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ABSTRACT   

Prostate cancer (PCa) is the second leading cause of cancer-related deaths in U.S. men. PCa is a slow-growing cancer; 
therefore, identifying dietary interventions to reduce the risk or progression of PCa could greatly impact public health. A 
growing body of evidence has identified several foods that may reduce the risk of PCa. Mechanistic studies have investigated 
individual bioactives from foods to identify their anticarcinogenic properties; however, it is also important to study the whole
food. In rodent models of PCa, we have shown that consumption of whole tomato powder was more effective than lycopene 
alone in reducing PCa progression. In a transgenic mouse model of PCa, broccoli consumption significantly altered expression 
of genes involved in the epithelial-mesenchymal transition, which may be a mechanism by which broccoli intake has been 
associated with a reduced risk of aggressive PCa. Combinations of foods may be more protective than individual foods, but this 
should not be assumed, as antagonistic activity between bioactives has been suggested. We have investigated the combinations 
of tomato and broccoli and tomato and soy germ. Future diet and cancer research should continue to focus on whole foods and 
combinations of foods for better translation into recommendations for the public. 
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INTRODUCTION

In the United States, 1 in 6 men will develop prostate 
cancer (PCa) in their lifetime(1) . PCa mortality has been 
decreasing; however, this change is likely attributable to 
increased screening and early detection and not from 
dietary changes for reduction of PCa risk. In 1981, a 
landmark paper estimated that approximately 35% of 
cancer deaths could be prevented by a change in dietary 
habits(2).The 2007 report from the American Institute for 
Cancer Research and World Cancer Research Fund 
promotes a diet based on plant foods to reduce the risk of 
cancer(3), a recommendation based on the growing 
amount of scientific evidence on the health protective 
effects of fruits and vegetables. 

WHOLE FOODS AND COMBINATIONS OF 
FOODS FOR REDUCTION OF PROSTATE 

CANCER RISK AND PROGRESSION 

I. Whole Foods vs. Dietary Bioactives   

Epidemiological evidence has identified several 
foods that may reduce cancer risk which has fueled 
research to identify the mechanisms by which these foods 
and their bioactive compounds may be protective. Only a 

few foods have been tested in animal models, and even 
fewer have been studied in human clinical trials. Instead, 
many studies have used a pharmacologic approach, testing 
a single bioactive at high doses, making it difficult to 
extrapolate these findings to a whole food. After an 
epidemiological study correlated tomato sauce, pizza, and 
tomato paste consumption, all good sources of lycopene, 
with reduced PCa risk(4), many studies then focused on 
pure lycopene, disregarding the fact that tomatoes are also 
a source of other nutrients and bioactive compounds. Our 
laboratory was the first to show that tomato powder was 
more effective than lycopene alone in reducing PCa 
development and progression(3,4). In N-methyl-N- 
nitrosourea (NMU)-testosterone-treated rats, animals that 
consumed tomato powder-containing diets (13 mg 
lycopene/kg diet) had longer prostate cancer-free survival 
than animals fed diets containing lycopene beadlets (161 
mg lycopene/kg diet) or placebo beadlets(5). In the 
Dunning transplantable tumor rat model, consumption of 
diets containg tomato powder (13 nmol lycopene/g diet), 
but not lycopene alone (224 nmol lycopene or 23 nmol 
lycopene/gram diet) resulted in significantly reduced 
tumor weight compared to control fed rats. Our findings 
suggest that consumption of a whole food that contains an 
array of bioactives may be more protective against PCa 
than a single bioactive. 

II. Broccoli and Prostate Carcinogenesis
There is some epidemiological evidence to suggest 

that high intakes of cruciferous vegetables may reduce the 
risk of PCa(6). Glucosinolates and isothiocyanates, found 
in cruciferous vegetables such as broccoli, may reduce 
PCa risk by inhibiting malignant transformation, alleviat-
ing inflammation, and inhibiting proliferation(7). In the 
Prostate, Lung, Colorectal and Ovarian Cancer Screening 
Trial, men that consumed > 1 serving of broccoli per 
week had a 45% reduction in risk of developing aggres-
sive PCa compared to men consuming < 1 serving of 
broccoli per month(8). Our laboratory has previously 
demonstrated in the Dunning transplantable tumor model, 
that consumption of broccoli powder may be protective 
against the progression of PCa. Compared to the control 
group, rats consuming diets containing 10% broccoli 
powder had significantly reduced tumor weights, and 
tumors from broccoli fed animals had significantly re-
duced proliferation and increased apoptosis rates(9).

Recently, our lab utilized the transgenic adenocar-
nicoma of the mouse prostate (TRAMP) model to deter-
mine if consumption of standard broccoli, or a broccoli 
high in indole-glucosinolates would alter prostate car-
cinogenesis. When the broccoli plant tissue is disrupted, 
myrosinase will hydrolyze glucosinolates into bioactive 
compounds such as indole-3-carbinol. Treatment of 
broccoli with the plant stress hormone methyl-jasmonate 
(MeJa) significantly increased the plants’ levels of glu-
cosinolates: glucobrassicin, neoglucobrassicin, and glu-
conasturtiin(10). We hypothesized that a broccoli higher in 
bioactive indole-glucosinolates would be more effective 
in reducing prostate carcinogenesis than a standard broc-
coli. Male TRAMP mice (n = 99) were randomized into 3 
diet groups at 5 - 7 weeks of age: AIN-93G control, 10% 
standard broccoli powder, or 10% MeJa broccoli powder. 
Diets were consumed until 20 weeks of age. Compared to 
the control, broccoli feeding did not significantly alter 
pathologic score, proliferation, or apoptosis in the pros-
tate, and these endpoints were not significantly different 
between broccoli powders(10).    

Despite no differences in incidence of primary PCa; 
further analyses of gene expression in the prostate suggest 
that broccoli consumption may reduce the risk of metas-
tasis by inhibiting the epithelial-mesenchymal transition 
(EMT) in PCa (unpublished data). This is important be-
cause men do not die from primary PCa, but from com-
plications of metastasis when the cancer cells invade oth-
er tissues, primarily bone. In epithelial cancers, such as 
PCa, cancer cells may undergo EMT which enables the 
cell to acquire a more invasive phenotype(11). EMT in-
volves the loss of epithelial cell proteins such as 
E-cadherin and increased expression of mesenchymal cell 
proteins such as N-cadherin and vimentin. In clinical 
cases of PCa, low E-cadherin expression and high 
N-cadherin expression has been correlated with cancer 
progression, cancer-specific death, and skeletal metasta-
sis(12). In TRAMP mice with well-differentiated carci-
noma, the mRNA expression ratio of E-cadherin to 

N-cadherin in the prostate was significantly increased 3.0 
to 3.5 fold by standard broccoli and MeJa broccoli con-
sumption, respectively, compared to the control group. 
mRNA expression of Snail, Slug, and Twist, major tran-
scription factors involved in EMT signaling, were not 
significantly altered by broccoli feeding. Although the 
mechanism of altered cadherin expression was not eluci-
dated, based on the predictive value of E-cadherin and 
N-cadherin expression in clinical cases of PCa, our find-
ings suggest that broccoli consumption may reduce the 
risk of aggressive and metastatic PCa.

III. Combinations of Foods   
People consume complex diets, yet there is limited 

research on the interactions and protective effects by 
consumption of multiple foods. Whole foods and combi-
nations of foods and bioactives may be more protective 
due to the presence of multiple phytochemicals that may 
have additive or synergistic bioactivity(13-15). In the Dun-
ning transplantable tumor model, our laboratory found 
that the combination of 10% tomato powder and 10% 
broccoli powder was more effective in reducing tumor 
growth in rats than when these foods were consumed in-
dividually(9). The added protection against PCa by com-
binations of foods or bioactives has been seen in other 
animal trials. In the Noble rat model, the combination of 
dietary soy and tea, but not soy or tea alone, was effective 
in reducing inflammation and hyperplasia in the pros-
tate(16). However, since foods are a complex matrix com-
posed of a mixture of nutrients and bioactives, it should 
not be assumed that all interactions between foods and 
bioactives will be positive. In a small phase II clinical 
trial in men with PCa, supplementation with lycopene 
was significantly more effective in stabilization of pros-
tate specific antigen (PSA) than a combination of lyco-
pene and soy isoflavone supplementation, suggesting a 
negative interaction between these bioactives(17). Inter-
estingly, we have seen that combined consumption of soy 
germ and tomato powder reduced tissue accumulation of 
tomato carotenoids but increased urinary soy isoflavone 
excretion in male rats, supporting an interaction between 
these foods(18).

Our lab is interested in the potential interactions 
between dietary soy and tomato products and if these 
interactions impact their ability to alter prostate carcino-
genesis. Four-week old male TRAMP mice (n = 118) 
were randomized to consume experimental diets: 
AIN-93G control, 10% tomato powder (TP), 2% soy 
germ (SG), or 10% tomato powder + 2% soy germ (TP + 
SG) until 18 weeks of age. Compared to the control group, 
consumption of any of the three dietary interventions 
resulted in a non-significant reduction of prostate-seminal 
vesicle (P-SV) complex weight (unpublished data). Pros-
tate pathology grading and staging of cancer is underway. 
Our results with P-SV weights suggest that dietary inter-
ventions with soy germ or tomato may reduce PCa bur-
den in TRAMP mice. Mice consuming TP + SG had sig-
nificantly lower serum lycopene levels than mice con-
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suming TP alone (unpublished data), suggesting an inter-
action between TP and SG that alters lycopene bioavail-
ability. Potential interactions between foods that alter 
bioavailability or bioactivity require further investigation. 

CONCLUSIONS 

Due to the high incidence of PCa in the United 
States, identifying optimal dietary interventions for pre-
vention and reduction of PCa progression would substan-
tially impact public health. Studies utilizing individual 
bioactives provide important insight into potential mech-
anisms by which foods containing these compounds may 
be protective. However, future research should continue 
to investigate whole foods and combinations of foods to 
provide findings that could be more directly translated 
into clinical trials and recommendations to the public.  
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ABSTRACT  
 

Procyanidins are thought to be effective for prevention of hyperglycemia. To clarify the degree of polymerization (DP) of 
procyanidins on anti-hyperglycemic effects, we prepared low-DP (DP ≤ 3) and high-DP (DP ≥ 4) procyanidin fractions from 
cacao liquor, and examined whether these procyanidin fractions prevent hyperglycemia in vitro. We found that both fractions 
promoted glucose uptake in L6 myotubes in a dose-dependent manner accompanied by translocation of GLUT4 to the plasma 
membrane. Moreover, both fractions stimulate phosphorylation of AMP-activated protein kinase (AMPK). In these beneficial 
effects, low-DP fraction was more effective than high-DP one. On the other hand, high-DP fraction showed greater inhibitory 
effect of intestinal α-glucosidase activity than low-DP fraction in a cell free-incubation system. In conclusion, cacao liquor 
procyanidins have anti-hyperglycemic activities and low-DP procyanidins mainly contribute to stimulate glucose uptake by 
glucose transporter 4 translocation through AMPK-dependent pathway in skeletal muscle while high-DP procyanidins mainly 
contributes to inhibit the α-glucosidase activity in small intestine.   
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INTRODUCTION 

 
Type 2 diabetes mellitus is a serious health problem 

in many countries worldwide. The pathogenesis of type 2 
diabetes mellitus involves progressive development of 
insulin resistance in peripheral tissues. Insulin resistance is 
associated with increased risk of cardiovascular diseases 
and diabetes(1). Thus, prevention of an excess postprandial 
rise of blood glucose levels and improvement of insulin 
resistance are effective for management of diabetes 
mellitus.  

Natural compounds with insulin mimetic activity 
have been proposed as a candidate for potential therapeutic 
agents in the prevention and/or treatment of metabolic 
syndrome and diabetes(2). It is known that certain 
polyphenols have a potency to normalize blood glucose 
levels by inhibiting carbohydrate digestive enzymes 
including α-glucosidase. Recently, insulin-sensitive 
glucose transporter 4 (GLUT4) is considered to be a novel 
target of polyphenols for prevention of hyperglycemia(3). 
GLUT4 is expressed in adipose tissue and skeletal and 
cardiac muscles. Of these, skeletal muscle is the most 
important therapeutic target for hyperglycemia, because 
skeletal muscle accounts for approximately 80% of 
insulin-stimulated glucose uptake in the postprandial state 
(3). The two main molecules that regulate 

GLUT4-dependent glucose transport into the cytoplasm 
are phosphatidylinositol-3 kinase (PI3K) and AMP- 
activated protein kinase (AMPK). Several studies 
indicated that polyphenols have potential to increase 
translocation of GLUT4 through these signaling pathways 
in peripheral tissues, including skeletal muscle(2). 

Procyanidins, the oligomers and polymers of 
flavan-3-ols and consist of epicatechin and catechin 
subunits, are abundant in grapes, cocoa, and apples(4). 
Recent reports indicated that monomers, dimers and 
trimers are absorbed into the body(5). The evidences are 
being accumulated that that procyanidins possess various 
beneficial effects for health promotion including the 
prevention of diabetes mellitus. For example, grape seed 
procyanidin extract suppressed hyperglycemia in type 1 
diabetic rats(6), and black soybean seed extracts containing 
rich procyanidins also suppressed hyperglycemia and 
obesity in high-fat diet-fed mice(7). Cacao liquor extract is 
rich in procyanidins, and it was also reported that intake of 
the extract prevented elevation of blood glucose level in 
diabetic obese mice(8). However, the underlying molecular 
mechanisms by which procyanidins suppress 
hyperglycemia are not fully understood yet. In this study, 
we investigated that the effects of the low and high degree 
of polymerization (DP) procyanidin fractions from cacao 
liquor on glucose uptake activity, GLUT4 translocation, 
phosphorylation of AMPK, and inhibition of α-glucosidase 
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