis. In fact, recent findings suggest that epigenetic alterations may precede
genetic mutations [159]. DNA methylation is regulated by DNA methyltransferases
(DNMT1, DNMT3a, and DNMT3b) to transfer a methyl group from the methyl
donor S-adenosyl-L-methionine (SAM) to cytosine residues at the C-5 position
[208]. There are contradicting reports on the potential for curcumin as a DNMT
inhibitor. Using a molecular docking approach, curcumin has been shown to bind
covalently to the catalytic thiolate of C1226 of DNMT1, leading to its inhibitory
effect [209]. In contrast, Medina-Franco et al. [210] found that curcumin has little
or no pharmacologically relevant DNMT inhibitory activity. However, we have
recently reported that curcumin can restore the expression of the Nrf2 and Neurogl
genes through DNA demethylation [57, 106]. Similarly, Jha et al. demonstrated that
curcumin can reverse CpG hypermethylation, leading to the activation of the
RARP2 gene in cervical cancer cell lines [211]. However, in another report,
demethoxycurcumin and bisdemethoxycurcumin, but not curcumin, were found
to be able to demethylate the WIF-1 promoter region in A549 cells [212]. Further
research is necessary to explain these discrepancies.

6.1.2 The Effect of Curcumin on Histone Modification

Post-translational histone modifications, including acetylation, methylation, phos-
phorylation, and ubiquitination, are important epigenetic events that regulate gene
expression. Histone acetylation catalyzed by histone acetyltransferases (HATs) and
HDAC: is one of the most studied histone modifications. An accumulating body of
evidence suggests that alterations in HAT and HDAC activity occur in cancer
[213]. Curcumin has been reported to be a strong inhibitor of both HDACs and
HATs. Curcumin is a specific inhibitor of the p300/CREB-binding protein (CBP)
HAT activity but not of p300/CBP-associated factor, as demonstrated by
Balasubramanyam et al. [214]. In agreement with this finding, Morimoto et al.
found that the inhibition of p300 HAT activity by curcumin prevented heart failure
in rats; Li et al. reported that curcumin possesses a protective effect against cardiac
hypertrophy, inflammation, and fibrosis through the suppression of p300-HAT
activity [215, 216]. The p300 and CBP proteins are transcriptional coactivators
that function partially through their intrinsic HAT activities [217]. In addition to
histones, p300 and CBP acetylate several non-histone proteins, including p53 [218].
Interestingly, curcumin was found to be able to inhibit p300-mediated acetylation
of p53 in vivo [214]. In addition, Kang et al. reported that curcumin induces histone
hypoacetylation in brain cancer cells, leading to the induction of apoptosis through
a (PARP)- and caspase 3-mediated manner [219]. Mechanistically, Marcu et al.
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proposed that curcumin is a selective HAT inhibitor. The covalent binding of
curcumin with p300 leads to a conformational change, resulting in a decreased
binding efficiency of histones H3, H4, and acetyl CoA [220]. In addition to HAT,
curcumin was found to be a strong inhibitor of HDACs. Chen et al. reported that
curcumin significantly suppresses the expression of p300, HDAC1, and HDAC3 in
Raji cells [221]. Similarly, Liu et al. reported the inhibitory effect of [222]. In a
study by Bora-Tatar et al., curcumin was found to be the strongest HDAC inhibitor
among 33 carboxylic acid derivatives tested [223]. Curcumin-induced HDAC4
inhibition in medulloblastoma was also recently reported [224].

6.2 The Isothiocyanates Sulforaphane and Phenethyl
Isothiocyanate

Isothiocyanates (ITCs) are biologically active hydrolysis products of glucosinolates
from cruciferous vegetables such as broccoli, brussels sprouts, cabbage, cauliflower,
Chinese cabbage, and watercress. Studies have shown that PEITC and SFN, two
examples of ITCs, are strong anticancer/cancer chemopreventive agents [225]. The
induction of apoptosis, cell-cycle arrest, autophagy, phase I detoxifying/antioxidant
genes and the inhibition of inflammation by blocking NFKb signaling pathways are
reported to be possible mechanisms by which isothiocyanates exert their anticancer/
cancer chemopreventive effect [225]. The role of isothiocyanates in modulating
epigenetic changes has been recently reported.

6.2.1 The Effects of SFN/PEITC on DNA Methylation

The effects of SFN on DNA methylation were first reported by Meeran et al. These
researchers found that SFN treatment exhibited a dose- and time-dependent [226]
suppression of DNMT1 and DNMT3a. The suppression of DNMTs by SFN is
associated with the site-specific CpG demethylation of the first exon of the hTERT
gene. A subsequent ChIP assay revealed that SFN increased the level of the active
chromatin markers acetyl-H3, acetyl-H3K9, and acetyl-H4 but suppressed the levels
of the inactive chromatin markers trimethyl-H3K9 and trimethyl-H3K27. Wang et al.
reported that PEITC demethylates the promoter and restores the expression of GSTP1
in both androgen-dependent and androgen-independent LNCaP cancer cells [227].
Interestingly, PEITC was found to be more effective than 5'-aza-2'-deoxycytidine in
DNA methylation.

6.2.2 The Effects of SFN/PEITC on Histone Modification

SEN is known to be a dietary HDAC inhibitor, as demonstrated in in vitro and
in vivo studies [228-230]. SFN was found to suppress HDAC activity without
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altering protein expression levels in the human embryonic kidney 293 cells and the
human colorectal cancer cell HCT116 [228]. SFN and its glutathione conjugate
(SFN-GSH) were found to be less effective than the two major metabolites of SFN,
SFEN-cysteine and SFN-N-acetylcysteine, as HDAC inhibitors in vitro. A similar
HDAC inhibitory effect of SFN was also observed in BPH-1, LnCaP, and PC-3
prostate epithelial cells [231]. In addition, SFN as an HDAC inhibitor is being
investigated in vivo in mice and in human subjects. HDAC activity was signifi-
cantly inhibited as early as 6 h after a single oral dose of 10 umol SFN with a
concomitant increase in acetylated histones H3 and H4 in the colonic mucosa [232].
More importantly, SFN was found to suppress intestinal carcinogenesis in Apc
(min) mice through histone modification, as demonstrated by an increase in
acetylated histones in the polyps. SFN can also suppress the growth of PC-3
xenografts by inhibiting HDAC activity [233]. In humans, a single dose of SFN-
rich broccoli sprouts is sufficient to inhibit significantly HDAC activity in periph-
eral blood mononuclear cells (PBMCs) 3 and 6 h after consumption [233]. Like
SEN, PEITC inhibits HDAC. PEITC was reported to inhibit HDAC activity and
expression levels in LNCaP cells, leading to the re-expression of GSTP1 [227].
Furthermore, PEITC increases the methylation of lysine 4 of histone H3 but
decreases the level of trimethylated lysine 9 of H3. Similarly, PEITC restored
p21 expression through HDAC inhibition in LNCaP cells [234].

6.3 Tea Polyphenols

There is a large body of evidence indicating that bioactive polyphenolic compounds
in tea (Camellia sinensis, Theaceae) may reduce the risk of chronic diseases,
including cancers. Catechins, which include (—)-epicatechin (EC), (—)-
epicatechin-3-gallate (ECG), (—)-epigallocatechin (EGC), and (—)-epigallo-
catechin-3-gallate (EGCG), are the most abundant compounds present in tea
[235]. Among these catechins, EGCG has been identified as one of the most
effective compounds. Antioxidative stress, detoxification, antiproliferation, anti-
inflammation, antiangiogenesis, and the induction of apoptosis have been proposed
to be the mechanisms by which EGCG exerts its cancer chemopreventive effects
[236]. The role of EGCG as an epigenetic modifier for cancer treatment and
chemoprevention has received recent attention [205, 237].

6.3.1 The Effects of EGCG on DNA Methylation

One of the earliest reports to demonstrate the effect of EGCG on DNA methylation
was the study by Fang et al. in 2003 [238]. EGCG inhibited DNMT activity, leading
to a concentration-dependent and time-dependent reversal of the hypermethylation
of pl6 (INK4a), retinoic acid receptor beta (RARbeta), O(6)-methylguanine
methyltransferase (MGMT), and human mutL homolog 1 (hMLHI1) genes in
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human esophageal KYSE 510 cells. Similarly, Kato et al. found that treatment of
oral cancer cells with EGCG partially reversed the hypermethylation status of the
RECK gene and significantly enhanced the expression levels of RECK mRNA
[239]. A dose-dependent inhibition of DNMT activity was observed in LNCaP cells
after a 7-day exposure of cells to different doses of EGCG, leading to the re-
expression of the GSTP1 gene [240]. In another study, EGCG treatment was
found to decrease the global DNA methylation levels in A431 human skin cancer
cells in a dose-dependent manner. EGCG decreased the levels of 5-methylcytosine,
DNMT activity, and the mRNA and protein levels of DNMT1, DNMT3a, and
DNMT3b [241]. In addition to the direct inhibitory effect on DNMT, EGCG was
also found to inhibit indirectly DNMT activity by decreasing the availability of
SAM [205, 242]. In contrast to the findings from in vitro studies, the in vivo
hypomethylation effect of EGCG has been controversial. The oral administration
of 03% green tea polyphenols (GTPs) to wild-type and transgenic
adenocarcinomas of mouse prostate (TRAMP) mice showed decreased levels of
5-methyl-deoxycytidine (SmdC) in the liver at 12 weeks but did not alter the levels
of 5SmdC in the prostate, gut, and liver from WT mice at either 12 or 24 weeks of age
[243]. However, EGCG treatment resulted in a significant inhibition of the UVB-
induced global DNA hypomethylation pattern in the SKH-1 hairless mouse [244].

6.3.2 The Effects of EGCG on Histone Modification

In addition to its DNMT inhibitory effect, EGCG modulates gene expression via
histone modification. EGCG was found to abrogate p300-induced p65 acetylation
in vitro and in vivo, increase the level of cytosolic IkappaB alpha, and suppress
tumor necrosis factor alpha (TNFa)-induced NF-xB activation. Despite a strong
specificity for the majority of HAT enzymes, EGCG did not demonstrate activity
toward HDAC, SIRT1, or HMTase [245]. However, EGCG was found to decrease
HDAC activity and increase levels of acetylated lysine 9 and 14 on histone H3 (H3-
Lys 9 and 14) and acetylated lysine 5, 12, and 16 on histone H4, but EGCG
decreased levels of methylated H3-Lys 9 in A431 human skin cancer cells [241].
EGCG was also reported to inhibit HDAC1-3 expression and increase the levels of
acetylated histone H3 (LysH9/18) and H4 levels in LNCaP cells [240]. The in vivo
effect of EGCG on histone modification remains to be determined.

6.4 Genistein

Genistein is a natural isoflavone and phytoestrogen found in soy products. The
antitumor properties of genistein have been extensively studied using cell culture
systems and preclinical models. Epidemiological studies suggest that dietary intake
of genistein is linked with a decreased risk of breast and prostate cancer [246, 247].
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It has been reported that genistein can regulate gene transcription through the
modulation of DNA methylation and histone modification.

6.4.1 The Effects of Genistein on DNA Methylation

The DNA hypomethylation effect of genistein on different cell lines has been previ-
ously reported. Genistein and 5aza-C treatment significantly decreased the promoter
methylation of B-cell translocation gene 3 (BTG3), leading to its re-expression [248]
in prostate cancer cell lines. Similarly, treatment of a squamous cervical cancer cell
line, SiHa, with genistein resulted in promoter demethylation and the reactivation of
the RARP2 gene [211]. A similar promoter demethylation effect of genistein on
different target genes was also observed in renal and breast cancer cell lines [248,
249]. Itis believed that genistein modulates promoter demethylation through the direct
inhibition of DNMTs and the methyl-CpG-binding domain 2.

6.4.2 The Effects of Genistein on Histone Modification

In addition to DNA methylation, genistein modulates gene expression through
histone modification. Genistein was reported to increase acetylated histones 3, 4,
and H3/K4 at the p21 and p16 transcription start sites, leading to the reactivation of
the genes in human prostate cancer cells [250]. Genistein was also found to activate
tumor suppressor genes, such as PTEN and CYLD, via the demethylation and
acetylation of H3-K9 of the promoter region of the genes [251]. Interestingly, the
suppression effect of genistein on SIRT-1 led to the acetylation of H3-K9 at the p53
and FOXO3a promoters [251].

7 Conclusions

Various toxins, such as carcinogens, environmental pollutants, solar radiation, and
dietary mutagens, cause oxidative stress and inflammation and are the major drivers
of cancer. Dietary phytochemicals and/or relatively nontoxic therapeutic drugs, such
as cancer chemopreventive agents, are administered to inhibit, retard, or reverse the
initiation and progression stages of carcinogenesis over time. The induction of the
Nrf2-related antioxidant, detoxification, and anti-inflammation systems play an
important role in blocking carcinogenesis. In addition to the Nrf2—Keap1 signaling
pathway, epigenetic modifications are key mechanisms for the regulation of Nrf2-
mediated antioxidant and detoxification genes. Therefore, a promising approach to
cancer chemoprevention is the use of dietary phytochemicals to increase the expres-
sion of Nrf2 and Nrf2 downstream antioxidant and detoxification enzymes. The
results from research investigating this approach may provide clinical benefits to
human health.
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Abstract Sulforaphane is a promising agent under preclinical evaluation in many
models of disease prevention. This bioactive phytochemical affects many molecu-
lar targets in cellular and animal models; however, amongst the most sensitive is
Keapl, a key sensor for the adaptive stress response system regulated through the
transcription factor Nrf2. Keapl is a sulfhydryl-rich protein that represses Nrf2
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signaling by facilitating the polyubiquitination of Nrf2, thereby enabling its
subsequent proteasomal degradation. Interaction of sulforaphane with Keapl
disrupts this function and allows for nuclear accumulation of Nrf2 and activation
of its transcriptional program. Enhanced transcription of Nrf2 target genes provokes
a strong cytoprotective response that enhances resistance to carcinogenesis and
other diseases mediated by exposures to electrophiles and oxidants. Clinical evalu-
ation of sulforaphane has been largely conducted by utilizing preparations of
broccoli or broccoli sprouts rich in either sulforaphane or its precursor form in
plants, a stable B-thioglucose conjugate termed glucoraphanin. We have conducted
a series of clinical trials in Qidong, China, a region where exposures to food- and
air-borne carcinogens has been considerable, to evaluate the suitability of broccoli
sprout beverages, rich in either glucoraphanin or sulforaphane or both, for their
bioavailability, tolerability, and pharmacodynamic action in population-based
interventions. Results from these clinical trials indicate that interventions with
well characterized preparations of broccoli sprouts may enhance the detoxication
of aflatoxins and air-borne toxins, which may in turn attenuate their associated
health risks, including cancer, in exposed individuals.

Keywords Sulforaphane - Nrf2 - chemoprevention - DNA adducts - mercapturic
acids - clinical trials
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1 Introduction

Developing rational chemoprevention strategies requires well-characterized agents,
suitable cohorts, and reliable intermediate biomarkers of cancer or cancer risk [1].
Sulforaphane is one promising agent under preclinical and clinical evaluation.
Sulforaphane was isolated from broccoli guided by bioassays for the induction of
the cytoprotective enzyme NQOI1 [2]. The inducible expression of NQO1 is now
recognized to be regulated principally through the Keapl-Nrf2—ARE signaling
pathway [3]. This pathway in turn is an important modifier of susceptibility to
electrophilic and oxidative stresses, factors central to the processes of chemical
carcinogenesis and other chronic degenerative diseases [4]. Sulforaphane is a potent
inducer of Nrf2 signaling and blocks the formation of dimethylbenz[a]anthracene-
evoked mammary tumors in rats as well as other tumor types in various animal
models [5, 6]. In some instances these protective effects are lost in Nrf2-disrupted
mice [7, 8]. In addition to increasing cellular capacity for detoxifying electrophiles
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and oxidants, sulforaphane has been shown to induce apoptosis, inhibit cell cycle
progression, and inhibit angiogenesis [9-11]. Collectively, these actions serve to
impede tumor growth. However, not all of the molecular actions of sulforaphane
are triggered at the same concentrations. For example, activation of Nrf2 signaling
occurs at substantially lower concentrations than does induction of apoptosis [2, 12].
The overall potent and multimodal actions of sulforaphane make it appealing to use
in both preventive and therapeutic settings.

Broccoli and other cruciferous vegetables (e.g., cabbage, kale, and Brussels
sprouts), primary sources of sulforaphane, are widely consumed in many parts of
the world. Epidemiological evidence from prospective cohort studies and retrospec-
tive case-control studies suggest that consumption of a diet rich in crucifers reduces
the risk of several types of cancers as well as some chronic degenerative diseases
[13, 14]. There is growing evidence that the protective effects of crucifers against
disease may be attributable largely to their content of glucosinolates (B-thioglucose
N-hydroxysulfates) [15]. Glucosinolates in plant cells are hydrolyzed to bioactive
isothiocyanates by the B-thioglucosidase myrosinase [15]. Myrosinase is released
from intracellular vesicles following crushing of the plant cells by chewing, food
preparation, or damage by insects. This hydrolysis is also mediated in a less
predictable manner by B-thioglucosidases in the microflora of the human gut [16].
Young broccoli plants are an especially good source of glucosinolates, with levels
20-50 times those found in mature market-stage broccoli [17]. The principal
glucosinolate contained in broccoli is glucoraphanin, which is hydrolyzed by
myrosinase to sulforaphane (see Fig. 1).

Human populations are continuously exposed to varying amounts of chemicals
or manufacturing by-products that are carcinogenic in animal models; over 100
such compounds have been designated as human carcinogens by the International
Agency for Research on Cancer [21] and the National Toxicology Program [22].
Exposures to these exogenous agents occur through the environmental vectors of
food, water and air. In some cases the pathway to reducing cancer burden from
these exposures is obvious — eliminate exposures. However, in some instances,
exposures are largely unavoidable, such as exposures to aflatoxins and other
mycotoxins in food, or require substantial behavioral changes (e.g., smoking
cessation) or economic investments (e.g., clean air in developing megacities) that
are exceedingly difficult to implement in individuals or populations. In these
settings, effective, tolerable, low cost, and practical approaches to chemoprevention
with foods rich in glucosinolates serving as precursors for anticarcinogenic
isothiocyanates, such as glucoraphanin and its cognate isothiocyate sulforaphane
in broccoli, may be especially desirable.

This chapter highlights recent studies on the mechanisms of action of sulforaph-
ane as an inducer of Nrf2-regulated genes and their roles in attenuating or blocking
carcinogenesis. These studies, in turn, have supported the development and conduct
of a series of clinical trials in Qidong, China for the optimization of dose and
formulation regimens seeking to reduce body burdens of environmental
carcinogens in residents of this region. In Qidong, exposures to food-borne and
air-borne toxins and carcinogens can be considerable. Heptatocellular carcinoma
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Fig. 1 Glucoraphanin in
broccoli is converted to
sulforaphane either by plant
myrosinases, or if the plant
myrosinases have been
denatured by cooking, by
bacterial myrosinases in the
human colon. Sulforaphane is
passively absorbed and
rapidly conjugated with
glutathione by glutathione
S-transferases (GSTs), then
metabolized sequentially by
v-glutamyl-transpeptidase
(GTP), cysteinyl-glycinease
(GCase), and
N-acetyltransferase (NAT).
The conjugates are actively
transported into the systemic
circulation where the
mercapturic acid and its
precursors are urinary
excretion products.
Deconjugation may also
occur to yield the parent
isothiocyanate, sulforaphane.
The mercapturic acid and
cysteine conjugate forms are
the major urinary metabolites
of sulforaphane [18]. For the
beverages used in the Qidong
interventions enumerated in
Table 1, sulforaphane was
generated enterically from
glucoraphanin through the
action of thioglucosidases in
the gut microflora
(glucoraphanin-rich, GRR),
or prereleased by treatment of
aqueous broccoli sprout
extract with myrosinase from
the daikon plant Raphanus
sativus (sulforaphane-rich,
SFR)
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can account for up to 10% of the adult deaths in some rural townships there.
Chronic infection with hepatitis B virus, coupled with exposure to aflatoxins, likely
contributes to this high risk of liver cancer [23]. As vaccination programs and
economic development take hold, risk factors for liver cancer are diminishing in
Qidong; however, development is likely leading to increased exposures to air-borne
chemicals with uncertain but potentially adverse health outcomes.

2 Keapl-Nrf2 Signaling

Environmental carcinogens typically undergo metabolic activation in target cells to
form reactive electrophiles that damage DNA. Several completed clinical trials
have attempted to reduce the burden of DNA damage imparted by environmental
exposures to heterocyclic amines [24], tobacco smoke [25], and aflatoxins [19, 26,
27]. The end points for these trials were short-term biomarker modulations of
carcinogen metabolism and/or DNA adducts and other forms of DNA damage. In
these studies, modulation of these biomarkers is presumptive evidence for a cancer
risk reduction, a concept that has been well validated in animal models [28].
Multiple strategies for modifying the bioactivation and/or detoxication of environ-
mental carcinogens have been developed [4]. Disruption of Nrf2 signaling in mice
leads to increased sensitivity to carcinogenesis by environmental agents [7, 29],
increased burden of carcinogen-DNA adducts in target tissues [30-32], loss of
chemopreventive efficacy of anticarcinogens such as sulforaphane, oltipraz, and
CDDO-Im [7, 29, 32], and highlights a critical role for this adaptive stress response
pathway as a critical determinant of susceptibility, and hence, a target for
prevention.

The Keapl-Nrf2 signaling pathway provides a broad based cytoprotective
response towards disruption of cellular homeostasis by extrinsic and intrinsic
stresses. The current model of Keapl-Nrf2 interactions, as addressed in recent
reviews [33, 34], involves the Kelch domains of a Keapl homodimer functionally
interacting with two different sites within the Neh2 domain of Nrf2, the ETGE, or
high affinity “hinge” site and the DLG, the lower affinity “latch” site (see Fig. 2).
Under normal cellular conditions, Tong et al. [35] propose that Nrf2 first interacts
with the Keapl dimer through the ETGE hinge interaction, tethering Nrf2 to the
Keapl homodimer, and subsequently the Cul3—-Rbx1 complex which, following
the stable interaction of Nrf2 to Keapl through the DLG latch motif, leads to the
appropriate orientation of proteins to facilitate the ubiquitination and subsequent
proteasomal targeting as well as destruction of Nrf2. Upon cellular stress or
pharmacologic induction, the ability of Keapl to maintain both points of contact,
the hinge and the latch, is thought to be disrupted by the alteration of the tertiary or
quaternary structure of the Keapl homodimer, accomplished via alterations of the
many reactive cysteines within Keapl through oxidation or covalent modification
[36, 37]. The disruption of this efficient turnover of Nrf2 allows for the accumula-
tion of the protein and permits Nrf2 to translocate into the nucleus. Once within the
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Fig. 2 Scheme of Keapl-Nrf2 interactions. Under homeostatic conditions, Nrf2 is bound by
Keapl through the “hinge” ETGE) and “latch” (DLG) domains of Nrf2. Upon association, Nrf2 is
ubiquitinated by the Cul2/Rbx1/E2 ubiquitin ligase complex, marking it for proteasomal degrada-
tion. Induction of Nrf2 signaling by sulforaphane through thiocarbamylation at Cys 151may lead
to disruption of the Cul3 association with Keapl and abrogation of Nrf2 ubiquitination. Newly
synthesized Nrf2 thereby escapes proteasomal degradation and translocates to the nucleus where it
accumulates and activates the transcription of its target genes

nucleus, Nrf2 forms heterodimers with small Maf proteins, and drives the transcrip-
tion of genes with a functional antioxidant response element (ARE) within their
promoters [3, 38]. These genes include, but are not limited to, conjugation/detoxi-
cation proteins, antioxidative enzymes, anti-inflammation proteins, the proteasome,
and cellular chaperones, creating a general cytoprotective response following
pathway activation [39]. Recently, the response of Nrf2 has been broadened in
scope, with studies documenting interactions between Nrf2 and Notch signaling
[40], p53/p21 [41], p62 based autophagy [42, 43], aryl hydrocarbon receptor
signaling [44], NF-kB [45, 46], and other processes [47]. These interactions provide
the means to elicit the broad-based cell survival responses that now typify the
pathway.

3 Keapl Is Targeted by Sulforaphane

Sulforaphane is — or is amongst — the most potent naturally occurring inducers of
Nrf2 signaling, exhibiting efficacy in the high nanomolar range in cell cultures. Its
potency may reflect in part a capacity to accumulate in cells as an interchangeable
conjugate with glutathione [48]. Keapl is a cysteine-rich protein that serves as the
sensor regulating activation of Nrf2 signaling by various chemical classes of
anticarcinogens, all of which are thiol regents [49]. Hong et al. [50] observed that
sulforaphane modified multiple Keapl domains, whereas the model electrophiles
but less potent pathway activators dexamethasone mesylate and biotinylated
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iodoacetic acid modified Keapl preferentially in the central linker domain [49].
Some of the differences between sulforaphane modification patterns and those of
other electrophiles probably reflect differences in electrophile chemistry. Dexa-
methasone mesylate and biotinylated iodoacetic acid are SN2 type electrophiles
that alkylate by nucleophilic displacement of a leaving group. Thiols react with
sulforaphane by addition to the isothiocyanate carbon to yield thionoacyl adducts.
The acylation reaction occurs much more rapidly than does alkylation, although
these adducts are subjected to dissociation and rearrangement. A follow-up analysis
by Hu et al. [51] using a modified sample preparation protocol has determined C151
to be one of four cysteine residues preferentially modified by sulforaphane. These
chemical mapping results are consistent with in vivo observations reported by
multiple investigators in which C151 has also been determined to be the primary
target for modification by sulforaphane [52, 53]. In cells in which cysteine 151 of
Keapl has been mutated to serine, nuclear accumulation and subsequent induction
of Nrf2 target genes by sulforaphane are severely abrogated.

As depicted in Fig. 2, the Nrf2 signaling pathway is activated in response to the
modification of Keapl C151 by an increased amount of newly synthesized Nrf2
translocating to the nucleus, a result of decreased Keap 1-mediated Nrf2 ubiquitination,
and subsequent proteasomal degradation. This decrease in Nrf2 ubiquitination
appears to arise from a diminished interaction between Keapl and Cul3 upon the
modification of C151, as shown by co-immunoprecipitation experiments in cells
expressing mutant Keapl (C151W) or treated with sulforaphane [36].

4 Gene Expression Changes Evoked by Sulforaphane
in Animal and Human Cells

Extensive microarray-based studies have and continue to define the battery of Nrf2-
regulated genes in the context of different species, tissues, cell types, and responses
to small molecule activators of the pathway (reviewed in [33, 54]). These studies
typically employ both genetic and pharmacologic perturbations of pathway activity
to define the nature and range of induced or repressed genes. Several early studies
focused on the comparative effects of sulforaphane or vehicle treatment in Nrf2-
disrupted or wild-type mice in small intestine [55] and liver [56]. Patterns of
elevated expression of Nrf2-regulated genes reflected those seen with other
inducers such as 1,2-dithiole-3-thione [57] or with genetic upregulation via
hepatic-specific disruption of Keapl [58] in the liver. Families of genes elevated
in response to sulforaphane include electrophile detoxication enzymes, enzymes
involved in free radical metabolism, glutathione homeostasis, generation of reduc-
ing equivalents and lipid metabolism, solute transporters, subunits of the 26S
proteasome, nucleotide excision repair proteins, and heat shock proteins. Bioavail-
ability and Nrf2-dependent pharmacodynamic action of sulforaphane have been
demonstrated in a number of extrahepatic tissues [59, 60]. More recent studies have
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evaluated the Nrf2 transcriptional program in human cells [61, 62]. Recently,
Agyeman et al. [63] analyzed the transcriptomic and proteomic changes in human
breast epithelial MCF10A cells following sulforaphane treatment or Keap1l knock-
down with siRNA using microarray and stable isotopic labeling with amino acids in
culture, respectively. Strong concordance between the transcriptomic and proteomic
profiles was observed. As seen in other studies with human cells, induction of
aldo-keto reductase family members was most vigorous. Figure 3 demonstrates
that aldo-keto reductases AKRI1C1/2, AKR1C3, and AKR1B10, as well as the
prototypic Nrf2-regulated enzyme NQO1, are substantively induced by sulforaph-
ane following treatment of primary human mammary organoid cultures prepared
from reduction mammaplasty specimens. Thus, an Nrf2 regulated response to
sulforaphane in humans that recapitulates at least in part that observed in rodent
models is evident.

S Clinical Trials in Qidong with Broccoli Sprout Preparations

Extensive work by Talalay and colleagues has characterized the pharmacokinetics
and safety in humans of ingestion of sulforaphane-rich (SFR) or glucoraphanin-rich
(GRR) hot water extracts prepared from broccoli sprouts [16, 64, 65]. In many
cases, freeze-dried standardized sprout extracts from specifically selected cultivars
and seed sources grown in a prescribed manner were utilized to provide consistency
of preparations across multiple studies. First and foremost, these studies have
established the safety of these GRR and SFR preparations. Dose limiting factors
center on taste, gastric irritation, and flatulence. Second, they have demonstrated a
linear uptake and elimination of sulforaphane following administration of a wide
range of doses as an SFR beverage. Third, bioavailability of sulforaphane was
substantially better when administered as an SFR vs a GRR beverage. This latter
result points to a limited capacity for the microbial thioglucosidases of the human
gut to catalyze the conversion of glucoraphanin to sulforaphane. Subsequently, dozens
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Table 1 Summary of clinical intervention trials with broccoli sprouts in Qidong

Agent Dose and schedule Size (duration) Biomarker modulation References
Broccoli sprout * 225 pmol GRR 12 (1 day) Bioavailability study Unpublished
GRR only: ~5%

administered GR

recovered in urine as

SF metabolites
Broccoli sprout * Placebo, q.d. 200 (14 days) 9% decrease in urinary [19]
GRR * 400 umol GRR excretion of AFB-

N’-gua DNA adducts

at 10 days; 10%

decrease in pollutant

PheT excretion

Broccoli sprout * Run-in — (800 pmol) — 50 (24 days) Glucoraphanin and [18, 20]
GRR < wash-out — SFR sulforaphane
SFR cross-over (150 pmol) elimination
* Run-in — SFR — wash- pharmacokinetics;
out — GRR 20-50% increases in

urinary excretion of
mercapturic acid
(NAC) conjugates of
air pollutants:
acrolein, ethylene

oxide,
crotonaldehyde,
benzene
Broccoli sprout * Placebo 291 (12 weeks) Biomarker analyses in Unpublished
GRR + SFR blend * GRR (600 pmol) + SFR progress: primary
(40 pmol) endpoints are urinary

biomarkers of food-
and air-borne toxins
and pollutants

of clinical trials are underway or completed utilizing broccoli or broccoli sprout
preparations, as indicated by a review of the clinicaltrials.gov website. Summarized
below and in Table 1 are the key findings in a series of four clinical trials we have
conducted in Qidong, China with broccoli sprout derived beverages. All trials were
approved by Institutional Review Boards in the United States and China.

Inasmuch as the initial hospital-based studies with broccoli sprout beverages
were conducted in Baltimore amongst Caucasian and African-American
participants, our first initiative in Qidong sought to address whether and to what
extent the Chinese could convert, absorb, and excrete sulforaphane following
administration of a GRR beverage. In 2002, 12 volunteers from the village of He
Zuo in Qidong refrained from eating cruciferous and other green vegetables over a
4-day period. Extensive dietary logs were maintained and daily home visits to
witness food preparation confirmed the absence of these vegetables from the diet.
On the evening of the 3rd day, each volunteer consumed a GRR beverage
containing 225 pmol glucoraphanin. Overnight, 12-h urine samples were collected
during the run-in and post-intervention phases of the study. Using a cyclocon-
densation assay to measure sulforaphane and other isothiocyanate metabolites,
average total excretion levels of 0.23, 0.32, 0.26, and 12.17 pumol of isothiocyanates
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were detected in the overnight voids. This greater than 40-fold increase reflects an
excretion of sulforaphane metabolites as 5.4% of the administered dose of sulfo-
raphane (in the form of its precursor glucoraphanin).

In 2003 a beverage formed from hot water infusions of 3-day old broccoli sprouts
grown on site, containing defined concentrations of glucosinolates as the stable
precursor of the sulforaphane, was evaluated for its ability to alter the disposition
of aflatoxin. Exposures to aflatoxin, common in this community, likely arose from
fungal contamination of their dietary staples. In this clinical study, also conducted in
He Zuo, 200 healthy adults drank beverages containing either 400 or <3 pmole
glucoraphanin nightly for 2 weeks. Urinary levels of aflatoxin-N’-guanine, formed
from depurination of the primary hepatic DNA adduct, were similar between the two
intervention arms. A nonsignificant 9% decrease was seen in participants
randomized to receive GRR compared to placebo beverage. However, measurement
of urinary levels of sulforaphane metabolites indicated striking interindividual
differences in bioavailability. This outcome may reflect individual differences in
the rates of hydrolysis of glucoraphanin to sulforaphane by the intestinal microflora
of the study participants. Accounting for this variability, a significant inverse
association was observed for excretion of total sulforaphane metabolites and afla-
toxin-N’-guanine adducts in the 100 individuals receiving broccoli sprout
glucosinolates [19]. This preliminary study illustrated the potential use of an inex-
pensive, easily implemented, food-based method for secondary prevention in a
population at high risk for aflatoxin exposures.

One of several challenges in design of clinical chemoprevention trials is the
selection of an adequate dose, type of formulation, and dose schedule of the
intervention agent. A cross-over clinical trial was undertaken in He Zuo, Qidong
in 2009 to compare the bioavailability and tolerability of sulforaphane from two
broccoli sprout-derived beverages: one GRR and the other SFR (see Fig. 1).
Sulforaphane was generated from glucoraphanin contained in the GRR beverage
by gut microflora or formed by treatment of GRR with myrosinase from daikon
sprouts to provide an SFR beverage [18]. Bulk amounts of freeze-dried powders of
GRR and SFR were prepared in a commercial facility to provide a consistent
composition throughout the study. Fifty healthy, eligible participants were
requested to refrain from crucifer vegetable consumption and randomized into
two treatment arms. The study design was as follows: 5-day run-in period, 7-day
administration of beverages, 5-day washout period, and 7-day administration of the
opposite intervention. Isotope dilution mass spectrometry was used to measure
levels of glucoraphanin, sulforaphane, and sulforaphane thiol conjugates in urine
samples collected daily throughout the study (see Fig. 1). Bioavailability, as
measured by urinary excretion of sulforaphane and its metabolites, was substan-
tially greater with the SFR (mean ~70%) than with GRR (mean ~5%) beverages. In
addition, inter-individual variability in excretion was considerably lower with SFR
than with GRR beverage. Elimination rates were considerably slower with GRR,
allowing for achievement of steady-state dosing as opposed to bolus dosing with
SFR [18].
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An emerging problem in this region of China is outdoor air pollution. Analysis of
urine samples for levels of phenanthrene tetraol, a metabolite of the polycyclic
aromatic hydrocarbon and pollutant phenanthrene, from samples collected in the
2003 Qidong study indicated levels four to five times higher than measured in urine
samples collected from urban residents of Minneapolis — St. Paul, Minnesota at the
same time [19]. Urinary levels of phenanthrene tetraol remained high in the 2009
Qidong samples [20]. Therefore, urinary excretion of the mercapturic acids of the air-
borne toxins acrolein, crotonaldehyde, ethylene oxide, and benzene were also
measured in urine samples from both pre- and post-interventions using liquid chroma-
tography tandem mass spectrometry. Statistically significant increases of 20-50% in
the levels of excretion of glutathione-derived conjugates of acrolein, crotonaldehyde,
and benzene were seen in individuals receiving SFR, GRR, or both compared with
their preintervention baseline values. No significant differences were seen between the
effects of SFR vs GRR. Intervention with broccoli sprouts may enhance detoxication
of airborne pollutants and attenuate their associated health risks [20].

Optimal dosing formulations in future studies might consider blends of sulfo-
raphane and glucoraphanin as SFR and GRR mixtures to achieve peak
concentrations for activation of some targets and prolonged inhibition of others
implicated in the protective actions of sulforaphane. With that view in mind, a
placebo-controlled intervention in 291 participants with a blend of 40 pmol SFR
and 600 pmol GRR has been completed in early 2012 in He He, Qidong. This study
will assess the impact of the broccoli sprout beverage on internal dose biomarkers of
air pollution, and, in particular, evaluate the sustainability of the intervention over
several months in terms of tolerability and efficacy. Although it is apparent that the
Keap1-Nrf2 pathway can be activated in humans over the short term, it remains to be
determined whether or not the pathway becomes refractory to repeated activation
stimuli. Collectively, this series of clinical trials have defined paradigms for using
biomarkers of exposures to environmental carcinogens as intermediate endpoints in
the evaluation of agents for the prevention of chronic diseases. In particular,
prevention trials of whole foods or simple extracts offer prospects for reducing an
expanding global burden of cancer effectively with minimal cost, in contrast to
promising isolated phytochemicals or pharmaceuticals [66].
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Chemoprotection Against Cancer
by Isothiocyanates: A Focus on the Animal
Models and the Protective Mechanisms

Albena T. Dinkova-Kostova

Abstract The isothiocyanates are among the most extensively studied
chemoprotective agents. They are derived from glucosinolate precursors by the
action of p-thioglucosidase enzymes (myrosinases). The Cruciferae family
represents a rich source of glucosinolates. Notably, nearly all of the biological
activities of glucosinolates, in both plants and animals, are attributable to their
cognate hydrolytic products, and the isothiocyanates are prominent examples. In
contrast to their relatively inert glucosinolate precursors, the isothiocyanates are
endowed with high chemical reactivity, especially with sulfur-centered
nucleophiles, such as protein cysteine residues. There are numerous examples of
the chemoprotective effects of isothiocyanates in a number of animal models
of experimental carcinogenesis at various organ sites and against carcinogens of
several different types. It is becoming increasingly clear that this efficient protec-
tion is due to multiple mechanisms, including induction of cytoprotective proteins
through the Keapl/Nrf2/ARE pathway, inhibition of proinflammatory responses
through the NFxB pathway, induction of cell cycle arrest and apoptosis, effects on
heat shock proteins, and inhibition of angiogenesis and metastasis. Because the
isothiocyanates affect the function of transcription factors and ultimately the
expression of networks of genes, such protection is comprehensive and long-
lasting.
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1 Introduction

The isothiocyanates are a diverse family of biologically active phytochemicals
which are derived from glucosinolate precursors. Glucosinolates are
S-B-thioglucoside N-hydroxysulfates (Fig. 1) that are particularly abundant in crucifer-
ous (Brassicacea) plants. Depending on the origin of their side chain, there are three
different types of glucosinolates: (1) aromatic, originating from Phe or Tyr; (2)
aliphatic, originating from Ala, Leu, Ile, Met, or Val; and (3) indole, derived from
Trp [1-3]. In the intact plant, the glucosinolates are always accompanied by
B-thioglucosidase enzymes, known as myrosinases (EC 3.2.1.147). However, under
physiological conditions, the myrosinases are physically separated from their
substrates. Curiously, certain parts of the plant may contain extraordinary high
concentrations of glucosinolates. Thus, in the root of field-grown canola (Brassica
napus), two cell layers located under the outermost periderm layer contain 100 times
higher concentrations of glucosinolates than in whole roots [4]. Similarly, in
Arabidopsis thaliana, the flower stalk has specialized S-(sulfur-rich) cells with
concentrations of glucosinolates exceeding 130 mmol/L.. The S-cells are located
between the phloem and the endodermis, whereas myrosinase is present in the adjacent
phloem parenchyma cells [5, 6]. Enzyme and substrate come in contact upon damage
of the plant tissue such as during injury or chewing, resulting in rapid hydrolysis of the
glucosinolates to give rise to a variety of highly reactive compounds (Fig. 1) that are
essential for plant defense against herbivores and pathogens [7], and also have benefi-
cial effects in mammals [8]. The importance of this reaction for plant defense is
emphasized by its name, “the mustard oil bomb” [9], and by the extraordinary changes
in cell composition and the extreme degree of metabolic specialization that take place
during differentiation of the S-cells which are accompanied by degradation of a number
of organelles [6]. The isothiocyanates represent one of the major types of products of
the myrosinase reaction and are largely responsible for most of the biological activities
associated with the glucosinolates.

In contrast to their relatively inert precursors, the isothiocyanates are
characterized by high chemical reactivity. The central carbon atom of the isothio-
cyanate (-N=C=S) group is highly electrophilic and reacts avidly with sulfur-,
nitrogen-, and oxygen-centered nucleophiles (Fig. 2). As such nucleophiles are
integral components of amino acids, it is perhaps not surprising that one of the
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Fig. 1 The glucosinolates are hydrolyzed by the catalytic action of myrosinases to give unstable
aglucones and liberate glucose. Depending on the structure of the glucosinolate side chain (R) and
the reaction conditions, a variety of final products can be formed, including epithionitriles, nitriles,
isothiocyanates, thiocyanites, and oxazolidine-2-thiones. Modified from [1]

major cellular targets of isothiocyanates are proteins and peptides (reviewed in
[10, 11]). Probably the most common in cells is the reaction of isothiocyanates with
cysteine residues in proteins and glutathione, leading to the formation of
thiocarbamate products. Because of the high (millimolar) concentration of glutathi-
one in tissues, the conjugation reaction of isothiocyanates to glutathione is a
common occurrence, and it also represents the first step in the metabolism of
isothiocyanates in biological systems. This reaction is further facilitated by the
enzymatic activity of glutathione transferases (GSTs) which also lower the pK,
value of the cysteine residue of glutathione such that, when bound to the enzyme, it
exists as the thiolate anion even at physiological pH, and is thus primed for
nucleophilic attack on the electrophilic substrate [12].

Another possibility is an alkylation reaction of isothiocyanates with the «-amino
groups in N-terminal residues of proteins. The products of this reaction, as well as
of the reaction of the isothiocyanates with the e-amino groups of lysines, are known
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Fig. 2 The central carbon of the isothiocyanate (-N=C=S) group is electrophilic and reacts readily
with sulfur-, nitrogen-, and oxygen-centered nucleophiles. The most common reactions of
isothiocyanates with cellular proteins are: conjugation with sulfhydryl groups, such as the sulfhydryl
group of cysteine, alkylation with o-amino groups in N-terminal residues and the g-amino group of
lysine, reactions with the secondary amine in proline, and, although not occurring at physiological
conditions, reactions with hydroxyl group-containing residues, such as tyrosine. Modified from [10]

as thioureas. The isothiocyanates can also react with secondary amines, especially
those which, due to their surrounding amino acid environment, have low pK, values
and are therefore highly reactive. Under certain conditions, reactions of
isothiocyanates with hydroxyl group-containing residues (e.g., tyrosine), are also
possible.

2 Protective Effects in Animal Models of Carcinogenesis

Nearly 50 years ago, it was reported that feeding of o-naphthyl isothiocyanate
(Fig. 3) to Wistar rats dose-dependently reduced the development of liver tumors
caused by the chemical carcinogens 3'-methyl 4-dimethylaminoazobenzene, ethio-
nine, and N-2-fluorenylacetamide [13, 14]. In the late 1970s, Lee Wattenberg
demonstrated that benzyl isothiocyanate, phenyl isothiocyanate, and phenethyl
isothiocyanate (Fig. 3) inhibited the carcinogenic effects of polycyclic aromatic
hydrocarbons using the 9,10-dimethyl-1,2-benzanthracene (DMBA)-induced
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mammary carcinogenesis model in Sprague—Dawley rats [15-19]. Benzyl isothio-
cyanate also effectively inhibited the formation of benzo[a]pyrene-induced
forestomach and pulmonary adenomas in ICR/Ha mice [15]. In a series of extensive
studies, Fung-Lung Chung and his colleagues showed that chemically-induced lung
carcinogenesis is inhibited by orally administered isothiocyanates [20—28]. In male
F344 rats treated with the tobacco-derived nitrosamine carcinogen 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), phenethyl isothiocyanate inhibited
the methylation and pyridyloxobutylation of DNA in lung and the formation of
pulmonary adenomas and carcinomas [20]. In a structure—activity study, female A/J
mice received four daily doses by gavage of phenyl-(CH,),-isothiocyanate
(n = 0-6) before carcinogen administration (a single dose of NNK, i.p.). Four
months later, when the experiment was terminated, it was found that
isothiocyanates with n > 2 reduced formation of pulmonary tumors, whereas
phenyl isothiocyanate and benzyl isothiocyanate had no effect [21-23, 28]. How-
ever, if phenethyl isothiocyanate was given 1 week after the carcinogen and then
continued till the end of the experiment, the protective effect was lost [23],
indicating that the timing when the protective agents are given is critical. Impor-
tantly, this finding also suggested that the isothiocyanate was perhaps able to alter
the metabolism of the carcinogen. Pretreatment with phenethyl isothiocyanate at a
dose of 5 umol or with 6-phenylhexyl isothiocyanate at a dose of 0.2 pmol p.o.,
either once or for 4 consecutive days with the final (or single) administration
occurring 2 h prior to a single i.p. injection of the carcinogen, resulted in significant
reductions of tumor multiplicity regardless of whether the isothiocyanate was
administered one or four times [26]. In contrast, post-treatment was without effect
[23], again suggesting that protection against carcinogenesis is due to inhibition of
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the metabolic activation of the carcinogen. In strong support of this conclusion, it
was found that phenethyl isothiocyanate effectively inhibited the NNK-induced
Oé-methylguanine formation in the lungs of F344 rats [20] and A/J mice [21].

More recently, reduction in carcinogen-DNA adduct formation by phenethyl
isothiocyanate was observed following administration to rats of low doses of the
radiolabeled heterocyclic amines 2-amino-1-methyl-6-phenyl-imidazo[4,5-b]-
pyridine (PhIP) and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) [29]. PhIP
adducts were quantified by accelerator mass spectrometry in the liver, colon,
prostate, and blood plasma and 1Q adducts in the liver and blood plasma. It was
shown that phenethyl isothiocyanate decreased the formation of DNA adducts in
tissues and albumin adduct in blood, and elevated the activity of phase 2 enzymes in
liver. Phenethyl isothiocyanate was also shown to be highly effective in protection
against the development of tumors of the esophagus caused by N-nitrosobenzyl-
methylamine (NMBA) in male F344 rats [30-33]. Importantly, phenethyl isothio-
cyanate significantly inhibited tumor incidence and multiplicity when given before
and during, but not following, NMBA treatment [33]. In a structure—activity study,
3-phenylpropyl isothiocyanate was identified as an especially effective inhibitor,
reducing the incidence and multiplicity of NMBA-induced esophageal tumors by
>95% [34].

Yuesheng Zhang and colleagues have evaluated the ability of sulforaphane
[1-isothiocyanato-(4R)-(methylsulfinyl)butane] (Fig. 3) and three synthetic
norbornyl analogs (exo-2-acetyl-exo-6-isothiocyanatonorbornane, endo-2-acetyl-
exo-6-isothiocyanatonorbornane, and exo-2-acetyl-exo-5-isothiocyanatonorborn
ane) to block the formation of mammary tumors in Sprague—Dawley rats treated
with single doses of 9,10-dimethyl-1,2-benzanthracene (DMBA) [35]. They found
that when sulforaphane and exo-2-acetyl-exo-6-isothiocyanatonorbornane were
administered p.o. at doses of 75 or 150 pumol per day for 5 days around the time
of exposure to the carcinogen, the development of mammary tumors was delayed
and their incidence, multiplicity, and weight were reduced. The analogs endo-2-
acetyl-exo-6-isothiocyanatonorbornane and exo-2-acetyl-exo-5-isothiocyanato-
norbornane were less effective.

Feeding sulforaphane at 7.5 pmol/day from 7 days before until 2 days after the
last dose of the carcinogen benzo[a]pyrene inhibited the development of stomach
carcinogenesis in mice [36]. Sulforaphane and phenethyl isothiocyanate also
reduced the formation of azoxymethane-induced colonic aberrant crypt foci in
rats at 20 or 50 pmol/day, respectively p.o. for 3 days before the carcinogen, or
5 or 20 pmol, respectively three times/week for 8 weeks after the carcinogen [37].
The malignant progression of lung adenomas induced by tobacco carcinogens in
mice was also inhibited in animals given 1.5 or 3 mmol/kg diet of either sulforaph-
ane or phenethyl isothiocyanate during weeks 2142 after administration of the
carcinogen [38]. Dietary sulforaphane or benzyl isothiocyanate inhibited the devel-
opment of pancreatic tumors when administered before or during the initiation
stage in Syrian hamsters treated with N-nitroso-bis(2-oxopropyl)amine, but had no
effect when administered post-initiation [39].
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The development of intestinal adenomas in mice in which the apc tumor
suppressor gene is truncated (a condition that makes them genetically predisposed
to multiple intestinal neoplasia) was inhibited by feeding sulforaphane in the diet at
doses of 6 pmol/mouse daily for 10 weeks [40], or 300 ppm (~4.25 pmol/mouse) or
600 ppm (~8.5 pmol/mouse) for 3 weeks [41]. Dietary supplementation of
phenethyl isothiocyanate at 0.05% of the diet for 3 weeks was also protective in
this model [42]. In a transgenic mouse model of prostate cancer (TRAMP, trans-
genic adenocarcinoma of mouse prostate, which has similar disease progression to
human prostate carcinogenesis from histologic prostatic intraepithelial neoplasia to
well-differentiated and poorly differentiated carcinoma, and distant site metastasis),
orally-administered sulforaphane (6 pmol/mouse, three times per week, for
17-19 weeks, beginning at 6 weeks of age), or sulforaphane-rich broccoli sprouts
had a significant inhibitory effects on prostate tumorigenesis and pulmonary metas-
tasis [43, 44].

Pretreatment with sulforaphane (at daily doses of 10 or 40 pmol/kg, p.o., for
5 days) was shown to inhibit DNA damage in the mouse bladder following
exposure to 4-aminobiphenyl (ABP), a major human bladder carcinogen from
tobacco smoke [45]. Furthermore, dietary administration to rats of a freeze-dried
aqueous extract of isothiocyanate-containing broccoli sprouts (70, 25, and 5% of
sulforaphane, iberin, and erucin, respectively) significantly and dose-dependently
inhibited bladder cancer development induced by N-butyl-N-(4-hydroxybutyl)
nitrosamine [46]. Remarkably, the concentrations of isothiocyanates in the urine
were two to three orders of magnitude higher than in plasma, indicating that the
bladder epithelium is the most exposed tissue to orally-administered isothiocyanates.
In an orthotopic bladder cancer model, N-acetyl-S-(V-allylthiocarbamoyl)cysteine,
the major urinary metabolite of allyl isothiocyanate, was administered orally at
10 umol/kg body weight, daily, for 3 weeks, to female F344 rats [47]. This treatment
inhibited tumor growth by 40% and reduced muscle invasion by 49%.

In the two-stage chemical skin carcinogenesis model (a single dose of DMBA as
initiator followed by multiple doses of the phorbol ester 12-O-tetradeca-
noylphorbol-13-acetate [TPA] as promoter) sulforaphane protected hairless mice
against the development of skin tumors when administered topically twice a week
at levels of 1, 5, or 10 pmol/mouse during the promotion stage [48]. In C57BL/6
mice, pretreatment with 100 nmol of sulforaphane topically for 14 days before
DMBA application decreased tumor incidence and multiplicity [49]. Topical appli-
cation of broccoli sprout extracts (containing the equivalent of 1 pumol of sulfo-
raphane) 5 days a week, for 11 weeks, reduced by 50% tumor incidence,
multiplicity, and burden in SKH-1 hairless mice that had been rendered ‘“high-
risk” for skin cancer development by prior chronic exposure (20 weeks) to low
doses (30 mJ/cmz) of UVB radiation [50]. Incorporation of glucoraphanin-rich
broccoli sprout powder in the mouse diet had a similar effect in this model [51].
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3 Inhibition of Tumor Growth in Xenograft Models

In addition to their protective effects against tumor development in animal models
of carcinogenesis, the isothiocyanates have been shown to inhibit the growth of
human tumor cells in xenograft models. Thus, reduction of the growth of PC-3
human prostate cancer xenografts was demonstrated following i.p. injections of
10 pmol allyl isothiocyanate, three times per week beginning on the day of
implantation of the tumor cells, and on day 26 post-implantation the tumor size in
the treated mice was 1.7-fold smaller than the tumor size in the control animals
[52]. Similarly, i.p. administration of phenethyl isothiocyanate (5 pmol, three times
per week for 28 days), beginning 1 day before tumor implantation [53] or dietary
intervention with 8 pumol per gram of diet of the N-acetylcysteine conjugate of
phenethyl isothiocyanate (a metabolite of this isothiocyanate) [54] reduced the
tumor volume of PC-3 xenografts. Sulforaphane in the diet at a daily dose of
7.5 pmol per animal for 21 days also suppressed (by 40%) the growth of PC-3
xenografts [55]. Dietary administration of phenethyl isothiocyanate (100-150 mg/
kg body weight/day) inhibited the growth of the androgen-dependent LNCaP
human prostate cancer xenografts [56]. Treatment with sulforaphane (50 mg/kg,
i.p., 5 times per week for 26 days, or a total of 20 injections) reduced tumor growth
by 50% in orthotopically (right thoracic mammary fat pad)-transplanted human
breast cancer KPL-1 cells in female athymic BALB/c mice [57]. In a pancreatic
cancer xenograft model, co-treatment with sulforaphane enhanced the antitumor
effect of the 17-allylamino 17-demethoxygeldanamycin (17-AAG), an Hsp90
inhibitor, resulting in inhibition of tumor growth by more than 70% [58]. In mice
with primary human colorectal cancer cell xenografts, sulforaphane treatment
(400 pmol/kg, s.c., daily, for 3 weeks) decreased the mean tumor weight by 70%
compared with vehicle-treatment [59]. Significant reduction in tumor volume was
also observed by sulforaphane treatment (0.75 mg, s.c., daily, for 2 weeks) in a
subcutaneous tumor xenograft model of human Barrett esophageal adenocarcinoma
in mice [60].

4 Protective Mechanisms

Most cancer-causing xenobiotics are procarcinogenic and are converted to the
ultimate carcinogens by metabolism. Therefore one possible mechanism by
which the isothiocyanates exert their protective effects is by modulating the bio-
transformation of the procarcinogens. Indeed, Paul Talalay and his colleagues
showed that isothiocyanates, as well as some dietary antioxidants, were causing
alterations in the metabolism of carcinogens by (1) reducing the activation of
carcinogens by inhibiting phase 1 drug metabolizing enzymes (mostly cytochrome
P450s) that are largely responsible for converting procarcinogens (e.g., polycyclic
aromatic hydrocarbons) to highly reactive electrophilic species and (2) inducing the
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Nrf2 accumulates, forms a heterodimer with a small Maf transcription factor, and the complex
binds to the antioxidant response elements (ARE) in the promoter region of cytoprotective genes,
enhancing their transcription

gene expression of cytoprotective (phase 2) enzymes [61-65]. These seminal
studies provided an explanation for the mechanism of action of the protective
agents [66].

The genes encoding phase 2 and other cytoprotective proteins, such as NAD(P)
H:quinone oxidoreductase 1 (NQOL1), glutathione S-transferases (GSTs), heme
oxygenase 1, thioredoxin reductase, and aldo-keto reductases, share common
transcriptional regulation via the Keapl/Nrf2/ARE pathway (Fig. 4) (reviewed in
[67-85]). Isothiocyanates enhance the expression of cytoprotective genes by
reacting with specific cysteine residues of the protein sensor Kelch-like ECH-
associated protein 1 (Keapl) leading to loss of its ability to target transcription
factor NF-E2-related factor 2 (Nrf2) for ubiquitination and proteasomal degrada-
tion, and subsequently allowing Nrf2 to undergo nuclear translocation, bind to the
antioxidant response elements (AREs, specific sequences that are present in the
promoter regions of cytoprotective genes), and activate their transcription. Direct
cysteine modifications of Keapl by sulforaphane have been demonstrated using
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purified recombinant protein and ectopically-expressed Keapl isolated from cells
exposed to this isothiocyanate [86—88].

The fact that it was possible to achieve protection against a variety of
carcinogens at several different organ sites by administering compounds from
edible plants that have been present in the human diet for centuries provided a
strong impetus for the search of new and more potent protectors. A highly quanti-
tative bioassay system was developed based on the ability of a potential protective
agent to elevate the activity of NQO1 in murine Hepalclc7 cells [89-91]. The most
potent inducer activity that was identified among a large series of extracts from
edible plants that belong to ten different plant families covering almost the entire
spectrum of vegetables commonly consumed in Europe and the USA was that of
broccoli (Brassica oleracea italica) [90]. Activity-guided fractionation led to the
isolation of the isothiocyanate sulforaphane as the principal inducer [92, 93]. In a
structure activity study sulforaphane and various analogs differing in the oxidation
state of sulfur and the number of methylene groups, CH;-SO,—~(CH,),—NCS,
where m = 0, 1, or 2 and n = 3, 4, or 5, were evaluated for their ability to induce
NQOL1 in the Hepalclc7 bioassay system. It was found that sulforaphane was the
most potent inducer, and the presence of oxygen on sulfur enhanced potency.

In CD-1 mice, daily doses of 15 pmol of sulforaphane (and its sulfide and
sulfone analogs), p.o., for 5 days resulted in induction of NQO1 and GST activities
in liver, forestomach, glandular stomach, small intestine, and lung [92]. In the rat,
induction of NQO1 and GST activities was reported in liver, colon, and pancreas
when the animals were given daily doses of 200, 500, or 1,000 umol/kg/day [94] or
40 pmol/kg/day of sulforaphane, p.o., for 5 days [95]. Especially striking was the
magnitude of induction in bladder [95, 96]. Feeding sulforaphane at a dose of
3 umol/g diet for 14 days induced the activities of NQO1 and GST in the small
intestine in wild-type mice, whereas an identical treatment was without effect in
mice that lack transcription factor Nrf2 [97].

The ability of phenethyl isothiocyanate to induce cytoprotective enzymes in vivo
has also been reported. Thus, in rats, hepatic mRNA and enzyme activity of GST
were elevated in a dose-dependent manner following treatment with phenethyl
isothiocyanate (0, 3.16, 10, 31.6, 100, and 200 mg/kg/day, p.o., for 3 days) [98].
The highest dose also doubled the levels of glutathione. Importantly, pretreatment
with phenethyl isothiocyanate at a dose of 100 mg/kg enhanced the biliary excre-
tion of glutathione conjugate of acetaminophen twofold; however, treatment with a
dose of 200 mg/kg was without effect. A detailed structure—activity study examined
several alkyl-aryl isothiocyanates for the ability to induce GST and NQOI1
in various organs in female Sprague—Dawley rats [99]. The compounds, i.e.,
1-benzyl-, 1-phenylethyl-, 2-phenylethyl-, 3-phenylpropyl-, 4-phenylbutyl-,
1-methyl-3-phenylpropyl-, 4-methylbenzyl-, 4-chlorobenzyl-, 2-methoxybenzyl-,
3-methoxybenzyl-, 4-methoxybenzyl-, 3,4,5-trimethoxybenzyl-, and cyclohexylmethyl
isothiocyanate, were administered p.o. at daily doses of 250 pmol/kg/day for 5 days. It
was found that the most inducible organ was the bladder with ratios of treated over
control values ranging from ~two- to fourfold for GST and ~four- to eightfold for
NQOI1. The most effective inducers were 1-phenylethyl-, 2-methoxybenzyl, and
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cyclohexylmethyl isothiocyanate. 1-Phenylethyl isothiocyanate was more effective that
1-benzyl isothiocyanate, but further increase in the length of the alkyl chain decreased
the efficacy. The presence of a methoxyl group at position 3 or 4 on the aromatic ring,
or a chloro group at position 4, all led to a decrease in activity, whereas a methyl group
at position 4 had little effect. Allyl isothiocyanate at doses as low as 10 umol/kg/day
induced the enzyme activity of NQO1 and GST in bladder [95, 100]. Induction in many
other organs, i.e., liver, kidney, lung, spleen, urinary bladder, glandular and
nonglandular stomach, duodenum, jejunum, ileum, cecum, and colon was observed
at high doses. Global gene expression profiling has confirmed that sulforaphane and
phenethyl isothiocyanate modulate numerous cytoprotective genes and signaling
pathways in mice, rats and humans [101-105].

We have determined the enzyme activity of NQOI in homogenates prepared
from 3-mm skin punch biopsies of healthy human volunteers who received a single
topical application to their skin of 100 nmol of sulforaphane [106]. Despite large
interindividual variations in basal activity levels, NQO1 was increased by around
twofold 24 h after the application of the extract. Importantly, the NQO1 activity
remained higher than that of the placebo-treated sites even when the biopsies were
performed 72 h after the application of the extract, emphasizing the long-lasting
effect of the treatment. Three repeated applications (at 24-h intervals) of an extract
containing 50 nmol of sulforaphane were also effective in inducing NQOI1, and,
when this dose was tripled, induction reached ~4.5-fold [106].

The ability of isothiocyanates to inhibit proinflammatory responses represents
another mechanism by which these compounds exhibit their protective effects.
Sulforaphane, phenethyl-, and hexyl isothiocyanate inhibit proinflammatory
responses (i.e., lipopolysaccharide- and interferon-y-mediated elevation of induc-
ible nitric oxide synthase [iINOS] and cyclooxygenase 2 [COX-2]) [50, 107-113].
Notably, this anti-inflammatory activity is only partially dependent on transcription
factor Nrf2 [111]. Inhibition of the NFkB pathway (Fig. 5) by isothiocyanates has
been demonstrated in both cells and animals [107, 108, 114—-123]. Phenethyl
isothiocyanate was reported to reduce significantly the carageenin-induced edema
in the rat paw [124]. The acute and chronic symptoms of ulcerative colitis in mice
were improved by oral administration of phenethyl isothiocyanate, and there was
less intestinal bleeding and inflammatory infiltrate, a lower degree of mucosal
inflammation, and better preservation of goblet cells [125]. Topical application of
sulforaphane reduced inflammation resulting from exposure to ultraviolet (UVB)
radiation in the skin of SKH-1 hairless [126] and C57BL/6 mice [127]. Similarly,
UVB-induced skin thickening, COX-2 protein levels, and hyperplasia were
suppressed by feeding sulforaphane for 14 days to HR-1 hairless mice [128].
Gene expression of COX-2 was also reduced in polyps of Apc™™ mice that had
been fed sulforaphane [129]. Interestingly, it was recently discovered that, by direct
covalent binding to the N-terminal proline residue, several isothiocyanates potently
and irreversibly inhibit the tautomerase activity of the proinflammatory cytokine
macrophage migration inhibitory factor (MIF) [130-133].
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Fig. 5 The NF«B pathway. Under basal conditions, IkBa (gray) negatively regulates transcrip-
tion factor NFkB by forming a complex with both subunits (p65, white, and p50, black) of NFkB,
thus retaining the transcription factor in the cytoplasm. Activators of the pathway stimulate a
kinase complex (IKKa, IKKB, NEMO) leading to phosphorylation of IkBo, followed by
ubiquitination and proteasomal degradation of the inhibitor. As a result, NFkB translocates to
the nucleus where the pS0-p65 heterodimer binds specific DNA sequences of the promoter regions
of its target genes. Isothiocyanates can inhibit this pathway by binding to critical cysteine residues
of NFkB or components of the kinase complex, such as IKKf3

In addition to inducing cytoprotective proteins and inhibiting proinflammatory
responses, the isothiocyanates have also been shown to cause cell cycle arrest and
apoptosis in a number of experimental systems (for reviews see [134—139]). This
mechanism undoubtedly contributes to the antitumor activity of these compounds.
Thus, BALB/c mice that were injected subcutaneously with F3II cells and subse-
quently injected daily intravenously with small amounts of sulforaphane (15 nmol/day
for 13 days) developed significantly smaller tumors (approximately 60% less in weight)
than vehicle-treated controls [140]. Western blot analysis revealed significantly
reduced PCNA and elevated PARP fragmentation in samples from mice that received
sulforaphane. Inhibition of carcinogenesis involved perturbation of mitotic
microtubules and early M-phase block associated with Cdc2 kinase activation,
indicating that cells arrest prior to metaphase exit.

The isothiocyanates can inhibit angiogenesis and metastasis, two processes that
are critical for the growth and dissemination of solid tumors. Thus, sulforaphane
administered intravenously (100 nmol/day, for 7 days) to female BALB/c mice
inhibited endothelial cell response to vascular endothelial growth factor (VEGF) in
a subcutaneous VEGF-impregnated Matrigel plug model [141]. In C57BL/6 mice,
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sulforaphane administered intraperitoneally (0.5 mg/kg) inhibited formation of
tumor nodules in lungs caused by intravenous injection of B16-F 10 melanoma
cells [142]. The protective effect of allyl isothiocyanate and phenethyl isothiocya-
nate (25 mg per animal per day for 5 days, i.p.) on the serum cytokine profiles of
C57BL/6 mice following an intradermal injection of B16-F 10 melanoma cells have
also been reported [143]. Both allyl isothiocyanate and phenethyl isothiocyanate
are highly and equally potent in downregulating VEGF and proinflammatory
cytokines such as interleukin IL-1B, IL-6, granulocyte macrophage colony-
stimulating factor (GM-CSF), and tumor necrosis factor alpha (TNFa). Serum
nitric oxide levels were also reduced [144]. In contrast, the levels of the
antiangiogenic IL-2 and tissue inhibitor of metalloproteinases (TIMP)-1 were
elevated. Importantly, tumor-directed capillary formation was inhibited in the
skin of the animals that received the isothiocyanates. In an LNCaP human prostate
cancer cell xenograft model, dietary administration of phenethyl isothiocyanate
reduced the expression of tumor platelet/endothelial cell adhesion molecule
(PECAM-1/CD31), a marker of angiogenesis, and reduced tumor cell growth [56].

Another property of the isothiocyanates that could contribute to their
chemoprotective effects is their immunomodulatory activity. Thus, in BALB/c
mice, five daily doses of sulforaphane at 0.5 mg per animal per day, administered
intraperitoneally, elevated the total white blood cell count, the bone marrow
cellularity, and the phagocytic activity of macrophages [145, 146]. Oral adminis-
tration of sulforaphane (9 pmol per mouse per day for 11 days) reversed the
age-associated decrease of contact hypersensitivity and TH; immunity through
induction of cytoprotective enzymes and glutathione biosynthesis [147]. Similar
to the effects of sulforaphane, treatment with five doses of allyl isothiocyanate or
with phenyl isothiocyanate (25 pg/dose/animal, i.p.) was found to enhance the total
white blood cell count, the bone marrow cellularity, as well as the alpha-esterase
positive cell number, and when combined with treatment with the antigen sheep red
blood cells produced an enhancement in the circulating antibody titer and the
number of plaque forming cells in the spleen [148]. Curiously, at low concentration
of fetal bovine serum (at or below 1%) in the cell culture medium, sulforaphane was
recently shown to raise the phagocytosis activity of RAW 264.7 cells [149].

Overexpression of histone deacetylase (HDAC) enzymes has been implicated in
protecting cancer cells, and HDAC inhibitors have been found to cause growth
arrest, differentiation, and apoptosis [150]. Sulforaphane, erucin, benzyl-
phenylbutyl-, phenylhexyl-, and phenethyl isothiocyanate inhibit the activity of
HDAC in human cell lines established from colon, prostate, pancreatic, and breast
cancer, and in leukemia cells [151-157]. Sulforaphane incorporation in the diet
inhibited HDAC activity and elevated global histone acetylation, with specific
increases at the bax and the p21 promoter regions, in polyp tissue from Apc™™”
mice and in PC-3 xenografts [40, 55]. Inhibition of HDAC activity was also
observed in circulating peripheral blood mononuclear cells obtained from human
subjects after consumption of broccoli sprouts [55].

Sulforaphane was recently shown to upregulate the heat shock response through
activation of heat shock transcription factor 1 (HSF1) [158]. The levels of heat



192 A.T. Dinkova-Kostova

shock proteins 70 (Hsp70) and 27 (Hsp27) were increased and the proteasomal
activity was elevated in an Hsp27-dependent manner. An independent study
reported that sulforaphane disrupted the Hsp90-pS0(Cdc37) interaction [58].
Furthermore, a synergistic activity between sulforaphane and the Hsp90 inhibitor
17-allylamino 17-demethoxygeldanamycin (17-AAG) was observed in downregulating
several Hsp90 client proteins such as mutant p53, Raf-1, and Cdk4 [58]. Global gene
expression profiling on liver samples obtained from C57BL/6 mice that had received a
single dose of sulforaphane (90 mg/kg, p.o.) showed an increase in the gene expression
of several heat shock proteins [102]. Taken together, these findings reveal another
mechanism by which the isothiocyanates could contribute to inhibition of
carcinogenesis.

5 Concluding Remarks and Future Perspectives

There is now a wealth of convincing evidence for the chemoprotective effects
of isothiocyanates in experimental models of carcinogenesis, including models of
high-risk genetic predisposition. Notably, the anticarcinogenic activity of
isothiocyanates spans all of the major stages of the multistage process of carcino-
genesis. In addition, there have been major advances in understanding the multiple
mechanisms by which the isothiocyanates exert their protective effects. Induction
of cytoprotective enzymes, inhibition of proinflammatory responses, immunomod-
ulatory activity, and alterations of signaling pathways are all contributing factors.
This mechanistic diversity makes this class of phytochemicals particularly effective
chemoprotective agents. We have witnessed many successes using animal models
of carcinogenesis and employing defined dosing regimens and routes of adminis-
tration of these protective agents. The challenges ahead are to be able to translate
the laboratory findings to human populations. Data are already available on the
safety, pharmacokinetics, and efficacy of sulforaphane- and glucoraphanin-rich
broccoli preparations in human subjects [55, 105, 106, 126, 133, 159-174], and a
number of studies in high risk populations are currently in progress.
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Human Cancer Chemoprevention:
Hurdles and Challenges

Vaqar Mustafa Adhami and Hasan Mukhtar

Abstract Cancer is considered a disease of aging since the risk for developing the
disease considerably increases with age. It is estimated that 77% of all cancers are
diagnosed in people who fall within the age group of 55 or older. Also, it takes several
years from initiation to the development of detectable cancer. One advantage of the
long latency is that it provides numerous opportunities for intervention. While inter-
vention approaches cannot be geared towards a whole population, they can neverthe-
less be directed towards a defined group of people who have a greater relative risk for
developing the disease. The idea of cancer prevention through the use of nontoxic
agents, preferably from dietary sources, has therefore emerged as an appropriate
strategy for controlling the disease. An important aspect of chemoprevention is that
agents can be designed for intervention at any stage during the multistage process of
carcinogenesis. This process of slowing the progression of cancer is applicable to
many cancers with long latency, including prostate cancer. Over the past two decades
we have put considerable effort into identifying dietary substances in the form of
extracts and pure compounds that can be used for the prevention of prostate and other
cancers. Although cancer chemoprevention has proven to be a successful strategy in
animals and, to some extent, we can say that the mission has been accomplished, its
application to humans has met with limited success. This chapter will discuss various
challenges associated with chemoprevention of cancer with the focus on studies with
green tea and prostate cancer.
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1 Introduction

According to estimates of the American Cancer Society, one-third of cancer deaths
expected to occur in the year 2012 will be related to life style factors such as
nutrition, obesity and lack of physical activity and therefore can be prevented [1].
Besides modifying life style as a primary cancer prevention method, another
approach to decrease the incidence of cancer is through chemoprevention, a
means of cancer management in which the progression of the disease can be
manipulated through administration of natural and/or synthetic compounds [2—8].



Human Cancer Chemoprevention: Hurdles and Challenges 205

The history of cancer prevention dates back a few hundred years, but its recogni-
tion and application is recent [9]. Lee W. Wattenberg demonstrated prevention of
chemical carcinogenesis and coined the term “chemoprophylaxis” [10]. Michael B.
Sporn coined the widely used and familiar term “cancer chemoprevention” to define
the use of agents to reverse, suppress, or prevent the carcinogenic process to invasive
cancer [11, 12]. We believe that chemopreventive intervention is only possible
during the process of cancer development and unlikely when cancer is already
established. Cancer chemoprevention if directed at the right population only has
the potential to delay the process of cancer development and therefore we define
cancer chemoprevention as “slowing the process of carcinogenesis.” This concept of
slowing the progression of the disease could apply to most other solid malignancies
including cancers of the breast, colon, lung, bladder, prostate, and others.

Since chemopreventive protocols are expected to run over long periods of time,
it is practical that, for human use, only those agents that are nontoxic and widely
acceptable should be advocated. Naturally occurring compounds that are part of our
diet fit very well into this category and have been extensively studied in crude and
chemically defined forms. Extracts have been analyzed to identify active
ingredients such as epigallocatechin gallate (EGCG) from green tea and curcumin
from turmeric. Some of the compounds have also been subjected to modification to
enhance their bioactivity [13]. However, the practice of chemical modification in
principle eliminates the natural form of the compound and makes it synthetic.
While these modified compounds and other synthetic agents could be more potent,
they nevertheless qualify as drugs and have to be tested extensively for lack of
toxicity before they are approved by the regulatory agencies for wide public use.
It is also for these reasons that we promote the use of agents from dietary sources as
they are nature’s gift molecules with potential cancer preventive properties. Many
of the compounds identified from natural sources are antioxidant, exhibit anti-
inflammatory activity, and possess antiproliferative properties. Because many of
the natural agents form part of our diet they are considered nontoxic and humans
have acquired the ability to consume them without any known side effects. Cancer
chemopreventive agents from natural and especially dietary sources are often cost
effective and have wide human acceptance compared to synthetic compounds that
can only be marketed as drugs and come with a wide variety of off target and
debilitating side effects.

2 Animal and Human Cancer Chemoprevention Studies

Cancer chemoprevention research relies greatly on the availability of animal
models. Chemically induced animal models of carcinogenesis accelerated research
on cancer chemoprevention and later, with the availability of spontaneous, trans-
genic and xenograft mouse models, further led to a surge in chemoprevention
studies and identification of many agents both synthetic and natural [11-20].
Preclinical studies using animals to model chemoprevention of human cancer
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have been largely successful and promising. Human cancer chemoprevention
studies began earnestly after the discovery that retinoids enhance susceptibility to
chemical carcinogenesis [21]. However, many human clinical trials have not been
successful and have yielded disappointing results. This conundrum of success in
animals and disappointment in humans is not without reason and many arguments
could be made. We have to admit that both human trials and preclinical animal
studies are not optimally planned and executed. Another reason is the obvious
differences between human and animal studies. Animal studies are generally well
optimized and conducted in genetically identical populations excluding issues
related to genetic variability. Human chemoprevention trials on the other hand
cannot be properly optimized. Humans enrolled in clinical trials usually belong to
diverse genetic backgrounds and have wide-ranging food habits and other life style
factors such as smoking, alcoholism, and cooking methods which could affect
chemopreventive outcomes.

Humans consume a variety of food items that contain both carcinogens and
chemopreventive ingredients. We believe that humans are already protected to
varying degrees because of their diversified food habits, and by our lifestyle we
have attained some level of chemoprevention that preempts the possibility of
observing large effects from human chemoprevention trials. Even people considered
to have poor food habits consume a sizeable portion of chemopreventive ingredients
such as fruits, vegetables, tea, and red wine. Thus, to appreciate the outcome of
human chemoprevention trials we may have to lower our expectations and settle for
modest to moderate effects.

3 Green Tea and Prostate Cancer Chemoprevention:
An Appropriate Model to Illustrate Differences Between
Human and Animal Studies

Prostate cancer is the second most frequently diagnosed cancer in males, being next
only to skin cancer. An estimated 28,170 prostate cancer related deaths are
projected for the year 2012, making it the second-leading cause of cancer deaths
in men in the United States [1]. Because prostate cancer develops slowly over a
period of decades and is commonly diagnosed in men over the age of 50, it is
considered an ideal disease for chemopreventive intervention [4-8]. Guided by data
derived from epidemiological, clinical, and laboratory studies, many agents and
their molecular targets for prostate cancer chemoprevention have been identified.
The fact that prostate cancer — like many other cancers — exhibits aberrations in
different molecular events, blocking or inhibiting only one event may not be
sufficient to prevent the onset and progression of the disease. Efforts are ongoing
for a better understanding of the disease so that novel approaches for its prevention
and treatment could be developed.
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Asian populations are usually considered to be at a lower risk for the develop-
ment of prostate cancer [22]. However, interestingly, after migrating to the west
these populations acquire trends and risks for development of prostate cancer
similar to their western counterparts [22, 23]. These facts point strongly towards
a role for environmental and dietary factors in the development of prostate cancer.
There is also evidence from geographic and epidemiological data that suggests an
increase in the incidence of prostate cancer possibly due to adoption of a western
lifestyle [24, 25]. Also, there is epidemiological evidence that suggests populations
with higher consumption of selenium, vitamin E, green tea, fruits, and tomatoes
have lower risk for the development of prostate cancer [26]. These observations
have led to an increase in research on the use of natural agents for the prevention of
prostate cancer and currently several natural agents are being studied for their
cancer chemopreventive potential.

The beverage tea has been studied extensively and it has emerged as an agent
having antimutagenic and anticancer effects [4—7]. Green tea, a popular beverage in
many countries, is made from the leaves of an evergreen shrub Camellia sinensis.
Although native to China, its consumption rapidly spread across the globe and
currently the plant is grown in many countries around the world and demand for
tea has been growing each year. The method of processing tea leaves determines the
type of tea produced. Green tea undergoes the least amount of oxidation and retains
most of the chemical composition of the original tea leaves. Black tea, obtained
through complete oxidation of tea leaves, constitutes about 78% of the tea produced
in the world and is predominantly consumed in Western and some Asian countries.
Green tea contains flavanols, flavandiols, flavanoids, and phenolic acids. Most of the
green tea polyphenols are flavanols, known as catechins, such as catechin,
gallocatechin, epicatechin, epicatechin-3-gallate, epigallocatechin, and epigallo-
catechin-3-gallate. The polyphenolic components in tea have been observed to be
antioxidant in nature and possess the ability to prevent oxidant-induced cellular
damage [27]. Studies conducted in many organ specific animal bioassay systems
have shown that tea and its polyphenolic constituents are capable of affording
protection against a variety of cancer types. Although the majority of the studies
conducted have used green tea, a limited number of studies have also shown the
anticancer efficacy of black tea.

3.1 In Vitro Studies with Green Tea

Androgens play an important role in the development of the prostate gland, are
considered as major stimuli for inducing neoplastic transformation, and therefore
constitute a potential target for prostate cancer prevention [28]. Both EGCG and
EGC have been found to inhibit 5-o-reductase, the enzyme that converts testosterone
to its active metabolite 5-o-dihydroxytestosterone [29]. EGCG inhibits growth of
androgen-responsive LNCaP cells and the expression of androgen regulated prostate
specific antigen (PSA) and hK2 genes. An Spl binding site in the androgen receptor
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gene promoter was identified as a target for tea polyphenols as treatments with EGCG
decreased the expression, DNA binding activity, and transactivation of Sp1 protein
[30]. PSA secretion was significantly decreased in a dose-dependent as well as time-
dependent manner when LNCaP cells were treated with EGCG [31]. Activity of
ornithine decarboxylase (ODC), an androgen regulated molecule that is up regulated
in prostate cancer, was significantly inhibited when LNCaP cells were treated with
GTP [30]. GTP also inhibited testosterone induced colony formation in LNCaP cells
in a dose-dependent manner [32]. We recently provided evidence that EGCG is
a direct antagonist of androgen action [33]. In silico modeling and FRET-based
competition assay showed that EGCG physically interacted with the ligand-binding
domain of androgen receptor by replacing a high-affinity labeled ligand [33].

Induction of apoptosis of cancerous cells has emerged as a therapeutic modality
against cancer by naturally derived bioactive agents from diet [34]. EGCG treatment
resulted in an induction of apoptosis in several human cancer cells including human
prostate cancer cells DU145, LNCaP, and PC-3 regardless of their androgen or p53
status [35, 36]. In subsequent experiments we observed that EGCG-mediated cell
cycle dysregulation and apoptosis is mediated through modulation of cyclin kinase
inhibitor (cki)-cyclin-cyclin-dependent kinase (cdk) pathway and via a concurrent
effect on two important transcription factors p53 and NF-kappa B, causing a change
in the ratio of Bax/Bcl-2 that favors apoptosis [37-39]. Further studies showed that
these effects were p53-dependent and involved the function of both p21 and Bax such
that down-regulation of either conferred a growth advantage to the cells [40]. The
ubiquitin—proteasome system plays a vital role in degradation of cellular proteins and
hence allows tumor cell survival while proteasome inhibitors induce tumor growth
arrest [41]. EGCG also inhibited the chymotrypsin-like activity of the proteasome
in vitro in several tumor and transformed cell lines resulting in the accumulation of
p27/Kipl and IkB-o, an inhibitor of transcription factor NF-kB, leading to cell cycle
arrest [42, 43]. Using cDNA microarray, we identified a set of 25 genes that showed a
significant response after treatment with EGCG (12 pM, for 12 h). Expression of
16 genes was significantly increased and 9 genes were found to be significantly
repressed by EGCG treatment [44]. Repression of PKC-a was found to be most
prominent, suggesting that inhibition of PKC-a gene expression could inhibit cancer
cell proliferation [45, 46]. The cDNA microarray also identified induction of
receptor-type protein tyrosine phosphatase-A gene expression, a tumor suppressor
gene candidate frequently deleted in some human cancers [44].

3.2 In Vivo Studies with Green Tea

Green tea consumption has consistently been shown to prevent or delay prostate
cancer in rodents (Table 1) [13-19]. EGCG (daily 1 mg/mouse, i.p.) treatment to
athymic nude mice implanted with androgen-insensitive PC-3 and androgen-
sensitive LNCaP 104-R cells resulted in reduction in the initial tumor growth of
both cell types by 20-30% [58]. Similar findings were observed when nude mice
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Table 1 Preclinical and clinical trials with green against prostate cancer

Trial (ref #) & type Study design Outcome
Gupta et al. [47] TRAMP mice; 0.1% GTP in drinking  Excellent
Preclinical water starting at 8 weeks of age
Jatoi et al. [48] Patients with androgen-independent Poor
Clinical metastatic prostate cancer;

(1 g/glass six times/day)
Adhami et al. [49] TRAMP mice; 0.1% GTP in drinking  Excellent
Preclinical water starting at 8 weeks of age
Caporali et al. [50] TRAMP mice: 0.3% GTC in drinking  Excellent
Preclinical water starting at 8 weeks of age
Choan et al. [51] Patients with hormone refractory Poor
Clinical prostate cancer; (250-mg capsules

twice daily)
Bettuzzi et al. [52] Volunteers with high grade PIN Excellent

Clinical

Harper et al. [53]
Preclinical

Brausi et al. [54]
Clinical

Adhami et al. [55]

lesions; (200-mg capsules thrice
daily)

TRAMP mice; 0.06% EGCG in
drinking water starting at 5 weeks
of age

Volunteers with High Grade PIN
lesions; (200-mg capsules thrice
daily)

TRAMP mice; 0.1% GTP in drinking

Excellent; efficacy depends on
stage at the time of initiation

Excellent

Excellent; efficacy depends on

Preclinical water starting at 8 weeks of age stage at the time of initiation
McLarty et al. [56] Patients scheduled for prostatectomy;  Good

Clinical (1.3 g daily green tea in capsules)

Nguyen et al. [57] Patients scheduled for prostatectomy;  Promising but not statistically
Clinical (800 mg polyphenon E daily) significant

with xenografts were fed with a nutrient mixture containing green tea extract [59].
Employing androgen-responsive CWR22RvVI prostate cancer tumor xenografts
implanted in athymic nude mice, we demonstrated that treatment with GTP and
EGCG not only resulted in significant inhibition of growth of implanted tumors but
also a reduction in the serum PSA levels [60]. Furthermore, GTP (0.01% or
0.05% w/v) given after establishment of CWR22Rv1 tumors caused a significant
regression of tumors, suggesting therapeutic effects of GTP at human achievable
concentrations. Using the transgenic adenocarcinoma of the mouse prostate
(TRAMP), a model in which progressive forms of human disease occur spontane-
ously [61], we showed that oral infusion of GTP at a human achievable dose
significantly inhibits prostate cancer development and increases overall survival
in these mice [47]. In a follow-up study we demonstrated that continuous GTP
infusion for 24 weeks to these mice resulted in substantial reduction in the levels of
IGF-I and significant increase in the levels of IGFBP-3, suggesting that IGF-I/
IGFBP-3 signaling pathway is a prime pathway for GTP-mediated inhibition of
prostate cancer [49]. These effects of green tea on the development of prostate
cancer in TRAMP were subsequently corroborated by Caporali et al. [50] who
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demonstrated progressive accumulation of clusterin mRNA and protein in the
prostate gland, suggesting a possible role for clusterin as a novel tumor-suppressor
gene in the prostate. To identify the efficacy of green tea at different stages of
prostate cancer development, TRAMP mice received oral infusion of GTP (0.1% in
drinking water) at ages representing different stages of the disease. Tumor free
survival and median life expectancy was highest in animals in which intervention
was initiated early compared with animals where treatment was started later [55].
Our studies suggested that chemopreventive potential of GTP decreases with
advancing stage of the disease. These observations were corroborated by Harper
et al. [53] who observed that EGCG suppresses early stage — but not late stage —
prostate cancer in TRAMP mice.

3.3 Epidemiologic and Clinical Studies with Green Tea

Epidemiologic evidence suggests that regular use of green tea in the Asian population
in general is inversely associated with the risk of several types of human cancers
including prostate cancer, compared to those in Western societies [24, 25]. The Japan
Public Health Center (JPHC)-based Prospective Study established in 1990 and 1993
enrolled 49,920 men aged 40-69 years [62]. The subjects completed a questionnaire
that included their green tea consumption habit and were followed until the end of
year 2004. Green tea consumption was not associated with localized prostate cancer;
however, its consumption was associated with a dose-dependent decrease in the risk
of advanced prostate cancer. The multivariate relative risk was 0.52 (95% confidence
interval: 0.28, 0.96) for men drinking five or more cups/day compared with less than
one cup/day (p(trend) = 0.01). The study concluded that green tea may be associated
with a decreased risk of advanced prostate cancer. In another case—control study
conducted in Hangzhou, China the possible joint effects of lycopene and green tea on
prostate cancer risk were examined [63]. A total of 130 prostate cancer patients and
274 hospital controls were enrolled and information on tea and dietary intakes, and
possible confounders, was collected using a structured questionnaire. Prostate cancer
risk was reduced with increased consumption of green tea. The protective effect of
green tea was significant (odds ratio 0.14, 95% CI: 0.06-0.35) for the highest quartile
relative to the lowest after adjusting for total vegetables and fruits intakes and other
potential confounding factors. This study suggested that habitual drinking of tea
could lead to a reduced risk of prostate cancer in Chinese men. The study also
suggested that tea, together with other dietary ingredients, could have a stronger
preventive effect than either component taken separately.

To explore whether green tea consumption had an etiological association with
prostate cancer, a case—control study was conducted in Hangzhou, southeast China
during 2001-2002 [64]. Among the cases, 55.4% were tea drinkers compared to
79.9% for the controls. Almost all the tea consumed was green tea. The prostate
cancer risk declined with increasing frequency, duration, and quantity of green tea
consumption. The adjusted odds ratios (OR), relative to non-tea drinkers, were 0.28
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(95% CI = 0.17-0.47) for tea drinking, 0.12 (95% CI = 0.06-0.26) for drinking
tea over 40 years, 0.09 (95% CI = 0.04-0.21) for those consuming more than
1.5 kg of tea leaves yearly, and 0.27 (95% CI = 0.15-0.48) for those drinking
more than three cups (1 L) daily. The dose response relationships were also
significant, suggesting that green tea is protective against prostate cancer. These
observations are further supported by facts that suggest Asian men migrating to the
United States and their subsequent US born generations acquire a higher clinical
incidence of prostate cancer [23].

Several clinical studies have explored the effects of green tea consumption in
prostate cancer patients (Table 1). Jatoi et al. [48] reported a phase II trial that
explored green tea’s antineoplastic effects in patients with androgen independent
prostate carcinoma. The study conducted by the North Central Cancer Treatment
Group evaluated 42 patients who were asymptomatic and had manifested progressive
PSA elevation with hormone therapy. Patients were instructed to take 6 g of green tea
per day orally in six divided doses. Tumor response, defined as 50% decline in
baseline PSA value, occurred in a single patient or 2% of the cohort and was not
sustained beyond 2 months. The study concluded that green tea carries limited
antineoplastic activity, as defined by a decline in PSA levels, among patients with
androgen independent prostate carcinoma. This poorly planned and executed trial of
green tea in human prostate cancer patients initiated uncalled-for discussion about
lack of preventive effects of green tea for human prostate cancer.

Another study evaluated the efficacy and toxicity of green tea, prescribed as a
complementary and alternative medicine (CAM) formulation on hormone refractory
prostate cancer (HRPC). Nineteen patients with HRPC were enrolled into the study
and prescribed green tea extract capsules at a dose level of 250 mg twice daily [51].
Nine patients had progressive disease within 2 months of starting therapy and
another six patients developed progressive disease after additional 1-4 months of
therapy. Based on the observations it was concluded that green tea, as CAM therapy,
was found to have minimal clinical activity against HRPC.

In another study Bettuzzi et al. [52] conducted a proof-of-principle clinical trial
to assess the efficacy of green tea catechins (GTCs) for the chemoprevention of
prostate cancer in volunteers with high grade prostatic intraepithelial neoplasia
(HG-PIN) based on observations that 30% of men with HG-PIN develop prostate
cancer within 1 year after repeated biopsy. Sixty volunteers with HG-PIN enrolled
in this double-blind, placebo-controlled study received daily treatment that
consisted of three GTC capsules, 200 mg each. After 1 year, only 1 tumor was
diagnosed among the 30 GTCs-treated men whereas 9 cancers were found among
the 30 placebo-treated men. GTCs-treated men showed PSA values that were
constantly lower with respect to placebo-treated ones. This study concluded that
GTCs are safe and very effective for treating premalignant lesions before prostate
cancer develops. In a follow-up of the same study, it was observed that the
inhibition of prostate cancer progression achieved in these subjects after 1 year of
GTCs administration was long-lasting [54]. The mean follow-up from the end of
GTCs dosing was 23.3 months for placebo-arm and 19.1 months for GTCs-arm.
Overall, treatment with GTCs led to an almost 80% reduction in prostate cancer
diagnosis, from 53% to 11% [54].
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McLarty et al. [56] determined the effects of short-term supplementation with
green tea on serum biomarkers in patients with prostate cancer. Twenty-six men
with positive prostate biopsies and scheduled for radical prostatectomy were given
daily doses of polyphenon E, which contained 800 mg of EGCG until time of
radical prostatectomy. Treatment with green tea resulted in a significant reduction
in serum levels of PSA in men with prostate cancer, with no elevation of liver
enzymes. These findings supported a potential role for Polyphenon E in the
treatment or prevention of prostate cancer.

A randomized, double-blind, placebo-controlled trial of polyphenon E was
conducted in men with prostate cancer scheduled to undergo radical prostatectomy
to determine its effects on systemic and tissue biomarkers of prostate carcinogenesis
[57]. Patients received polyphenon E (containing 800 mg EGCG) or placebo daily
for 3-6 weeks before surgery. Polyphenon E intervention resulted in favorable but
not statistically significant changes in serum PSA, serum IGF, and oxidative DNA
damage in blood leukocytes. The proportion of subjects who had a decrease in
Gleason score between biopsy and surgical specimens was greater in those on
polyphenon E but was not statistically significant. Although changes observed
with green tea administration were not statistically significant, the study suggested
that prostate cancer preventive activity, if occurring, may be through indirect means
and/or that the activity may need to be evaluated with longer intervention durations,
repeated dosing, or in patients at earlier stages of the disease.

The outcome of laboratory and clinical studies with green tea has been undisputed
and unanimous. Green tea supplementation was associated with significant prevention
of disease progression when intervention was started early and relative efficacy found
to be dependent on the stage of the disease at the time of intervention [53, 55]. Human
clinical trials with green tea conducted in advanced prostate cancer patients without
any preclinical evidence yielded disappointing results [48, 51]. An obvious conclusion
from these studies is that before planning to conduct clinical trials in human patients
more efforts should be devoted to experiments in the rodent model. The failure of the
SELECT trial for prostate cancer is an example that explains this point [65]. This
ambitious undertaking should have been verified first in relevant mouse model(s) of
human prostate cancer.

4 Clinical Successes with Cancer Chemoprevention

Because of many recent successful trials, cancer chemoprevention is being
recognized as a practical strategy for the management of cancer. There is evidence
from preclinical studies and encouraging clinical trials, and many proof-of-principle
studies support cancer chemopreventive approaches. In a randomized clinical trial of
rofecoxib, a cyclooxygenase (Cox)-2 inhibitor, adenoma recurrence was less frequent
for rofecoxib subjects than for those randomized to placebo [66]. Rofecoxib also
conferred a reduction in risk of advanced adenomas. The chemopreventive effect was
more pronounced in the first year than in the subsequent 2 years. In this randomized
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trial, rofecoxib significantly reduced the risk of colorectal adenomas, but also had
serious toxicity [66].

Encouraged by the findings that tamoxifen as an adjuvant therapy decreased
contralateral breast cancer incidence, it was suggested that the drug might play a
role in breast cancer prevention. To test this hypothesis, the National Surgical
Adjuvant Breast and Bowel Project initiated the Breast Cancer Prevention Trial
in 1992 [67]. Women at increased risk for breast cancer were randomly assigned to
receive placebo or 20 mg/day tamoxifen for 5 years. Tamoxifen reduced the risk of
invasive breast cancer by 49%, of noninvasive breast cancer by 50%, and the
occurrence of estrogen receptor-positive tumors by 69%. The study concluded
that tamoxifen decreases the incidence of invasive and noninvasive breast cancer
and recommended its use as a breast cancer preventive agent in women at increased
risk for the disease.

The Prostate Cancer Prevention Trial enrolled 18,882 men to determine the effect
of finasteride relative to placebo on prostate cancer risk [68]. Men (55 years and
older) with a PSA level of <3.0 ng/mL and normal digital rectal examination
findings were randomized to receive finasteride 5 mg daily or placebo. Finasteride
significantly reduced the risk of prostate cancer risk relative to placebo across
multiple Gleason scores including the most frequently detected intermediate-grade
and high-grade cancers [68].

A recent clinical trial suggested the usefulness of Cox-2 inhibitors for prevention of
non-melanoma skin cancers [69]. Patients with actinic keratoses were given 200 mg of
celecoxib or placebo orally twice daily for 9 months. Eleven months post randomiza-
tion, incidence of non-melanoma skin cancer was lower in the celecoxib arm than in
the placebo arm. The study concluded that celecoxib may be effective for prevention
of squamous cell and basal cell carcinomas in individuals who have extensive actinic
damage and are at high risk for development of non-melanoma skin cancers.

5 Complexities Associated with Cancer Chemoprevention

Some of the encouraging data from clinical trials need to be verified more stringently
in larger human trials. In spite of the promising data obtained from many of these
cancer chemoprevention trials, there are several issues and complexities especially
related to studies involving dietary ingredients that put hurdles on the future of
chemoprevention. Differences in human genomes that influence nutrient metabolism
impact the way a particular cancer-fighting molecule is metabolized in the body.
Wu et al. [70] examined the interrelationships between tea intake, catechol-O-
methyltransferase (COMT) genotype, and breast cancer risk in 589 incident cases
and 563 population-based controls from a population-based case—control study of
breast cancer in Chinese-American, Japanese-American, and Filipino-American
women in Los Angeles County. Risk of breast cancer was influenced significantly
by intake of tea, particularly green tea. However, the inverse association between tea
intake and breast cancer risk was observed only among individuals who possessed at
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least one low-activity COMT allele. Among women who carried at least one low
activity COMT allele, tea drinkers showed a significantly reduced risk of breast cancer
compared with non-tea drinkers after adjustment for relevant demographic, menstrual,
reproductive, and dietary factors [70]. This risk reduction was observed in relation to
both green tea and black tea intake. In contrast, risk of breast cancer did not differ
between tea drinkers and non-tea drinkers among those who were homozygous for the
high activity COMT allele. Tea catechins reduced breast cancer risk in this study of
Asian-American women and was strongest among persons who had the low activity
COMT alleles, suggesting these individuals were less efficient in eliminating tea
catechins and may derive the most benefit from these compounds [70].

In another study, suppression of COMT activity in human breast cancer cells
increased the proteasome-inhibitory potency of EGCG and therefore enhanced its
tumor cell growth-inhibitory activity [71]. When breast cancer cells containing high
COMT activity were tested, the diminished COMT activity apparently increased
the effectiveness of EGCG via augmented proteasome inhibition and apoptosis
induction. This study supports the notion that COMT inhibition may increase the
anticancer properties of tea polyphenols and the combination may serve as a novel
approach or supplemental treatment for breast cancer chemotherapy.

Glutathione S-transferase M1 gene (GSTM1) affects sulforaphane metabolism
and the faster it happens the less benefit we get from eating broccoli. Gasper et al.
[72] compared sulforaphane metabolism in GSTM1-null and GSTM1-positive
subjects after they consumed standard broccoli and high-glucosinolate broccoli
(super broccoli). Sixteen subjects were recruited into a randomized, three-phase
crossover dietary trial of standard broccoli, super broccoli, and water. GSTM1-null
subjects had slightly higher, but statistically significant sulforaphane metabolite
concentrations in plasma, a greater rate of urinary excretion of sulforaphane
metabolites during the first 6 h after broccoli consumption, and a higher percentage
of sulforaphane excretion 24 h after ingestion than did GSTMI1-positive subjects.
These observations suggest that GSTM1 genotypes have a significant impact on the
metabolism of sulforaphane and that the differences in metabolism may explain the
greater protection that GSTM1-positive persons gain from consuming broccoli.

Apart from human genetic makeup, the quality and content of human intestinal
microbial flora varies considerably which influences phytonutrient metabolism.
Depending on the type of intestinal flora, phytonutrients metabolism is known to
vary considerably between individuals having similar dietary habits [73]. Some
phytonutrients are difficult to access being present in seasonal and expensive food
items, some may be present in small quantities in bulky foods, and others pose
significant problems with oral bioavailability [74]. Hopefully, with the help of
additional research and help from the food industry, such obstacles can be overcome.

When it comes to cancer prevention, the age at which chemopreventive inter-
vention is initiated is critical. There is epidemiological evidence to suggest that
higher consumption of soy foods is associated with lower breast cancer risk.
However, this is true only for Asian women who start eating soy products starting
early in life compared to their western counterparts who start eating later in life
[75]. We and others have observed that green tea efficacy depends on the stage of
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the disease at which it is initiated [53, 55]. Our studies have indicated that the
chemopreventive potential of green tea polyphenols decreases with advancing stage
of the disease and have highlighted the need to design appropriate chemoprevention
clinical trials taking these observations into consideration.

The unsatisfactory outcome of cancer chemoprevention in many human trials is
certainly of concern but should not dissuade us from looking into ways of making
chemoprevention a success story. Unlike cancer chemoprevention, even minor
advances in cancer chemotherapy become big news and modest effects are considered
significant. Success from chemoprevention studies is hardly noticed and, in general,
expectations from chemoprevention are too high. But there are several other factors
that need to be seriously deliberated if chemoprevention is to have a future in
controlling human cancer. The lack of interest shown by the pharmaceutical industry
towards cancer chemoprevention is indeed of concern. Recent data on breast cancer
chemoprevention with exemestane, an aromatase inhibitor, showed a 65% tumor
risk reduction compared with placebo [76]. Despite this promising outcome, the
pharmaceutical industry has shown a lack of interest in following up on these findings.
Many support organizations, such as the National Breast Cancer Coalition, do not
consider cancer chemoprevention a viable approach and describe programs and efforts
to market chemopreventive agents as irresponsible [77].

Other issues to consider are the lack of awareness of care givers and the public’s
attitude towards cancer chemoprevention. Primary physicians may not be aware of
the opportunities cancer chemoprevention provides for a high risk group resulting in
few patients enrolling for chemoprevention trials. The patient population at high risk
for developing cancer is uncertain about the outcome of cancer chemopreventive
interventions, worrying about side effects and long term use. Recent data suggest that
the number of women who use tamoxifen for chemoprevention fell from 120,000 in
2000 to 60,000 in 2005, even though more than 2,000,000 women are eligible for
treatment. Lastly, cancer chemoprevention, like other fields of research, is dependent
on federal money for support. However, the share devoted to cancer prevention
research over the past decade has seen a steady decline, even though overall the
National Cancer Institute’s budget has increased.

To realize the potential of cancer chemoprevention, several strategies aimed at
identifying the right patient population and the right agent need to be investigated
simultaneously. Based on cell culture and animal data, many signaling molecules
and biomarkers have been identified that could serve as excellent targets for
chemoprevention. This knowledge also advocates the use of synthetic agents for
cancer chemoprevention and further advocates the use of natural agents, as most of
them have been documented to exert multitargeted effects. We need to establish
risk factors and gene signatures for risk factors to identify a high risk population
that will benefit from chemoprevention. This high risk population would have to be
profiled individually to classify responders from nonresponders. Because
individuals differ based on their genetic profile, a one size fits all approach seems
inappropriate for cancer chemoprevention and therefore smarter prevention trials
need to be undertaken. Based on this information, we may be able to custom tailor
specific chemopreventive cocktails for effective prevention of many cancers.
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A tumor cell uses multiple pathways to survive and therefore agents that interfere
with a single pathway are unlikely to succeed. Either multiple agents with distinct
targets in combination or single agents with multiple targets need to be developed.
Nanotechnology could help overcome issues related to bioavailability and at the same
time help to deliver sustained levels of bioactive agents and reduce toxicity. Cancer
chemopreventive regimes usually run over a long course and have been observed
to produce unexpected and serious side effects. A recently proposed short-term
intermittent approach could help offset toxicity issues with agents that have to be
taken long-term [78]. Designing and genetically modifying commonly used food
items to contain cancer fighting ingredients such as anthocyanin-rich tomatoes is a
smart way to move forward in cancer prevention but, before that, additional data in
animal models would be needed. In addition the use of probiotics to manipulate
and tweak intestinal microbial flora could help escape the unnecessary molecular
degradation of bioactive phytonutrients.

6 Conclusions

Chemoprevention could be an important tool for controlling cancer based on
evidence generated during the last few decades [79]. While considerable
improvements in diagnosis and treatment have improved overall survival, cancer
continues to remain a public health concern. Many nontoxic dietary ingredients are
showing promise for the management of cancer and it is increasingly appreciated
that many such molecules are nature’s gifts endowed with the power to prevent
cancer in the human population. Based on many studies, and as outlined in this
review, there is an urgent need for more in-depth clinical studies to identify
categorically and develop agents for the prevention of cancer. Because of a
complex nature of the disease, it is also worthwhile to conduct studies with a
combination of agents.

Cancer chemoprevention is a viable approach only during the process of carci-
nogenesis but when cancer is established its prevention is next to impossible. Thus
“slowing the process of carcinogenesis” concept appears to be a viable approach for
cancer control and appears to be valid for most solid malignancies. Rapid progress
is being made in the field in terms of identifying agents that are target specific and at
the same time less toxic. Specific recommendations for cancer prevention need to
be based on individual genotypes. This will require many more years of rigorous
case controlled studies. According to many advocates a promotional campaign
about cancer chemoprevention awareness needs to be started on the same scale as
statins for cardiovascular health. Primary care physicians and the public need to be
educated on the benefits of cancer chemoprevention. Funding agencies and the
pharmaceutical industry must realize the benefits of this approach in terms of cost
and effort. We need to lower our expectations and settle for moderate effects from
cancer chemopreventive trials. If modeled carefully, cancer chemoprevention could
be a viable approach for high risk populations.
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Personalizing Lung Cancer Prevention
Through a Reverse Migration Strategy

Kathryn A. Gold, Edward S. Kim, Ignacio I. Wistuba, and Waun K. Hong

Abstract Lung cancer is the deadliest cancer in the United States and worldwide.
Tobacco use is the one of the primary causes of lung cancer and smoking cessation
is an important step towards prevention, but patients who have quit smoking remain
at risk for lung cancer. Finding pharmacologic agents to prevent lung cancer could
potentially save many lives. Unfortunately, despite extensive research, there are no
known effective chemoprevention agents for lung cancer. Clinical trials in the past,
using agents without a clear target in an unselected population, have shown
pharmacologic interventions to be ineffective or even harmful. We propose a new
approach to drug development in the chemoprevention setting: reverse migration,
that is, drawing on our experience in the treatment of advanced cancer to bring
agents, biomarkers, and study designs into the prevention setting. By identifying
molecular drivers of lung neoplasia and using matched targeted agents, we hope to
personalize therapy to each individual to develop more effective, tolerable chemo-
prevention. Also, advances in risk modeling, using not only clinical characteristics
but also biomarkers, may help us to select patients better for chemoprevention
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efforts, thus sparing patients at low risk for cancer the potential toxicities of
treatment. Our institution has experience with biomarker-driven clinical trials, as
in the recently reported Biomarker-integrated Approaches of Targeted Therapy for
Lung Cancer Elimination (BATTLE) trial, and we now propose to bring this trial
design into the prevention setting.

Keywords Chemoprevention - Lung cancer - Targeted therapies
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1 Introduction

Lung cancer is the most common cause of cancer death, both in the United States
and worldwide [1]. Once lung cancer is diagnosed, outcomes are poor, with only
15.6% of patients surviving 5 years after diagnosis (http://seer.cancer.gov/statfacts/
html/lungb.html). Lung cancer prevention is an attractive goal. Smoking cessation
is an important step towards this goal, but the risk of lung cancer remains elevated
even after a patient has quit smoking. About half of all lung cancers are diagnosed
in patients who have already quit smoking; therefore, tobacco cessation alone is not
sufficient. Lung cancer chemoprevention is a promising field, though one that has
met with only limited success.

Chemoprevention refers to the use of any agent, either synthetic, biologic, or
natural, to suppress, reverse, or prevent carcinogenesis [2, 3]. Unfortunately,
clinical trials of chemopreventive agents for lung cancer have been largely
negative or even harmful [4-8]. To improve outcomes, we must change our
approach to drug development. Historically, there have been two main
approaches to development of therapeutics for chemoprevention. First is the
development of agents, usually natural agents, that were identified in epidemio-
logic studies as potentially important in the development of cancer. Examples
include beta-carotene [4, 5] and selenium [9]. The second approach has been to
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study agents developed for different indications in the setting of chemopreven-
tion. Examples of this approach include the cyclo-oxygenase-2 (COX-2)
inhibitors, initially developed for arthritis and later studied for the prevention of
colon cancer [10—12]. We propose a new approach: reverse migration, that is,
importing ideas and therapies developed in advanced cancer into the setting of
chemoprevention [13].

2 Basics of Chemoprevention

Several concepts that are important in chemoprevention are the ideas of field
cancerization and multistep carcinogenesis. “Field cancerization” was first
described in 1953 with the study of histologically abnormal tissue surrounding
oral cancer [14]. Slaughter et al. hypothesized that an injury from a toxin occurs at
multiple locations within a field such as the aerodigestive tract, and carcinogenesis
may occur at multiple sites. This field effect is responsible for the high rates of
recurrence of squamous cell carcinoma of the oral cavity following local treatment.
Though the initial observations of field cancerization focused on histologic
changes, we now know that molecular changes can be found in histologically
normal epithelium adjacent to tumors [15—17]. Thus, a premalignant lesion in one
area of the lung implies increased risk of cancer throughout the lungs.

Multistep carcinogenesis was first described in 1938 [18]. Serial changes in the
lungs of smokers were described on a histologic level by Auerbach et al., with a
progression from hyperplasia to metaplasia to dysplasia to carcinoma in situ to
invasive cancer [19, 20]. The earliest events in carcinogenesis are at the genomic
level — additional events are necessary to induce phenotypical changes in the tissue.

Since carcinogenesis occurs in multiple steps and in multiple locations, we have
opportunities to “detour carcinogenesis,” that is, to take steps to prevent the
progression to invasive cancer in patients at risk for malignancy [21]. By under-
standing the molecular progression leading to cancer, we hope to identify mutations
that drive cancer. Data suggests that in a single patient, primary and metastatic
tumors are very similar genetically [22, 23]; it is not unreasonable to think that
premalignancy will also share characteristics with more advanced tumors. Agents
that are effective against these drivers in the metastatic setting may also be useful in
prevention, as part of a reverse migration approach.

Prevention efforts can target different groups of patients. With primary preven-
tion, the focus is on healthy individuals who are at high risk; for example, current
and former smokers. The goal of secondary prevention is to prevent progression to
cancer in patients with premalignant lesions, such as intraepithelial neoplasia.
Tertiary prevention aims to prevent the development of recurrent or second primary
tumors in patients who have a history of cancer.

There have been notable successes in chemoprevention, as described in Table 1
[3, 10, 24-33]. Successful trials often involve known molecular targets that can be
effectively inhibited by drugs; for example, hormone receptors in breast and
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prostate cancer [25, 27], and inflammation in colon cancer [30]. Alternatively, other
successful trials have used vaccines to target viruses known to be involved in
carcinogenesis, such as the human papilloma virus in cervical cancer [28] and
hepatitis B in hepatocellular carcinoma [29]. Many negative trials have used agents
identified from epidemiologic studies, without clear targets, such as beta-carotene
[4, 5] or selenium [9].

2.1 History of Lung Cancer Chemoprevention

There have been extensive efforts in chemoprevention of nonsmall cell lung cancer
(NSCLC), with many clinical trials using agents selected based on epidemiologic
data. An influential 1981 review discussed data correlating intake of beta-carotene,
which is partially converted to vitamin A in the body, with lower risk of cancer [34].
Based on this data, a number of trials tested vitamin supplementation as a cancer
prevention strategy.

The alpha-tocopherol and beta-carotene (ATBC) trial randomized male
smokers from Finland to either vitamin E, beta-carotene, a combination of both,
or placebo [4]. Unexpectedly, beta-carotene supplementation was associated with
an 18% increase in the risk of lung cancer, as well as a significant increase in
overall mortality. Vitamin E had no significant effect on incidence of cancer or
mortality. Patients in the study who consumed higher dietary amounts of beta-
carotene and vitamin E, however, had lower risks of cancer, suggesting the
supplementation may have different effects than dietary intake. Another large
trial, the beta-carotene and retinol efficacy trial (CARET), was stopped after an
interim analysis following the publication of the ATBC trial. This trial randomized
patients to receive a combination of retinol and beta-carotene vs placebo. The
patients in the active treatment group had a higher risk of lung cancer and all-cause
mortality [5]. Interestingly, the increase in lung cancer incidence was seen in
current smokers; in former smokers, a trend towards decreased lung cancer
incidence with supplementation was noted.

Patients with surgically treated lung cancer are at a high risk for second primary
tumors, with rates reported as high as 3% per year [35, 36]. This group has been
extensively studied to determine if any chemopreventive agent can reduce risk.
For example, in the Intergroup Lung Trial, patients with resected early stage
NSCLC were randomized to receive either isotretinoin, a synthetic vitamin A
derivative, or placebo [7]. There were no significant differences between the arms
with respect to second primary tumors, recurrence, or survival, though subgroup
analysis revealed increased mortality in the treatment arm for active smokers, and
a trend towards benefit in never smokers. Other studies in this setting, using
selenium [6] or a combination of retinol and N-acetylcysteine [8], have also
been negative.
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Table 2 Major phase III studies in lung cancer chemoprevention

Intervention Population N Endpoint Outcome
ATBC [4] B-Carotene, Male smokers 29,133 Lung cancer Harmful
a-tocopherol
CARET [5] B-Carotene, Current and former 18,314 Lung cancer Harmful
retinol smokers
Lung Intergroup Isotretinoin Resected NSCLC 1,166  Second primary Negative®
Trial [7] tumor (SPT)
EUROSCAN [8] Retinol, NAC  Resected NSCLC 2,592 SPT Negative
or HNSCC
Intergroup Selenium Resected NSCLC 1,772 SPT Negative
Selenium
Study [6]

ATBC Alpha-tocopherol, beta-carotene cancer prevention study, CARET Carotene and retinol
efficacy trial, NAC N-acetylcysteine, NSCLC non-small cell lung cancer, HNSCC head and neck
squamous cell carcinoma
“Harm in current smokers

Currently, there are no proven chemoprevention agents for lung cancer (Table 2).
To improve our chances of developing effective chemoprevention, we need a better
understanding of the biology of lung cancer.

3 Molecular Biology of Lung Cancer

There are many different types of lung cancer, and different molecular pathways
leading to each type. About 20% of lung cancer is small cell lung cancer, and
the rest is NSCLC. In the United States, the most common subtype of NSCLC
is adenocarcinoma, and squamous cell carcinoma is the second most common
histology [37].

Adenocarcinomas classically originate in the peripheral airways. Though most
patients diagnosed with adenocarcinoma have a history of cigarette smoking, this is
the most common type of lung cancer in nonsmokers. The proportion of
adenocarcinomas has been increasing over the past few decades — the reasons for
this increase are unknown, but might include changing smoking habits or the
increased use of filtered cigarettes. Atypical adenomatous hyperplasia is a precursor
lesion for a subset of adenocarcinomas [38]; however, the precursor lesions of
adenocarcinoma have been less extensively studied than those of squamous cell
carcinoma.

Squamous cell carcinomas usually arise in the proximal airways. There is a
strong association between squamous cell carcinoma and smoking. The precursor
lesions to squamous cell carcinoma have been well described, and include squa-
mous metaplasia and dysplasia [20, 39].

We now understand the mutations that drive certain subsets of these tumors.
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3.1 KRAS

KRAS is a GTPase which is an early component of multiple cell signaling
pathways. Mutations in KRAS are found in 20-30% of adenocarcinomas, and are
very rarely found in squamous cell carcinoma [40, 41]. Mutations are often seen in
atypical adenomatous hyperplasia, a precursor to adenocarcinoma [38, 41]. These
mutations are more common in current and former smokers than nonsmokers [42]
and they are associated with resistance to epidermal growth factor receptor (EGFR)
inhibition [43]. There are no effective targeted therapies currently in clinical use for
these patients. However, in a mouse model, combination therapy with a PI3K
inhibitor and a MEK inhibitor is active against KRAS-mutant tumors [40], and
agents in these families are in the early stages of clinical testing.

3.2 EGFR

EGFR is frequently involved in carcinogenesis and is an important regulator of
growth in human cells. Activating mutations of EGFR have been described in
patients with adenocarcinoma, and are present in 10% of adenocarcinomas in the
U.S. and in higher numbers of Asian patients [44]. These mutations, specifically
those in exons 19 and 21 activating the kinase domain of the enzyme, are
associated with responsiveness to EGFR inhibition [44, 45]. These activating
mutations are very rare in squamous cell carcinoma, but EGFR amplification is
commonly seen [41]. About 5% of squamous cell carcinomas have mutations in
the extracellular domain of EGFR, also known as the variant III EGFR mutation;
these mutations do not confer sensitivity to EGFR inhibition and may confer
resistance [46].

3.3 EMIA4-ALK

The EMLA4-ALK translocation was the first chromosomal translocation described in
lung cancer. A rearrangement on chromosome 2 creates a constitutively activated
anaplastic lymphoma kinase (ALK) that drives growth [47]. This translocation is
found in about 3—7% of adenocarcinomas and does not occur in patients with either
KRAS or EGFR mutations [47-49]. These patients are sensitive to treatment with
crizotinib, an ALK/c-Met inhibitor [50]. This drug was recently FDA approved,
along with a companion diagnostic test.
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3.4 Other Molecular Changes

KRAS and EGFR mutations and ALK rearrangements are the most clinically
important genetic abnormalities seen in NSCLC, but other changes are also seen.
BRAF mutations are found in a small percentage of lung adenocarcinomas, 2% in
one study [51]. BRAF inhibitors have been successful in the treatment of metastatic
melanoma [52]; drugs in this class are also being investigated for NSCLC. The
phosphatidylinostil 3’-kinase (PI3K) pathway includes Akt and mTOR, and tumor
cells have increased activation of this pathway relative to normal cells [53]. The
gene PIK3CA, which encodes the catalytic unit of PI3K, is mutated in approxi-
mately 5% of NSCLC [54]. There are a number of inhibitors of this pathway
in clinical development, including mTor inhibitors, Akt inhibitors, and PI3K
inhibitors.

Mutations in DDR2 have been identified as driver mutations in about 4% of
squamous cell carcinomas [55]. This gene encodes for a kinase with roles in cell
adhesion and proliferation [56]. Patients with this mutation may be more sensitive
to treatment with dasatinib [55]. Also, amplifications of FGFRI, encoding for a
fibroblast growth factor receptor, have been described in over 20% of squamous cell
carcinomas [57].

Aberrant angiogenesis is one of the hallmarks of cancer [58], and vascular
endothelial growth factor (VEGF) is a regulator of angiogenesis in both normal
tissue and in malignancy [59]. VEGF and VEGEF receptor are aberrantly expressed
in lung cancer, and this expression may be associated with poor prognosis [60, 61].
VEGF-A is expressed more commonly in adenocarcinoma than squamous cell
carcinoma [62]. Bevacizumab, a monoclonal antibody against VEGF receptor,
has been shown to be effective in the first-line treatment of adenocarcinoma in
combination with chemotherapy [59]. It is not used in squamous carcinomas due to
an increased risk of serious bleeding [63].

Most lung cancers have alterations in pathways responsible for DNA repair. p53,
a critical regulator of the cell cycle, apoptosis, and DNA repair, is an important
tumor suppressor, and it is thought that more than half of all human cancers have
mutations in TP53 [64, 65]. TP53 is mutated in the majority of NSCLCs, both
adenocarcinoma and squamous cell carcinoma, and mutations are more common in
smokers [41]. Though multiple attempts have been made to target p53 pharmaco-
logically, there are no proven therapies targeting this important protein.

Our understanding of the molecular biology of lung cancer continues to evolve.
The Tumour Sequencing Project examined 623 genes for mutations in 188
adenocarcinomas and identified a number of mutated genes not previously known
to be associated with lung cancer [66]. Tumors with higher grade had more
mutations than lower grade tumors, and smokers had more mutations than
nonsmokers. Another study determined copy number alterations in lung adenocar-
cinoma. Many of the sites indentified as consistently gained or lost in lung cancer
have not been linked to a specific gene, suggesting that we have yet to discover
many of the genes involved in lung carcinogenesis [67].
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4 Personalizing Treatment of Lung Cancer

The standard treatment for advanced lung cancer is platinum-based combination
therapy, but response rates are low and long term survival is rare [68, 69]. It seems
unlikely that we will be able to improve outcomes substantially with a one-size-fits-
all approach; we must learn to personalize therapy.

For patients with EGFR mutations and ALK rearrangements, targeted therapies
are the standard front-line treatment [45, 50]. These treatment regimens are well
tolerated and are associated with high response rates and extended time to progres-
sion, though they are not curative. Unfortunately, less than 15% of patients with
adenocarcinoma have one of these genetic alterations; for the remainder of our
patients, we do not yet have personalized therapy. A number of recent studies have
used our improving understanding of the molecular biology of lung cancer to try to
personalize therapy.

At M.D. Anderson we are working towards personalized lung cancer therapy
with our biomarker-integrated approaches of targeted therapy for lung cancer
elimination (BATTLE) program. In our first BATTLE trial [70], patients with
advanced lung cancer had a CT-guided core biopsy, and this tissue was analyzed
to create a biomarker profile. This profile helped to determine which of four
targeted therapies a patient would receive. The hypothesis is that individual tumors
are driven by a dominant signaling pathway, and by identification and targeting of
that pathway we may be able to improve outcomes. Bayesian adaptive randomiza-
tion was used, increasing the chances that an individual patient would receive a
therapy from which he is predicted to derive benefit.

This trial demonstrated the feasibility of a biopsy-mandated approach in
advanced lung cancer. Preliminary findings, such as a relatively high disease
control rate with sorafenib in patients with KRAS mutations, have provided
hypotheses for further studies.

The BATTLE program is expanding, and accrual is ongoing for two more
studies. Both follow similar designs, with biopsies mandated on enrollment. The
BATTLE-2 study enrolls patients with previously treated lung cancer to receive one
of four targeted therapies or combinations; the BATTLE-Front Line trial enrolls
patients with previously untreated lung cancer to receive combinations of chemo-
therapy and biologic therapy.

5 Personalizing Prevention of Lung Cancer

In treating lung cancer, it is not likely that any single agent will be effective in every
patient. The same is true in lung cancer prevention. We propose reverse migration
as a method to personalize chemoprevention. Reverse migration is the application
to the prevention setting of concepts and ideas that have been developed in
advanced cancer. Concepts like risk assessment, biomarker analyses, targeted
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Table 3 The reverse migration of tamoxifen [13]

Treatment setting Results
Tamoxifen vs DES, 1981 Metastatic disease® Response rate 33% with
[71] tamoxifen
EBCTCG meta-analysis, Adjuvant treatment/tertiary 47% decrease in breast cancer
1998 [72] prevention recurrence
B-24, 1999 [73] DCIS/secondary prevention 43% decrease in invasive breast
cancer
BCPT, 1998 [25] Healthy women/primary 49% decrease in invasive breast
prevention cancer

BCPT Breast cancer prevention trial, DES diethylstilbestrol, DCIS ductal carcinoma in situ,
EBCTCG Early Breast Cancer Trialists’ Collaborative Group
“Hormone receptor status was not measured prior to enrollment on trial

therapeutics, surrogate endpoints, and predictive markers have been more thor-
oughly explored in the treatment of cancer, but all are potentially important for
cancer prevention as well.

An example of reverse migration is the development of tamoxifen, as described
in Table 3. Breast cancer has long been known to be hormonally driven in some
patients. Tamoxifen is a selective estrogen receptor modulator, and has been used in
the treatment of metastatic breast cancer for over 30 years [71]. It has also been
shown to be effective in reducing the risk of recurrent cancer following surgical
resection of a breast tumor [72], that is, in the tertiary prevention setting. As
secondary prevention, tamoxifen decreases the risk of invasive breast cancer in
patients with ductal carcinoma in situ, a premalignant lesion [73]. Tamoxifen is also
effective as primary prevention, decreasing the risk of breast cancer in healthy
postmenopausal women [25].

Though tamoxifen is the most thoroughly studied example of reverse migration,
other examples of this strategy are emerging. In multiple myeloma, lenalidomide,
an immunomodulating agent, is an effective treatment [74] and is also being studied
for use in smoldering myeloma, the precursor stage to this malignancy. For patients
with metastatic basal cell carcinoma, a hedgehog inhibitor, GDC-0449, can result in
impressive responses [75]; for patients with Gorlin’s syndrome, who are genetically
predisposed to basal cell carcinoma, this same hedgehog inhibitor can suppress
development of cancer [76]. As in breast cancer, antihormonal agents are effective
for prostate cancer in the settings of advanced malignancy [77], localized disease
[78], and chemoprevention [27]. In breast cancer, PARP inhibitors, which interfere
with DNA repair and induce synthetic lethality, are associated with tumor response
in patients with metastatic breast cancer patients and germline BRCA mutations
[79]. Women with BRCA1 or BRCA?2 mutations are at very high lifetime risk of
breast cancer, up to 85% depending on the population studied, and PARP inhibitors
may be useful in the chemoprevention setting for these women.

It is now time to begin using a reverse migration approach for the prevention of
lung cancer. We are learning more about the biology of lung cancer every day, and
genetic analysis of individual tumors is becoming less expensive, more accurate,
and quicker [80]. Our targeted treatments for metastatic cancer are more tolerable
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than traditional cytotoxic chemotherapy; patients can be treated with targeted
therapeutics like erlotinib for extended periods of time. Also, we now have experi-
ence with the type of biopsy-mandated, biomarker-driven clinical trials that will be
necessary to make personalized chemoprevention a reality.

5.1 Personalizing Tertiary Chemoprevention

Tertiary chemoprevention is an obvious setting to develop chemopreventive agents
using a reverse migration strategy. Patients with resected early stage lung cancer are
at a high risk of recurrence and second primary tumors [35, 36]. In this group, an
important concept is the identification of molecular targets, not only in the tumor
but also in the surrounding tissue.

At MD Anderson we have an extensive program to identify risk factors for tumor
recurrence following resection of early stage lung cancers, with a long term goal of
developing new therapeutic approaches to adjuvant treatment and prevention. In
one arm of these project, 49 patients with resected early stage NSCLC were
enrolled to a prospective clinical trial in which they underwent serial
bronchoscopies with biopsies yearly for 3 years [81]. Primary endpoints were
recurrence and second primary tumors. Analysis is ongoing to determine which
markers in the bronchial epithelium correlate with recurrence, but preliminary
results show that activation of the PI3 kinase pathway puts patients at a higher
risk of recurrence. This pathway may be a therapeutic target, and inhibitors of this
pathway are currently in clinical development.

Another part of this project is a retrospective analysis of 370 resected early stage
lung tumors. The expression of 23 prespecified biomarkers, selected from preclini-
cal work as being important in carcinogenesis, were measured and correlated with
outcomes, including recurrence free survival and overall survival [82]. Using these
markers, a risk model was created, where patients could be classified as low,
intermediate, or high risk based on expression of these markers.

We propose an idea for a BATTLE-type study in the adjuvant/tertiary prevention
setting [13]; see Fig. 1 for a schema. In this study, patients undergoing surgical
resection for early stage lung cancer would have biomarker analyses performed on
both the tumors and the adjacent epithelium. Based on the molecular abnormalities
found, patients would be assigned to a targeted treatment. For example, in patients
with resected tumors bearing EGFR mutations, adjacent, histologically normal
bronchial epithelium frequently harbors mutations as well [83, 84]. Therefore,
these patients would receive EGFR inhibitors, which are effective in the setting of
advanced disease [45]. The current data for EGFR inhibitors in the adjuvant setting
is mixed [85, 86]; a phase III trial (RADIANT) is ongoing which should address this
issue. Patients with ALK rearrangements would receive crizotinib. Patients with
overexpression of cyclin DI could receive a combination of erlotinib and
bexarotene; overexpression predicts response to this combination in the metastatic
setting [87]. Patients with high levels of inflammatory markers, such as COX-2,
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Fig.1 Schema for a personalized trial of tertiary chemoprevention/adjuvant treatment. The tumor

and adjacent field will undergo biomarker analysis, and patients will be grouped based on marker
status. Treatment will be assigned based on biomarkers [13]

+

could receive anti-inflammatory medications, and patients with alterations of the
PI3K pathway could receive PI3K/Akt inhibitors. Primary endpoints would be
recurrences and second primary tumors. Secondary endpoints would be tolerability,
biomarker modulation, and correlation of biomarker modulation with outcome.

5.2 Personalizing Primary and Secondary Chemoprevention

To personalize chemoprevention successfully for patients with no history of cancer,
we must be able to identify those at highest risk, perform screening studies appropri-
ately, and treat those at high risk for cancer with targeted chemoprevention agents.

Risk assessment models have long incorporated demographic data, such as age,
smoking history, and family history of cancer. Now, we are learning to incorporate
biomarkers into these models. Biomarker assessment can be noninvasive, such as
blood draws or buccal swabs, or invasive, like bronchoscopic biopsies. Recent
epidemiologic studies have identified single nucleotide polymorphisms (SNPs)
that can be used to create a risk prediction model that is more accurate than one
incorporating only clinical characteristics [88]. Other studies have incorporated
bronchoscopic biopsies into risk assessment models. A study by Gustafson et al.
found that activation of the PI3 kinase pathway correlated with dysplasia [89].
Treating with an inhibitor of PI3 kinase, myo-inositol, effectively down-regulates
this pathway and reverses dysplasia in some patients. This pathway, as discussed
earlier, was also identified in an MD Anderson study as predicting increased risk of
tumor recurrence following resection [81].

Screening for lung cancer is another opportunity to reduce mortality in patients
at risk for lung cancer. Until recently there were no proven screening tests for lung
cancer. Recently published results from the National Lung Screening Trial, how-
ever, show that yearly low-dose CT scans can decrease lung cancer mortality and
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all-cause mortality in a group of patients at high risk for lung cancer [90]. Enrolled
participants were between 55 and 74 years of age and had at least a 30 pack-year
history of cigarette smoking. Lung cancer mortality was decreased by 20% with CT
scans compared to chest X-rays. Though these results are impressive, CT screening
for lung cancer has not yet been universally accepted, possibly due to concerns
regarding costs. Improved risk assessment could improve the cost—benefit ratio by
avoiding scans in patients at lower risk for cancer.

Recent chemoprevention studies have used targeted agents and incorporated
biomarker based endpoints. In two recently reported studies, patients were treated
with celecoxib, a COX-2 inhibitor [91, 92]. COX-2 is a modular of inflammation,
and its overexpression is seen in premalignant lung lesions [93] and predicts a worse
outcome in surgically resected early stage NSCLC [94, 95]. Both studies revealed a
decrease in Ki-67, a marker of proliferation, in bronchial epithelium with celecoxib
treatment [91, 92]. In addition, one study identified a biomarker predicting benefit
from celecoxib [92]. A study reported by Keith et al. found that oral iloprost, a
prostacyclin analog, reduced bronchial dysplasia in former smokers, though current
smokers did not benefit [96]. A recent meta-analysis of randomized trials studying
aspirin for cardiovascular disease prevention provided further evidence of the benefit
of anti-inflammatory treatment — aspirin treatment was associated with a decrease in
mortality from a number of cancers, including lung adenocarcinoma [97].

These studies are notably different from some of the older studies in lung cancer
prevention. Studies like CARET and ATBC [4, 5] took agents without clear targets
identified in epidemiologic studies directly into large clinical trials, enrolling
thousands of patients, with endpoints related to cancer incidence. These studies
were expensive and unsuccessful. Studies like those described above have utilized
targeted agents and have incorporated correlative analyses. The number of patients
enrolled is relatively small, and surrogate endpoints are used. With clinical trials
like these, we can learn more about how these drugs work, and for whom they work,
before bringing them to large, definitive trials.

In addition to any pharmacologic prevention treatments, smoking cessation
remains critically important. Several clinical trials have shown that if patients
continue smoking, chemoprevention can be ineffective and even harmful. In the
CARET study, current smokers were harmed by treatment with beta-carotene and
retinol, while former smokers had a trend towards lower lung cancer incidence with
treatment [5]. In the Intergroup Lung Trial, current smokers had an increased risk of
death with isotretinoin treatment, while former and never smokers had a trend
towards benefit [7]. More recently, Keith et al. noted an improvement in
endobronchial dysplasia in former smokers treated with iloprost, while current
smokers had no histologic improvement [96]. The reasons for the lack of efficacy
of chemoprevention in patients who continue tobacco use is likely due to
interactions between tobacco carcinogens and chemopreventive agents. Beta-
carotene may lead to induction of certain cytochrome P450 enzymes, causing
increased bioactivation of tobacco-associated procarcinogens [98]; retinoids
might have similar effects. Increased oxidative stress from supplementation is
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another hypothesized mechanism [99]. Future chemoprevention studies should
focus on those patients who have already quit smoking — current smokers should
be referred to intensive tobacco cessation programs.

6 Conclusions

There are significant barriers to the reverse migration approach, but also rewards for
overcoming them. Though we frequently describe signaling pathways as simple,
step-wise progressions, in cells they are often complex and there is crosstalk
between pathways. Therefore, inhibiting a particular pathway may require multiple
pharmacologic agents and may have unintended consequences. In addition, it has
frequently been difficult to match biomarkers and targeted agents — we often cannot
predict which patients will respond to therapy. Risk prediction is still difficult;
models incorporating SNPs are only marginally more accurate than those
incorporating clinical risk factors alone [88].

There are also practical barriers. Clinical trials are expensive, and the costs of
clinical trials incorporating biopsies and biomarkers are even higher. There are
regulatory issues involved when using biomarkers in clinical trials. Also, there is the
issue of infrastructure. These types of trials require cooperation between many groups,
including pathologists, statisticians, radiologists, pulmonologists, and oncologists,
among others. There are issues regarding patient enrollment. Many healthy patients
are not willing to enroll on clinical trials requiring biopsies, though we have been able
to complete enrollment successfully on these types of trials in the past.

If we are able to overcome these challenges, there are significant rewards.
Effective chemoprevention of lung cancer could potentially save many lives, and
reverse migration may represent a more efficient and effective pathway to that goal.
Our goal is to bring personalized therapy to every patient, from those at risk for
cancer to those with metastatic disease (Fig. 2). For patients at lower risk for cancer,
counseling on lifestyle changes could be offered; for those at higher risk, screening
programs and chemoprevention studies should be considered.

Lung cancer is a molecularly heterogeneous disease, and should no longer be
treated with a “one-size-fits-all” approach. In our BATTLE program for cancer
treatment, we attempt to identify the molecular drivers of a patient’s tumor so that
we can hijack these drivers with molecularly matched agents. This approach is
applicable not only to the treatment of advanced malignancy, but also to the
prevention of cancer in patients at risk. Using what we have learned regarding
the biology and treatment of lung cancer, we are now ready to take the BATTLE to
the chemoprevention setting.
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Fig. 2 Schema for a comprehensive BATTLE strategy against all stages of carcinogenesis, from
pre-malignancy to advanced cancer. BATTLE (upper left) represents our trial program in
advanced, previously treated lung cancer. BATTLE—frontline (BATTLE-FL, upper right) is our
currently accruing trial in previously untreated advanced stage NSCLC. BATTLE—prevention
(BATTLE-P, bottom) is our developing program in adjuvant treatment and prevention [13]
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Abstract The evolution of chemoprevention research continues in exciting new
directions. Large chemoprevention trials in unselected patients have often been
negative, but this trend promises to be reversed by more-focused and novel trial
designs emphasizing the identification of molecular targets and predictive biomarkers.
Phase O designs, blood and tissue-based biomarkers, and surrogate endpoints are
examples of important features of new prevention-trial design. Breakthroughs in the
identification of novel mechanisms of carcinogenesis have contributed to a better
understanding of key signaling pathways in cancer development. There has been
substantial progress in elucidating molecular targets of promising synthetic and
natural agents such as epigallocatechin gallate, indole-3-carbinol, myo-inositol, and
deguelin, raising great optimism that biomarkers predicting efficacy, such as those
associated with metformin effects, will be identified. This review will highlight
several promising natural agents and how early clinical development may elucidate
their role in personalized cancer chemoprevention.
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1 Introduction

Chemoprevention has witnessed exciting new breakthroughs and developments
that promise to help realize the clinical potential of the field. Historically, potential
new chemopreventive agents were identified from epidemiologic data [1]. Relying
too heavily on this approach, however, can lead to many years of development
before an agent is fully evaluated. Reverse migration, that is, employing agents,
targets, and study designs already used in the advanced cancer setting, has been
proposed as a means of expediting the development of chemopreventive agents [2].
Tamoxifen use in breast cancer is the most prominent example of reverse migration
to date, from its use in metastatic disease to adjuvant treatment to the prevention of
breast cancer [2-6].

Cancer-preventive agents are also being developed de novo. It will be key to
identify mechanisms of action, and to guide carefully the early development, of
many newly identified natural agents in order to avoid replicating the negative
results of many previous large-scale chemoprevention trials [7-9].

During carcinogenesis, mutations accumulate and normal cell-cycle functions are
disrupted, transforming normal cells into premalignant lesions, such as intraepithelial
neoplasia (IEN), and eventually into invasive carcinoma. These changes can evolve
slowly over many years, presenting a prime opportunity for intervention. Cancer
chemoprevention aims to treat and reverse, or at least delay, these processes leading
to malignancy [10]. Personalized, molecular-targeted research, both in cancer therapy
and prevention, has begun to include natural agents along with synthetic agents.
Identifying new molecular targets or predictive biomarkers of clinical benefit is a
critical aspect of chemopreventive drug development, as is the elucidation of novel
molecular mechanisms and their involvement in various signaling pathways that
promote tumorigenesis.

The key natural agents reviewed here — green tea (extract and the derivative
epigallocatechin gallate [EGCG]), indole-3-carbinol (I3C), myo-inositol, metformin,
and deguelin — have a body of evidence on their molecular mechanisms and/or
predictive markers that promotes their potential for personalized cancer prevention.
The growing elucidation of agent mechanisms, predictive markers, and molecular
targets is making the development of personalized chemoprevention, with either
natural or other agents, feasible.
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2 Natural Agents with Potential for Personalized,
Molecular-Targeted Prevention

2.1 Green Tea: Extract and EGCG

Promising preclinical data (such as elegant new mechanistic findings on the
peptidyl prolyl cis/trans isomerase Pinl) and clinical data (e.g., promising results
from randomized trials in head and neck and prostate premalignancy) on green tea
and its polyphenolic flavonoid constituent EGCG are a model of molecular-targeted
research in this field. Green tea has long been of interest for chemoprevention. It is
extracted from the leaves of the Camellia sinensis plant and contains multiple
active phytochemicals such as EGCG, which is the most abundant and bioactive
flavonoid [11]. Green tea polyphenols have produced chemopreventive effects in a
number of very promising preclinical and clinical studies.

Several epidemiologic and clinical studies have demonstrated an association
between green tea and a reduced risk of prostate cancer. The incidence of prostate
cancer is much lower in Asians (higher green tea intake) vs Western populations
(lower green tea intake) [12]. In 2008, Kurahashi et al. [13] reported on the green
tea consumption of 49,920 men from 1990 to 2004 in the Japan Public Health
Center-based Prospective Study. New cases of prostate cancer were diagnosed in
404 men and consumption of green tea was associated with a dose-dependent
decrease in the risk of advanced prostate cancer. A double-blinded, placebo-
controlled trial reported by Bettuzzi et al. [14] also showed a reduced incidence
of prostate cancer associated with a green tea supplement (200 mg orally, three
times per day) for 1 year (vs placebo) in men with pre-existing high-grade prostatic
IEN. After 1 year of follow-up, 3% of the green tea group compared with 30% of
the placebo group were diagnosed with prostate cancer. No significant side effects
or adverse events were noted. This preventive effect persisted at a 2-year follow-up.

A number of subsequent laboratory studies showed that EGCG exerted multiple
widespread antitumor effects [15]. In vitro, EGCG affects many signal transduction
pathways leading to growth inhibition, apoptosis, antiangiogenesis, and inhibition of
metastases through the inhibition of a number of receptor tyrosine kinases, most
notably epidermal growth factor receptor (EGFR), insulin-like growth factor 1 receptor
(IGFR), and vascular endothelial growth factor receptor (VEGFR) [16-18]. EGCG
also modulated transcription factors such as nuclear factor kappa B (NF-xB) and
AP-1 in cell culture as well as in animal studies [19]. Activation of NF-xB and AP-1
led to activation of multiple genes and the inhibition of apoptosis and cell-cycle
regulation. Elevated activity of both NF-kB and AP-1 are seen in a number of
malignancies. NF-xB has also been shown to antagonize the tumor suppressor gene
p53. NF-xB and AP-1 promote cell-cycle transition by upregulating cyclin D1 and
c-jun, which leads to further expression of antiapoptotic genes.

EGCG’s antineoplastic effects have been further translated into animal studies.
Wang et al. showed that intraperitoneal or oral green tea polyphenol fractions
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significantly inhibited tumor growth in mice with UV-induced skin papillomas [20].
Lu et al. [21] demonstrated that topically administered EGCG induced apoptosis
and inhibited malignant proliferation in mice with UVB-induced skin tumors.

In clinical trials, EGCG has been studied substantially in head and neck cancer
patients. Pisters et al. [22] reported a phase I trial to determine the maximum tolerated
dose of green tea extract (GTE) in patients with advanced malignancy. The majority
of the 49 patients in this trial had non-small-cell lung cancer (NSCLC) or head and
neck cancer. Patients received varying doses of GTE either once or three times daily
for 4 weeks up to a maximum of 6 months. Dose-limiting toxicities were mostly
neurologic (tremors, restlessness, insomnia) and gastrointestinal (abdominal bloating,
constipation, nausea) and were primarily thought to be secondary to the 7% caffeine
component of the GTE. No major clinical responses were observed, however.

Tsao et al. [23] conducted a translational phase II randomized placebo-
controlled trial (RCT) of GTE at varying doses (500 mg/m? 750 mg/m?, and
1,000 mg/m? 3 times daily for 12 weeks) in 36 evaluable patients with high-risk
oral premalignant lesions. Clinical response was greater in the combined arms of
higher (750 mg/m? and 1,000 mg/m?) doses (58.5%) compared with the lowest-
dose (500 mg/mz; 36.4%) or placebo (18.2%) arms (P = 0.03). These results
suggested a dose-response clinical effect. The histologic response rate was 21.4%
(in all combined GTE arms) compared with 9.1% (placebo), although the difference
was not statistically significant (P = 0.65). Treatment was well-tolerated, with
higher dosing causing increased insomnia, diarrhea, and oral/neck pain but no
grade-4 toxicity. Baseline stromal VEGF levels correlated with clinical
(P = 0.04) but not histologic response, and downregulation of VEGF and cyclin
D1 correlated with clinical response. Other baseline biomarkers (epithelial VEGF,
p33, Ki-67, cyclin D1, and pl6 promoter methylation) were not associated with
response or outcome.

A recent breakthrough study of EGCG illuminates a new molecular target
for this agent and may help inform future clinical trials. In their elegant new
mechanistic study, Urusova et al. [24] discovered that EGCG inhibits the peptidyl
prolyl cis/trans isomerase Pinl, which is required for EGCG effects on cell growth,
c-Jun activation, and NF-xB- and activator protein 1 (AP-1)-mediated transcription
regulation. By mediating isomerization of phosphorylated target proteins, it is
thought that Pinl is an important regulator of pathways involved in cellular
transcription and differentiation. Pinl was also found to have crucial interactions
with AP-1, NF-kB, NF of activated T cells 1 (NFAT1), and B-catenin. Pinl is
highly active in breast, colorectal, prostate, and thyroid tumors, and inhibition of
Pinl triggers apoptosis and suppresses transformation. EGCG was shown to inhibit
AP-1 and NF-xB activity by downregulating Pinl phosphorylation of key
substrates in these pathways. The identification of Pinl as a key substrate of
EGCG provides an attractive tool to use in future chemoprevention research and
provides a promising molecular target for the development of EGCG analogs, e.g.,
those targeting Pinl more specifically. These analogs could be developed and then
tested in phase O trials, such as that recently conducted with an I3C compound
derived from cruciferous vegetables and discussed in more detail below.
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2.2 Indole-3-Carbinol

I3C is a naturally occurring phytochemical shown to protect against chemically
induced carcinogenesis in animal studies. It is a product of the breakdown of
glucosinolates, which are found at high levels in cruciferous vegetables. Acid-
condensation products of I3C are ligands of the aryl hydrocarbon receptor. I3C alters
expression of cytochrome P450 (CYP) enzymes that regulate estrogen metabolism.
Increasing CYP1A1 causes it to function as a potent inducer of 2-hydroxylation
of estradiol, thus increasing the antiproliferative metabolite 2-hydroxyestrone and
decreasing 16-alphahydroxyestrone. 16-Alphahydroxyl estrone is carcinogenic,
increasing cell synthesis and the hyperproliferation of epithelial cells [25].

In addition to being antiestrogenic, I3C induces tumor growth arrest and apoptosis
through a variety of other mechanisms that target multiple signaling pathways
including phosphoinositide 3-kinase (PI3K) AKT, NF-xB, MAPK kinases, the
cyclin-dependent kinase (CDK) inhibitors p21 and p27, and cyclin D1 [26].

As a naturally occurring AKT inhibitor, I3C is of great interest for chemopre-
vention. AKT/protein kinase B is a major target downstream of PI3K. Elevated
AKT signaling is thought to play a critical role in tumor activities including cellular
proliferation and suppression of apoptosis. I3C is normally unstable at physiologi-
cal conditions but has more stable analogs, including SR13668, which has been
tested in a phase O trial.

Phase O studies are designed mainly to evaluate pharmacokinetic and pharma-
codynamic properties of an agent at very small doses rather than identifying a
maximum tolerated dose, as in a phase I study, or determining efficacy, as in
phase II and III studies. A phase 0O study of the I3C analog SR13668 was developed
to determine the optimal oral bioavailability of this agent in 18 healthy adult
participants [27]. The participants received a single dose of five different
formulations. In a short period of time, the lead formulation of SR13668 was
identified for further clinical testing.

This phase O trial was the first such trial ever conducted in chemoprevention. The
phase 0 design allows shorter study durations, smaller, nontherapeutic dosing, and
fewer patients vs phase I, II, or III designs, thus promising to conserve resources
and expedite identification of more promising candidates within a shorter
timeframe. Phase O trials are an exciting prospect that may accelerate the devel-
opment of new chemopreventive drugs with more-specific targeting of key
pathways [10].

2.3  Myo-Inositol

Found in various foods such as whole grains, seeds, and fruits, the promising natural
chemopreventive agent myo-inositol is an isomer of glucose and a precursor of several
second messengers in the phosphatidylinositol cycle such as diacylglycerol, inositol-
1,4,5-triphosphate, and phosphatidylinositol-3.,4,5-biphosphate. Myo-inositol is a
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component of the compound inositol hexaphosphate within its source foods, and
inositol hexaphosphate is hydrolyzed by the enzyme phytase in the gastrointestinal
tract to free myo-inositol. Myo-inositol has been shown to inhibit phospho-Akt [28]
and to regulate PI3K expression signatures [29] in the lungs of smokers, suggesting the
potential of this agent for cancer prevention.

Initial studies in humans were targeted towards psychiatric disorders such as
depression, obsessive—compulsive disorder, and panic attacks. Both preclinical and
clinical studies, however, have suggested its benefit as a chemopreventive agent [30].

Myo-inositol has shown great benefit in mouse studies. Wattenberg et al. [31]
reported that myo-inositol given at 1% of the diet to female A/J mice prior to
receiving various carcinogens inhibited pulmonary adenoma formation by 64%.
Myo-inositol combined with dexamethasone further reduced tumor formation
(by 86%). Wattenberg et al. [32] subsequently showed that even low doses of
myo-inositol (0.3% of the diet) could reduce pulmonary adenoma formation by
53%. The combination of myo-inositol with inhaled budesonide was significantly
more effective than was either agent alone, reducing adenoma formation by 79%.
Myo-inositol was also effective when administered in the post-initiation period.

The parent compound of myo-inositol, inositol hexaphosphate, inhibits tumor
formation in human breast, colon, liver, and prostate cell lines. Proposed
mechanisms for these actions include inhibition of the PI3K pathway and cellular
proliferation, as well as induction of cellular differentiation and apoptosis. Huang
et al. [33] found that inositol hexaphosphate significantly inhibited tumor promoter-
induced cell transformation, AP-1 activity, and extracellular signal-regulated
kinase (ERK) activation in a dose-dependent manner. It blocked PI3K activity in
JB6 mouse cells and impaired PI3 activity in vitro.

Based on these promising preclinical data, Lam et al. conducted a phase I, open-
label, dose-escalation trial of myo-inositol (at four doses) to assess the safety,
tolerability, and maximum tolerated dose of myo-inositol in 26 high-risk current
or former smokers with bronchial dysplasia [30]. Bronchoscopy-guided biopsies
were taken before and after treatment. There was a statistically significant increase
in the regression rate of dysplastic lesions in patients taking 18 g/daily compared
with placebo subjects from a proximally completed clinical trial with the same
inclusion/exclusion criteria — 91% vs 48% (P = 0.014). Reductions in blood
pressure were also observed. Aside from some minor flatulence and diarrhea, no
serious adverse effects were noted.

2.4 Metformin

The biguanide metformin (1,1-dimethylbiguanide hydrochloride) is derived from
the French lilac plant (Galega officinalis) and is commonly used as an anti-
hyperglycemic agent for type 2 diabetes mellitus. Very strong preclinical and
clinical data supporting metformin’s potential role for chemoprevention [34]
include findings of effects on AMP-activated protein kinase (AMPK) and IGF-1R
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signaling and of germline markers predicting metformin benefit [35, 36]. Epidemi-
ologic studies have shown that diabetics have an increased risk of cancer and cancer
mortality, compared with normoglycemic individuals, but there is also increasing
evidence that in diabetics using metformin, cancer mortality is reduced compared
with nondiabetic patients [37]. Metformin’s primary actions in diabetic treatment
are the inhibition of hepatic glucose production and reduction of insulin resistance
in peripheral tissues, leading to decreased circulating glucose levels.

The first evidence for the potential of metformin for cancer chemoprevention
came from retrospective studies of patients with diabetes. Libby et al. [38] reported
that cancer was diagnosed in 7.3% of patients taking metformin versus in 11.6% of
diabetics never exposed to metformin (unadjusted hazard ratio of 0.46) in a large
retrospective study of over 8,000 diabetic patients. Even after adjustment for sex,
age, body mass index, hemoglobin A1C, smoking, and use of other drugs, there
continued to be a significantly reduced risk of cancer associated with metformin
(hazard ratio = 0.63). Retrospective data from the Zwolle Outpatient Diabetes
project Integrating Available Care (ZODIAC) study, which assessed primary
outcomes of diabetic complications, also showed that cancer-related mortality
was reduced in patients taking metformin [39]. The study enrolled 1,353 patients
with type 2 diabetes mellitus from 1998 to 1999. At a median follow-up of
9.6 years, 122 of 570 total deaths were the result of malignancies. The adjusted
hazard ratio for cancer mortality of patients taking metformin versus those on other
antidiabetic agents was 0.43.

Metformin helps to regulate insulin and IGF levels. These molecules can
promote proliferation and increased survival. The IGF-1 signaling pathway has
two receptors (IGF-1R and IGF-2R) and their respective ligands. IGF-1 is produced
mostly in the liver in response to stimulation by growth hormone. IGF-2 is a major
fetal growth factor produced in a variety of tissues. Both receptors are capable
of clustering and autophosphorylation, leading to downstream signaling. IGF-1 has
been shown to inhibit chemotherapy-induced apoptosis by activating the PI3K/
AKT/mTOR pathway and may play a role in chemoresistance [40]. Metformin can
reduce levels of IGF-1 by increasing peripheral insulin sensitivity, which decreases
hyperinsulinemia, resulting in the negative feedback of insulin on IGF binding
proteins. mTOR activation via metformin inhibition of IGF-1 may be clinically
predictive of response to metformin. It has been suggested that basal levels of
mTOR pathway activation may predict benefit of metformin in patients [41].

Laboratory studies demonstrate that metformin also inhibits cancer cells via
other pathways [42, 43]. In human prostate, colon, and breast cancer cell lines,
metformin activates the AMPK pathway, which inhibits protein synthesis and
gluconeogenesis during cellular stress. AMPK is typically activated when ATP
concentrations drop and 5’AMP levels increase in response to nutrient deprivation,
hypoxia, or metformin administration. AMP binds directly to AMPK, causing a
conformational change that leads to exposure of a threonine in the activation loop of
the alpha subunit. Metformin is thought to exert antitumor effects primarily by
activating liver kinase B1 (LKB1) and thus its downstream target AMPK [44].
LKBI1 is a serine—threonine kinase encoded by the tumor suppressor gene STK/1,
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which is commonly mutated in Peutz—Jeghers syndrome, which predisposes
affected patients to multiple cancers. Phosphorylation of LKB1 is required for its
translocation from the nucleus to cytoplasm, where subsequently it is activated by
metformin leading to activation of AMPK. Glucose-lowering effects of metformin
are also thought to be mediated by activation of LKB1 in the liver. Activated
AMPK has been shown to phosphorylate signaling molecules binding to mTOR,
thus down-regulating cell survival and proliferation [45].

LKB1 may potentially serve as a predictive marker of metformin inhibition of
tumorigenesis. Loss or decreased expression of LKB1 can occur via epigenetic
silencing. In breast cancer, LKB1 expression is absent or decreased in a significant
percentage of cell lines and primary tumors, and the absence or loss correlates with
cell line growth. These findings suggest that tumors with lost or decreased LKBI1
expression are more likely to be resistant to metformin, thus suggesting the poten-
tial benefit of patient stratification by LKBI1 status for future metformin cancer
prevention trials [46].

Metformin’s anticancer effects have been assessed in recent clinical studies.
Jiralerspong et al. [47] conducted a retrospective analysis of metformin in a group
of diabetic and nondiabetic patients who had received neoadjuvant chemotherapy
for early-stage breast cancer between 1990 and 2007. Sixty-eight diabetic patients
took metformin, 87 did not, and the complete pathological tumor response rate was
significantly higher in the metformin group (24%) than in the non-metformin group
(8%; P = 0.007). The response rate in the nondiabetic group was 16%. A recent
early-phase clinical trial suggests activity in colorectal neoplasia as well [48].

Bodmer et al. conducted a case-control analysis of metformin in 22,621 females
with type 2 diabetes taking oral hypoglycemic agents; 305 of these women were
diagnosed with breast cancer. Women taking metformin for >5 years had an
adjusted breast-cancer odds ratio of 0.44 compared with those not taking metformin,
thus showing that long-term metformin use was associated with decreased breast-
cancer risk.

A large ongoing phase III trial is randomizing nondiabetic patients with resected
breast cancer to either metformin or placebo (NCT01101438). The primary end-
point is disease-free survival; secondary endpoints include overall survival. This
and other trials should help to define the role of metformin in cancer prevention.

2.5 Deguelin

Promising cancer preventive agent deguelin is a rotenoid isolated from the African
plant Mundulea sericea (Leguminosae). It is a heat shock protein-90 (Hsp90)
inhibitor and has been found to have potent angiogenic and antiapoptotic properties.
Deguelin binds directly to the ATP pocket of Hsp90a, leading to decreased
expression in multiple client proteins via ubiquitin-mediated degradation. Deguelin
affects several proteins promoting tumorigenesis such as p53, cyclin-dependent
kinase 4, MAPK1/2, hypoxia-inducible factor (HIF)-1a, and AKT [49, 50]. This
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agent was initially identified as a mitochondria complex I, nicotinamide adenine
dinucleotide (NADH) dehydrogenase inhibitor implicated in the pathophysiology
of Parkinson’s disease [51]. Due to concern that high doses may lead to a
Parkinson’s like syndrome, a liposomal delivery system was designed in order to
increase bioavailability and reduce dosing to acceptable toxicity levels. The
liposomal formulation has cytotoxic activity against premalignant bronchial
epithelial cells and NSCLC cell lines in vitro. In vivo testing demonstrated the
antitumor activity of intranasal or intratracheal administration in two different
mouse models (lung tumors either induced by a tobacco carcinogen or by oncogenic
K-ras [52]). Deguelin has also been shown to have activity against breast, gastric,
and prostate cancer cell lines [53-55].

3 Summary and Conclusions

Natural agents are emerging as candidates with strong potential for targeted cancer
chemoprevention. Initial enthusiasm based on epidemiologic data for antioxidant
natural agents has unfortunately not translated into significant chemopreventive
benefits. The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study
and Beta-Carotene and Retinol Efficacy Trial (CARET) demonstrated that beta-
carotene caused excess lung cancer incidence and mortality with no chemopreventive
benefit [8, 9]. The Selenium and Vitamin E [prostate] Cancer Prevention Trial
(SELECT) showed that selenium, either alone or in combination with vitamin E, did
not decrease the rates of prostate cancer [7]. With longer follow-up, vitamin E
supplementation was found to increase the incidence of prostate cancer [56]. These
three trials enrolled large numbers of unselected patients to receive agents with
undefined mechanisms of action; all were unsuccessful.

In the future, smaller studies should be conducted with a focus on targeted agents
and biomarker-related endpoints to overcome some of the obstacles seen in these
large trials. Identifying molecular targets and developing predictive markers may
prove to be breakthroughs in developing more personalized, target-based
approaches. EGCG represents a promising new model for further molecular-
targeted research of natural agents including I3C, myo-inositol, and deguelin.
Continuing clinical studies of metformin are uncovering mechanistic pathways of
this drug. Constant progress in developing other natural agents includes a recent
phase II trial of strawberry extract showing this agent’s ability to reduce dysplasia
in esophageal premalignant lesions. Natural agent development is benefitting from
novel experimental drug design, such as phase O trials, and further elucidation of
molecular markers, such as Pinl; continuing work in both avenues will expedite the
development of personalized cancer prevention.
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