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Abstract
Evidence derived from a vast array of laboratory studies and epidemiological investigations have
implicated diets rich in fruits and vegetables with a reduced risk of certain cancers. However,
these approaches cannot demonstrate causal relationships and there is a paucity of randomized,
controlled trials due to the difficulties involved with executing studies of food and behavioral
change. Rather than pursuing the definitive intervention trials that are necessary, the thrust of
research in recent decades has been driven by a reductionist approach focusing upon the
identification of bioactive components in fruits and vegetables with the subsequent development
of single agents using a pharmacologic approach. At this point in time, there are no
chemopreventive strategies that are standard of care in medical practice that have resulted from
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this approach. This review describes an alternative approach focusing upon development of
tomato-based food products for human clinical trials targeting cancer prevention and as an adjunct
to therapy. Tomatoes are a source of bioactive phytochemicals and are widely consumed. The
phytochemical pattern of tomato products can be manipulated to optimize anticancer activity
through genetics, horticultural techniques, and food processing. The opportunity to develop a
highly consistent tomato-based food product rich in anticancer phytochemicals for clinical trials
targeting specific cancers, particularly the prostate, necessitates the interactive transdisciplinary
research efforts of horticulturalists, food technologists, cancer biologists, and clinical translational
investigators.
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1 Introduction
1.1 Historical perspectives on foods and cancer prevention

In the middle of the last century, the establishment of cancer registries around the world
provided data suggesting that cancer risks were highly variable around the globe leading
scientists to develop hypotheses that could explain these observations [1-3]. In parallel,
cancer epidemiology emerged as a rapidly growing discipline and it was soon realized that
migrant populations often developed cancer risk profiles of the host nation in conjunction
with adaption of new cultural and lifestyle patterns, strongly implicating environmental
influences as opposed to inherited genetics as the primary driver of cancer risk [4, 5]. The
emergence of nutritional epidemiology generated a vast array of hypotheses regarding
dietary patterns and cancer risk, with laboratory scientists also demonstrating potent effects
of nutrients, energy intake, and energy source on carcinogenesis [6]. One theme that
emerged and has been adopted for public health recommendations is the potential for diets
rich in fruits and vegetables to inhibit various types of cancer. The landmark report of Block
et al. in 1992 compiled the accumulated epidemiologic evidence associating fruit and
vegetable intake with risk of cancers from an array of organs, concluding that diets rich in
these components reduced the risk of many malignancies [7]. The 1997 report of the AICR/
WCRF, which was updated in 2007, was the most thorough review of diet and cancer risk
ever undertaken, and also concluded that a plant-based diet was the foundation for a cancer
prevention dietary pattern [8, 9]. Government and philanthropic agencies developed public
health programs to educate populations and invested in research regarding enhancing
implementation of cancer prevention programs [10, 11]. Yet, we are now a decade into the
twenty first century and we have no clear evidence that these recommendations are effective
in reducing the cancer burden. Randomized trials of changing to plant-based dietary pattern
or the testing of specific plant-based interventions are rarely supported by funding agencies.

One approach to test the anticancer properties of a specific fruit or vegetable is to focus
upon the development of a food product that can easily be incorporated into the diet,
following the established and accepted paradigm of pharmaceutical agents. A food product
that is fully characterized in terms of phytochemical and nutrient content, provides a precise
daily dose of phytochemicals, is tasteful to enhance compliance and is easily incorporated
into a participants dietary pattern are necessary prerequisites. Furthermore, stability of
bioactives during processing and storage will require careful consideration.

Key decisions in the development of a food-based cancer prevention strategy include which
type of cancer to target and what fruit or vegetable to employ. The scientific evidence from
several sources including epidemiology, analytical chemistry, and cancer biology should
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drive these decisions. Ideally, the documentation of bioactive components in the food of
interest that demonstrate anticancer activity using a combination of preclinical in vitro and
in vivo approaches and characterization of biomarkers of exposure and of efficacy that can
be applied to human translational studies, are necessary for moving forward with definitive
prevention trials. Initial human studies (phase I and II) focus upon defining optimal dosages
that provide excellent compliance, with safety, and impact biomarkers of activity [12].
Definitive phase III trials must also consider the population to target, which is likely driven
by funding available. Large-scale studies of primary prevention will be rare in the current
funding climate. Thus, a focus upon high-risk populations will be most desirable and the
frequency of cancer outcome will be higher than in a general population thus allowing
smaller studies of shorter duration. Efforts will focus upon those with a family history or
defined genetic predisposition to the cancer of interest, presence of premalignant conditions,
prior exposure to cancer causing agents, or survivors of a cancer that have high risk of a
second primary in the same organ.

In this review, we will focus our attention on developing novel tomato (Solanum
lycopersicum) products for cancer prevention studies, with a particular emphasis upon
prostate cancer. We provide an overview of these efforts, their justification, and directions
for future efforts.

1.2 Tomato domestication and horticulture
The present-day tomato does not have a long history of human consumption. Considerable
genetic evidence suggests that the cultivated tomato has its origins as a wild small green
fruit in the foothills of the Andes in the vicinity of present day Peru [13]. One species, a
yellow variety the size of current cherry tomatoes, was domesticated, cultivated, and
consumed by the Aztecs of Central America, which they called xitomatl, starting around 700
AD. Early in the 15th century, tomato seeds were first introduced to Europe and other parts
of the globe by the Spanish, likely from the Central American cultivars after colonization
[14]. Records identifying tomato use in Europe were documented in 1544 in Italy [13] but
they were considered toxic and therefore predominantly used for ornamental purposes while
gradually integrating into European cuisine over the next two centuries [14]. Throughout the
1800s, toxicity concerns were dispelled and consumption increased in many areas of the
world. Tomato production soared by the 1920s with the application of safe mass canning
that built upon the development of mechanized peeling, juice extraction, and sterilization
techniques [15]. With increasing demand and knowledge derived from horticultural
genetics, more desirable features were selected for varietal improvement to improve
appearance, size, and quality of fruit. Over recent decades, selection of strains to enhance
disease resistance, improve mechanical harvesting, facilitate processing to various products,
and impact ripening and transportation has promoted the economic value of tomatoes.
Current consumer interest in potential health benefits, tomato quality and organic farming,
with continued anxiety over genetic manipulation, has created many avenues for the further
development of tomatoes with diverse characteristics to target various stakeholders,
including those on both the production and consumption sides.

1.3 Tomato production and consumption
Tomatoes are a popular food item and a generally acceptable addition to the diet of those at
risk for cancer. The global annual production of tomatoes is nearly 130 Mt (1 Mt=106 t) and
the USA currently ranks second in production (Fig. 1) [16]. By weight, the tomato ranks
third in global production of fruits and vegetables behind potatoes and sweet potatoes. In the
USA, the tomato ranks fifth in crop production behind potatoes, lettuce, onions, and
watermelon [17]. The annual per capita consumption in the USA averages approximately 20
lb of fresh tomatoes and 70 lb of processed tomatoes [17] divided among sauces (35%),
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followed by paste (18%), canned whole tomato products (17%), and catsup and juice (each
about 15%).

2 Bioactive phytochemicals in tomatoes
The emergence of epidemiological studies suggesting health benefits of tomatoes
immediately led to speculation regarding the potential bioactive components that may
mediate the putative benefits, with a major focus upon carotenoids. Lycopene, the
carotenoid providing the red color to tomatoes, was an easy target as the United States
Department of Agriculture (USDA) had extensive food analysis data defining carotenoid
content of foods due to the importance of carotenoids (β-carotene and other provitamin A
carotenoids) in providing vitamin A in the diet. The rapid commercialization of lycopene
supplements and tomato extracts marketed to consumers soon followed. However, with
time, several lines of evidence indicated that a reductionist approach, focusing only upon
lycopene, may be too simplistic. Indeed, our studies of experimental prostate cancer in
rodent models indicated that tomato powder was more effective than lycopene in the
inhibition of carcinogenesis [18, 19]. These observations indicating that lycopene may
contribute to anticancer activity, but not account for all of the anticancer benefits of
tomatoes, have led to the evaluation of other phytochemicals and the consideration of
whole-food approaches for human translational studies of cancer prevention.

Tomatoes are cholesterol-free and low in fat and calories, thus often incorporated into a
healthy dietary pattern [9]. Tomatoes are typically 5–10% dry matter, nearly half of which is
reducing sugars and about 10% organic acids, primarily citrate and malate. In addition,
multiple components are present which may impact health, including nutrients and an array
of non-nutrient phytochemicals (Fig. 2) [20]. For example, tomatoes contribute significant
amounts of potassium, folate, ascorbic acid, vitamin A (β-carotene), and tocopherols while
providing about 2% of weight as fiber and 1% of weight as protein. Many non-nutrient
phytochemicals are also present. Non-provitamin A carotenoids such as lycopene, phytoene,
and phytofluene are the focus of significant attention [21]. An array of polyphenols are also
present, primarily as flavonoids, with the USDA nutrient bank reporting that flavanones
(e.g., naringenin), flavones (e.g., apigenin and luteolin), and flavonols (e.g., kaempferol,
myricetin, quercetin) are the major components. The major effort thus far has focused upon
the carotenoids and polyphenols as the active anticancer components.

In the following sections, we consider the epidemiological and experimental data regarding
tomatoes and their phytochemicals in prostate carcinogenesis. We will then provide a more
detailed evaluation of various phytochemicals that may mediate anticancer activity. We then
suggest opportunities for future human studies to evaluate the hypothesis that tomato
products may serve as a vehicle for prostate cancer prevention.

3 Tomatoes and prostate cancer
3.1 Epidemiology of tomato intake, lycopene exposure, and prostate cancer

The hypothesis that diets rich in tomatoes may have a role in prostate cancer prevention was
driven primarily by epidemiological investigations. The fact that the USDA also had a
database for carotenoid content of foods allowed epidemiologists to link estimated intakes of
tomato products with the average carotenoid content to obtain an estimate of lycopene
exposure. Thus, the focus of attention was immediately upon lycopene, as opposed to other
phytochemicals, and was further facilitated by the ability to measure serum lycopene
concentrations as a biomarker of exposure by HPLC for additional epidemiologic
investigations. This review is not encyclopedic, but rather selects illustrative studies and
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provides an overview of our conceptual evolution regarding the relationships between
tomatoes and their components in prostate carcinogenesis.

The landmark publication by Giovannucci et al. [22] is illustrative of the important
prospective cohort studies that support the tomato–prostate cancer hypothesis. The report is
derived from the prospective Health Professional’s Follow-up Study, a cohort of over
50,000 American men that has been monitored since 1984. This effort is based upon a food-
frequency questionnaire evaluation of usual dietary intake and the prospective evaluation of
prostate cancer diagnosis which is verified by pathologic records. By 1992, 812 new cases
of prostate cancer were documented. Among the dozens of vegetables and fruits or related
products examined, the authors reported a significantly lower prostate cancer risk for tomato
sauce (P=0.001), tomatoes (P=0.03), and pizza (P=0.05). Using the USDA database for
carotenoid content of foods, the authors examined the relationship of carotenoids to risk.
They observed no relationship between β-carotene, α-carotene, lutein, and β-crypotoxanthin
and prostate cancer; only lycopene intake was associated with a lower risk (age- and energy-
adjusted RR=0.79; 95% CI=0.64–0.99 for high versus low quintile of intake; P=0.04). The
combined intake of tomatoes, tomato sauce, tomato juice, and pizza (accounting for 82% of
lycopene intake) was inversely associated with risk of prostate cancer (multivariate
RR=0.65; 95% CI=0.44–0.95, for consumption frequency greater than 10 versus less than
1.5 servings per week; P for trend=0.01) and locally advanced or metastatic prostate cancers
(multivariate RR=0.47; 95% CI= 0.22–1.00; P for trend=0.03). This effort, with a large case
sample and multiple dietary evaluations over time, seems to give credibility to a specific
benefit for tomatoes and/or lycopene and has stimulated subsequent research. Using similar
approaches, with dietary assessment tools, several prospective and case–control studies have
been published with variable results and speculative conclusions [22-35]. Soon thereafter,
epidemiologists also employed the assessment of serum lycopene as a biomarker of tomato
exposure in nested case–control studies relative to risk of diagnosis or death. For example,
the Physician’s Health Study is the largest plasma-based study to date [24]. Gann et al.
showed that plasma lycopene level was significantly lower in all prostate cancer cases and in
aggressive phenotype. Similarly, other studies, but not all, generally confirmed the inverse
associations between elevated blood lycopene level and diminished prostate cancer risk [29,
36, 37].

Indeed, the variability in reported outcomes of epidemiologic studies should not be a
surprise when we consider the magnitude and challenges of the endeavor. Prostate cancer is
a heterogeneous disease with many subtypes that show a wide range of behavior, from very
indolent to rapidly progressive. Indeed, we should not expect that a single dietary
component, such as tomatoes, will impact all prostate cancers similarly. In addition, the
diagnosis of prostate cancer in the era of prostate specific antigen (PSA)-based screening has
changed the dynamics of prostate cancer epidemiology in the last two decades, as we now
have shifted to early detection with greater cure rates and lower mortality, while also
increasing our detection of indolent cases. Prostate cancer incidence currently is not the
same as prostate cancer incidence prior to 1990. The accurate assessment of dietary intake is
always a concern, although the current food-frequency questionnaires have been continually
improved, error both in the quantity of specific foods consumed and the frequency adds to
the imprecision of assessing relationships between tomato products and prostate cancer risk.
The estimation of lycopene intake from the food frequency questionnaire is even more
problematic, as the variability of lycopene content in foods can be quite significant based
upon the source of tomatoes, ripeness, processing, and cooking. We also have very little
mechanistic knowledge as to when in life tomato products may impact risk, yet
epidemiologic studies are primarily confined to years immediately preceding diagnosis
(prospective studies) or at the time of diagnosis (case–control studies). Although dietary
patterns in adults are often fairly stable over time in many nations, prostate cancer in
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humans has a long process of carcinogenesis. The premalignant lesion, high-grade prostatic
intraepithelial neoplasia, is detected in 10–20% of men between the ages of 20 and 30,
suggesting that the critical time periods where diet may impact risk could be in the peri-
pubertal and young adult age groups [38, 39]. Case–control studies are also plagued by
reporting bias as cases typically will recall dietary patterns differently than when assessed
prior to diagnosis [40, 41]. Thus, when we consider these issues in total, it is indeed
remarkable that a trend toward a protective effect of tomatoes has emerged when the data is
examined as a whole [9]. Although continued efforts to elucidate relationships between
tomato exposure and prostate cancer risk are worthy to consider, the focus should be on
prospective studies of sufficient statistical power and precision in the assessment of diet and
cancer outcomes.

3.2 The lycopene and prostate cancer hypothesis: Biological plausibility
Nutritional epidemiology provided estimated exposure to lycopene and suggested
correlations with reduced risk. Thus, the hypothesis that lycopene could mediate the anti-
prostate cancer activity of tomato intake emerged rapidly and was particularly supported by
the food and supplement industry. If a relationship truly exists, biological plausibility must
be established by correlative scientific data. Indeed, it was key to document that lycopene
was present in the blood and tissue of men. Our laboratory characterized carotenoid patterns
in the human prostate from men undergoing prostatectomy for localized prostate cancer
[42]. We reported that lycopene and β-carotene are the predominant carotenoids present,
with means ± SE of 0.80 ±0.08 nmol/g and 0.54±0.09 nmol/g, respectively. The 9-cis β-
carotene isomer, α-carotene, lutein, α-cryptoxanthin, zeaxanthin, and β-cryptoxanthin are
consistently detectable in human prostate tissue. We further characterized tomato-based food
products, serum, and prostate tissue for the presence of geometric lycopene isomers. All-
trans lycopene accounted for 79–91% and cis-lycopene isomers for 9–21% of total lycopene
in tomatoes, tomato paste, and tomato soup. Lycopene isomer patterns in the serum were
27–42% all-trans lycopene and 58–73% cis-isomers distributed among 12–13 peaks,
depending upon their chromatographic resolution. In striking contrast with foods, all-trans
lycopene accounts for only 12–21% and cis-isomers for 79–88% of total lycopene in benign
or malignant prostate tissues. Thus, the human prostate contains lycopene and other dietary
carotenoids, supporting the hypothesis that tomato-derived carotenoids may directly impact
the prostate. Interestingly, we continue to speculate on the role of cis-isomers and their
potential to impact biology.

3.3 Intervention studies of tomatoes or lycopene and prostate cancer
There are no long-term cancer prevention studies of tomatoes or lycopene for prostate
cancer prevention. However, intervention studies have provided some provocative data.
Serum lycopene concentrations can change quickly with alterations in the daily intake of
tomato products. We [43] reported changes in plasma lycopene concentrations in healthy
adults consuming standard daily servings of processed tomato products: tomato sauce (21
mg lycopene per serving), soup (12 mg lycopene per serving), or juice (17 mg lycopene per
serving) for 4 weeks. Total plasma lycopene concentrations (mean ± SEM) decreased from
1.05±0.07 to 0.54±0.05 μM (49%, P<0.0001) during a 2-week washout period. Following
intervention, plasma lycopene concentrations increased significantly for those consuming
sauce, soup, and juice to 2.08 (192%, P<0.0001), 0.91 (122%, P<0.0001), and 0.99 (92%,
P<0.0001) μM, respectively.

Other investigators examined the distribution of lycopene to the serum and prostate after
food-based interventions. For example, Bowen et al. [23] provided pre-prostatectomy
patients with 3 weeks of a tomato sauce-based pasta meal providing 30 mg of lycopene per
day. After the dietary intervention, serum and prostate lycopene concentrations were
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statistically significantly increased, from 0.6 μM (95% confidence interval [CI]=0.5–0.7
μM) to 1.2 μM (95% CI= 1.0–1.4 μM; P<0.001) and from 0.28 μmol/g (95% CI=0.18–0.37
μmol/g) to 0.82 μmol/g (95% CI=0.57–1.11 μmol/g; P<0.001), respectively. Interestingly,
leukocyte and prostate tissue oxidative DNA damage (8-OHdG as a biomarker) was reduced
in tissues from the intervention group. Serum PSA levels decreased with dietary
intervention, from 10.9 ng/mL (95% CI=8.7–13.2 ng/mL) to 8.7 ng/mL (95% CI=6.8–10.6
ng/mL) (P<0.001). Kucuk et al. [44] reported a similar pre-prostatectomy study employing a
3-week daily tomato oleoresin intake (30 mg lycopene/day) reporting that after intervention,
subjects showed less aggressive pathological features of the cancer and lower plasma PSA
concentrations.

We recently completed a study in men that failed curative therapy and have biochemical
failure characterized by a progressively rising PSA, yet at the time were asymptomatic [45].
A combination of self-selected tomato products averaging 41 mg of lycopene/day and soy
powder providing 40 g of soy protein/day was provided for 4 weeks. Serum lycopene
increased from 0.72±0.09 μM to 1.21±0.10 μM (P<0.0001) and urinary isoflavone excretion
increased from not detectable to 54.1±5.7 μM (P<0.05) with 8 weeks of diet intervention.
Serum PSA decreased between weeks 0 and 8 for 14/41 men (34%). Mean serum vascular
endothelial growth factor, a potent stimulus for cancer angiogenesis, was reduced from 87 to
51 ng/ml (P<0.05) over 8 weeks.

These examples illustrate that changing the daily intake of tomato products or lycopene
oleoresin will significantly impact serum and prostate tissue lycopene concentrations over a
relatively short period of a few weeks. In addition, the studies provide provocative
correlative data suggesting the potential to impact PSA and other markers of activity, yet all
studies thus far reported are very limited in statistical power and these findings must be
considered with caution.

3.4 Tomatoes, lycopene, and experimental models of prostate carcinogenesis
Several studies have examined the impact of tomato components or lycopene on
carcinogenesis or tumorigenesis for cancer derived from several tissues including mammary
gland, colon, lung, liver, and urinary bladder [18, 46-58]. Prostate cancer has been examined
in several different model systems. Imaida et al. [59] reported no significant effects of
lycopene supplementation against rat prostate carcinogenesis. However, the small number of
animals and low lycopene dosage that would not be expected to provide serum
concentrations similar to humans, make this study inconclusive. Studies have investigated
the combined effects of lycopene, vitamin E, and selenium [51, 60, 61], yet the rodent
studies cannot differentiate the individual impact of lycopene. A study in a transplantable
model of prostate tumorigenesis showed that tomato powder was more effective than
lycopene for the inhibition of tumor growth [19]. In parallel, tomato powder diets produced
a greater induction of tumor apoptosis and inhibition of proliferation compared with
lycopene alone [19]. Boileau et al. [18] compared a control diet to those fed diets containing
tomato powder or lycopene in a rat model with prostate cancer induced by testosterone and
N-nitroso-N-methylurea. The control group experienced the greatest risk of prostate cancer,
with tomato powder fed rats showing the lowest risk, with lycopene-fed rats experiencing an
intermediate risk. In this study, plasma lycopene concentrations were similar in both tomato
powder and lycopene-fed animals although the lycopene content in the tomato powder diet
was approximately ten times lower than the lycopene beadlet diet. Thus illustrating,
absorption of lycopene in the rats can be saturated. In addition, it is clear that absorption of
lycopene by rats and mice is less efficient than in humans, a fact that should be considered
in the design of studies. Clearly, measurement of blood carotenoids to document that
physiological concentrations have been achieved is crucial to the interpretation of the
experimental carcinogenesis studies.
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The recent work of Mossine et al. [62] provides an interesting twist to the concept that
freeze-dried tomato powder can inhibit prostate carcinogenesis. They investigated whether
ketosamines, a class of carbohydrate derivatives present in dehydrated tomato products,
combined with lycopene may impact tumorigenesis of the highly metastatic rat prostate
adenocarcinoma MAT-LyLu. The FruHis (a ketosamine)/lycopene combination
significantly inhibited in vivo tumor formation by MAT-LyLu cells. Another experiment
with diets supplemented with tomato paste, tomato powder, or tomato paste plus FruHis,
were fed to rats treated with N-nitroso-N-methylurea and testosterone. The proportion of rats
with macroscopic prostate cancer at necropsy in the control, tomato paste, tomato powder,
and tomato paste/FruHis groups were 63%, 39%, 43%, and 18%, respectively. Thus FruHis
or other ketosamines may be non-carotenoid components of tomato products that could
inhibit prostate carcinogenesis.

Overall, the studies in rodent models are supportive of a protective effect of tomato products
on prostate carcinogenesis and tumorigenesis, with a less potent, but detectable impact of
pure lycopene. Thus, lycopene is likely one component, but not the only component of
tomatoes that impact prostate cancer risk.

3.5 Evidence from cell culture
In vitro studies provide a convenient and controlled approach for elucidating the cellular and
molecular mechanisms potentially mediated by phytochemicals. Nonetheless, the challenge
is that numerous tomato carotenoids such as β-carotene and lycopene are particularly
sensitive to degradation in cell culture systems [63-67]. Thus, it is a challenge to elucidate
the roles of the carotenoids in vitro although the polyphenols are comparatively easy to
examine in cell culture. Accordingly, it is critical that investigators appreciate and document
the stability of agents under investigation. Data derived from cell culture studies is discussed
in sections below focusing upon mechanisms of action.

4 Carotenoids in tomatoes
4.1 Carotenoid content of tomatoes and processed tomato products

Tomatoes are a rich source of carotenoids, particularly lycopene that provides the familiar
red color of tomato. Although up to 20 different carotenoids have been detected in tomatoes,
lycopene will typically account for 70–90% of carotenoids present, approximately 3–5 mg/
100g of raw fruit, which is defined by genetics, environmental factors, and state of ripening
[68, 69]. Specific yellow varieties may contain only 0.5 mg lycopene/100g whereas the
deep-red varieties can contain up to 10–15 mg/100g. Lycopene is about 3–5 times higher in
concentration in the tomato skin compared to the pulp [69]. The presence of lycopene in the
insoluble fiber portion of the tomatoes may impact absorption and in vivo biodistribution.
The remaining carotenoids include the metabolic precursors of lycopene, phytoene and
phytofluene, along with β-carotene and neurosporene, and much smaller amounts of α-
carotene, γ-carotene, and leutin/zeaxanthin [70].

The impact, if any, of a low-dose exposure to the carotenoid array found in tomatoes for
cancer prevention, as opposed to pharmacologic approaches with lycopene alone, is not well
understood. It remains a viable hypothesis, but not proven, that the pattern of carotenoids
may underlie the greater benefits of tomato products compared to lycopene. The lessons of
employing pure β-carotene for lung cancer chemoprevention in smokers should not be
forgotten, yet we must not allow this experience to summarily disregard the potential of
carotenoids to have beneficial impacts under different circumstances [71, 72].
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4.2 Lycopene chemistry, isomerization, and degradation
The unique acyclic structure of lycopene with an array of conjugated double bonds and
hydrophobicity certainly impacts its biologic properties. Lycopene typically exists in the all-
trans configuration in tomatoes, the most thermodynamically stable form. However, seven
of the bonds can isomerize and form mono- or poly-cis isomers upon exposure to heat, light,
or certain chemical reactions. Thus, lycopene isomerization can occur during processing or
storage [69, 70]. Interestingly, cis-isomers account for over 50% of the total lycopene in
human serum and over 80% in tissues such as prostate [42, 43, 73, 74]. The cis-isomers are
considered to be more polar and less prone to crystallization, but how they form in vivo and
their impact on host biology is poorly understood.

Lycopene degradation occurs with light, heat, oxygen, and acids with metallic ions of
copper and iron catalyzing oxidation [69]. The potential of these non-enzymatic reactions to
impact lycopene destruction in vivo is uncertain, but is critical when considering laboratory
investigations of carotenoids in cell culture and in animal models. Carotenoids are not
inherently stable in vitro and degradation occurs quickly under standard conditions of cell
culture [47, 75, 76]. Thus, consideration of how degradation products may impact the
biology understandably is crucial and investigators can enhance the value of their scientific
contributions through inclusion of analytic data in their publications. Rodent studies also
require careful consideration regarding lycopene stability. Lycopene, either as a pure agent
or as part of tomato components, can be incorporated into semi-purified diets for studies of
carcinogenesis or tumorigenesis. Again, careful documentation of concentrations of
carotenoids in the ingredients, the formulated diet, and stability under conditions of feeding
are essential components of sound scientific technique. Ambient lighting during formulation
and the potential of heating and drying processes during pelleting contribute to significant
degradation is also a key consideration.

4.3 Lycopene metabolism
The enzymatic metabolism of lycopene and other carotenoids is only beginning to be
understood. The recent characterization of the enzymes carotenoid mono-oxygenase 1
(central cleavage) and 2 (eccentric cleavage) as mediators of carotenoid cleavage provides a
basis for greater understanding of metabolism, particularly when coupled with modern
analytic technology [77]. Lycopene, like β-carotene, when metabolized by carotenoid mono-
oxygenase 2 will generate apo-lycopenals. We have observed [78] several apo-lycopenals in
tomato-derived food products, but also the plasma of individuals who had consumed tomato
juice for 8 weeks. Apo-6′-, apo-8′-, apo-10′-, apo-12′-, and apo-14′-lycopenals were detected
and quantified in plasma. The sum of apo-lycopenals was 1.9 nmol/L plasma. The presence
of apo-lycopenals in plasma may derive from the absorption of apo-lycopenals directly from
food and/or human metabolism. Hormonal status also impacts lycopene metabolism and
tissue distribution, yet this remains poorly understood. For example, we observed that
castration (depriving androgen) results in doubling of hepatic lycopene, despite a 20% lower
lycopene consumption in castrated rats [79]. The role of lycopene metabolites is under
investigation in regards to lung cancer, but not yet examined in prostate cancer. For
example, an apo-10′-lycopenoic acid-fed diet significantly reduced the number of lung
tumors in a chemical-induced carcinogenesis animal model [80]. Although the mechanisms
are still speculative, lycopenoids, the metabolic products of lycopene, may possess more or
less bioactive functions than lycopene itself [81]. The use of new murine models with
targeted defects in carotenoid mono-oxygenase 1 and 2 will also provide novel tools for
understanding lycopene metabolism and the impact of lycopene metabolites on biological
outcomes [81, 82]. The use of radio-labeled or stable isotope technology will allow
investigators to define lycopene metabolism more precisely than in the past [83, 84].
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4.4 Lycopene absorption and bioavailability
Carotenoid absorption is highly variable, yet we are elucidating many factors that impact the
process. Isomerization of lycopene impacts absorption efficiency. Cis-isomers of lycopene
are produced during processing and cooking of tomato products, in addition, some
isomerization may occur in the gastrointestinal tract, especially in the environment of the
stomach. Studies with lymph-cannulated ferrets demonstrated that a lycopene dose that
contained <10% cis-lycopene, lead to higher concentrations of cis-isomers in the small
intestinal mucosal cells (58%), mesenteric lymph (77%), serum (52%), and tissues (47–
58%), primarily the 5-cis-isomer [75]. We have observed that cis-lycopene-rich tomato
sauce has higher bioavailability than trans-rich tomato sauce in healthy adult subjects [85].
Perhaps, all-trans-lycopene, a long linear molecule, may be less soluble in bile acid micelles.
In contrast, cis-isomers of lycopene may move more efficiently across plasma membranes
and preferentially incorporate into chylomicrons [86].

The interaction between the carotenoids in the ingested food influences the absorption of
individual carotenoids. Studies of humans consuming food with multiple carotenoids may
increase or decrease the individual carotenoids in plasma, compared with those consuming
purified carotenoids [87, 88] and the mechanisms remain to be defined. The food matrix
impacts absorption as well. For example, lycopene from tomato oleoresin or tomato juice
(processed tomatoes) was better absorbed compared to lycopene from raw tomatoes [89]. It
is well known that carotenoid–protein complexes are denatured by the cooking of vegetables
and may impact bioavailability from the food matrix [90].

The absorption of a hydrophobic and lipophilic molecule such as lycopene is impacted by
dietary lipids. Fielding et al. [91] showed addition of olive oil to diced tomatoes during
cooking greatly increases the absorption of lycopene. We reported that salsa with the natural
lipid source of avocado greatly enhanced carotenoid absorption from meals [92]. Similarly,
the absorption of carotenoids from salad with low-fat salad dressing was impaired compared
with the absorption of carotenoids from salad with regular full-fat dressing [93]. However,
Ahuja et al. [94] reported no difference in serum lycopene concentrations when provided
with 15% of energy from fat or 38% of energy from fat, suggesting that the relationship is
not linear.

Age may be another factor impacting lycopene absorption [95]. The bioavailability of
lycopene was less in those 60–75 years of age compared to those 20–35. Interestingly, there
was no major difference in the bioavailability of β-carotene, α-carotene, and lutein.

5 Lycopene, tomatoes, and prostate cancers: mechanisms
Although epidemiology is suggestive and rodent models are supportive of the anti-prostate
cancer effects of tomatoes and lycopene, the underlying mechanisms remain very
speculative and the predominant hypotheses are illustrated in the following sections.

5.1 Antioxidant properties
Prolonged oxidative damage caused by reactive oxygen species has long been hypothesized
as a possible mechanism attributed to the occurrence of many cancers [63, 96, 97]. In vitro,
lycopene can neutralize free radicals and quench singlet oxygen more efficiently than β-
carotene and α-tocopherol [63, 98, 99]. Thus, lycopene is hypothesized to protect critical
biomolecules such as DNA, protein, and lipids from free radical damage. On the contrary, in
vivo evidence for this activity is difficult to document. Tomato extracts decreased xenobiotic
induced oxidative stress and toxicity in the rat liver [100]. Lycopene supplementation
dramatically decreased iron-induced oxidative stress in rats [101]. Consumption of tomato
products decreased DNA damage, LDL oxidation, production of lipid peroxide, and
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oxidative stress in lymphocytes [33, 102-106]. Two studies also demonstrated no beneficial
effects from lycopene supplements despite higher lycopene levels compared with tomato
product supplementation. This raises the possibility that lycopene together with various
micro-nutrients and phytochemicals in tomato products may provide a better defense against
oxidative stress.

5.2 Proliferation and apoptosis
Antiproliferative effects of lycopene have been reported in several cancer cell lines
including those derived from prostate cancers and prostate epithelial cells [55, 80, 97,
107-122]. For example, a lower dose of lycopene inhibited the growth of LNCaP prostate
cancer cells while a higher dose blocked cells in G2/M phase and induced apoptosis [112].
Several in vivo studies supported the antiproliferative and proapoptotic capabilities of
lycopene or tomato components, such as in the in vivo transplantable tumor models [19]. A
unique approach has recently been employed with LNCaP prostate cancer cell lines exposed
to sera from volunteers who consumed tomato paste or purified lycopene [123]. Expression
array analysis of cells exposed to serum from patients after red tomato consumption
demonstrated several changes in pathways involved in cell proliferation, apoptosis, and
stress responses including cyclin D1, p53, Bax:Bcl-2, and IGFBP-3. Metabolic changes in
cells are necessary for rapid cell turnover. Fatty acid synthase, for example, is increased
during prostate carcinogenesis and down-regulated by lycopene [124].

5.3 Growth factor and steroid hormone action
Insulin-like growth factor (IGF-I) is postulated to be a contributor to prostate carcinogenesis
[125-129]. Recent epidemiological studies suggested that higher dietary intake of lycopene
is correlated with a lower circulating IGF-I and higher levels of IGFBPs [122, 130, 131].
Lycopene at pharmacologic concentrations inhibited prostate cancer cell IGF-I receptor
expression and Akt phosphorylation [114]. Lycopene has been reported to inhibit
dihydrotestosterone and IGF-I signaling by suppressing autocrine IGF-I networks and by
attenuating the stimulus of IGF-I on serine phosphorylation of Akt/GSK3β [117].
Interestingly, a large study has linked lower levels of IGF-I with increased tomato intake in
the diet [132]. Yet, other studies have not seen this relationship [133]. Thus, the existing in
vivo data is inconsistent. Our group identified that numerous tomato polyphenols (e.g.,
quercetin) inhibit IGF-I signaling [119]. One working hypothesis is that bioactive tomato
compounds may interact and downregulate androgen signaling networks and has been the
subject of several studies [54, 79, 134, 135] but a clear conclusion cannot be drawn at this
time. In a rat model, lycopene was also found to reduce several genes related to androgen
metabolism including 5α-reductase type 2, 17β-HSD, and CYP7B1 [135]. Perhaps the most
interesting finding is that lycopene down-regulated 5-α-reductase type 2, an enzyme
responsible for converting testosterone to the active ligand for the androgen receptor [135].
Drugs, such as finasteride and dutasteride which also target this enzyme are both known to
have chemopreventive activity in humans.

5.4 Epigenetics
The complex epigenetic changes that are known to occur in carcinogenesis are only
beginning to be understood in the prostate. Investigators have explored the ability of
lycopene to impact DNA methylation [136]. The authors found that lycopene partially
demethylated the promoter of the GSTP1 tumor suppressor gene in breast cancer cells.
Remarkably, GSTP1 has also been shown as a biomarker in human prostate cancer and is
frequently methylated [137]. In addition, the RAR β2 gene, a member of the nuclear
receptor superfamily, was also demethylated by lycopene in normal breast cells [136]. At
this time, a role for lycopene or other tomato phytochemicals in epigenetic regulation within
the prostate and its impact on carcinogenesis is speculative.

Tan et al. Page 11

Cancer Metastasis Rev. Author manuscript; available in PMC 2013 October 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5.5 Carcinogen-metabolizing enzymes
The phase II enzymes generally increase the hydrophilicity of carcinogens and further
enhance their detoxification and excretion [138]. Accumulating evidence links the beneficial
effects of lycopene to the induction of phase II detoxification enzymes [139]. Expression of
phase II enzymes are regulated by the antioxidant response element (ARE) and the
transcription factor Nrf2 which is involved in regulating the expression of many antioxidant
and detoxifying enzymes [140-142]. Lycopene and other carotenoids induce phase II
enzymes such as NQO1 and GCS in mammary and liver cancer cells and the mechanism is
regulated by the ARE system. More interestingly, Nrf2, which is typically found in the
cytoplasm, translocated to the nucleus after carotenoid treatments. Furthermore, an ethanolic
extract of lycopene containing unidentified hydrophilic derivatives activated ARE-driven
reporter gene [140]. Taken together, this suggests that lycopene oxidative metabolites may
play a role, at least in part, for the induction of phase II enzymes through ARE system. An in
vitro study has shown that apo-10′-lycopenoic acid elevated phase II enzyme expression in
human bronchial epithelial cells [143]. Furthermore, apo-10′-lycopenoic acid, the
carotenoid-metabolizing cleavage product, demonstrated a dose- and time-dependent
elevation in nuclear Nrf2 protein accumulation. Whether lycopene, other carotenoids, or
their metabolites have more potent effects on detoxification enzymes merits additional
investigation. However, the role of this process in prostate carcinogenesis is unclear, as
chemical carcinogens involved in human prostate carcinogenesis have not been fully
characterized.

5.6 Gap junction communication
One of the first hypotheses to emerge regarding how lycopene may impact cancer risk
focused upon enhancing normal intracellular communication, with gap junctions as a
biomarker for this pro-differentiation activity. Gap junctions are protein channels in cell
membranes that allow nutrients, ions, and small molecules to pass between adjacent cells
[144-146]. Each gap junction is derived from a total of 12 connexin proteins. Among the
connexin family, connexin 43 (Cx43) is the most widely expressed and induced by
retenoids, carotenoids, or their metabolites. Remarkably, evidence now suggests loss of gap
junction communication is a common characteristic of carcinogenesis [122, 147]. It was
indicated that both pro-vitamin A and non-provitamin A carotenoids suppressed carcinogen-
induced neoplastic transformation and increased Cx43 gene expression [148, 149]. It is
intriguing that the central cleavage product of lycopene, acyclo-retinoic acid demonstrated
the potential to increase gap junction communication [150]. In addition, in rat liver epithelial
cells, lycopene oxidation products revealed a stimulatory effect on gap junction
communication [144]. In prostate cancer cells treated with serum from rats fed red and
yellow tomatoes, a significantly increased Cx43 expression was seen while serum from
those fed lycopene beadlets with the identical lycopene content as red tomatoes did not exert
such effects [151]. The findings demonstrate the importance of tomato components other
than lycopene in gap junction communication. Interestingly, another in vivo study gavaged
rats with lycopene and found the lower dose (5 mg/Kg/day) enhanced gap junction
communication while the higher dose (50 mg/Kg/day) inhibited this process [152]. Overall,
the cell culture work is suggestive of an impact of lycopene, its metabolites, or other tomato-
derived components on impacting gap junction communication. However, verification of
this finding in vivo and the integration of these findings into a cohesive hypothesis remains
an intriguing challenge.

5.7 Anti-inflammatory activity
Inflammation is a likely component of the initiation of prostate cancer, a process that may be
enhanced by testosterone. We have yet to thoroughly evaluate the anti-inflammatory impacts
of tomato phytochemicals in the prostate. Tomato phenolic treatment of KB cells results in
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suppression of COX-2 expression [153]. In healthy volunteers, both tomato juice with or
without fortified vitamin C reduced total cholesterol and C-reactive protein, a serum
biomarker of inflammation [154]. The study by Riso et al. [155] also examined the impact of
a tomato-based drink on markers of inflammation and found TNF-α was 34% lower after 26
days of intervention. A rodent study revealed that lycopene supplementation led to a down-
regulation of the gene expression for numerous cytokines, chemokimes, and
immunoglobulins such as IL-1β and MIP-2, a potent neutrophil chemotactic factor [135]. On
the contrary, others found little impact from instituting a tomato-rich diet on inflammatory
markers [156]. Although these examples illustrate the potential, much more research is
necessary with the integration of in vitro, rodent, and human data to make firm conclusions
in regards to an anti-inflammatory impact of tomato products and their components.

6 Causality
At this point in time, it is clear that we have not established causality, and this issue has been
previously addressed [157]. The accumulated data is supportive of a hypothesis that tomato
products, lycopene, or other tomato bioactives may have anti-prostate carcinogenesis
activity. Thus, well designed and executed studies are clearly needed using a variety of
experimental approaches. It is critical that those evaluating cancer biology also integrate
their efforts with the analytic chemists in order to better interpret their findings. The
chemical instability of lycopene and other tomato-derived carotenoids requires that
investigators take special precautions to insure quality and informative data.

7 Tomato products for future human studies
The tomato is a popular and widely consumed product. The concept that we can manipulate
the tomato and create novel tomato-based food products, also known as functional foods that
are specifically designed to target prostate carcinogenesis is very attractive. As we learn
which components of the tomato are most desirable for cancer prevention, we have several
options that will allow the development of a more potent agent for intervention trials.

We can begin with tomato horticulture and examine the genetic factors that impact tomato
phytochemical profiles. Through genetic manipulation or breeding strategies we can better
optimize a desired phytochemical pattern while also maintaining critical growth
characteristics and disease resistant features that may be desirable by the producer or
processor [158, 159]. Enhancing solid content and fruit color are two important
characteristics in improving fruit quality. Developing cultivars with enhanced lycopene
concentrations has already become an important area of research. Introducing lycopene β-
cyclase into tomato plastid genome to increase conversion of lycopene into β-carotene
caused a 50% increase in total carotenoids. As long ago as 1935, ethylene was suggested as
the plant hormone responsible for fruit ripening as well as inhibition of vegetative tissues.
Recently, it was concluded by transcriptome metabolite analysis that ethylene is involved in
several carotenoid biosynthesis processes affecting their qualitative and quantitative
deposition. Thus, by increasing expression of ethylene production in tomatoes we can also
alter carotenoid patterns [160].

Environmental conditions, such as air temperature, solar radiation, water and ripeness are
also to be considered in optimizing a desired phytochemical pattern [161]. For example, a
favorable temperature to enhance lycopene content of specific cultivars is 22–25°C while
those at higher temperatures have a dramatically lower content [161]. Solar radiation
influences synthesis of carotenoids or other phytochemicals and accumulation is interactive
with the genotype of the tomato plant [162, 163]. Differences in soil water impact fruit
quality including the color of tomato [164]. Stages of ripening influence the concentration of
carotenoids in tomatoes [161]. The interactions between the horticultural specialists and the
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cancer biologists as they establish a desired phytochemical pattern will allow for the
development of a tomato-based food product with a great potential to impact disease
processes.

We believe that a processed food that is reproducible and consistent in phytochemical
pattern will be the optimal approach for a long-term cancer prevention trail in men. For
example, we currently feel that a tomato juice product is an ideal approach, due to
convenience. Thus, consideration of the processing aspects of product development to insure
a highly desirable product while maintaining the anticancer activity is a key issue. The
tomato cultivar chosen must also have characteristics that allow efficient processing to
produce juice. The processing of tomatoes and developing a product involves several
treatments such as chopping, hot break extraction, sieving, evaporation, sterilization, and
storage. Each step has the potential to impact phytochemical profiles in the commercial
product [70]. For example, the fruit-breaking step and the removal of seed and skin
significantly affects the levels of antioxidants and many other metabolites present in tomato
paste [165]. Thermal processing may disrupt the matrix structure encapsulating lycopene
and other phytochemicals such as polyphenols in tomatoes and release more bioactives
[166]. The impact of packing material, time, and temperature of storage are also
considerations for developing a product for clinical trials [167].

One of the strategies that we are pursuing is the combination of tomato products in juice
matrix with other components that may have anti-prostate cancer properties. For example,
we have previously shown excellent compliance with a diet rich in both tomato products and
soy powder, with encouraging declines in PSA in men with active prostate cancer. Thus, we
are developing and testing a novel tomato–soy juice that is now in a phase I/II clinical trial.
Indeed, this approach can create a novel food product that is “personalized” to a specific
disease process and can take full advantage of the scientific evidence that is available
regarding different food sources and phytochemicals to create a more effective intervention.

8 Conclusions
The possibility that tomato products have anti-prostate cancer properties remains a viable
hypothesis. It is very clear that causality has not been established and that significant
amounts of additional research are necessary to solidify such a relationship. Unfortunately,
the marketing of lycopene supplements and various related products, both by manufacturers
and the popular press has misinformed the public with regards to therapeutic outcomes and
disease prevention. Nevertheless, this remains an exciting area for future research,
combining the skills and knowledge of a diverse set of disciplines, including horticulture,
food science and technology, experimental carcinogenesis, and clinical investigation.
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Fig. 1.
The 2007 tomato production data of the leading ten countries as compiled by the United
Nations, Food and Agriculture Organization, FAOSTAT
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Fig. 2.
Several of the phytochemicals found in tomatoes and tomato products
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