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Abstract

BACKGROUND—High dietary intake of soy or selenium (Se) is associated with decreased risk 

of prostate cancer. Soy constituents and various chemical forms of Se have each been shown to 

downregulate expression of the androgen receptor (AR) and AR-regulated genes in the prostate. 

We hypothesized that downregulation of AR and AR-regulated genes by the combination of these 

dietary components would inhibit tumorigenesis in the TRansgenic Adenocarcinoma of Mouse 

Prostate (TRAMP) mouse.

METHODS—Male mice were exposed from conception to stock diets high or low in soy, with or 

without a supplement of Se-methylseleno-L-cysteine (MSC) in a 2 X 2 factorial design. Mice were 

sacrificed at 18 weeks. Prostate histopathology, urogenital tract (UGT) weight, hepatic activity of 

androgen-metabolizing enzymes, and expression of AR, AR-regulated, and AR-associated FOX 

family genes, in the dorsolateral prostate were examined.

RESULTS—High soy intake decreased activity of hepatic aromatase and 5α-reductase, 

expression of AR, AR-regulated genes, FOXA1, UGT weight, and tumor progression, and 

upregulated protective FOXO3. Supplemental MSC upregulated AKR1C14, which reduces 5α-

dihydrotestosterone.

CONCLUSIONS—Soy is an effective pleiotropic dietary agent for prevention of prostate cancer. 

The finding of effects of soy on FOX family gene expression in animals is novel. Combination 

effects of supplemental MSC may depend upon the soy content of the basal diet to which it is 

added.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed non-skin cancer and the second leading 

cause of cancer death among men in the United States (1). Its slow growth and long latency 

make prostate cancer an ideal candidate for chemoprevention by dietary or other means (2). 

Numerous dietary components, exerting their effects through multiple mechanisms, have 

shown promise of protection in epidemiological and preclinical studies (3), but when tested 

as single agents in randomized controlled trials (RCTs) few have proven beneficial (4).

Recent studies show that combinations of nutrients or phytochemicals can produce greater 

benefits than those food components used individually (5). In their recent update of the 

hallmarks of cancer, Hanahan and Weinberg noted the potential for cotargeting multiple 

molecules and processes in “mechanism-guided” combinations to achieve greater efficacy 

than targeting individual molecules or pathways with single agents (6).

High dietary intake, blood levels, or toenail concentrations of the essential trace element 

selenium (Se) have been correlated in preclinical models, in epidemiological studies, and in 

case-control studies with reduced risk of prostate cancer (7). Monomethylated forms of Se 

have been shown to decrease expression of the androgen receptor (AR), inhibit 

angiogenesis, induce apoptosis and affect multiple additional processes and pathways in 

ways that inhibit prostate cancer cell proliferation, tumor development and progression (8). 

The two randomized controlled trials of Se supplementation for prostate cancer risk 

reduction produced contrasting results. The Nutritional Prevention of Cancer Trial (NPCT) 

(9) showed significant chemopreventive efficacy of selenized yeast, containing a mixture of 

different forms of Se, in men in the lowest two tertiles of baseline plasma Se, with no 

exclusion of subjects based on PSA levels. In contrast, the failure of the Selenium and 

Vitamin E Cancer Prevention Trial (SELECT) (10) to show a protective effect of Se 

supplementation is likely due to the use of an ineffective, single chemical form of Se 

(selenomethionine), in men of high baseline Se status, selected for low baseline PSA values.

High intake of soy or soy components has also been associated with reduced prostate cancer 

risk in animals and in human studies (11). Some of the mechanisms by which soy 

compounds exert their protective effects are reported to be the same as those for Se e.g. 

reduction of AR expression (12). In addition, Se and soy may modify separate processes in 

ways that can potentiate the other’s effects. For example, genistein, a soy isoflavone, has 

been reported to reduce the expression of survivin (13). In a separate report, knockdown of 

survivin was shown to enhance the growth-inhibitory effects of Se in prostate cancer cell 

lines (14). Thus, genistein may enhance Se’s prostate cancer cell-killing by reduction of 

survivin. This is but one example of “mechanism-guided” combinations that merit further 

investigation.

We have previously shown changes, consistent with chemoprevention, in healthy rat 

prostates through the combined effects of a high dietary intake of Se and soy (15). In this 

study we sought to test the same diets for their effects on prostate cancer development and 

progression in the Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model.
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MATERIALS AND METHODS

Animals and Housing

All procedures related to animal care and use were approved by the Institutional Animal 

Care and Use Committee of Brigham Young University.

Male and female hemizygous C57BL/6 transgenic TRAMP mice (16), and male and female 

wild type FVB mice were purchased from The Jackson Laboratory (Bar Harbor, ME). 

Hemizygous TRAMP males were bred with hemizygous TRAMP females to generate 

homozygous C57BL/6 TRAMP mice. Homozygous TRAMP males and females were then 

used as breeders, and mated with FVB mice to produce hemizygous C57BL/6 x FVB F1 

TRAMP male pups that were used as subjects in this study. Producing C57BL/6 x FVB F1 

TRAMP male pups by mating homozygous, rather than hemizygous, TRAMP breeders with 

wild type FBV mice obviated the need for PCR genotyping of all offspring, since all pups 

resulting from homozygous TRAMP X FVB crosses would be hemizygous. This also 

expedited the process of producing the needed number of animals, since all male pups 

produced, rather than only half, could be used as subjects. Dams were fed one of the four 

experimental diets (described below) for at least 30 d before mating to ensure that F1 

animals used as subjects in this study would be exposed to their respective dietary 

treatments from conception (15). Dams continued consuming their respective diets through 

pregnancy and lactation. TRAMP male pups were weaned at 21 d to the diets consumed by 

their dams.

Diets

Mice were fed one of two pelleted basal stock diets, with or without a supplement of Se-

methylseleno-L-cysteine (MSC), in a 2 X 2 factorial design. The first was a low-isoflavone 

(LIF) formulation containing no soy or alfalfa (Phytoestrogen Reduced Rodent Diet I, 

Zeigler Bros., Inc., Gardners, PA). The second stock diet was the high-isoflavone (HIF) 

8604 formulation of Harlan Teklad (Madison, WI). All nutrients were provided in both diets 

at levels that met or exceeded the minimum recommendations of the AIN (17). Basal diets 

reportedly contained 0.34–0.45 mg Se/kg diet, which is higher than the minimum 

concentration (0.15 mg Se/kg diet) recommended by the AIN to maximize selenoprotein 

expression (17). Slight differences in Se concentration from batch to batch of both diets 

were due to minor variation of Se content in different lots of feedstuffs used to formulate the 

basal diets. Half of the diets were supplemented with 3.0 mg Se/kg diet as MSC (Product # 

BISEMC0501, Se-methylselenocysteine trituration 0.5%, Kelatron Corporation, Ogden, 

UT). A detailed analysis of these diets is included in our recent report (18).

Study Design

Mice were killed at 18 weeks of age by decapitation. Urogenital tracts (UGTs), including 

bladder, seminal vesicles, prostate lobes, and a portion of the urethra were removed and 

weighed after which the dorsolateral prostate (DLP) was dissected and snap-frozen in liquid 

nitrogen for RNA/protein isolation or fixed in 4%-paraformaldehyde in PBS for 24 hours 

prior to histological processing. Livers were dissected then frozen in liquid nitrogen. Frozen 

samples were stored at −80°C until analyzed.
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Enzyme Assays

Activity of hepatic cytosolic Se-dependent glutathione peroxidase 1 (EC 1.11.1.9; GPX1) 

and of glutathione S-transferase (EC 2.5.1.18; GST) was assayed to determine Se status. 

Mouse liver GPX1 activity was assayed by the coupled method of Lawrence and Burk, as 

we have previously reported (19) using 2.0 mmol/L reduced glutathione, and 0.25 mmol/L 

H2O2 as substrate. Cytosolic GST activity was measured by the method of Habig et al. using 

as substrate 1-chloro-2,4-dinitrobenzene as in our previous work (20). Other aliquots of 

mouse liver (5–10 mg of dissected tissue) were used for assay of aromatase and 5alpha-

reductase activity, as described in our earlier studies (21).

Gene Expression

As in our previous work (15), we examined expression of genes identified in the data mining 

analysis of Zhang et al. (22) that met the following criteria: 1) dysregulated in human 

prostate cancer; 2) androgen-regulated; and 3) the androgen effect is opposed by Se. These 

included DHCR24 (24-dehydrocholesterol reductase), ACSL3 (acyl-CoA synthetase 3), and 

GUCY1A3 (guanylate cyclase alpha 3). In addition, we examined levels of AR itself and of 

AKR1C14, the enzyme which catalyzes reduction of 5α-dihydrotestosterone (DHT) to its 

corresponding, less potent 5α-androstane-3α, 17β-diol (commonly referred to as 3α-diol). 

We also examined expression of Forkhead box family proteins (FOXA1 and FOXO3) which 

were highlighted in the work of Zhang et al.

For immunoblots, equal quantities of protein from each lysate of individual DLPs were 

pooled (N =4 or 5 per dietary group). Fifty (50) μg of protein per pool were denatured in 

lithium dodecyl sulfate buffer (Bio-Rad, Hercules, CA) and subjected to electrophoresis on 

4–12% Bis-Tris gels (Invitrogen Corp., Carlsbad, CA). Separated proteins were transferred 

onto nitrocellulose membranes (Bio-Rad) followed by blocking with 5% non-fat milk 

powder (w/v) in PBST (1 X PBS, 2% Tween 20). The membranes were probed with primary 

antibodies for AR, GUCY1A3, ACSL3, FOXA1, FOXO3, (Abcam, Cambridge, MA), 

DHCR24, and AKR1C14 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), followed by 

probing with appropriate peroxidase-conjugated secondary antibodies (Abcam) and 

detection by enhanced chemiluminescence (Thermo Scientific, Rockford. IL). Densitometric 

analysis of bands on autoradiographs was done using ImageJ software (National Institutes of 

Health, Bethesda, MD).

Histopathology

Prostate tissues were processed and stained with hematoxylin and eosin (H&E) for 

histopathologic evaluation. Sections stained with H & E were examined by a board-certified 

pathologist (PU) and by a trained associate (TQ), who were blinded to the dietary 

treatments, and classified according to the grading scheme developed by Suttie et al. (23).

Statistical analysis

Statistical analysis of enzyme assays and protein levels was performed by Two Way 

Analysis of Variance (ANOVA) followed by Bonferroni’s pairwise comparisons (Systat 

Software, Inc., San Jose, CA). Due to the non-normal distribution of the UGT weights for 
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each diet group ANOVA was not appropriate. Instead the Kruskal-Wallis test which uses 

rank order of samples to find statistical differences in non-normally distributed data sets was 

used. Pairwise comparisons were made using Dunn’s Test at P < 0.05 (Systat Software, Inc., 

San Jose, CA). Chi-squared analysis was used to test for differences between groups for the 

categorical data from histopathology scoring (Systat Software, Inc., San Jose, CA).

RESULTS

In our previous paper detailing the use of these diets in mice (18), measurements of food 

intake for the three days immediately preceding sacrifice showed no significant differences 

in food consumption among groups. Likewise, in this study we found no differences among 

groups in consumption of diet.

Enzyme Activity

There were no significant differences due to diet in the activity of hepatic GPX1 (main 

effect of MSC, P = 0.333; main effect of soy, P = 0.183; interaction, P = 0.089). This was 

expected as all the diets provided a concentration of Se higher than needed to maximize the 

activity of GPX1 in mouse liver. Likewise, activity of GST was unaffected by supplemental 

MSC, phytoestrogens, or the combination in TRAMP mice (main effect of MSC, P = 0.316; 

main effect of soy, P = 0.143; interaction, P = 0.211).

Activity of hepatic aromatase was significantly lower in mice fed HIF diets (main effect, P = 

0.016; Fig. 1A). Main effects of MSC supplementation (P = 0.185) and of the interaction (P 

= 0.751) were not statistically significant. A similar pattern was observed for the effects of 

diet on 5α-reductase activity. Once again, HIF diets lowered enzyme activity compared to 

LIF diets (main effect, P = 0.016; Fig. 1B). In the case of 5α-reductase, the interaction 

between supplemental MSC and soy was also highly significant (P = 0.005). Supplemental 

MSC reduced enzyme activity in mice fed the LIF basal diet (P = 0.005) but not in animals 

consuming the HIF formulation (P = 0.195). Mean values for mice in the LIF+Se, HIF, and 

HIF+Se dietary groups were all significantly less (P < 0.02) than the mean for the LIF 

group.

Dorsolateral Prostate Gene Expression

Western blots revealed lower levels of AR protein in DLPs of mice that were fed the HIF 

diets than those given LIF feed (Fig. 2A). Addition of MSC to LIF diets increase AR protein 

levels (P = 0.011) while MSC supplementation of HIF diets had no effect.

Large T antigen expression, which drives tumorigenesis in this model, is under the control 

of AR. In this work the pattern of expression of Large T antigen (Fig. 2B) was similar to that 

of AR, including reduced expression in mice fed HIF diets, and an increased level in mice 

fed LIF+Se diets (P < 0.001). However, this difference did not correlate, directly or 

inversely, with differences in any other of the parameters measured, which suggests that 

variation in Large T antigen expression did not contribute significantly to observed 

differences in those parameters between dietary groups.
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Androgen-regulated genes whose expression was significantly affected by supplemental 

MSC are shown in Fig. 3. For both GUCY1A3 and AKR1C14 supplemental MSC 

significantly increased expression (main effects: P = 0.006 and P < 0.001, respectively). Soy 

intake did not modify levels of these two proteins. In contrast, steady state levels of AR- 

associated FOXA1protein and AR-regulated DHCR24 (Fig. 4) were affected only by soy 

intake, which effect in each case was highly significant (P < 0.001). For AR-associated 

FOXO3 (Fig. 5) high soy consumption was associated with increased expression (P < 

0.001), while MSC supplementation had the opposite effect (P = 0.009). Supplemental MSC 

significantly reduced FOXO3 levels in LIF-fed mice but not in HIF-fed subjects. However, 

the overall interaction fell short of statistical significance (P = 0.051).

There were no significant differences in the expression of ACSL3 (data not shown).

Urogenital Tract Weight

The presence of one or more exceptionally large tumors in most groups at 18 weeks of age 

resulted in a non-normal distribution of UGT weights that could not be evaluated by 

ANOVA. Instead, the non-parametric, rank-sum based Kruskal-Wallis test was used to 

analyze differences between groups. This test revealed a significant effect of treatments on 

UGT weights (P < 0.05; Fig. 6). A post-hoc Dunn’s Test showed a significant difference 

between median values in the LIF and HIF dietary groups (P < 0.05).

Histopathology

Striking differences in tumor progression due to diet are seen in Fig. 7. A Chi-squared 

analysis for categorical data showed a highly significant difference among dietary groups in 

(Chi-square = 17.51; P = 0.008) High intake of soy appeared to confer a protective effect. In 

92% of animals fed the LIF diets DLPs were scored 5 (moderately-differentiated adenoma; 

the most advanced lesion observed) while only 20% of TRAMP mice given HIF diets were 

similarly scored. To assess the possible effect of supplemental MSC we compared 

unsupplemented animals (LIF and HIF combined) to MSC-supplemented mice (LIF+Se and 

HIF+Se combined). Among all unsupplemented animals, 61% were scored 5. Among all 

MSC-supplemented mice, 65% were scored 5. This negligible difference between all MSC-

supplemented mice and all unsupplemented animals showed that the main effect of Se on 

progression of tumorigenesis was minimal. A similar analysis of soy effects showed that 

among all mice receiving soy-free diets (LIF and LIF+Se combined) 86% were scored 5, 

while among all mice receiving high-soy diets (HIF and HIF+Se combined) only 38% were 

scored 5. As noted for other parameters, the effect of supplemental MSC depended on the 

basal diet to which it was added. Fig. 7 shows that when added to the LIF basal formulation 

MSC modestly decreased the fraction of animals whose highest lesion score was 5. 

However, when added to the HIF basal diet MSC increased the percentage of mice whose 

lesions were scored 5.

DISCUSSION

Pathological progression in the TRAMP mouse follows two pathways. Atypical hyperplasia 

of Tag develops primarily in the dorsolateral prostate but seldom progresses to 
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adenocarcinoma. In contrast, neuroendocrine carcinomas develop most often in the ventral 

prostate and can become metastatic (24). From 40–100% of human castration-resistant 

prostate cancer demonstrates evidence of neuroendocrine differentiation, which is associated 

with poor prognosis (25). Interestingly, Se is reported to be most effective against advanced 

prostate cancer (26), which makes the TRAMP mouse a particularly appropriate model in 

which to study Se chemoprevention.

Human dietary intake is characterized by a variety of foods with multiple, complex 

interactions among nutrients and phytochemicals. This complexity is better modeled by 

stock diets than by semi-purified formulations. Our recent work showed that the 

composition of a basal diet may determine the effects of supplements added to it (18). We 

reasoned that adding MSC to different mouse stock diets, rather than semi-purified 

formulations, would better mimic MSC supplementation of human subjects consuming a 

wide variety of different foods. Perfect matching of stock diets in every nutrient is 

problematic. Different batches of dietary ingredients will vary from lot to lot in 

micronutrient composition, with corresponding variability in the finished formulations. 

Published nutrient composition data for stock diets are most often calculated, rather than 

measured values, and do not take into account losses in processing. As detailed in our 

previous report, differences between the two stock diets used in this work were reportedly 

2–2.5 fold for vitamins D and E, and 10 fold for vitamin K. For the other 39 of the 42 

macro- and micronutrients listed in product information sheets the reported difference in 

concentration was less than 50%. Few, if any, published studies have examined differences 

in intake of these nutrients – much less such small (2.5 fold or less) differences - on growth 

of prostate cancer cells in culture or in any animal model. In contrast, the measured 

difference between basal diets in isoflavone content was 60-fold, while the MSC-

supplemented diets provided a concentration of Se that was roughly 8–10 fold higher than 

the unsupplemented basal diets. There is a wealth of literature showing the chemopreventive 

effects of soy constituents and Se individually in preclinical and human studies. Thus, it is 

highly likely that differences in this study between diets in enzyme activities, gene 

expression, UGT weights, and disease progression were the result of differences in Se and 

soy dietary concentrations, rather than minimal differences between diets in other nutrients.

Shortly after this work began, Wang et al. (27) published the results of their study in which 

TRAMP mice were fed semipurified diets and gavaged 5 times weekly with MSC or 

methylseleninic acid (MSA) at 3 mg Se/kg body weight. In that work, the two Se 

supplements showed equal, significant chemopreventive efficacy. Differences between this 

study and that of Wang et al. included the genetic background of TRAMP mice, the 

composition of the basal diets, and the quantity of Se given as a supplement. In this work, 

daily consumption of 5 g diet by a 25 g mouse would have provided a total of 15 μg 

supplemental Se as MSC, while in the study of Wang et al. a daily gavage of 3 mg Se/kg 

body weight would have supplied a 25 g mouse a 75 μg Se bolus.

More recent proteomic profiling of tissues from TRAMP mice used in the study by Wang et 

al. showed that MSA regulated expression of molecules involved in AR signaling but, 

surprisingly, MSC did not (28). The same group reported that MSC achieved its 

chemopreventive efficacy in spite of its induction of certain oncoproteins (29). Clearly, 
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every single alteration of gene expression by MSC or any other agent does not have to be in 

the direction of protection in order for the agent to achieve an overall chemopreventive 

effect. In this work MSC increased AR expression in mice only when added to LIF diets. 

Other reports of MSC effects on AR expression in rodents are inconsistent (15,30,31). We 

recently reported that the composition of basal diets may determine the effects of 

supplemental MSC (18). The interactions of basal diet, chemical form of Se, quantity, and 

method of Se supplementation as determinants of AR expression require further work to 

thoroughly and carefully characterize.

The observation that increased Large T expression secondary to elevated AR in mice fed the 

LIF+Se diet did not significantly affect tumor growth or progression may possibly be 

explained by its mechanism of action. Large T antigen binds p53 and retinoblastoma 

proteins, which abolishes their tumor-suppressor functions. Such binding is necessary but 

insufficient by itself to initiate tumorigenesis, which requires other stochastic events to 

progress to adenocarcinoma (32). The level of Large T expression necessary to maximize 

binding of tumor suppressors in TRAMP mice is unknown. However, it is possible that 

maximum binding of tumor suppressors may have been achieved at the level of Large T 

expression seen in LIF, HIF, and HIF+Se groups, so that the higher level of Large T seen in 

LIF+Se-fed animals, would have achieved no further inhibition of tumor suppressor 

function.

Aromatase (33) and 5α-reductase (34) are both aberrantly expressed in prostate cancer. Gao 

et al. (35) recently showed that MSA decreased aromatase gene expression and activity in 

cultured prostate cancer cells. Theirs was the first report of an effect of Se on aromatase in 

any model. Although a suggestive trend was observed in DLPs of mice in this study, the 

main effect of MSC supplementation was not statistically significant. The combination 

effect of supplemental MSC and HIF on activity of 5α-reductase is consistent with our 

previous report (15), which was the first to show an inhibitory effect of MSC 

supplementation on this enzyme in experimental animals.

Regulation of androgen-metabolizing enzymes by soy components has been studied in 

numerous models with varying results (36). In the TRAMP mouse genistein was shown to 

be protective against poorly differentiated tumor development when fed throughout life (37), 

but to promote tumorigenesis when introduced at a later age (38). However, no 

measurements of aromatase or 5α-reductase were made in those studies.

In this work dietary effects on gene expression were generally consistent with the 

chemoprevention shown in UGT weights (Fig. 6) and pathology scoring (Fig.7). In addition 

to AR, HIF diets also decreased expression of DHCR24 (Fig. 4B), an integral enzyme in the 

synthesis of cholesterol from desmosterol (39), which is AR-regulated in the prostate (40) 

where it scavenges reactive oxygen species (41). Reduction of DHCR24 by HIF diets may 

sensitize prostate cancer cells to apoptosis when challenged with oxidative stress, thus 

reducing tumor growth. Members of the AKR1C family are reductases with high specificity 

for steroid hormones including DHT. The enzyme AKR1C14 converts DHT to the less 

potent 3α-androstanediol (42). Thus, the increase in AKR1C14 seen in MSC-supplemented 

animals (Fig. 3B) may be protective.
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Computer-assisted literature searches found only one previous study in which effects of soy 

constituents on FOX family transcription factors were examined in an animal model (43). 

FOXA1 binds near androgen response elements in the promoter regions of AR-regulated 

genes, facilitating AR binding and initiation of transcription (44). FOXA1 is up-regulated in 

androgen-sensitive and castration-resistant prostate cancer (CRPC) (45). Reduction of 

FOXA1 protein levels by HIF diets (Fig. 4A) may be one of the mechanisms by which soy 

down-regulates expression of AR and AR-regulated genes (44).

Forkhead box O family transcription factors were originally found at the site of 

chromosomal translocations in tumors which suggested that they may be tumor suppressors 

(46). FOXO1 has been shown to bind directly to the N-terminus domain of AR and induce 

its nuclear export and inactivation (47). Decreased protein levels of FOXO1 and FOXO3 are 

seen in localized prostate cancer, and even more so in CRPC (48). Higher levels of FOXO3 

seen in animals fed HIF diets (Fig. 5) are novel observations and suggest possible 

mechanisms for down-regulation of AR.

This study is the first to show effects of dietary soy containing isoflavones in their natural 

blend and quantities on the expression of Forkhead box proteins in an animal model, and to 

suggest a possible mechanism for soy’s inhibition of AR. The effects of HIF diets in this 

study are internally consistent, showing reduced expression of FOXA1 (Fig. 4), FOXA1-

dependent AR (Fig. 2), AR-regulated Large T antigen (Fig. 2) and DHCR24 (Fig. 4), and 

induced the protective FOXO3 (Fig 5). These observations in HIF-fed animals were closely 

correlated with the protective effect seen in reduced UGT weight (Fig. 6), and in a much 

smaller percentage of prostate tumors with high histopathology scores (Fig. 7).

As in our previous work (18), the effects of MSC added to basal diets in some cases 

depended upon the composition of those diets. Addition of MSC to LIF diets significantly 

reduced activity of 5α-reductase and expression of FOXO3, and increased expression of AR 

and Large T antigen, while supplementation of HIF diets with MSC did not affect these 

measurements. In contrast, MSC supplementation of HIF diets did significantly increase 

expression of GUCY1A3, which effect was not seen in MSC-supplemented, LIF-fed mice. 

The fact that the pattern of increased AR and Large T expression seen in MSC-

supplemented LIF-animals, but not in HIF-fed mice, was not replicated in the expression of 

other AR-regulated genes strongly suggests that AR is not the only regulator of these genes. 

Effects of high soy intake and supplemental MSC on other regulators of AR expression and 

AR-regulated genes remain to be explored.

It is important to note that effects of Se supplementation seen in this study may be specific 

to MSC. The chemical form of Se determines its effects, which can vary widely among 

different forms of the element, as shown in the proteomic profiling studies of Zhang et al. 

(28,29). Likewise, although basal diets varied markedly in isoflavone content, which 

justifies their labeling as “LIF” and “HIF”, such designations are not intended to imply that 

all observed effects of high soy intake are due exclusively to its isoflavone content. It is 

possible that other bioactive components in soy may have contributed to its regulation of the 

processes examined in this study. That possibility remains the subject for future 

investigations.
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In conclusion, when compared to a stock diet low in soy, consumption of diets high in soy 

decreased activity of hepatic aromatase and 5α-reductase, reduced expression of AR, AR-

regulated genes, and AR-associated FOXA1, up-regulated protective FOXO3, and slowed 

tumor progression in TRAMP mice. These findings of soy effects on FOX family gene 

expression in animals are novel and suggest a mechanism by which soy may reduce 

expression of AR and AR-regulated, tumor-promoting genes. Consistent with our previous 

report, results from this study show that the chemopreventive effects of supplementation of a 

naturally-occurring food form of Se depend upon the composition of the basal diet to which 

it is added. The observation that supplemental MSC did little in this study to potentiate the 

chemopreventive effects of high soy intake suggests that there are more mechanisms shared 

by these two dietary components for their individual effects than there are mechanisms 

unique to each one. It is also consistent with the hypothesis that addition of a 

chemopreventive agent like MSC to a diet already high in protective compounds is less 

likely to provide further protection. To maximize the efficacy of Se supplementation, it 

should be targeted to those whose habitual diets are low in Prostate cancer-preventive 

phytochemicals and put them at highest risk of the disease.
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Fig. 1. 
Activity of aromatase (A) and 5α-reductase (B) in livers of TRAMP mice fed diets low 

(LIF) or high (HIF) in soy, with or without added Se (3 mg/kg diet) as Se-methyl-L-

selenocysteine. Bars and error bars show means + SDs (n=5/dietary group). P values show 

significance of main effects. For aromatase the main effect of diet (D) was statistically 

significant. For 5α-reductase the main effect of diet (D) and the diet X Se interaction (D x 

Se) were significant. Bars not sharing a common superscript are significantly different (P < 

0.02).
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Fig. 2. 
Expression of androgen receptor (AR) and SV40 Large T antigen in dorsolateral prostates of 

TRAMP mice fed diets low (LIF) or high (HIF) in soy, with or without added Se (3 mg/kg 

diet) as Se-methyl-L-selenocysteine. Bars and error bars show means + SDs. P values show 

significance of main effects. For AR (n=4 Western blots) the main effects of diet (D) and 

supplemental Se (Se) were statistically significant but the interaction of the two was not (P = 

0.092). For Large T (n=5), both dietary components and their interaction had significant 

effects. Bars not sharing a common superscript are significantly different (P < 0.05).
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Fig. 3. 
Modification by supplemental Se of expression of AR-regulated genes in dorsolateral 

prostates of TRAMP mice fed diets low (LIF) or high (HIF) in soy, with or without added 

Se (3 mg/kg diet) as Se-methyl-L-selenocysteine. Bars and error bars show means + SDs. P 

values show significance of main effects. Supplemental Se significantly increased 

expression of GUCY1A3 (n=5) and of AKR1C14 (n=5) when added to each basal diet. 

Expression was not affected by soy content of the basal diet, nor by the interaction of Se and 

soy. Bars not sharing a common superscript are significantly different (P < 0.05).
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Fig. 4. 
Determination by basal diet soy content of expression of genes in dorsolateral prostates of 

TRAMP mice fed diets low (LIF) or high (HIF) in soy, with or without added Se (3 mg/kg 

diet) as Se-methyl-L-selenocysteine. Bars and error bars show means + SDs. P values show 

significance of main effects. Mice fed HIF diets, with or without added Se, had significantly 

lower levels of both FOXA1 (n=4) and DHCR24 (n=8). Neither Se supplementation nor the 

interaction of Se and soy affected expression of these two proteins. Bars not sharing a 

common superscript are significantly different (P < 0.05).
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Fig. 5. 
Opposite effects of Se and soy on expression of FOXO3 in dorsolateral prostates of TRAMP 

mice fed diets low (LIF) or high (HIF) in soy, with or without added Se (3 mg/kg diet) as 

Se-methyl-L-selenocysteine. Bars and error bars show means + SDs. P values show 

significance of main effects. Immunoblot analysis (n=3) showed a stimulatory effect (P < 

0.001) of high soy intake on expression of FOXO3 while supplemental Se inhibited (P = 

0.009) it. Bars not sharing a common superscript are significantly different (P < 0.05).
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Fig. 6. 
Urogenital tract weights of TRAMP mice fed diets low (LIF) or high (HIF) in soy, with or 

without added Se (3 mg/kg diet) as Se-methyl-L-selenocysteine. Groups not sharing a 

common superscript are significantly different (P < 0.05).
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Fig. 7. 
Histopathologic scoring of dorsolateral prostates of TRAMP mice fed diets low (LIF) or 

high (HIF) in soy, with or without added Se (3 mg/kg diet) as Se-methyl-L-selenocysteine, 

(n= 9–13). Bars indicate the percentage of animals in each group for whom the most 

advanced lesion was scored 3 (least advanced observed), 4, or 5 (most advanced seen). In no 

animals was the most advanced lesion scored 1, 2, or 6 (23). Chi-squared analysis for 

categorical data showed a highly significant difference among dietary groups in (Chi-square 

= 17.51; P = 0.008).
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Table I

Summary of Proteins Quantified

Designation Protein Description

AR Androgen receptor Nuclear hormone receptor that binds to androgen and induces 
transcription of AR-regulated genes

GUCY1A3 Guanylate cyclase 1 subunit alpha Catalyzes the production of cGMP in response to NO signaling; can 
induce VEGF expression

ACSL3 Acyl-CoA synthetase long-chain family member 3 Catalyzes the production of long-chain fatty acyl-CoA; inhibits anti-
apoptotic fatty acid synthase (FAS).

DHCR24 24-dehydrocholesterol reductase (seladin-1) Catalyzes synthesis of cholesterol from desmosterol; inhibits apoptotic 
caspase-3

AKR1C14 Aldo-keto reductase family 1 member C14 Catalyzes conversion of DHT to 3α-androstanediol and androstenedione 
into testosterone.

FOXA1 Forkhead box A1 Transcription factor; involved in AR-mediated gene expression.

FOXO3 Forkhead box O3 Transcription factor; involved in up-regulation of p27, FasL, TRAIL, etc; 
also interacts with AR

LT_SV40 SV40 Large T antigen Abrogates p53, Rb tumor suppressor genes; facilitates tumor progression 
in TRAMP mice
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