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Abstract

The biological activities of tocotrienols are receiving increasing attention. Herein, we report the 

efficacy of a mixed-tocotrienol diet against prostate tumorigenesis in the transgenic 

adenocarcinoma mouse prostate (TRAMP) mouse model. Male TRAMP mice, 8 wk old, were fed 

0.1%, 0.3%, or 1% mixed tocotrienols in AIN-76A diet up to 24 wk old. Likewise, a positive 

control group consisting of male TRAMP mice and a negative control group consisting of wild-

type nontransgenic mice were fed regular AIN-76A diet up to 24 wk old. Our results show that 

mixed-tocotrienol-fed groups had a lower incidence of tumor formation along with a significant 

reduction in the average wet weight of genitourinary apparatus. Furthermore, mixed tocotrienols 

significantly reduced the levels of high-grade neoplastic lesions as compared to the positive 

controls. This decrease in levels of high-grade neoplastic lesions was found to be associated with 

increased expression of proapoptotic proteins BAD (Bcl2 antagonist of cell death) and cleaved 

caspase-3 and cell cycle regulatory proteins cyclin dependent kinase inhibitors p21 and p27. In 

contrast, the expression of cyclins A and E were found to be decreased in mixed-tocotrienol 

groups. Taken together, our results show that by modulating cell cycle regulatory proteins and 

increasing expression of proapoptotic proteins, mixed tocotrienols suppress prostate tumorigenesis 

in the TRAMP mice.

INTRODUCTION

Prostate cancer is the second leading cause of cancer-related death among men in the United 

States (1). This disease initially responds well to hormone ablation but would eventually 

become hormone refractory and ultimately results in death (2). Interest in the use of 

alternative and complementary therapies, mainly nutraceuticals as chemopreventive 

compounds, is increasing for prostate cancer since this disease has a long latency period and 

thus offers a unique window for chemoprevention (3). Chemoprevention may help to inhibit 

tumor formation and may also help in delaying the progression from neoplasms to a more 

advanced state of the disease. For the latter, the delay in progression is thought to be the 

result of modulation of complex signal transduction pathways that lead up to tumor 

formation (4).
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The natural vitamin E family includes 8 chemically distinct molecules: α-, β-, γ-, and δ-

tocopherol and α-, β-, γ-, and δ-tocotrienol. Structurally, vitamin E consists of a chroman 

ring with either a saturated side chain (tocopherols) or an unsaturated side chain 

(tocotrienols). Isoforms of tocotrienol differ from each other based on the methyl groups on 

the chroman ring (Fig. 1). For chemoprevention research, α-tocopherol is among the most 

studied components of vitamin E (5,6). The biological activities of the other isoforms are 

largely unknown. This represents a major void in vitamin E research. Significance of the 

void is enhanced by the observation that the biological functions of the different homologues 

of natural vitamin E are not identical. We and other researchers have shown that γ-

tocopherols are potent against various cancers (7,8,9). Likewise, during the last couple of 

years, tocotrienol research has also gained substantial momentum. Palm oil is one of the 

richest sources of tocotrienols. Tocotrienols extracted from crude palm oil mainly consist of 

a mixture of α-, γ-, and δ-tocotrienols and some α-tocopherols, referred to as tocotrienol-

rich fraction (TRF). TRF from palm oil has been shown to inhibit proliferation and growth 

of human breast cancer cells (10–12). Recent studies have shown that γ-tocotrienols inhibit 

cell proliferation by decreasing Akt and activation of NF-κB, implicated in the regulation of 

cell growth, cell cycle, and apoptosis (13). More recently, researchers have demonstrated 

that TRF imparts differential antiproliferative and apoptotic effects in human prostate cancer 

cells versus normal cells and preferentially sensitizes xenograft bearing nude mice to 

radiation therapy (14,15). Based on the documented anticancer efficacy of TRF, we 

evaluated the chemopreventive efficacy of a mixed tocotrienol diet against prostate cancer 

growth and progression in the transgenic adenocarcinoma mouse prostate (TRAMP) mouse 

model.

The TRAMP mouse model was developed in C57BL/6J mice using minimal rat probasin 

promoter to drive the expression of SV40 early genes specifically in prostatic epithelium. 

These mice demonstrate the progression of the disease from early prostatic intraepithelial 

neoplasia (PIN) lesions to a more aggressive metastatic adenocarcinoma that closely mimics 

the various stages in human prostate cancer (16). Since this model bears close relevance to 

the human form of the disease, we evaluated the efficacy of mixed tocotrienols in this mouse 

model. Our results demonstrate a dose-dependent increase in chemopreventive efficacy of 

mixed tocotrienols against prostate cancer in the TRAMP mice.

MATERIALS AND METHODS

Animals and Study Design

Female hemizygous C57BL/TGN TRAMP mice, line PB Tag 8247NG, and male C57BL/6 

mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The animals were 

bred on the same genetic background and maintained in the Animal Care Facility of Rutgers 

University. Housing and care of the animals was in accordance with the guidelines 

established by Rutgers University’s Animal Research Committee consistent with the NIH 

Guidelines for the Care and Use of Laboratory Animals. Transgenic males for these studies 

were routinely obtained as [TRAMP × C57BL/6] F1 or as [TRAMP × C57BL/6] F2 

offspring. Identity of transgenic mice was established by the PCR-based DNA screening. 

Throughout the experiment, the animals were housed in cages with wood chip bedding in a 
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temperature-controlled room (68°F to 72°F) with a 12 h light/dark cycle at a relative 

humidity of 45% to 55% as we reported previously (9).

Diets and Study Design

All animals were fed AIN-76A diet obtained from Research Dyets (Easton, PA). Treated 

animals were fed 0.1%, 0.3%, or 1% mixed tocotrienols incorporated in AIN-76A diet. The 

mixed tocotrienols (Tocomin) were a kind gift from Carotech Bhd (Perak, Malaysia) and 

contained D-α-tocotrienol (12–14%), D-β-tocotrienol (1%), D-γ-tocotrienol (18–20%), D-δ-

tocotrienol (4–6%), and D-α-tocopherol (12–14%). The 0.1%, 0.3%, or 1% mixed 

tocotrienol diets were designed to deliver dosages of ≈ 1.7, 5.2, and 17.1 mg, respectively, 

of D-γ-tocotrienol/day. All the animals were put on AIN-76A diet 1 wk prior to the study. 

The control animals (n = 11) received AIN-76A diet throughout the experiment, whereas the 

treatment group received 0.1% (n = 8), 0.3% (n = 9), or 1% (n = 9) mixed-tocotrienol diet 

for a period of 24 wk. Fresh diets were added to the cages twice a week. The animals were 

weighed weekly and monitored on a regular basis for their general health. At each time 

point, mice were killed by cervical dislocation; and the genitourinary apparatus (GU) 

consisting of the seminal vesicles, prostate, and the bladder were isolated for further 

analyses.

Histopathology

The dorso-lateral prostate was excised and fixed overnight in 10% formalin and then 

transferred to 70% ethanol. Sections (4 μm) were cut from paraffin-embedded tissue and 

mounted on slides. The sections were stained with hematoxylin and eosin (H&E) to observe 

any neoplastic changes. Sections were blindly evaluated by a histopathologist to classify 

PIN lesions. Lesions were classified as PIN I, PIN II, PIN III, and PIN IV as described by 

Park and coworkers (17). For the purpose of ease, PIN I and PIN II have been grouped as 

low-grade PIN, whereas PIN III and PIN IV have been grouped as high-grade PIN.

Immunoblot Analysis

The dorso-lateral prostate tissues removed from each treated and control group were pooled 

accordingly and homogenized with RIPA buffer (Roche, Manheim, Germany). The protein 

concentrations were measured by Bicinchonic Acid solution (Pierce, Rockford, IL). A total 

of 20 μg of protein was loaded onto Biorad precast gels (4–12%) and transferred to 

polyvinyl difluoride membranes. The membranes were blocked with 5% BSA in TBST for 1 

h followed by overnight incubation with primary antibodies and horseradish peroxidase 

conjugated secondary antibody for 1 h. Protein bands were visualized using Supersignal 

West Femto (Pierce, Rockford, IL).

Statistics

The chi-square test was used to assess the significance of incidence of palpable tumor. For 

all other determinations, statistical significance was determined using Student’s t-test at 

significance (P < 0.05 or P < 0.01).
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RESULTS

General Health Observations

The overall health of the mice throughout the study period was found to be good. No 

significant changes in the body weights were observed in animals given control or mixed 

tocotrienol supplemented diet.

Mixed Tocotrienols Reduce Tumor Incidence in TRAMP Mice

A significant reduction in the tumor incidence was observed as recorded by palpation prior 

to necropsy (Fig. 2A). A total of 8 out of 11 animals in the control group vs. 3 out of 8, 3 out 

of 9, and 2 out of 9 animals in the 0.1%, 0.3%, and 1% mixed tocotrienols treated groups, 

respectively, developed palpable tumors. Autopsy revealed significant difference between 

wet weight of the GU of all animals in control and mixed tocotrienol treated groups (Fig. 

2B). The 0.3% and 1% mixed tocotrienols significantly decreased the weight as compared to 

the control group (P < 0.05). The decrease in GU weight by 0.1% mixed tocotrienols was 

not statistically significant.

Histological analysis was performed to determine percentage levels of PIN in the animals 

(Fig. 3). A brief description of the histology displayed by normal prostatic tissue and low-

grade and high-grade PIN is as follows: Normal prostatic acinus was characterized by the 

presence of single layered columnar epithelial cells and a distinct lumen. Surrounding 

stroma consisted of layers of loose connective tissue. Low-grade PIN was characterized by a 

couple of layers of atypical cells that did not fill up the luminal space. The cells displayed 

tufting or cribiform growth patterns, although the underlying fibromuscular sheath in most 

cases was almost intact. High-grade PIN was characterized by multiple layers of atypical 

cells with significantly reduced luminal space. The epithelial cells demonstrated a 

characteristic cribiform or tufting growth pattern.

All nontransgenic animals displayed approximately >95% normal prostatic tissue and <5% 

low-grade PIN. Histological analysis of the all-control animals including the ones without a 

palpable tumor revealed well-differentiated carcinoma, marked stromal thickening, and 

hypercellularity. Control animals demonstrated ≈ 75–80% incidence of high-grade PIN and 

≈ 25–30% incidence of low-grade PIN (Fig. 3B). Lymph node metastasis was evident in 

control mice bearing tumors. No pulmonary or liver metastases were observed; 0.1% mixed 

tocotrienol treatment decreased the percentage of high-grade PIN by 40%. On the other 

hand, 0.3% and 1% mixed tocotrienol treatment decreased the percentage of high-grade PIN, 

resulting in higher percentages of low-grade PIN, significantly (P < 0.05). Immunoblot 

analysis for SV-40 transgene expression revealed that tumor incidence and decrease in PIN 

levels by mixed tocotrienols were not a result of suppression of transgene expression (results 

not shown).

Mixed Tocotrienols Effect Apoptosis and Cell Cycle Control Proteins

The suppression of tumor formation by mixed tocotrienols led us to investigate their effects 

on proapoptotic and cell cycle regulatory proteins. Figure 4 demonstrates the immunoblot 

analysis of proapoptotic proteins BAD and cleaved caspase 3 as well as cyclins and cyclin-
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dependent kinase (cdk) inhibitors with the densitometric data after adjusting with β-actin as 

a loading control (note that the β-actin blot is not shown).

Results show that the mixed tocotrienols diet enhanced expression of proapoptotic proteins 

BAD and cleaved caspase 3 (≈ 1.5-fold to threefold and twofold to threefold over control, 

respectively). The prostatic samples from control animals demonstrated significantly 

increased expression of cyclin E and cyclin A ≈ 3.5- and 2.2-fold, respectively, over the 

nontransgenic controls. Likewise, the suppression of cdk inhibitor p21 and p27 were 

significantly suppressed ≈ 0.2-fold below the nontransgenic control animals. Interestingly, 

the nontransgenic prostatic samples demonstrated low expression of p27 as compared to 

p21. Mixed tocotrienol diet significantly increased the expression of p21 and p27 and 

suppressed the expression of both cyclin A and cyclin E. Together, these results suggest that 

tocotrienols modulate the expression of cyclins, cdk inhibitors, and proapoptotic proteins, 

ultimately leading to increased apoptosis and tumor suppression.

DISCUSSION

A direct link between the incidence of cancer and nutrition has been long established. 

Cancer chemoprevention entails the use of select agents preferably of a dietary source to 

prevent cancer. Chemoprevention may be most useful to prevent cancers that do not have a 

remedial effective chemotherapeutic agent and those that have long latency periods like 

prostate cancer (2,3). Prostate cancer is the second leading cause of cancer-related deaths 

among men in the United States. Prostate cancer patients usually respond well to hormone 

ablation; but in the later stages, this disease becomes hormone refractory. Unfortunately, this 

hormone-refractory stage of the disease has no effective treatment options. In prostate 

cancer patients, the progression from benign to neoplastic lesions to fully developed tumors 

may take several years; and hence, this disease provides a window for intervention by 

chemopreventive compounds.

Vitamin E, an important micronutrient in our diets, exists as 8 isoforms. Owing to its unique 

structure (a chroman head with a phytyl side chain), it can behave both as a pro-oxidant and 

an antioxidant. Emerging evidence in the literature suggests vitamin E as a potential 

chemopreventive agent (18,19). Support for the possible use of vitamin E as a 

chemopreventive agent came from a study that demonstrated high incidence of prostate 

cancer in subjects with low nutritional intake of vitamin E (20). However, most of the 

vitamin E chemoprevention research has involved the efficacy of α-tocopherol. The recently 

completed SELECT (Selenium and Vitamin E Cancer Prevention Trial) was one of the 

largest human cancer prevention trials that assessed the role of selenium and vitamin E in 

prostate cancer prevention. This was a phase III, double-blind study in which human 

subjects were administered 200 μg of pure-L-selenomethionine; 400 IU of D, L-α-

tocopherol; or a combination of the two agents. No significant differences in prostate cancer 

incidence were observed in any of the groups. As a matter of fact, a slight but statistically 

insignificant increase in prostate cancer risk within the vitamin E group was observed. 

Whether the high dose of D, L-α-tocopherol used in the study caused suppression of the 

more active forms of vitamin E is not yet known (21–24). Nevertheless, this important 

finding compels us to continue research in order to determine the most effective isoform of 
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vitamin E against prostate cancer. In that regard, we and others have shown that γ-

tocopherols are effective against prostate, breast, as well as colon cancer (7–9). Likewise, 

only recently, the potency of tocotrienols against cancer has been established (11–15).

In this report, we showed that mixed tocotrienols are effective in preventing prostate cancer 

growth in a transgenic mouse model (TRAMP). Prostate cancer progression in this mouse 

model closely resembles that in humans and therefore provides a useful tool to test efficacy 

of chemopreventive compounds.

At 24 wk of age, mice that were fed mixed tocotrienols demonstrated low incidence of 

tumor detected by palpation compared to control mice. A neuroendocrine switch, 

characterized by synaptophysin positive staining, is considered a probable significant event 

in the TRAMP mouse model and is often predictive of high-grade or end-stage prostate 

cancer (25,26). The inhibitory efficacy of tocotrienols against synaptophysin-positive 

carcinomas or synaptophysin-negative dorso-lateral prostate lesions and seminal vesicle 

hypertrophy was not evaluated. However, histopathology revealed that mixed tocotrienol 

treatment significantly decreased the levels of high-grade neoplastic lesions, whereas 

increasing the levels of low-grade PIN. No characteristics of normal tissue were detected in 

the tocotrienol-treated groups.

The antiprostate cancer effect of tocotrienols was accompanied by significant increase in 

expression of proapoptotic proteins BAD and cleaved caspase-3 as well as cdk inhibitors 

p21 and p27. Tocotrienol treatment significantly suppressed the expression of cyclins E and 

A. The expression of cyclin D1 did not vary much with tocotrienol treatment.

The cyclins are an integral part of the cell cycle process. Cell cycle progression is regulated 

by a series of cdks. The cdks are regulated by activating (cdk-activating kinases) and 

inhibitory (Wee) phosphorylations as well as cdk inhibitors. The cdk inhibitors are known to 

bind to the cyclin-cdk complexes and inhibit their activity. The cip/kip family of cdk 

inhibitors includes p21, p27Kip1, and p57 (27). We observed enhanced expression of the 

cyclins and suppression of p21 and p27 in the prostatic lysates of control animals, and this 

demonstrates unstoppable cell cycle leading to vast increase in cell numbers, ultimately 

leading to tumor formation. The expression of p21 and p27 has been shown to be 

significantly downregulated in various cancers including prostate cancer (28). Recent studies 

demonstrated that human subjects maintaining a high expression of p27 had significantly 

longer disease-free intervals and longer survival as compared to subjects with low p27 

expression (29–31). In the present study, we observed that tocotrienol treatment reversed 

this effect by significantly enhancing the expression of p21 and p27. Increased levels of p21 

and p27 inhibit the kinases thereby in capacitating the cyclins. This cell cycle arrest may 

drive the cell into apoptosis by recruiting caspases and BAD. Thus, the anticancer effects of 

tocotrienols, at least in part, could be the result of mediation of the cdk inhibitors/cyclin 

axis.

In summary, the novel findings we report here are that mixed tocotrienols inhibited prostate 

tumor growth in TRAMP mice without any signs of toxicity or affecting the expression of 

the transgene SV-40. Mixed tocotrienols significantly suppressed the progression of high-
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grade prostatic neoplastic lesions to fully developed tumors by modulating the cell cycle and 

affecting the expression of proapoptotic proteins. These findings further support the 

potential use of tocotrienols as prostate cancer chemopreventive agents in humans.
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FIG. 1. 
Structure of the different analogs of tocotrienols.
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FIG. 2. 
Mixed tocotrienols suppress tumor incidence in TRAMP mice. A: Percentage incidence of 

palpable tumor in the control and mixed tocotrienol treated groups. The tumor was detected 

by palpation prior to necropsy. B: Average wet weight of the genitourinary apparatus of 

control and tocotrienol-treated groups. At the time of necropsy, the genitourinary apparatus 

consisting of seminal vesicles, prostate, and bladder was removed en bloc and weighed. The 

bars represent mean values ± SE. Statistical significance of the difference between control 

and treated groups was analyzed by Student’s t-test. P values < 0.05 were considered 

significant. GUT, genitourinary apparatus.
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FIG. 3. 
Mixed tocotrienols inhibit tumorigenesis in TRAMP mice. A: Representative 

photomicrographs (×100 magnification) of H&E stained dorso-lateral section of 

nontransgenic, control, and mixed tocotrienol fed mice at 24 wk of age. B: Percentage levels 

of normal tissue, low-grade, and high-grade PIN displayed by nontransgenic, control, and 

mixed tocotrienol fed 24–wk-old mice. At the time of necropsy, the genitourinary apparatus 

was removed en bloc. The dorso-lateral prostate was microdissected and analyzed for PIN 

evaluation. Normal tissue was characterized by single-layered epithelial cells, and a distinct 

lumen, low-grade PIN typically displayed a couple of layers of atypical cells that did not, 

however, fill up the luminal space and high-grade PIN characterized by marked stromal 

thickening and hypercellularity and significantly reduced luminal space. The bars represent 

mean values ± SE. Statistical significance of the difference between control and treated 

groups was analyzed by Student’s t-test. P values <0.05 were considered significant.
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FIG. 4. 
Mixed tocotrienols alter the expression levels of apoptotic proteins BAD and cleaved 

caspase 3 and cell cycle regulatory proteins cyclin E, cyclin A, p21, and p27. Densitometric 

analysis of the band intensity of each protein was adjusted with β-actin (loading control) and 

is shown as histograms. Note that the β-actin band is not shown. The bars represent mean 

values ±SE. Statistical significance of the difference between control and treated groups was 

analyzed by Student’s t-test. P values < 0.01 were considered significant. Ntr, 

nontransgenic; Ctr, control.
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