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Foreword

This book entitled “Critical dietary factors in can-
cer chemoprevention” is a comprehensive attempt
to highlight novel opportunities for the prevention
of neoplastic diseases by dietary means. Recently
emerging evidence has revealed that long-term
lifestyle factors including dietary habits signifi-
cantly influence cancer development, progression,
and response to therapy. Modification of dietary
habits to include dietary factors with evidence of chemopreventive properties via
the modulation of intracellular signaling pathways as regular components of diet
has thus been conceived to be a potential strategy to lower the risk and burden of
cancer incidence. Furthermore, these dietary factors also provide leads to potent
therapeutic drugs with elevated margins of safety. This book provides an update on
contemporary research in this field with an impressive group of authors. A unique
feature of the book is that along with regular chapters, there are expert opinions
from renowned authors, a strategy that enhances the impact of the knowledge and
information emanating from this compilation.

I commend the editors, Dr. Mohammad Fahad Ullah and Dr. Aamir Ahmad and
all the contributors, for this significant piece of work that encourages the engage-
ment of dietary factors as an effective paradigm in cancer prevention.

Knoxville, TN, USA Hildegard M. Schuller, D.V.M., Ph.D






Preface

The success of scientific research on the ladder of validation is perfected when the
idea traverses the untrodden path and delivers the desired benefit to the community
of people. This book “Critical dietary factors in cancer chemoprevention” is an
attempt of archiving a few such ideas in scientific and public domain. We commend
Springer Publishers in providing the foundation for this endeavor and entrusting us
with the task of managing and editing the current volume of the compilation that we
present before the audience.

Precisely, the volume contains two sections. Section I introduces the importance
of the topic of this book through the opinion of three renowned experts who have
immensely contributed to the area of dietary factors in prevention of cancer for
more than four decades. This is followed by Section II which has 15 chapters that
are intended to highlight the significance of dietary factors in the premises of cancer
chemoprevention as part of prophylactic, therapeutic, or adjuvant interventions.

Section I: Curcumin, a constituent of turmeric which is used as spice in food and
anti-inflammatory agent in traditional medicines, has been known for long to
possess anticancer properties. In the first expert opinion, Dr. Sarkar provides an
update on a novel synthetic analogue of curcumin, CDF, with regard to its enhanced
efficacy against cancer. This reflects that the dietary agents have the potential to not
only provide preventive strategy as part of regular consumption but also have the
potential to act as lead compound for the development of therapeutic interventions.
The second opinion comes from Dr. Mukhtar, which advocates the synergism of
bioactive compounds as a cocktail in the development of personalized approach to
cancer chemoprevention. Dr. Hadi contributes the third expert opinion whereon he
explains the delicate balance of the contrasting properties of bioactive molecules
acting as both the antioxidants and prooxidants and how these could be utilized in
their potential against cancer.

vii
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Section II: Chapter “Phytocomplexity: the key to rational chemoprevention”
provides an excellent presentation of a concept that links the significance of
phytocomplexity of whole fruits or vegetables in harvesting the desired chemopre-
ventive efficacy in cancer prevention. Chapter “The ketogenic diet as an adjuvant
therapy for brain tumors and other cancers” precisely deals with metabolic therapy
where the authors suggest the application of ketogenic diet as an adjuvant therapy in
starving the cancer cells of energy. Chapter “The role of organosulfur compounds
derived from Allium vegetables in cancer prevention and therapy” explores the
anticancer potential of bioactive compounds of organosulfur nature, emerging as a
promising cancer chemopreventive strategy. Chapter “Epigenetic Impact of Bioac-
tive Dietary Compounds in Cancer Chemoprevention” deliberates the influence of
dietary factors in reversing the epigenetic events following the process of neoplastic
transformation. Chapters “Potential for sesame seed-derived factors to prevent
colorectal cancer” and “Progress in the development of black seed derived anti-
cancer agents” present an overview of the anticancer potential of the bioactive
constituents of sesame seed and black seed, respectively, and provide mechanism-
based insights. Chapters “Soy isoflavones in the breast cancer risk: from preclinical
findings to clinical strategy” and “Pharmacological role of dietary polyphenols in
prostate cancer chemoprevention” focus on certain dietary agents with critical
value in the prevention of breast cancer and prostate cancer, respectively.
Chapter “Effects of garcinol from kokum (Garcinia indica) on the prevention and
treatment of cancer” gives an account of nutraceutical garcinol and its chemopre-
ventive efficacy against cancer. Chapters “Modulation of key signaling pathways in
cancer cells by dietary factors” and “Pivotal role of chemokine receptor signaling
axis and natural bioactive chemopreventive agents in metastasis of breast cancer”
demonstrate the complex nature of cellular signaling in cancer cells and the ability
of dietary compounds to interfere with these pathways. Chapter “Dietary factors
may influence the clinical outcome of chemotherapy in cancer multidrug resis-
tance” discusses the current interest in dietary molecules with respect to their
potential role in addressing the drug resistance in cancer. Chapter “The role of
energy balance in cancer prevention” points to the need of energy-balanced dietary
intake in reducing the risk of cancer. Chapter “Dietary/environmental factors and
breast cancer” reviews the significance of dietary fats and Mediterranean diet in
relation to breast cancer risk. Finally, chapter “Probiotic bacteria in patients treated
with chemotherapy and radiation therapy” addresses the emerging role of probiotics
in the management of toxic responses associated with chemo- and radiation therapy
in cancer patients.

We express our gratitude to all the authors for valuable contribution from around
the globe. It is their willingness to share their onerous experiences which has
empowered us to bring forth this piece of scientific literature. We appreciate the
support of Dr. Beatrice Menz (Senior Editor, Springer Basel) for working out the
procedural framework of our book proposal. Fortunately, we had Ms. Kay Stoll
(Springer Production), as an excellent project coordinator, who provided the basic
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skeleton of strength that is required for any attractive and meaningful academic
production. We are indeed honored to have Prof. Hildeguard M. Schuller introduc-
ing the substance of the book in the foreword.

Lastly, we wish that the audience will like the contents of this book and it will
take us a step forward in understanding the critical nature of lifestyle issues vis—avis
dietary habits in reducing the risk of chronic diseases such as cancer.

Tabuk, Saudi Arabia Mohammad Fahad Ullah
Detroit, MI, USA Aamir Ahmad






Book Description

The poor survival statistics of fatal cancer diseases highlight the need for multiple
alternative treatment options along with effective prophylactic strategies. World-
wide geographical variation in cancer incidence indicates a correlation between
dietary habits and cancer risk. Moreover, an impressive embodiment of evidence
supports the concept that dietary factors are key modulators of cancer. A number of
action mechanisms have been reported for these dietary factors to retard, block, or
reverse carcinogenesis.

Lifestyle issues including poor dietary habits are major impediment in the
prevention of cancer. In addition, in recent past there has been an unprecedented
surge of evidence implicating a large number of dietary agents in the prevention of
cancer. A well-orchestrated campaign is thus required to highlight the clinical
relevance of these factors in diet among the global population. The four distinct
advantages of these agents are their diverse structure, pleiotropic action mechanism
to simultaneously influence multiple targets, significantly lower toxicity, and selec-
tive killing of cancer cells (by certain dietary agents). Most of these agents are
derived from fruits, vegetables, and grains and can easily be incorporated as routine
dietary regimen. Further, their clinical potential might also be exploited as adjuvant
therapy in the management of the disease along with conventional treatment to
enhance the clinical outcome.

This book presents a prophylactic approach to primary prevention of cancer
disease by highlighting the translational potential of diet-derived factors from
epidemiological, laboratory, and clinical studies, as prevention strategy in nor-
mal/risk populations through routine inclusion of specific dietary regimens and as
therapeutic strategy for better management through adjuvant interventions in
cancer treatment.

The volume shares the experiences of highly reputed experts working in the area
of dietary agents and cancer chemoprevention to promote the significance of dietary
factors and elevate the dietary habits as an elite priority for containing the cancer
disease.
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Part I
Expert Opinion



Updates on the Promising Anticancer
Activity of CDF, a Synthetic Curcumin
Analogue

Kevin R. Ginnebaugh, Aamir Ahmad, and Fazlul H. Sarkar

Abstract In the last few decades we have witnessed an increased interest in
nutraceuticals research for their putative use as anticancer therapeutics. A major
drawback of nutraceuticals is their poor bioavailability. A few years back we
synthesized a difluorinated analogue of curcumin, named CDF, which showed
promise during our initial studies by being more bioavailable. This prompted us
to investigate the anticancer mechanism(s) of this promising compound in detail,
with the ultimate goal of taking this compound to the clinical setting. In this expert
opinion, we provide a succinct overview of all the biological effects of CDF that we
have discovered in the last few years. These include the ability of CDF to regulate
epigenetic factors, miRNAs, and the cancer stem cell markers. Development and
characterization of CDF is a good example of how natural chemical structures can
be modified for better efficacy and activity against cancer cells, although such
agents require further development for clinical studies.

1 Introduction

Cancer is a disease characterized by a few key events: division of cells containing
mutations, unlimited replication potential, and invasion and growth of these cells in
surrounding and distant organs through the assistance of the circulatory or
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lymphatic systems. These cells can arise through mutations accumulating due to the
normal aging process and genetic predisposition or through the influence of envi-
ronmental factors such as exposure to carcinogenic insults. In the year 2015, it has
been predicted that 1,658,370 new cancer cases and 589,430 cancer deaths will
occur in the United States alone (Siegel et al. 2015). Current drug and chemother-
apy options contain many harmful side effects to the individual affected by the
disease. Nutraceuticals, the therapeutic agents of natural origin, have shown prom-
ise to combat the harmful side effects of current treatment options. Nutraceuticals
have been shown to help combat diseases like CVDs, obesity, GI tract disorders, as
well as cancer (Gul et al. 2015). Nutraceuticals have been shown to have pleiotropic
effects and the ability to target multiple cellular signaling pathways which has been
one of the greatest attributes of natural agents, and is not achievable through current
cancer therapeutics. Nutraceuticals have also been found to be effective in helping
to resensitize drug-resistant cancers to conventional agents (Ahmad et al. 2015a).
An example of the benefits found with nutraceuticals is in the chemoprevention of
human cancers. For example, prostate cancer which typically impacts the aging
population has been found to be heavily influenced by dietary habits (Syed
et al. 2008). With increased dietary intake of chemopreventive substances, one
could hope to possibly prevent or slow down the development and progression of
prostate cancer. Pleiotropic effects of nutraceuticals have been found to be active in
the regulation of miRNA—cancer stem cells nexus among many other biological
effects of nutraceuticals (Ahmad et al. 2014). In the subsequent section, we will
limit our discussion on curcumin and its analogues.

Curcumin, the active chemical found in the spice turmeric, is a yellow substance
belonging to the polyphenols superfamily. Curcumin, through a variety of mecha-
nisms, has been shown to exhibit anticancer effects (Shanmugam et al. 2015).
Anticancer effects of curcumin are predominantly mediated through its negative
regulation of growth factors, inflammatory cytokines, protein kinases, oncogenic
molecules, and transcription factors (Shanmugam et al. 2015). One example of how
this nutraceutical targets these processes was reported in bladder cancer, where it
functions to increase miR-203 expression, ultimately decreasing levels of Akt2 and
Src which were found to be elevated in untreated bladder cancer (Ahmad
et al. 2014). Two other signaling pathways which have been associated with cancer
development and progression are NF-kB and STAT3. Curcumin has been shown to
inhibit these pathways resulting in the inhibition of either the development cancer
and/or by inducing apoptosis of cancer cells (Vallianou et al. 2015). One of the
reasons why curcumin has shown to be such a promising area of research is due to
its documented lack of systemic toxicity. Multiple studies on a variety of mammals
such as monkeys, horses, and rodents have provided great evidence in support of its
superior safety profile and lack of systemic toxicity to the organism(s) (Howells
et al. 2014). This has led to recent clinical trials with disappointing outcome in
general. Besides cancer, curcumin is also being researched in pro-inflammatory
diseases including cardiovascular disease, arthritis, ulcerative diseases, and Crohn’s
disease (Gupta et al. 2013a). Given orally, curcumin has been found to inhibit
cancers including lung, skin, head and neck, oral, and many others in preclinical
models (Gupta et al. 2013b; Rahmani et al. 2014). Sustained tissue concentrations



Updates on the Promising Anticancer Activity of CDF, a Synthetic Curcumin. . . 5

have been reached using subcutaneous delivery, including one instance where mice
liver was shown to contain curcumin a month after treatment (Gupta et al. 2013b).
Despite all of these proven benefits of curcumin, curcumin has failed in clinical
settings. This failure can be partly attributed to curcumin’s poor bioavailability.
When a subject takes an oral dose of curcumin, it undergoes complex metabolism
rendering it inactive or rapid clearance via enzymatic processes. One way the
bioavailability of curcumin could be improved is through generation of newly
synthesized curcumin analogs; one such analogue is CDF (difluorinated curcumin)
as described by our group (Padhye et al. 2009a, b). CDF has also been found to
cause a marked decrease in NF-kB transcription and shows more pronounced effect
at lower doses when compared with curcumin (Padhye et al. 2010). CDF also
showed increased bioavailability after oral administration which was due to mul-
tiple beneficial attributes of CDF (Sarkar et al. 2010). In addition to studies on CDF,
we have also synthesized CDF with fB-cyclodextrin and this formulation was
observed to enhance CDF’s delivery to the pancreas, thus showcasing its improved
bioavailability (Dandawate et al. 2012). In the following sections, we will summa-
rize the various signaling pathways, factors, and therapeutic targets that are affected
by CDF. Research investigations over past several years in our laboratory have
focused on elucidating the mechanism(s) of antitumor activity of CDF, and thus we
will provide a brief overview of this promising anticancer compound in this expert
review.

2 Signaling Pathways

2.1 AR/TMPRSS2-ERG/Wnt Signaling

In patients suffering from prostate cancer, the progression to castrate-resistant
prostate cancer (CRPC) after anti-androgen ablation therapy is driven in part by
deregulated functions of the androgen receptor (AR), which is required for
sustained growth of CRPC cells. Our lab discovered that AR activation resulted
in greater ERG expression through the fusion of TMPRSS2-ERG (Li et al. 2011).
ERG overexpression was also linked to Wnt signaling activation (Wu et al. 2013).
CDF was found to inhibit signal transduction of the AR/TMPRSS2-ERG/Wnt
signaling pathways, inhibiting invasion of prostate cancer cells and cellular prolifer-
ation. CDF was also linked to increased cancer cell apoptosis, underlying its
potential application in the fight against prostate cancer (Li et al. 2011).

2.2 NF-xB Signaling

The role of NF-kB in the progression of human cancers has been well documented
(Ben-Neriah and Karin 2011; Sarkar and Li 2008; Sarkar et al. 2008; Bao
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et al. 2012a; Ahmad et al. 2013; Tkach et al. 2014). Our lab looked at the levels of
expression of NF-xB in pancreatic cancer cells BxPC-3 and MIAPaCa-epithelial
(E)/mesenchymal(M) phenotypic cells (Ali et al. 2010). After the cells treated with
CDF for 72 h, we reported a decrease in the DNA binding activity of NF-kB when
compared to untreated cells. Such decrease in NF-xB activity was correlated with
increased apoptotic cell death as well as resulted in the inhibition of cancer-
associated signaling pathways. CDF’s proven greater retention and bioavailability
compared to curcumin have also been established in our lab. We have demonstrated
that the inhibition of the DNA binding activity of NF-kB by CDF was far superior
compared to curcumin (Padhye et al. 2009b).

3 The Biological Significance of microRNAs

The emerging role of small noncoding microRNAs (miRNAs) in human diseases,
especially in cancer, is non-refutable (Xue et al. 2014; Hata and Lieberman 2015;
Vidigal and Ventura 2015; Chan et al. 2015). Our own laboratory has been on the
forefront of studies aimed at elucidating the mechanistic involvement of several
miRNAs in human cancers which can serve as the basis of targeted anticancer
therapies (Ali et al. 2011; Sethi et al. 2013, 2014; Ahmad et al. 2014). In the next
few subsections, we will briefly discuss our published studies that documented
deregulation of miRNAs by CDF.

3.1 miR-21 and miR-210

miR-21 is a miRNA that has been found to be associated with several cancers
(Sheedy 2015; Pan et al. 2010; Gao et al. 2012; Liu et al. 2014; Fu et al. 2011).
Being an oncogenic miRNA, its major targets are tumor suppressor genes, and it has
been found to be expressed at higher levels in cancer cells than normal cells,
potentially making it a biomarker for cancer diagnosis and prognosis as well as a
target of the development of novel therapeutics. Upregulation of miR-21 has been
found in colon cancer cells which could serve as a marker for potential recurrence
of colon cancer in patients. PTEN, a target of miR-21, is a tumor suppressor gene
responsible for the regulation of self-renewal in stem cells. Increased expression of
PTEN has been found to be associated with decreased metastatic potential of tumor
cells. Increased expression of miR-21 resulted in decreased expression of PTEN
which was in part responsible for increased invasiveness and metastatic potential of
colon cancer cells. Aggressive colon as well as pancreatic cancer cells treated with
CDF showed re-expression of PTEN, which was mediated through downregulation
in the expression of miR-21 (Roy et al. 2013; Bao et al. 2011; Ali et al. 2010).
Hypoxia causes prostate and pancreatic cancer cells to become much more
aggressive. This aggression is in part due to increased expression of miRNAs,
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such as miR-21 and miR-210, and activation of many transcription factors.
Increased expression of miR-21 has been found to be associated with increased
mesenchymal transition of tumor cells, and upon treatment with CDF, resulted in
decreased expression of these pro-metastatic genes which led to decreased cell
proliferation and invasion, as well as increased apoptosis (Bao et al. 2012b, c).

Another consequence of miR-21 in pancreatic cancer is increased Ras GTPase
activity (Ali et al. 2012). Such increased Ras activity causes increases in tumor
aggressiveness and increased cell proliferation. CDF, when introduced in vitro to
pancreatic cancer cells, showed decreased miR-21 levels which was correlated with
decreased Ras activity.

3.2 miR-200, let-7s, miR-101, and miR-143

In addition to being regulated by miR-21, as discussed above, increased Ras
GTPase activity in pancreatic cancer cells is also regulated by let-7s and
miR-143. Forced re-expression of these miRNAs in pancreatic cancer cells showed
marked reduction in GTPase activity as analyzed by western blot analysis (Ali
et al. 2012). CDF treatment of pancreatic cancer cells resulted in decreased cell
survival, invasion cell migration, and cancer stem cell function as well as decreased
drug resistance. These decreases in tumor aggressiveness characteristics can be
attributed to increased levels in the expression of tumor suppressor miRNAs such as
miR-101, miR-143, miR-200, and the let-7 family, all of which were found to be
upregulated by CDF treatment (Bao et al. 2011, 2012c, d; Ali et al. 2010, 2012).

Let-7 and miR-101 are also associated with the regulation of histone
methyltransferase EZH2. EZH2 is a regulator of cell survival, proliferation, and
cancer stem cell function. Due to its increased level of expression in human cancers,
such as pancreatic cancer, it is associated with increased aggressive behavior of
tumors. Let-7 and miR-101 when expressed in high concentration were able to
inhibit these effects of EZH2. CDF positively regulates let-7 and miR-101, thus
resulting in decreased pancreatic cancer cell survival, invasiveness, and cancer stem
cell function by decreasing EZH2 expression (Bao et al. 2012d).

3.3 miR-874

In a recent study (Ahmad et al. 2015b), we compared the direct effect of curcumin
vs. CDF on the inhibition of MMP-2 (matrix metalloproteinase-2). We focused on
MMP-2 because of its reported role in invasion and metastasis of cancer cells.
Through a number of approaches such as in silico docking, gelatin zymography,
invasion assays, and ELISA, we observed a significantly more inhibition of MMP-2
by CDF, compared to its inhibition by curcumin in lung cancer cells (A549 and
H1299 cells). As a mechanism, we noted an upregulation of miR-874, an MMP-2
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Table 1 miRNA targets of CDF

Up/downregulated

miRNA by CDF Reference(s)

Let-7s Upregulated Ali et al. (2012) and Bao et al. (2012d)

miR-21 Downregulated Roy et al. (2013), Bao et al. (2011, 2012b, c) and Ali
et al. (2010, 2012)

miR-101 Upregulated Bao et al. (2012d)

miR-143 Upregulated Ali et al. (2012)

miR-200 Upregulated Bao et al. (2011, 2012d) and Ali et al. (2010)

miR-210 Downregulated Bao et al. (2012c)

miR-874 Upregulated Ahmad et al. (2015b)

targeting miRNA, by CDF. Thus, CDF induced the expression of miR-874 which
resulted in the downregulation of its target MMP-2. These results provided another
mechanism by which CDF could exert its anticancer effects.

In summary, detailed investigations reported by our laboratory have established
a miRNA-modulating effect of CDF, which defines an important mechanism of
action of CDF for the inhibition of cell growth of human cancer cells (Table 1). As
discussed in this section, regulation of different miRNAs by CDF has been demon-
strated in colon, prostate, pancreatic, as well as lung cancer cells. Given the
versatility of CDF function, it will not be surprising to observe such effects of
CDF in other cancer models as well, an idea that is under active investigation in our
laboratory.

4 Cancer Stem Cells

Cancer stem cells, due to their resistance to chemotherapy, are currently thought to
be the cause of recurrence in all human cancers. In order to fight cancer, these cells
need to be eradicated. In a study conducted in colon cancer model (Kanwar
et al. 2011), treatment with CDF resulted in increased levels of apoptosis and
decreased cellular growth. CDF, due to its ability to downregulate cancer stem
cell properties and induce apoptosis, along with conventional chemotherapeutics
could prove to be effective in reducing reemergence of tumor growth.

Under hypoxic conditions, maintenance of cancer stem cell functions occurs
through hypoxia-inducing factor (HIF) signaling (Bao et al. 2012c). In mouse
models, in response to hypoxia-induced aggressiveness, cancer stem cell signatures
were decreased in pancreatic cancer after administration of CDF. Moreover, CDF
downregulated the expression of CD44 and EpCAM cell surface markers, which
are usually the hallmark of cancer stem cells (Kanwar et al. 2011). One way by
which CDF targets cancer stem cells is that it inhibits the formation of
pancreatospheres. Inhibiting the formation of pancreatospheres was consistent
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with gradual decrease in the expression of CD44 and EpCAM cancer stem cell
markers, which led to the inhibition of tumor growth (Bao et al. 2011).

5 Sensitization of Drug-Resistant Cells by CDF

Drug resistance is a major clinical problem. CDF has been found to be effective
against chemotherapy-resistant colorectal cancer cells which was in part due to the
ability of CDF to restore the levels of tumor suppressor PTEN (Roy et al. 2013).
PTEN is an anti-metastatic/tumor suppressing protein, responsible for self-renewal
of stem cells. This restoration of tumor suppressor PTEN was accompanied by
downregulation of miR-21 which is typically increased during drug resistance due
to the inhibition in the expression of tumor suppressor genes.

CDF was also able to resensitize pancreatic cancer cells to gemcitabine (Ali
et al. 2010). Gemcitabine resistance appears to be in part associated with
downregulation of miR-200 and increased miR-21 levels in pancreatic cancer
cells. Treatment of pancreatic cancer cells with CDF led to increased expression
of miR-200 and decreased expression of miR-21 which resulted in the gemcitabine-
resistant cells sensitive to gemcitabine, and thus induced cell growth inhibition and
increased apoptotic cell death.

6 Epigenetics

EZH?2 is an enzyme that is highly expressed in numerous human cancers. EZH2
uses epigenetic programming to regulate cancer stem cell function, proliferation of
cancer cells, and cellular survival. Treating pancreatic cancer cells with CDF, we
were able to decrease the expression of EZH2; CDF also seemed to increase the
expression of tumor suppressor miRNAs, including let-7s, miR-101, and miR-200
which were previously discussed. By targeting the EZH2-miRNA regulatory cir-
cuit, CDF inhibited pancreatic tumor growth and decreased the aggressiveness of
tumors (Bao et al. 2012d).

7 Conclusions and Perspectives

Curcumin has been widely investigated and has been proven to be a potent anti-
inflammatory, as well as an antioxidant agent with antitumor activity in preclinical
studies. However, it has been shown to possess low bioavailability, which has
rendered it clinically unacceptable. The bioavailability concerns led us to synthe-
size CDF among many other analogues that we had synthesized. We were able to
demonstrate that CDF accumulates at a greater concentration in blood and in many
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other organs, for example, the pancreas. It has now been well accepted that cancer is
difficult to treat which is, in part, due to deregulated expression of multiple
signaling pathways supporting rapid cell proliferation and evasion of apoptosis.
Therefore, cancer is a disease of multi-gene defects, and thus a multipronged
approach is expected to be a better approach for the eradication of cancer. To that
end, it is important to note that CDF is a multi-targeted agent whose antitumor
activity is mediated through deregulation of a variety of signal transduction
cascades including miRNAs, NF-xB, AR/TMPR552/Wnt signaling, epigenetic
reprograming, and attenuating the many cellular attributes of cancer stem cells.
Through these mechanisms, treatment of cancer cells with CDF causes cancer cells
to undergo apoptosis, decrease their replicative potential, and also reduce
“stemness” characteristics of cancer stem cells, thus resulting in the inhibition of
tumor growth. Moreover, CDF could serve as a powerful agent for overcoming drug
resistance, a major problem in cancer treatment. In addition, the superior bioavail-
ability of CDF together with potential of its systemic nontoxic attributes could
become clinically attractive for further development of CDF as a new anticancer
drug for the treatment of human malignancies with better therapeutic outcome.
In conclusion, CDF and other nutraceuticals or their synthetic analogues may open
new horizon in the discovery of newer anticancer drugs toward achieving the goal
to eradicate cancers.
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Prostate Cancer Chemoprevention by
Dietary Agents: Advocating a Personalized
Multi-agent Approach

Vaqar Mustafa Adhami and Hasan Mukhtar

Abstract Cancer chemoprevention research is rapidly evolving and our knowl-
edge about the disease constantly updated. There is increasing acceptance of the
fact that cancer is as diverse as the individual is and therefore needs a personalized
rather than a generalized approach. This is true for chemoprevention but is also
valid for chemotherapeutic intervention. Chemoprevention refers to the use of
agents to intervene in the process of carcinogenesis with the intention to delay or
inhibit the progression of cancer. Of all cancers, prostate cancer (PCa) is considered
an ideal disease for chemopreventive intervention because its long latency provides
a substantial opportunity to delay the onset of clinically detectable disease. Chemo-
preventive interventions need to be widely accepted and nontoxic since they would
run over long periods of time and in usually healthy populations. In search for safe
and nontoxic chemopreventive agents, many naturally occurring bioactive food
components, capable of affording protection against carcinogenesis, have been
defined. While laboratory studies with these agents have been promising, clinical
trials have not yielded desired results. Considering the fact that carcinogenesis is a
multistep process, it is unlikely that single-agent approach could prove effective in
preventing cancer in individuals. We support the need to build an armamentarium
of mechanism-based naturally occurring chemopreventive substances that could
prevent or slow down the development and progression of cancer in general and use
their tailored combination in different populations based on identified risk factors.
Thus, the new effective approach for cancer chemoprevention prevention “building
a customized mechanism-based chemoprevention cocktail of naturally occurring
substances” is advocated.
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1 Introduction

Prostate cancer (PCa) is the second leading cause of cancer-related deaths among
males in the United States (Siegel et al. 2015). According to estimates of the
American Cancer Society, in the year 2015, approximately 220,800 new cases of
PCa and 27,540 PCa-related deaths are predicted (Siegel et al. 2015). From a
practical point of view, the most effective means of controlling PCa or the mor-
bidity associated with its treatment is to establish effective chemopreventive
approaches to block, reverse, or delay the process of carcinogenesis (Mukhtar
2012; Adhami and Mukhtar 2013). Whereas the diagnosis and treatment of patients
with early-stage disease have markedly improved, the prognosis of patients with
advanced stages of disease is still very poor. The concept of reduction of PCa
occurrence by means of dietary intervention is gaining popularity and wide accep-
tance as PCa patients are increasingly using botanical supplements (Adhami and
Mukhtar 2013). For a variety of reasons, the most important of which is human
acceptance, dietary substances for chemoprevention are preferred (Adhami and
Mukhtar 2013).

It is important to note that studies around the world have indicated a positive
association of dietary agents in prevention and possibly cure of PCa. In recent
years, much progress has been made in this direction, which has led to the
identification of novel PCa chemopreventive agents (Lall et al. 2015). However,
the prevailing approach for cancer chemoprevention has been “Find effective
agents, with none to acceptable adverse effects and use them in relatively healthy
individuals or in people stated for high risk for cancer development.” This wisdom
has not yielded desired results because clinical trials of single agents have ended
with disappointing results. We argue that the lesson from these trials is that “One-
size-fits-all approach is inappropriate.” This is understandable since the process of
carcinogenesis is multistep and multifactorial.

We advocate a three-step new approach for cancer chemoprevention under
which there is a need to (1) establish the signature of defects in the individuals
for whom chemoprevention is sought, (2) build an armamentarium of chemopre-
ventive substances that could ameliorate defined biochemical defect(s) that occur in
the carcinogenesis process, and (3) develop a customized cocktail, preferably
dietary in nature, that the individual could be persuaded to consume (Fig. 1). At
first thought this goal appears simple; however, it also raises many issues related to
effectiveness and toxicity of each selected agent in a cocktail. However, in years to
come, these issues could be resolved.
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Fig. 1 Developing a prostate cancer chemoprevention cocktail. Cancer is as diverse as the
individual is and therefore needs a personalized rather than a generalized approach. Also,
carcinogenesis is a multistep process; it is unlikely that single-agent approach could prove
effective in preventing cancer. In search for safe and nontoxic chemopreventive agents, many
naturally occurring bioactive food components, capable of affording protection against carcino-
genesis, have been defined. Thus, the new effective approach for cancer prevention “building a
customized mechanism-based chemoprevention cocktail of naturally occurring substances” is
advocated

2 Diet in Causation and Prevention of Cancer

Diet is a complex mixture of chemicals and thus for cancer risk is a mixed bag of
bad and good stuff, carcinogens and anticarcinogens, respectively. Current evi-
dence for the involvement of diet in cancer etiology is based on convincing
laboratory data where dietary manipulations in rodent tumor bioassay protocols
have established a definite link. Much of the knowledge of the role of diet in human
cancer outcome however is based on indirect relationships between the consump-
tion of selected food constituents and dietary habits and incidence of cancer at
various sites. The indirect evidence, most often referred to, is the suggested
correlation between the complex of fats-meat-egg-animal protein and the risk for
cancer of various organs (Modan 1977). Carcinogenic agents identified include
food additives, plant toxicants, aflatoxins, polycyclic hydrocarbons, nitrosamines,
and certain normal major food constituents (Modan 1977). A synergistic action of
ingested or metabolized carcinogens and a co-carcinogenic function of certain
dietary components are suggested. Abundant epidemiological, observational, and
metabolic biomarker studies have provided convincing evidence that nutrition
plays an important causative role in the initiation, promotion, and progression
stages of several types of human cancers [(Mukhtar and Ahmad 1999) and the
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references therein]. It has become clear that, in addition to substances that pose a
cancer risk, the human diet also contains agents which are capable of affording
protection against some forms of cancer.

Over last two decades there has been a constant increase in the awareness and
utilization of diet as complementary and alternative medicine for cancer control.
This increase is in part due to the fact that anything “natural” is considered
inherently safe. Chemoprevention, by definition, is “the use of drugs, vitamins, or
other agents to try to reduce the risk of, or delay the development or recurrence of,
cancer.”. A recent task force on chemoprevention defines the approach as “the
prevention of cancer or treatment of identifiable precancers” (Kelloff et al. 2006;
Herberman et al. 2006). The expectation of chemoprevention at the cellular level is
regulation of growth and differentiation, at the tissue level is the reversal of
premalignant lesions, and at the clinical level it is nothing less than reduction of
cancer development and outcome. Thus, the achievable goal of chemoprevention
could be defined as “slowing the process of carcinogenesis” (Adhami and Mukhtar
2013). Chemoprevention of cancer thus differs from cancer treatment in that the
goal of this approach is to lower the rate of cancer incidence. Chemopreventive
agents are often, but erroneously, also called as anticarcinogens. Chemoprevention
in recent years is increasingly realized as a promising approach for cancer control
because the therapy and surgery have not been fully effective against the high
incidence or low survival rate of most of the cancer types including PCa
(Herberman et al. 2006; Santillo and Lowe 2006). Micronutrients present in edible
plants are regarded as the most desirable class of chemopreventive agents (Santillo
and Lowe 2006). This information is supported by the fact that epidemiological
studies suggest that consumption of fresh fruits and yellow-green vegetables
reduces the cancer incidence and mortality due to stomach, colon, breast, lung,
bladder, esophageal, prostate, and other cancers (Adhami et al. 2003; Khan
et al. 2009; Wattenberg et al. 1990; Kellof et al. 1994). A wide range of such
micronutrients present in plants consumed by humans has been shown to possess
potential chemopreventive effects. Some of the well-identified chemopreventive
agents, in addition of possessing preventive effects, are also showing therapeutic
potential (Ames 1983; Greenwald 2002), and often they enhance the therapeutic
efficacy of established chemotherapeutic agents. At the present time, about 30 clas-
ses of chemicals with such effects have been described, many of which may have
practical implications in reducing cancer incidence at least in high-risk individuals
(Tsao et al. 2004; Ren and Lien 1997; Surh 2003). Among the large list of
chemopreventive agents, the polyphenolic antioxidants present in a variety of
plant foods and beverages consumed by the human population are receiving
increasing attention for human consumption (Lall et al. 2015; Mukhtar and
Ahmad 1999; Santillo and Lowe 2006; Ren and Lien 1997; Surh 2003).
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3 Prostate Cancer: An Ideal Disease for Chemoprevention

PCa represents an excellent candidate disease for chemoprevention because it is a
unique malignancy which generally grows very slowly, likely for decades, before
symptoms arise and a diagnosis is finally established. It is typically diagnosed in
elderly men and, therefore, even a modest delay in the neoplastic development
achieved through pharmacological or therapeutical intervention could result in
substantial reduction in the incidence of the clinically detectable disease (Surh
2003; Klein and Thompson 2004). Consistent with this assumption, there is intense
activity in defining chemopreventive agents and molecular targets for PCa chemo-
prevention [(Adhami et al. 2003) and references therein]. Among many such
agents, for a variety of reasons naturally occurring nontoxic dietary substances
are preferred. Our studies supported by the data from other laboratories worldwide
suggest that there are multiple targets for PCa chemoprevention by naturally
occurring agents and therefore highlight the need for further studies to identify
novel pathways that may be modulated by dietary agents that could be further
exploited for prevention and treatment of PCa.

It will be important to investigate which nutritional intervention could lead to a
reduction in the incidence of PCa in what population and in what stage of the
disease. Thus, efforts are under way to define agents that can delay the conversion
of prostatic intra-epithelial neoplasia to well-differentiated adenocarcinoma,
a delay in the conversion of well-differentiated adenocarcinoma to moderately
differentiated adenocarcinoma, or a delay in the conversion of moderately differ-
entiated adenocarcinoma to poorly differentiated adenocarcinoma (Brawley and
Parnes 2000). Below we describe our experience with some of the agents and define
the molecular targets of observed preventive effects.

4 ODC and Prostate Cancer

The enzyme ornithine decarboxylase (ODC) is a homodimer of 461 amino acids that
catalyzes the decarboxylation of ornithine, producing as a result diamine putrescine.
This is the first step and the rate-limiting step in humans for the production of
polyamines which is required for cell growth, proliferation, and differentiation
(Abrahamsen et al. 1991; Auvinen et al. 1992). Convincing evidence is there to
provide the role of polyamines in tumor cell growth and in biological response of
tumor promoters and growth factors (Pegg et al. 1995; Meyskens and Gerner 1999).
Various rodent studies have established the importance of ODC in tumor progres-
sion [(Meyskens and Gerner 1999) and references therein; (Lan et al. 2000)].

In humans, among all tissues, the highest concentration of polyamines and
polyamine synthesis enzymes, especially ODC, occurs in the prostate (Mohan
1999). We, thus, hypothesized that ODC could serve as a biomarker for the
diagnosis or monitoring the therapeutic efficacy of PCa in human, and possibly as
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a target for intervention of the disease through chemoprevention. In our first set of
experiments, we demonstrated that as compared to benign tissue ODC enzyme
activity is elevated 2.7-fold in PCa tissue, PCa tissue has highly expressed ODC
protein, and ODC enzyme activity is highly elevated in prostatic fluids of patients
with PCa (Mohan 1999). In one of our subsequent study, we observed that ODC is
upregulated in transgenic adenocarcinoma of the mouse prostate (TRAMP) prostate
model (Gupta et al. 2000a). TRAMP is an excellent mouse model of PCa that
mimics progressive forms of human disease inasmuch as 100 % of males develop
histological PIN by 8—12 weeks of age that progresses to adenocarcinoma with
distant site metastases by 24-28 weeks of age. We then found that oral feeding of
a-difluoromethylornithine (DFMO), a suicide substrate inhibitor of ODC, results in
the inhibition of prostate carcinogenesis and its metastasis in TRAMP mice (Gupta
et al. 2000a). DFMO has repeatedly been suggested to play a key role in the
prevention of PCa in both in vivo and in vitro situations [(Kadmon 1992) and the
references therein]. Clinical trials with ODC inhibitors in PCa patients have yielded
encouraging results (Simoneau et al. 2001). A large clinical study has demonstrated
that the administration of oral DFMO for 4 weeks reduces the levels of putrescine,
spermidine, and spermine in a statistically significant manner in human prostate
tissue (Hikosaka et al. 2004). Many dietary chemopreventive agents are known to
inhibit ODC induction in various test systems. A recent study observed that the
inhibitory effects of soy isoflavones on rat prostate carcinogenesis induced by PhIP
are mediated by downregulation of ODC (Hikosaka et al. 2004). Thus, some of the
dietary substances could be explored for their role in inhibiting PCa development
by inhibiting ODC activity.

5 COX-2 and Prostate Cancer

Prostaglandin (PG) endoperoxidase synthase, commonly referred to as cyclo-
oxygenase (COX), is a key enzyme involved in the conversion of arachidonic acid
to PGs and other eicosanoids. COX exists in two isoforms, namely, COX-1 and
COX-2 with distinct tissue distribution and physiological functions. COX-1 is the
housekeeping enzyme, constitutively expressed in many tissues and cell types and is
involved in normal cellular physiological functions, whereas COX-2 is the inducible
isoform, is pro-inflammatory in nature, and is inducible by mitogens, cytokines,
tumor promoters, and growth factors. Under laboratory conditions, induction of
COX-2 has been shown to promote cell growth, inhibit apoptosis, and enhance
motility and adhesion (Williams et al. 1999; Cao and Prescott 2002). Although there
has not been a common consensus on the association of COX-2 with disease stage, it
is generally agreed that COX-2’s overexpression is associated with development of
various cancers including cancers of prostate and colon. In several types of cancer,
overexpression of Cox-2 is correlated with advanced diseases and poor prognosis
(Hikosaka et al. 2004; Williams et al. 1999; Cao and Prescott 2002). In the search for
agents that will prevent or delay the inception of cancer, it is realized that COX-2 is a
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promising therapeutic target (Pruthi 2004). We, in a study, have shown that COX-2
mRNA and protein levels were overexpressed in PCa tissue compared with paired
benign tissue. Immunohistochemical analysis also verified COX-2 overexpression
in cancer tissues (Gupta et al. 2000b). Many other studies have verified this initial
observation and reported that as compared to normal tissue, COX-2 is overexpressed
in human PCa. In this scenario, it has been suggested that selective inhibition of
COX-2 may be useful for prevention and/or therapy of PCa [(Gupta et al. 2004) and
the references therein].

Epidemiological studies and clinical observations suggest that nonsteroidal anti-
inflammatory drugs (NSAIDs) and certain selective COX-2 inhibitors may reduce
the relative risk of clinically evident PCa. NSAIDs are amongst the most commonly
used medications worldwide. They are considered as effective anti-inflammatory,
antipyretic, and analgesic drugs. Studies involving NSAIDs and PCa suggest that
NSAIDs have a preventive effect on PCa. A multicentric cohort of over 90,000 men
demonstrated a 24 % reduction in the risk for PCa in patients receiving aspirin daily
in year prior to the study (Habel 2002). Other relatively large case—control studies
demonstrated even more significant reduction in the risk of PCa (Roberts
etal. 2002; Leitzmann et al. 2002; Irani et al. 2002; Royle and Ross 2004). NSAIDs,
in spite of being effective against PCa have limited application due to severe toxic
side effects on normal cells [(Irani et al. 2002) and the references therein]. There-
fore, novel nontoxic COX-2-specific inhibitors that have the ability to spare normal
cells from their cytotoxic effects are required for cancer chemoprevention. The
efficacy of celecoxib, a selective COX-2 inhibitor which reduces inflammation and
side effects associated with traditional NSAIDs, was tested in TRAMP mice on the
progression of PCa by measuring the growth of primary tumor and effects on distant
site metastases, the intermediate, and end point markers of PCa progression (Gupta
et al. 2004). Celecoxib supplementation in the diet to TRAMP mice resulted in
significant reduction in tumor development with no signs of metastasis. Celecoxib
fed animals showed reduced proliferation and downmodulation of COX-2 and
prostaglandin E2 levels in dorsolateral prostate and plasma. These results correlated
with retention of anti-metastasis markers, viz., E-cadherin, and a- and f-catenin
along with significant decrease in VEGF protein expression. Celecoxib supplemen-
tation also resulted in enhanced in vivo apoptosis in prostate as monitored by
9mTc-Jabeled annexin V in live animals followed by phosphor imaging. It is
noteworthy that many other diet-based cancer chemopreventive agents also inhibit
COX-2 induction. Hussain et al. (2005) recently demonstrated that EGCG inhibits
COX-2 without affecting COX-1 expression at both the mRNA and protein levels,
in androgen-sensitive LNCaP and androgen-insensitive PC-3 human prostate carci-
noma cells. More studies are also needed for the identification of signaling path-
ways and specific genes being modulated by the Cox-2-derived prostaglandins in
tumorigenesis. These studies will shed light on prostate cancer development and
will also help design new targeted therapy for this disease.
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6 Green Tea and Prostate Cancer

Various epidemiological studies have indicated that people who regularly consume
tea have a decreased risk of PCa (Heilbrun 1986; Jain et al. 1998; Jian et al. 2004).
A case—control study in southeast China suggested that green tea is protective
against PCa (Jian et al. 2004). According to the study, the incidence rate of PCa
per 100,000 is 104.33 in the USA and 75.97 in Australia but only 1.74 in China
possibly because of use of green tea and other natural products. In a recent clinical
trial, Bettuzzi et al. (2006a) observed that green tea catechins (GTC) when given to
patients with high-grade prostate intra-epithelial neoplasia significantly decreased
the tumor incidence to ~3 % in GTC-treated men as compared to 30 % in placebo-
treated men.

More than a decade ago, our lab initiated a program to assess whether green tea
consumption could afford chemopreventive effects against PCa development. Since
then we have been able to assess multiple targets by which tea affords PCa
chemopreventive effects. At first, we showed that ODC, a rate-controlling enzyme
in the polyamine biosynthesis pathway, is overexpressed in prostate cancer and
prostate fluid in humans (Gupta et al. 1999). High testosterone levels are known to
mediate the induction of ODC activity and exposure of PCa cells to Epigallo-
catechin-3-Gallate (EGCG), and infusion of green tea to Cpb: WU rats caused a
downregulation of ODC activity. Green tea and its individual components have
been found to modulate a variety of pathways involved in the pathogenesis of PCa.

Studies from ours and other laboratories have shown that EGCG results in an
induction of apoptosis in PCa cells (Ahmad et al. 1997; Gupta et al. 2000c; Paschka
et al. 1998). One of the additional study from our laboratory demonstrated that
EGCG-induced apoptosis in human prostate carcinoma cells is mediated via mod-
ulation of two related pathways: p53 and NF-xB (Hastak et al. 2003). Yu
et al. (Yu et al. 2004) demonstrated that the addition of EGCG and Cu®* to the
growth medium decreased the relative viability of human PCa cells. In a study from
our laboratory, EGCG was also found to increase the expression of cell cycle
regulatory molecules p21, p16, and p18 while downmodulating the protein levels
of cyclin D1, cyclin E, cdk2, cdk4, and cdk6 (Gupta et al. 2003).

We then reasoned that the preclinical studies should be carried out in a model
system that mimics the PCa development in a similar fashion to human disease.
TRAMP is one such model and we have provided convincing evidence that oral
infusion of green tea polyphenols (GTP) (equivalent to six cups of green tea human
consumption) to the TRAMP mice inhibits prostate carcinogenesis through the
modulation of IGF/IGFBP-3 signaling pathway (Gupta et al. 2001). In a subsequent
study, we demonstrated that IGF/IGFBP-3 signaling is the prime pathway for
GTP-mediated inhibition and metastasis of PCa in TRAMP mice that limits the
progression of cancer through inhibition of metastasis and angiogenesis markers,
most notably vascular endothelial growth factor (VEGF), urokinase plasminogen
activator (uPA), and matrix metalloproteinases (MMPs) (Adhami et al. 2004).
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Studies have also demonstrated the effects of tea and its polyphenols on the
growth of prostate tumor xenografts. Subsequent to the work of Liao et al. (1995),
we in a recent study demonstrated that GTP, black tea extract, EGCG, and the
aflavin (polyphenol found in black tea) administration resulted in a significant
inhibition in the growth and development of PCa cells implanted in nude mice
and that this inhibition was accompanied with reduced serum prostate specific
antigen (PSA) levels and an induction of apoptosis and inhibition of angiogenesis
(Siddiqui 2006).

Green tea has been explored in the clinic for its anticancer effects. Studies that
recruited patients at an advanced stage of the disease reported limited effect,
suggesting that green tea could be more effective if given to patients at high risk
for developing cancer. Bettuzzi et al. (2006b) observed that after a year of green tea
administration, only one man in a group of 32 with high-grade PIN developed
prostate cancer compared with 9 of 30 in the placebo group. A 24-month follow-up
of patients from the same study suggested that the effects of green tea supplement-
ation were long lasting (Brausi et al. 2008).

7 Pomegranate and Prostate Cancer

The fruit pomegranate, derived from the tree Punica granatum, has been shown to
possess strong antioxidant, anti-inflammatory, antiatherogenic, and anti-tumori-
genic properties (Gil et al. 2000; Afaq et al. 2005; Aviram and Dornfeld 2001).
In fact, the antioxidant activity of pomegranate fruit is shown to be higher than that
of red wine and green tea, two dietary substances, which are showing promise in
preclinical PCa models and in PCa patients (Gil et al. 2000).

In a recent study, employing highly aggressive human PCa cells, we observed
that pomegranate fruit extract (PFE) treatment resulted in inhibition of cell growth
mediated through induction of apoptosis (Malik et al. 2005). We also observed a
significant inhibition in the growth and development of PCa cells implanted in nude
mice which was also accompanied with concomitant reduction in serum PSA
levels.

A phase II clinical trial study with pomegranate juice was completed for 48 men
with rising PSA levels after surgery or radiotherapy. Patients drank eight ounces of
pomegranate juice daily. The outcome of the study showed that by pomegranate
juice drinking the mean PSA doubling time increased from 15 to 54 months
(Pantuck et al. 2006). In vitro assays comparing pretreatment and posttreatment
patient serum on the growth of LNCaP showed a 12 % decrease in cell proliferation
and a 17 % increase in apoptosis, a 23 % increase in serum nitric oxide, and
significant reductions in oxidative state and sensitivity to oxidation of serum lipids
after versus before pomegranate juice consumption. In another study, pomegranate
extracts were found to potently suppress proliferation, xenograft growth, and
invasion of human prostate cancer cells (Albrecht et al. 2004).
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8 Lupeol and Prostate Cancer

Lupeol, a triterpene found in many fruits like mango, olives, grapes, strawberry,
figs, and many vegetables, is found to have antioxidant, antimutagenic, and anti-
inflammatory effects in in vitro and in vivo systems (Saleem et al. 2001; Geetha and
Varalakshmi 2001). Lupeol has been found to induce differentiation and inhibit the
cell growth of mouse melanoma and human leukemia cells (Hata et al. 2002;
Aratanechemuge et al. 2004). Our laboratory recently demonstrated the antitumor
promoter activity of lupeol in mouse skin carcinogenesis (Saleem et al. 2004). In a
subsequent study, we demonstrated that lupeol induces Fas-mediated apoptotic
death of prostate cancer cells and inhibits tumor growth in a xenograft model of
PCa (Saleem et al. 2005). Lupeol treatment to prostate cancer cells was found to
cause cell growth inhibition, induction of apoptosis, induction in the expression of
PARP protein, and decrease in mitochondrial pathway proteins procaspase-6, -8,
and -9. Lupeol was also found to significantly inhibit the growth and development
of PCa cells implanted in nude mice which was also accompanied with concomitant
reduction in serum PSA levels.

9 Selenium and Vitamin E Cancer Prevention Trial
and Prostate Cancer

Vitamin E is the most popular supplement used by men (Boon et al. 2003; Beebe-
Dimmer et al. 2004). Foods rich in plant-derived oils like avocadoes, nuts, eggs,
soybeans, etc., are good source of vitamin E (Fleshner 2002). Many in vitro studies
have shown that vitamin E can have beneficial impact on carcinogenesis. Vitamin E
has been found to be an antioxidant, detoxifying free radicals that interfere with the
cellular mechanisms important in cell growth and differentiation including the
mechanisms involved in PCa (Fleshner 2002). Other roles of vitamin E include as
an anti-prostaglandin; prostaglandins are believed to have some role in prostate
carcinogenesis (Badawi 2000). Vitamin E has also been shown to induce cell cycle
arrest as well as an upregulation in cell cycle regulatory molecules (Venkateswaran
et al. 2002).

Selenium is a trace element found in seafood, meat, and grains. An excess of
selenium results in decrease of natural killer cell activity, modulation in synthesis of
thyroid hormones, nail and hair loss, and dermatitis (Vinceti et al. 2001). On the
other hand, selenium is also known to be acting as an antioxidant, antiproliferative
agent and it also results in induction of apoptosis and modulation of androgen levels
(Klein and Thompson 2004; Zhao et al. 2004).

Two studies that looked at preventing other cancers suggest that selenium and
vitamin E might prevent PCa. In a study conducted in the United States by Clark
et al. (Clark et al. 1996), PCa incidence was found to be reduced by two-thirds
among men taking selenium on a daily basis. In the Alpha-Tocopherol, Beta-
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Carotene Study (Heinonen et al. 1998), there was a one-third reduction in PCa
incidence and a 40 % reduction in PCa deaths in men taking vitamin E. But neither
of these studies focused directly on PCa. So the National Cancer Institute, USA,
came up with Selenium and Vitamin ECancer Prevention Trial (SELECT), the first
study to look directly at the effect of selenium (200 mcg from L-selenomethionine)
and/or vitamin E (400 mg of racemic alpha-tocopheryl acetate) on the risk of PCa.
This study was undertaken to find out if selenium and/or vitamin E can really
prevent PCa. The SELECT trial reached its full complement of 32,400 men in April
2004 and after 2 years the study concluded that Selenium or vitamin E, alone or in
combination at the doses and formulations used, did not prevent prostate cancer in
this population of relatively healthy men (Lippman et al. 2009).

The beneficial effects of many other dietary polyphenols have been examined in
other studies. Although there are inconsistencies and variability in the outcome of
results from these studies, there is a broad consensus that diet-derived polyphenols
hold great promise for the management of prostate cancer (Lall et al. 2015).

10 Custom Tailoring of Chemopreventive Regimen
for Prostate Cancer

The fact that cancer arises as a result of several genetic mutations resulting in
defects in multiple signaling pathways, it is unlikely that any single agent may
prove to be totally effective and beneficial on a long-term basis. To achieve greater
and long-lasting effects, it is recommended that naturally occurring agents could be
combined in a manner that could be more beneficial and at the same time do not
exhibit toxicity. It is of interest that several dietary agents that are effective
chemopreventive agents in one experimental setting can enhance or have no effects
on carcinogenesis in another experimental setting. Thus, custom tailoring of che-
mopreventive regimens with known mechanisms targeted to individual need is
advocated. This concept of combining chemopreventive agents to achieve greater
benefits is being increasingly appreciated and studies are being conducted utilizing
a combination of natural agents and chemotherapeutic drugs. There is also a need to
understand genetic, environmental, and lifestyle factors that influence carcino-
genesis in humans and to use this information to help in the selection of an
appropriate cancer chemopreventive regimen in individuals with a high risk for
cancer development. This approach could be extremely important when a promis-
ing chemopreventive agent demonstrates significant efficacy but may produce toxic
effects at higher doses. A combined treatment with drugs having different mecha-
nisms is most attractive since they could attack the carcinogenesis process at more
than one site or pathway. This could result in the treatment having an additive or a
synergistic effect against cancer growth and development. Combined growth inhib-
itory effects of GTP and COX-2 inhibitor on growth of prostate cancer cells in vivo
and in vitro situations were determined (Adhami et al. 2007). This study reported an
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increased efficacy of selective COX-2 inhibitors in combination with polyphenols
from green tea for inhibition of growth of human prostate cancer cells both in vitro
and in vivo. The effect was mainly observed due to increased apoptosis following
increased activation of caspases 6 and 9. A recent study demonstrated that com-
bined treatment with lycopene and vitamin E, at 5 mg/kg BW each, suppressed
orthotopic growth of PC-346C prostate tumors by 73 % and increased median
survival time by 40 % (Limpens et al. 2006). In another study, Venkateswaran
et al. demonstrated that selenium potentiates vitamin E-induced inhibition of
LNCaP cells and this inhibition was demonstrated by a reduction of cells in the
S-phase of cell cycle (Venkateswaran et al. 2004). A study by Tokar et al. (2006)
examined the effects of synthetic retinoid N-(4-hydroxyphenyl)retinamide (4-HPR)
in combination with cholecalciferol (vitamin D3) on growth, and on the expression
of vimentin, matrix metalloproteinase-2 (MMP-2), and retinoid and vitamin D
receptor (VDR) expression, using the non-tumorigenic, human prostate epithelial
cell line RWPE-1. Treatment with 4-HPR and cholecalciferol resulted in synergis-
tic growth inhibition when compared to that caused by each agent alone. Also a
decrease in vimentin expression and MMP-2 activity and upregulation of VDR and
some of the retinoid-X (RXRs) and retinoic acid receptor (RARs) subtypes were
observed. These results suggest that combined treatment with 4-HPR and chole-
calciferol, at doses lower than what might be effective with single agents, increase
anticancer efficacy. In light of the observations suggesting more beneficial effects
with a combination of chemopreventive agents at low doses (Wang et al. 2014;
Vyas et al. 2013; Harper et al. 2009; Venkateswaran et al. 2009; McCormick
et al. 2007), it is rational and appropriate to design experiments containing a
mixture of substances that target multiple signaling pathways. Although a combi-
natorial approach sounds more rational and realistic, it may need to be carefully
monitored for any unwanted side effects.

11 Future Perspectives

The prevailing approach of cancer chemoprevention has been to find effective
agents, with acceptable or no toxicity and use them in relatively healthy people
or individuals at high risks for cancer development. This concept has not provided
the desired because of the fact that single agents, in spite of being effective in
highly optimized laboratory conditions, have yielded disappointing results in clin-
ical trials. They differ genetically and in lifestyle, dietary habits, and environmental
exposures to name a few. Moreover, most of the single agents tested under labo-
ratory conditions have been found to be effective against only one or few targets
making it impossible for a single agent to thwart the menace of cancer.

We, through our extensive studies with different dietary agents, have come up
with a three-step approach. In the first step of the approach, we need to identify the
defects at genomic and proteomic levels through which particular cancer could
occur in humans, and we then need to establish the signature of defects in the
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individuals for whom chemoprevention is sought. Keeping in mind the outcome of
the first step, in the next two steps of the approach, a chemopreventive scientist
could custom design a cocktail using an armamentarium of diet-based substances
which could ameliorate the biochemical defect(s) that result in the course of action
of carcinogenesis (Fig. 1). Regular follow-up might be needed to ensure the repair
of aberrant expression of genes and proteins that resulted in cancer onset or
development. Keeping this new approach in mind, novel agents and targets are
being developed worldwide. Since our approach is relatively inexpensive, simple to
use, and possibly nontoxic, studies to assess its role in PCa are accessible and will
be of interest. As many in vitro and in vivo studies assessing the role of dietary
agents on PCa have shown significant effects against multiple targets, an in-depth
analysis of our approach with the chemopreventive cocktail is warranted.
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Making Sense of Antioxidant—Pro-oxidant
Conundrum in Anticancer Research

SM Hadi and Mohd Farhan

Abstract Plant-derived dietary antioxidants have attracted considerable interest in
recent past for their ability to induce apoptosis and regression of tumors in animal
models. While it is believed that the antioxidant properties of these agents may
contribute to lowering the risk of cancer induction by impeding oxidative injury to
DNA, it could not account for apoptosis induction and chemotherapeutic observa-
tions. We have provided a number of evidence that dietary antioxidants can
alternatively switch to a pro-oxidant action in the presence of transition metals
such as copper. Such a pro-oxidant action leads to strand breaks in cellular DNA
and growth inhibition in cancer cells.

1 Introduction

The term antioxidant is applied to small molecules and enzymes that are generally
of biological origin and are capable of scavenging or eliminating oxygen radicals
such as superoxide anion and the hydroxyl radical. Such metabolites are both
endogenous and exogenous in origin. Some chemically synthesized molecules
also exhibit antioxidant activity. The metabolites of endogenous origin include
glutathione, vitamin E, ascorbic acid, and enzymes such as superoxide dismutase,
glutathione peroxidase, etc. The exogenous molecules are essentially secondary
metabolites that are synthesized by plants as a defense mechanism against attack by
bacteria, fungi, and viruses. These include various classes of plant polyphenols such
as flavonoids (quercetin), stilbenes (resveratrol), and curcuminoids (curcumin).
Epidemiological studies have suggested that human consumption of fruits, vegeta-
bles. and beverages such as green tea and red wine is associated with a reduced risk
of cardiovascular disease and certain types of cancers (Vainio and Weiderpress
2006). Plant polyphenols are essential components of human diet and the above
chemopreventive properties have been attributed to the ingestion of these secondary
metabolites. Plant polyphenols are both capable of generating as well as scavenging
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reactive oxygen species (ROS) and therefore can act both as pro-oxidants and
antioxidants. Since ROS can promote cancer by generating mutations and activat-
ing biochemical pathways that promote cell proliferation, they were earlier consid-
ered as dietary mutagens (Bjeldanes and Chang 1977). However, in the last decade
there has been increasing realization that the anticancer property of polyphenols is
related to their pro-oxidant action (Hadi et al. 2007, 2010). In this context, it is
important to note that most clinically used anticancer agents are themselves capable
of inducing cancer under appropriate conditions (Lavie et al. 2008). Most interest-
ingly, there are several studies to suggest that plant polyphenols are cytotoxic to
cancer cells whereas normal cells are refractory to such an action (Inoue et al. 1994;
Khan et al. 2014).

2 Evidence of Pro-oxidant Action as Anticancer
Mechanism

In the last decade or so, we in our lab have been working in elucidating a putative
anticancer mechanism of plant polyphenols that involves mobilization of endoge-
nous copper ions and consequent pro-oxidant action leading to cellular DNA
breakage (Hadi et al. 2000). This property is related to the number and position
of hydroxyl groups in the polycyclic structure of polyphenols (Jain et al. 1999). For
example, the parent compound of stilbenes (trans-stilbene) (Azmi et al. 2006)
which does not possess any hydroxyl group is ineffective in cellular DNA degra-
dation. It must be noted that copper is a major metal ion present in the nucleus and
its level is considerably elevated in almost all malignancies (Hadi et al. 2010; Gupte
and Mumper 2008). The elevated copper level in malignant cells facilitates electron
transfer between polyphenols and copper leading to formation of Cu(I) whose
reoxidation in the presence of molecular oxygen leads to ROS formation (Rahman
et al. 1989). This would account for the preferential cytotoxicity of plant poly-
phenols for cancer cells. In addition to the evidence we have deduced, there is
considerable supporting data in the literature which suggests that pro-oxidant action
of plant polyphenols rather than their antioxidant property is important for their
anticancer properties. These include the relatively low reduction potential of copper
versus other metal ions in cells such as iron and the fact that the hydroxyl radical
whose diffusion radius is very small has the possibility of being generated close to
the cellular DNA as copper ions are bound to GC base pairs (Govindaraju
et al. 2013). Inspite of compelling epidemiological and experimental evidence in
favor of anticancer property of plant polyphenols, these compounds have failed to
reduce incidence of cancer in human clinical trials (Elizabeth et al. 2014). The
reason is possibly the fact that plant polyphenols are rapidly metabolized and
eliminated before sufficiently cytotoxic intracellular concentrations are achieved
for the required length of time (Asensi et al. 2002). Thus, there is considerable
skepticism about the benefits of plant polyphenols as anticancer or cancer
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preventive agents. Indeed, the antioxidants n-acetyl cysteine and vitamin E were
recently shown to actually increase cancer mortality in a mouse model (Sayin
et al. 2014). However, given the chemical structure of n-acetyl cysteine and
vitamin E, they do not appear to be efficient copper chelators and this possibly
explains their non-effect in a tumor model.

Ascorbic acid is the other endogenous antioxidant and it is well established that
it possesses both antioxidant as well pro-oxidant properties (Ullah et al. 2011; Yen
et al. 2002). Levine and coworkers (Chen et al. 2008) have demonstrated that
pharmacological ascorbic acid concentrations achievable through intravenous
administration were cytotoxic to many types of cancer cells in vivo and signifi-
cantly impeded tumor progression without toxicity to normal tissues. Although an
interesting mechanism of action was suggested that involved ascorbic acid-induced
formation of H,0, in the extracellular fluid leading to the observed cytotoxic
effects, the authors were not clear about the molecular basis for the relative
resistance of normal cells. Moreover, it is well known that H,0, is freely permeable
to both normal and cancer cells (Halliwell 2003; Clement et al. 2002; Shamim
et al. 2008). In one of our papers (Ullah et al. 2011), we have explained the relative
resistance of normal cells by showing that ascorbic acid is a good reducer of copper
and is capable of mobilizing copper from chromatin in a mechanism similar to that
of plant polyphenols. Thus, the structural differences between various antioxidants
are important in determining whether a given antioxidant could also serve as a
pro-oxidant and be effective against cancer cells.

Ascorbic acid is already used by many clinicians as an adjunct to chemotherapy
in cancer patients (Vollbracht et al. 2011). Similarly plant polyphenols have been
shown to potentiate the efficacy of radiotherapy in various tumors (Garg
et al. 2005). Clearly the usefulness of antioxidants for cancer prevention and
therapeutic action particularly those that are capable of mobilizing chromatin-
bound copper cannot be discounted. The answer possibly lies in using plant poly-
phenols as lead compounds to synthesize novel molecules that are capable of
binding and reducing copper but have greater bioavailability. It is now recognized
that a vast majority of agents used to directly kill cancer cells such as ionizing
radiation and chemotherapeutic agents work through generating reactive oxygen
species that block key steps in the cell cycle (Watson 2013).

3 Conclusion

Thus, the current interest in anticancer research has moved to curing of cancer on
the biochemistry of cancer cells. In this context, our studies assume considerable
significance as they provide a basis for designing novel anticancer compounds
based on targeting elevated copper levels in cancer cells.
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Chemoprevention



Phytocomplexity: The Key to Rational
Chemoprevention

Sushma R. Gundala, M. Hope Robinson, and Ritu Aneja

Abstract Current chemotherapies have been derived from and inspired by the
varied natural repository of phytochemicals and have been the linchpin of cancer
treatment for years. However, isolation of individual active ingredients has proven
to be expensive while offering narrow therapeutic windows and associated toxic-
ities. In contrast, whole foods are endowed with an intricate natural balance among
their constituent phytochemicals and have proven to impart optimal health benefits,
leading to an enhanced interest in dietary interventions to treat as well as prevent
cancer. Several dietary agents including fruits, vegetables, and spices have been
investigated for their therapeutic and preventive efficacies. However, their incor-
poration in therapeutic regimens has been unsuccessful due to inadequate research
emphasis on phytocomplexity, the intricate and dynamic interactions among phar-
macologically active plant chemicals, and their inactive counterparts within their
natural milieu, which affect the absorption, distribution, metabolism, and excretion
of the constituent phytochemicals, conferring bioactivity on the plant-derived
foods. This chapter illustrates the need to acknowledge the role of phytocomplexity
and the possibility of synergistic activity in the current approach pertaining to
dietary agents.

1 Role of Dietary Phytochemicals in Chemotherapy
and Chemoprevention

Cancer is arguably the deadliest modern illness with its high incidence, puzzling
questions surrounding its causes, and the challenges of its prevention and treatment
modalities. As devastating as the effects of the disease can be, the treatments can be
equally debilitating and frequently ineffective and often result in long-term mor-
bidity for patients. Cancer can occur due to internal factors like inherited mutations
and environmental factors such as lifestyle choices, exposure to carcinogens, or
infectious organisms (Anand et al. 2008). Although some of the environmental
factors leading to cancer are unavoidable, epidemiological studies have shown that
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lifestyle choices regarding tobacco use, sun exposure, diet, and exercise could
affect the onset of this deadly disease. One-third of the estimated cancer cases in
the United States have been linked to obesity, lack of physical activity, and
improper diet and nutrition (Hanahan and Weinberg 2000, 2011). Though several
treatment modalities are in place including surgery, radiation, chemotherapy,
immunotherapy, laser therapy, etc., they have all met with limited success. Cur-
rently, chemotherapy is the most prominent treatment for cancer, which employs
the use of a single molecule or multidrug combinatory therapy that targets multiple
aspects of the disease. A vast majority of the drugs thus employed have been
individual components identified and purified from the unlimited archive of plant
chemicals.

Nature abounds in fruits, vegetables, and other plants in a myriad of colors,
flavors, aromas, and textures. Plants have evolved under the same conditions as
humans and were subject to similar environmental stressors, resulting in the
survival and propagation of only those capable of producing protective defensive
chemicals, known as phytochemicals (Liu 2004). These compounds are often
associated with a reduced risk of major chronic diseases in humans as well and
recently have been the object of an explosive increase in research, resulting in the
discovery and promotion of these plant chemicals as highly effective medications
such as aspirin from willow, vinblastine from vinca, taxol from pacific yew,
catechins from green tea, resveratrol from grapes, proanthocyanidins from grape
seed extracts, isothiocyanates from cruciferous vegetables, and curcuminoids from
turmeric (Surh 2003; Surh et al. 2001; Quideau et al. 2011). Extensive research of
the chemopreventive mechanisms inherent in bioactive phytochemicals has pro-
vided crucial clues as to how to modulate the physiological cascades within cancer
cells in an effort to fight against this malicious disease. Several such classes of
phytochemicals including phenolic compounds, anthocyanins, terpenoids, aromatic
acids, vitamins, carotenoids, alkaloids, and glucosinolates have been shown to be
selective and nontoxic in nature, and effective in one or more of the three phases of
carcinogenesis, suggesting a role for these compounds in both prevention and
treatment of cancer (Liu 2004; Mehta et al. 2010).

However, the beneficial effects of fruits, vegetables, and other plants may also be
appreciated when ingested as part of the human diet, and in fact may confer superior
health benefits as a whole food rather than individual constituents. Several initia-
tives including Five-a-Day and Savor the Spectrum have been issued by the
National Cancer Institute (NCI) to emphasize the importance of including fruits
and vegetables in the daily diet as a part of chemopreventive measures (Colli and
Amling 2009; Steinkellner et al. 2001; Traka et al. 2008). In 2012, the American
Cancer Society published “Guidelines on Nutrition and Physical Activity for
Cancer Prevention” which recommends a healthy diet emphasizing plant foods as
opposed to nutritional supplements, even suggesting that synergistic effects are
possible upon consumption of whole foods (Kushi et al. 2012). Substantial evidence
has revealed that a wholesome diet comprised of fruits, vegetables, and whole
grains, including the accompanying dietary fibers, has protective and preventive
effects against various cancers. With an intricate network of phytochemicals and a
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preserved natural balance among their constituents as bestowed by Mother Nature,
whole foods have thus been drawing attention to dietary interventions for treatment
and prevention of cancer.

2 Phytocomplexity Among Whole Food Extracts: The Art
of Simplicity in a Puzzle of Complexity

There is a great deal of research regarding plant-based foods and the potential to
exploit the natural compounds contained therein for therapeutic benefit, but this
research also casts doubt on the prevailing reductionist focus on individual constit-
uents as opposed to the whole food. Although this approach of disassembly has
provided many promising leads, it has thus far failed to yield an individual
component acting alone that definitively suppresses carcinogenesis significantly
in humans without inflicting serious toxicity to the patient. There have been several
trials in the past employing individual phytochemicals like f-carotene,
a-tocopherol, etc., but with no evidence of health benefits (Greenberg et al. 1994;
Liu 2004; Tsao et al. 2004). Vitamins and minerals like B6, folic acid, iron,
magnesium, zinc, and copper were also found to have therapeutic properties
(Surh 2003). However, it has been revealed that these phytochemicals must be
consumed in large quantities to achieve the physiologically relevant doses capable
of delivering optimal health benefits (Potter 2014). Such high doses of bioactive
phytochemicals often result in cellular and organ toxicity. Similarly, current plant-
based chemotherapeutic drugs exert undesirable side effects, despite their lower
effective doses, thus categorizing them as toxic drugs. Clinical trials of several
individual constituents also led to startling observations indicating that they may
increase the risk of lung and colorectal cancer (1994; Albanes et al. 2000;
Greenwald et al. 2007; Klein et al. 2001). The idea of purifying a single agent
from a complex natural material has led us to mistakenly assume that only one or a
few components of a plant are responsible for the efficacy.

Researchers and drug industries have invested in designing and producing
purified drugs directed toward specific ligands acting on disease targets, but the
recent years have witnessed an increasing failure of such “targeted” agents. These
outcomes were mainly due to the fact that cancer has a multifactorial pathogenesis
and aiming at a single target in a specific pathway cannot be completely effective in
eradicating cancer, as metastasis and relapse are prominent during these therapies.
Additionally, such a selective approach has been found to result in unexpected
biochemical effects, leading to toxicity (Liu 2004). To address these failures,
scientists have focused on multitargeted therapies employing combination chemo-
therapy, where a concoction of two or more chemotherapeutic drugs is adminis-
tered, but the toxicity issues persisted.

The solution to this baffling issue rests with Mother Nature, particularly in the
form of whole foods. The current approach does not consider the prospects of
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natural phytochemical cocktails that can deliver maximum health benefits due to
phytocomplexity, the intricate and dynamic interactions among pharmacologically
active plant chemicals and their inactive counterparts within their natural milieu,
which affect the absorption, distribution, metabolism, and excretion of the constit-
uent phytochemicals,conferring bioactivity on the plant-derived foods. Clearly
overlooked in the existing paradigm, the natural balance among various constituent
phytochemicals in whole foods may not only solve the toxicity issues resulting from
high doses of single components, but would also allow the multiple target approach
using a single dose. In contrast to individual components, the additive and syner-
gistic interactions among these phytochemicals support multiple roles as diverse as
preventing DNA mutations, impeding cell cycle, inhibiting cell proliferation,
inducing apoptosis, and even modifying immune responses. These outcomes may
be due to their physiological functions, i.e., modulations in the solubility, absorp-
tion, biotransformation, and even elimination of these active ingredients. The
complexity of phytochemical interactions in whole foods thus delivers desired
beneficial effects while possibly eliminating the harmful effects associated with
individual components (Liu 2004). Several mechanistic factors such as bioavail-
ability, cellular transport mechanisms, prodrug activation and deactivation of active
drug entities, biotransformation, and elimination, all driven by phytocomplexity,
are known to govern the efficacy of whole foods.

Every fruit and vegetable is made up of a defined ratio of phytochemicals
targeting multiple sites in the body upon ingestion. To accurately access effective-
ness, it is crucial to maintain the bioactivity and ratio of the constituent phyto-
chemicals found in whole foods. Critical factors of the scientific research process
including possible degradation of active constituents or the quality of plant material
processing and fractionation processes could result in loss of or poor activity of
isolated entities from whole extracts. Furthermore, lack of understanding pertaining
to interactions among constituent phytochemicals, in vivo physiological interplay,
and the possibility of biotransformation and absorption at the target sites may have
led to ignoring whole foods as effective chemotherapeutic and chemopreventive
agents despite their infinite advantages. Hence, acknowledging and preserving the
phytocomplexity of whole foods while evaluating their therapeutic efficacies is
critical to this research.

In all these noble efforts, we have overlooked that the complex mixture of
constituents in plants is like a puzzle; each piece separately can only hint at the
potential beauty of the whole image, but when fit together in the right ratios and
combinations while acknowledging phytocomplexity, an astounding work of art
may be revealed.

This chapter attempts to emphasize the role of phytocomplexity while discussing
several phytochemical-rich fruits and vegetables common to the American diet.
Among the various phytochemical groups including vitamins, carotenoids, pheno-
lics, alkaloids, nitrogen-containing compounds, and organosulfur compounds, phe-
nolics are likely the most researched and are believed to be responsible for many of
the observed anticancer properties of fruits and vegetables (Huang et al. 2010;
Wang et al. 2011). For example, Broccoli, a cruciferous vegetable, has the highest
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phenolic content among vegetables routinely consumed in the USA (Liu 2004),
while apples are at the top of the list of fruits, second only to cranberries for
phenolic content (USDA 2011). Tomatoes are known for containing the carotenoid
lycopene, which has been the subject of extensive research, particularly in regard to
prostate cancer, the second leading cause of cancer-related deaths in the USA
(Tanaka et al. 2012). While previously less prominent in the American diet, both
pomegranates and ginger produce abundant phytochemicals and have been gaining
attention in recent years for their valuable benefits to human health (Baliga
et al. 2011; Butt and Sultan 2011; Karna et al. 2012; Reuben et al. 2012). A careful
analysis and evaluation of the research on apples, pomegranates, tomatoes, crucif-
erous vegetables, and ginger illustrates the phytocomplexity involved in the explo-
ration of phytochemicals and the possibility of chemopreventive and
chemotherapeutic benefits to human health.

2.1 The Appeal of the Apple: Its Countless Core Values

Apples are a ubiquitous fruit, available worldwide in many cultivars, each
containing an assortment of phytochemicals represented mainly by polyphenolics.
Several investigations have illustrated an inverse relationship between apple intake
and a number of cancers, notably lung and colorectal cancers (Boyer and Liu 2004;
Feskanich et al. 2000). Other studies have linked a lower risk of lung cancer with
intake of dietary flavonoids including quercetin and catechin, key phytochemicals
found in apples (Boyer and Liu 2004; Arts et al. 2001; Knekt et al. 1997; Le
Marchand et al. 2000). Numerous studies lend support to the idea that apple
products benefit human health by many possible mechanisms, acting individually
and in concert with each other. Some of the health benefits of apples include
antimutagenic, anti-inflammatory, antioxidant, antiproliferative, and apoptosis-
inducing activities in addition to modulation of carcinogen metabolism (Gerhauser
2008). Chemical analysis has provided a wealth of information about the constit-
uents found in apples. Aside from water, fiber, carbohydrates, and minerals, apples
contain antioxidants such as vitamin C and a number of polyphenols including
chlorogenic acid, epicatechin, phloretin glycosides, procyanidin, and quercetin
glycosides (Lee et al. 2003). The quantity and assortment of phytochemicals in
apples varies widely, dependent on cultivar, growing conditions, and the timing of
fruit harvest.

The distribution of phytochemicals in apples also has important implications
when assessing its potential health benefits. Apple peels have been found to contain
3-6 times the polyphenolic content, 2—6 times more antioxidant activity, and have
exhibited more potent inhibition of cancer cell growth when compared to the flesh,
highlighting the importance of consuming the whole apple in order to achieve
optimum benefits (Wolfe et al. 2003). The antioxidant capacity of apple phyto-
chemicals has been well established, with quercetin, catechin, epicatechin, and
procyanadin demonstrating the most efficacy, even greater than the well-known
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antioxidant vitamin C (ascorbic acid) (Eberhardt et al. 2000; Lee et al. 2003). In
comparison, greater antiproliferative activity was ascribed to phloridzin,
procyanidins, and epicatechin (Serra et al. 2010). While not completely unex-
pected, the lack of correlation suggests that the observed bioactivities of apples
may not be a result of antioxidant activity, but may involve additional targets and
mechanisms and could indicate the presence of synergistic interactions between
constituents.

2.1.1 Quercetin: The Lone Fighter

Among the polyphenols in apples, quercetin, a dietary flavonoid primarily ingested
in onions and apples, has been extensively researched, with quercetin glucosides
and their metabolites proving to have powerful antiproliferative and pro-apoptotic
activity as well as antioxidative function (Gibellini et al. 2011; Russo et al. 2012).
In addition, quercetin displays activity in all phases of carcinogenesis by acting on
multiple attributes and processes of cancer initiation, promotion, and progression
(Russo et al. 2012). In vitro studies have shown that quercetin inhibits cellular
proliferation in several cancer cell lines including cervical, breast, prostate, pan-
creatic, brain, liver, and colon cancers at a wide range of doses between 17.1 and
178 pM as shown in Table 1 (Chou et al. 2010; Senthilkumar et al. 2011; Vidya
Priyadarsini et al. 2010; Harris et al. 2012; He and Liu 2008; Michaud-Levesque
et al. 2012; Zhang et al. 2012).

Animal studies have further confirmed the chemopreventive and chemothera-
peutic properties of quercetin. Administration of quercetin to rats provided protec-
tion from sodium fluoride-induced oxidative stress in N-Nitrosodiethylamine
(NDEA)-induced hepatocarcinoma (Nabavi et al. 2012; Seufi et al. 2009). Chemo-
preventive effect was observed with a significant reduction in the incidence and

Table 1 Antiproliferative activity of quercetin

Reported ICsg Concentration (in pg/

Cell line (pM) mL) Citations
Cervical HeLa 80 24.18 Priyadarsini et al. (2011)
Breast MCF-7 924 27.93 Chou et al. (2010)
Prostate PC-3 100 30.22 Senthilkumar et al. (2011)
Pancreatic MIA 178 53.80 Harris et al. (2012)
PaCa-2
Glioblastoma U87 17.1 5.17 Michaud-levesque

et al. (2012)
Glioblastoma T98G | 24.3 7.34 Michaud-levesque

et al. (2012)
Colon LoVo 40.2 12.15 Zhang et al. (2012)
Breast MCF-7 30.8 9.31 Zhang et al. (2012)
Liver HepG2 40.9 12.36 He and Liu (2008)
Breast MCF-7 137.5 41.56 He and Liu (2008)
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tumor burden of 7,12-dimethylbenz[a] anthracene (DMBA)-induced hamster buc-
cal pouch carcinomas when simultaneously treated by intragastric administration of
quercetin, while hamsters treated after DMBA was discontinued benefitted from a
significant delay in tumor growth (Priyadarsini et al. 2011). Quercetin provided a
reduction of tumor burden in lung and mammary carcinomas as well as decreased
incidence of aberrant crypt foci and pre-neoplastic lesions of the colon (Gibellini
et al. 2011). Taken together, these results demonstrate the potential of quercetin in
prevention and treatment of cancer, but also serve to illustrate the need for further
mechanistic in vitro and in vivo research of this apple flavonoid.

While the data on quercetin are compelling, the role of other components in
quercetin containing foods has become a subject of debate. In apples, there is
preliminary evidence that procyanidins may exert stronger antioxidant and
antiproliferative activity than quercetin (Gerhauser 2008). An apple juice
procyanidin fraction inhibited proliferation of colon cancer cells more effectively
than another fraction with catechin, epicatechin, and quercetin, even at double the
dose (Gosse et al. 2005). Further inquiry in a rat model concurred by exhibiting a
50 % reduction in the number of pre-neoplastic colonic lesions in rats fed with
0.01 % procyanidin fraction added to drinking water when compared to control rats
(Gosse et al. 2005). Apple procyanidins exhibited 2.5x higher antiproliferative
activity than apple polyphenols in mouse melanoma cells and 5x higher in mouse
mammary cells, results that were also supported by follow-up in vivo research
(Miura et al. 2008). A comparison of the antiproliferative activity of apple waste
fractions of extractable polyphenols (EPP) and non-extractable polyphenols
(NEPP) in cervical, hepatic, and colon cancer cell lines suggested that the NEPP
fraction, containing mostly anthocyanidins, exerted higher inhibitory activity in all
cell lines (Tow et al. 2011). In addition to cyanidins, several triterpenoids isolated
from apple peels have exhibited significant antiproliferative activity in liver, breast,
and colon cancer cells at doses ranging from 4.7 pM to 136 pM (He and Liu 2007).
Although continued research on these individual apple phytochemicals is vital to
discover molecular drug targets and mechanisms, a comprehensive understanding
of the interactions between these varied and plentiful constituents of apples war-
rants serious consideration.

2.1.2 A Whole Apple a Day Fights the Disease Away

While numerous studies have focused on the bioactivity of single phytochemicals,
there is considerable data on whole apples, apple juices, and apple extracts, which
supply ample evidence of synergistic effects between apple components. Apple
extracts have shown in vitro efficacy in a broad array of cancer cell lines, and
significant inhibition of mammary carcinogenesis, skin papillomas, solid tumors,
and metastasis of lung and lymph nodes has been reported in several in vivo
investigations.
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Whole apple extracts from nine cultivars native to Portugal were evaluated in
colon and gastric cancer cells, reporting significant antiproliferative activity from
all cultivars with effective doses (EDsos) from 9.0 to 49.0 mg/mL (Serra
et al. 2010). Intriguingly, the cultivar with the most antiproliferative activity did
not have the highest quercetin content. In fact, an extract containing nearly four
times the quercetin was a less potent inhibitor of cell growth, suggesting that while
quercetin does have anticancer activity, it is not working alone and the observed
bioactivity can be attributed to other compounds or synergy between the complex
blend of phytochemicals in apples. Inhibition of breast cancer cell proliferation was
accomplished by apple extracts in both MCF-7 estrogen receptor (ER)-positive
cells and with twice the efficacy in ER-negative MDA-MB-231 cells (Sun and Liu
2008; Yoon and Liu 2007). Separately, apple peel extracts significantly suppressed
cell growth in breast cancer cells overexpressing ErbB2 as well as those with
normal levels of ErbB2 (Reagan-Shaw et al. 2010). Additionally, both androgen-
dependent and androgen-independent prostate cancer cell proliferation was
inhibited by these apple peel extracts, which could prove advantageous in some
chemo-resistant cancers (Reagan-Shaw et al. 2010).

Oral administration of whole apple extracts equivalent to human consumption of
1, 3, and 6 apples per day demonstrated dose-dependent reduction of mammary
tumor incidence and tumor burden in rats (Liu et al. 2005, 2009). A comparison of
clear and cloudy apple juice ingestion in a rat colon cancer model revealed
considerably increased preventive potential of cloudy apple juice despite compa-
rable polyphenolic content of the two juices with the exception of 30 % more
procyanidins and a fourfold increase of pectin in the cloudy juice (Barth
et al. 2005). While clear apple juice provided modest reductions in genetic damage
and proliferation, rats given cloudy apple juice were observed to develop 50 %
fewer large aberrant crypt foci (ACF) as well as a significant decrease in the total
number of these pre-neoplastic lesions (Barth et al. 2005). Subsequent research
compared cloudy apple juice to polyphenolic and cloudy fractions as well as a
combination of the two fractions in an effort to ascertain the fraction of the juice
with the most potent anticancer properties (Barth et al. 2007). While all prepara-
tions reduced hyperproliferation of epithelial cells in the colon as evidenced by the
percentage of BrdU-positive cells, cloudy apple juice outperformed the juice
fractions and even the combination fraction in reducing DNA damage and provided
a 35 % decrease in the development of large ACF. One of the prevailing theories for
the effectiveness of natural products holds that the polyphenols are the active
“ingredient.” These studies illustrate that it is the sum of the components, not just
the polyphenols that impart the anticancer benefits seen with apple products (Barth
et al. 2007).

There are only a few reports of direct comparisons between whole extracts and
individual apple compounds including an in vitro investigation with colon cancer
cells comparing an apple flavonoid extract, individual phytochemicals, and a
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synthetic extract mimicking the original (Veeriah et al. 2006). The natural apple
extract was five times more effective than quercetin alone with an ECsq of 31.0 pM
(phloridzin-equivalents, Ph.E) compared to 148.4 pM for quercetin. The synthetic
extract, with an ECs, of 59.9 pM Ph.E, was more effective than quercetin but still
not as effective as the natural extract (Veeriah et al. 2006), suggesting that there are
other components in the natural extract that were not quantified and included in the
synthetic extract, lending further support to the idea of superior benefits from whole
foods.

An interesting comparison of a whole apple extract, quercetin 3-f-p-glucoside
(Q3G), and a combination of the two showed that while both Q3G and apple
extracts efficiently inhibited proliferation in MCF-7 breast cancer cells, the com-
bination of the two was considerably more effective, resulting in an ECsy which
was twofold lower than apple extracts and fourfold lower than Q3G (Yang and Liu
2009). These results suggest that improving on existing combinations from nature
may yield more effective treatments than reducing these foods down to their most
active ingredient.

Explorations of the anticancer properties of quercetin and whole apple extract
have yielded convincing evidence to demonstrate synergy in apples. As shown in
Table 1, in most studies, the doses of quercetin required to inhibit cancer cell
proliferation were between 17.1 and 178 pM (5.17 and 53.8 pg/mL), but as a
portion of the whole apple extract, quercetin comprises just 0.0000193-0.0072 %
meaning its contribution to the observed anticancer effects of whole apple extract
amounts to only 0.001737-11.1816 pg/mL, a 2-5-fold difference (Table 2).
Clearly, quercetin is only one piece of a complex puzzle (Fig. 1) when it comes
to chemoprevention with apples. It is reasonable to suggest that no single compo-
nent in apples can produce the benefits summarized in this review.

Extensive in vitro and in vivo studies have demonstrated the potential health
benefits of apples with the majority of literature supporting both the health benefits
from apples and the concept of synergy in apples, implying that this fruit should be
consumed frequently and in forms utilizing the whole apple. Future research of
mechanisms, molecular targets, and the interactions between apple components
may provide direction on how best to capitalize on apple’s benefits.

2.2 Pomegranate: Pomtastic Truths About a Time-Honored
Healing Fruit

Pomegranates have been consumed as food, used as medicine, and featured prom-
inently in a number of ancient religious traditions. Despite its long history of human
applications, scientific research of this fruit is still relatively new, having started in
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Table 2 Antiproliferative activity of whole apple extracts with Quercetin contribution to the

effect of the whole

Contribution range of
quercetin to ICsq (pg/
mL) of Whole apple

ICso extract

Material tested Cell line (in mg/mL) |Low High Citations
Bravo de Esmolfe Colon HT29 |37 0.007141 2.664 Serra (2010)
Malapio Fino 24.8 0.0047864 | 1.7856
Malapio de Serra 37 0.007141 2.664
Pero Pipo 49 0.009457 3.528
Golden 42.2 0.0081446 | 3.0384
Starking 24.1 0.0046513 | 1.7352
Fuji 25.8 0.0049794 | 1.8576
Gala Galaxy 48 0.009264 3.456
Reineta Parda 21.1 0.0040723 | 1.5192
Bravo de Esmolfe Gastric 15 0.002895 1.08 Serra (2010)
Malapio Fino MKN45 11.9 0.0022967 | 0.8568
Malapio de Serra 19.8 0.0038214 | 1.4256
Pero Pipo 13.2 0.0025476 | 0.9504
Golden 26.3 0.0050759 | 1.8936
Starking 15 0.002895 1.08
Fuji 17.2 0.0033196 | 1.2384
Gala Galaxy 23.8 0.0045934 | 1.7136
Reineta Parda 9 0.001737 0.648
Red Delicious (whole Breast 65.1 0.0125643 | 4.6872 | Yoon and
extract) MCEF-7 Liu (2007)
Red Delicious (whole 70.7 0.0136451 | 5.0904 | Yang and
extract) Liu (2009)
Red Delicious (phenolic 69.9 0.0134907 | 5.0328 | Sun and
extract) Liu (2008)
Red Delicious (phenolic | Breast 352 0.0067936 | 2.5344 | Sun and Liu
extract) MDA-MB- (2008)

231
Apple juice extract Colon HT-29 |31 pM 0.005983 2232 Veeriah
Synthetic apple extract 59.9 yM 0.0115607 | 4.3128 |etal. (2006)
Rome Beauty (flesh + Liver HepG2 | 26.5 0.0051145 | 1.908 Wolfe
peel) et al. (2003)
Rome Beauty (peel) 12.4 0.0023932 | 0.8928
Idared (flesh + peel) 125.1 0.0241443 | 9.0072
Idared (peel) 13.6 0.0026248 | 0.9792
Cortland (flesh) 103.9 0.0200527 | 7.4808
Cortland (flesh + peel) 74.1 0.0143013 | 5.3352
Cortland (peel) 15.7 0.0030301 | 1.1304
Golden Delicious (flesh) 155.3 0.0299729 | 11.1816
Golden Delicious (flesh 107.7 0.0207861 7.7544
+ peel)
Golden Delicious (peel) 20.2 0.0038986 | 1.4544

Quercetin content of apples is in the range 0.0000193-0.0072 %
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1.Cyanidin 2. Catechin 3. Phlorhizin 4. Chlorogenic acid 5. Quercetin

Fig. 1 The in’cider truth about apples: The apple phytochemicals including cyanidins, catechins,
phlorhizin, chlorogenic acid, quercetin, etc., are nothing but the mystifying puzzle pieces of whole
apples, which were brought together into a phytocomplex by Mother Nature to confer synergized
health benefits

earnest approximately 20 years ago. Investigations of pomegranate fruit extracts
(PFE), fractions, or purified compounds indicate that pomegranate has antioxidant,
antiproliferative, anti-invasion, anti-angiogenic, and pro-apoptotic activity in a
wide range of cancer cell lines (Adhami et al. 2009; Lansky and Newman 2007;
Syed et al. 2007; Faria and Calhau 2011). In addition to data from in vitro
evaluations, animal studies have confirmed the efficacy of pomegranate, even
leading to human clinical research (Adhami et al. 2009). The phytocomplexity in
pomegranates is driven by at least 124 different phytochemicals (Fig. 2), comprised
primarily of ellagitannins specific to pomegranate, punicalagins, which can be
hydrolyzed to ellagic acid, in addition to anthocyanins and flavonols (Faria and
Calhau 2011; Heber 2011; Banerjee et al. 2012). The quantity of any of these
polyphenols in pomegranate products is dependent on the preparation methods,
with considerably greater amounts of polyphenols in extracts made from whole
fruit juices as opposed to extracts from the juice of the arils only (Faria and Calhau
2011; Lansky et al. 2005).

2.2.1 Ellagic Acid: The Hydrolyzed Antioxidant Tannin

Of these compounds, ellagic acid (EA) quickly became the phytochemical of
research focus, demonstrating potent antioxidant and anticarcinogenic capabilities
(Jurenka 2008). In vitro studies suggest an antiproliferative role for EA in a wide
range of cancer cell lines. Neuroblastoma cell growth was inhibited by EA in



50 S.R. Gundala et al.

1. Anthocyanidins
2. Ellagic acid
3. Flavonol group
4. Punicalagin

Fig. 2 Poms pack the punch in their paunch: Like there are no extra pieces in the universe,
anthocyanidins, ellagic acid, flavonols, punicalgins, etc., make up the complex pomegranate
jigsaw puzzle to exercise synergy, thus providing optimal health benefits

concentrations between 10 and 30 pM (Fjaeraa and Nanberg 2009). As shown in
Table 3, treatment with EA was also observed to significantly reduce cell growth in
breast, prostate, colon, skin, ovarian, oral cavity, and bone cancer cells with ICsq
doses between 21.5 and 462 pM (6.5-139.6 pg/mL) (Han et al. 2006; Kasimsetty
et al. 2010; Malik et al. 2011; Seeram et al. 2007).

In vivo research has demonstrated that a diet supplemented with EA in an
estrogen-induced mammary tumor rat model significantly reduced the incidence
of tumors by 19 %, tumor volume by 65 %, and tumor multiplicity by 41 % when
compared to rats given a control diet (Aiyer and Gupta 2010). A mouse skin cancer
model resulted in significant inhibition of DMBA-induced epidermal hyperplasia
with topical application of EA while the incidence of aberrant crypt foci was
significantly reduced in a DMH-induced colon cancer rat model (Kowalczyk
et al. 2009; Umesalma and Sudhandiran 2010). Hamster buccal pouch carcinoma
also induced by DMBA was nonexistent in hamsters with EA-supplemented diet,
although hyperplasia was evident upon histopathological evaluation (Vidya
Priyadarsini et al. 2012).
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Table 3 Antiproliferative activity of ellagic acid

Reported ICsq Concentration (in pg/

Cell line (pM) mL) Citations
Prostate PC-3 80 24.18 Malik et al. (2011)
Human osteogenic 21.5 6.50 Han et al. (2006)
sarcoma
Prostate LNCaP 62.4 18.86 Seeram et al. (2007)
Prostate LNCaP-AR 78.7 23.87 Seeram et al. (2007)
Prostate DU145 74.3 22.45 Seeram et al. (2007)
Prostate 22RV1 108.7 32.85 Seeram et al. (2007)
Breast BT-549 198 59.84 Kasimsetty

et al. (2010)
Colon HT-29 462 139.60 Kasimsetty

et al. (2010)
Oral KB 300 90.66 Kasimsetty

et al. (2010)
Melanoma SK-MEL 132 39.89 Kasimsetty

et al. (2010)
Ovarian SK-OV-3 222 67.09 Kasimsetty

et al. (2010)

Cellular and animal investigations have thus presented strong evidence that EA
is a promising phytochemical for the prevention and treatment of cancer. However,
the doses required to provide these beneficial effects are considerably higher than
the physiologically attainable blood plasma level of 0.018-0.033 pM (Mertens-
Talcott et al. 2006; Seeram et al. 2004, 2006). Since inquiries into the anticancer
properties of pomegranate phytochemicals other than EA have also shown potential
for chemoprevention and treatment, the spotlight has turned to focus on properties
of the whole pomegranate.

2.2.2 Whole Pomegranate Extract: The Highly Effective Antioxidant
Concoction

Confirmation of the anticancer benefits of whole pomegranate has been provided by
a number of animal studies of prostate, skin, and lung cancer. Inhibition of
proliferation by pomegranate extracts has been explored in several in vitro studies
of prostate, lung, oral, and colon cell lines with 30-100 % inhibition of proliferation
observed with doses from 10 to 150 pg/mL (Khan et al. 2007b; Malik et al. 2005;
Seeram et al. 2005). Intriguingly, one of these studies determined that greater
antiproliferative activity was provided by whole pomegranate juice when compared
to a total pomegranate tannin extract, punicalagin, and ellagic acid at normalized
concentrations of punicalagin (Seeram et al. 2005). Pomegranate juice metabolites,
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including ellagic acid and urolithin A, were found to be synergistically interacting
among themselves, thus emphasizing the idea of phytocomplexity, to inhibit growth
of PC-3 and DU145 cells, even causing death by affecting the cell cycle kinetics
and induction of apoptosis (Vicinanza et al. 2013). Pomegranate extract was also
found to inhibit proliferation of breast cancer cells while inducing apoptosis
(Shirode et al. 2014). The authors attribute the antiproliferative effects to reduced
DNA repair gene expression and induction of double-stranded DNA damage
(Shirode et al. 2014). Pancreatic cancer cell growth was decreased with anlCspvalue
of 50 pg/mL while higher doses of 100 and 125 pg/mL were required for two oral
cancer lines (Nair et al. 2011; Weisburg et al. 2010). In contrast, prostate cancer
cells were inhibited by a whole pomegranate fruit extract (PFE) with an observed
ICsq value of only 5.7 pg/mL (Sartippour et al. 2008). In addition to antiproli-
ferative activity, a protective role for PFE was suggested when UVA- and
UVB-induced damage in normal human epithelial keratinocytes (NHEK) was
inhibited by treatment with PFE (Afaq et al. 2005a; Syed et al. 2006). Follow-up
studies in mice further illustrated the photochemopreventive potential of pome-
granate with oral administration of PFE demonstrating inhibition of UVB-induced
damage and early carcinogenesis (Afaq et al. 2010). A summary of these studies is
found in Table 4.

Prostate cancer was significantly inhibited in mouse xenograft models upon oral
ingestion of PFE resulting in 35-60 % reduction in tumor volumes, delays in tumor
incidence, and significantly increased survival times (Seeram et al. 2007; Malik
et al. 2005; Adhami et al. 2012; Sartippour et al. 2008). Efficacy of PFE against
lung cancer was explored in a xenograft model and a Benzo(a)pyrene [B(a)P] and
N-nitroso-tris-chloroethylurea (NTCU)-induced model, both of which involved
oral administration of PFE to mice which produced delayed progression of tumors,
significantly increased survival time, and over 50 % reduction in tumor volume
(Khan et al. 2007a, b). A 33 % tumor growth inhibition of tobacco smoke-induced
lung adenomas was observed upon daily oral administration of pomegranate fruit

Table 4 Antiproliferative activity of whole pomegranate extract

Reported ICsq (pg/mL) of | Contribution of ellagic acid to ICsq

whole pomegranate (pg/mL) of whole pomegranate
Cell line extract extract Citations
Pancreas 50 1.35 Nair
PANC-1 et al. (2011)
Oral HSC-2 | 100 2.70 Weisburg

et al. (2010)

Tongue 125 3.38 Weisburg
CAL-27 et al. (2010)
Prostate 5.7 0.15 Sartippour
LNCaP et al. (2008)
Endothelial | 6.7 0.18 Sartippour
HUVEC et al. (2008)

Ellagic acid is present at an abundance of 2.7 % in whole pomegranate extract
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extract (Naghma Khan et al. 2013). Skin tumors induced by 12-O-tetradeca-
noylphorbol-13-acetate (TPA) developed later, were fewer in number, and weighed
less in mice treated with topical applications of PFE as opposed to control mice
(Afaq et al. 2005b).

An initial human trial treating 46 men with rising prostate-specific antigen (PSA)
values after primary treatment indicated a significant increase in the average PSA
doubling time (PSADT) with daily oral ingestion of 8 oz of pomegranate juice.
Untreated PSADT averaged 15 months while PSADT for treated patients averaged
54 months. As this was an open-label, single-arm, small clinical trial, future
investigations are planned that will include more patients and placebo controls
(Pantuck et al. 2006). More recently,a similar result of lengthened PSADT was
observed in a randomized, double-blind phase II clinical trial, where PSA levels
even declined in about 13 % of patients in the test group treated with pomegranate
extract (POMx) (Paller et al. 2013). However, in direct contrast another placebo-
controlled clinical trial in Switzerland re-reported that daily pomegranate intake
does not influence the PSA levels when compared to the placebo group (Stenner-
Liewen et al. 2013). It is important to note that these studies involved different
populations, with the Swiss study treating advanced prostate cancer patients.
Additionally, the studies used different preparations of pomegranate, a critical
factor in this kind of research. The initial trial by Pantuck et al. used a juice made
from crushing the whole fruit while the other studies used pomegranate extract
capsules or a juice product that included 27 % pomegranate extract. As the quantity
and composition of phytochemicals can vary widely based on preparation methods,
the use of different study populations and products could be responsible for these
contradictory results.

Several studies providing comparisons between whole products and fractions or
constituents of pomegranate have suggested an additive or synergistic effect with
treatment by whole pomegranate products. In pancreatic cancer cells, PFE treat-
ment was observed to induce cell cycle arrest and inhibited cell proliferation at an
ICsp of 50 pg/mL, while a dose of 25-30 pM (7.55-9.07 pg/mL) produced the same
results with ellagic acid. Given that ellagic acid comprises only 2.7 % of PFE, its
contribution to the effects provided by whole pomegranate extract equates to only
1.35 pg/mL, indicating a minimum fivefold difference in the concentration of EA
required when administered as an isolated compound (Nair et al. 2011). Addition-
ally, a comparison between pomegranate extract and paclitaxel determined that
PFE inhibited cell proliferation more quickly and more effectively than this stan-
dard chemotherapeutic drug (Nair et al. 2011).

Pomegranate juice (PJ) exhibited greater inhibition of proliferation than constit-
uent compounds punicalagin, ellagic acid, and a standardized total pomegranate
extract in a variety of cancer cell lines (Seeram et al. 2005). While all treatments
demonstrated dose-dependent reductions in cell growth, the inhibition provided by
PJ at very low doses was not achievable by other compounds without considerable
increases in dosage. Similarly, a comparison of pomegranate juice (PJ), POMx
(whole extract), punicalagin, and ellagic acid revealed superior antiproliferative
activity of PJ in all three prostate cancer cell lines evaluated (Hong et al. 2008). It is
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important to note that both PJ and POMx were processed from the whole pome-
granate and should therefore provide similar levels of inhibition, but the effects of
POMXx did not approach those of PJ until higher doses were utilized.

An interesting study evaluating antiproliferative activity of individual pome-
granate phytochemicals compared to the whole extract found that while both the
extract and the phytochemicals inhibited proliferation and reduced viability of
mouse mammary cancer stem cells in a time- and dose-related manner, the doses
of phytochemicals were higher than those found in the whole extract. EA inhibited
cell growth with an ICsq of ~7.5 uM (2.27 pg/mL), but its contribution to the ICs, of
PE was 1.35 pg/mL, a difference of 41 %, suggesting that the effect of EA is
enhanced when administered as part of the whole extract (Dai et al. 2010).

Evaluation of the reported effective doses for whole pomegranate extracts versus
ellagic acid provides considerable evidence for synergistic interactions between
naturally occurring phytochemicals in pomegranates. Pomegranate extracts proved
to be effective in doses between 50 and 200 pg/mL, providing an ellagic acid
content between 0.15 and 5.4 pg/mL (Table 4). In contrast, the ICsqs for ellagic acid
were reported to be between 22 and 462 pM, correlating to 6.5-139.6 pg/mL
(Table 3), which are substantially higher, thus lending support to our idea that
greater anticancer activity can be observed with whole foods than with constituents
alone.

2.3 What Tomatoes Truly Bring to the Table: Juicy Facts

According to the United States Department of Agriculture, the average American
consumes more than seventy pounds of tomato products each year, primarily in the
form of sauces and other processed tomato products (Lucier 2011). Numerous
epidemiological studies investigating diet and disease have suggested that con-
sumption of tomato products or the carotenoid lycopene from tomatoes is associ-
ated with a reduced risk of cancer (Campbell et al. 2004; Chan et al. 2006, 2009;
Etminan et al. 2004; Giovannucci et al. 2007). Multiple analyses of the prospective
Health Professional’s Follow-up Study has uncovered an inverse relationship
between tomato product intake and prostate cancer (PC) suggesting a significantly
lower risk of PC for subjects who consumed two to four servings of tomato sauce
per week (Giovannucci et al. 2007). A more recent report from a prospective
hospital-based multicenter case—control study also demonstrated an inverse rela-
tionship between tomato/tomato products and PC (Salem et al. 2011). Additionally,
tomato was found to significantly reduce the odds ratio of pancreatic cancer (Jansen
et al. 2011). While no causality has been proven, the available data collectively
support the idea that consumption of tomatoes and tomato products containing
lycopene may have anticarcinogenic activity. Mounting evidence from cellular and
animal studies in addition to human clinical trials seems to validate the continued
research into this commonly consumed food. While variations exist dependent on
cultivar, growing conditions, and processing, tomatoes contain carotenoids,
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flavonoids, and other important phytochemicals like phytoene, phytofluene, beta-
carotene, lycopene, quercetin, kaempferol, and vitamins (Capanoglu et al. 2008).
As observed with apples and pomegranates, the presence and concentration of
compounds can be vastly different in the flesh as opposed to the skin of tomatoes
and inclusion of the tomato skin and seeds is important to the phytochemical
content, antioxidant potential, and the associated anticancer properties (Capanoglu
et al. 2008).

2.3.1 Lycopene: The Red Carotenoid

Much of the early tomato research focused on lycopene, a fat-soluble carotenoid
providing the red pigment found in red tomatoes, watermelon, and other fruits
(Kelkel et al. 2011). There is agreement that lycopene is a powerful antioxidant,
often referred to as the most efficient carotenoid quencher of singlet oxygen
(Di Mascio et al. 1989). In addition to antioxidant properties, lycopene displays
potent anticancer activity including inhibition of cell growth, anti-inflammatory
effects, cell cycle arrest, and alteration of cell signaling pathways (Kelkel
et al. 2011). Interestingly, absorption of lycopene is affected by cooking as heat
processing results in higher levels of cis-lycopene, the form found in human
plasma, as opposed to the trans configuration dominant in fresh tomatoes (Tan
et al. 2010). Raw tomatoes have an estimated lycopene concentration of 8.8—42 pg/
g, whereas the range for tomato juice and tomato sauce is 86—100 and 63—131 pg/g,
respectively (Russo et al. 2010). The bioavailability of lycopene can also be
increased with the addition of lipids to the processing or ingestion of tomato
products (Tan et al. 2010). However, there seems to be a maximum level of
absorption regardless of the dose administered, suggesting the presence of saturable
absorptive mechanisms (Diwadkar-Navsariwala et al. 2003). Keeping these factors
in mind, cellular, animal, and human studies have provided considerable evidence
for chemoprevention by lycopene.

Lycopene has been shown to significantly inhibit the proliferation of prostate,
liver, lung, breast, and colon cancer cell lines with inhibition of at least 50 % cell
growth for doses between 1.3 and 50 pM, concentrations that are well above the
reported serum lycopene concentration of 0.34 and 0.65 pM achievable upon acute
lycopene supplementation (Burgess et al. 2008; Diwadkar-Navsariwala et al. 2003;
Hwang and Bowen 2005a, b; Hwang and Lee 2006; Koh et al. 2010; Salman
et al. 2007; Tang et al. 2008; Palozza et al. 2010; Takeshima et al. 2014; Asmah
Rahmat et al. 2002). Lycopene may exert more suppressive activity in androgen-
independent prostate cancer cells as demonstrated by ICsps of 26.6 and 40.3 pM
compared to 168.5 pM for an androgen-dependent cell line (Tang et al. 2005).
These studies are summarized in Table 5. However, several limitations exist in
assessing the in vitro efficacy of tomato products containing lycopene as they are
particularly sensitive to light, oxygen, and temperature in addition to their incom-
patibility as hydrophobic molecules in aqueous culture media (Ford et al. 2011;
Hwang and Bowen 2005a).
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Table 5 Antiproliferative activity of lycopene or tomatine

Tomato Reported IC5o | Concentration
phytochemical Cell line (1M) (in pg/mL) Citations
Lycopene Breast MCF-7 42.8 22.9 Takeshima
et al. (2014)
Lycopene Breast SK-BR-3 |41 22 Takeshima
et al. (2014)
Lycopene Breast 41.7 224 Takeshima
MDA-MB-468 et al. (2014)
Lycopene Breast H-Ras 1.3 0.698 Koh et al. (2010)
MCF10A
Lycopene Breast 134 7.19 Koh et al. (2010)
MDA-MB-231
Lycopene Colon HT-29 10 5.37 Tang
et al. (2008)
Lycopene Prostate DU-145 | 26.6 14.28 Tang
et al. (2005)
Lycopene Prostate PC-3 40.3 21.64 Tang
et al. (2005)
Lycopene Prostate LNCaP | 168.5 90.46 Tang
et al. (2005)
Lycopene Liver HepG2 424 22.8 Rahmat
et al. (2002)
Lycopene Breast 21 11.3 Rahmat
MDA-MB-231 et al. (2002)
a-Tomatine Liver HepG2 41.6 43 Friedman
et al. (2009)
a-Tomatine Breast MCF-7 4.9 5.1 Friedman
et al. (2009)

Animal experiments have reinforced the link between lycopene and reduced risk
of carcinogenesis. Androgen-independent xenograft prostate tumor growth rate in
rats was significantly reduced from ~50 to 76 % by oral ingestion of lycopene with a
correlating reduction in tumor volume of ~43-81 % for doses between 10 and
300 mg/kg (Tang et al. 2005). Oral consumption of lycopene has also been found to
inhibit hepatoma tumor metastasis and reduce colon cancer tumor growth in nude
mice models in addition to upregulating antioxidant and immune system activity in
a gastric cancer rat model (Huang et al. 2008; Luo and Wu 2011; Tang et al. 2011).
Human clinical studies of lycopene are under way and a number of these studies
investigating lycopene’s purported anticancer benefits will likely provide valuable
information regarding absorption, disposition, and any chemopreventive or thera-
peutic properties of lycopene.

The anticarcinogenic properties of tomatoes have also been attributed to flavo-
noids, which have individually displayed antiproliferative effects but when com-
bined with other flavonoids the effects were far more striking, strongly suggestive
of additive interactions between these phytochemicals (Campbell et al. 2004;



Phytocomplexity: The Key to Rational Chemoprevention 57

2006). Another line of research investigated the tomato glycoalkaloid referred to as
tomatine, found in green tomatoes, with promising initial results (Friedman
et al. 2009).

2.3.2 Whole Tomatoes: The Ripened Efficacy

A 2007 review of earlier clinical trials concluded that while lycopene containing
tomato products are significantly beneficial, the effects are not the result of lyco-
pene exclusively, but rather the combination of phytochemicals and other compo-
nents in the whole tomato (Basu and Imrhan 2007). Research on whole tomatoes
and the phytocomplexity found naturally in tomatoes has provided support for this
conclusion. As observed with other foods reviewed here, the results have suggested
that superior benefits may be realized by utilizing the whole tomato (Fig. 3) as
opposed to selectively using only one component.

Colon adenocarcinoma cell growth was inhibited and apoptosis induced in a
dose-dependent manner by tomato digestate from in vitro simulated digestion of a
tomato genetically engineered to be f-carotene rich (Palozza et al. 2009). A dose of
100 mL/L of tomato digestate inhibited cell growth by 55 %. This dose corresponds
to a P-carotene concentration of 0.08 pM, but when purified p-carotene was
compared in an identical assay, doses as high as 10 uM did not inhibit cell growth
as effectively as tomato digestate, suggesting the involvement of other compounds
or processes (Palozza et al. 2009). LycoC, a lycopene phytocomplex with 6 %
purified lycopene, inhibited HL60 leukemia cells at concentrations between 10 and
25 pM which corresponds to a lycopene concentration of 0.6—-1.5 pM (Ettorre
et al. 2010). Explorations of extraction methods and cytotoxity in HT29 colon
cancer cells determined the ICsos of 62.5 pg/mL for the petroleum ether extract and
87.0 pg/mL for an in vitro digested tomato extract (Guil-Guerrero et al. 2011). In
another study, Bhaumik et al. have performed cell growth inhibition studies
employing a variety of tomato extracts prepared in various solvents including
methanol, ethanol, acetone, and chloroform against HeLa cells. Results from this
study revealed that these tomato extracts exhibited moderate efficacy with 1Cs,
values ranging from 57 to 69 pg/mL (Bhaumik 2014).

A comparison of the effects on human sera of ingestion of lycopene-rich red
tomatoes (RTS), lycopene-free yellow tomatoes (YTS), and purified lycopene
(LYS) confirmed similar lycopene concentrations in RTS and LYS sera, but
produced some surprising results in terms of anticarcinogenic gene expression
(Talvas et al. 2010). While increases in beneficial gene expression were observed
in RTS and YTS, decreases of anticarcinogenic and increases of pro-carcinogenic
gene expression were revealed with evaluation of LYS sera samples, suggesting
that the food matrix in whole tomatoes may provide positive benefits and modulate
negative effects. While cell proliferation was unaffected by any of the samples at
physiological levels, it may be important to note that cells in this experiment were
exposed to the human subject sera for only 24 h while a number of other studies
have utilized 48 h or longer exposures (Talvas et al. 2010).
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Phytochemical
Synergy

1. Kaempferol

2. Beta-carotene
3. Lycopene

4. Quercetin

5. Phytofluene

6. Phytoene

Fig. 3 Tomato is to salsa as phytocomplexity is to well-being: The excellent chemotherapeutic
and chemopreventive benefits offered by a whole tomato are the result of phytochemical synergy
activated when its constituents including kaempferol, p-carotene, lycopene, quercetin,
phytofluenes, phytoenes, etc., fit together as pieces in a puzzle

Not all investigations into the anticancer properties of tomatoes have focused on
lycopene. Research of the isolated green tomato glycoalkaloid tomatine revealed
growth inhibition of stomach, liver, colon, and breast cancer cell lines when treated
with purified a-tomatine. Inhibition was also observed in normal liver cells. When
extracts of a variety of green tomatoes were tested, a number of them were also
found to inhibit these cell lines. A comparison of the ICsgs for purified tomatine and
the quantities of tomatine in the green tomato extracts suggests that the blend of
glycoalkaloids found in these tomatoes is more effective than the individual
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Table 6 Antiproliferative activity of tomato extract
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Reported 1Cs,
(pg/mL) of

Contribution of
phytochemical to
1Cso (pg/mL) of whole

Substance evaluated | Cell line tomato product | tomato extract
Lycopene Citations
LycoC (6 % Leukemia |5.37-13.4 0.32-0.8 Ettorre
lycopene) HL60 et al. (2010)
Petroleum ether Colon 62.5 0.0146 Guil-Guerrero
extract of tomato HT-29 et al. (2011)
Tomato digestate Colon 87 0.0204 Guil-Guerrero
HT-29 et al. (2011)
Ethanolic extract of | Cervical 68.2 3.75 Bhaumik
tomato HeLa et al. (2014)
a-Tomatine
Sancheri, small Liver 12.3 0.00386 Friedman
green HepG2 et al. (2009)
Sancheri, medium Liver 3.2 0.0003456 Friedman
green HepG2 et al. (2009)
Sancheri, large Liver 1 0.0000575 Friedman
green HepG2 et al. (2009)
Yoyo, green tomato | Liver 0.8 0.0000664 Friedman
HepG2 et al. (2009)
Chobok Power, Liver 0.2 0.0000231 Friedman
small green HepG2 et al. (2009)
Rokusanmaru, Liver 0.9 0.0000842 Friedman
small green HepG2 et al. (2009)
Sancheri, small Breast 377 0.118 Friedman
green MCE-7 et al. (2009)
Sancheri, medium Breast 0.33 0.0000356 Friedman
green MCEF-7 et al. (2009)
Sancheri, large Breast 241 0.0139 Friedman
green MCF-7 et al. (2009)
Yoyo, green tomato | Breast <0.1 0 Friedman
MCEF-7 et al. (2009)
Chobok Power, Breast 18.7 0.00216 Friedman
small green MCE-7 et al. (2009)
Rokusanmaru, Breast 9 0.000842 Friedman
small green MCF-7 et al. (2009)

Lycopene is present at an abundance of 0.88-5.5 % in whole tomato extract
Tomatine abundance in these extracts varied and is listed in Table 2 of Friedman 2009

component. Results for HepG?2 liver cancer cells and MCF-7 breast cancer cells are
shown in Tables 5 and 6.

Animal studies have also provided evidence of an additive effect in whole
tomato products as opposed to single components. Rats fed with whole tomato
powder experienced longer prostate cancer-free survival when compared to those
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fed with lycopene beadlets, even though the concentration of lycopene was nearly
twelve times higher in the beadlets (Boileau et al. 2003). Intriguingly, comparison
of lycopene concentrations in plasma showed higher levels in rats fed with lyco-
pene, but the levels were not twelve times higher, suggesting better uptake from the
tomato powder and possible synergy from the combination of phytochemicals in
tomatoes (Boileau et al. 2003). In direct contradiction to these findings, a similar
study reported in 2010 failed to replicate this result, indicating instead that mice fed
with the lycopene beadlets experienced a lower incidence of prostate cancer. A
plausible explanation of the discrepancy may be provided by the composition of the
tomato products as this experiment used a tomato paste product produced without
the skin and seeds while the earlier investigation used a tomato powder comprised
of the whole tomato (Konijeti et al. 2010).

To gain further insights into synergy between phytochemicals in tomatoes,
several studies have been performed using modified tomato products. FruHis, a
carbohydrate derivative found in dehydrated tomato products, was found to display
robust synergy with lycopene both in vitro and in vivo (Mossine et al. 2008).
Although tumor incidence was reduced in rats fed with tomato paste or tomato
powder, longer survival was seen in rats fed with tomato paste supplemented with
FruHis (Mossine et al. 2008). A dietary supplement of tomato powder processed to
provide ketosamine and maximize flavonoids and carotenoids showed significant
chemopreventive efficacy in transgenic adenocarcinoma of the mouse prostate
(TRAMP) mice (Pannellini et al. 2010). Control diet enhanced with 10 % tomato
powder displayed lower incidence of poorly differentiated carcinoma, delayed
progression to adenocarcinoma, and significantly increased survival time. This
study indicates that a tomato-rich diet is effective in preventing prostate cancer in
TRAMP mice, which suggests prevention with tomato products may also be
possible in humans (Pannellini et al. 2010). Significantly reduced numbers of
altered hepatic foci were observed in rats fed with diets containing equal amounts
of lycopene in either a pure compound or tomato extract, although gene expression
indicated different mechanism may have been involved (Wang et al. 2010).

A frequently reported human trial of 32 diagnosed prostate cancer patients
involving increased tomato sauce intake for 3 weeks prior to prostatectomy resulted
in decreased prostate-specific antigen levels and increased serum and prostate tissue
levels of lycopene (Bowen et al. 2002; Chen et al. 2001; Kim et al. 2003;
Stacewicz-Sapuntzakis and Bowen 2005). Another small clinical trial asking
newly diagnosed prostate cancer patients to consume lycopene capsules for
3 weeks prior to surgery concurred, demonstrating decreased PSA levels and less
tumor growth than control patients. This study is particularly relevant because these
capsules were comprised of lycopene in the tomato matrix including other bioactive
compounds (Kucuk et al. 2001, 2002). While these results are intriguing, these
studies were very small and conducted in patients with known disease providing no
information regarding prevention of primary cancer.
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A 2010 review by Tan et al. confirms the need for more research, but contrary to
the common reductionist approach of extracting the most effective single com-
pound, it was proposed that the development of a tomato-based food product with a
consistent phytochemical profile should be the goal of cancer prevention efforts
(Tan et al. 2010). Additionally, they believe this can best be accomplished by an
interdisciplinary approach utilizing horticulturalists, food scientists, cancer biolo-
gists, and clinical investigators (Tan et al. 2010).

2.4 Many Heads Are Better Than One: Phytochemicals
in Broccoli florets Synergize to Energize

Cruciferous vegetables (CV), named for the cross-shaped appearance of their
flowers, are a rich source of organosulfur compounds that give these vegetables
their signature aroma and taste and are believed to be the phytochemicals respon-
sible for the observed anticancer properties (Higdon et al. 2007). Cabbage, Brussels
sprouts, watercress, radish, and broccoli are some examples of these vegetables that
are common to human diets over most of the world. The relationship between the
intake of cruciferous vegetables and various cancers generally indicates an inverse
association, particularly when comparisons are made between the highest and
lowest intake groups (Lam et al. 2009). While a number of epidemiological studies
have reported a lower incidence of cancers for those people who eat the most
cruciferous vegetables, many studies have been inconclusive. Given the inherent
difficulties of prospective and case—control studies, this is not surprising and serves
to highlight the need for better methods of evaluation. Analysis of CV can be
problematic due to several known genetic polymorphisms of the glutathione
S-transferase (GST) family of enzymes that are key in isothiocyanate processing
(Herr and Buchler 2010; Kim and Park 2009; Latte et al. 2011). It is likely that this
is not an isolated problem and may factor into the assessment of many fruits and
vegetables (Lampe 2009a).

Epidemiological evidence seems to support the refrain of mothers to “eat your
broccoli” and has been followed up with considerable research seeking to find the
individual molecule with the most health benefits. Cruciferous vegetables provide a
bountiful supply of bioactive phytochemicals working together to provide syner-
gistic health benefits (Fig. 4). In addition to organosulfur compounds from
glucosinolates (GS), carotenoids and polyphenolic flavonoids kaempferol and
quercetin are also represented (Moreno et al. 2006). The concentrations of these
compounds differ widely between the different types of CV and different cultivars,
with even more variability for growing conditions and harvest times (Bjorkman
et al. 2011). Found primarily in crucifers, GS are biologically inactive until
hydrolyzed by myrosinase, a heat-inactivated enzyme segregated from GS in the
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Phytochemical

Synergy

1. Indole-3-carbinol 2. Gl hanin 3. lIsothiocyanate group 4. Sulforapt 5. 3,3"-Diindolyl
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Fig. 4 Broccoli: What'’s not to like? Every puzzle has a solution and one of Nature’s cleverest
solutions is Broccoli. The isothiocyanates, sulforaphane, indole-3-carbinol, glucoraphanin,
3,3'-diindolylmethane, and broccoli constituents are assembled together in defined ratios making
broccoli the “superfood” with utmost therapeutic benefits

plant that is released upon mechanical disruption of cells (Vasanthi et al. 2009; Herr
and Buchler 2010). The resulting indole isothiocyanates and isothiocyanates (ITC)
include idole-3-carbinol (I3C), 3,3’-diindolylmethane (DIM), benzyl isothiocya-
nate (BITC), phenethyl isothiocyanate (PEITC), and sulforaphane (SF) (Moreno
et al. 2006).

Studies investigating these individual phytochemicals have provided a wealth of
information. Proliferation of cancer cell lines representing breast, colon, liver, and
androgen-dependent prostate was inhibited by I3C at a wide range of ICss between
5 and 300 pM (Mossine et al. 2008; Wang et al. 2012; Pappa et al. 2006; Saw
et al. 2011). DIM inhibition of cell proliferation was achieved with IC50s between
8 and 60 pM for breast, prostate, colon, and liver cancer cell lines (Jin 2011; Wang
etal. 2012; Cho et al. 2011; Pappa et al. 2006; Saw et al. 2011). In vitro research of
BITC and PEITC has been less common but colon cancer cell growth was
suppressed by 50 % with doses of 5.1 and 2.4 pM, respectively, and also in a
separate experiment by PEITC in a range of doses between 7.1 and 10.0 pM (Pappa
et al. 2006; Visanji et al. 2004). PEITC was also effective against liver cancer cells
at anlCsq of ~51 pM (Saw et al. 2011). Flavonoids have known anticancer proper-
ties and the flavonoid extract of broccoli leaf inhibited colon, liver, ovarian, and
lung cancer cell lines with ICsgs between 79.77 and 104.43 mg/ml (Wang and
Zhang 2012).

Animal studies have added to the evidence for cancer prevention and treatment
with broccoli constituent phytochemicals. In a tobacco smoke carcinogen-induced
lung adenocarcinoma mouse model, I3C administered in the diet either post-
initiation or during progression demonstrated phase-dependent anticancer proper-
ties with early administration of I3C resulting in reduced multiplicity of micro-
scopic lesions and tumors, while administration during progression decreased the
number of large tumors, inhibiting the development of lung adenocarcinoma while
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seemingly increasing the number of small tumors (Qian et al. 2011). Prostate cancer
progression in TRAMP mice was delayed by adding either DIM or PEITC to the
feed (Cho et al. 2011; Powolny et al. 2011). Intraperitoneal sulforaphane treatment
of breast cancer xenograft tumors in mice resulted in tumors half the size of
untreated mice (Li et al. 2010). Subsequent reimplantation of cells from these
treated tumors failed to generate tumors while untreated cells rapidly developed
tumors suggesting possible targeting of stem cells by sulforaphane. Breast cancer
xenografts were also inhibited by oral ingestion of DIM, resulting in a 60 %
decrease in tumor volume for treated mice (Jin 2011).

2.4.1 Sulforaphane: The Organosulfur Antioxidant

Sulforaphane (SF) has been the most extensively researched of all CV phytochem-
icals with data in a broad range of cancers (Lampe 2009b). It has been shown to
suppress the proliferation of cancer cells of various tissue origins including breast,
ovarian, cervical, glioma, oral, etc. (Chaudhuri et al. 2007; Huang et al. 2012; Jee
etal. 2011; Jin 2011; Sharma et al. 2011; Pawlik et al. 2013). In vitro evaluation of
CV phytochemicals against colon cancer cells revealed potential selectivity by SF
with an ICs( in non-tumorigenic cells approximately double the ICs, for a tumor-
igenic cell line (Zeng et al. 2011). Normal prostate cell proliferation was largely
unaffected by doses up to 15 pM, a dose that induced 2.5 times the caspase activity
in prostate cancer cells. Additional evidence of selectivity was provided in normal
lymphocytes as doses of sulforaphane as high as 100 uM failed to decrease the
viability of these cells (Sharma et al. 2011). Two studies exploring SF antiproli-
ferative efficacy in bladder cancer determined ICsos from 6.6 to 26.9 pM depending
on cell line and time of treatment (Shan et al. 2006; Tang et al. 2006). These results
are summarized in Table 7.

Research of a combination treatment using sulforaphane and DIM provided
some contrasting results with dose-dependent antagonism or synergy. At physio-
logically relevant low doses, the combination proved to be antagonistic while high
doses appeared to be additive or weakly synergistic (Pappa et al. 2007). Higher
concentrations of CV components were required to reduce liver cancer cell growth
as SF and PEITC had IC5gs ~20 pM, while doses of ~51 and ~135 pM were needed
for DIM and I3C (Saw et al. 2011). Interestingly, synergistic induction of antiox-
idant response elements (ARE) was observed in some, but not all, combinations of
indoles and isothiocyanates. Further investigations, including comparisons with
whole extracts, may provide insight into the results of these studies.

Clearly, the individual phytochemicals present in cruciferous vegetables have
potential as chemopreventive and therapeutic compounds. The narrow focus and
contradictory results provided by these studies leave many questions, some of
which may be answered by evaluating whole extracts for anticancer activity.
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Table 7 Antiproliferative activity of sulforaphane

Reported ICsq Concentration (in pg/
Cell line (M) mL) Citations
Bladder UM-UC-3 6.6 1.170 Tang et al. (2006)
Bladder T24 15.9 2.819 Shan et al. (2006)
Glioma GBM 8401 35.52 6.297 Huang et al. (2012)
Colon 40-16 (HCT116 6.6 1.170 Pappa et al. (2006)
derived)
Colon 379.2 (HCT116 6.8 1.206 Pappa et al. (2006)
derived)
Liver HepG2-C8 20 3.546 Saw et al. (2011)
Oral tongue carcinoma 3 5.319 Jee et al. (2011)
YDI10B
Ovarian SKOV3 40 7.092 Chaudhuri

et al. (2007)

Breast SUM159 10 1.773 Li et al. (2010)
Breast MCE-7 16 2.837 Li et al. (2010)
Breast MDA MB 231 21 3.72 Pawlik et al. (2013)
Breast MCF-7 19 3.369 Pawlik et al. (2013)
Breast MDA MB 468 20 3.546 Pawlik et al. (2013)
Breast SKBR-3 25 4432 Pawlik et al. (2013)

2.4.2 Eat Your Whole Broccoli

A screening of 34 common vegetables indicated that cruciferous vegetables dem-
onstrated some degree of selective inhibition in all tumor cell lines tested (Boivin
et al. 2009). Tissue-specific differences in sensitivity were apparent with prostate
and stomach cancer cells being most sensitive followed by kidney, pancreatic, and
lung cancer cells. Interestingly, the antiproliferative activity seemed to be discon-
nected from the antioxidant capacity, which led the authors to conclude that
multiple mechanisms, essentially driven by phytocomplexity, were at work to
confer optimal efficacy to whole broccoli extract. Colon cancer cell proliferation
was inhibited by raw extracts of Brussels sprouts and broccoli while a raw extract of
watercress provided significant DNA damage protection and invasion inhibition
(Boyd et al. 2006; Ferrarini et al. 2012; Smith et al. 2005). A broccoli sprout extract
(BSE) prepared to maximize isothiocyanate content was observed to inhibit prolif-
eration of human bladder cancer cells with an ICsy of 6.8 pM while purified
sulforaphane exhibited similar inhibition with an ICs5y of 6.6 pM, leading the
authors to conclude that the antiproliferative effects of BSE were due solely to
isothiocyanates (Tang et al. 2006). However, other phytochemicals such as flavo-
noids could play a part in anticancer effects and a full analysis of the extract could
provide critical information regarding the phytocomplexity of these compounds
after being subjected to the heat processing involved in creating this extract.
Prostate cancer cell proliferation was inhibited by broccoli sprout extracts with
ICsps equivalent to SF concentrations of 3.3-4.4 pg/mL. Selenium-enriched
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Table 8 Antiproliferative activity of broccoli extract

Material Reported Contribution of sulforaphane to
tested Cell line 1Csp (pg/mL) | ICs( of whole extract (in pg/mL) Citations
Broccoli Lung 81.94 15.73 Yang and
sprout extract | A549 Zhang
(2011)
Ovarian 78.6 15.09 Yang and
OVCAR-3 Zhang
(2011)
Broccoli Prostate 19x dilution 3.51 Abdulah
sprout extract | LNCaP et al. (2009)
Selenium- 32 x dilution 1.75 Abdulah
enriched et al. (2009)
extract
Broccoli Prostate 20x dilution 3.33 Abdulah
sprout extract | PC-3 et al. (2009)
Selenium- 28 x dilution 2.00 Abdulah
enriched et al. (2009)
extract
Broccoli Prostate 15x dilution 443 Abdulah
sprout extract | DU-145 et al. (2009)
Selenium- 30x dilution 1.86 Abdulah
enriched et al. (2009)
extract

Sulforaphane is present at an abundance of 1.15 % in whole broccoli sprout extract

broccoli sprout extracts exhibited ICsps at even lower concentrations between 1.75
and 2 pg/mL (Abdulah et al. 2009). These findings are shown in Table 8.

While a comparison between sulforaphane-induced inhibition and inhibition
produced by whole CV extracts may indicate that SF is largely responsible for
the antiproliferative effects, more research is needed as there are few studies
investigating the anticancer properties of whole extracts of cruciferous vegetables.
However, compelling evidence for the benefits of eating the whole plant can be
found in a number of in vivo studies.

Broccoli has shown benefits in skin cancer prevention with topical application of
broccoli sprout extract to mice skin increasing the induction of phase 2 protective
enzymes (Dinkova-Kostova et al. 2007). In an experimental model intended to
represent human childhood sun exposure, mice chronically exposed to UV radiation
were fed either a control diet or a diet supplemented with broccoli sprout extracts
resulting in significantly fewer and smaller non-melanoma skin tumors in supple-
ment fed mice than mice fed with the control diet (Dinkova-Kostova et al. 2010).
Detoxification enzymes were increased to a similar degree in rats fed with a diet
supplemented either with freeze-dried broccoli containing intact glucosinolates
(GS) or purified sulforaphane (SF) despite a concentration of SF more than double
the concentration of GS (Keck et al. 2003). Additional evidence was provided by
analysis of urinary metabolites, which were threefold greater in rats ingesting
purified SF, thus confirming that induction of antioxidant enzymes was not due
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solely to SF and is likely a result of the inherent phytocomplexity. Rats fed with a
freeze-dried aqueous extract of broccoli sprouts prior to initiation and then through-
out the study experienced significant dose-dependent inhibition of bladder cancer
when compared to the rats ingesting the control diet, making the case for cancer
prevention with cruciferous vegetables (Munday et al. 2008). A crossover experi-
ment of the effects of steamed broccoli consumption in young healthy smokers
indicated a 41 % reduction in DNA damage, while an earlier study comparing
smokers and nonsmokers demonstrated a significant decrease in DNA strand breaks
in broccoli consuming subjects, regardless of smoking status (Riso et al. 2009,
2010). This effect was temporary as levels returned to normal when tested ten days
after discontinuing ingestion of broccoli, emphasizing the need for regular con-
sumption to achieve the observed protective benefits.

Further evidence of the importance of eating whole foods as opposed to supple-
ments of individual compounds is provided by another study, where human subjects
ingesting fresh broccoli sprouts excreted five times more sulforaphane metabolites
and eight times more erucin metabolites when compared to subjects consuming a
broccoli supplement (Clarke et al. 2011). Components in the food matrix, for
example, myrosinase, are critical for absorption and are often not found in supple-
ments. Glucosinolate derivatives crambene, PEITC, and I3C demonstrated some
degree of efficacy on the induction of detoxification enzymes, but they were
considerably more potent when administered in various combinations (Nho and
Jeffery 2001; Staack et al. 1998; Wallig et al. 1998). Additional research to
determine if the induction of these enzymes resulted in chemoprevention concluded
that high doses of a crambene and I3C combination were protective, while relevant
low dietary doses were not effective (Wallig et al. 2005). Such data from combi-
nation experiments highlight the need for additional research with regard to
phytocomplexity.

2.5 Ginger, The Intricate Spice: Spike Your Health
with a Zing

The rhizome of Zingiber officinale, commonly known as ginger, is widely con-
sumed as a spice worldwide and commonly employed as medicine, but is not a
substantive part of most human diets. Ginger is believed to have been cultivated and
used in food and medicine for over 5000 years by humans living in India and China
and has now become common over most of the world (Bode and Dong 2011). It has
diverse uses, from aphrodisiac to anti-arthritic food spice to anti-inflammatory
agent with most applications related to gastrointestinal issues like nausea (Baliga
et al. 2011). More recently, the anticancer properties of ginger have been reported
through in vitro and in vivo studies and extensive efforts have been made to
discover the individual phytochemicals with the most activity against cancer
including investigations of gingerols, shogaols, paradols, and zingerones (Baliga
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et al. 2011; Peng et al. 2012). Further efforts have been made to elucidate the
mechanisms by which ginger induces phase 2 enzymes and apoptosis in addition to
inhibiting angiogenesis, metastasis, cell cycle progression, and posttranslational
modification (Butt and Sultan 2011).

2.5.1 Ginger Phenolics: Bullets With Multiple Targets

The majority of in vitro studies investigating the anticancer efficacy of one or more
of the individual ginger phytochemicals reveal that gingerols and shogaols are the
most effective ginger phenolics. Of all the ginger phenolics, 6-gingerol (6G),
8-gingerol (8G), 10-gingerol (10G), and 6-shogaol (6S) have been extensively
studied so far. Among the gingerols, 6G is the most abundant in fresh ginger and
seems to possess potent anticancer activity including antioxidant, anti-
inflammatory, and antiproliferative actions (Baliga et al. 2011; Oyagbemi
et al. 2010). While present in fresh ginger in smaller amounts, 6S is plentiful in
dried and heat-treated ginger and has proven to be equally if not more effective than
6G as an anticancer agent in many studies (Baliga et al. 2011; Peng et al. 2012;
Rhode et al. 2007; Sang et al. 2009; Weng et al. 2010). Both 6G and 6S have been
shown to inhibit invasion, cell adhesion, and migration and 6G also has efficacy
against metastasis and angiogenesis (Peng et al. 2012; Rhode et al. 2007; Weng
et al. 2010; Weng and Yen 2012). Inhibition of cell proliferation by 6G has been
demonstrated in cervical, liver, skin, colon, pancreatic, and lung cancer cell lines
with ICsqs between 50 pM and 400 pM (Cheng et al. 2011; Kim et al. 2008; Nigam
et al. 2009; Park et al. 2006; Sang et al. 2009; Yang et al. 2010). Greater efficacy has
been reported with 6S in cervical, liver, colon, and lung cancer cells as well as in
prostate, nasopharyngeal, neuroblastoma, and oral cancer cell lines with a much
lower range of ICsq values from 3.7 to 100 pM (Table 9) (Chen et al. 2010; Cheng
et al. 2011; Gan et al. 2011; Hung et al. 2009; Peng et al. 2012; Sang et al. 2009).

In vivo investigations of the individual ginger phytochemicals have revealed
anticancer activity against skin, lung, liver, breast, cervical, bladder, and colorectal
cancers (Baliga et al. 2011; Butt and Sultan 2011). Skin cancer development was
delayed and the incidence, multiplicity, and volume of tumors were reduced by
topical application of 6G, although the anticancer effects of GS were more pro-
nounced when compared to 6G (Nigam et al. 2010; Park et al. 1998; Wu
et al. 2010). Lung cancer metastasis was considerably suppressed by 6-gingerol
as evidenced by a significant reduction in the number of metastatic colonies (Kim
et al. 2005). Treatment with 6G resulted in reduced colon tumor volume and
significantly longer survival of the treated mice (Jeong et al. 2009).

2.5.2 Ginger Extract: Whole Is Greater Than the Sum of Its Parts

As observed with other foods reviewed here, very little research has been conducted
that directly compares individual phytochemicals to the whole plant. However,
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Table 9 Antiproliferative activity of ginger phenolics

Reported ICs Concentration (in pg/

Cell line (in pM) mL) Citations
6-Gingerol
Pancreas BxPC-3 405.3 119.3 Park et al. (2006)
Pancreas HPAC 387.4 114 Park et al. (2006)
Cervical HeLa >50 Cheng

et al. (2011)
Colon HCT15 30.05 30.05 Kim et al. (2008)
Liver HepG2 304.27 89.6 Yang et al. (2010)
Lung A549 17.43 17.43 Kim et al. (2008)
Lung H-1299 150 44.2 Sang et al. (2009)
Oral OC2 74.2 21.8 Chen et al. (2010)
Ovarian SK-OV-3 15.72 15.72 Kim et al. (2008)
Skin A431 300 88.3 Nigam

et al. (2009)
Skin SK-MEL-2 20.94 20.94 Kim et al. (2008)
6-Shogaol
Colon HCT116 4.3 1.19 Gan et al. (2011)
Colon HCT15 1.76 1.76 Kim et al. (2008)
Liver BEL 7404 11.8 3.26 Peng et al. (2012)
Lung A549 1.47 1.47 Kim et al. (2008)
Lung A549 22.9 6.33 Peng et al. (2012)
Lung A549 554 1.53 Hung et al. (2009)
Lung H-1299 8 2.21 Sang et al. (2009)
Neuroblastoma 3.7 1.02 Gan et al. (2011)
SH-SYS5Y
Oral OC2 15.6 431 Chen et al. (2010)
Ovarian SK-OV-3 1.05 1.05 Kim et al. (2008)
Prostate PC-3 100 27.64 Peng et al. (2012)
Respiratory CNE 43.8 12.11 Peng et al. (2012)
Respiratory KB 7.4 2.05 Peng et al. (2012)
Skin SK-MEL-2 1.13 1.13 Kim et al. (2008)

evaluations of whole ginger extracts have provided valuable information regarding
the potent anticancer activity of the whole food. Ginger extract was found to induce
dose-dependent inhibition of cell proliferation and apoptosis in HEp-2 (HeLa
derived) cells at an ICsy dose of 900 pg/mL by means of increased superoxide
production (Vijaya Padma et al. 2007). Three ovarian cancer cell lines (SKOV3,
A2780, and ES-2) and a line of untransformed human ovarian surface epithelium
(HOSE) cells were treated with whole ginger extract resulting in significant growth
inhibition of the cancer cells at doses under 50 pg/mL, while the HOSE cells were
relatively unaffected even at double the dose (Rhode et al. 2007). Interestingly,
aqueous extract of ginger (GAE), devoid of gingerols and shogaols, decreased
in vitro cell viability and induced apoptosis with ICsps of 239.4 and 253.4 pg/mL
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in human lung and cervical cancer cells respectively, emphasizing the anticancer
potential of other less-abundant components in whole ginger (Choudhury
et al. 2010). Antiproliferative studies against breast cancer cell lines involving
different ginger varieties revealed that the ginger variety (rthizomes) grown under
elevated CO2 concentration exhibited the highest anticancer and antioxidant activ-
ities against MCF-7 and MDA-MB-231 cells (Rahman et al. 2011). These findings
are represented in Table 10.

Animal studies with whole ginger have contributed to the case for whole foods
rather than components. Significant inhibition of the expression of skin tumor
promotion markers, considerably lower incidence of skin papillomas, and a dose-
dependent decrease in tumor multiplicity and burden were demonstrated in mice
treated with whole ginger extract (Katiyar et al. 1996). Ginger extract fed ad libitum
in the water of SHN virgin mice delayed mammary tumorigenesis and reduced the
incidence of tumors (Nagasawa et al. 2002). An exploration of the efficacy of oral
administration of GE against colon cancer initiation and progression in rats resulted
in no tumors in the group representing the initiation phase and only one rat in ten
developed a tumor in the post-initiation group suggesting a possible role for GE in
the prevention and treatment of colon cancer (Manju and Nalini 2005; Manju
et al. 2006). Ginger extract ingestion was also shown to significantly decrease
early indicators of hepatocarcinogenesis, providing protection from liver cancer
in male Wistar rats (Habib et al. 2008; Mansour et al. 2010; Yusof et al. 2008).

Recently, we have conducted a comprehensive evaluation of ginger extract for
the prevention and treatment of prostate cancer in our laboratory (Brahmbhatt
etal. 2013; Gundala et al. 2014; Karna et al. 2012; Mukkavilli et al. 2014). Treating
five cancer cell lines and two normal cell lines revealed selective inhibition of
proliferation, cell cycle arrest, and apoptosis induction. The reported effective
range for 6G is 300—400pM (88—-177 pg/ml), but in this study using whole ginger,
the amount of 6G in the ICsq dose is only 5.38 pg/ml (18 pM), suggesting that 6G is
likely not the only active ingredient and that there may be synergistic reactions
between constituent phytochemicals (Karna et al. 2012). In further investigations of
this concept, individual phytochemicals from ginger were compared, including 6G,
8G, 10G, and 68, separately and in a variety of combinations with each other and
with whole ginger extract. Significant antiproliferative synergy was observed in a
number of these combinations, suggesting that a focus on optimal combinations of
phytochemicals may provide greater anticancer benefits than the current reduction-
ist thinking of isolating the most active phytochemical (Brahmbhatt et al. 2013). An
analysis of available data for in vitro proliferation studies provides a striking
contrast between the ICso doses of 6G and 6S and their estimated equivalent dose
as part of a whole ginger extract. When cells were treated with 6G alone, the
average required dose was 37.3 pg/mL, but as a percentage of the ICsy dose of
whole ginger, only 2.5 pg/mL are present in the extract, a 15-fold difference. As a
more effective inhibitor of cell growth the results for 6S are not as dramatic, but the
average ICs of 4.53 pg/mL is threefold higher than the 1.39 pg/mL concentration
available in whole ginger (Brahmbhatt et al. 2013). This study revealed that not
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Table 10 Antiproliferative activity of whole ginger extract

S.R. Gundala et al.

Contribution

towards
efficacy of
whole ginger
extract
Reported ICs (in pg/mL)
Material tested Cell line (in pg/mL) 6G 6S Citations
Aqueous whole extract | Cervical 253.4 3.73 |2.06 | Choudhury
(lacks G & S) HeLa et al. (2010)
Whole Liver Hep-2 | 900 13.24 |7.33 | Vijaya Padma
et al. (2007)
Aqueous whole extract | Lung A549 239.4 3.52 |1.95 |Choudhury
(lacks G and S) et al. (2010)
Whole (Fulbaria) Breast 52 0.77 [0.42 |Rahman
MCEF-7 et al. (2011)
Whole (Syedpuri) Breast 47 0.69 [0.38 |Rahman
MCF-7 et al. (2011)
Whole-high CO, Breast 34.8 0.51 |0.28 |Rahman
(Fulbaria) MCEF-7 et al. (2011)
Whole-high CO, Breast 25.7 0.38 |0.21 |Rahman
(Syedpuri) MCEF-7 et al. (2011)
Whole (Fulbaria) Breast 62.8 0.92 |0.51 |Rahman
MDA-MB- et al. (2011)
231
Whole (Syedpuri) Breast 38.8 0.57 |0.32 |Rahman
MDA-MB- et al. (2011)
231
Whole-high CO2 Breast 32.53 0.48 |0.26 |Rahman
(Fulbaria) MDA-MB- et al. (2011)
231
Whole-high CO2 Breast 30.2 0.44 |0.25 |Rahman
(Syedpuri) MDA-MB- et al. (2011)
231
Whole Prostate C4-2 | 523 7.69 |4.26 |Karna
et al. (2012)
Whole Prostate 240 3.53 |1.95 |Karna
C4-2B et al. (2012)
Whole Prostate 95 1.40 |0.77 |Karna
LNCaP et al. (2012)
Whole Prostate 250 3.68 |2.04 |Karna
PC-3 et al. (2012)

G gingerols, S shogaols

6-gingerol and 6-shogaol are present at an abundance of 1.47 % and 0.84 % in whole ginger

extract, respectively

only do these phenolics exhibit synergistic and additive interactions among them-
selves, but also show similar effects when GE was further enriched with each

of them.
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This observation further led to our investigation of in vivo synergy among ginger
biophenolics (Gundala et al. 2014). It was clearly evident that 6G, 8G, 10G, and 6S
were not the only ones contributing toward GE’s efficacy, but the remaining
partners also exhibit synergistic and/or additive interactions to impart remarkable
efficacy to GE. Our data demonstrated the existence of in vivo interactions among
GE phytochemicals as evidenced by the tumor growth-inhibiting efficacy of GE
(~68 %) compared to that of an artificial mixture, Mix (~28 %), comprised 6G, 8G,
10G, and 6S in the same ratios as they exist in their natural form (Gundala
et al. 2014). The superior efficacy of GE by 40 % unmasked other partners that
contribute toward GE’s remarkable activity in addition to 6G, 8G, 10G, and 6S.
Further confirmation of this hypothesis was observed upon testing the sub-fraction
of ginger extract called GE-Mix that lacked the four bioactive components, for its
in vivo anticancer efficacy (Gundala et al. 2014). Surprisingly, GE-Mix showed
~35 % inhibition of tumor growth indicating that the less known partners other than
6G, 8G, 10G, and 6S also possess significant anticancer potential. Furthermore,
pharmacokinetic (PK) profiling of the four GE components upon oral administra-
tion of 250 mg/kg of GE or Mix revealed that there were multiple Cy,,x peaks
observed in the evaluation of GE (Gundala et al. 2014). This multiple peaking
phenomenon, often associated with recirculation of compounds from intestine to
systemic circulation after getting eliminated through bile, was not observed when
GE phytochemicals were administered as a Mix. Further, the plasma concentrations
of the four GE components were only transiently observed when consumed in the
Mix form. B-glucuronidase hydrolysis of both plasma and feces samples obtained
post-intravenous administration of pure ginger biophenolics confirmed that the
gingerols reenter the liver via the hepatic portal vein from the intestine for
reabsorption into the systemic circulation, a phenomenon known as enterohepatic
recirculation (EHR). Gingerols when fed as GE mimicked this phenomenon and
thus may aid in the enhanced availability of ginger phenolics at the target sites in
their natural setting (Gundala et al. 2014). This study further emphasizes the
existence of phytocomplexity, where collaborative interplay among GE phyto-
chemicals (Fig. 5) confers maximum therapeutic benefits due to favorable absorp-
tion kinetics and bioavailability. Enzyme inhibition assays revealed that GE is not a
potent inhibitor of the phase I drug metabolizing cytochrome P450 enzymes
(Mukkavilli et al. 2014). Also, GE was found to have no potential herb—drug
interactions, thus rendering it safe for consumption along with other clinical
drugs (Mukkavilli et al. 2014). The observations pertaining possible EHR of
gingerols when delivered in their natural matrix are compelling and provide
impetus to investigate and design novel combinations/dietary supplements for
prostate cancer management.
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1.6-shogaol 2. 6-gingerol 3. Paradol 4.Zerumbone 5. 10-gingerol &. 8-gingerol 7. 1-dehydro-10-gingerdione

Fig. 5 Whole Ginger’s manifold contributions to the cuisine of health: The optimal therapeutic
potential lies in ginger, with its phenolics, including the gingerols, shogaols, paradols, zerumbone,
gingerdiones, and many others, collaborate to puzzle and confound the fatal adversary, i.e., cancer

3 The Whole Truth and Nothing But the Truth:
Significance of Synergy Among Dietary Phytochemicals

It is now understood that a detailed evaluation of the fate of the constituent
phytochemicals and in vivo mechanisms of action upon consumption of whole
foods is required in order to employ whole foods as therapeutic and preventive
agents. Decades of research has indicated that several constituent phytochemicals
of whole foods compete with each other or interact among themselves to attack
specific sites of metabolically active tumors to impart improved efficacy. The
phytocomplexity inherent in whole plant foods and spices requires a shift in the
current paradigm of isolating the individual phytochemicals for their activity.
Additionally, there could be several mechanisms through which these phytochem-
icals act in parallel at the target sites. The existence of synergistic interactions
among phytochemicals has long been known and is intrinsic to the activity of whole
foods. Such synergistic mixtures of phytochemicals naturally present in plant foods
at low concentrations may even prevent DNA mutations, impede cell cycle, inhibit
cell proliferation, and induce apoptosis in cancer cells as well as modify immune
responses more effectively than individual components that comprise the
plant food.
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Whole foods have been evaluated for their capacity to deliver “pharmacody-
namic synergy,” where the effect due to combination of phytochemicals is greater
than the additive sum of effects of individual phytochemicals (Fig. 6), to enhance
the overall therapeutic index (Danielsson et al. 2011). For example, as stated
earlier, the highest antioxidant activity was observed in case of the combination
of polyphenols in pomegranate juice in contrast to the constituent polyphenols
alone. Recent observations pertaining to ginger phenolics also suggest the signif-
icance of pharmacodynamic synergy in whole foods, which may cause a great
decrease in the concentration of effective doses while preserving efficacy. Further-
more, apart from the pharmacodynamic synergy, phytocomplexity also offers
compelling supplementary in vivo benefits in terms of “pharmacokinetic synergy,”
where the less active or non-active constituents of whole foods assist the most-
active constituent phytochemicals to target specific sites of action either by improv-
ing bioavailability or by decreasing metabolism and excretion (Yang et al. 2014).
Recent reports on ginger biophenolics revealed that upon oral administration of
whole ginger extract, such pharmacokinetic synergy is exhibited to enhance the
bioavailability of individual ginger phenols. Along with improving the bioavail-
ability, pharmacokinetic synergy (Fig. 6) might also induce resistance-reversal
mechanisms and other complementary mechanisms like immunomodulation.
Thus, all the abovementioned data related to whole food phytochemicals not only
emphasize the complexity of natural matrices but also signify the role of the
“unsung heroes,” the other silently partnering constituents, which might actually
be responsible for the improved efficacy of the active ingredients when delivered in
their natural forms.

Information pertaining to the extent of absorption of active phytochemicals as
measured by the plasma, urine, and/or feces concentrations upon oral administra-
tion of whole foods is required to understand the in vivo fate of phytochemicals.
Further, bioavailability parameters including maximum plasma concentration
(Chax), time taken to reach Cp.x (Tmax), area under the plasma concentration—
time curve (AUC), and elimination half-life need to be evaluated in order to
determine the right dosage of whole foods to achieve maximum anticancer benefits.
Though the efficacy of several whole food extracts has been determined, this level
of detailed pharmacokinetic evaluation is limited. Thus, it is important to investi-
gate the untapped arena, i.e., pharmacodynamic and pharmacokinetic synergies of
whole foods, in order to exploit their therapeutic efficacies to further design and
interpret the intervention studies employing fruits and vegetables.

4 Conclusion

Like the age-old adage “prevention is better than cure,” it is becoming increasingly
clear that chemoprevention is the best way to fight cancer rather than attempting to
cure it with toxic chemotherapeutics once it manifests. Lifestyle aspects such as diet
and exercise have become the objects of intense focus in developing novel



74 S.R. Gundala et al.

| e
Antioxidant i ; I
°
a0
Antiangiogenic

A 4

N B

Cell Cycle Arrest

| Antimetastatic

e

PHARMACODYNAMIC
SYNERGY

PHARMACOKINETIC
SYNERGY

PHYTOCOMPLEXITY

OPTIMAL CHEMOPREVENTIVE
AND CHEMOTHERAPEUTIC BENEFITS

Fig. 6 The untiring machines with immense outputs! Unique chemotherapeutic and chemopre-
ventive benefits conferred, via inhibition of cell proliferation, angiogenesis, metastasis, carcino-
genesis, induction of cell cycle arrest, apoptosis, and/or antioxidant and anti-inflammatory
properties, by constituent phytochemicals of whole foods are fueled by the infinite capabilities,
including pharmacokinetic and pharmacodynamic synergies of the nature’s own phytocomplexity,
like the limitless output of a well-oiled machine

chemoprevention modalities. Dietary interventions could prove to be cost-effective
and nontoxic options in treating cancer as the constituent phytochemicals of whole
food agents can deliver maximum therapeutic benefits via pharmacodynamic and
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pharmacokinetic synergies. While increased consumption of fruits and vegetables
is often associated with reduced risk of cancer, dietary agents have not been
exploited to their fullest potential in developing safer and inexpensive chemopre-
ventive approaches. Various factors including choice of test population, age and
lifestyle of the subjects in test groups, and most importantly, the phytocomplexity
of the enigmatic whole foods have not been focused upon in earlier attempts.
Additionally, there have not been ideal preclinical models to study chemopreven-
tion in vivo before human trials, thus restricting the choice of potential agents.
Essentially, the pharmacokinetic and pharmacodynamics synergies associated with
whole foods along with the prospects of improved bioavailability, biotransforma-
tion, and absorption of the constituent active entities at the target sites possibly due
to the interactions of the “silent” partners are crucial aspects that cannot be ignored
as they may provide the rationale for innovative chemopreventive strategies.

Although this chapter focuses on the evidence for synergy in whole plant foods,
contradictory results do exist and should be considered when embarking on an
exploration of plants and their effects on human health. In addition to the five plant
foods that are our main focus here, research has discovered many other plants and
plant compounds with beneficial functions such as EGCG from tea and curcumin
from the spice turmeric, which have been extensively investigated for human health
benefits. While much of the research into plant-based cancer prevention and
treatment has concentrated on individual compounds existing in plants, a growing
body of evidence holds that the complex blend of phytochemicals found in whole
foods presents an additive or synergistic effect that is superior to the individual
components, suggesting that Mother Nature may be the best combinatorial chemist
and future research should be geared toward identification of optimal phytochem-
ical combinations rather than exclusively on single constituents.
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The Ketogenic Diet as an Adjuvant Therapy
for Brain Tumors and Other Cancers

Kenneth S. Brooks, Eric C. Woolf, and Adrienne C. Scheck

Abstract Altered metabolism was first identified in cancer cells by Otto Warburg,
who identified a higher reliance on anaerobic glycolysis rather than cellular respi-
ration even in the presence of sufficient oxygen levels, a phenomenon called the
Warburg Effect. Deregulated metabolism is now considered a driving hallmark of
cancer and an attractive therapeutic target. While a great deal of work is being done
to find genetic therapeutic targets that can be used for personalized medicine,
current targeted approaches are typically ineffective because tumors are heteroge-
neous and contain multiple genetic subpopulations. This often precludes a partic-
ular targeted molecule from being found on all cells. In contrast to many genetic
alterations, dysregulation of metabolism resulting in the need for high amounts of
glucose is found in virtually all cancer cells. Targeting metabolism by reducing
blood glucose may be a way to inhibit tumor growth since this, to a large extent,
should circumvent the inherent problems associated with tumor heterogeneity.
Methods that also provide an energy source for normal tissues such as ketones
should reduce side effects associated with an overall reduction in blood glucose.
The high-fat, low carbohydrate, and protein ketogenic diet (KD) results in reduced
blood glucose and increased blood ketones, as does caloric restriction and fasting.
In preclinical mouse models of malignant brain tumors, animals fed a KD had
increased survival, particularly when used in combination with radiation or che-
motherapy. Metabolic modulation through the use of a KD, caloric restriction, or
fasting has been found to change the expression of a number of genes and pathways
thought to inhibit tumor growth. Metabolic therapy has also recently been explored
in other cancer types. In this chapter, we will examine the mechanisms underlying
the KD which suggests its potential as an adjuvant therapy for cancer treatment.
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1 Introduction

Every year, ~14,000 new cases of malignant glioma are diagnosed in the United
States. Brain tumors are also the second leading cause of cancer deaths among
children and young adults. Glioblastoma (GBM) or grade IV astrocytoma is the
most aggressive grade of this disease. The standard of care is surgery followed by
radiation and chemotherapy. Like many cancers, brain tumor cells tend to infiltrate
adjoining tissue; however, unlike other cancers, complete surgical resection is
hampered by the eloquent nature of the brain. While radiation and chemotherapy
with alkylating agents such as temozolomide are somewhat effective, again the
location can reduce the efficacy of these therapies. Radiation is typically targeted to
the tumor to reduce toxicity to normal brain tissue, and the blood-brain barrier
limits the number of chemotherapies that are effective. Thus, once a tumor recurs
following chemotherapy with temozolomide, there are few additional chemother-
apeutic agents with demonstrated efficacy for the treatment of brain tumors. Cells
that survive initial therapies typically regrow, and these tumors often recur rapidly.
Recurrent tumor is typically resistant to additional chemotherapy and the use of
additional radiation can be hazardous due to toxicity to normal brain (Weller
et al. 2012). For these reasons, median survival of patients diagnosed with a
GBM is 12-18 months and there is less than a 10 % 5-year survival rate (Anton
et al. 2012; Bloch et al. 2012). This underscores the need for new therapies for the
treatment of malignant brain tumors.

The human genome project has spawned a virtual explosion of tools for the study
of the molecular underpinnings of human disease. In-depth molecular analysis of
malignant gliomas has been done by The Cancer Genome Atlas consortium (The
Cancer Genome Atlas Research Group 2008) and other groups (Brennan
et al. 2009; Brennan 2011; Lee et al. 2008; Verhaak et al. 2010). This data has
shown that not all GBMs have the same molecular basis. This has fueled the idea
that therapies can be tailored to the molecular traits of an individual person’s
disease, so-called “personalized medicine.” The ultimate goal of these studies is
the identification of therapeutic targets and a better understanding of how to
determine the best patients for these specific targeted agents (Masui et al. 2012).
While studies such as these may ultimately prove useful, to date they have met with
limited success. This is likely due to the heterogeneity seen in most solid tumors. In
fact, biopsies taken from different regions of the same tumor can sometimes suggest
that the tumor has components of more than one GBM subtype (Gill et al. 2014;
Patel et al. 2014). Advances in survival and quality of life rely on new therapeutic
strategies, especially those that can enhance the efficacy of current treatment
options without damaging the normal brain.
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2  Tumor Metabolism

Alterations in the metabolism of cancer cells, what we now call the “Warburg
effect” or aerobic glycolysis, were first described by Otto Warburg in 1927 (War-
burg et al. 1927). Cancer cells use glycolysis to provide energy and biomolecules
regardless of the availability of oxygen. This results in the production of fewer ATP
molecules per molecule of glucose, and thus tumor cells require large amounts of
glucose. This shift toward increased glycolytic flux in the cytosol and away from
the tricarboxylic acid cycle and oxidative phosphorylation in the mitochondria
occurs very early in tumorigenesis. This allows for rapid cell proliferation even
under conditions of hypoxia and in the presence of dysfunctional mitochondria.
Since Warburg’s discovery, metabolism has been of interest in the cancer field, but
it often seemed overshadowed by discoveries of oncogenes, tumor suppressor
genes, growth factor pathways, molecular subtypes of cancers, etc. There is a
resurgence of interest in metabolism as a central theme in cancer, and we continue
to find that metabolic pathways intersect and often regulate key components of
tumor initiation, progression, and therapy response (Nijsten and van Dam 2009;
Wolf et al. 2010). In fact, altered metabolism has been referred to as a hallmark of
cancer (Cantor and Sabatini 2012; Ward and Thompson 2012).

The term ‘“metabolic remodeling” has been used to describe some of the
metabolic changes that can occur in cancer cells, and a wide variety of oncogenes
have been found to be involved in metabolism (Obre and Rossignol 2015). For
example, the tumor suppressor protein pS3 which plays a pivotal role in the cellular
responses to hypoxia, DNA damage, and oncogene activation has recently been
found to regulate glycolysis and assist in maintaining mitochondrial integrity
(Puzio-Kuter 2011). MYC has been found to activate glutaminolysis and lipid
synthesis from citrate (Obre and Rossignol 2015). The overactivation of the
stress-responsive PI3K/AKT signaling pathway, typical in many cancers, has also
been closely linked to metabolism and under low glucose conditions results in rapid
tumor cell death (Marie and Shinjo 2011; Robey and Hay 2009; Yang et al. 2009).
Furthermore, Hypoxia-inducible factor 1 (HIF-1) may, at least in part, provide the
molecular basis for the Warburg effect. HIF-1 can “reprogram” cellular metabolism
in response to oxygen availability. In doing so, it contributes to the cancer cell
phenotype in a number of ways. HIF-1 expression is activated by hypoxia, which
subsequently activates the transcription of genes involved in angiogenesis (VEGF
and other cytokines) in an attempt to improve tissue perfusion. This often results in
the formation of abnormal blood vessels that contribute to metastasis in some
cancers, and can increase inflammation and edema in brain tumors. Loss of function
of phosphatase and tensin homologue (PTEN) or mutation of p53 also increases
HIF-1, as does the accumulation of reactive oxygen species (ROS). We now know
that cancer cell metabolism is far more complex than originally thought and a
number of cancer-associated mutations affect metabolism, and there are numerous
reviews on the subject (Cantor and Sabatini 2012; Gatenby and Gillies 2004;
Semenza 2013; Vander Heiden et al. 2009; Ward and Thompson 2012). The fact
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that metabolic dysregulation is seen in virtually all tumor cells has led to sugges-
tions that a promising therapeutic strategy may be to exploit this feature. One
potential way to achieve this goal is through the use of the therapeutic ketogenic
diet (KD) or physiologically similar methods, such as caloric restriction or inter-
mittent fasting.

3 The Ketogenic Diet

The ketogenic diet (KD) is more correctly referred to as “metabolic therapy” rather
than a “diet.” This high-fat low protein/carbohydrate diet is used to treat refractory
epilepsy (Cross 2013; Kim and Rho 2008) in children, and more recently in some
adults. The diet is not without side effects; however, these are typically readily
managed when the patient has appropriate supervision by a registered dietitian
skilled in its use. The KD has been shown to have neuroprotective effects and there
are now studies to determine its efficacy for a number of neurological disorders,
including Alzheimer’s disease, traumatic brain injury, and amyotrophic lateral
sclerosis (Maalouf et al. 2009; Stafstrom and Rho 2012). The KD increases blood
ketones and decreases blood glucose by simulating the physiological response to
fasting, thus leading to high rates of fatty acid oxidation and an increase in the
production of acetyl coenzyme A (acetyl-CoA). When the amount of acetyl-CoA
exceeds the capacity of the tricarboxylic acid cycle to utilize it, there is an increase
in the production of the ketone bodies B-hydroxybutyrate (BHB) and acetoacetate
(ACA), which can be used as an energy source in the brain (Cahill and Veech 2003;
Morris 2005; Vanitallie and Nufert 2003; Veech et al. 2001). The metabolic
alterations found in cancer cells are generally thought to reduce their ability to be
“flexible” regarding their primary energy source, and thus they require glucose and
are unable to use ketones like normal cells (Fredericks and Ramsey 1978; Maurer
et al. 2011; Seyfried et al. 2011; Seyfried 2012; Seyfried and Mukherjee 2005;
Tisdale and Brennan 1983; Zhou et al. 2007). Normal cells readily use ketones as an
alternate energy source and are thus unaffected by the ketogenic diet. In contrast,
the reduction in glucose inhibits the growth of tumor cells. Thus, when used as a
therapy, the KD can take advantage of the Warburg effect. In addition, work in the
epilepsy field and more recent work in cancer research have shown that the effects
of the ketogenic diet extend far beyond the simple growth inhibitory effects of
reduced glucose. We used a cell line derived from a recurrent human glioblastoma
to demonstrate the in vitro effect of adding ketones to media containing glucose
(Scheck et al. 2012). The AO2V4 cell line was derived from a recurrent human
glioblastoma and grown in Waymouth’s MAB 87/3 media supplemented with 20 %
fetal calf serum. When 10 mM BHB plus ACA was added to complete media, cell
growth was significantly inhibited. There was additional growth inhibition when
1,3-bis(2-chloroethyl)-1 nitrosourea (BCNU, carmustine), one of the chemothera-
peutic agents given to this patient prior to tumor recurrence, compared to either
ketones or BCNU alone. More recent work has shown that the ketones themselves
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exert antitumor effects separate from the effects of reduced blood glucose (Magee
et al. 1979; Scheck et al. 2012; Skinner et al. 2009). This chapter addresses the
utility of increasing blood ketones and reducing blood glucose for the treatment of
brain tumors.

4 Gene Expression

Studies done in our laboratory using a GL261/C57BL/6 mouse model of malignant
glioma demonstrated that the KD exerts a global effect on the aberrant genetic
landscape found in tumors (Scheck et al. 2012). We compared gene expression in
tumor tissue and tissue from the contralateral non-tumor containing side of the brain
using cDNA array technology. This work showed that overall gene expression in
tumor from animals fed the KD was shifted more toward the gene expression found
in non-tumor containing tissue from animals fed either the KD or standard diet
(Stafford et al. 2010) (Fig. 1). Furthermore, the changes in gene expression were
different in tumor tissue compared to that seen in the contralateral non-tumor
containing side of the brain (Stafford et al. 2010), a finding similar to that of Maurer
(Maurer et al. 2011) who demonstrated differential effects of 3-hydroxybutyrate
(in vitro) and a non-calorie-restricted ketogenic diet (in vivo) on normal glia versus
glioma cells and tumors. Differences in the response of normal cells versus tumor
cells are likely to be due to the alterations in metabolism that are a hallmark of
cancer. However, the global nature of these differences has been somewhat sur-
prising, and while the underlying mechanism(s) of these pluripotent effects has not
been elucidated, it may be based at least in part on epigenetic changes. Epigenetic
changes are heritable alterations in gene activity that are not due to DNA sequence
changes (Baylin and Jones 2011). These changes include chromatin remodeling,
histone modifications, DNA methylation, and alterations in microRNA pathways,
all of which have now been linked to gene expression changes and metabolism in
many cancers, including brain tumors (Venneti and Thompson 2013; Yun
et al. 2012). In fact, the epigenetic changes found in some cancers are now being
looked at as potential therapeutic targets. New therapies such as histone deacetylase
(HDAC) inhibitors are actively being tested for their ability to reverse the abnormal
gene expression patterns inherent to the cancer epigenome and for their ability to
enhance other antitumor therapies (Azad et al. 2013; Qureshi and Mehler 2013).
Support for the idea that the effects of the ketogenic diet may be due, at least in part,
to changes in the genome comes from a recent study demonstrating that
B-hydroxybutyrate (BHB), the major ketone elevated in the blood as a result of
the ketogenic diet, can also inhibit HDAC, thus altering the epigenetic landscape in
much the same way as the HDAC inhibitors currently being tested (Shimazu
et al. 2013). While direct effects of the KD on epigenetic changes in brain tumors
have not yet been shown, it has been shown to reverse the major epigenetic
modifications seen in the brains of epileptic rats (Kobow et al. 2013), thus
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Fig. 1 The KD alters overall gene expression to more closely resemble that seen in normal brain.
Total cellular RNA was isolated from the tumor and the non-tumor containing contralateral side of
the brain. Gene expression was analyzed using Affymetrix GeneChip® Mouse Genome 430 2.0
arrays (Affymetrix, Santa Clara, CA). A two-way ANOVA for interaction showed that the data
from the tumor sample obtained from mice fed a SD are clearly separate from the data obtained
from the other three conditions. This analysis implies that the KD is driving the overall gene
expression in the tumor to be more normal, that is, to be more like gene expression seen in the
non-tumor containing tissue. Reprinted from (Stafford et al. 2010)

suggesting that this may indeed be one mechanism through which ketogenic diet
exerts its antitumor effect.

5 Growth Factor Signaling

A number of growth factor signaling pathways are critical to the formation and
progression of malignant brain tumors. Insulin-like growth factor 1 (IGF-I) is one
such growth factor that supports the growth of the number of cancers including
brain tumors (Arcaro 2013; Haisa 2013; Hummel et al. 2013; Negi et al. 2013;
Singh et al. 2014; Weroha and Haluska 2012). We have shown that IGF1 expression
is markedly reduced in tumors from mice fed a KD compared to those fed a
standard diet (Fig. 2). Similar results have been found by others using caloric
restriction in a variety of mouse models of malignant brain tumors (Marsh
et al. 2008; Seyfried et al. 2003; Shelton et al. 2010). cDNA array analysis also
showed a reduction in the expression of RAS p21 protein activator 1 and mitogen-
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Fig. 2 Immunohistochemical analysis of Insulin Growth Factor 1 (IGF1). There is an increase in
the expression of IGF1 in tumor tissue relative to non-tumor in animals fed a standard diet. In
animals fed a ketogenic diet, the IGF1 expression in tumor tissue is reduced to the level of the
adjacent non-tumor tissue. Reprinted from (Scheck et al. 2012)

activated protein kinase 8 (c-Jun N-terminal kinase, JNK) in tumors from animals
fed a KD (Scheck et al. 2012). These proteins participate in the platelet-derived
growth factor and epidermal growth factor receptor tyrosine kinase signaling
pathways, suggesting that the KD may act as a “pan-growth factor inhibitor.”

Growth factor pathways also intersect with metabolism through the PI3K/Akt
pathway which can be activated by a number of receptor tyrosine kinase growth
factor pathways or activated Ras (Cantor and Sabatini 2012). The PI3K/Akt
pathway is also closely linked to glucose metabolism and has been called the
“Warburg kinase” (Robey and Hay 2009). Recent studies have shown that the
action of Akt is fairly complex and may have different effects on tumor cell survival
and growth depending on the genetic background of the cell (such as EGFR
amplification, etc.), glucose and oxygen availability, therapy, and other environ-
mental stimuli (Chautard et al. 2010; Elstrom et al. 2004; Eyler et al. 2008; Fan and
Weiss 2010; Gallia et al. 2009; Li et al. 2009; Los et al. 2009; Marsh et al. 2008;
Rao et al. 2005; Robey and Hay 2009; Vadlakonda et al. 2013). A complete
discussion of the role of Akt, HIF-1, and other genes in tumor growth and metab-
olism is outside the scope of this chapter, but readers are referred to the cited review
papers.

6 Reactive Oxygen Species

While the mechanisms underlying the anticancer effects of the KD are not
completely understood, the literature regarding the KD in epilepsy has provided
some insight. A number of these studies have involved the putative role of changes
in the level of reactive oxygen species (ROS) and seizure control. ROS are involved
in a variety of cellular processes including autophagic/apoptotic responses to
genotoxic stress, pathways involved in the regulation of inflammation, response
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to hypoxia, and nutrient deprivation—to name a few. Rho and colleagues have
shown that ROS production in the brain is reduced in animals fed a ketogenic diet
(Kim and Rho 2008; Maalouf et al. 2007). Cancer cells often have increased levels
of ROS resulting from a variety of intrinsic and external sources including mito-
chondrial alterations (Liang and Grootveld 2011), aberrant expression of compo-
nents of cellular antioxidant systems, chronic inflammation, tobacco, viruses, and
environmental pollutants to name just a few (Gupta et al. 2012; Weinberg and
Chandel 2009; Fruehauf and Meyskens 2007). They regulate vascular endothelial
growth factor (VEGF) and HIF-1 (Weinberg and Chandel 2009) and thus have been
implicated in angiogenesis and tumor growth. We have demonstrated a reduction in
ROS in tumors from mice fed a KD and changes in the expression of genes involved
in oxidative stress pathways (Stafford et al. 2010). Amigo and Kowaltowski (2014)
described a similar effect using CR. While the specific downstream effects of this
have not yet been fully elucidated, alterations in tumor ROS levels are sure to have
profound effects on tumor growth.

7 Anti-angiogenic Effects

One major hallmark of brain tumors is the rapid stimulation of blood vessels that
supply the nutrients needed to sustain rapid cellular growth. This vessel growth is
favored by the uncontrolled production of angiogenic stimulators and the absence
of inhibitors. Vascular endothelial growth factor (VEGF) is considered a driving
factor in angiogenesis and has thus become a prime target for anti-angiogenic
therapy (El-Kenawi and El-Remessy 2013). To this end, the FDA approved
bevacizumab, a monoclonal antibody targeting VEGF, for use in GBMs. While
this drug may help to reduce edema, especially following radiation, it often results
in adverse effects and it affords little if any improvement in overall survival (Field
et al. 2014, Patel et al. 2012).

Studies as far back as 1914 have suggested that restricted food intake can target
tumor blood supply and reduce tumor growth (Rous 1914). More recently, it has
been suggested that caloric restriction (CR), which also reduces blood glucose and
raises blood ketones, reduces growth and angiogenic biomarker expression in
prostate cancer and breast cancer (De Lorenzo et al. 2011; Mukherjee et al. 1999;
Phoenix et al. 2010; Thompson et al. 2004). Seyfried and colleagues recently
showed that CR promoted vessel maturation by preventing vascular VEGF signal-
ing in the CT-2A mouse astrocytoma model (Urits et al. 2012), and they have
demonstrated reduced angiogenesis in a number of other mouse glioma models
using caloric restriction (Mukherjee et al. 2002, 2004; Seyfried et al. 2011; Shelton
et al. 2010; Zhou et al. 2007). Further, CR was shown to normalize a number of
factors involved in tumor vessel instability and weakness (including VEGF) as well
as reducing peritumoral edema in a mouse model using human U87 glioma cells
(Jiang and Wang 2013). In the GL261 mouse glioma model, we found that when fed
ad libitum the KD decreased tumor vasculature, reduced peritumoral edema, and
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altered the expression of genes involved in angiogenesis (Woolf et al. 2015),
despite the fact that the expression of VEGF was unchanged (Scheck et al. 2012).
Taken together, these results suggest that another effect of metabolic therapy may
be to target angiogenesis activity, thus mimicking the beneficial effects of
bevacizumab.

8 Anti-inflammatory Effects

The blood vessels formed by rapid angiogenesis in gliomas are often leaky, leading
to peritumoral inflammation and edema. Inflammation can also be increased by
treatment such as radiation therapy. Inflammation and edema can promote tumor
growth, and reduce patient quality of life due to increased pressure-related symp-
toms and side effects of the high-dose steroids often used for treatment. We have
shown that increasing blood ketones affects a number of tumor-related gene
networks and alters the expression of genes involved in the cellular response to
oxidative stress in tumor tissue, notably cyclooxygenase 2 (COX-2), an important
mediator of inflammation (Stafford et al. 2010). A separate study using the KD in
combination with radiation therapy in the same mouse model demonstrated reduced
expression of both COX-2 and Nf-kB while reducing the production of ROS
(Woolf et al. 2013). Similar results have demonstrated reduced expression of
pro-inflammatory markers, cyclooxygenase-2 (COX-2), nuclear factor kappa B
(NF-xB), and macrophage inflammatory protein (MIP-2) using caloric restriction
in mouse models of astrocytoma (Mulrooney et al. 2011) and colon cancer (Harvey
et al. 2013).

9 KD as an Adjuvant Therapy

Although evidence suggests that the KD provides antitumor benefits on its own,
perhaps the most effective use of the KD is in combination with standard cancer
therapies such as radiation and chemotherapy. The KD greatly enhanced survival in
a mouse model of malignant glioma when combined with TMZ when compared to
either treatment alone (Scheck et al. 2011). In addition, a separate study showed
that 9 out of 11 animals maintained on the KD and treated with radiation had
complete and sustained remission of their implanted tumors, even after being
switched back to a standard rodent diet (Fig. 3) (Abdelwahab et al. 2012). Allen
et al. reported similar results when the KD is combined with radiation and chemo-
therapy in a lung cancer xenograft model (Allen et al. 2013). That is, they found
decreased tumor growth rate and increased survival. CR and short-term fasting have
also been found to be synergistic with radiation and other anticancer therapeutics in
both preclinical and clinical studies (Champ et al. 2013, 2014; Klement and Champ
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Fig. 3 Radiation in combination with the ketogenic diet causes tumor regression. On days 3 and
5 postimplantation animals received 4 Gy of radiation. The tumor completely regressed in 9 of the
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maintained for an additional 200 days and no tumor regrowth was detected. (a) Kaplan—-Meier
survival plot; (b) bioluminescence in representative animals treated with radiation and fed a
standard diet vs. radiation plus the ketogenic diet; (¢) bioluminescent signal plotted as in vivo
photon count versus days postimplantation. Reprinted from (Abdelwahab et al. 2012)
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2014; Lee et al. 2010, 2012; Poff et al. 2013; Raffaghello et al. 2008, 2010; Safdie
et al. 2012; Saleh et al. 2013; Seyfried et al. 2012).

The effectiveness of radiation therapy is due to a number of factors including
relative damage done to tumor cells versus normal tissue and the ability of normal
cells and tumor cells to repair the damage (Klement and Champ 2014). Radiation
works, in part, by creating ROS through the radiolysis of water. The ROS damage
the DNA and other macromolecules, causing sublethal damage that can become
lethal if not repaired. The potentiation of radiation therapy by the KD or caloric
restriction seems paradoxical in light of our data demonstrating a reduction in ROS
in tumors from animals maintained on a KD (Stafford et al. 2010). However,
radiation effects do not only occur through ROS, and radiation can directly damage
DNA and other cellular macromolecules. Furthermore, in addition to reactive
oxygen species, radiation causes the production of reactive nitrogen species
(RNS), a potential source of macromolecular damage following radiation (Saenko
et al. 2013). Whether the KD and/or caloric restriction reduces the formation of
RNS is as yet unknown. In fact, the main effect of the KD or CR may not be in
altering the amount of radiation-induced damage, but may in fact be in modulating
the ability of tumor and normal cells to repair radiation-induced damage (Klement
and Champ 2014; Santivasi and Xia 2014). Studies have shown that caloric
restriction can enhance DNA repair in normal cells (Heydari et al. 2007); however,
this may not be the case in tumor cells, and the differential response of tumor cells
and normal cells to genotoxic stress may be mediated by reduced IGF1 and glucose
in the tumor cells. In fact, a number of studies have shown that reduction of
activation of the PI3K/Akt pathway, activation of the adenosine monophosphate-
activated protein kinase (AMPK) signaling pathway, and reduction of receptor
tyrosine kinase growth factor pathways can all reduce radioresistance in tumor
cells (Choi et al. 2014; Danhier et al. 2013; Gil Del Alcazar et al. 2014; Li
et al. 2014; Medova et al. 2013; Munshi and Ramesh 2013; Sanli et al. 2014;
Wang et al. 2013; Zhang et al. 2014). These reports provide additional support for
the use of the KD or caloric restriction as an adjuvant therapy for the treatment of
gliomas.

10 Neuroprotection

There is a resurgence of interest in the use of the KD for the treatment of medically
refractory epilepsy and increasing interest in the use of this therapy for the treat-
ment of malignant brain tumors. While the majority of the research in this field
focuses on slowing tumor growth and enhancing the efficacy of current therapeutic
modalities, the KD may have additional benefits for cancer patients. Evidence
suggests that the ketogenic diet may also protect normal brain tissue from the
genotoxic stress that is a typical “side effect” of radiation and chemotherapy. We
have demonstrated that gene expression changes in the tumor tissue from animals
fed the KD were not the same as those in the non-tumor containing contralateral
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side of the brain (Scheck et al. 2012; Stafford et al. 2010). This allows for the
hypothesis that while the neuroprotective activity of the KD does not protect the
tumor from the therapeutic benefits of radiation and chemotherapy, it may reduce
the deleterious side effects of cranial radiation on normal brain. A recent publica-
tion showed that fasting, which elevates blood ketones, not only sensitizes many
types of cancer cells to standard therapies but may promote the protection of normal
tissue from the toxicity associated with radiation and chemotherapy (Lee
et al. 2012). Additional studies are needed to support this hypothesis; however,
the potential benefit of protecting the normal brain from decreased cognitive
function due to radiation toxicity would be of great importance, particularly for
the treatment of pediatric brain tumors.

11 KD in Other Cancers

Although much of the research regarding the anticancer benefits of the KD has
focused on brain tumors, this type of metabolic therapy has also recently been
explored in other cancer types. For example, Gluschnaider et al. used the MMTV-
PyMT oncomouse model to demonstrate that a KD suppressed breast tumor growth
(Gluschnaider et al. 2014). Likewise, Allen et al. showed that the KD enhanced
radiation and chemotherapy responses in a mouse lung xenograft model by increas-
ing oxidative stress in both NCI-H292 and A549 lung xenograft models (Allen
et al. 2013). The use of a no carbohydrate ketogenic diet (NCKD) in prostate cancer
models has also been examined. A recent study demonstrated that an NCKD
significantly slowed tumor growth and prolonged survival in a prostate cancer
xenograft model (Freedland et al. 2008). Studies in prostate cancer xenograft
models demonstrated that the NCKD significantly reduces tumor volume (Kim
et al. 2012) and alters pathways linked to apoptosis, inflammation, and insulin
resistance (Mavropoulos et al. 2009). A KD supplemented with omega-3 fatty acids
and medium chain triglycerides was shown to delay tumor growth in a mouse
xenograft model of gastric cancer. The use of the KD in models of cancer-
associated cachexia has also been studied. Shukla et al. showed that a KD reduced
glycolytic flux and glutamine uptake in a number of pancreatic cell lines. They
identified decreased pancreatic cancer cell growth as well as a dose-dependent
induction of apoptosis in the presence of ketone bodies in vitro. Likewise, in the
presence of ketones, pancreatic cancer cells had a reduced expression and activity
of the oncogene c-Myc and reduced cachexic markers. They also showed a reduc-
tion of tumor growth and cachexia in an animal model of pancreatic cancer (Shukla
et al. 2014).

Although the mechanisms behind the KD have not been completely identified
and extend beyond the reduction in blood glucose and increase in blood ketones,
recent studies in cancer research suggest that the KD may provide therapeutic
benefits in a variety of cancer types. This demonstrates that more research is
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warranted to better understand the mechanisms behind the KD as well as the
different physiological responses which occur based upon cancer type and location.

12 KD in Humans

Studies of glucose utilization in cancer go back prior to the 1980s, including studies
of metabolism and cancer cachexia (Fearon et al. 1988; Tisdale et al. 1987). These
and other studies suggested that the ketogenic diet consisting of a high percentage
of medium chain triglycerides (MCT) along with various supplements resulted in
weight gain and improved nitrogen balance in both animals and humans. In 1995,
Nebeling and colleagues published a case report in which they used a similar
ketogenic diet based on MCT oil to treat 2 female pediatric patients with advanced
stage malignant brain tumors (Nebeling et al. 1995; Nebeling and Lerner 1995).
They demonstrated that dietary-induced ketosis decreased the availability of glu-
cose to the tumor without causing a decrease in patient weight for overall nutritional
status. Furthermore, both children had long-term tumor management (Nebeling
et al. 1995). The 2" case report was published in 2010 by Zuccoli and coworkers
(2010). This patient was a 65-year-old female with multicentric glioblastoma. She
was put on a 4:1 (ratio of fats:carbohydrate plus protein) calorie restricted
(600 kcal/day) ketogenic diet during radiation and chemotherapy. During this
time her body weight dropped by 20 %, she had reduced blood glucose, increased
urinary ketones, and, most importantly, no observable brain tumor by either
fluorodeoxyglucose Positron Emission Tomography (FDG-PET) or magnetic reso-
nance imaging (MRI). The tumor recurred 10 weeks after the patient resumed her
normal eating habits and she succumbed to her disease less than 2 years after
diagnosis. While this patient did not experience long-term tumor control after
cessation of the diet, this report demonstrated that the diet could be tolerated,
even when used in a calorie-restricted setting. Results of a phase 1 clinical trial
were reported in 2011 by a German group. Tolerability of a restricted calorie
ketogenic diet was tested in 16 patients with a variety of advanced (end-stage)
cancers. There were no severe side effects and 5 of the 16 patients were able to
complete the 3-month treatment. These 5 patients had stable disease while on the
diet. Two of the 11 remaining patients died early following the beginning of the
trial, one was unable to tolerate the diet and dropped out immediately, 2 patients
dropped out for personal reasons, one was unable to continue the diet for more than
a month, and 3 had disease progression within less than 2 months of starting the diet
and one dropped out to resume chemotherapy. While this trail demonstrated
tolerability and favorable side-effect profile, the antitumor efficacy could not be
assessed due to the variety and severity of disease in the patients. More recently, a
number of prospective clinical trials have been initiated. A study in Germany is
evaluating the efficacy of a calorie-restricted ketogenic diet and transient fasting
during re-irradiation for patients with recurrent GBM (ClinicalTrials.gov
NCTO01754350). Michigan State University is directing a similar trial evaluating a
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calorie-restricted KD for recurrent GBM (ClinicalTrials.gov NCT01535911). A
third clinical trial is evaluating the KD as adjunctive treatment in refractory/end-
stage GBM (ClinicalTrials.gov NCT01865162). The goals for all of these studies
are to obtain data on the safety, efficacy, and tolerability of the KD as an adjunctive
therapy for patients with GBM. The only study using the KD as an up-front,
concurrent therapy has recently been approved and is now open for enrollment at
St. Joseph’s Hospital and Medical Center and Barrow Neurological Institute in
Phoenix, Arizona (ClinicalTrials.gov NCT02046187). This trial for patients with
primary GBM will evaluate the classic 4:1 ketogenic diet therapy during radiation
treatment and concurrent temozolomide followed by the modified Atkins Diet (1:1
fat:carbohydrate plus protein) during temozolomide treatment.

The case reports described above along with numerous anecdotal reports suggest
that the KD may be a promising anticancer therapy; however, more work is needed
to determine how to best utilize this and other metabolic therapies for the treatment
of tumors. Most of the information regarding the best way to use the ketogenic diet
comes from the epilepsy literature. Further research is needed to determine opti-
mum blood ketone and glucose levels for anticancer effects. In addition, a variety of
ketogenic diets are used for seizure control and it is not clear if one or more of the
different formulations will provide the best results for cancer patients. Finally,
while the KD has a long record of safety in the epilepsy community, side effects
that occur when used in combination with cancer therapies may differ in type or
severity. This data will come from carefully controlled clinical trials that include
input from registered dietitians well-versed in the use of the KD. Patient enrollment
into clinical trials requires “buy-in” from the medical community. Physicians must
be educated on the therapeutic value of metabolic alteration as an adjuvant therapy,
even if it results in a small amount of healthy weight loss, since the current dogma is
to avoid weight loss in patients undergoing chemotherapy for fear of increased
fatigue and further decline in overall patient health. As with any decision regarding
therapy, the patient’s overall condition, including nutritional status, must be taken
into account.

Concern about patients’ quality of life is sometimes given as a reason not to
employ KD. Compliance can be made more difficult by the use of steroids (pre-
scribed for peritumoral edema) that often increase hunger and raise blood glucose
levels. To address this, our clinical trial includes an analysis of both patient and
caregiver quality of life. Quality of life measurements are being added to more
clinical trials, as the importance of this has become recognized at the national level
(Boele et al. 2013; Dirven et al. 2014; van den Bent et al. 2011). While some
clinicians are concerned that compliance will reduce quality of life, the patients that
do remain on the KD often comment that this allows them to participate in their own
therapy. Despite these caveats, the existing preclinical data suggesting antitumor
efficacy and a synergistic effect with standard therapies provide a strong impetus to
conduct controlled clinical trials, particularly those that will shed light on the
interactions between the KD and other therapies.
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13 Conclusion

Improvements in the survival and quality of life for patients with malignant brain
tumors require the implementation of new therapeutic modalities, especially those
that increase the efficacy of current therapies without increasing toxic side effects.
While the rapid accumulation of data defining the molecular and genetic aberrations
present in these tumors has suggested a host of targets for the development of new
therapies, targeted therapies tried to date have met with limited success. This is at
least in part due to the molecular heterogeneity of these tumors that prevents any
one target from being present on all cells. In contrast, metabolic dysregulation is
present in virtually all tumor cells and there is increased interest in using metabolic
therapies such as the ketogenic diet for the treatment of various cancers, especially
brain tumors. Preclinical data have demonstrated that the antitumor effects of the
KD and caloric restriction are multifaceted, and alterations in energy metabolism
can inhibit cancer cell growth and increase the tumor’s response to therapy. This
provides a strong impetus to continue work designed to elucidate the mechanisms
through which the KD exerts its anticancer effects, as well as suggesting the need
for the design of controlled clinical trials that will shed light on the most effective
way to implement metabolic therapies in combination with standard therapies for
the treatment of malignant disease. This is a novel therapeutic paradigm, and we
have only begun to scratch the surface of its potential.
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Zbigniew Witczak, and Shivendra V. Singh

Abstract Organosulfur compounds (OSCs) are a group of small molecules com-
monly present in Allium vegetables, such as garlic, onions chives, and shallots that
have garnered scientific interest for their noted health benefits. OSCs have been
evaluated for their potential to prevent or treat major diseases including cancer.
Epidemiological evidence of inverse association between increased intake of
Allium vegetables and cancer risk is now substantiated by animal studies wherein
true causal relationships between OSCs and cancer prevention have been found.
This chapter summarizes the chemistry, metabolism, and bioavailability of com-
monly studied OSCs and the latest developments regarding their anticarcinogenic
effects in cell culture and animal models. Data pertinent to clinical trials assessing
safety and anticancer efficacy of OSCs are also discussed.
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DAS
DATS
DMBA
DMH
DR4 and DRS
ERK
GST
HDACs
HMG-CoA
HUVEC
i.p.

IN
MNNG
MMP
NAC
NDEA
NDMA
NDN
NMBA
NF-xB
NKK
NMU
OSCs
PAH
PBS
PCNA
PFE

PK

ppm
PSA
pSTAT3
q3d

q4d

qod

qd

ROS

s.C.

SAC
SAMC
S-NaCl
TPA
TRAIL
TRAMP
vC
XIAP
Z-ajoene
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Diallyl sulfide

Diallyl trisulfide
7,12-Dimethylbenz[a]anthracene
Dimethylhydrazine

Death receptor

Extracellular signal-regulated kinase
Glutathione-S-transferase

Histone deacetylases
3-Hydroxy-3-methyl-glutaryl-Coenzyme A
Human umbilical vein endothelial cells
Intraperitoneal

c-Jun N-terminal kinases
Methylnitronitrosoguanidine

Matrix metalloprotease
N-acetyl-L-cysteine
N-nitrosodiethylamine
N-nitrosodimethylamine
N-diethylnitrosamine
N-nitrosomethylbenzylamine

Nuclear factor-kB
(methylnitrosamino)1-(3-pyridyl)- 1-butanone
N-methylnitrosourea

Organosulfur compounds

Polycyclic aromatic hydrocarbon
Phosphate-buffered saline

Proliferating cell nuclear antigen
Pomegranate fruit extract
Pharmacokinetic

Parts per million

Prostate-specific antigen

Phosphorylated signal transducer and activator of transcription 3

Every 3 days

Every 4 days

Every other day

Every day

Reactive Oxygen Species

Subcutaneous

S-allylcysteine

S-allylmercaptocysteine

Saturated sodium chloride
12-O-tetradecanoylphorbol 13-acetate
Tumor necrosis factor-related apoptosis-inducing ligand
Transgenic adenoma of a mouse prostate
Vinyl carbamate

X-linked inhibitor of apoptosis protein

Z isomer of ajoene
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1 Introduction

Beneficial properties of Allium vegetables, especially garlic, have been recognized
for thousands of years. It has been suggested that garlic can enhance stamina,
physical strength, and increase longevity, in addition to functioning as an analgesic,
antimicrobial, and antiseptic (Bianchini and Vainio 2001). Together with other
types of Allium vegetables such as onions, shallots, leeks, and chives, garlic is one
of the most commonly consumed foods. Each garlic clove weighs roughly 24 ¢
and the average intake varies considerably from individual to individual. In the
United States, the average intake of garlic has been estimated to be 0.6 g per week
or less, while in other countries, e.g., China, the intake may be close to 20 g or more
(reviewed by Milner 2004).

Published data provides undeniable evidence for health-promoting effects of
Allium vegetables and their constituents. It has been well documented that Allium
vegetables and their constituents can reduce the risk of major chronic diseases,
including cardiovascular diseases, diabetes, and cancer, in addition to their immu-
nomodulatory benefits, protection against infections, and anti-aging effects
(Agarwal 1996; Milner 2001; Rahman 2001; Powolny et al. 2011). Studies focusing
on garlic and its OSCs in the past three decades have provided a substantial body of
evidence demonstrating their ability to prevent or treat various diseases. Several
investigations focusing on pharmacological effects of Allium vegetables and related
OSCs have documented an inverse association with disease development. The
anticancer properties of Allium vegetables are well supported by epidemiological
studies (Shukla and Kalra 2007). Even though the mechanistic details associated
with health benefits of OSCs remain partially unknown, the usage of garlic and its
products continues to grow. This chapter first introduces the constituents of garlic,
including metabolites produced after disruption of its cellular integrity, their
molecular mechanisms of anticancer action, and preclinical and clinical evidence
for their safety and efficacy. The chapter then concludes with summary and future
directions.

2 Chemistry and Metabolism

The primary sulfur-containing compounds in intact garlic are y-glutamyl-S-alk(en)
yl-L-cysteines that are hydrolyzed or oxidized to S-allylcysteine (SAC) and S-alk
(en)yl-L-cysteine sulfoxide(alliin) (Fig. 1a). When garlic is processed by crushing
or chewing, compounds in the intact garlic are converted into several volatile OSCs
within a short period of time. Allinase, a key vacuolar enzyme, is responsible for the
conversion of alliin into allicin. The transiently formed and highly unstable
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Fig. 1 (a) Formation of OSCs upon chewing/crushing of whole garlic cloves. (b) Chemical
structures of commonly studied OSCs that are produced from allicin

compound, allicin (Fig. 1b) is converted into various OSCs including diallyl sulfide
(DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS), ajoene, and dithiins
(Higdon 2007; Block et al. 1984; Block 1992; Amagase et al. (review) 2001).

3 Pharmacological Attributes of OSCs in Relation
to Anticancer Effects

3.1 Induction of Apoptosis

The process of apoptosis is highly dysregulated in cancer cells contributing to
abnormal cell growth, thus leading to increased tumor burden. OSCs have the
potential of inducing apoptosis and contributing to the growth suppression of cancer
cells. Sundaram and Milner (1996a, b) showed induction of apoptosis by DADS in
colon cancer cells. Further studies focused on elucidation of the mechanistic details
of apoptosis induction by OSCs have revealed the involvement of Bcl-2 class
proteins. For example, apoptosis induction by DATS was more pronounced in
prostate cancer cells PC-3 and DU-145 compared to DAS and DADS and that the
induction of apoptosis was correlated with a decrease in Bcl-2 levels and reduced
Bcl2:Bax interaction activating the mitochondria-mediated intrinsic pathway (Xiao
et al. 2004). In the same study, it was also identified that DATS-induced hyperpho-
sphorylation of Bcl-2 was mediated in part by c-Jun N-terminal kinases (JNK) and
ERK1/2. Subsequent studies from the same group showed that DATS induces
apoptosis in LNCaP prostate cancer cells by increasing Bak protein levels and
decreasing Bcl-2 and Bcl-xL protein levels (Kim et al. 2007). However, ectopic
expression of Bcl-2 conferred protection against DATS-induced apoptosis only in
PC-3 cells and not LNCaP cells (Xiao et al. 2004; Kim et al. 2007). It was reasoned
that the genotypic differences between these cells, including their p53 status and
androgen responsiveness, were responsible for the observed differential effect.
Similarly, in other cancer models such as lung cancer, neuroblastoma, breast
cancer, and skin cancer, OSCs were shown to increase the ratio of Bax/Bcl-2,
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upregulating Bax protein levels and decreasing the levels of Bcl-2 and Bcl-xL
proteins (Hong et al. 2000; Karmakar et al. 2007; Nakagawa et al. 2001; Li
et al. 2002a, b; Wang et al. 2010, 2012a, b).

It is interesting to point out that OSCs have little or no effect on normal cells,
although the mechanism underlying their selectivity for cancer cells is not
completely understood. For example, the PrEC normal prostate epithelial cells
were more resistant to DATS-induced apoptosis than prostate cancer cells (Kim
et al. 2007). Similarly, DAS or DADS administration induced apoptosis in
SH-SYSY neuroblastoma cells and did not impact the viability of primary neurons
(Karmakar et al. 2007). In a different study, ajoene caused apoptotic cell death in
human leukemia cells but had no effect on normal peripheral mononuclear blood
cells (Dirsch et al. 1998).

3.2 Modulation of Carcinogen Metabolism

Multiple studies indicate that chemopreventive effect of OSCs is at least in part due
to their ability to inhibit the activation of carcinogens and/or increase detoxification
of the activated metabolites. N-nitrosodimethylamine (NDMA) is a by-product of
industrial processes, while 4-(methylnitrosamino)1-(3-pyridyl)-1-butanone (NKK)
is a carcinogen found in tobacco smoke. Their toxicity and carcinogenicity is
dependent upon activation by the Phase 1 drug-metabolizing enzyme, CYP 2E1.
Early studies utilizing in vitro cell culture and in vivo animal models revealed that
OSC treatment prevented cytotoxicity and tumor formation induced by NDMA and
NKK (Hong et al. 1992). Furthermore, it was suggested that OSCs inhibit P450 2E1
by both competitive inhibition and suicide inactivation (Brady et al. 1991). OSCs
may also protect against acetaminophen toxicity in mice via inhibition of CYP2E1
(Wang et al. 1996). More recent evidence confirmed that oral OSC treatment at
100400 mg/kg depressed CYP2E1 activity in male Sprague-Dawley rats in a
dose-dependent manner. This correlated with statistically significant reductions in
serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activ-
ity following treatment with the hepatotoxicant thioacetamide (Kim et al. 2014),
indicating a reduction in liver damage.

Experimental evidence suggests that OSCs may also enhance the detoxification
of carcinogens via induction of Phase 2 drug-metabolizing enzymes. One recent
study confirmed that oil-soluble garlic compounds activate metabolizing enzymes
that detoxify carcinogens. This resulted in a reduction of the development of
mammary cancer in animals and suppression of growth of human breast cancer
cells in culture (Tsubura et al. 2011). Earlier studies demonstrated the ability of
OSCs to prevent benzo(a)pyrene (BP)-induced for stomach tumorigenesis in mice.
The authors attributed this to increased expression of NAD(P)H:quinone oxidore-
ductase (NQO), an enzyme implicated in the detoxification of activated quinone
metabolites of BP (Singh et al. 1998). Munday and Munday (2001) documented
increases in the activity of the Phase II enzymes NQO and glutathione-S-transferase
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(GST) in rat tissues following oral doses of both DADS and DATS. OSCs enhanced
glutathione content of intestinal mucosa and liver in irradiated Swiss albino mice
(Chittezhath and Kuttan 2006). Oil-soluble OSCs induced GST phosphorylation via
activation of c-Jun NH,-terminal kinase (JNK) in neuroblastoma cells (Filomeni
et al. 2003). Studies have confirmed activation of GST by JNK in normal rat liver
cells (Tsai et al. 2011).

In summary, OSCs act as a double-edged sword in chemoprevention by
inhibiting carcinogen activation by Phase 1 enzymes while simultaneously enhanc-
ing detoxification of activated carcinogenic intermediates via induction of Phase
2 enzymes (Herman-Antosiewicz et al. 2007).

3.3 Inhibition of Cell Cycle Progression

Numerous studies have demonstrated the antiproliferative effects of DATS in a
variety of cancer cell types, including liver, gastric, colon, prostate, lung, bladder,
and skin cancer cells. The DATS appear to induce cell cycle arrest in the G2/M
phase; however, the mechanism by which this occurs may be cell-type specific (for
review see Antony and Singh 2011; Yi and Su 2013). In colon cancer cells, DADS-
induced G2/M phase arrest was associated with hyperphosphorylation and
decreased expression of cell division cycle 25C phosphatase (Cdc25C), inhibition
of cdc2 kinase activation, and decreased formation of cdc2/cyclin B1 complex
formation (Knowles and Milner 2000). Similarly, Xiao et al. (2005) demonstrated
destruction and hyperphosphorylation of Cdc25C and inhibition of cdc2/cyclin B1
kinase activity in prostate cancer cells upon treatment with DATS. This effect was
dependent upon generation of reactive oxygen species (ROS). Wang et al. (2010)
demonstrated increased ROS generation in DATS-treated skin cancer cells. ROS
production associated with G2/M arrest was also seen in neuroblastoma (Filomeni
et al. 2003), colon (Song et al. 2009), and lung (Wu et al. 2009) cancer cells.

A role for checkpoint 1 kinase (Chkl) in OSC-mediated cell cycle arrest was
also proposed. Chkl1 is normally activated in response to DNA damage and results
in cell cycle arrest prior to DNA repair or apoptosis. It has been found that SATS-
induced mitotic arrest is dependent upon activation of Chk1 in prostate cancer cells
and gastric cancer cells (Herman-Antosiewicz and Singh 2005; Ling et al. 2010).

Cell cycle arrest in liver tumor cells was associated with decreased cyclin-
dependent kinase 7 protein levels and increased cyclin Bl protein levels
(Wu et al. 2004). OSC-induced mitotic arrest in human leukemic cells was attrib-
uted to activation and nuclear translocation of nuclear factor-kB (NF-kB) followed
by NF-kB binding to the promoter region of cyclin-dependent kinase inhibitor
1 (p21) (Dasgupta and Bandyopadhyay 2013). OSC induced upregulation of p21
was also demonstrated in a study utilizing colon cancer cells (Liao et al. 2009).
Multiple studies have associated mitogen-activated protein kinase (MAPK) activa-
tion with G2/M arrest. DADS have been shown to trigger cell cycle arrest in both
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colon cancer (Knowles and Milner 2003) and lung carcinoma cells (Hui
et al. 2008). In both studies, this was associated with increased activity of extra-
cellular signal-regulated kinase (ERK). In contrast, DADS-mediated arrest in
gastric tumor cells was associated with upregulation of p38 MAPK (Yuan
et al. 2004). Finally, several studies have identified OSC binding sites on compo-
nents of tumor cell cytoskeleton and correlated morphological changes to the
cytoskeleton with G2/M arrest (Hosono et al. 2005; Xiao et al. 2005; Aquilano
et al. 2010).

Cell cycle arrest, if sustained, provides a powerful preventative mechanism to
the growth of tumors both in vitro and in vivo. In some of the studies cited above,
cell cycle arrest was transient, but was then followed by apoptosis (Xiao et al. 2005;
Song et al. 2009; Aquilano et al. 2010; Dasgupta and Bandyopadhyay 2013).
Regardless of the mechanism by which it occurs, cell cycle arrest appears to be a
common pharmacological effect of OSCs in cancer cells.

3.4 Induction of Reactive Oxygen Species

Accumulating evidence suggests a role for reactive oxygen species (ROS) in cancer
cell apoptosis by OSCs. DADS-induced apoptosis in SH-SY5Y neuroblastoma
cells was associated with ROS generation (Karmakar et al. 2007). Likewise,
ajoene-induced apoptosis in human promyelocleukemic cells was linked to ROS
and activation of NF-kB (Dirsch et al. 1998). Studies involving prostate cancer cells
(Kim et al. 2007), basal cell carcinoma (Wang et al. 2012a, b), MCF-7 breast cancer
cells (Na et al. 2012), and leukemia cells (Choi and Park 2012) also reported that
DATS-induced apoptosis was mediated through ROS generation.

The precise mechanism by which DATS causes ROS generation is not fully
understood, but some advances in this context are worthy of discussion. For
example, apoptosis induction and cell cycle arrest by DADS and DATS were
shown to be mediated through increased intracellular calcium (Park et al. 2002;
Wang et al. 2010). Cell cycle arrest and apoptosis induction by DATS in prostate
cancer cells was shown to be mediated by ROS, generated through increase in labile
iron due to proteasomal degradation of ferritin (Antosiewicz et al. 2006). Wang
et al. (2010) showed that DATS-dependent calcium increase in basal cell carcinoma
(BCC) cells was accompanied by intracellular ROS generation. The ROS genera-
tion by OSCs was also linked with the generation of hydrogen sulfide (H,S) where it
was shown that OSCs can be converted to H,S in human red blood cells (Benavides
et al. 2007). More recently, it was shown that DATS-induced H,S is associated with
the generation of ROS and activation of mitochondria-mediated apoptosis pathway
in human breast cancer MCF-7 cells (Na et al. 2012). Based on these studies, it is
evident that OSC-dependent ROS generation is crucial for their anticancer effects.
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3.5 Inhibition of Angiogenesis and Cell Invasion

Inhibition of angiogenesis, which is required for tumor growth, is another major
effect of some OSCs. Mousa and colleagues demonstrated the anti-angiogenic
potential of alliin as it inhibited the tube formation, dependent on fibroblast growth
factor-2 and vascular endothelial growth factor (VEGF) both in human endothelial
cells and in a chick chorioallantoic membrane assay (Mousa and Mousa 2005). In
the same study, the authors also showed that the anti-angiogenic potential of alliin,
which was in part mediated by increase in cellular nitric oxide and p53 protein
expression, increased in the presence of vitamin C and vitamin E. The DATS-
associated anti-angiogenic properties were examined in human umbilical vein
endothelial cells (HUVEC). DATS was shown to inhibit formation of capillary-
like tube structure and migration by HUVECs. Mechanistic details revealed sup-
pression of VEGF secretion, downregulation of VEGF receptor-2 protein level, and
inactivation of Akt upon treatment with DATS (Xiao et al. 2006a, b).

The effect of OSCs on migration and invasion of cancer cells has also been
studied. Ajoene administration inhibited B16/BL6 melanoma cell adhesion to
LEC1 cells in vitro and also significantly inhibited lung metastasis in C57BL/6
mice injected with B16/B16 melanoma cells (Taylor et al. 2006). Similarly, DADS
treatment resulted in the inhibition of HUVEC cell proliferation and activity of
matrix metalloprotease-2 (MMP-2) and MMP-9 (Meyer et al. 2004). The DATS
administration in a transgenic mouse model of prostate cancer (Transgenic Adeno-
carcinoma of Mouse Prostate; TRAMP) not only prevented the development of
poorly differentiated prostate cancer but also inhibited pulmonary metastasis mul-
tiplicity (Singh et al. 2008). In a study using osteosarcoma cells, DATS was shown
to exhibit antitumor activity by targeting Notchl signaling and inhibiting cell
invasion and angiogenesis partly through downregulation of VEGF, MMP-2, and
MMP-9 (Li et al. 2013). DAS, DADS, and DATS were shown to inhibit migration,
invasion, and angiogenesis. For example, exposure of human colon cancer Colo
205 cells to all three OSCs resulted in inhibition of PI3K, Ras, MEKK3, MKK7,
ERK1/2, INK1/2, and p38 which correlated with the inhibition of MMP-2, -7, and
-9, essential for cell migration and invasion (Lai et al. 2013). DATS was also shown
to inhibit mRNA and protein levels of VEGF and MMP-2, -7, and -9 in human
colon cancer HT29 cells (Lai et al. 2015). In addition to reducing MMP levels,
inhibitory effects of DADS in Colo 205 cells and LNCaP cells were also found to be
associated with reduced levels of proteins associated with tight junctions function-
ality [Lai et al. (2013), Shin et al. (2010), for review see Yi and Su (2013)].

3.6 Immunomodulation

Immunomodulatory effects of garlic and its OSCs have been reported (for a review,
see Schafer and Kaschula 2014). Studies have identified that garlic and its
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constituents can effectively strengthen the host immune system within the tumor
against the immunosuppressive activity of an emerging tumor (Schafer and
Kaschula 2014). Aged garlic extract along with an anticancer agent suppressed
tumor growth of sarcoma-180 and Lewis Lung carcinoma LL/2 cells injected in
mice by inducing cellular immune response through the activation of NK cells and
cytotoxic T cells (Kyo et al. 1998). In addition, aged garlic extract was also found to
stimulate lymphocyte proliferation, macrophages phagocytosis, and lymphocyte
infiltration into tumors and enhanced NK cell number and activity (Schafer and
Kaschula 2014). A recent study showed that intra-tumor inoculation of a protein
fraction of fresh garlic bulbs was more efficient than garlic extract in infiltrating the
tumor with CD8+ T cells (Ebrahimi et al. 2013). DADS downregulated the levels of
CCL-2 (an important chemokine which favors tumor cell migration and expansion)
induced by TNF-a in MDA-MB 231 breast cancer cells (Bauer et al. 2014). It was
reasoned that CCL-2 release by breast cancer cells may be regulated by
pro-inflammatory cytokines through NF-kB or ERK.

Even though studies have identified conflicting evidence (for a review, see
Schafer and Kaschula 2014) with the immunomodulation properties of OSCs, it is
noteworthy to mention that immunomodulatory effects of OSCs may contribute to
their overall anticancer activity.

3.7 Modulation of Histone Acetylation

Balance between histone acetylation and deacetylation is crucial for regulation of
gene expression essential for normal cellular processes. However, this balance is
often lost in cancer cells, favoring their uncontrolled growth and progression.
Discovery of agents that can either block the activity of histone deacetylases
(HDAC:S) or promote the histone acetylation activity is crucial in combating cancer
development. There are examples of clinical success of this approach (vorinostat).
Studies have shown that garlic and its compounds have the potential of both
increasing histone acetylation and inhibiting HDAC activity (for reviews, see
Druense-Pecollo and Latino-Martel 2011; Yi and Su 2013). For example, DADS
caused an increase in the acetylation of histones H3 and H4 in DS19 and K562
human leukemic cells. Acetylation was also induced in rat hepatoma and human
breast cancer cells by DADS and its metabolite, allylmercaptan. Moreover, in the
same study it was shown that allylmercaptan was more potent in inhibiting HDAC
compared to DADS (Lea et al. 1999). The induction of histone acetylation by S-
allylmercaptocysteine (SAMC), allicin, and DADS in various cancer models was
also shown (Lea and Randolph 2001; Lea et al. 2001). DADS was also shown to
promote cellular accumulation in G2/M phase by decreasing HDAC activity and
increasing histone H3 and H4 acetylation, thus causing an increase in p21 mRNA
and protein levels in colon cancer CaCo-2 and HT29 cells (Druesne et al. 2004). A
recent study showed that DATS-induced acetylation of histones H3 and H4 and
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inhibition of HDAC activity contributed to the inhibition of glioblastoma xenograft
growth (Wallace et al. 2013).

4 Preclinical In Vivo Evidence for Chemopreventive
Effects of OSCs

A wealth of literature exists characterizing effects of Allium-derived OSCs on
prevention of cancer initiation and promotion. The primary compounds investi-
gated include the oil-soluble DATS, DADS, DAS, and ajoene, and the major water-
soluble component SAC. With the exception of ajoene, these compounds have
received roughly equal attention in the literature.

4.1 DATS

Although other OSCs have received significant attention for their chemopreventive
ability against carcinogens, the majority of preclinical studies with DATS used
rodents that either received a cancerous cell implant or were genetically susceptible
to cancer. The major cancers investigated with DATS include lung, colon, liver,
prostate, skin, and breast, with a predominance of prostate cancer studies. These
studies were initiated in 2005 (Table 1).

Female BALB/c nude mice with human lung adenocarcinoma cell (A549)
xenografts showed significantly retarded tumor growth with no apparent side
effects when given a DATS oral gavage of 0.6 nmol every other day for 30 days
(Li et al. 2012). Singh et al. (2008) studied the ability of oral DATS (1 and 2 mg/
day, thrice weekly for 13 weeks) to inhibit lung metastasis from prostate cancer in
TRAMP mice. DATS administration did not reduce the incidence of metastasis, but
multiplicity was lower in the treatment group compared with control.

Female nude mice subcutaneously implanted with human colon cancer cells
(HCT-15) exhibited a marked reduction in tumor volume relative to control after
25 days of DATS treatment at 6 mg/kg IV every 3 days initiated 7 days after
xenograft implantation (Hosono et al. 2005). Statistical significance was not
reported, but average tumor volume was less in the treatment group versus control
mice. Wu et al. (2011) found that female BALB/c mice with mouse colon carci-
noma cell (CT-26) allografts had significantly reduced tumor volumes and weights
when administered DATS at 50 mg/kg by oral gavage every 4 days starting 4 weeks
prior to cell inoculation.

In a unique study by Zhang et al. (2007), polybutylcyanoacrylate nanoparticles
containing DATS were tested for 2 weeks of treatment against orthotopically
transplanted HepG2 liver cancer cells. The subcutaneously grown tumors were
subsequently implanted under the envelope of the liver in BALB/c nude mice. IV
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DATS or DATS-filled nanoparticles were injected every other day for 14 days at
1.5 mg/kg. The DATS nanoparticles were markedly more liver targeted than DATS
alone, which showed predominantly renal localization. Both formulations showed
significant spleen distribution. Moreover, DATS nanoparticles retarded growth of
liver tumors more than DATS with no weight loss. To determine a molecular basis
for the result, PCNA and Bcl-2 proteins were assessed. Both were downregulated in
the tumors from DATS nanoparticle-treated mice compared with control tumors.

In preclinical prostate cancer studies on DATS, investigators mostly employed
the TRAMP model or grown xenografts with PC-3 cell implantation. Studies with
TRAMP mice focused on changes in protein expression of cell growth and apo-
ptosis related proteins, while the follow-up ones directly assessed effectiveness
against tumor growth. Kim et al. (2011) found that DATS given at 2 mg/day thrice
weekly for 13 weeks caused significant downregulation of XIAP while inducing
survivin protein in TRAMP mice. Ectopic expression of XIAP partially reversed
DATS-induced apoptosis in prostate cancer cells, strengthening the contention that
DATS-induced XIAP downregulation is important for induction of apoptosis. Stan
and Singh (2009) demonstrated that the same dose and schedule of DATS
suppressed androgen receptor (AR) protein expression in poorly differentiated
prostate cancer in TRAMP mice. Therefore, there is evidence indicating that
DATS can both trigger apoptosis and attenuate prostate cancer-promoting receptor
expression.

Oral gavage of DATS in TRAMP mice at either 1 or 2 mg/day, three times a
week for 13 weeks, significantly inhibited progression to poorly differentiated
prostate cancer, and showed a trend toward a reduction in prostate weight, albeit
not significant (Singh et al. 2008). Dorsolateral prostate showed reduced cell
proliferation from DATS treatment and induction of cyclinB1 and securin protein.
DATS did not increase apoptosis or affect angiogenesis. In Chandra-Kuntal and
Singh (2010), mice from the same study were further assessed. The reduction in
poorly differentiated prostate cancer cells from the 2 mg DATS treatment group in
Singh et al. (2008) correlated with a decrease in phosphorylated STAT3, an
oncogenic protein. However, forced expression of STAT3 in prostate cancer cells
did not attenuate the response to DATS, indicating that inhibition of STAT3
activation is not required for the preventive effect of DATS.

Xiao et al. 2006a, b found that oral DATS at 6 pmol thrice weekly significantly
slowed tumor growth in male nude mice subcutaneously implanted with PC-3 cells.
Tumors were 2/3 smaller in treated mice in 20 days vs. untreated mice. DATS
caused more apoptotic bodies and increased expression of Bax and Bak
(pro-apoptotic proteins). However, DATS did not inhibit angiogenesis, and was
apparently not toxic, as demonstrated by lack of weight loss. Shankar et al. (2008)
approached PC-3 cell implantation differently by implanting directly into the
prostate rather than studying the cells’ subcutaneous growth. They found that oral
DATS given every day 5 days a week at 40 mg/kg inhibited growth of the prostate
cancer implant vs. control. When DATS was combined with TRAIL (tumor necro-
sis factor-related apoptosis-inducing ligand), the combination was even more
effective at growth inhibition than DATS. TRAIL-R1/DR4 and TRAIL-R2/DRS5
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protein induction, caspase-8 activation, and apoptosis induction were also greater
with the combination than either agent alone. DATS also inhibited angiogenesis
and metastasis-related protein expression and Akt and NF-kB activation, but again
did so more strongly when combined with TRAIL (Shankar et al. 2008).

The two-stage murine model of skin cancer with DMBA (dimethylbenz[a]
anthracene) as the initiator and TPA (tetradecanoylphorbol-13-acetate) as the
promoter was employed to test the cancer protective effect of DATS (Shrotriya
etal. 2010). Topical DATS at 25 pmol 30 min before TPA application was effective
in suppressing TPA-induced COX-2 expression. COX-2 suppression appeared to
have been caused by a DATS-triggered reduction in DNA binding of activator
protein 1 (AP-1), a transcription factor for COX-2. DATS also reduced JNK and
Akt activation, and moreover, reduced the incidence and multiplicity of skin
papillomas. COX-2 has been linked with skin cancer through its inflammatory
role in the body, thus providing a mechanistic explanation for the reduced papil-
loma formation.

Na et al. (2012) employed BALB/c mice implanted with human breast cancer
cells (MCF-7) directly into the thoracic area and promoted with estradiol-releasing
implanted devices. Oral DATS at 5 pmol/kg twice weekly for 1 month inhibited
xenograft growth.

Cell studies indicated that DATS induced apoptosis that was dependent on JNK.
DATS increased DNA binding of AP-1. This may appear to be in contrast to the
skin cancer study by Shrotriya et al. (2010) with respect to AP-1 effects; however,
in Shrotriya et al. (2010), DATS’s effects on AP-1 DNA binding were assessed in
the context of TPA-promoted skin cancer, whereas in Na et al. (2012) DATS’s
effects on AP-1 DNA binding were assessed in the presence of estradiol-promoted
breast cancer. Thus, DATS effects on AP-1 are likely context/environment
dependent.

4.2 DADS

DADS have been assessed in treatment or prevention of cancers of the skin,
mammary tissue, liver, colon, kidney, and stomach, in addition to leukemia. Earlier
studies generally employed cancer initiators and promoters (two-stage model),
whereas later studies relied heavily on xenografts of various cancer cell types
(Table 2).

Dwivedi et al. (1992) employed the SENCAR mice, which are sensitive to
two-stage skin cancer induction. Topical DADS (1 mg) 30 min prior to DMBA
initiation and 30 min before each recurrent TPA administration inhibited skin
papilloma formation from the 9th week of promotion. Survival of mice was also
increased after DADS treatment. The mechanism of chemoprevention by DADS in
this study is unclear, but authors postulated the modulation of bioactivation of
DMBA by DADS.
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Ip et al. (1992) assessed effects of DADS against DMBA-induced mammary
tumors in rats. Oral DADS at 1.8 mmol/kg given 96, 48, and 24 h before intragastric
DMBA (10 mg) reduced mammary tumor incidence by 61 % and total tumor yield
by 56 %. DAS also significantly reduced both incidence and yield, but was weaker
than DADS. Suzui et al. (1997) tested DADS against 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine-induced mammary tumors in rats. DADS at
200 ppm in the diet significantly reduced the total number of mammary tumors
per rat by 63 % and trended toward a reduction in tumor incidence.

Sundaram and Milner (19964, b) used a human colon tumor cell line, HCT-15, to
study anticancer effects of DADS. Intraperitoneal or intragastric DADS treatment
(1 mg thrice weekly) reduced tumor volume without apparent toxicity. The intra-
peritoneal route was more effective (69 % reduction in volume) than the later.
DADS was as effective as S5-fluorouracil (5-FU), a well-established antineoplastic
drug. Interestingly, concomitant DADS and 5-FU was no more effective than either
agent alone, but DADS reduced 5-FU toxicity. This finding indicated that DADS
might inhibit the pharmacological action of 5-FU or perhaps affect its bioavailabil-
ity. Liao et al. (2007) tested efficacy against SW480 colon cancer cells implanted
subcutaneously in BALB/C nude mice and found that intraperitoneal DADS
(30 mg/kg) inhibited tumor growth and reduced proliferating cell nuclear antigen
(PCNA) expression.

Xiang et al. (2005) implanted human gastric cancer cells, MGC803, subcutane-
ously into nude BALB/c mice. Three different doses of DADS, 50, 100, and
200 mg/kg intraperitoneally thrice weekly reduced tumor weight compared to
control by 27.8 %, 66.1 %, and 73 %, respectively. This dose-response profile
may indicate that a ceiling effect will be exhibited by DADS at least with respect to
this tumor type. Subsequently, Tang et al. (2013) used coadministration of DADS
and a microRNA (miR-200b and miR-22) that is upregulated in response to DADS
treatment in MGC803 cells. The combination treatment enhanced the effects of
DADS against the subcutaneously implanted cancer cells in nude BALB/c mice.

Takahashi et al. (1992) aimed for a comprehensive approach by sequentially
introducing carcinogens to male F344 rats that targeted different organs. N-
diethylnitrosamine was one of the primary carcinogens used in the study. DADS
were administered, after initiation, at a dose of 200 mg/kg thrice weekly for 6-24
weeks depending on the organ under investigation. DADS significantly inhibited
colon adenoma and renal nephroblastoma; however, although the related garlic
constituent, DAS, trended toward inhibiting colon adenoma, significance was not
achieved. Moreover, DAS did not appear to exhibit any effect on renal cancer.
Perhaps as important as determining therapeutic targets for DADS is the identifi-
cation of cancers that do not respond to DADS. In this study, 100 % of animals
acquired alveolar hyperplasia, but neither DADS nor DAS exhibited any chemo-
preventive ability in lung. In addition, urinary bladder cell hyperplasia was not
significantly inhibited by DADS or DAS. It is possible that the statistical power of
the study was a limiting factor, particularly because only 35 % of animals exhibited
bladder hyperplasia. This would require highly consistent results to recognize a true
difference between treatment groups. Other cancers were relatively rare in the



The Role of Organosulfur Compounds Derived From Allium Vegetables in. . . 131

study, precluding any assessment of DADS or DAS efficacy. It is worth noting that
DAS-treated animals exhibited induction of placental glutathione-S-transferase
(GST-P), an enzyme considered to be indicative of a pre-neoplastic state. Thus,
this study suggests that DAS may promote liver cancer. Unfortunately, later studies
were not designed to assess and confirm this hepatic finding, as they focused on
different organs.

The majority of studies with DADS are aimed at specific organs or tissues;
however, Singh et al. (1996) took a different approach. They used an H-ras
oncogene-transformed fibroblast cell line (NIH 3T3) in xenografts in nude
BALB/c mice. When cells were implanted subcutaneously, oral administration of
DADS delayed and inhibited tumor growth, which correlated with a reduction in
membrane association of p217™*, Interestingly, DADS also inhibited hepatic and
tumoral 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, an enzyme
important in prenylation, and thus anchoring of proteins, e.g., Ras, in the plasma
membrane. Therefore, the investigation indicates that DADS may reduce extracel-
lular growth signal sensitivity in cancer cells.

4.3 DAS

Studies on DAS in relation to cancer began in the late 1980s. It has commonly been
studied for its effects on skin cancer, but has also been assessed for neoplasms of the
esophagus, stomach, mammary tissue, liver, colon, and kidney (Table 3). One of the
first studies on DAS, by Wargovich et al. (1988), focused on esophageal cancer
initiated by N-nitrosomethylbenzylamine (NMBA) in rats. DAS, when given at
200 mg/kg orally 3 h prior to NMBA (3 and 5 mg/kg), inhibited DNA damage by up
to 64 % and inhibited tumor formation completely with high statistical significance.
DAS inhibited gastric and hepatic metabolism of NMBA, thus indicating that DAS
could prevent the formation of DNA-alkylating metabolites. However, whether
DAS inhibited esophageal cancer by inhibiting metabolism of NMBA is unknown,
as this mechanism would suggest that the carcinogenic metabolite(s) of NMBA can
target esophageal cells via the basolateral aspect after reaching the systemic
circulation. In a later study by Wargovich et al. (1992), DAS again showed a
significant ability to suppress initiation of esophageal cancer by NMBA; however,
a dose dependence was clearly observed. That is, 10 mg/kg DAS gavage weekly for
5 weeks (3 h prior to NMBA) failed to inhibit esophageal cancer or papillomas,
while 100 mg/kg weekly reduced tumor incidence by 34 %, tumor multiplicity by
53 %, papilloma multiplicity by 42 %, and squamous cell carcinoma by 88 %, all
statistically significantly. A very important distinction was made in this study, as
when DAS, 200 mg/kg weekly, was given after NMBA treatment it was completely
ineffective at preventing tumors or papillomas.

As described in the previous section, Dwivedi et al. (1992) employed the
SENCAR mouse model to test DAS in parallel with DADS. When given topically,
either DAS or DADS, 1 mg, 30 min prior to DMBA and 30 min before each TPA
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administration, inhibited skin papilloma formation from the 9th week of promotion
and increased survival. As described previously, the authors suggested the possi-
bility of modified bioactivation of DMBA by DAS and DADS as the mechanism of
chemoprevention. Several later studies continued with the assessment of DAS
against chemically induced skin cancer. Singh and Shukla (1998a) also used the
two-stage model of skin cancer (DMBA then TPA). In the study, topical DAS
(250 pg thrice weekly for 3 weeks) given prior to the topical initiator, DMBA, but
not prior to each promoter application, significantly delayed the onset of tumors and
reduced the total number of tumors by 81 % compared to vehicle control. When
250 pg of DAS was given topically 1 h prior to each topical promoter treatment, but
not prior to initiation with DMBA, the total number of tumors was reduced by 76 %.
Singh and Shukla (1998b) tested DAS against skin cancer induced by DMBA or
benzo[a]pyrene (BaP) without the use of a promotion phase. Topical DAS given 1 h
prior to topical DMBA 3 times per week for 28 weeks significantly reduced the
multiplicity of skin tumors in female Swiss albino mice. When DAS was given 1 h
after DMBA, the chemopreventive effect remained, but was somewhat attenuated.
DAS also inhibited BaP-induced skin tumors, but in contrast to DMBA experi-
ments, it trended toward a stronger chemopreventive potential when applied after
BaP. The reason for this contrast with respect to timing-dependent efficacy of DAS
against these two different carcinogens remains unknown. Some plausible factors to
consider are potential differences in the transdermal permeation rates of the car-
cinogens or in the time delay before toxicodynamic effects are exhibited. In a more
recent study, George et al. (2011) found that topical DAS (250 pg thrice weekly)
delayed onset and incidence of skin tumors in male BALB/c mice by 55 % and
45 %, respectively, when started in parallel with a standard two-stage skin cancer
carcinogen treatment (DMBA and TPA). Efficacy was increased (84 % tumor
reduction) when DAS was combined with pomegranate fruit extract (PFE) in
drinking water. PFE, incidentally, showed significant efficacy by itself. From the
molecular aspect, DAS reduced expression of phospho-ERK1/2, phospho-JNK1,
and phospho-IxB-a, and reduced activity of NF-kB and IKK-a. Again, when DAS
was combined with PFE, the effect on all of these molecular indicators was
stronger. Thus, this report demonstrated that DAS and DAS + PFE (DAS < DAS
+ PFE) may work to inhibit a common cell proliferation pathway in skin cancer.

In a study described in the previous section, Ip et al. (1992) assessed DAS and
DADS against DMBA-induced mammary tumors in rats. Gastric gavage of DAS at
1.8 mmol/kg given 96, 48, and 24 h before intragastric DMBA (10 mg) significantly
reduced mammary tumor incidence by 39 % and total tumor yield by 41 %. DADS
showed superior efficacy to DAS in both measures.

The details of a study by Takahashi et al. (1992) comparing DAS and DADS in
liver, colon, and renal cancer, induced by various carcinogens, have also been
described above. Briefly, DAS had a tendency to inhibit colon adenoma, but failed
to reach significance. Further, DAS failed to reduce renal cancer, alveolar hyper-
plasia, or bladder cell hyperplasia, and induced a marker of pre-neoplasia, namely
GST-P, in liver. In a different study, Surh et al. (1995) showed that 250 pM DAS
inhibited N-demethylation of NDMA in rat liver extract by 27 %, indicating that at
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least some metabolic activity was affected by DAS. Thus, whether DAS is
hepatoprotective or detrimental in the presence of a carcinogen very likely depends
on the metabolic fate of the specific carcinogen in question, and how DAS influ-
ences that fate. Further, whether DAS alone increases the risk of liver cancer
remains an important unanswered question.

Hadjiolov et al. (1993) deviated to some extent from the commonly studied
carcinogens when assessing DAS against aristolochic acid (AA)-induced gastric
cancer. AA is a potent carcinogen found in some herbal preparations that is capable
of inducing a variety of tumors in several organs. AA induced stomach, bladder,
and thymus tumors after 12 weeks of exposure in male BD-6 rats. Intragastric DAS
(150 mg/kg) reduced the incidence of stomach carcinomas and sarcomas from 45 %
to 10 % when given 4 h before AA, and from 45 % to 0 % when given twice, 24 and
4 h, before AA. DAS decreased gastric DNA damage, but did not appear to reduce
bladder cell hyperplasia. The total tumor burden was reduced from 60 % to 10 %
with single administration of DAS, and from 60 % to 0 % with double administra-
tion of DAS prior to AA.

44 Ajoene

Of all major OSCs in garlic, ajoene has received the least attention in animal
studies. To date, such studies have involved skin cancer, melanoma,
hepatocarcinoma, and an ascites-derived sarcoma (Table 4). Li et al. (Li
et al. 2002a, b) studied one stereoisomer, Z-ajoene, against subcutaneously
implanted sarcoma 180 (an ascites/peritoneal-derived mouse cancer) and mouse
hepatocarcinoma 22. Z-Ajoene, 8 mg/kg IP daily, significantly reduced sarcoma
growth by 32 %, and 4 mg/kg IP daily significantly reduced hepatocarcinoma
growth by 42 %. Nishikawa et al. (2002) employed the two-stage model of skin
cancer with DMBA and TPA in ICR mice wherein they demonstrated that 250 pg
topical ajoene, given 1 h before each TPA treatment, reduced the multiplicity of
skin cancer to 4.9 % of that observed in ajoene-naive mice at 18 weeks. Taylor
et al. (2006) used the C57BL/6 B16/BL6 mouse melanoma model to show that
25 mg/kg of IP ajoene given every other day reduced primary tumor growth and
lung metastases.

4.5 SAC

As one of the major water-soluble constituents of garlic, SAC has been studied
quite extensively in animal models for its chemopreventive properties (Table 5). In
animal models, it has extensive oral bioavailability and is excreted variably
depending on the species. Although in rats it is significantly renally eliminated as
the N-acetyl-S-allylcysteine (NSAC) metabolite, mice show less of this metabolite,
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and more of the parent compound, in the urine (Nagae et al. 1994). In contrast, dogs
show very little renal elimination of both compounds (Nagae et al. 1994). SAC and
NSAC, of course, bear some resemblance to N-acetylcysteine (NAC), the antidote
for acetaminophen (paracetamol) toxicity. It is therefore worth noting that NAC has
also received some attention for its potential as a more general hepatoprotective
compound, as it is able to bolster the glutathione-based detoxification/conjugation
system. NAC is thus likely useful also in instances without acetaminophen expo-
sure. This information may be helpful to consider when interpreting studies on
SAC.

Studies with SAC have involved cancers of the GI tract, including the oral
cavity, stomach, liver, and colon, and mammary and prostate tumors. One of the
first studies on SAC in cancer was reported by Hatono et al. (1996). In the study
they used dimethylhydrazine (DMH) as both an initiator and promoter of colon
cancer in male Fischer-344 rats. When SAC was administered via diet at 0.125 or
0.25 g/kg of food starting one week prior to initiation with DMH, and continuously
thereafter, aberrant crypt foci (precursors of colon cancer) were reduced by 33 %
and 54 %, respectively. In contrast, when SAC was initiated 2 weeks after starting
DMH it had no effect on aberrant crypt foci. When SAC was given at 1.8 mmol/kg/
day to the rats, a significant increase in glutathione-S-transferase (GST) activity was
seen in the liver, early and middle small intestine, and colon. Further investigation
revealed an increase in GST protein expression. Thus, it is probable that SAC is
chemopreventive via bolstering detoxification systems in the GI tract and liver.
Whether SAC can also act like NAC to increase glutathione stores is unknown, but
being devoid of a protonated sulfur may preclude it from having this role.

Velmurugan et al. (2003) assessed SAC against gastric cancer in rats induced by
serial administration of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and satu-
rated sodium chloride (S-NaCl). Intragastric SAC at 200 mg/kg thrice weekly,
starting the day after initiating MNNG, suppressed the incidence of gastric tumors
and increased the antioxidant status in the stomach, blood, and liver. When the
gastric glutathione/GST system was assessed, it was found that SAC alone or
MNNG + S-NaCl alone increased GSH levels and GST activity; however,
MNNG + S-NaCl did so to a significantly greater extent. Moreover, MNNG +
S-NaCl given concomitantly with SAC yielded the highest increase in GSH con-
centration and GST activity in the stomach. Therefore, the earlier study by P
et al. demonstrating that SAC can induce GST in the liver substantiates these results
in stomach. That MNNG + S-NaCl alone increased gastric GST activity likely
reflects an “attempt” to protect gastric tissue by fortifying its antioxidant capacity.
Again, exactly how SAC triggers GST upregulation is unknown. A subsequent
study by Velmurugan et al. (2005) again used intragastric SAC against MNNG +
S-NaCl, both given in the same frequency and sequence as in the prior study;
however, the dose of SAC was 100 mg/kg thrice weekly instead of 200 mg/kg. This
study also found SAC to be chemopreventive against gastric tumors, but efficacy
was significantly greater when SAC was combined with thrice-weekly lycopene
(1.25 mg/kg), the primary chromophore-bearing molecule in red tomatoes. From a
mechanistic aspect, SAC appeared to have reversed the anti-apoptotic effect of
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MNNG + S-NaCl in gastric tissue. For example, Bcl-2 overexpression was atten-
uated by SAC to an extent that approached control levels. There was also a trend for
SAC to increase caspase 3 activity that had been reduced by MNNG + S-NaCl, but
this was not significant until SAC was combined with lycopene. The expression and
functional changes were demonstrated in gastric tissue; however, whether the tissue
originated from tumors or unaltered stomach is unclear.

Sundaresan and Subramanian (2003) studied liver cancer in rats induced by a
combination of N-nitrosodiethylamine (NDEA) and carbon tetrachloride (CCly).
The carcinogens produced tumors in 6 of 6 rats, but oral gavage of SAC (200 mg/kg
given on alternate days than carcinogens) prevented tumors completely (0 of 6) and
elevated the antioxidant status. Although circulating levels of reduced glutathione
(GSH) were depleted by the carcinogen mix by approximately 50 %, SAC signif-
icantly reversed this effect, with GSH returning to 87 % of normal. Moreover, when
SAC was given in the absence of carcinogens, the GSH level rose above the control
concentration to 116 %. Interestingly, when the same group later assessed changes
in liver GSH in response to the same carcinogen (NDEA), their results contrasted
somewhat with blood GSH (Sundaresan and Subramanian 2008). That is, whereas
NDEA depleted blood GSH, it increased hepatic GSH. However, in both blood and
liver, SAC alone increased GSH, and, in addition, GSH was greater in NDEA +
SAC vs. NDEA alone in both studies. Sundaresan and Subramanian (2008) also
found that hepatic GST activity differed in treatment groups. Specifically, NDEA
increased GST activity, which was further increased by adding SAC. SAC alone
also significantly increased GST activity vs. control, but to a lesser extent than
NDEA or NDEA + SAC. Finally, when Sundaresan and Subramanian (2008)
evaluated two additional major detoxification enzymes in the liver, namely super-
oxide dismutase (SOD) and catalase (CAT), they found that they differed somewhat
in response to NDEA and SAC compared to GST. In particular, SOD and CAT
activities were reduced by NDEA, an effect that was partially reversed by SAC.
Further, SAC alone was able to increase SOD and CAT activities, thus exhibiting
some consistency with its effects on GST. In a more recent study, Ng et al. (2012)
used male BALB/c nude mice with an orthotopic xenograft of a human metastatic
hepatocellular carcinoma cell line (MHCC97L-luc). The cells were grown subcu-
taneously and then implanted into the liver where they were monitored with an
in vivo imaging system. SAC, given at 1 mg/kg/day, did not reduce incidence of
established tumors, but significantly reduced tumor volume (74 % reduction). SAC
trended toward reducing lung metastases (i.e., 87.5 % without SAC, 37.5 % with
SAC), but did not reach statistical significance unless combined with the anticancer/
DNA-binding drug cisplatin. In vitro, albeit at very high concentrations (i.e., 5 to
40 mM), SAC dose dependently induced apoptosis and necrosis with an accompa-
nying stimulation of caspases 3 and 9 and suppression of Bcl-2, Bcl-xL, and PCNA.
E-cadherin expression was also increased, which corresponded to impaired migra-
tion in vitro. Therefore, perhaps surprisingly, SAC showed in vivo efficacy against
liver cancer at blood concentrations that were likely at least 100 times lower than
those shown to trigger cell death in vitro. Without knowing the hepatic
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concentration of SAC, or the potency of its metabolite(s), these in vivo results are
somewhat difficult to compare and contrast with the in vitro results.

Pai et al. (2012) assessed SAC against a human oral cancer cell line subcutane-
ous xenograft, CAL-27, in BALB/c nude mice. SAC dose dependently inhibited
subcutaneous tumor growth and suppressed phosphorylation of Akt, mTOR, inhib-
itor of x-B-a, and ERK1/2. SAC reduced expression of cyclin D1 protein,
cyclooxygenase-2 (COX-2), vimentin, and NF-kB-65 (RelA), and increased
expression of cell cycle inhibitor p16™“. Thus, SAC exhibited a broad scope of
antiproliferative activity at the molecular level.

Cohen et al. (1999) assessed SAC against N-methylnitrosourea (NMU)-induced
mammary tumors in rats. Dietary SAC (2,000 ppm or approximately 167 mg/kg/
day) initiated 7 days before NMU and continued for 18 weeks after NMU was
ineffective at preventing tumors. The authors reported that the blood SAC concen-
tration was below the limit of detection of the HPLC method used, but analysis of
metabolites was not performed. The authors suggested that the lack of efficacy,
which contrasted with other studies on SAC, may be due to nonlinear dose effects.
However, this is the only study assessing SAC against NMU-induced mammary
tumors. Therefore, given the considerably high dose, and the fact that the majority
of other SAC studies were on the GI tract (prior to complete metabolism), the
results may indeed be accurate in this unique study.

Although prostate cancer has been studied quite extensively with some
organosulfur compounds, e.g., DATS, SAC has received little attention. Chu
et al. (2006) used nude mice implanted subcutaneously with a human androgen-
independent prostate cancer cell line, CWR22R. SAC, 1000 mg/kg intraperitone-
ally daily for 7 weeks, inhibited tumor growth significantly by 62.4 % with no
apparent toxicity. Serum PSA declined significantly by about 50 % compared to
untreated xenograft-bearing mice. E-cadherin and y-catenin expression wes
restored, indicating an inhibition of invasiveness by SAC. Apoptosis increased
with a significant reduction in Bcl-2 and an increase in cleaved caspase-3 in
response to SAC.

5 Clinical Trials with Allium Vegetables as a Source
of OSCs

Clinical validation of the positive results from cell culture and animal models was
undertaken in a few population-based studies which investigated the protective
benefits of Allium vegetables and their constituents. To date, most of the clinical
trials looked into the chemopreventive properties of Allium vegetables on various
cancers particularly those of the digestive tract. In the Prostate, Lung, Colorectal,
and Ovarian Screening (PLCO) Trial from 1993 to 2001, men and women were
screened for colorectal cancer where 29,413 control subjects were compared to
3057 cases with at least one adenoma of the distal large bowel to investigate the



144 A. Bommareddy et al.

association of fruit and vegetable intake and the risk of colorectal adenoma devel-
opment. The study concluded that diets high in fruits and dark-green vegetables,
deep yellow vegetables, and garlic and onions are associated with decreased risk of
colorectal adenomas (Millen et al. 2007). In a small double-blind randomized
clinical trial which studied the use of high-dose aged garlic extracts (AGE) to
reduce the number of colorectal adenomas, 37 patients were randomly assigned to
receive either high (2.4 mL/day) or low (0.16 mL/day) dose of AGE after adenomas
larger than 5 mm were removed by polypectomy. It was identified that the number
of colorectal adenomas in the control group increased steadily, but patients who
received high dose had significant reductions in size and number after one year of
treatment (Tanaka et al. 2006). Association of aged garlic extract or oil and gastric
cancer was studied in a factorial double-blind, placebo-controlled trial, the Shan-
dong Intervention Trial (Ma et al. 2012). 3365 participants with Helicobacter
pylori, associated with increased gastric lesions and cancer, were either treated
with two weeks of antibiotics or long-term administration (7.3 years) of aged garlic
extract and oil, or a vitamin supplement. A 14.7 year follow-up showed a
non-statistically significant reduction in gastric cancer incidence and mortality
with garlic and vitamin treatment groups (Ma et al. 2012). Data from the
European Prospective Investigation into Cancer and Nutrition study were also
used to study gastric cancer (GC) and adenocarcinomas of the esophagus (ADO).
Baseline data was collected in 521,457 men and women in ten European countries.
After an average of 6.5 years follow-up, 330 gastric cancer and 65 adenocarcinoma
of the esophagus cases were diagnosed and used as the case subjects. Although
there was no reduction in ADO, there was a borderline significant negative associ-
ation between onion and garlic intake and intestinal gastric cancer risk (Millen
et al. 2007).

Clinical trials also looked at the effect of organosulfur compounds in cancers
affecting women. Data from the European Prospective Investigation into Cancer
and Nutrition study was used to study the effect of fruit and vegetable consumption
on the risk of epithelial ovarian cancer. 325,640 female participants with no
incidence of cancer were interviewed and reassessed after an average of
6.3 years. There were 581 cases of primary invasive epithelial ovarian cancer
after this time period. A high consumption of garlic and onion had a borderline
significant reduction of cancer risk (Schulz et al. 2005). Data from the Shanghai
Women’s Health Study (SWHS) and Shanghai Men’s Health Study (SMHS) were
used to study the relationship between food groups and liver cancer risk. A total of
132,837 Chinese men and women were surveyed about their lifestyle and nutri-
tional habits. After a follow-up of 10.9 years (SWHS) or 5.5 years (SMHS),
267 liver cancer cases were diagnosed in the two years following study enrollment.
High intake of Allium vegetables such as garlic was shown to be associated with a
significantly decreased liver cancer risk (Zhang et al. 2013).

An Italian case—control study looked at the relationship between onion and garlic
intake and endometrial cancer. 454 endometrial cancer cases and 908 controls were
interviewed after being admitted to the same hospitals for a wide spectrum of acute,
non-neoplastic conditions. The consumption of garlic showed a nonsignificant
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decrease in risk at low levels and significant decrease in risk of endometrial cancer
at high levels of garlic consumption (Galeone et al. 2008). A hospital-based study in
Northwest China studied the effects of various foods on the risk of developing
multiple myeloma (MM). The study consisted of 220 confirmed MM cases and
220 individually matched patient controls. High shallot and garlic intake was
significantly associated with a reduced risk of multiple MM (Wang et al. 2012a,
b). A similar hospital-based case—control study which looked at the effect of diet on
prostate cancer concluded a borderline risk reduction in those subjects who con-
sumed more than 5.5 g of garlic a week (Salem et al. 2011).

6 Concluding Remarks and Future Perspectives

At this juncture, significant evidence has mounted to support the use of Allium
vegetables and their constituents in cancer chemoprevention. That is not to say that
regular use of Allium-derived OSCs will protect against all cancers or at all times,
but rather that an overall protective influence appears to be observed with regular
exposure to these compounds. As can be gleaned from the preceding discussion,
compounds in intact garlic exhibit quite a complex series of chemical modifications
when sliced, chewed, or pulverized. Mechanistic, preclinical, and clinical studies
on these compounds have provided us with a wealth of information. There is
significant evidence demonstrating that these compounds can induce apoptosis
and inhibit cell cycle progression in neoplastic cells, perhaps selectively over
normal cells. The molecular mediators of these actions remain an intense area of
investigation and a subject of controversy. For example, it remains unknown
whether the MAPK pathway is upregulated or downregulated by OSCs to prevent
cancer, as results have been conflicting. Similarly, although production of ROS has
gained support as a therapeutic mechanism of action of some OSCs, at least one
OSC, namely SAC, appears to induce a systemic antioxidant state. These discrep-
ancies in mechanistic details must be resolved; however, they cannot overshadow
the clear evidence of the benefits of OSCs. In contrast to the aforementioned
controversy, a quite consistent mechanistic explanation for the protection against
carcinogens, by OSCs, is the upregulation of very important detoxification systems
within various tissues. For example, in both cell work and animal studies, OSCs
from garlic consistently upregulate both GST expression and activity, and increase
the abundance of its co-substrate, namely, reduced glutathione (GSH). Further-
more, various OSCs exhibit a complementary effect on Phase I-metabolizing
enzymes. That is, they can inhibit formation of toxic carcinogen metabolites via
inhibiting CYP 2E1. These beneficial effects can be extrapolated to suggest that
garlic-derived OSCs likely provide a general hepatoprotection and reduce the
toxicity of noncarcinogenic chemicals (e.g., acetaminophen). Other putative anti-
cancer effects of OSCs, such as immunomodulation and anti-angiogenesis, remain
controversial, but evidence continues to accumulate in these areas.
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The antineoplastic potential of OSCs is exhibited quite extensively in animal
models. A variety of cancers have been significantly suppressed in rodents, either at
the initiation stage, the promotion stage, or both. In brief, DATS has shown utility
against colon, prostate, liver, skin, and breast neoplasms. DADS exhibited efficacy
against gastric and colon cancers in particular, and also some utility against skin
and other cancers. DAS has shown particular efficacy against carcinogen-induced
skin cancer as well as various gastrointestinal-type cancers. Ajoene has not received
much attention, but may be effective against skin and hepatic cancers. As the major
water-soluble constituent of garlic, SAC has demonstrated utility against
carcinogen-induced and implanted liver tumors, as well as efficacy in the majority
of the gastrointestinal tract. Prospective clinical trials and epidemiological studies
on garlic and onions have become more common starting in 2005. The summary
from these investigations is that garlic is likely beneficial in cancer chemopreven-
tion. Some studies have shown a statistically significant protective action of garlic,
while others have shown a promising trend in this direction. It appears that
achieving statistical significance can be challenging at times, particularly because
the incidence of some of the cancers studied was quite low during the duration of
the studies. Achieving greater statistical power in future studies will undoubtedly
reveal a more precise therapeutic role for Allium vegetables in chemoprevention.
Finally, clinical investigations have largely used total garlic, rather than the isolated
OSCs assessed in animal studies. This informational gap must be closed to facilitate
confident and meaningful decisions in the future.
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Epigenetic Impact of Bioactive Dietary
Compounds in Cancer Chemoprevention

Gordana Supic, Darja Wagner, and Zvonko Magic

Abstract Epigenetic changes refer to modifications caused by heritable but poten-
tially reversible changes in gene expression not coded in the DNA sequence.
Evidence has been provided that various environmental factors and dietary bio-
active compounds contribute to cancer development through epigenetic mecha-
nisms. The main mechanisms of epigenetic control in mammals are DNA
methylation, histone modifications, and RNA silencing through noncoding RNAs.
The inhibition of DNA methyltransferases (DNMTs) involved in DNA methylation
of CpG-rich regions of gene promoters and various enzymes involved in the
chromatin condensation such as histone deacetylases (HDACSs) have been recog-
nized as potent strategies for cancer therapy and chemoprevention. Treatments
using natural compounds such as green tea polyphenols, soy isoflavones, curcumin,
resveratrol, isothiocyanates, and butyrate (an intestinal product from dietary fiber)
modulate DNMT or HDAC gene expression and/or protein levels and activities,
indicating that natural compounds could have strong potential to reverse epigenetic
changes, without the adverse toxic effects associated with synthetic epigenetic
inhibitors used in chemotherapy. Further characterization of the chemopreventive
properties of various dietary bioactive compounds is warranted to potentially
establish the clinical utility of dietary factors as anticancer compounds either
alone or in combination with other dietary factors or clinically relevant thera-
peutics. Moreover, these characterizations are useful for personalized dietary
recommendations and chemopreventive strategies for reducing cancer incidence.
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1 Introduction

Despite advances in cancer prevention through early detection and modern treat-
ment modalities, cancer remains a major health problem worldwide. A number of
recent studies provide strong evidence that various environmental factors and
dietary bioactive compounds contribute to cancer development through epigenetic
mechanisms. Waddington established the term “epigenetics” to describe develop-
mental processes and the adaptation of an organism to an environment. Nowadays,
this term has been modified and refers to mitotically heritable changes in gene
expression that are not coded in the DNA sequence (Herman and Baylin 2003; Szyf
2005). The main mechanisms of epigenetic control in mammals are DNA methyl-
ation, histone modifications, and RNA interference (RNA silencing) (Fig. 1).
Unlike genetic changes, epigenetic changes are potentially reversible, which sug-
gests that they could be influenced by nutrition, environmental factors, or the joint
effects of gene—environment interactions. Thus, epigenetic modifications could be a
link between cancer, susceptibility genes, and nutrition (Supic et al. 2013). Due to
the reversible nature of epigenetic changes, there is growing interest in epigenetic
therapies for cancer. Several synthetic epigenetic inhibitors such as DNA methyl-
transferase (DNMT) and histone deacetylase (HDAC) inhibitors are either
approved or undergoing clinical trials for the treatment of various cancers (Magic
et al. 2009). However, most synthetic epigenetic inhibitors have shown adverse side
effects. Hence, bioactive phytochemicals which are widely available with lesser
toxic effects have been tested for their potential role in epigenetic modulation of
gene expression in cancer prevention and therapy. A number of bioactive phyto-
chemicals have been identified that potentially alter the expression of key tumor

RNA INTERFERENCE

DNA METHYLATION <«———  HISTONE MODIFICATIONS

Fig. 1 Cross talk of the epigenetic alterations in cancer. The three classes of epigenetic modifi-
cations, such as DNA methylation, histone modifications, and noncoding RNA-based mecha-
nisms, cause changes in the gene expression and genome-wide epigenetic alterations in cancer.
DNA methylation, histone modifications, and posttranscriptional gene regulation by noncoding
RNAs are not isolated events, but coordinated in higher-order chromatin structure. Thus, epige-
netic modifications should not be interpreted independently, but only in combination with other
modifications and within a context, leading to downstream transcriptional activation or repression
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suppressor genes and oncogenes through modulation of DNA methylation and
chromatin modification. These bioactive phytochemicals acting alone or in combi-
nation with other natural or synthetic agents showed promising results against
various cancers (Shukla et al. 2014; Ullah and Khan 2008).

These recent advances have initiated significant interest in the use of natural,
biological, or synthetic agents to prevent or delay the occurrence of cancer or its
progression to invasive disease. The potential mechanisms of chemoprevention are
the inhibition of cancer initiation with “blocking” agents and the inhibition of tumor
progression with “suppressing” chemopreventive agents (Steward and
Brown2013). Both mechanisms of cancer chemoprevention can be modified
through epigenetic modulating agents, either natural or synthetic. Natural dietary
compounds, including green tea polyphenols, soy isoflavones, isothiocyanates
derived from cruciferous vegetables, and garlic-derived organosulfur compounds,
have the strong potential to affect the gene expression via the epigenetic mecha-
nisms, without the adverse toxic effects associated with synthetic epigenetic inhib-
itors used in chemotherapy. Another key aspect of the chemopreventive action of
polyphenols and other dietary factors is their potential ability to selectively target
cancer cells, while maintaining negligible cytotoxicity to normal cells (Khan
et al. 2012).

2 Major Epigenetic Mechanisms in Cancer

2.1 DNA Methylation

The key epigenetic modification in mammals is the DNA methylation of cytosine,
located 5" to guanosine in the CpG dinucleotide (Szyf 2005; Herman and Baylin
2003). The covalent addition of a methyl group to the carbon-5 position of cytosine
in DNA is catalyzed by the enzyme family of DNMTs, with S-adenosyl-methionine
(SAM) acting as a universal methyl donor (Szyf 2005). While DNMT1 is mainly
involved in the maintenance of DNA methylation after replication, DNMT3A and
DNMT?3B interact with transcription machinery and mediate de novo methylation
(Szyf 2005). A number of studies have shown changes of DNMT expression
(mainly DNMT1 and DNMT3B overexpression) in several cancer types (Girault
et al. 2003; Agarwal et al. 2013; Yu et al. 2014).

CpG nucleotides are non-randomly distributed throughout the genome. Whereas
solitary CpG dinucleotides are infrequent, CpG dinucleotides are often clustered in
CpG-rich regions of DNA (CpG islands), with lengths from 0.5 to 4 kb. In normal
cells, CpG islands are not methylated and are frequently associated with the
transcription start site (Szyf 2005). During the process of carcinogenesis, paradox-
ical changes in DNA methylation patterns were observed. The “methylation para-
dox” is characterized by global hypomethylation followed by regional
hypermethylation changes of tumor suppressor gene promoters. Global DNA
hypomethylation may activate or “unlock” repetitive elements that could affect
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genome stability or could lead to transcriptional activation of latent viruses or
oncogenes, whereas regional hypermethylation could lead to transcriptional silenc-
ing of tumor suppressor genes, which causes their inactivation, leading to malignant
transformation (Herman and Baylin 2003). Patterns of tumor suppressor gene
hypermethylation show tumor-type specificity (Esteller 2007). DNA methylation
in cancer cells is now believed to be one of the major causes of the transcriptional
silencing of tumor suppressor genes in carcinogenesis. Accumulating evidence
demonstrates aberrant DNA methylation in most human cancers, including colon,
breast, lung, and oral carcinomas (Esteller 2007; Belinsky et al. 2002; Supic
et al. 2009, 2011a, b). A number of recent studies have demonstrated that dietary
phytochemicals could have an important role in cancer chemoprevention by affect-
ing DNA methylation (Shukla et al. 2014).

2.2 Histone Posttranslational Modifications

Histone modifications are posttranslational covalent modifications of histone tails,
which result in changes to chromatin structure and gene activity. Histone tails can
be modified by acetylation, methylation, phosphorylation, poly-ADP ribosylation,
sumoylation, ubiquitination, citrullination, and proline isomerization (Jenuwein
and Allis 2001; Tollefsbol 2009). Histone posttranslational modifications are com-
plex, dynamic, and highly coordinated in chromatin remodeling and gene regu-
lation. Different combinations of histone modification and histone variants, often
referred as “histone code,” determine the interactions of histones with DNA and
regulate the chromatin structure and its accessibility to transcription factors
(Margueron et al. 2005; Tollefsbol 2009).

Histone acetylation of lysine residues (K) by histone acetyltransferases (HATSs)
neutralizes the positive charge on lysine and releases the histone tails from the
negatively charged DNA. Histone acetylation causes decondensation of chromatin,
thus allowing its accessibility to transcriptional factors (Tollefsbol 2009). The
reverse process is histone deacetylation, catalyzed by HDACs, which leads to
chromatin condensation and the suppression of DNA transcription (Mahlknecht
and Hoelzer 2000) (Fig. 2).

Histone methylation of lysine (K) and arginine (R) residues of histones H3 and
H4 has been associated with both the activation and repression of transcription,
depending on the modification target, type of amino acid, and its position in the
histone tail (Jenuwein and Allis 2001; Tollefsbol 2009). While methylation of the
residue of the fourth lysine on histone 3 (H3K4) leads to transcriptional activation,
methylation of the ninth lysine on histone 3 (H3K9) leads to transcriptional
repression. Histone methylation does not alter the charge of the histone tails but
influences the chemical characteristics of histones and their affinity to transcription
factors and other regulatory proteins. Histone methylation is catalyzed by a family
of enzymes named histone methyltransferases (HMTs), whereas the removal of
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EUCHROMATIN
* High histone acetylation, H3-K4 methylation
* Low DNA methylation

PROMOTER CpG METHYLATION

|

RECRUITMENT OF METHYL-CpG
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|
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DEACETYLASES (HDACs)
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Fig. 2 The Epigenetic Control of Chromatin Organization. Euchromatin is characterized by low
level of DNA methylation, high level of hyperacetylation of histones, and H3-K4 methylation.
Promoter CpG methylation by DNMTs leads to the binding of MBPs that recruit histone
deacetylases (HDACs) and histone methyltransferases (HMT). In contrast, heterochromatin
shows hypermethylation of DNA, hypoacetylation of histones, and H3-K9 methylation that
leads to the chromatin condensation and suppression of the DNA transcription

methyl groups is catalyzed by the histone demethylases (HDMs) (Margueron
et al. 2005; Miremadi et al. 2007).

Histone phosphorylation is involved in diverse biological processes including
mitosis, gene transcription, DNA repair, and cell cycle progression (Banerjee and
Chakravarti 2011). The core histones and histone H1 undergo phosphorylation of
serine and threonine residues by H1 and H3 kinases. Phosphorylation of histones
during mitosis and meiosis is involved in chromosome condensation, whereas the
same modification during interphase weakens H1 binding to DNA, thus promoting
free access of transcriptional factors to the DNA and stimulating the gene expres-
sion. H3 phosphorylation at serine-10 has been associated with the transcriptional
activation of the early response genes c-fos and c-jun (Kouzarides 2007).

Histone ubiquitination at lysine residues of histones H2A and H2B has a role in
gene transcription control. Mono-ubiquitination of histone H2B is required for
methylation of histone H3 at K4 and K79, where histone ubiquitination seems to
promote methylation by recruiting proteasomal ATPases using ubiquitin-modified
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H2B (Jenuwein and Allis 2001; Tollefsbol 2009). The global disruption of the
histone acetylation and methylation, commonly found in cancer, has been associ-
ated with malignant transformation through transcriptional repression of the tumor
suppressor genes (Jenuwein and Allis 2001; Tollefsbol 2009). Aberrant expression
of histone-modifying enzymes (HDAC, HAT, HMT, and HDM) has also been
observed in cancer cells (Mahlknecht and Hoelzer 2000; Tollefsbol 2009). A
large number of dietary bioactive factors have been shown to have modifying
effects on various histone-modifying enzymes (Tortorella et al. 2014).

2.3 RNA-Associated Silencing RNA-Interference
and MicroRNAs

Noncoding RNAs, including microRNAs and small-interfering RNAs, have a very
important role in the posttranscriptional regulation of gene expression. Noncoding
RNAs act either by complete complementary base pairing, which results in mRNA
degradation, or by a partial base pairing, which leads to translational inhibition of
the targeted mRNA. MicroRNAs regulate genes with important cellular functions
such as cell proliferation, differentiation, and apoptosis. Changes in the expression
of genes coding miRNAs are a common event in cancer. Depending on their target,
subsets of miRNAs that are downregulated in cancer may act as putative tumor
suppressor genes, whereas upregulation of other miRNAs suggests that many
miRNAs may act as oncogenes (Shivdasani 2006; Negrini et al. 2007).

Accumulating evidence suggests that epigenetic modifications cannot be
interpreted independently, but only in combination with other modifications and
within a context that leads to downstream transcriptional activation or repression.
DNA methylation, histone modifications, and RNAi are not isolated events but
coordinated in higher-order chromatin structures. DNA methylation leads to the
binding of methylcytosine-binding proteins (MBPs), which recruit HDACs and
HMTs (Herman and Baylin 2003; Tollefsbol 2009) (Fig. 2). Furthermore, noncod-
ing miRNAs can regulate the expression of DNMTs and trigger locus-specific
histone modifications and DNA methylation, causing gene silencing (Zilberman
et al. 2003). In addition, the genes for miRNAs can be downregulated as a result of
hypermethylation (Lujambio et al. 2007). Aberrant changes of miRNA expression
appear to be one of the key epigenetic mechanisms involved in regulating gene
expression during carcinogenesis (Shivdasani 2006; Negrini et al. 2007). In addi-
tion, accumulating evidence demonstrates that dietary factors can alter miRNA
expression in cancer cells. Thus, targeting specific miRNAs with dietary phyto-
chemicals could be a novel approach for cancer chemoprevention (Shah et al. 2012;
Davis and Ross 2008).



Epigenetic Impact of Bioactive Dietary Compounds in Cancer Chemoprevention 159
3 Dietary Factors in Epigenetic Cancer Chemoprevention

Certain dietary factors, e.g., folate, tea polyphenols, phytoestrogens and iso-
flavones, curcumin, and resveratrol, are thought to have a chemoprotective effect
on the development and the progression of cancer. Many bioactive phytochemicals
could potentially alter the expression of key tumor suppressor genes or oncogenes
through modulation of DNA methylation and chromatin modification in cancer
(Figs. 3 and 4). Bioactive natural compounds appear to act through the decrease of
the DNMTs or HDACs gene expression in cancer cell lines and in vivo. In addition,
these bioactive dietary factors resulted in modulating tissue levels of miRNAs and

DNA Alcohol

— e !
Csam {owwrs |

DNA Methylation

l —» Catechol

polyphenols  comt Histones

HMTs
DHF Methyl- ’
DNA Synthesis o DMG m catechols Histone
] \ Methionine Methylation
. Choline
Purines
B THF sumT \Bs l SAH
/—. Betaine
B MTR
12
5,10-MTHF
/— Adenosine
Thymidylate i 'MTHFR Homocysteine
5-MTHF
Alcohol ----() Folate

Fig. 3 A schematic representation of the one-carbon metabolism, transmethylation reactions, and
steps that are inhibited by alcohol. Dietary folate is converted to 5 methyl tetrahydrofolate
(5-MTHF) by the enzyme methylene tetrahydrofolate reductase (MTHFR). The transfer of methyl
group from 5-MTHF to homocysteine results in the methionine synthesis. Methionine is the
precursor for S-adenosylmethionine (SAM), the primary methyl donor for numerous reactions,
including protein, RNA, DNA, and histone methylation. Methyl groups from SAM are transferred
to DNA by DNA methyltransferases (DNMTs) and to histones by histone methyltransferases
(HMTs). DNA methylation of CpG dinucleotides and histone methylation lead to the altered
chromatin remodeling and gene expression. The MTHFR 677C — T polymorphism reduces
enzyme activity and could play a key role in interactions of one-carbon metabolism with alcohol,
which could affect DNA methylation levels. COMT catechol-O-methyltransferase, BHMT betaine
homocysteine methyltransferase, DHF dihydrofolate, DHFR dihydrofolate reductase, MAT methi-
onine adenosyl transferase, MT methyltransferase, MTR methionine synthase, SAH
S-adenosylhomocysteine, THF tetrahydrofolate, 7S thymidylate synthase
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Fig. 4 The chemopreventive effects of dietary factors on specific epigenetic alterations. Dietary
chemopreventive agents can affect DNMTs activity and the DNA promoter methylation status, as
well as the HDAC activity and the pattern of histone modifications, thereby restoring the
epigenetically silenced genes in cancer cells that regulate the cell cycle and apoptosis

their target genes (Shah et al. 2012). Most of the studies were performed in vitro
using different cancer cell lines, or in animals, and few studies were intervention
studies on human subjects.

The first study indicating this phenomenon showed that maternal diet
supplemented with methyl donors, including folate, affected agouti gene expression
in Avy/a mice, as a result of retrotransposon hypermethylation, and caused an
altered coat phenotype (from a normal yellow to brown) in the genetically identical
offspring (Wolff et al. 1998; Waterland and Jirtle 2003). Prenatal famine in humans
influences phenotypic changes in offspring caused by DNA methylation changes
that persist in the next generation offspring (Tobi et al. 2009; Heijmans et al. 2008).
Individuals exposed to severe famine during childhood and adolescence, during the
“Dutch Hunger Winter” of 1944-1945, had a decreased risk of developing colo-
rectal cancer and a decreased methylation of a panel of cancer-related genes
(Hughes et al. 2009). A reduced DNA methylation of the imprinted insulin-like
growth factor 2 (IGF2), persisted six decades later, compared to their unexposed,
same-sex siblings (Heijmans et al. 2008). A recent study showed that prenatal
dietary supplementation with polyunsaturated fatty acid was associated with higher
methylation levels in infants at IGF2/H19 imprinted regions. In addition, in the
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same study DNA methylation states in infants were associated with maternal body
mass index (Lee et al. 2014). The data from these studies indicate that peri-
conceptional, prenatal, and early-life conditions can cause epigenetic changes in
humans that persist throughout life and could cause cancer.

Here we summarize the major phytochemicals that exert cancer-protective
effects through modulation of epigenetic mechanisms, classified as essential
micronutrients (folate and other nutrients of one-carbon metabolism, vitamin D,
vitamin A, and selenium), polyphenol catechins (tea polyphenols—epigallo-
catechin gallate and epicatechin gallate, and coffee polyphenols—caffeic acid
and chlorogenic acid), flavonoids (curcumin and difluorinated curcumin, garcinol,
apigenin, quercetin, flavopiridol), isoflavonoids (genistein), phytoestrogen lignans
(arctigenin), myco-strogens (zearalenone), organosulfur compounds(diallyl disul-
fide, S-allyl-mercaptocysteine, allyl mercaptan), isothiocyanates (sulforaphane and
phenethyl-isothiocyanate), stilbenoids (resveratrol and pterostilbene), cyclic terpe-
noids (boswellic acids), plant alkaloids (mahanine, berberine), and short-chain fatty
acids (butyrate).

4 Essential Micronutrients

Folate and other nutrients of one-carbon metabolism, such as vitamin B2, B6, and
B12, are the main source of methyl groups or act as coenzymes for the one-carbon
metabolism that regulates methyl transfer and DNA synthesis (Anderson
et al. 2012). One-carbon metabolism is essential for the synthesis of S-adenosyl-
L-methionine (SAM), universal methyl donor for various cellular reactions includ-
ing DNA methylation and histone methylation (Fig. 3). Extensive evidence has
accumulated suggesting that folate deficiency plays a significant role in developing
several tumors including cancers of the colorectum, lung, pancreas, esophagus,
stomach, cervix, and breast, as well as neuroblastoma and leukemia (Kim 1999).
Head and neck cancer patients with the high dietary intake of micronutrients
involved in one-carbon metabolism and antioxidant activity (folate, vitamin B12,
and vitamin A) and cruciferous vegetable, compared with those in the lowest intake,
showed significantly less tumor suppressor promoter methylation, assessed using
the Illumina Goldengate Methylation Cancer Panel (Colacino et al. 2012). Low
consumption of folate, vitamin A, vitamin B1, potassium, and iron in colorectal
cancer patients was associated with the increased promoter hypermethylation of
pl6, p14 (ARF), or hMLH1 genes (Mas et al. 2007).

Several studies have established a connection between cancer susceptibility and
methyl-group metabolism genes, including methylene tetrahydrofolate reductase
(MTHFR), a key enzyme involved in folate metabolism and DNA synthesis
(Fig. 3). MTHFRC677T genotype was associated with RASSF1A promoter
hypermethylation in bladder and oral cancer (Cai et al. 2009; Supic et al. 2011a).
Carriers of the 677 T allele of MTHFR gene in patients with colorectal, breast, or
lung tumors had global hypomethylation, while patients with methionine synthase
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2756GG genotype showed promoter hypermethylation in a large panel of tumor
suppressor genes, including p16, pl4, hMLH1, MGMT, APC, DAPK, GSTPI,
BRCA1, RAR-B 2, CDH1, and RASSF1 (Paz et al. 2002). An interaction between
low dietary folate and high alcohol intake in colorectal cancer patients resulted in
concordant DNA methylation of tumor suppressor genes (van England et al. 2003).
In addition, a significant interaction between heavy drinking and MTHFR667TT
genotype, observed in oral cancer patients, resulted in the multiple DNA methyl-
ation of tumor suppressor genes (Supic et al. 2011a). These findings indicated that
polymorphisms in genes encoding enzymes involved in folate metabolism could be
an alternative mechanism that modulates the epigenetic effects of environmental
factors. Interaction of folate intake or one-carbon metabolism-related polymor-
phisms with environmental factors, such as alcohol, could cause changes in DNA
methylation (Fig. 3). Future investigations might predict individual susceptibility to
cancer and provide science-based recommendations for methyl donors intake,
depending on the individual genetic profile exposure for cancer prevention.

Retinoic acid (RA), generated via oxidative conversion from [-carotene
absorbed from fruits and vegetables, binds to nuclear retinoic acid receptors
(RAR) and heterodimerize with retinoid X receptors (RXR). Subsequently, RA
modulates transcription through its response elements in the promoters of target
genes, including p21 and AP-1, and exerts the pro-apoptotic actions