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Dietary behavior has been identified as one of the most

important modifiable determinants of cancer risk. Which

personalized modifications are needed remains an area of

considerable controversy. Part of this uncertainty may arise

from interactions among dietary bioactive compounds and/or

food combinations. These interactions may either enhance or

negate the response to specific foods. Evidence suggests that

the cancer-protective effects of an individual’s diet may reflect

the combined effects of various vitamins, minerals, and other

bioactive components such as flavonoids, isothiocyanates, and/

or allium compounds rather than from the effect of a single

ingredient. A better understanding of physiologically important

interactions is needed to determine the merit of combining

foods for maximum efficacy for cancer prevention. Furthermore,

the response is complicated, since multiple cellular processes

associated with carcinogenesis can be modified simultane-

ously, including sites such as drug metabolism, DNA repair, cell

proliferation, apoptosis, inflammation, differentiation, and an-

giogenesis. Current evidence suggests that bioactive food

components can typically influence more than one process. It

is essential to have a better understanding of how the response

relates to exposures and credentialing which process is most

involved in bringing about a change in tumor incidence and/or

tumor behavior. Credentialing is being defined as a determi-

nation of which cellular process(es) and which bioactive food

components are most important for bringing about a phenotypic

change. Additional attention is needed to determine the critical

intake of dietary components, their duration, and when they

should be provided to optimize the desired physiological

response. Further research is also needed on the molecular

targets for bioactive components and whether genetic and

epigenetic events dictate the direction and magnitude of the

response. Exp Biol Med 232:176–183, 2007
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Introduction

Dietary habits are recognized as an important modifi-

able environmental factor influencing cancer risk and tumor

behavior. While some have estimated that about 30%–40%

of all cancer cases relate to diet, the actual percentage is

highly dependent on the dietary components and the specific

type of cancer (1). Epidemiologic evidence suggests that

regular consumption of fruits, vegetables, and whole grains

may reduce cancer risk in some individuals. This association

has been attributed to these foods being rich sources of

numerous bioactive compounds. Plant foods contain a

variety of components, including, but not limited to,

essential nutrients, polyunsaturated fatty acids, and phyto-

chemicals such as glucosinolates and flavonoids, many of

which can inhibit cell proliferation and induce apoptosis,

and which may act additively or synergistically when

combined in the human diet. While optimizing the intake of

specific foods and/or their bioactive components seems a

prudent, noninvasive, and cost-effective strategy for reduc-

ing the cancer burden, this is far from a simple process (2).

The magnitude of the problem of identifying which dietary

components are most important in increasing or decreasing

cancer risk is evident from the literally thousands of

compounds consumed each day (2). Furthermore, the lack

of information about some components limits the ability to

unravel which bioactive components are the most important.

It is estimated that .5000 individual phytochemicals have

been identified in fruits, vegetables, and grains, but a large

percentage still remain unknown and need to be identified

before we can fully understand the health benefits of

phytochemicals in whole foods (3). Furthermore, interac-

tions between the different components within a food or
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through food combinations may explain why isolated

dietary components may not be as efficacious for cancer

prevention as whole foods.

A combination of wine, fish, dark chocolate, fruits,

vegetables, garlic, and almonds has been suggested to offer

additive benefits and to reduce cardiovascular disease by

more than 75% (4). This hypothesis was recently tested

when a combination of cholesterol-lowering foods (plant

sterols, soy protein, viscous fibers, and almonds) was found

to be as efficacious as certain statins in lowering LDL-

cholesterol concentrations (5). Whether or not these, or

possibly other, food combinations offer special protection

against cancer risk and/or modify the behavior of tumors

remains to be adequately evaluated. Some studies do

suggest that combinations of foods may offer special

advantages for cancer prevention. For example, combining

soy phytochemicals and green tea extracts has been reported

to be more effective in inhibiting tumor angiogenesis,

reducing estrogen receptor (ER)-alpha, and lowering serum

insulin-like growth factor (IGF)-1 in estrogen-dependent

human breast tumors implanted into severe combined

immunodeficient mice than when either is provided alone

(6). Similarly, soy phytochemicals and green tea synergisti-

cally inhibited prostate tumorigenicity, final tumor weight,

and metastasis in a mouse model of orthotopic androgen-

sensitive human prostate cancer (7). The combination of

orange, apple, grape, and blueberry displayed a combined

beneficial effect in antioxidant activity. The median

effective dose (EC50) of the combination of fruits was five

times lower than the EC50 of each fruit alone, suggesting at

least additive effects after the combination of the four fruits

(8). This may reflect different phytochemical profiles in the

different fruits. These results also suggest that combinations

of foods may be efficacious for cancer prevention. However,

the merit of combining foods, as well as which foods should

be combined for maximum cancer prevention, remains to be

determined. A better understanding of the bioactive

components present in food, as well as the mechanism(s)

of action of these dietary components towards cancer

prevention, is needed before this can be achieved.

Individual Foods Versus Their Isolated Constitu-
ents

There is evidence that individual foods may offer

advantages over their isolated constituents, suggesting

factors in the foods may influence the absorption,

metabolism, or retention of the bioactive food components

or that multiple bioactive compounds within the food are

exerting additive or synergistic effects. For example, whole

green tea is more efficacious than epigallocatechin gallate in

inhibiting TNFa release and increasing the percentage of

human lung cancer cells undergoing apoptosis (9). These

effects appear to be mediated through enhanced incorpo-

ration of the tea polyphenols into the cells (9). Similarly,

consumption of tomato powder, but not one of its principal

components, lycopene, inhibited N-methyl-N-nitrosourea

and testosterone-induced prostate cancer (10). A fat-soluble

extract from vegetable powder was more efficacious than b-

carotene in inhibiting cell proliferation and inducing

morphologic changes consistent with apoptosis (cellular

shrinkage, chromatin condensation, and nuclear fragmenta-

tion) in a lung cancer cell line (11). However, in other cases

the food may not be as effective as its isolated components,

suggesting the food may contain constituents that inhibit the

response by again modifying the absorption, metabolism, or

site of action of the bioactive food constituent. Such

antagonistic components may explain the reduced ability of

soy flour and full-fat soy flakes to inhibit aberrant crypt foci

compared to isolated genistein (12). A better understanding

of how the food matrix and combination of bioactive

components present within food influence cancer prevention

is needed.

Biology of Cancer

Malignant cells are characterized by the upregulation or

constitutive activation of multiple signaling pathways that

promote proliferation, inhibit apoptosis, and enable the cells

to invade and migrate through tissues while evoking

angiogenesis (13). Downregulation or loss of proteins and

pathways that oppose these behaviors is also commonly

seen. Hanahan and Weinberg (14) have summarized the

derangements in signaling that are needed for the formation

of a fully invasive tumor. These include:

1. Self-sufficiency in growth signals, such that the

tumor cells produce their own, or the relevant pathways

become constitutively active without the need for exoge-

nous signals.

2. Insensitivity to signals which would normally inhibit

proliferation.

3. Invoking survival pathways in order to avoid

apoptosis; this would normally occur in irreversibly

damaged cells.

4. Replicating indefinitely, thus avoiding terminal

differentiation or senescence.

5. Initiating angiogenesis to ensure sufficient oxygen

and nutrient supply to sustain tumor growth.

6. Undergoing invasion and metastasis.

During the carcinogenic process, cells often acquire

multiple oncogenic mutations that are often functionally

redundant; thus, inhibiting any single dysregulated pathway

may have only a modest impact on tumor behavior (13).

Therefore, the likelihood that any single agent or dietary

component would have a ‘‘magic bullet’’-like impact on

cancer is lessened. Targeting multiple molecular targets that

are prone to dysregulation in a given type of cancer seems to

offer the best prospect for cancer prevention (13). While this

strategy has been adopted for some time in the chemo-

therapeutic arena, it appears to be equally applicable in

cancer prevention (15).
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Mechanisms of Dietary Cancer Prevention

All of the major signaling pathways, which are

deregulated in cancer and which have been examined as

targets for cancer prevention, have responded to one or more

dietary components (Fig. 1; Ref. 16). These include, but are

not limited to, carcinogen metabolism, DNA repair, cell

proliferation/apoptosis, inflammation, differentiation, oxi-

dant/antioxidant balance, and angiogenesis. So far, more

than 1000 different phytochemicals have been credited with

putative cancer preventive activities (17), and in recent years

much effort has gone into elucidating the molecular

mechanisms of a few of them (15). However, the response

is complicated, since the effects of dietary components can

be cell type- and dose-dependent, and any one agent may

have multiple mechanisms of action. Furthermore, most of

the detailed mechanistic data have been obtained in cell

culture studies, often with physiologically unachievable

concentrations of single agents, making extrapolation to

humans difficult (15). Therefore, when interpreting the

results from in vitro studies, care must be taken to consider

dose, cell type, culture conditions, and treatment time, as

each of these can affect the biological outcome. Credential-

ing which process(es) is/are most involved in bringing about

a change in tumor incidence and/or tumor behavior is

essential. In addition, since many of these processes are

likely influenced by several food components, it is

necessary to obtain a better understanding of physiologi-

cally relevant synergistic and antagonistic interactions.

Virtually all dietary or environmental carcinogens to

which humans are exposed require enzymatic biotransfor-

mation, known as metabolic activation, to exert their

carcinogenic effects. Biotransformation enzymes, also

referred to as xenobiotic- or drug-metabolizing enzymes,

play a major role in regulating the mutagenic and neoplastic

effects of chemical carcinogens, as well as metabolizing

other drugs and endogenous compounds, such as steroid

hormones. The drug-metabolizing enzyme system com-

prises phase I (oxidation, reduction, and hydrolysis) usually

catalyzed by cytochrome P-450 enzymes and phase II

(glucoronidation, sulfation, acetylation, methylation, and

conjugation with glutathione) enzymes. The induction of

Phase II enzymes is largely mediated by the antioxidant

response element (ARE), which is located in the promoter

region of specific genes (18). Generally, the transcription

factor nuclear factor E2-related factor 2 (Nrf2) binds to the

ARE sequence to initiate gene expression. Many enzyme

inducers, including dietary components, also lead to the

activation of several signal transduction pathways, such as

the mitogen-activated protein kinases (MAPK), protein

kinase C (PKC), and phosphatidylinositol 3-kinase (PI3K)

pathways. The consequences of the activation of these

signaling cascades are dissociation of Nrf2 from another

cytosolic protein, Keap1; nuclear translocation; and accu-

mulation of Nrf2 protein, which leads to increased

expression of detoxifying enzymes through activation of

the ARE. Bioactive components present in fruits and

vegetables can prevent carcinogenesis by blocking meta-

bolic activation, by increasing detoxification, or by provid-

ing alternative targets for electrophilic metabolites.

Numerous constituents of plant foods, including flavonoids

(such as quercetin, rutin, and genistein), phenols (such as

curcumin, epigallocatin-3-gallate and resveratrol), isothio-

cyanates, allyl sulfur compounds, indoles, and selenium

have been found to be potent modulators of detoxification

enzymes in vitro and in preclinical models (19, 20).

Activated carcinogens exert their biological effects by

forming covalent adducts with the individual nucleic acids

of DNA or RNA. Similarly, reactive oxygen species (ROS),

such as superoxide anions, hydrogen peroxide, and

hydroxyl radicals, have been found to attack both DNA

bases and the deoxyribosyl backbone of DNA (21). DNA

adducts distort the shape of the DNA molecule, potentially

causing mistranslation of the DNA sequence. Second, when

the DNA replicates, an adducted base that persists

unrepaired can be misread, producing mutations in critical

genes, such as oncogenes and tumor suppressor genes.

Third, repair of bulky adducts can result in breakages of the

DNA strand, which can, in turn, result in mutations or

deletions of genetic material (22). Numerous DNA repair

pathways exist to prevent the persistence of damage and are

integral to the maintenance of genome stability and

prevention of cancer (23). DNA repair mechanisms include

direct repair, base excision repair, nucleotide excision

repair, double-strand break repair, and repair of interstrand

cross-links (24). DNA repair capacity can be assessed from

mRNA or protein levels or enzyme activity. Folate

deficiency has been found to disrupt DNA repair pathways

Figure 1. Bioactive components present in food can influence
molecular targets associated with several biological processes.
These processes, such as cell cycle control, apoptosis, carcinogen
metabolism, cell differentiation, DNA repair, and the inflammatory
response, have been associated with carcinogenesis.
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(25). Dietary components that scavenge activated oxygen

species, such as flavonoids, vitamins E and C, and

isothiocyanates, have been shown to stimulate repair of

oxidative DNA damage. Moreover, it has been shown that

dietary supplementation with cooked carrots increased the

repair of 8-oxodG (an indicator of oxidative DNA damage)

in white blood cells, whereas a similar amount of a-carotene

and b-carotene provided as capsules had no effect (26). This

strengthens the notion that whole food products rather than

single bioactive components have beneficial effects against

cancer. It can be further speculated that this effect is a result

of other constituents in carrots, or, alternatively, it may be

interactions between antioxidants and other components that

render antioxidants more bioactive in a food matrix (27).

DNA damage can also arrest cell cycle progression to

allow for repair and prevention of the alteration to become

permanent or activate apoptosis to eliminate cells with

potentially catastrophic mutations (24). Alterations in DNA

repair, cell cycle progression, and apoptosis are all

important molecular targets for dietary components in

cancer prevention.

Generally, the growth rate of preneoplastic or neo-

plastic cells outpaces that of normal cells because of

malfunctioning or dysregulation of their cell-growth and

cell-death machineries (28). Therefore, induction of cell

cycle arrest or apoptosis by dietary bioactive compounds

can be an excellent approach to inhibit the promotion and

progression of carcinogenesis (29). Cell-cycle progression is

a sequential process that directs dividing mammalian cells

through G1, S, G2, and M phases. Transitions between G1-

S or G2-M phases function as checkpoints to halt cell

division if necessary. Because the balance between the

interactions among cyclins, cyclin-dependent kinases

(CDKs), and CDK inhibitors (CDIs) governs the progres-

sion of the cell cycle (30), perturbation of any of the cell

cycle–specific proteins by dietary components can poten-

tially affect and block the continuous proliferation of

neoplastic cells. Examples of dietary components that

modulate cell proliferation include phenolic compounds,

such as genistein and epigallocatechin-3-gallate, that elicit

cell-cycle arrest through the induction of CDIs (p21 and

p27) and the inhibition of CDK4, CDK2, cyclin D1, and

cyclin E (31). Isothiocyanates can also induce p21

expression and inhibit cell proliferation at the G2-M

checkpoint (32).

Apoptosis is one of the most potent defenses against

cancer, since this process eliminates potentially deleterious,

mutated cells. Many dietary cancer-preventive compounds,

including selenium, epigallocatechin-3-gallate, phenylethyl

isothiocyanate, retinoic acid, sulforaphane, curcumin, api-

genin, quercetin, and resveratrol, inhibit apoptosis (33, 34).

Distinct from the apoptotic events in the normal physio-

logical process, which are mediated mainly by the

interaction between death receptors and their relevant

ligands (35), many bioactive dietary components appear to

induce apoptosis through the mitochondria-mediated path-

way. Dietary compounds generally induce oxidative stress,

which downregulates antiapoptotic molecules such as Bcl-2

or Bcl-x and upregulates proapoptotic molecules such as

Bax or Bak (29). The imbalance between antiapoptotic and

proapoptotic proteins elicits the release of cytochrome c

from the mitochondrial membrane, which forms a complex

with caspase-9 with the subsequent activation of caspases-3,

�6, and �7 (36). The activated caspases degrade important

intracellular proteins, leading to the morphological changes

and the phenotype of apoptotic cells (37). To enhance this

mitochondria-mediated apoptosis, dietary components also

activate proapoptotic c-Jun N-terminal kinase (JNK) and

inhibit antiapoptotic NF-jB signaling pathways (29). Thus,

the cytotoxic effects of dietary components on cells can be

monitored by measuring their effects on mitochondria,

caspases, and other apoptosis-related proteins.

Inflammation represents a physiological response to

invading microorganisms, trauma, chemical irritation, or

foreign tissues. Although acute inflammation is usually

beneficial, chronic inflammation is often detrimental to the

host. Epidemiologic data show an association between

chronic inflammatory conditions and subsequent malignant

transformation in the inflamed tissue (38). Evidence

indicates that there are multiple mechanisms linking

inflammation to cancer and that there are multiple targets

for cancer prevention by bioactive dietary components. At

the molecular level, free radicals and aldehydes produced

during chronic inflammation can induce gene mutations and

post-translational modifications of key cancer-related pro-

teins (39). In response to an inflammatory insult, pro-

inflammatory cytokines such as tumor necrosis factor-a

(TNF-a), interleukin-1 (IL-1), IL-6, IL-12, and c-interferon

are synthesized and secreted resulting in an elevation in

reactive oxygen and nitrogen species. This process is

followed by the secretion of anti-inflammatory cytokines

(e.g., IL-4, IL-10, and TGF-b) to reduce the accumulation of

reactive species. The binding of pro-inflammatory cytokines

to their receptors triggers many signaling pathways includ-

ing the mitogen-activated protein kinase (MAPK) pathway,

which can activate two redox-sensitive transcription factors,

namely, nuclear factor jB (NFjB) and the c-Jun part of

activating protein-1 (AP-1). These transcription factors

activate the expression of a wide variety of genes including

inducible nitric oxide synthase (iNOS) and cyclooxygenase-

2 (COX-2). These enzymes, in turn, directly influence ROS

and eicosanoid levels. ROS profoundly affects numerous

critical cellular functions, and the absence of efficient

cellular detoxification mechanisms which remove these

radicals can increase cancer risk (40). ROS can also

specifically activate certain intracellular signaling cascades

and thus contribute to tumor development and metastasis

through the regulation of cellular phenotypes such as

proliferation, death, and motility (40).

Chronic inflammation results in increased DNA

damage, cellular proliferation, the disruption of DNA repair

pathways, inhibition of apoptosis, and the promotion of

MOLECULAR TARGETS FOR CANCER PREVENTION BY DIET 179



angiogenesis and invasion (38), all of which are important

during the cancer process. Several of these mechanisms are

amenable to influence by dietary constituents. Evidence

exists that selected dietary components, including conju-

gated linoleic acid, long chain omega-3 fattty acids such as

those in fish oil, butyrate, epigallocatechin-3-gallate,

curcumin, resveratrol, genistein, luteolin, quercetin, and

vitamins A and D, may influence the inflammatory process

at various sites (41–46).

Angiogenesis, the development of new blood vessels

from endothelial cells, is a crucial process in tumor

pathogenesis as it sustains malignant cells with nutrients

and oxygen (47). During angiogenesis, endothelial cells are

stimulated by various growth factors, such as vascular

endothelial growth factor (VEGF) and fibroblast growth

factor (FGF), and are attracted to the site where the new

blood supply is needed by inflammatory cytokines and

chemoattractants (48, 49). Chemotactic migration along this

gradient is, however, possible only through the degradation

of extracellular matrix components (50). This is accom-

plished via matrix metalloproteinases (MMPs) (51, 52).

Preventing the expansion of new blood vessel networks

results in reduced tumor size and metastasis and is another

mechanism whereby dietary components inhibit tumor

growth. Dietary components that inhibit angiogenesis

include polyunsaturated fatty acids (53) and polyphenols

such as epigallocatechin-3-gallate, resveratrol, curcumin,

and genistein (54–56).

Combinations of Individual Cancer Protective
Components

Strategies that use a combination of agents (dietary

bioactive food components or drugs) with distinct molecular

mechanisms, rather than individual agents, offer an exciting

opportunity for maximizing cancer prevention while

minimizing toxicity. The combination can be designed to

target multiple pathways or to reinforce the effects on a

particular pathway. This approach has increased the under-

standing of the merits of combining drugs. For example, a

combination of the nonsteroidal anti-inflammatory drug

sulindac, which inhibits COX-2, and the EGFR inhibitor

EKB-569 almost completely protected APCmin mice from

adenoma formation (57). Furthermore, the effective dose of

sulindac could be reduced by 75% (57).

Recently, dietary components have been found to exert

additive or synergistic effects with pharmaceutical agents by

modifying different molecular targets. Synergy is used to

describe an outcome in which the response to the

combination is statistically greater than the sum of the

response to the two single-agent treatments. For example,

diets containing high levels of olive oil exert a significant

protective effect against colon tumor development that is

additive with the inhibitory effects of sulindac, possibly

related to the regulation of the expression and activity of key

proteins involved in prostaglandin-biosynthesis (COX-2)

and apoptosis-induction (Bcl-2 and caspase-3) pathways

(58). The soy isoflavone daidzein has been reported to

improve the capacity of tamoxifen to reduce mammary

tumor burden, incidence, and multiplicity, as well as

increasing tumor latency (59). These effects appear to be

mediated through protection against oxidative DNA damage

(59). Recent cell culture and animal studies also suggest that

dietary compounds, including genistein, curcumin, epigal-

locatechin-3-gallate, resveratrol, indole-3-carbinol, proan-

thocyanadin, and vitamin D3, enhance the efficacy of cancer

chemotherapeutic drugs and radiotherapy by modifying the

activity of key cell proliferation and survival pathways, such

as those controlled by Akt, nuclear factor-6B, and cyclo-

oxygenase-2 (reviewed in Ref. 60). Additive or synergistic

relationships may relate to different molecular targets and

thus a combined effect or a maximum response to one

cancer process.

Dietary components that modify the same molecular

targets as drugs may allow lower amounts of the drug to be

used for cancer prevention and thus minimize potential

adverse effects of the drugs. For example, a diet enriched in

omega-3 fatty acids can inhibit COX-2 activity and have

synergistic effects with low doses of celocoxib for colon

cancer prevention (61). Indole-3-carbinol, the hydrolysis

product of glucosinolates occurring in cruciferous vegeta-

bles, is protective against the hepatoxicity of the antitumor

drug ET743 or Trabectidin without compromising its

efficacy (62). Similarly, docosahexaenoic acid (DHA) and

genistein attenuated the induction of HMG-CoA reductase

activity in mevastatin-treated MCF-7 cells (63). This

suggests that dietary genistein or DHA may lower the dose

of statin required to achieve the same level of reductase

inhibition, thereby decreasing the potential for adverse

effects of these drugs for breast cancer prevention.

Combinations of dietary components may also modify

the dose of nutrients that are required to bring about a

physiological effect. This is exemplified by the fact that low

doses of 9-cis-retinoic acid and vitamin D3 that were not

effective in preventing mammary cancer when given alone

were effective when given in combination and bypassed any

potential adverse effects of higher intakes (64). The

mechanism responsible for this interaction is not known

but may involve binding of the RARs, RXRs, and VDR,

which could regulate the genes involved with cell

proliferation, differentiation, and/or apoptosis. Similarly,

low doses of S-allylcysteine and lycopene in combination

were able to suppress the development of MNNG-induced

gastric cancer via modulation of apoptosis-associated

proteins (decreased Bcl-2/Bax ratio and upregulation of

Bim and caspases 8 and 3) at much lower intakes than when

given in isolation (65). Finally, the combination of vitamin

D3 and genistein caused growth inhibition of DU145

prostate cancer cells at lower and biologically achievable

concentrations of both compounds (66). Genistein appears

to potentiate the action of vitamin D3 by directly inhibiting

CYP24 enzyme activity and therefore increasing the half-
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life of vitamin D3, which results in homologous upregula-

tion of cellular VDR levels (66). This dual action of

genistein leads to enhanced vitamin D–mediated responses

and target gene activation, rendering the cells more sensitive

to the growth inhibitory and proapoptotic signals of vitamin

D3 (66). However, while there is increasing understanding

of the additive and synergistic combinations of drugs,

knowledge regarding such combinations of bioactive food

components remains limited.

Dietary components that alter multiple molecular

targets within a specific biological process or pathway have

been shown to exert additive or synergistic effects. For

example, dietary components that inhibit different phases of

the cell cycle cooperate to inhibit tumor growth. Quercetin

and genistein synergistically inhibit proliferation of ovarian

carcinoma cells by modifying different stages in the cell

cycle and different signal transduction pathways (67).

Quercetin arrests the cell cycle at the G1 and S phase

boundary, whereas genistein affects the G2 and/or early M

phase. Similarly, quercetin interacted synergistically with

resveratrol in causing transient cell cycle arrest in human

leukemia cells (68), and epigallocatechin-3-gallate and

curcumin synergistically inhibit growth of normal, prema-

lignant, and malignant human oral epithelial cells (69).

Whereas EGCG blocked cells in G1, curcumin blocks cells

in S/G2M. Thus synergistic interactions between/among

dietary phytochemicals likely contribute to inhibition of cell

proliferation.

Apoptosis is another cellular process whereby inhibit-

ing multiple molecular targets by different dietary compo-

nents increases the cancer-protective effect. Selenium and

vitamin E have been shown to have synergistic effects on

apoptosis induction in human prostate cancer cells (70).

This synergy was accounted for primarily by selenium and

vitamin E modifying distinct signaling pathways of caspase

activation. Selenium activated caspases-1 and -12, whereas

vitamin E activated caspase-9. Thus selenium and vitamin E

in combination may activate multiple molecular targets for

apoptosis induction, the endoplasmic reticulum stress/

cytokine signaling pathway and mitochondrial pathway,

respectively. By targeting the entire battery of initiator

caspases, selenium and vitamin E in combination may act in

a cooperative fashion to ‘‘switch on the full force of the

apoptotic machinery’’ (70). These studies suggest that

combinations of nutrients with different mechanisms of

action can likely have synergistic effects in cancer

prevention. However, a much better understanding of how

and which dietary components work in combination is

sorely needed for better preventative strategies.

A critical unanswered question is what additive or

antagonistic responses occur among dietary components

that have the same molecular target. For example, both

garlic organosulfur compounds and sulforaphane, which is

present in broccoli, induce expression of detoxifying

enzymes via the binding of the transcription factor Nrf2 to

the ARE which is located in the promoter region of related

genes. Can these findings be interpreted to mean that if an

individual consumes sufficient organosulfur compounds,

than sulforaphane will no longer have any anticancer

effects? Or might other molecular targets be important?

Thus, additional information is needed to determine the

biological significance of nutrient-nutrient interactions.

Summary

Combinations of foods and/or bioactive dietary con-

stituents may be efficacious for cancer prevention. However,

which foods and/or components to combine for maximum

cancer prevention remain to be determined. Credentialing,

or prioritizing, bioactive components present in food, as

well as the mechanism(s) of action of these dietary

constituents towards cancer prevention, is needed before

this can be achieved. The response is complicated, since the

effects of dietary components can be cell- and dose-

dependent, and any one agent may have multiple mecha-

nisms of action. Furthermore, most of the detailed

mechanistic data have been obtained in cell culture studies,

often with concentrations of single dietary components that

cannot be achieved in vivo. These limitations make

extrapolations of results to humans difficult. New genetic

technologies should be employed to study the impact of

isolated and interactive dietary components on complex

cellular and molecular networks to better understand the

basis for complex interactions of food components on

cancer prevention. Credentialing which process(es) is/are

most involved in bringing about a change in tumor

incidence and/or tumor behavior is also essential for

optimizing cancer prevention.
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