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A B S T R A C T

Although extensive resources are dedicated to the development and study of cancer drugs, the cancer burden is
expected to rise by about 70% over the next 2 decade. This highlights a critical need to develop effective, evidence-
based strategies for countering the global rise in cancer incidence. Except in high-risk populations, cancer drugs are
not generally suitable for use in cancer prevention owing to potential side effects and substantial monetary costs
(Sporn, 2011). There is overwhelming epidemiological and experimental evidence that the dietary bioactive com-
pounds found in whole plant-based foods have significant anticancer and chemopreventative properties. These bio-
active compounds often exert pleiotropic effects and act synergistically to simultaneously target multiple pathways
of cancer. Common bioactive compounds in fruits and vegetables include carotenoids, glucosinolates, and polyphe-
nols. These compounds have been shown to target multiple hallmarks of cancer in vitro and in vivo and potentially
to address the diversity and heterogeneity of certain cancers. Althoughmany studies have been conducted over the
past 30 y, the scientific community has still not reached a consensus on exactly how the benefit of bioactive com-
pounds in fruits and vegetables can be best harnessed to help reduce the risk for cancer. Different stages of the food
processing system, from “farm-to-fork,” can affect the retention of bioactive compounds and thus the chemopreven-
tative properties of whole foods, and there are opportunities to improve handling of foods throughout the stages in
order to best retain their chemopreventative properties. Potential target stages include, but are not limited to, pre-
and postharvest management, storage, processing, and consumer practices. Therefore, there is a need for a compre-
hensive food-system�based approach that not only taking into account the effects of the food system on anticancer
activity of whole foods, but also exploring solutions for consumers, policymakers, processors, and producers.
Improved knowledge about this area of the food system can help us adjust farm-to-fork operations in order to con-
sistently and predictably deliver desired bioactive compounds, thus better utilizing them as invaluable chemopre-
ventative tools in the fight to reduce the growing burden of cancerworldwide.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

Bioactive compounds: Linking the “hallmarks of cancer” and the food
system

This article focuses on how the hallmarks of cancer are affected
by three classes of bioactive compounds: carotenoids, glucosinolates,
and polyphenols (Table 1). How these compounds are affected by
characteristics of five general stages of the food system, referred to
herein as “farm-to-fork” stages, is considered here. The objective of
this review is to foster discussion around integrative food system
changes that might help reduce the growing cancer burden. This can
be referred to as a “food-system�based approach” to cancer preven-
tion. Implementing changes to everything from agricultural practices,
to storage, processing, and consumer practices is a huge challenge.
However, by exploring proposed shifts in the food system and inte-
grating knowledge across disciplines of agricultural management,
food science, and cancer biology, possibilities of better harnessing the
anticancer activity of the food system exist, thus allowing further pre-
vention and targeting of cancer. Additionally, this would enable us to
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Table 1
Plant bioactive compounds target the hallmarks of cancer

Hallmarks Compounds References

Self-sufficiency in growth
signals*

Polyphenols Batra and Sharma (2013); Vanamala et al. (2011a); Radhakrishnan et al. (2011); Liu et al. (2014); Wang et al.
(2003); Thangapazham et al. (2007).

Carotenoids Omenn et al. (1996a and 1996b); Nasri et al. (2014); Kotake-Nara et al. (2001); Hazuka et al. (1990); Levy et al.
(1995); Onogi et al. (1998); Amir et al. (1999);
Bolhassani (2015); Castro-Puyana et al. (2017).

Glucosinolates Wu et al. (2009); Lenzi et al. (2014); Wang et al. (2014); Li (2015).
Insensitivity to antigrowth
signals*

Polyphenols Wang et al. (2003); Charepalli et al. (2015); Vanamala et al. (2010); Ahmad et al. (2000); Gupta et al. (2000);
Kao et al. (2015); Amatori et al. (2016).

Carotenoids Onogi et al. (1998); Murakoshi et al. (1992); Karas et al. (2000); Shao et al. (2016); Ivanov et al. (2007).
Glucosinolates Wu et al. (2009); Stan et al. (2014); Gamet-Payrastre et al. (2000); Traka (2016).

Evading apoptosis* Polyphenols Vanamala et al. (2011a); Thangapazham et al. (2007); Duthie (2007); Karna et al. (2011); Vanamala et al.
(2006a and 2006b, 2008a and 2008b); Reddivari et al. (2010, 2007b);
Massey et al. (2014); Madiwale et al. (2012, 2011).

Carotenoids Omenn et al. (1996a and 1996b); Nasri et al. (2014); Bertl et al. (2006); Schabath et al. (2004); Fernald and
Kurokawa (2013); Niranjana et al. (2015).

Glucosinolates Wu et al. (2009); Ho et al. (2009); Kuang and Chen (2004); Jackson and Singletary (2004); Traka (2016).
Enabling replicative
immortality*

Polyphenols Jagetia and Aggarwal (2007); Lanzilli et al. (2006).
Carotenoids Tomita et al. (1987).
Glucosinolates Tsou et al. (2013); Meeran et al. (2010); Abbas et al. (2015).

Sustained angiogenesis* Polyphenols Garcia-Lafuente et al. (2009); Oak et al. (2003); Maeda et al. (2003); Martin et al. (2003); Favot et al. (2003);
Kondo et al. (2002); Yoo et al. (2002);
Bhandarkar and Arbiser (2007); Khan et al. (2013).

Carotenoids Kaulmann and Bohn (2014); Bertl et al. (2006); Wang et al. (2012); Ganesan et al. (2013); Umigai et al. (2012);
Chen et al. (2012).

Glucosinolates Xu et al. (2005); Thejass and Kuttan (2007a); Xiao and Singh (2007).
Invasion and metastasis* Polyphenols Dihal et al. (2008); Menon et al. (1995); Baliga et al. (2005); Darvin et al. (2015); Hung et al. (2015); Amawi

et al. (2017).
Carotenoids Arseneault et al. (2013); Chung et al. (2013); Huang et al. (2008); Niranjana et al. (2015).
Glucosinolates Hayes et al. (2008); Lenzi et al. (2014); Jeon et al. (2011); Conaway et al. (2005); Thejass and Kuttan (2006);

Kim et al. (2015); Singh et al. (2009).
Genome instability and
mutationy

Polyphenols Cao et al. (2002); Hope Smith et al. (2004); Bub et al. (2003); Szeto et al. (2005).
Carotenoids Zu et al. (2014); Sharan et al. (2012); Stich et al. (1984); van Poppel et al. (1992); Russell (2004); Nordstr€om

et al. (2016).
Glucosinolates Asakage et al. (2006); Jiang et al. (2003); Singletary and MacDonald (2000); Bonnesen et al. (2001).

Tumor-promoting
inflammationy

Polyphenols Gatz andWiesmuller (2008); Raso et al. (2001); Jung and Sung (2004); Lin et al. (2003); Udenigwe et al.
(2008);
Holmes-McNary and Baldwin (2000); Ellis et al. (2011).

Carotenoids Tanaka et al. (2012); Noureini and Wink (2012); Lu et al. (2006); Fedeles et al. (2015); Yasui et al. (2011); Kim
(2011); Erkan et al. (2010);
McMillan et al. (2002).

Glucosinolates Shay andWright (2011); Farraye et al. (2010); Dey et al. (2010); Khor et al. (2006); Fuentes et al. (2015).
Reprogramming energy
metabolismy

Polyphenols Batra and Sharma (2013); Vanamala et al. (2012); Keijer et al. (2011); Fouad et al. (2013); de Boer et al. (2006);
Dihal et al. (2006).

Carotenoids Sumantran et al. (2000); Kim et al. (2014); Bayley and Devilee (2012).
Glucosinolates Singh et al. (2004a and 2004b); Xiao et al. (2010); Amatoa et al. (2015).

Evading immune destructiony Polyphenols Okabe et al. (1997); Lin et al. (2009); Perez-Berezo et al. (2009); Ramiro-Puig and Castell (2009); Jung et al.
(2012);
Churchill et al. (2000); Bhaumik et al. (2000); Gomez-Cadena et al. (2016).

Carotenoids Tanaka et al. (2012); Stivala et al. (2000); Chew and Park (2004); Bendich (1989); Lin et al. (2015).
Glucosinolates Singh et al. (2004a and 2004b); Thejass and Kuttan (2007a); Amin and Shankar (2015).

Adapted from Hanahan andWeinberg (2000, 2011)
*Original hallmark of cancer from Hanahan andWeinberg (2000).
yAdditional hallmark of cancer included in Hanahan andWeinberg (2011).
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develop a novel food-based framework that is built on a transdisci-
plinary approach, allowing for a deeper understanding of underlying
mechanisms to develop safe, affordable, and effective measures to
counter global epidemic of chronic diseases.

The hallmarks of cancer

As initially described by Hanahan and Weinberg (2000), the
hallmarks of cancer are anticancer defense mechanisms that must
be breached for a cell to become cancerous. This seminal paper
concisely described this enormously complex disease in six funda-
mental principles, or hallmarks. These hallmarks are helpful in
comprehensively understanding cancer, as there are >200 types of
cancer that can each behave differently on a cellular level, a con-
cept termed tumor heterogeneity. Hanahan and Weinberg (2011)
proposed four new hallmarks, thus expanding the list to include
10 hallmarks of cancer (Table 1, column 1).

The hallmarks of cancer are important because they create a key
framework for cancer research and analysis, and in a strict sense, are
the targets of the food system�based approach. By better under-
standing the etiology of cancer, further insight into these hallmarks
can be obtained. This deeper understanding of hallmarks can poten-
tially help accelerate the development of targeted cancer therapies as
well as the chemopreventive food-system�based approach
highlighted in this review. A complete review of the hallmarks of
cancer can be found in Hanahan and Weinberg (2000, 2011).



Table 2
The five farm-to-fork stages of the food system alter plant bioactive compounds

Stages of food system Compounds References

Preharvest Polyphenols Khanizadeh et al. (2008); Tsao et al. (2003); Patil et al. (1995); Patil and Pike (1995); Islam et al. (2002, 2005); Massey
et al. (2016);
Lima et al. (2008); Stracke et al. (2009a and 2009b); Giovanelli and Buratti (2009).

Carotenoids Reddivari et al. (2007); Lima et al. (2005); De Rosso and Mercadante (2005); Oliveira et al. (2003); Marais et al. (1991);
Stracke et al. (2009a and 2009b).

Glucosinolates Velasco et al. (2007); Cartea and Velasco (2007); Dal Pra et al. (2013); Kushad et al. (1999); Padilla et al. (2007); Farnham
et al. (2004); Meyer and Adam (2007);
Picchi et al. (2012); Pereira et al. (2002); Jeffery et al. (2003); Brown et al. (2002); Ciska et al. (2000); Verkerk et al.
(2009); Robbins et al. (2005).

Postharvest Polyphenols Klimczak et al. (2007); Zhang et al. (2000); Hagen et al. (2009); Diaz-Mula et al. (2009).
Carotenoids Nhung et al. (2010); Dang et al. (2006).
Glucosinolates Verkerk et al. (2009); Robbins et al. (2005); Jones et al. (2006).

Processing Polyphenols Giovacchino et al. (1994); Vignoli et al. (2011); Spanos andWrolstad (1990); Girennavar et al. (2008); Harbaum-Piayda
et al. (2010); Oufedjikh et al. (1998).
Zabetakis et al. (2000); Suthanthangjai et al. (2005); Patras et al. (2009a); Corrales et al. (2008); Xi et al. (2009); Casazza
et al. (2012); Cai et al. (2012);.
Kannan (2011); Suresh et al. (2007).

Carotenoids Marx et al. (2003); Sanchez-Moreno et al. (2006); Patras et al. (2009b); de Ancos et al. (2000); McInerney et al. (2007);
Butz et al. (2002); Yildiz et al. (2010);
Vallverdu-Queralt et al. (2013); Plaza et al. (2011); Roohinejad et al. (2014).

Glucosinolates Slominski and Campbell (1989); Vos and Blijleven (1988); Verkerk et al. (2001); Mandelova and Totusek (2007); Van
Eylen et al. (2009).

Postprocessing Polyphenols Vanamala et al. (2005, 2006b); Aaby et al. (2007); Price et al. (1997).
Carotenoids Vasquez-Caicedo et al. (2006); Chen et al. (1996); Lin and Chen (2005); Vasquez-Caicedo et al. (2007).
Glucosinolates Johnson (2000); Vallejo et al. (2002).

Consumer practices Polyphenols Lombard et al. (2005); Suresh et al. (2008).
Carotenoids Pinheiro Sant’Ana et al. (1998); van Poppel et al. (1992); Plaza et al. (2011).
Glucosinolates Vallejo et al. (2002); Verkerk and Dekker (2004); Matusheski and Jeffery (2001); Matusheski et al. (2004); Sameer Khalil

Ghawi (2013).
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The agro-food system

For the purpose of this review, the complex global agro-food
system has been condensed into five unique “farm-to-fork” stages
to facilitate understanding of the food system�based approach.
These five stages include preharvest, postharvest, processing, post-
processing, and consumer practices, and build upon the under-
standing outlined in our previous work (Vanamala, 2015). These
key stages are well studied and have been shown to have an effect
on the content, composition, and availability of bioactive com-
pounds, an abundance of which are shown to prevent cancer
(Table 2). However, given the vast array of food system influences
and research across many disciplines, it is important to understand
that these five stages are not an exhaustive list of all possible food
system effects on bioactive compounds. Instead, these stages can
serve as an overarching structure for discussion.

Various classes of bioactive compounds, including carotenoids,
glucosinolates, and polyphenols, which are highlighted in this
review, are each susceptible to the effects of the food system.
Therefore, the quality and quantity of each bioactive compound in
foods can vary substantially by the time they reach consumers.
However, advances have been made along these five stages—from
cultivar selection to novel processing techniques—that provide an
opportunity to retain and ultimately deliver the highest quantity
of bioactive compounds, and therefore cancer-preventing proper-
ties, in fruits and vegetables. These advances are highlighted in our
proposed food system�based approach to cancer prevention.

Why bioactive compounds?

Over the past 30 y, research has shown that many farm-to-fork
operations affect bioactive compounds in foods, usually by either
increasing or decreasing their content, or by altering their compo-
sition (Vanamala, 2017). Likewise, recent research of bioactive
compounds in fruits and vegetables has shown how these com-
pounds can target, both in vivo and in vitro, multiple hallmarks of
cancer. Given the health benefits of bioactive compounds, and the
effects of the food system on these compounds, it is important to
understand how improvements can be made to retain and consis-
tently deliver these compounds in fruits and vegetables.

Advantages of bioactive compounds include their ubiquity and
accessibility as chemopreventive agents, as well as their synergy
and low toxicity as compared with many modern anticancer drugs
(Vanamala, 2017). Nevertheless, all bioactive compounds are not
necessarily chemopreventive, safe for human consumption, or
either, and in fact some can be toxic to humans at higher doses. For
example, glycoalkaloids (found in Solanaceae crops like potatoes,
tomatoes, eggplants, and peppers), as well as acrylamide (com-
monly found in chipped or fried potatoes, and some nut and cereal
crops), and oxalates (found in spinach, rhubarb, and other Cheno-
podiaceae crops), can be toxic to humans and their toxicity can be
influenced by cooking preparation (Gertz & Klostermann, 2002;
Mottram et al., 2002; Prakash et al., 1993; Roswitha Siener, 2006;
Rydberg et al., 2003). In addition to neurotoxicity, acrylamide is
also a putative carcinogen, thus there is a growing interest in pro-
ducing fried foods with low levels of acrylamide using novel proc-
essing methods such as vacuum frying.

Why a food system�based approach?

The key goal of this article is to summarize, interrogate, and
integrate >30 y of bioactive compound and cancer research, and
outline how a food system�based approach might be useful in can-
cer prevention and treatment. Moving forward, a better under-
standing of the effect of the food system on these bioactive
compounds will help in drafting solutions for producers, the food-
processing industry, policymakers, and consumers. Ultimately, this
approach has the potential to enhance the delivery of
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chemopreventive bioactive compounds through fruits and vegeta-
bles. In ancient times, foods were often thought of as medicines,
and their consumption included delivery of bioactive compounds.
How might the stages of the modern food system be adjusted to
consistently and predictably deliver these same bioactive com-
pounds, and what effect might this have on the growing cancer
burden?

The rest of this review is organized as follows: The next section
presents the three classes of bioactive compounds (i.e., carote-
noids, glucosinolates, and polyphenols) considered in this review.
Then the review will discuss how three classes of bioactive com-
pounds target the hallmarks of cancer. Clinical studies on antipro-
liferating effects of plant bioactive compounds are then presented,
followed by a section that introduces the whole food approach to
targeting cancer hallmarks instead of individual compounds.
Three classes of bioactive compounds

The following is an overview of carotenoids, glucosinolates, and
polyphenols.

Carotenoids

Carotenoids are natural pigments that provide bright coloration
to plants and animals. They are commonly found in fruits and veg-
etables including tomatoes, carrots, papayas, and potatoes. Carote-
noids such as b-carotene, a-carotene, lycopene, lutein, zeaxanthin,
b-cryptoxanthin, fucoxanthin, canthaxanthin, and astaxanthin, are
lipid-soluble bioactive compounds that have shown anticarcino-
genic activity (Linnewiel-Hermoni et al., 2015; Tanaka et al., 2012).
Preclinical studies have shown that some carotenoids have potent
antitumor effects both in vitro and in vivo, suggesting potential
preventive or therapeutic roles for the compound (Bolhassani,
2015; Nishino et al., 2002; Tanaka et al., 2012). The functional che-
mopreventive properties of carotenoids in fruits and vegetables
are dependent on many factors, but epidemiological and in vivo lit-
erature generally suggest that they are beneficial to human health
(Voutilainen et al., 2006). Although b-carotene intake as a high-
dose supplement, found to be detrimental to health, (Omenn et al.,
1996a and Omenn et al., 1996b) others highlighting the health
benefits of carotenoids, such as for eye health and cancer preven-
tion, also suggest further research to better understand their full
effects on human health (Diplock et al., 1998; Johnson, 2002).
Glucosinolates

Glucosinolates are sulfur-containing compounds that are primar-
ily found in plants of the Brassicaceae family such as broccoli, cauli-
flower, and cabbage. Glucosinolate-containing plants contain the
enzyme myrosinase, which, in the presence of water, cleaves off the
glucose group from the glucosinolate to form an isothiocyanate, a
nitrile, or a thiocyanate, the active substances that serve as defense
for the plant (Fahey et al., 2001; Hayes et al., 2008; Murillo & Mehta,
2001). Glucotropaeolin, gluconasturtiin, glucoraphanin, and sinigrin
are precursors to benzyl isothiocyanate (BITC), phenethyl isothiocya-
nate (PEITC), sulforaphane (SFN), and allyl isothiocyanate (AITC),
respectively. Glucosinolates, as well as their breakdown products (e.
g., indoles and isothiocyanates [ITCs]), possess health attributes,
including fungicidal, bacteriocidal, detoxifying, and cancer chemo-
preventive properties (Fahey et al., 2001; Traka, 2016). Indoles
(indole-3-carbinol) and ITCs (BITC, PEITC, and SFN) frequently have
been examined for their anticancer effects and these studies are
reviewed in Dinkova-Kostova and Kostov (2012).
Polyphenols

Polyphenols are another ubiquitous group of bioactive com-
pounds that have been shown to have chemopreventive proper-
ties, and their health benefits often are tied to the amount
consumed and the varying bioavailability of the compound in dif-
ferent foods (Eberhardt et al., 2000; Gorzynik-Debicka et al., 2018;
Huang & Ferraro, 1992; Knekt et al., 2002; Manach et al., 2004;
Middleton et al., 2000; Tom�as-Barber�an et al., 2016). As summa-
rized by Manach et al. (2004), the various types of polyphenols,
hydroxybenzoic acids, hydroxycinnamic acids, anthocyanins, fla-
vonols, flavones, flavanones, isoflavones, and monomeric flavanols
are found in a variety of fruits and vegetables, from berries, citrus
fruits, apples, and pears, to celery, parsley, chocolate, grains, and
tea. The presence of polyphenols often results in strong pigmenta-
tion, and some plants and spices that contain flavonoids have been
used in Eastern medicine for thousands of years (Middleton et al.,
2000). Dietary polyphenols comprise >8000 aromatic ring com-
pounds and are widely available antioxidants in the human diet (e.
g., Lecour & Lamont, 2011, and the references therein). Polyphenols
can be subdivided into five classes: flavonoids, phenolic acids, stil-
benes, tannins, and diferuloylmethanes (Lin et al., 2016). Antho-
cyanins, which impart color to a variety of fruits, flowers, and
vegetables, are flavonoids. Caffeic acid (found in many plant foods,
including coffee, sunflower seeds, and some herbs and spices like
thyme and cinnamon) and p-coumaric acid (found in foods such as
peanuts, tomatoes, and garlic) are examples of phenolic acids. A
common example of a stilbene is resveratrol, which is found in red
grapes. Tannins include catechins, which are bitter, astringent
compounds found in green tea. Curcumin, found in turmeric, is the
most commonly known diferuoylmethane (Jatoi & Nguyen, 2008;
Nasri et al., 2014).

The hallmarks of cancer and three bioactive compounds

The hallmarks of cancer, as reviewed by Hanahan and Wein-
berg (2000, 2011), are biological properties that cancer cells have
or acquire during the multistep development of human tumors.
They are characteristics present in most tumors and have been the
targets of many pharmacologic approaches. Table 1 lists the 10
main hallmarks of cancer. The distinct features of cancer provide
an interesting avenue for treatment. Because many cancers show
similar characteristics, drugs targeting the hallmarks of cancer
often are expected to be “silver bullet” treatments; accordingly,
recently developed cancer drugs specifically target unique hall-
marks, with several of them currently in preclinical and clinical tri-
als (Hanahan & Weinberg, 2011). However, as most pharmacologic
approaches are based on focused drug design (Sporn, 2011), they
only target one or two hallmarks. This might explain part of the
reason for certain drugs failing in clinical trials or potentially being
associated with cancer relapse. In some cases, pharmaceutical
approaches to treat cancer also can be associated with serious side
effects (Jatoi & Nguyen, 2008; Nasri et al., 2014). Conversely, bioac-
tive compounds such as carotenoids, glucosinolates, and polyphe-
nols are found in many foods, have multiple targets, and often
have complementary effects. Increasing evidence suggests that
these bioactive compounds in food can target most, if not all, of the
hallmarks of cancer and their deliberate integration into diets is
therefore key to modern cancer prevention and treatment strate-
gies (Bolhassani, 2015). This might explain why the same com-
pounds might have potent efficacy against multiple cancers alone
or when combined with radio/chemotherapy, even with biologic
drugs that target specific molecular events. Furthermore, a major-
ity of studies suggest that food-based bioactive compounds are
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generally non-toxic and well tolerated in humans, with minimal
concern for side effects. Studies on the effects of carotenoids, glu-
cosinolates, and polyphenols on the hallmarks of cancer in differ-
ent models, including human, in vivo, and in vitro studies, are
summarized in the following sections.

Carotenoids

Sustained proliferation
Carotenoids have shown to inhibit the growth and proliferation

of several cancer cell lines (Bolhassani, 2015), including prostate
(Kotake-Nara et al., 2001), melanoma (Hazuka et al., 1990), lung
(Levy et al., 1995), medulloblastoma (World Academy of Science,
2017), mammary (Levy et al., 1995), colon (Castro-Puyana et al.,
2017; Onogi et al., 1998), and leukemia cancer cells (Amir et al.,
1999). Carotenoids also have shown suppression of tumor growth
in in vivo models. In a skin tumorigenesis experiment by Mura-
koshi et al., the incidence of tumor-bearing mice in the positive
control group (initiator: 7,12-dimethylbenz[a]anthracene; pro-
moter: 12-O-tetradecanoylphorbol-13-acetate), was 69%, whereas
those in the groups treated with b- and a-carotene were 13% and
25%, respectively (Murakoshi et al., 1992). In the same study,
where lung carcinogenesis was initiated in the mouse model by 4-
nitroquinoline 1-oxide and promoted by glycerol, the average mul-
tiplicity of lung tumors was significantly reduced in the carotene-
treated group with a reported average of 1.33 per mouse compared
with the positive control group, having an empirical average of
4.06 per mouse (Murakoshi et al., 1992).

Evading growth suppressors
In a study on MCF-7 mammary carcinoma cells, treatment

with lycopene, a carotenoid commonly found in tomato, water-
melon, carrots, cabbage, asparagus, and mango, showed slower
insulin-like growth factor (IGF)-1�stimulated cell cycle progres-
sion that was not accompanied by either apoptotic or necrotic
cell death (Karas et al., 2000). Lycopene-induced delay in gap 1
phase (G1) and S phase progression also has been observed in
other human cancer cell lines (leukemia and cancers of endome-
trium, lung and prostate; Amir et al., 1999). Likewise, in another
study, b-carotene was found to induce a cell cycle delay in the
G1 phase in normal human fibroblasts (Stivala et al., 2000). A
staxanthin was shown to inhibit proliferation and induce apo-
ptosis and cell cycle arrest in mice H22 hepatoma cells in vitro
and in vivo (Shao et al., 2016). Ivanov et al. (2007) reported that
cell cycle arrest in prostate cancer cells at the gap 0 phase (G0)/
G1 phase by lycopene is mediated by a decreased level of cyclins
D1 and E, and cyclin-dependent kinase 4 (cdk4) along with reti-
noblastoma protein phosphorylation.

Immune system evasion
Carotenoids also have been shown to improve immune

responses that could aid in recognition and destruction of cancer
cells (Bendich, 1989; Chew & Park, 2004; Tanaka et al., 2012).
Tomita et al. (1987) showed that b-carotene enhanced the tumor
immunity of mice. Oral administration of b-carotene to BALB/c
mice inoculated with syngeneic BALB/c Meth A fibrosarcoma cells
(Meth A) led to a remarkable rejection against Meth A upon rechal-
lenge. Furthermore, this effect was dose-dependent. In another
experiment, the lymph nodes from tumor-bearing mice fed either
a control diet or b-carotene�supplemented diets were mixed with
fresh tumor cells. The cell mixture was injected into healthy mice.
Tumors that developed in the carotenoid group were one-seventh
as large as those in the mice fed the control diet, suggesting
improved anticancer efficacy. Tomita et al.’s (1987) laboratory
replicated these studies using canthaxanthin and astaxanthin in
the same model and showed that the two carotenoids reduced
tumor burden and enhanced cytotoxic T-cell activity. In another
study, astaxanthin was shown to modulate lymphocytic immune
responses in vitro. Furthermore, the researchers showed that it
partly exerted its ex vivo immunomodulatory effects by increasing
interferon-g and interleukin (IL)-2 production (Lin et al., 2015).
This could potentially be linked to its anticancer activity. However,
more studies are needed to confirm whether genetic background,
age, and sex of the mouse can affect the immunomodulatory
effects, and in turn the anti-ancer activity of carotenoids.

Replicative immortality
Cancer cells also are armed with limitless replicative potential.

A study using crocin, a carotenoid from saffron, has shown that
crocin can suppress this replicative immortality (Noureini & Wink,
2012). The researchers showed that telomerase activity in 0.5 mg
protein extract of HepG2 cells treated with 3 mg/mL crocin was
reduced to about 51% compared with untreated control cells. The
relative expression level of the catalytic subunit of human telome-
rase reverse transcriptase (hTERT) gene showed a 60% decrease
compared with untreated control cells. There is, however, only lim-
ited information on the effect of carotenoids on telomerase activity
during carcionogenesis.

Chronic low-grade inflammation
Chronic inflammation is a backbone for cancer development in

multiple tissues, including in the colon (Lu et al., 2006). A recently
published article also demonstrated a mechanistic link between
inflammation and cancer, suggesting inflammation not only pro-
motes, but also induces cancer (Fedeles et al., 2015). Carotenoids
have shown antioxidant and anti-inflammatory properties in mul-
tiple studies (Tanaka et al., 2012). Astaxanthin has been shown to
suppress the expression of inflammatory cytokines and the master
regulator transcription factor nuclear factor k-light chain enhancer
of activated B cells (NF-kB), and inhibited inflammation-associated
colon carcinogenesis in mice (Yasui et al., 2011). Lycopene is also
reported to inhibit pancreatitis (Kim, 2011). Chronic pancreatitis is
believed to increase the risk for pancreatic cancer (Erkan et al.,
2010). A human study consisting of 30 controls and 15 patients for
both breast and prostate and 11 patients with colorectal cancer
showed that concentrations of C-reactive protein (CRP), an acute-
phase inflammatory marker, were significantly higher and vita-
mins and antioxidants were lower in the patients with cancer. In
controls and cancer patients, C-reactive protein concentrations
presented pairwise significant correlation with circulating concen-
trations of lutein, lycopene, a-carotene, and b-carotene. Moreover,
these relationships appeared to be independent of the presence
and type of cancer (McMillan et al., 2002). Anti-inflammatory
properties of carotenoids in both in vitro and in vivo studies have
been summarized by Kaulmann and Bohn (2014).

Angiogenesis
Angiogenesis is a physiologic process relevant for tissue

growth, remodeling, and wound healing that is also a prerequisite
for tumor growth and metastasis (Bertl et al., 2006). Carotenoids
also have been linked to suppression of angiogenesis. Wang et al.
(2012) showed that fucoxanthin significantly decreased the
expression of vascular endothelial growth factor (VEGF) in sarcoma
180 (S180) of xenograft-bearing mice. Ganesan et al. (2013) dem-
onstrated fucoxanthin and siphonaxanthin downregulates signal
transduction by fibroblast growth factor (FGF)-2 and its receptors
fibroblast growth factor receptor-1 to exert their anti-angiogenic
effects. Although research clearly shows that fucoxanthin has
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promising effects against cancer angiogenesis, it is possible that
plant-derived carotenoids, in combination with other bioactive
compounds, may produce similar results. Indeed, there are reports
on the anti-angiogenic activity of crocetin in in vitro studies (Umi-
gai et al., 2012). However, the role of lycopene in prevention of
prostate cancer still remains controversial (Zu et al., 2014). The
study by Chen et al. (2012) demonstrated, using the in vivo Matri-
gel assay, that lycopene downregulates the activity of matrix met-
alloproteinase (MMP)-2, urokinase-type plasminogen activator,
and protein expression of ras-related C3 botulinum toxin substrate
1, and upregulates the expression of metallopeptidase inhibitor-2
and plasminogen activator inhibitor-1 and this was mediated via
VEGF receptor-2 mediated phosphoinositide 3-kinase protein
kinase B; also known as Akt (PKB) and ERK/p38 signaling path-
ways. This was one of the studies that explained detailed mecha-
nism of how lycopene inhibits angiogenesis in vivo. Furthermore,
higher lycopene intake was associated with lesser degree of angio-
genesis in the tumor in the ongoing prospective Health Professio-
nals Follow-up Study. However, the role of lycopene in prevention
of prostate cancer still remains controversial (Zu et al., 2014),
whereas there is general consensus that increased tomato con-
sumption is inversely associated with prostate cancer risk, empha-
sizing the importance of whole food approach to cancer
prevention (Rowles et al., 2018).

Genome instability
Carotenoids have been shown to reduce genetic damage associ-

ated with carcinogens as demonstrated by the study on betel
chewers in Philippines. Chewing betel, which is the leaf plant in
the Piperaceae family, is linked to oral cancer and theWorld Health
Organization classifies betel as a carcinogen (Sharan et al., 2012). It
is commonly chewed throughout South and Southeast Asia. Inges-
tion of 30 mg of a b-carotene and retinol supplement twice per
week for 3 mo decreased the proportion of buccal mucosal cells
with micronuclei to one-third, whereas an unsupplemented con-
trol group showed no change (Stich et al., 1984). A similar
approach was used by van Poppel et al. (1992). Supplementation of
heavy smokers with 20 mg/d of b-carotene for 14 wk was associ-
ated with a 27% decrease in the frequency of micronuclei in exfoli-
ated lung cells in sputum, relative to a placebo group. However, in
the U.S. CARET (Carotene and Retinol efficacy Trial) study of
>18,000 male and female smokers and male asbestos workers,
30 mg b-carotene supplements over 4 y were linked to a 28%
higher risk for lung cancer and a 17% higher risk for deaths from all
causes compared with smokers taking a placebo (Omenn et al.,
1996a and Omenn et al., 1996b). Accumulating evidence suggests
that high-dose b-carotene in smoke-exposed mammals can give
rise to a variety of transient oxidative metabolites that enhance
cell proliferation. Additionally, eccentric cleavage of b-carotene
metabolites aid in the binding of smoke-derived carcinogens to
DNA (Russell, 2004). In patients with bladder cancer, baseline and
mutagen-induced DNA damage was significantly higher than in
controls and when analyzed jointly with carotenoid intake, high
DNA damage and low carotenoid intake were associated with the
highest risk, suggesting a preventive role for carotenoids in bladder
cancer (Schabath et al., 2004). In another study, circulating carote-
noids at diagnosis, particularly among men carrying specific
somatic variations, were inversely associated with risk for high-
grade prostate cancer. In exploratory analyses, higher lycopene
level was associated with less genomic instability among men with
low-grade disease (Nordstr€om et al., 2016). These results suggest
that it may be beneficial to obtain fat-soluble carotenoids that
accumulate in the body via whole food consumption instead of
supplements. Whole foods such as carrots and pumpkins contain a
variety of carotenoids and xanthophylls and thus, typically none of
them reach pro-oxidant level.
Avoiding cell death
Apoptosis, or programmed cell death, is the process by which

the body removes unwanted cells. Cancer cells elevate anti-apo-
ptotic machinery to prevent cell death (Fernald & Kurokawa,
2013). Neoxanthin- and fucoxanthin-treated prostate cancer cells
demonstrated reduced cell viability through apoptosis induction, a
process of programmed cell death that efficiently eliminate dys-
functional cells (Kotake-Nara et al., 2001). Lutein has been shown
to induce apoptosis in transformed cancer cells but not in normal
human mammary cells. Furthermore, lutein protected normal cells
from apoptosis induced in cell culture (Sumantran et al., 2000).
Fucoxanthin effectively induced apoptosis by the downregulation
of anti-apoptotic proteins and upregulation of the pro-apoptotic
caspase pathway in S180 xenograft-bearing mice (Wang et al.,
2012). These data suggest that carotenoids can induce apoptosis
both in vitro and in vivo. Mechanisms of apoptosis-inducing effects
of carotenoids are summarized by Niranjana et al. (2015).
Cell energetics
Not many studies have linked carotenoids with changes in

energy metabolism in cancer cells or tissue. Both crocetin and cro-
cin reduced the protein expression of lactate dehydrogenase A
(LDHA), one of the targets for chemoprevention in cancer cells, by
34.2% and 10.5%, respectively, compared with the control in HeLa,
a well-known cervical cancer cell line (Kim et al., 2014). Cancer
cells have been shown to preferentially use anaerobic glycolysis
even in the presence of oxygen to fulfill cellular metabolic
demands, called the Warburg effect (Bayley & Devilee, 2012). This
unique metabolism is thought to protect cancer cells from reactive
oxygen species (ROS) produced in the mitochondria. Knockdown
of LDHA, a mediator of aerobic glycolysis, was reported to elevate
mitochondrial ROS production and resulted in a concomitant
decrease in cell proliferation (Arseneault et al., 2013), suggesting a
mechanism for how carotenoids may effect cell energetics to pre-
vent cancer.
Invasion and metastasis
Carotenoids have been shown to protect against invasive and

metastatic properties of cancer cells. The inhibitory effect of lyco-
pene on tumor metastasis was studied in vivo using athymic nude
mice injected with human hepatoma cells. The results revealed
that lycopene decreased the protein expressions of VEGF, prolifer-
ating cell nuclear antigen (PCNA), and MMP-9, and increased the
expression of an anti-metastatic gene, Nm23-H1 (Huang et al.,
2008). Chung et al. (2013) studied the effect of fucoxanthin on
B16-F10 cells (metastatic murine melanoma) MMP-2 and MMP-9
(Chung et al., 2013). These MMPs are expressed in cancer cells and
degrade type IV collagen during cancer invasion. Fucoxanthin
treatment resulted in decreased expression and secretion levels of
MMP-9. Moreover, the numbers of invaded B16-F10 cells were
also decreased. Furthermore, daily oral administration of astaxan-
thin (1 mg/kg by mouth for 14 d) markedly attenuated the promo-
tion of hepatic metastasis induced by restraint stress (Kurihara
et al., 2002). The molecular mechanisms underlying the antimeta-
static effects of carotenoids are summarized in (Niranjana et al.,
2015). These results suggested that carotenoids might improve
antitumor immune responses by inhibiting invasion and meta-
static pathways.
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Inconclusive studies
Randomized controlled trials of b-carotene were unable to show a

significant reduction in the risk for lung cancer in smokers (Hennekens
et al., 1996). Although b-carotene may be a marker for the intake of
fruits and vegetables, it may have detrimental effect in isolated phar-
macologic doses (Alpha-Tocopherol Beta Carotene Cancer Prevention
Study Group, 1994; Omenn et al., 1996a and Omenn et al., 1996b).

Glucosinolates

Sustained proliferation
Glucosinolates have shown antiproliferative effects in a variety

of in vitro and in vivo models (Lenzi et al., 2014; Wu et al., 2009).
PEITC was shown to attenuate proliferation of CD44hi/+/CD24low/,
stem-like, sphere-forming subpopulations of cancer stem cells
(CSCs) in a concentration- and time-dependent manner that was
comparable to the CSC antagonist salinomycin (Li, 2015; Wang et
al., 2014). In the same study, PEITC pretreatment reduced tumors
in xenograft of CSC in a mice model. In another study, PEITC inhib-
ited the growth of pancreatic cancer cells in vitro and in a MIA-
Paca2 xenograft animal model. Exposure to PEITC inhibited
pancreatic cancer cell growth in a dose-dependent manner, with
an IC50 of »7 mM (Stan et al., 2014). Antiproliferative effects of
SFN and other ITCs in in vitro and in vivo models have been
reviewed in many studies (Lenzi et al., 2014; Wu et al., 2009).

Evading growth suppressors
SFN, found in cruciferous vegetables such as broccoli, Brussels

sprouts, and cabbage, was shown to induce cell cycle arrest and
subsequent cell death in a dose-dependent manner in HT-29 colon
cancer cells. SFN-induced cell cycle arrest correlated with an
increased expression of cyclins A and B1 (Gamet-Payrastre et al.,
2000). In another study in prostate cancer cells, SFN induced a G1
arrest in androgen-dependent LnCaP cells and androgen-indepen-
dent DU-145 cells. Although the studies with LnCaP and DU-145
cells reported a G1 arrest, SFN caused an gap 2 phase/mitotic phase
arrest in PC-3 cells (Singh et al., 2004a and Singh et al., 2004b).
SFN-mediated cell cycle arrest has been reported in several other
cell lines (Lenzi et al., 2014). In vitro studies on glucosinolates and
cell cycle arrest are summarized in Traka (2016).

Immune system evasion
SFN administration significantly enhanced natural killer (NK)

cell activity in B16F-10 melanoma-induced metastasis-bearing
C57BL/6 mice. Moreover, antibody-dependent cellular cytotoxicity
also was enhanced significantly in metastatic tumor-bearing ani-
mals after SFN administration compared with untreated control
tumor-bearing animals (Thejass & Kuttan, 2007b). Another study
involving WEHI-3 leukemia cell xenografts in BALB/c mice showed
that PEITC increased the level of cluster of differentiation 3 (CD3)
and decreased the levels of CD3 and Mac-3, suggesting that the dif-
ferentiation of the precursor of macrophages and T cells was inhib-
ited, but the differentiation of the precursor of B cells was
promoted in mice with leukemia. PEITC enhanced phagocytosis by
monocytes and macrophages from peripheral blood mononuclear
cells and the peritoneal cavity and also promoted the NK cell cyto-
toxic activity in comparison with the control group of leukemia
mice (Tsou et al., 2013). In another study, SFN was shown to upre-
gulate NK group 2, member D ligands and modulate the suscepti-
bility of tumor cells (MCF7, A549, MDA-MB-231, and U937 cells) to
NK cell-mediated killing (Amin & Shankar, 2015). These observa-
tions suggest that SFN and PEITC can promote immune responses
to enhance killing of cancer cells, thus preventing immune system
evasion.
Replicative immortality
Inhibition of telomerase has received considerable attention

because of its high expression in cancer cells and extremely low
level of expression in normal cells (Meeran et al., 2010; Shay &
Wright, 2011). SFN treatment caused dose- and time-dependent
inhibition of hTERT, the catalytic regulatory subunit of telomerase,
in both MCF-7 and MDA-MB-231 human breast cancer cells. DNA
methyltransferases (DNMTs), especially DNA (cytosine-5)-methyl-
transferase 1 (DNMT1) and DNA (cytosine-5)-methyltransferase 3a
(DNMT3a), were also decreased in SFN-treated breast cancer cells,
suggesting that SFN may repress hTERT by affecting epigenetic
pathways. Additionally, downregulation of hTERT expression facili-
tated the induction of cellular apoptosis in human breast cancer
cells (Meeran et al., 2010). In a recent study, SFN was shown to
inhibit the expression and activity of hTERT, which was correlated
with SFN-induced changes in chromatin structure and composi-
tion. This ability of SFN to modify chromatin composition and
structure associated with target gene expression provides a new
model by which dietary phytochemicals may exert their chemo-
prevention activity (Abbas et al., 2015).

Inflammation
The risk for colorectal cancer is increased in ulcerative colitis, as

inflammation is presumed to provide a conducive environment for
cancer to develop (Farraye et al., 2010). Orally administered PEITC
reduced the acute and chronic symptoms of ulcerative colitis in
mice, leading to improvements in body weight and stool consis-
tency and decreased intestinal bleeding, mucosal inflammation,
depletion of goblet cells, and infiltration of inflammatory cells (Dey
et al., 2010). Another study found that cyclooxygenase-2 activity
was lower in polyps of Apcmin / + mice fed SFN. SFN also inhibited
activation of transcription factor NF-kB, the expression of proin-
flammatory mediators, and reduced the number of activated mac-
rophages (Dinkova-Kostova & Kostov, 2012; Khor et al., 2006).
Both SFN and PEITC were shown to inhibit NF-kB transcriptional
activation as well as NF-kB�regulated VEGF, cyclin D1, and Bcl-X
(L) gene expression mediated through the inhibition of IKKb phos-
phorylation, IkBa phosphorylation and degradation, and the
decrease of nuclear translocation of p65 in PC-3 cells (Xu et al.,
2005). Anti-inflammatory effects of dietary glucosinolates SFN,
PEITC, indole-3-carbinol (I3C) in the context of cancer has been
reviewed in Fuentes et al. (2015).

Angiogenesis
In vivo anti-angiogenic activity of glucosinolates was studied

using B16F-10 melanoma cell-induced capillary formation in
C57BL/6 mice. Intraperitoneal administration of AITC and PEITC at
a concentration of 25 mg/dose per animal significantly inhibited
tumor-directed capillary formation. Treatment with AITC and
PEITC significantly downregulated serum nitric oxide and tumor
necrosis factor-a levels in angiogenesis-induced animals com-
pared with untreated control animals (Thejass & Kuttan, 2007a).
The in vitro anti-angiogenic study, using the rat aortic ring assay,
showed that both AITC and PEITC at non-toxic concentrations
inhibited the production of proangiogenic factors from B16F-10
melanoma cells, which was evident with the inhibition of micro-
vessel outgrowth from aortic rings (Thejass & Kuttan, 2007a). In
another study using human umbilical vein endothelial cells as a
model of angiogenesis, SFN inhibited tube formation on Matrigel
and caused a decrease in the proliferation of endothelial cells. SFN
also caused a dose-dependent decrease in the proliferative activity
of endothelial cells by elevating apoptosis (Asakage et al., 2006).
PEITC also was shown to have antiangiogenic effect in vitro and ex
vivo in prostate cancer models (Xiao & Singh, 2007). These results
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demonstrate that glucosinolates target tumor-specific angiogene-
sis to aid in anticancer efficacy.

Genome instability
There are multiple studies on the effects of glucosinolates on

genome instability in cancer. Cotreatment of human hepatoma
HepG2 cells and human hepatocytes with micromolar concentra-
tions of SFN plus 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP), a mutagen and carcinogen, reduced the level of PhIP,
DNA adducts (Jiang et al., 2003). In the human mammary epithelial
MCF-10F cell line, SFN inhibited DNA adduct formation by benzo
[a]pyrene (B[a]P) and 1,6-dinitropyrene by 63% to 81% and by 30%
to 56%, respectively (Singletary & MacDonald, 2000). It is important
to note that significant protection was observed at concentrations
as low as 0.1 mM SFN. SFN was also shown to protect against B[a]
P-induced single-strand DNA breaks in the comet assay, with con-
centrations as low as 5 mM (Bonnesen et al., 2001). SFN was also
shown to inhibit histone deacetylase activity in human colorectal
and prostate cancer cells (Ho et al., 2009).

Avoiding cell death
ITCs and SFN have been shown to induce apoptosis in a variety of

cancer models both in vitro and in vivo (Lenzi et al., 2014; Wu et al.,
2009). Glucosinolate derivatives including PEITC, BITC, and I3C
induced apoptosis in human non-small cell lung carcinoma A549 cells
in a concentration-dependent manner (Kuang & Chen, 2004). Flow
cytometric analyses and annexin V staining showed that induction of
apoptosis occurred at low concentrations of PEITC and BITC (�10mM)
and that necrosis occurred at higher concentrations of PEITC and BITC
(25mM); however, apoptosis was not the major pathway for the anti-
proliferative effects of I3C. Themechanisms by which ITCs induce apo-
ptosis have been extensively explored with cell models, and several
key processes within the apoptotic pathways have been shown to be
affected by ITCs, such as induction of caspases, disruption of mito-
chondrial integrity through induction of the proapoptotic members of
the Bcl-2 family, and release of mitochondrial proteins cytochrome c,
Smac/DIABLO and AIF (reviewed in Traka, 2016). Apoptotic markers
have also been observed with SFN in xenograft models. In BALB/c
mice implanted with murine mammary carcinoma cells and subse-
quently given 15 nmol SFN for 13 d by intravenous injection, there
was a 60% decrease in tumor mass and an increase in cleaved poly
[ADP-ribose] polymerase 1. Oral administration of SFN (5.6 mmol, 3
times/wk) also significantly inhibited growth of PC-3 xenografts in
nudemice, with a reduction typically>50% in tumor volume. Apopto-
sis induction in tumors of SFN-treated mice was associated with an
increase in TUNEL staining, and increases in the expression of pro-
apoptotic proteins such as Bax and Bid (Singh et al., 2004a and Singh
et al., 2004b).

Cell energetics
PEITC-induced cell death in LNCaP and PC-3 human prostate can-

cer cells was initiated by production of ROS due to inhibition of oxi-
dative phosphorylation (Xiao et al., 2010). Exposure of LNCaP and
PC-3 cells to pharmacologic concentrations of PEITC resulted in ROS
production, which correlated with inhibition of complex III activity,
suppression of oxidative phosphorylation, and ATP depletion. These
effects were not observed in a representative normal human prostate
epithelial cell line (Amatoa et al., 2015; Xiao et al., 2010), suggesting
specificity of PEITC for cancer cells. In another study, SFN induced
apoptosis in human hepatic cancer cells through inhibition of 6-phos-
phofructo-2-kinase/fructose-2 and 6-biphosphatase 4, both mediated
by the hypoxia inducible factor-1-dependent pathway (Jeon et al.,
2011), suggesting that dietary glucosinolates modulate cellular ener-
getic pathways for preventing cancer.
Invasion and metastasis
In a study with human cervical CSC, lung metastasis was observed

only in the cervical CSC-injected group in vivo that did not receive
PEITC pretreatment suggesting anti-metastatic efficacy of PEITC
(Wang et al., 2014). The ability of SFN to inhibit malignant progres-
sion of lung adenomas induced by tobacco carcinogens was demon-
strated in A/J mice treated for 8 wk with the carcinogens 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone and B[a]P. Twenty
weeks after the beginning of carcinogen administration, mice were
fed diets containing SFN during weeks 21 to 42. Histopathologic
examination of tumors demonstrated a significant reduction in
malignant lung tumor multiplicity (Conaway et al., 2005). The inhibi-
tory effects of SFN were associated with an increase in the fraction of
apoptotic cells (TUNEL-positive and caspase-3-positive cells) and a
reduction of cell proliferation in the lung. In another study, SFN
inhibited lung metastasis induced by B16F-10 melanoma cells in
C57BL/6 mice. In this study, SFN also significantly increased the life
span of metastatic tumor-bearing animals (Kim et al., 2015). Oral
gavage of SFN was also effective in reducing pulmonary metastasis
incidence and multiplicity in TRAMP mice, a model of prostate cancer
progression associated with immune modulation (Singh et al., 2009).
Other glucosinolates have also demonstrated anti-metastatic effects
(Dinkova-Kostova & Kostov, 2012; Meadows, 2012).

Inconclusive data
Glucosinolates have shown potent anticancer effects in many

experimental studies. However, cohort studies in the Netherlands
(Schuurman et al., 1998), United States (Giovannucci et al., 2003),
and Europe (Key et al., 2004) have examined a wide range of daily
cruciferous vegetable intake and found no significant associations
with risk for prostate cancer. However, some case�control studies
have found that individuals who ate larger amounts of cruciferous
vegetables had a lower risk for prostate cancer (Jain et al., 1999;
Kolonel et al., 2000). Similar results have been observed for cancers
in the colon (Voorrips et al., 2000), lungs (Feskanich et al., 2000), and
in the breast (Terry et al., 2001). Although laboratory studies show a
clear benefit of glucosinolates, there seem to be conflicting results of
anticancer efficacy of glucosinolates in many epidemiological studies.

Polyphenols

Polyphenols are secondary metabolites of plants involved in the
defense against different types of stress. Of late, researchers and
food manufacturers have become increasingly interested in poly-
phenols owing to recognition of their antioxidant and anti-inflam-
matory properties, their dietary abundance, and their role in the
prevention of various diseases including cancer (Kampa et al.,
2007; Manach et al., 2004; Scalbert et al., 2005). Polyphenols have
been shown to induce tumor cell death and interfere with carcino-
genesis, tumor growth, and dissemination (Batra & Sharma, 2013;
Dashwood, 2007; Kampa et al., 2007; Zhou et al., 2016). The class
of polyphenols is very large and consists of a variety of subclasses
including phenolic acids, flavonoids, stilbenes, and lignans (Man-
ach et al., 2004). The following sections briefly review the antican-
cer properties of some of the most commonly consumed
polyphenols.

Sustained proliferation
We previously showed that the stilbenoid resveratrol (100�150

mM) exhibited antiproliferative properties in HT-29 cells, even
after insulin-like growth factor (IGF)-1 exposure, by suppressing
insulin-like growth factor receptor (IGFR) protein levels and con-
currently attenuating the downstream PKB/wingless-type MMTV
integration site family (Wnt) signaling pathways that play a critical
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role in cell proliferation (Vanamala et al., 2011a). Other studies
have demonstrated antiproliferative effects of resveratrol in colon
cancer cells HCT-116 (Radhakrishnan et al., 2011) and Caco-2 (Liu
et al., 2014). In another study, polyphenols from tomatoes and soy
(genistein, quercetin, kaempferol, biochanin A, daidzein and rutin)
demonstrated antiproliferative effects against IGF-1a, induced
AT6.3 rat prostate cancer cell line. These effects were in part owing
to inhibition of multiple intracellular signaling pathways involving
tyrosine kinase activity (Wang et al., 2003). In another study
involving nude mice inoculated with human breast cancer MDA-
MB-231 cells (Thangapazham et al., 2007), green tea polyphenols
and epigallocatechin gallate (EGCG) treatment were effective in
delaying the tumor incidence and reducing the tumor burden
when compared with the water-fed and similarly handled control.
Green tea polyphenols and EGCG treatment were also found to
inhibit tumor proliferation (PCNA) when the tumor tissue sections
were examined by immunohistochemistry. We recently showed
that purple potato anthocyanins suppressed colon cancer stem cell
number in vitro and in mice with azoxymethane-induced colon
tumorigenesis (Charepalli et al., 2015).

Evading growth suppressors
A previous study of HT-29 colon cancer cells showed that res-

veratrol also induced G1 phase arrest and suppressed cyclin D1
protein levels (Vanamala et al., 2010). In nude mice inoculated
with human breast cancer MDA-MB-231 cells (Thangapazham et
al., 2007), green tea polyphenols and EGCG treatment induced cell
cycle arrest at G1 phase. The expression of cyclin D, cyclin E, CDK 4,
and CDK 1 were downregulated in green tea polyphenol- and
EGCG-treated groups, compared with the controls suggesting G1
phase block. In another study, EGCG treatment of A431 cells
resulted in significant dose- and time-dependent.

� upregulation of WAF1/p21, KIP1/p27, p16 and p18;
� downregulation of cyclin D1, cyclin dependent kinase 4 (cdk4)
and cyclin dependent kinase 6 (cdk6); and

� inhibition of the kinase activities associated with cyclin E, cyclin
D1, cdk2, cdk4 and cdk6 (Ahmad et al., 2000).

EGCG-induced gap 0 phase (G0)/G1-phase arrest in this
study, resulting in elevated apoptosis. In another work, polyphe-
nol-rich strawberry extract suppressed the number of A17 cells,
a highly invasive breast cancer cell line, inducing the accumula-
tion of cells in G1 phase. Polyphenols also have caused cell cycle
arrest in models of prostate, lung, and bladder cancers and these
have been reviewed in Gupta et al. (2000); Kao et al. (2015);
Okabe et al. (1997).

Immune system evasion
Polyphenols have been shown to have immunomodulatory

activities. Rutin, a flavonoid, has been shown to promote immune
response in vivo in a murine model of leukemia (Lin et al., 2009).
High-dose intake of cocoa, rich in epicatechin, catechin, and pro-
cyanidins, improved the Th1 response in young rats and increased
intestinal dT lymphocyte count (Perez-Berezo et al., 2009). In
another study, cocoa regulated the secretion of inflammatory
mediators from macrophages and other leucocytes in vitro (Ram-
iro-Puig & Castell, 2009). Splenocyte proliferation, which was
diminished after irradiation, was enhanced significantly by querce-
tin supplementation after 30 d of irradiation (Jung et al., 2012).
Curcumin treatment in APCMin/+ mice produced increases in
mucosal CD4+ T and B cells in animals treated with curcumin. This
suggests that curcumin improved lymphocyte-mediated immune
functions (Churchill et al., 2000). Curcumin also increased the
activation of T cells, B cells, macrophages, neutrophils, NK cells,
and dendritic cells in some studies (Bhaumik et al., 2000; Churchill
et al., 2000). Low-dose curcumin also enhanced antibody responses
(Jagetia & Aggarwal, 2007). In another work, gallotannin-rich frac-
tion, obtained from Caesalpinia spinosa, mediated anti-tumor
effects predominantly by the endogenous immune response.
Tumor cells (breast carcinoma and melanoma) treated with this
extract were highly immunogenic in vaccinated mice and induced
immune system activation shown by the generation of interferon-
g producing CD8+ T cells. Additionally, tumor-protective effects
were abolished in immunodeficient mice, and partially lost after
CD4 and CD8 depletion, demonstrating that the immune system is
essential for the anti-tumor activity (Gomez-Cadena et al., 2016).
These and other studies indicate that the immunomodulatory
activities of polyphenols may be responsible for their anticancer
effects.

Replicative immortality
A recent study presented clear in vitro and in vivo evidence that

the inhibition of the cancer-associated enzyme telomerase is a key
mechanism involved in cancer inhibition by EGCG (Naasani et al.,
2003). The researchers demonstrated in a nude mice model bear-
ing both telomerase-dependent and -independent xenograft
tumors cloned from a single human cancer progeny, that only the
telomerase-dependent tumors responded to prolonged oral
administration of EGCG. In another study involving drug-sensitive
(H69) and drug-resistant (H69VP) small cell lung carcinoma cells,
EGCG at 70 mM for 24 h resulted in 50% to 60% reduced telomerase
activity (Sadava et al., 2007). In MCF-7 cells, resveratrol treatment
also downregulated telomerase activity and nuclear levels of hTERT
(Lanzilli et al., 2006). Resveratrol effects on telomerase are hypoth-
esized to be indirect via inhibition of PKC, PKB, and NF-kB path-
ways, which play a role in regulating hTERT through
phosphorylation and nuclear shuttling, respectively (Gatz & Wies-
muller, 2008). These data suggest that polyphenols significantly
reduce the progression of cancer probably by targeting telomerase
activity.

Inflammation
Polyphenols are potent anti-inflammatory agents. Downregula-

tion of cyclooxygenase-2 expression by apigenin and quercetin has
been demonstrated in lipopolysaccharide-stimulated J774A.1 cells
(Raso et al., 2001). Quercetin and nobiletin in mouse macrophages
(Jung & Sung, 2004) and in human synovial fibroblasts (Lin et al.,
2003), respectively, produced a similar effect. Resveratrol elicited
potent anti-inflammatory effects in multiple studies both in vitro
and in vivo (Udenigwe et al., 2008). Resveratrol is a potent inhibi-
tor of both NF-kB activation and NF-kB�dependent gene expres-
sion through its ability to inhibit IkB kinase activity, the key
regulator in NF-kB activation (Holmes-McNary & Baldwin, 2000).
Green tea polyphenol EGCG has been shown to suppresses mela-
noma growth by suppressing inflammasome (NACHT, LRR, and
PYD domains-containing protein 3 [NLRP3] signaling) and IL-1b
secretion/NF-kB signaling (Ellis et al., 2011). Several mechanisms
explaining the anti-inflammatory activity of flavonoids, a major
class of polyphenols, have been described (Garcia-Lafuente et al.,
2009), including the following:

� Antioxidant and radical scavenging activities,
� Regulation of cellular activities of inflammatory cells,
� modulation of the activities of enzymes involved in arachidonic
acid metabolism and nitric oxide synthase, and

� Modulation of the production of proinflammatory molecules by
affecting gene expression.
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Angiogenesis
Polyphenols from wine and green tea have been shown to

inhibit growth factors such as thrombin and platelet-derived
growth facor, involved in angiogenesis (Maeda et al., 2003; Oak
et al., 2003). Delphinidin, an anthocyanin, strongly inhibited endo-
thelial cell proliferation and migration by cyclin D1- and cyclin A-
dependent pathways in response to VEGF (Favot et al., 2003;
Martin et al., 2003). EGCG suppressed endothelial cell proliferation
and migration by inducing apoptosis through mitochondrial depo-
larization, activation of caspase-3 and reduction of binding of VEGF
to its receptors in human endothelial cells (Kondo et al., 2002; Yoo
et al., 2002). Curcumin is a direct inhibitor of angiogenesis and also
downregulates various proangiogenic proteins like VEGF and basic
FGF. Curcumin’s antiangiogenic effect is due, in part, to its inhibi-
tory effect on signal transduction pathways, including those
involving protein kinase C and the transcription factors NF-kB and
AP-1 (Bhandarkar & Arbiser, 2007). In a prostate cancer xenograft
model, chitosan-based nanoformulated EGCG, a green tea polyphe-
nol, reduced the expression of CD31 and VEGF-positive cells in the
tumor tissues demonstrating anti-angiogenic activity in vivo (Khan
et al., 2013). The anti-angiogenic effects of polyphenols are sum-
marized in Cao et al. (2002) and Diniz et al. (2017).

Genome instability
Juice from strawberries, blueberries, and raspberries, all rich in

polyphenols, were shown to strongly inhibit mutagenesis caused
by the alkylating agent methylmethanesulfonate (MMS) and the
procarcinogen B[a]P (Hope Smith et al., 2004). In this study, straw-
berry juice suppressed MMS mutagenesis by 37% and B[a]P carci-
nogenesis by 76%. In another study, consumption of Aronia,
blueberry, and boysenberry juice, rich in anthocyanins and other
polyphenols, for 5 wk significantly decreased oxidative DNA dam-
age in blood cells isolated from human volunteers (Bub et al.,
2003). Consumption of wolfberries, which contain significant lev-
els of ellagic acid, carotenoids, and vitamin C, reduced DNA strand
breakage in buccal cell scrapings from a small group of individuals
compared with controls (Szeto et al., 2005). Although these foods
are very high in polyphenols, it is impossible to ascertain which
are the most bioactive phytochemicals. The effect of berries on
genome stability in cancer is reviewed by Duthie (2007).

Avoiding cell death
We previously have shown that resveratrol induced apoptosis in

HT-29 and SW-480 colon cancer cell lines and that it potentiated
grape seed extract (GSE)-induced apoptosis (Radhakrishnan et al.,
2011; Vanamala et al., 2010). Resveratrol-induced apoptosis was
found to be independent of cellular p53 status. Studies in our labora-
tory suggested that resveratrol and GSE act in concert in potentiating
their anticancer properties at suboptimal doses. In this study, we
showed that resveratrol (»25 mM) potentiated GSE-induced (�35
mg/mL) colon cancer cell apoptosis via activation of p53-dependent
pathways. Elevation of apoptosis was much more pronounced in p53
+/+ cells than in p53�/� cells. Apoptosis was strongly correlated with
p53 levels and Bax to Bcl-2 ratio, both of which are key players in the
mitochondrial apoptotic pathway. Caspase-3 inhibition and ROS sup-
pression attenuated apoptosis induced by the combination (Radhak-
rishnan et al., 2011). Moreover, sweet potato green extract (SPGE) was
shown to modulate apoptotic regulatory molecules, and induced apo-
ptosis in human prostate cancer PC-3 cells both in vitro and in vivo
(Karna et al., 2011). Oral administration of 400 mg/kg SPGE remark-
ably inhibited growth and progression of prostate tumor xenografts
by »69% in nude mice, as shown by tumor volume measurements
and non-invasive real-time bioluminescent imaging. Our laboratory
has shown apoptotic effects of plant polyphenols in different in vitro
models of cancer (Charepalli et al., 2015; Madiwale et al., 2011; Madi-
wale et al., 2012; Massey et al., 2014; Reddivari et al., 2007a and Red-
divari et al., 2007b; Reddivari et al., 2010; Vanamala et al., 2006a and
Vanamala et al., 2006b; Vanamala et al., 2008a and Vanamala et al.,
2008b). Recently, we reviewed the apoptotic mechanisms of antho-
cyanins, a class of polyphenols (Vanamala et al., 2012).

Cell energetics
In addition to antioxidant and anti-inflammatory effects, polyphe-

nols have been shown to regulate energy metabolism (Keijer
et al., 2011). We have shown previously that the pentose phosphate
pathway (PPP), a key pathway that produces reducing equivalents for
cancer cells, was suppressed by resveratrol in the HT-29 colon cancer
cell line (Vanamala et al., 2011b). Enzymatic assays confirmed that
resveratrol suppressed glucose-6 phosphate dehydrogenase (rate lim-
iting) and transketolase, key enzymes of the PPP. In Fouad et al.
(2013), resveratrol (100 mM) significantly decreased the glycolytic
enzymes pyruvate kinase and lactate dehydrogenase in Caco-2 cells,
whereas an increase in citrate synthase activity and a decrease in glu-
cose consumption were observed in Caco-2 and HCT-116 cell lines.
Quercetin, a polyphenol present in apples, onions, tea, and wine, is
known to affect energy metabolism (de Boer et al., 2006) and was able
to inhibit azoxymethane-induced colon carcinogenesis in rats (Dihal
et al., 2006). This was accompanied with lower expression of glyco-
lytic enzymes, suggestive of inhibition of glycolytic metabolism (Dihal
et al., 2008).

Invasion and metastasis
Oral administration of polyphenols such as curcumin and cate-

chin at concentrations of 200 nmol/kg body weight of mice were
found to inhibit lung metastasis of B16F10 melanoma cells as
observed by a reduction in the number of lung tumor nodules
(80%; Menon et al., 1995). Other polyphenols that inhibited lung
tumor nodule formation in this study included rutin (71.2%), epica-
techin (61%), naringin (27.2%), and naringenin (26.1%). The life
span of animals treated with polyphenols also was increased. Cur-
cumin (143.85%), catechin (80.81%), and rutin (63.59%) produced
the highest increase in life span. The results indicate a possible use
of these compounds in arresting the metastatic growth of tumor
cells (Menon et al., 1995). Additionally, treatment of BALB/c mice
bearing 4T1 breast cancer cell tumors with EGCG-rich green tea
polyphenols in drinking water resulted in reduced tumor growth
and PCNA and activation of caspase 3 in the tumors. Metastasis of
tumor cells to lungs was inhibited and survival period of animals
was increased after green tea treatment (Baliga et al., 2005). Sor-
ghum polyphenols were shown to suppress the growth as well as
metastasis of colon cancer xenografts (to lung) through co-target-
ing janus kinase 2/signal transducer and activator of transcription
3 and phosphoinositide 3-kinase /PKB/mammalian target of rapa-
mycin pathways (Darvin et al., 2015). Antimetastatic effects also
have been investigated for apple polyphenols (Hung et al., 2015).
These and other studies (reviewed in Amawi et al., 2017; Weng &
Yen, 2012) suggest that polyphenolic compounds alter metastatic
pathways to inhibit cancer progression and improve life span.

Inconclusive data
Many of the polyphenolic compounds have properties includ-

ing antioxidant, antimutagenic, antiestrogenic, anticarcinogenic
and anti-inflammatory effects that might potentially be beneficial
in preventing cancer. However, not all polyphenols and not all
actions of individual polyphenols are necessarily beneficial. Some
have mutagenic and/or pro-oxidant effects, as well as interference
with essential biochemical pathways, including topoisomerase
enzyme activities, prostanoid biosynthesis, and signal transduction
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(Ferguson, 2001). There is a very large amount of in vitro data
available, but far fewer animal studies, and these are not necessar-
ily predictive of human effects because of differences in bacterial
and hepatic metabolism of polyphenols between species (Russo et
al., 2017). Some epidemiological studies present no significant cor-
relation(s) between polyphenol intake and reduced risk for cancer
(Arts & Hollman, 2005). Generally, in vitro and some animal
experiments have provided strong positive evidence, whereas evi-
dence from in vivo and human epidemiological studies is not con-
clusive (Wang & Wang, 2015). However, accumulating
epidemiological evidence of a reduction in cancer risk from case-
�control and cohort studies assessing polyphenol intake empha-
sizing the need for further investigation of polyphenols and their
anticancer activity.

Gut microbial metabolism
We have presented a variety of mechanisms by which these

bioactive compounds could target cancerous cells in vitro and in
vivo. Given that many of these compounds have low bioavailability
in vivo, their health benefits are mediated through their interac-
tion with the gut microbes and microbial metabolism. Many of
these bioactive compounds are broken down by the gut microbiota
into smaller, more functional metabolites (for e.g., equol from soy
foods; Davis & Milner, 2009; Nussbaumer et al., 2011) that elicit
the desired anticancer effect. Bioactive compounds also can modu-
late the content and composition of the gut microbiota (Davis &
Milner, 2009). Therefore, the intestinal microbiota is both a target
for bioactive intervention and a factor influencing the biological
activity of these functional compounds consumed through the
diet. Through increased knowledge of the mechanisms involved in
the interactions between the bioactive compounds, microbiota and
its host, we will be in a better position to develop better treatments
for cancer.

Clinical trials

The major treatments currently used to treat cancer include
chemotherapy, radiotherapy, and surgery. Some of the commonly
used chemotherapeutics include antimetabolites (e.g., methotrex-
ate), DNA-interactive agents (e.g., cisplatin, doxorubicin), antitubu-
lin agents (taxanes), hormones, and molecular targeting agents
(Nussbaumer et al., 2011). However, as mentioned earlier, these
compounds have severe side effects. Although most of the studies
outlined in this review are preclinical studies, and data on antican-
cer effects of bioactive compounds in humans is limited, many clin-
ical trials are in the pipeline and recent publications in this area are
promising. Curcumin, a polyphenol, is already in multiple clinical
trials both alone and in combination with drugs/other phytochem-
icals in the prevention of oral, colon, and prostate cancers as well
as cancers of multiple other organ sites (Carroll et al., 2011; Maru
et al., 2016). Other phytochemicals that show beneficial effects in
clinical trials include resveratrol in colon cancer, including in
patients with hepatic metastasis as well as green tea on multiple
cancer sites (Howells et al., 2011; Patel et al., 2010). Berry phyto-
chemicals have been widely studied in clinical trials and have
shown protection against cancers at various sites (summarized by
Bishayee et al., 2016) by targeting multiple hallmarks of cancer.
Black raspberry was shown to reduce cancer cell proliferation sig-
nificantly in 20 patients with cancer—6 with colon cancer and 14
with rectal cancer (Pan et al., 2015). Black raspberry treatment
modified genetic and epigenetic markers positively in colorectal
adenocarcinomas and adjacent normal tissues, especially in genes
in the Wnt signaling pathway that regulates intestinal cell prolifer-
ation. In addition to Wnt pathway, black raspberry modified
protectively expression of genes related to proliferation, apoptosis,
and angiogenesis. In a subsequent study, inflammatory markers,
plasma IL-8 was suppressed and granulocyte macrophage colony-
stimulating factor was elevated in 24 patients with cancer receiv-
ing the same black raspberry treatment, suggesting inflammatory
signaling pathways were also targeted (Mentor-Marcel et al.,
2012). In Knobloch et al. (2016), black raspberry-rich troches were
shown to be tolerated well and phytochemicals were detected in
the oral squamous cell carcinoma tissues in patients. Furthermore,
raspberry consumption reduced the expression of antiapoptotic
and proinflammatory genes that were overexpressed in the cancer
tissues (Knobloch et al., 2016). Albeit these positive signs, there
have been many negative results demonstrating little to no effect
of bioactives in clinical trials particularly when in isolated form
(Poulsen et al., 2013). A putative reason could be the dosage
because several clinical trials found that administration of dietary
phytochemicals resulted in low or undetectable levels in blood.
Potential factors contributing to low bioavailability suggest the
following:

� low aqueous solubility (polarity, poor dissolution rate) of com-
pounds;

� poor absorption (lipophilic nature)
� extensive metabolic conversion to conjugates/metabolites; and
� metabolism by gut bacteria (Maru et al., 2016).

Thus, currently there has been considerable focus on evaluating
the usage of combination therapy or whole food approaches to
harness the anti-inflammatory and anticancer activity. Further
well-designed clinical studies are essential for the development of
effective whole food approaches to primary and secondary preven-
tion of cancer.

Significance of whole foods in the food-system�based approach

Consumption of fruits and vegetables has been associated with
a significant decrease in cancer incidence (Farvid et al., 2019) and
cardiovascular disease (Badimon et al., 2019). As a result, numer-
ous bioactive compounds have been isolated and identified, and
their potential health-promoting effects have been evaluated
extensively, both in vitro and in vivo. However, it should be under-
stood that purified phytochemicals may not necessarily exert the
same beneficial health effect as phytochemicals found in the food
matrix and among other bioactive compounds. Therefore, because
the anticancer efficacy of phytochemicals relies in part on con-
sumption of whole foods and not purified phytochemicals, it is
important to realize the overall significance of food system�based
approaches. Growing evidence suggests that phytochemicals
administered as dietary supplements do not provide the same
health benefits as phytochemicals administered through diets rich
in fruits, vegetables, and whole grains (Kok et al., 2008). Although
relatively high doses of single bioactive agents may show potent
anticarcinogenic effects, the synergistic interactions between dif-
ferent dietary ingredients that potentiate the activities of any sin-
gle constituent better explain the observed benefits of whole foods
and diets in many epidemiological studies (Kok et al., 2008; Liu,
2004). In a recent study that compared GSE-induced anticancer
effects to the effects of its individual components, the researchers
found that GSE is significantly more potent to inhibited growth
than its individual components, epigallocatechin and procyanidins
(Dinicola et al., 2012). Thus, it is possible that the beneficial effects
of fruit/vegetable consumption may arise from the combination of
different compounds. Additionally, bioactive compounds may have
pleiotropic effects that in combination reduce the risk for chronic
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disease. Different compounds might target different pathways to bet-
ter suppress cancer cell growth (Kris-Etherton et al., 2002; Majumdar
et al., 2009). As illustrated in this review, these bioactive compounds
simultaneously act on different pathways at the same time. Recently,
there have beenmany studies on bioactive components and their syn-
ergistic anticancer effects (Aggarwal et al., 2004; Chuang & McIntosh,
2011; Follo-Martinez et al., 2015; Mertens-Talcott et al., 2003; Mert-
ens-Talcott & Percival, 2005; Vanamala et al., 2008a and Vanamala et
al., 2008b; Yang & Liu, 2009). As a result, although this review dis-
cussed the aspect of anticancer effects of bioactive compounds from
the three classes of carotenoids, glucosinolates, and polyphenols, we
stress the importance of assessing the whole foods that contain them
and how farm-to-fork stages affect the composition and content of
these bioactive compounds.

Carotenoids
Pre- and postharvest
Much of the future carotenoid content of fruits and vegetables is

accounted for in the effect of genotype, making cultivar selection of
great importance in the ultimate delivery of carotenoids. In a recent
study of 25 potato genotypes, where various carotenoids including
lutein, violaxanthin, and b-carotene were analyzed, plant genotype
was the most significant preharvest parameter in determining total
carotenoid content (Reddivari et al., 2007a and Reddivari et al.,
2007b). Similarly, in Lima et al.’s (2005) study of acerola fruit, a com-
mon Brazilian export because of its high carotenoid and anthocyanin
content, genotype selection and maturity at harvest both played a sig-
nificant role in the level of bioactive compounds as well as the overall
performance of the fruit in terms of its bioactive compound content,
with a single genotype out-performing in terms of polyphenol and
carotenoid content. Another study evaluated levels of four types of
carotenoids (b-carotene, b-cryptoxanthin, a-carotene, and lutein)
found in two commonly cultivated acerola genotypes. One cultivar
exhibited significantly higher levels of b-carotene, b-cryptoxanthin,
and a-carotene, whereas the second cultivar was higher in lutein.
This study also suggested that annual variation in sunlight exposure
altered carotenoid biosynthesis across acerola cultivars (De Rosso &
Mercadante, 2005). In addition to genotype, other related preharvest
factors including soil type, climate, farmmanagement type, andmatu-
rity at harvest have been shown to significantly affect carotenoid lev-
els. Both of the aforementioned acerola studies also found that climate
and seasonality affected carotenoid synthesis and content. Similarly,
in studies of grapes, soil characteristics and irrigation played an impor-
tant role in determining carotenoid content (Oliveira et al., 2003).
Additionally, lutein and b-carotene concentrations have been found
to be higher in grapes fromwarmer regions (Marais et al., 1991).

Farm management type, although not yet well understood, can
further affect carotenoids, and there is much public interest sur-
rounding the influence of organic versus conventional manage-
ment practices (Stracke et al., 2009a and Stracke et al., 2009b). A
study of tomatoes under organic and conventional management
showed organically managed tomatoes had higher levels of lyco-
pene (+14%) and b-carotene (+42%) when analyzed as fresh matter,
yet these differences decreased when analyzed as dry matter, with
lycopene differences nonsignificant and b-carotene levels at +25%
(Caris-Veyrat et al., 2004). This study found the higher level of car-
otenoids in organic tomatoes to be consistent with their higher red
color value, and also found that the differences between levels of
lycopene and b-carotene in fresh versus dry matter analyses to be
due to higher levels of dry matter content in organic tomatoes.
Another study found no significant difference between organic and
conventionally produced carrots as manifested in the carotenoid
levels of plasma of men when analyzed after consumption (Stracke
et al., 2009a and Stracke et al., 2009b).

Beyond comparisons of organic versus conventional manage-
ment practices, general management considerations such as matu-
rity at harvest, as well as climate and weather, can affect bioactive
compounds. Maturity at harvest can affect carotenoid levels and
might vary by species, as Marais et al. (1991) showed in their study
of grapes where overall carotenoid concentrations significantly
decreased with fruit maturity, whereas in the previously men-
tioned study of acerola, and in another study of mango cultivars,
levels of violaxanthin and b-carotene increased with fruit maturity
(Mercadante & Rodriguez-Amaya, 1998). Lutein and b-carotene
levels in grapes were higher when grown in hot rather than cool
regions (Marais et al., 1991).

Similar to preharvest practices, certain postharvest practices
also affect carotenoid content. For example, storage time and type
has shown to affect gac, a common fruit in Vietnam, with caroten-
oid levels declining in the second week of storage (Nhung et al.,
2010). A study of mangoes also showed that harvesting at the
sprung stage, instead of at the mature green stage, and then keep-
ing the mangoes in controlled atmosphere storage for 3 or 5 wk
resulted in significantly higher carotenoid content than the same
storage for mature green stage mangoes (Dang et al., 2006). How-
ever, many of these studies did not take total water content into
account and future studies should present bioactive compound
levels on a dry weight basis.

Processing and postprocessing
Processing and postprocessing techniques also can significantly

alter carotenoid content (Cilla et al., 2018). High temperatures dur-
ing processing degrade b-carotene and visual color in pumpkin
puree, as well as affect the trans-cis form of carotenoids, with the
visual color change a direct representation of the change in b-caro-
tene values (Marx et al., 2003). high-pressure processing (HPP) is a
relatively new method of food preservation that employs high iso-
static pressure ranging from 300 to 600 MPa, causing inactivation
of micro-organisms and enzymes. Sanchez-Moreno et al. (2006)
demonstrated that HPP tomato puree retains the highest overall
carotenoids compared with high-temperature pasteurization, low-
temperature pressurization, freezing, and high-pressure pasteuri-
zation plus freezing, whereas Patras et al. (2009a and 2009b)
showed significant increase in the carotenoid content of HPP-
treated tomato and carrot purees. However, there are numerous
studies reporting mixed results for several combinations of indi-
vidual carotenoids and specific fruit or vegetable matrices, imply-
ing that HPP has a case-specific effect on individual carotenoids
(de Ancos et al., 2000; McInerney et al., 2007; Sanchez-Moreno
et al., 2006). Butz et al. (2002) reported no change in the carotenoid
content of carrots, broccoli, and tomatoes. In general, when com-
pared with other methods, HPP is effective at retaining carotenoids
and other phytonutrients.

Ohmic and pulsed-electric field (PEF) processing are two new
methods that uniformly apply electric current to food matrices,
causing localized heating that destroys micro-organisms and
enzymes. Yildiz et al. (2010) studied the effect of four different
voltage gradients in the range of 1040 V/cm at various tempera-
tures and holding times. They observed that b-carotene content of
spinach significantly increased with holding time at 30 V/cm field
strength. Vallverdu-Queralt et al. (2013) reported an increase in
carotenoid content of tomato juice using both medium and high
PEF methods. Plaza et al. (2011) reported no significant change in
the carotenoid content of orange juice subjected to PEF (35 kV cm
1/750 ms). Roohinejad et al. (2014) indicated that the extractability
of carotenoids is dependent on the frequency and strength of the
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electric field applied. They reported that carotenoids were more
easily extracted from carrots until 10 Hz at 1 kV cm 1, after which
extraction plateaued.

In addition to these novel processing techniques, postprocess-
ing methods of removing oxygen from packaging and keeping pro-
duce out of light are well-understood and standard practices to
prevent oxidation, and are two key steps to maintaining high levels
of b-carotene (Vasquez-Caicedo et al., 2006). In a study of carrot
juice that was acidified, pasteurized, and then stored in light or
dark conditions, Chen et al. (1996) found that amounts of lutein,
a-carotene, b-carotene, and vitamin A significantly decreased as
storage temperature increased or as the product was exposed to
light. Duration of postprocessing storage also caused trans-lutein
and its cis isomers to break down in tomato juice, light again facili-
tating this degradation (Lin & Chen, 2005). A study of b-carotene
in a mango matrix also showed that time and temperature affect
trans-cis-isomerisation of b-carotene, although the authors sug-
gested that this degradation might be offset by improved availabil-
ity and release of b-carotene as a result of the pureeing (Vasquez-
Caicedo et al., 2007).

Consumer practices
Once food reaches the consumer, individual food preparation

methods can significantly affect content and composition as well
as bioactivity of bioactive compound (Murador et al., 2018; Roth-
well et al., 2015). A study comparing different preparation practi-
ces found different losses of total carotenoids for each preparation
method, reporting that water cooking without pressure best
retains carotenoids in carrots (Pinheiro Sant’Ana et al., 1998).
Another study found traditional sun drying and ambient ventilated
storage of amaranth, cowpea, peanut, pumpkin, and sweet potato
leaves significantly decreased carotenoid levels, whereas a combi-
nation of blanching, shade drying, and airtight storage showed
potential to improve carotenoid retention and availability (Stich et
al., 1984). Plaza et al.’s (2011) study of carotenoids in orange juice
showed that carotenoid content decreased by »11% after 20 d of
refrigerated (4°C) storage.

Glucosinolates

Pre- and postharvest
Much like with carotenoids, pre- and postharvest processing

has been shown to affect glucosinolate content and composition.
Velasco et al. (2007) showed that plant age and development stage
are important factors in glucosinolate levels at harvest, with pre-
harvest insect damage by lepidopterous pests on kale (Brassica
oleraceaasephala group) decreasing glucosinolate content in the
damaged leaves. They found that overall glucosinolate levels in
kale leaves increased from the seedling to early flowering stages,
at which point glucosinolate concentration shifted from the leaves
to the buds. Velasco et al. also suggested that soil properties and
temperature appear to significantly influence glucosinolate con-
tent, but encouraged further research on the topic. In a related
study, Cartea and Velasco (2007) looked at >150 varieties of kale
and cabbage to determine glucosinolate content as it relates to sea-
sonal variation. They found that of these cultivars, four kale varie-
ties had the highest sinigrin or glucobrassicin contents, and that
two specific cabbage varieties had both high glucosinolate content
and yields suggesting these cultivars are valuable for future breed-
ing research. Furthermore, they found that the type of glucosino-
lates present in cabbages varied by season, with spring planted
cabbages containing high amounts of glucobrassicin and glucoi-
berin, and fall planted cabbages containing high amounts of glucoi-
berin. In their review of the glucosinolate-myrosinase system, Dal
Pra et al. (2103) found that climate, soil type, genotype, and sea-
sonal variation can all affect glucosinolate content, and they sug-
gested that cultivar selection should be tailored at each individual
growing site to optimize glucosinolate production. Recent studies
have shown significant variation in glucosinolate content across
various species of Brassicaciae family vegetables, suggesting that
the health-promoting properties of different cultivars might vary,
and that certain cultivars might be best to focus on within breeding
programs because of their dual performance in both yield and glu-
cosinolate content (Kushad et al., 1999; Padilla et al., 2007). In
Farnham et al. (2004), the broccoli genotype affected glucosinolate
levels more than environmental factors, suggesting that a broccoli
cultivar can be developed that is specifically designed for maxi-
mum chemoprotective potential.

For glucosinolates, the effect of farm management type is not
well understood and results vary across studies. For example, in a
study comparing various glucosinolate levels in organic and con-
ventional broccoli and red cabbage in the European Union, signifi-
cant differences were found in the content of glucosinolates in
each cultivar group. The organic broccoli and cabbage cultivars had
higher levels of glucobrassicin than conventional ones, although
the conventional red cabbage had higher gluconapin, and no differ-
ence was found in glucoraphanin in either group (Meyer & Adam,
2007). It is possible that various glucosinolates respond differently
to organic and conventional management, as is also reflected in a
study on glucosinolate and phytochemical levels in another mem-
ber of the brassica family, cauliflower (Picchi et al., 2012). In addi-
tion to differences in farm management regimes, maturity at
harvest has been shown to influence glucosinolate levels, with
younger harvested broccoli having the highest levels of glucosino-
lates (Pereira et al., 2002).

Glucosinolate content and the content of its breakdown com-
pounds also varies with plant genotype, and thus can affect the
chemopreventive properties of commonly consumed glucosino-
late-containing vegetables, such as broccoli (Jeffery et al., 2003).
This complicates recommendations of fruit and vegetable intake as
well as cultivar selection, as much research of cultivars and their
bioactive compound and chemopreventive properties is ongoing
(Brown et al., 2002). Much like carotenoids, the effect of cultivar is
also influenced by environment, and temperature also has been
shown to significantly affect glucosinolate levels in broccoli (Per-
eira et al., 2002). A study using several brassica species revealed
that glucosinolates levels of different cultivars are significantly
influenced by climatic conditions and showed that dry and hot
conditions were most conducive for production of glucosinolates
(Ciska et al., 2000). As summarized by Verkerk et al. (2009), water
stress has been shown to increase glucosinolate content in certain
species including water cress, cabbage, and red cabbage, although,
as they point out, Robbins et al. (2005) found that water stress
actually reduced glucosinolate content, highlighting that other
environmental factors are likely influencing glucosinolates. The
effect of postharvest storage time and conditions can further affect
glucosinolate content, with relative humidity and continuous cool-
ing being effective in retaining glucosinolates (Verkerk et al.,
2009). Similarly, in their review of the effects of postharvest treat-
ments on broccoli, Jones et al. (2006) found that retaining the cel-
lular integrity of broccoli, and thus preventing the interaction of
glucosinolates with myrosinase, is best achieved through low tem-
perature (<4°C) and high relative humidity.

Processing and postprocessing
The processing of vegetables within the Brassicaceae family can

affect the chemopreventive properties that are available in the
consumption of their raw versus processed form. Many types of
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processing, but especially thermal processing of glucosinolate-con-
taining vegetables, generally leads to loss of glucosinolates or
breakdown of myrosinase, and/or their leaching into cooking
water (Lafarga et al., 2018; Slominski & Campbell, 1989). Vos and
Blijleven (1988) found that cooking reduces glucosinolate levels by
»30% to 60%, fermenting gradually degrades all glucosinolates, and
pulping of brassicas will completely breakdown glucosinolates
through autolysis. Slominski and Campbell (1989) found that heat
by steaming (10 min) or cooking (40 min) significantly decom-
posed several indole glucosinolate levels. Conversely, Verkerk et al.
(2001) found an unexpected increase in certain individual glucosi-
nolate levels after chopping of broccoli, with some indolyl glucosi-
nolates being induced by mechanical damage of chopping, thus
suggesting that the generally understood decrease in total glucosi-
nolate levels with processing does not acknowledge the potential
stress-induced increase of individual breakdown glucosinolates.
This potential stress-induced increase in glucosinolates is linked to
myrosinase activity and the breakdown of glucosinolates into
active forms. Although a review of environment and process
parameters on glucosinolate-myrosinase activity by Dal Pra et al.
(2013) suggests that both thermal and HPP can disrupt this pro-
cess, work by Van Eylen et al. (2009) suggests that myrosinase acti-
vation can be facilitated through novel processing techniques. For
example, Van Eylen et al. suggest that mild levels of HPP can actu-
ally be used to stimulate myrosinase activity, which thermal treat-
ments cannot likewise achieve.

Glucosinolate levels have benefited from novel processing tech-
niques in other ways. Mandelova and Totusek (2007) reported that
a 14-d administration of broccoli juice treated with 500 MPa pres-
sure for 10 min showed significant antimutagenic activity in mice.
They also reported similar activity of broccoli juice treated by
freezing, yet untreated broccoli juice (as a control treatment) did
not have an antimutagenic effect. This suggests that HPP may
enhance the anticarcinogenic activity of Brassicaceae vegetable jui-
ces by keeping glucosinolates and their derivatives stable, although
there is a knowledge gap regarding the lack of antimutagenic effect
from the control. It is worth noting that HPP is an effective process-
ing technique that helps retain the bioactivity of phytonutrients. In
another study, Van Eylen et al. (2009) published similar results
from their study of the effects of temperature/pressure on glucosi-
nolate conversion in broccoli. They suggested that HPP can induce
the formation of glucosinolates into ITCs, which have potential
health-benefiting properties. Another novel processing tech-
nique—PEF—has been studied for use with glucosinolate contain-
ing vegetables, but has not had the same promising results.
Broccoli puree treated with PEF displayed significant increase in
cell membrane permeability at 20 kV/cm and significantly inacti-
vated myrosinase at 35 kV/cm. The authors observed that most of
the glucosinolates degraded during pureeing as a result of autolysis
but the degradation was furthered by PEF (Meeran et al., 2010).
This result suggests that PEF may not be an effective method to
retain phytonutrients in broccoli. However, this warrants an inves-
tigation into finding appropriate sample preparation methods and
testing a range of electric field strengths.

Postprocessing practices also can affect the chemopreventive
properties of glucosinolate-containing vegetables, with degradation
often occurring by thermal or mechanical disruption. Song and Thor-
nalley (2007) found that storage of intact broccoli, Brussels sprouts,
cauliflower, and green cabbage under refrigeration did not lead to
large losses of glucosinolates, but that levels in shredded vegetables
declined »75% over 6 h. Freezing of broccoli, a common practice,
best retains glucosinolates if the broccoli is blanched before freezing
to inactivate myrosinase; otherwise, once thawed, myrosinase will
break down the remaining glucosinolates (Johnson, 2000).
Consumer practices
Cooking methods of glucosinolate-containing vegetables are

important to consider, especially because of the potential for cook-
ing to affect the enzyme myrosinase, which is responsible for
breaking down glucosinolates in to various chemopreventive
agents. Song and Thornalley (2007) also found that the cooking
method greatly affected retention of glucosinolates, with steaming,
microwaving and stir-frying retaining the most glucosinolates, as
detected by liquid chromatography-tandem mass spectrometry
analysis. Vallejo et al. (2002) also suggested that steaming has min-
imal effects on the glucosinolates in broccoli, but found that micro-
waving or either high-pressure or conventional boiling could have
greater losses, with microwaving losing 74% of total glucosinolates,
and high-pressure and conventional boiling losing 33% and 55% of
glucosinolates, respectively. Other cooking practices, such as
shredding and boiling, led to »75% to 90% of the glucosinolates
leaching into cooking water (Song & Thornalley, 2007). In another
study of glucosinolates in red cabbage, microwave cooking led to
an increase in glucosinolate content compared with untreated red
cabbage (Verkerk & Dekker, 2004), which contradicts broccoli find-
ings and suggests that effect of cooking method with respect to
bioactive compounds could vary across species. The level of
increase also appeared to be significantly dependent on the energy
input. Myrosinase activity was retained at low (24 min, 180 W)
and intermediate (8 min, 540 W) microwave powers; however, a
high power (4.8 min, 900 W) inactivated the enzyme. In an in vivo
study in rats, sulforaphane had substantially more potent anticarci-
nogenic activity than sulforaphane nitrile, a similarly formed prod-
uct of glucoraphanin hydrolysis (Matusheski & Jeffery, 2001).
Myrosinase activity as a driver of sulforaphane production in broc-
coli also increased if fresh broccoli florets and sprouts were heated
to 60°C before homogenization instead of 70°C; this also decreased
formation of sulforaphane nitrile (Matusheski et al., 2004). As an
alternative to lower temperature heat treatment to retain sulfo-
raphane, and as a possibility for enhancing the bioactive compound
content of boiled (and thus inactivated myrosinase) broccoli,
research by Sameer Khalil Ghawi (2013) demosntrated that the
addition of powdered mustard seeds to heat processed (e.g.,
boiled) broccoli can increase the formation of sulforaphane, sug-
gesting that myrosinase of certain crops can tolerate different tem-
peratures before inactivation, and that it can still be responsible for
formation of sulforaphane if combined with other glucosinolate-
containing crops.

Polyphenols

Pre- and postharvest
Pre and postharvest management of fruits and vegetables can

significantly alter levels of polyphenols. Cultivar selection is an
important determinant in polyphenol level, with Tsao et al.’s
(2003) and Khanizadeh et al.’s (2008) studies, each of eight distinct
apple cultivars, showing significant differences between cultivars
as well as differences in polyphenol concentration in apple flesh
versus skin. In potatoes, cultivar selection has been shown to
be the most important factor in determining phenolic content
(Reddivari et al., 2007a and Reddivari et al., 2007b). Onions are
another commonly consumed source of polyphenols, as they are a
potent source of quercetin, the content of which varies both with
onion bulb color and in the different layers of onions (Patil et al.,
1995; Patil & Pike, 1995). A study of 75 cultivars of onions found
that although yellow, pink, and red onions had higher levels of
quercetin than white onions, the potential also exists to breed for
quercetin content that is independent of the color of the onion
(Patil et al., 1995). A study of sweet potatoes showed that different
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parts of the plant have different levels of polyphenols, that the
leaves have the highest levels of polyphenols, and that levels of
polyphenols in sweet potato leaves vary significantly by genotype
(cultivar; Islam et al., 2002). We demonstrated that sweet sorghum
components also differed in their levels of polyphenols, with leaf
and seed head having highest levels of polyphenols compared to
dermal and pith layer (Massey et al., 2016). A study of sweet potato
leaves found that temperature and shading of cultivars affected the
accumulation of anthocyanins in the leaves, with the highest levels
of anthocyanins accumulating under moderate (20°C) conditions
and without shading (Islam et al., 2005). In a study of phenols and
flavonoids in commonly discarded parts of vegetables to analyze
their possible use as an alternative nutritional source, Lima et al.
(2008) found a tendency for organically produced foods to show
higher polyamine and total phenol contents, but lower flavonoid
contents in whole foods. In a 3-y study of golden delicious apples
under organic and conventional production practices, polyphenol
levels significantly varied in one of the 3 y, with higher levels in
the organic apples, and the study determined that annual climate
generally had a higher affect on polyphenol content (Stracke et al.,
2009a and Stracke et al., 2009b). Phenolic content has also been
found to be higher in wild blueberries than in commonly cultivated
varieties (Giovanelli & Buratti, 2009). Similarly, in a study of straw-
berries, organically managed strawberries were found to have sig-
nificantly higher antioxidant and phenol concentrations than
conventionally managed strawberries (Jackson & Singletary, 2004).

Postharvest storage practices also can affect polyphenols. In a
study of orange juice under different storage regimes, the stability
of certain polyphenols varied, with hydroxycinnamic acids the
most sensitive and easily degraded, whereas flavanones were only
slightly affected (Klimczak et al., 2007). Similarly, polyphenols in
litchi fruit under refrigerated and ambient storage had significant
degradation over 7 d, suggesting the sensitivity of polyphenols to
common storage techniques (Zhang et al., 2000). Alternatively,
several studies suggest that postharvest storage has no significant
effect, or can even increase, the polyphenol levels in some fruits
and vegetables, including studies on oranges, kale, and fresh plums
(Diaz-Mula et al., 2009; Hagen et al., 2009; Plaza et al., 2011). In
another study, controlled atmospheric storage at 4.4°C was shown
to retain higher amounts of quercetin in onions than storage at 5°
C, 24°C, and 30°C (Patil et al., 1995). In a study of white, yellow,
and purple potatoes, Madiwale et al. (2011) found that after 90 d
of storage, all three potato types had increased antioxidant activity,
yet only the purple-fleshed potatoes had an increase in total phe-
nolic content. But perhaps more importantly, Madiwale et al. also
found that although total phenolic and antioxidant activity
increased, the storage time suppressed apoptosis induction of
colon cancer cells compared with fresh potatoes, suggesting that
analysis of phenolic and antioxidant activity must be used along-
side in vitro or in vivo analyses.

Processing and postprocessing
Processing techniques, especially water-based processing, can

affect the content of phenolic compounds, as they are generally
water soluble (Pinhero et al., 2016). From the point of processing
stability, anthocyanins, phenolic acids, and tannins are the most
extensively studied polyphenols. Resveratrol is gaining importance
due to potential anticancer properties, but there is limited data
available on curcumin stability. In olive oil processing, a pressure
and centrifugal system with warm water extraction leads to an
olive oil with lower amounts of phenols than if a percolation sys-
tem is used (Giovacchino et al., 1994). Similarly, in the processing
of coffee beans for soluble coffee, a commonly consumed product
in eastern Europe, Asia/Pacific, and Australia, the conditions and
methods of both roasting and extraction can affect antioxidant
activity and capacity. Vignoli et al. (2011) found that robusta coffee
had higher antioxidant activity than Arabica coffee, as a result of
its higher caffeine levels. All soluble coffee products they studied
had high antioxidant potential from the combination of caffeine,
phenolic compounds, and melanoidins. Roasting had a nonsignifi-
cant effect on overall antioxidant activity probably because of a
balance of degraded and formed antioxidant compounds that
occurs with roasting. Instead, antioxidant activity is more a result
of coffee composition than roasting (Vignoli et al., 2011).

Processing of grape juice showed different effects on phenolic acid
levels from sulfar dioxide or non-sulfar dioxide addition during proc-
essing, although this did not affect quercetin glycosides. In the same
study, storage of grape juice at 25°C for 9 mo caused extensive oxida-
tion and total loss of cyanidins and quercetin glycosides (Spanos &
Wrolstad, 1990). Irradiation of some fruits and vegetables, like grape-
fruit, has been shown to induce higher flavonoid levels (Girennavar et
al., 2008; Harbaum-Piayda et al., 2010; Oufedjikh et al., 1998),
although our work has shown that irradiated grapefruit pulp does not
suppress high multiplicity aberrant crypt foci, a biomarker for colon
cancer, whereas non-irradiated grapefruit did suppress the marker
(Vanamala et al., 2006a and Vanamala et al., 2006b). Our work also
has shown that irradiation, freeze drying, and storage can affect differ-
ent bioactive compounds uniquely (Vanamala et al., 2005), and that
price has no significant correlation to flavonoid content in a compari-
son of made-from-concentrate and not-from-concentrate orange and
grapefruit juices in the United States (Vanamala et al., 2006a and
Vanamala et al., 2006b).

Polyphenol levels are susceptible to degradation under differ-
ent storage practices. For example, in a study of strawberries that
examined the phenolic content of different parts of the fruit, it was
found that purees of strawberry that contained the achenes (the
small seeds on the flesh with comparatively high phenolic content)
increased overall phenolic compound levels and stability under
storage regimes (Aaby et al., 2007). Regarding the processing of
onions (Allium cepa), Price et al. (1997) found that the curing and
6-mo storage of onions, a standard commercial practice, leads to a
50% reduction in quercetin levels. They also found that subsequent
preparation by boiling or frying leads to the loss of another 25% of
overall quercetin. Storage of apples under specific in-package mod-
ified atmosphere had a negative effect on anthocyanin levels in the
skins of Starkrimson apples compared with unpackaged apples
(Lin et al., 1989). In a study of thornless blackberries, it was found
that various ozone storage regimens helped to retain initial antho-
cyanin levels through 12 d of storage (Barth et al., 1995).

HPP (200�800 MPa) caused moderate losses in anthocyanin
content of strawberries and raspberries. In both cases, low temper-
ature »4°C was found to be a good condition to mitigate the losses
in anthocyanins content observed due to HPP. Compared with
untreated samples, anthocyanin degradation seemed to be influ-
enced by the amount of pressure applied and days of storage
(Suthanthangjai et al., 2005; Zabetakis et al., 2000). Patras et al.
(2009a and 2009b) reported no change in anthocyanin content of
strawberry and blackberry purees subjected to 400 to 600 MPa
pressure compared with untreated samples. In fact, they observed
a significant increase in the total phenolic content post-HPP, lead-
ing to an increase in the antioxidant activity of samples. The
authors attributed this to increased extractability of phenolic com-
pounds due to high pressure (Patras et al., 2009a and Patras et al.,
2009b). Corrales et al. (2008) compared the effect of ultrasonics,
HPP, and PEF on extraction of anthocyanins from grape by-prod-
ucts. Compared with untreated samples, ultrasonic-extracted sam-
ples had twice the levels of anthocyanins, HPP samples three times
the levels, and PEF-treated samples four times the levels of
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anthocyanins. HPP led to a 30% increase in the extractability of pol-
yphenolics from green tea leaves when compared with traditional
heat reflux extraction (Xi et al., 2009). Casazza et al. (2012) used a
high-pressure, high-temperature technique to extract phenolic
compounds from grape skins. They reported high yields of gallic
acid, 5-hydroxymethylfurfural, protocatechuic acid, catechin,
vanillic acid, syringic acid, coumaric acid, trans-resveratrol, and
quercetin with retained antioxidant activity. Plant suspension cul-
tures of Vitis vinifera subjected to a combined treatment of PEF and
ethephon, a plant growth regulator, showed significantly higher
levels of phenolic acids and 3-O-glycosyl-resveratrol. PEF alone
was also effective in increasing levels of these compounds. The
effect, however, was strongly accentuated in the presence of ethe-
phon (Cai et al., 2012). PEF treatments were also effective in
enhancing the extraction of phenolic compounds, including antho-
cyanins, from whole red cabbage (Kannan, 2011).

From a processing standpoint, curcumin is one of the least stud-
ied bioactives. To the best of our knowledge, there are no available
data on the effect of HPP or PEF or any novel processing technique
on curcumin. Suresh et al. (2007) subjected dried turmeric, a very
rich source of curcumin, to thermal treatments such as boiling and
pressure cooking. They reported losses in curcumin ranging from
27% to 53%. However, the losses were lessened by 12% to 30% in
the presence of tamarind, which is used as a household acidulant
in Indian cooking.

Consumer practices
In-home preparation of foods also can significantly affect poly-

phenol content of fruits and vegetables. For example, a study of
five types of onions prepared by sauting, baking, and boiling found
that baking and sauting led to a 7% to 25% increase in quercetin
concentration, whereas boiling led to an 18% decrease in quercetin
concentration, with results being consistent across all five cultivars
(Lombard et al., 2005). Heat treatment (as in cooking) readily
degrades curcumin (Suresh et al., 2008); therefore, consumer prac-
tices involving cooking turmeric can cause considerable decrease
in its concentration of curcumin.

Conclusions

Increased knowledge of the hallmarks of cancer has paved the
way for new therapies, with each of the hallmarks now being tar-
geted by drug therapies. However, such approaches have a narrow
scope and might explain why many drugs fail during clinical trials
or are associated with relapse. Furthermore, cells within the same
tumor can show distinct morphological and phenotypic profiles
(including cellular morphology, gene expression, metabolism,
motility, proliferation, and metastatic potential), which introduces
significant challenges in designing effective cancer treatment strat-
egies. Another concern is the development of drug resistant and
aggressive tumors. As suggested by “Hallmarks of Cancer” co-
author Hanahan, perhaps a better way to target cancer and to bet-
ter combat the worldwide cancer epidemic would be to develop
drugs (or drug combinations) that can target multiple hallmarks at
the same time or more specifically, that target multiple molecular
biomarkers associated with the each of the hallmarks of cancer
(NCRI Conference, 2015).

This need to target multiple hallmarks is one of the major rea-
sons why, in the context of cancer research, there are many propo-
nents of investigating plant foods as they can deliver a cocktail of
bioactive compounds. Many plant food components have demon-
strated anticancer properties via targeting enzymes, cell surface
molecules, intracellular receptors, and by influencing gene expres-
sion, among other actions (Kris-Etherton et al., 2002; Kris-Etherton
et al., 2004). Mounting evidence suggests that bioactive compounds
in whole foods can target most, if not all, of the hallmarks of cancer
(Kris-Etherton et al., 2002; Liu, 2013). Moreover, they fit the charac-
teristics of an ideal chemopreventive agent, as these compounds are
selective to cancerous or precancerous cells and have low (or zero)
toxicity concerns (Almeida et al., 2009; Biesalski et al., 2009), target
most types of cancers, can be consumed as a part of a daily diet, are
already broadly delivered throughout many stages of the food sys-
tem, and are relatively inexpensive in cost (Kaur et al., 2009).
Related research has already shown that following vegetarian and
vegan diets results in lower cancer rates, with the suggestion that
the anticancer effects of the vegan diet may primarily be attributed
to proportionally higher consumption of plant-based foods contain-
ing bioactive compounds (Tantamango-Bartley et al., 2013). Similar
results have also been seen in the China study, where plant-rich
diets were shown to reduce the risk for coronary heart disease and
other chronic diseases (Campbell et al., 1998). Furthermore, their
results also suggested that there is not a clear threshold when the
benefits from a plant-rich diet diminish.

Building upon the content of this review, an opportunity exists
to further integrate and expand the role of bioactive compounds in
cancer prevention by using food system�based approaches best
suited to local conditions. Moreover, recent work suggests our
modern agro-food system is implicated in larger public health
problems, with cancer being only one example in the midst of ris-
ing incidence of obesity and cardiovascular disease (Anand et al.,
2015; Reganold et al., 2011). Many strategies exist in combating
the rise in the incidence of food system-related diseases. As we
have demonstrated in this review, much current research focuses
on the potential of various genetic and management-related
approaches to improving bioactive compound delivery, ranging
from organic management and investigation of diverse landrace
varieties, to related research into biofortification, which combines
conventional breeding with various new technologies (King &
Gershoff, 1987; Pfeiffer & McClafferty, 2007; Reganold et al., 2015).
As authors of this review, we are not proponents of any single
approach. Instead, we advocate for a broader food system�based
approach that integrates many methods across the stages of the
food system, while recognizing that a key challenge in targeting
such diseases with a food system�based approach is to apply the
findings in practical, accessible solutions for consumers, policy-
makers, processors, producers, researchers and health care pro-
viders. However, as a starting point, critical points in the staple
crops food system practices that greatly alter the content (Fig. 1)
and composition of putative anticancer compounds (Madiwale
et al., 2012) as well as in vivo anti-inflammatory/anticancer studies
of foods should be assessed using human-relevant animal models
(Sido et al., 2017). Furthermore, emerging evidence suggests that
there is a reciprocal interaction between plant bioactive com-
pounds and gut bacteria (Hidalgo et al., 2012). For example, antho-
cyanins, a class of flavonoids, elevate beneficial gut bacterial
abundance such as Bifidobacterium and the gut bacterial anthocya-
nin metabolites are more active in suppressing a well-known
proinflammatory cytokine IL-6, a crucial regulator of chronic
colonic inflammation as well as colon carcinogenesis, than the par-
ent compound (Amini et al., 2018; Sido et al., 2017).

These food system stakeholders must find ways to better col-
laborate to create a directed food system�based approach with
the focus on farm-to-fork to function; this is a grand and complex
challenge that can perhaps be best realized through targeted solu-
tions, especially because the needs of stakeholders vary so greatly,
and the agro-food system has such complex political, economic,
and public dimensions. Indeed, a recent publication from Willett
et al. (2019) strongly recommended doubling the consumption of



Fig. 1. Harnessing the anticancer potential of staple crops, using potato as an example. By selecting the color-fleshed potato cultivars, reducing storage time (potatoes can be
grown in different geographical locations through the year) and by adopting novel alternative frying technologies like vacuum frying, antiproliferative polyphenolic com-
pounds levels could be elevated in the human diet. Additionally, vacuum frying is also shown to reduce acrylamide, a putative carcinogen, in plant food products compared
with conventional countertop frying methods. Thus, even minimal changes to food systems at critical control points can improve the anticancer activity of whole foods.
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plant-based food at the expense of meat intake to promote both
health of humans and our planet. To better harness the health ben-
efits of plant-based food, future studies should particularly focus
on the following:

� Servings of fruits and vegetables to meet the required health
benefits.

� Whether alterations in the content and composition of phyto-
chemicals due to the food systems processes, in turn alter the
potent gut bacteria derived metabolite levels.

� Interindividual variability in terms of absorption, distribution,
metabolism, and excretion of bioactive phytochemicals and
their gut bacteria derived metabolites, preferably using isogenic
lines (cultivars with or without that specific class/individual
phytochemical).

However, some of the phytochemicals that are poorly bioavail-
able can exert anti-inflammatory and anticancer effects as their
gut microbiome-derived metabolites can be absorbed and can be
more potent anti-inflammatory compounds than the poorly avail-
able parent compounds.

As was a review, we can only begin to outline exploratory con-
siderations for the food system�based approach, but we believe
that recognition, understanding, and integration of this approach
can enhance the ongoing conversation about the role of the food
system in public health and that it is of the utmost importance in
decreasing the global cancer burden.
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