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Abstract

γ-tocopherol (γ-T) alone or in combination with α-tocopherol has been shown to suppress 

biomarkers of oxidative stress in asthamatics and human subjects with metabolic syndrome. 

Oxidative stress has been implicated as a key event in prostate carcinogenesis. Hence, the purpose 

of this study was to examine the effects of γ-tocopherol-enriched mixed tocopherol diet on 

prostate carcinogenesis in a murine prostate cancer model (TRAMP). 8 week old TRAMP males 

were fed 0.1% γ -T-enriched mixed tocopherol diet that contained 20-fold higher levels of γ-

tocopherol, and roughly 3-fold higher levels of α-tocopherol. The effect of such diet on tumor and 

PIN development was observed. The expression of phase II detoxifying, antioxidant enzymes and 

Nrf2 mRNA and protein were determined by RT-PCR, immunohistochemistry and western 

blotting techniques. Treatment with γ-T-enriched mixed tocopherols significantly suppressed the 

incidence of palpable tumor and Prostate Intraepithelial Neoplasia (PIN) development without 

affecting the expression of the transgene (SV-40). Tumor progression occurred with a significant 

suppression of antioxidant enzymes such as catalase, superoxide dismutase, glutathione 

peroxidase, heme-oxygenase-1 and phase II detoxifying enzymes. Treatment with γ-T-enriched 

mixed tocopherol diet upregulated the expression of most detoxifying and antioxidant enzymes. 

Nrf2—a redox sensitive transcription factor known to mediate the expression of phase II 

detoxifying enzymes, was also significantly upregulated following treatment with γ-T-enriched 

mixed tocopherol diet. γ-T-enriched mixed tocopherols significantly up-regulated the expression 

of Nrf2 and its related detoxifying and antioxidant enzymes thereby suppressing PIN and tumor 

development.
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Reactive oxygen species (ROS) such as superoxide radical anion, hydroxyl radical and 

hydrogen peroxide are generated as by-products of aerobic mitochondrial respiration. The 

human body has robust defense mechanisms comprising of detoxifying enzymes such as 

glutathione-s-transferase, UDP glucuronyl transferases and antioxidant enzymes such as 

superoxide dismutase, glutathione peroxidase and catalase as well as non-enzyme 

antioxidant species that, under physiological conditions, are known to quench these reactive 

moieties. However, a scenario where excessive reactive oxygen species are generated and 

the body's antioxidant defenses are overwhelmed leads to a state of oxidative stress. 

Oxidative stress can cause adducts and permanent damage to cellular macromolecules such 

as DNA/RNA, proteins, lipids, etc. A rich body of evidence substantiates the role of such 

oxidative stress in carcinogenesis. Needless to say, increased levels of ROS coupled with 

suppressed antioxidant defense have been reported in human prostate intraepithelial 

neoplasia and prostate cancer.1–4

The antioxidant activity of vitamin E has persuaded many researchers to study its ability to 

ameliorate chronic diseases, especially those in which oxidative stress plays a key role such 

as arthrosclerosis, cardiovascular diseases and cancer.5 Vitamin E is a generic name for 

structurally related tocopherols and tocotrienols. A standard American diet contains large 

amounts of γ-T compared to European diet due to high intake of soybeans and corn oil.6 

Despite high intake of γ-T, plasma concentrations of γ-T are about 10 times lower than that 

of α-T. The reason for the plasma preference for α-T is in its specific selection by α-T 

transfer protein (α-TTP). α-TTP not only specifically selects the α form of all tocopherols 

but also has a preference for 2R-stereoisomers.6,7 As a result, the cancer chemopreventive 

activities of Vitamin E have been extensively studied with α-T.8,9 However the protective 

effects of γ-T having only recently been recognized are now the subject of active 

investigation. A γ-T-enriched mixed tocopherol diet (containing more than 50% γ-T) has 

been shown to suppress azoxymethane induced crypt foci - a precursor of colon cancer, in 

rats.10 A similar diet has also shown to suppress N-methyl-N-nitrosourea induced mammary 

tumors in rats.11 A recent study by Devaraj et al reports that in human subjects with 

metabolic syndrome, supplementation with γ-T alone or in combination with α-T 

significantly decreased TNF levels. However nitrotyrosine levels (a biomarker for oxidative 

stress) were decreased only by γ-T and not by α-T.12 A nested case-control study in 

Washington County, MD that examined the effects of αT, γ-T and selenium on the 

incidence of prostate cancer in human subjects found that the inverse relationship between 

high levels of selenium and α-T held true when the levels of γ-T were high. Interestingly, α 

5-fold reduction in prostate cancer was observed in men who also had the highest plasma γ-

T concentrations.13

γ-T possesses certain unique properties that are relevant to cancer chemoprevention. Jiang 

and coworkers demonstrated that both γ-T and its catabolic metabolite 2,7,8-trimethyl-2-(β-

carbox-yethyl)-6-hydroxychroman (γ-CEHC) possess anti-inflammatory attributes. They 
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significantly suppress cyclooxygenases and other inflammatory proteins such as interleukins 

and cytokines.14,15 Owing to its strong nucleophilic properties, γ-T exhibits more efficiency 

than α-T in trapping ROS and reactive nitrogen species (RNS).16 Cooney et al reported that 

γ-T was superior to α-T in suppressing the transformation of murine fibroblasts incubated 

with chemical carcinogen 3-methylcholanthrene.17 A study by Gysin et al reported that γ-T 

inhibited cell proliferation, cell cycle progression and DNA synthesis in prostate cancer cells 

better than α-T.18

To our knowledge the chemopreventive effects of a γ- T-enriched mixed tocopherol diet that 

provides more than 60% γ-T, have not been explored in genetically modified murine model 

for prostate cancer (TRAMP). This model recapitulates many salient features of the 

progressive forms of human prostate cancer. This study was aimed at observing the effects 

of a -γ-T rich mixed tocopherol diet on prostate carcinogenesis in TRAMP mice. The effects 

of such treatment on the levels of PIN (a recognized precursor for prostate cancer) and the 

expression of phase II detoxifying and antioxidant enzymes were determined.

Material and methods

Animals

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 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 the 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 

temperature-controlled room (68-72°F) with a 12-h light dark cycle, at a relative humidity of 

45–55%.

Diets and study design

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

animals were fed 0.1% mixed tocopherols incorporated in AIN-76A diet. The mixed 

tocopherols were obtained from Cognis Corporation (Kankakee, IL) and contained <60% γ-

tocopherol, 12% α-tocopherol, 21% δ-tocopherol and also insignificant levels of (β-

tocopherol. This diet contained about 20-fold higher levels of γ-tocopherol, and roughly 3-

fold higher levels of α-tocopherol. All the animals were put on AIN-76A diet 1 week prior 

to the study. The control animals (n = 17) received AIN-76A diet throughout the experiment 

while the treatment group (n = 11) received 0.1% -γ-T-enriched mixed tocopherol diet for a 

period of 24 weeks. 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 (GUT) consisting 

of the seminal vesicles, prostate and the bladder were isolated for further analyses.
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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 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 et 

al.19 For the purpose of ease, PIN I and PIN II have been grouped as low grade PIN while 

PIN III and PIN IV have been grouped as high grade PIN.

Immunohistochemistry staining

Sections of 4 μm thickness were cut from formalin fixed, paraffin-embedded blocks and 

mounted on glass slides. The slides were deparafinized in xylene and antigen retrieval 

enhanced by boiling in 10 mM sodium citrate buffer (pH 6.0) for 10 min in a microwave 

oven. Endogenous peroxidase was blocked by incubation in 3% hydrogen peroxide for 30 

min. Non-specific binding was blocked by incubating slides with 5% BSA for 1 hour. 

Incubation with primary antibody (Nrf2–1:100, GSTM1 1:50) was carried out overnight at 

4°C. For the subsequent reaction, a streptavidin-biotin complex peroxidase kit was used 

according to manufacturer's instructions and the slides were counterstained with 

hematoxylin for 5 min. For both Nrf2 and GSTM1 staining, a modified semiquantitative 

scoring method was used. The degree of positive staining for all antibodies was evaluated on 

a scale from 0 to 4 for percentage of positive cells and on a scale from 0 to 3 for strength of 

staining intensity. The percentage of positive cells was evaluated using the following scale: 

0, no staining of the epithelial cells in any field; 1+, <25% of the epithelium stain positive; 

2+, 25–50% stain positive; 3 +, 50–75% stain positive; and 4+, >75% stain positive. The 

strength of intensity of staining was estimated using the following scale: 0, no staining of 

epithelial cells; 1+, mild staining; 2 +, moderate staining; and 3 +, intense staining. The final 

total score was generated by adding the score for percentage of positive cells and the 

strength of stain intensity. Hence, the minimum and maximum score for an area were 0 and 

7, respectively.

Immunoblot analysis

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

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

concentrations were measured by Bicinchonic Acid solution (Pierce, Rockford, IL). 20 μg of 

protein was loaded onto Biorad pre-cast 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).

RNA extraction and semi-quantitative RT-PCR

Total RNA was isolated with a combined method using Trizol (Invitrogen, Carlsbad, CA) 

and RNeasy Mini Kit (Qiagen, Valencia, CA). Total RNA samples were converted to single-

stranded cDNA by the Superscript First-Strand Synthesis System III (Invitrogen) and the 
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resulting cDNA was amplified by the PCR super-mix kit (Invitrogen). PCR conditions are as 

follows: 94°C for 5 min followed by cycles of denaturation at 94°C for 30 s, annealing at 

55°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 10 min. The 

forward and reverse primers used for amplifying UGT1A1 were 5′-

GTGGCCCAGTACCTGACTGT-3′ and 5′-CGATGGTCTAGTTCCGGTGT-3′. The 

primers used for amplifying NQO1 were 5′-CAGATCCTGGAAGGATGGAA-3′ (forward) 

and 5′-AAGTTAGTCCCTCGGCCATT-3′ (reverse). The forward and reverse primers used 

for amplifying Nrf2 were 5′-TGAAGCTCAGCTCGCATTGATCC-3′ and 5′AAGATACAA 

GGTGCTGAGCCGCC-3′. Actin was used as an internal control and was amplified with the 

primers: 5′-TGTTACCAACTGG GACGACA-3′ and 5′-TCTCAGCTGTGGTGGT 

GAAG-3′. PCR products were resolved on 1.5% agarose gels and visualized under UV 

lamps.

GST assay

Prostate tissue homogenates were centrifuged and the supernatants were analyzed for total 

GST activity. GST activity was determined by the change in absorbance at 340 nm of 

chlorodinitrobenzene incubated in the presence of GSH.

Statistics

For a dichotomous measure like the presence or absence of a palpable tumor prior to 

necropsy Chi square test was used. For all other determinations statistical significance was 

determined using students' t test at significance (p < 0.05).

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 

tocopherol mixture supplemented diet.

γ-T-enriched mixed tocopherol diet reduces tumor incidence in TRAMP mice

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

to necropsy (Table I). 13 of 17 animals in the control group versus 2 of 11 in the treated 

group developed palpable tumors. Autopsy revealed significant difference between wet 

weight of the genitourinary apparatus of all animals in control and γ-T-enriched mixed 

tocopherol treated groups. The γ-T-enriched mixed tocopherol treated group demonstrated 

about 60% reduced weight as compared to the control group.

Although primary prostate tumor was not grossly palpable in 4 control animals at the time of 

sacrifice, histological analysis revealed a relatively well differentiated carcinoma, marked 

stromal thickening and hypercellularity. Hematoxylin and eosin staining further revealed 

multiple layers of atypical cells with significantly reduced luminal space. The epithelial cells 

demonstrated a characteristic cribiform or tufting growth pattern. High-grade PIN was also 

characterized by nuclear atypia and an increased mitotic index. Control animals 

demonstrated approximately 60% incidence of high grade PIN and approximately 40% 
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incidence of low-grade PIN (Fig. 1b). Four control animals demonstrated distinct lymph 

node metastasis. No pulmonary or liver metastases were observed. In contrast, histological 

analysis of age-matched non-transgenic animals demonstrated the presence of approximately 

100% normal prostatic tissue (Fig. 1b). 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.

Histological evaluation revealed that γ-T-enriched mixed tocopherol treatment resulted in 

approximately 50% low grade PIN, approximately 30% high-grade PIN and 20% normal 

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 though the 

underlying fibromuscular sheath in most cases was almost intact. Tumor incidence and 

decrease in PIN levels by γ-T-enriched mixed tocopherol treatment were not a result of 

suppression of SV-40 transgene expression (results not shown).

Suppression of phase II detoxifying enzymes during tumor progression

The 3 enzymes UGT1A1, NQO-1 and GST-M1 were consistently suppressed at 24 weeks 

compared with 8-week old prostate tissue. Both UGT1A1 and GSTM1 showed a slight peak 

in the expression levels at 12 weeks followed by reduced expression at 16 and 24 weeks. 

Conversely, the expression of NQO-1 was relatively high even at 16 weeks but eventually 

was reduced at 24 weeks (Fig. 2a). Similarly, the mRNA levels of both UGT1A1 and 

GSTM1 were reduced at 24 weeks compared to 8 week old samples (Fig. 2b). However the 

mRNA levels of NQO-1 were not significantly reduced.

γ-T-enriched mixed tocopherol diet increases the expression of phase II detoxifying 
enzymes

The γ-T-enriched mixed tocopherol treatment significantly increased the expression levels 

of UGT1A1 and GSTM1. Results are as shown in Figure 3a. No effect was observed on the 

expression levels of NQO-1 (results not shown). Furthermore, immunohistochemical 

staining with GSTM1 antibody confirmed the results from western blotting. The results of 

the immunohistochemistry staining are as depicted in Figure 3b. Tocopherol treatment 

increased the expression of GSTM1 as compared to the control animals. The mean total 

score for control and tocopherol mixture treated slides was 4.9 ± 1.1 and 6 ± 0.6. This 

difference was not found to be statistically significant.

Furthermore, an in vitro assay to determine the catalytic activity of GST was also performed 

to further corroborate the results from expression data. The results are as depicted in Figure 

3c. A comparison with age-matched non-transgenic animals revealed the catalytic activity of 

GST was significantly suppressed in control animals. Treatment with γ-T-enriched mixed 

tocopherols restored the activity significantly.

γ-T-enriched mixed tocopherols induce the expression of antioxidant enzymes

The expression of glutathione peroxidase, heme-oxygenase 1, superoxide dismutase 1 and 

catalase were significantly suppressed in 24 weeks compared with the age-matched non 

transgenic prostate tissue samples. The expression of most of these enzymes with the 
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exception of glutathione peroxidase showed a slight increase in expression at 8 weeks 

followed by complete suppression at 24 weeks. Expression of glutathione peroxidase was 

completely abolished even in the 8 week old TRAMP prostate samples. However treatment 

with γ-T-enriched mixed tocopherol diet significantly increased the expression levels of all 

antioxidant enzymes (Fig. 4).

γ-T-enriched mixed tocopherols induce the expression of Nrf2

Tumorigenesis in TRAMP mice progresses with significant suppression of Nrf2 protein and 

mRNA as depicted in Figure 5a and 5b. Of note, the enhanced expression level of Nrf2 at 12 

weeks of age corresponds well with the increased expression of UGT1A1 and GSTM1 at 12 

weeks as described above. Age advancement in control animals clearly demonstrates low 

expression of Nrf2 compared to age-matched non transgenic animals. γ-T-enriched mixed 

tocopherols significantly upregulated the expression of Nrf2 as demonstrated by western 

blotting and immunohistochemistry staining (Fig. 4c and 4d). The treated mice clearly 

demonstrated a stronger staining for Nrf2, indicative of its increased expression levels of the 

same. The mean scores for control and treated slides were 3.1± 0.8 and 5.2 ± 0.5. This 

difference was found to be statistically significant (p < 0.05).

Discussion

The efficacy of a 0.1% γ-T-enriched mixed tocopherol diet against azoxymethane- induced 

aberrant crypt foci and N-methyl-N-nitrosourea induced mammary tumors has been recently 

reported.11 The present study was undertaken to examine the chemopreventive properties of 

a similar γ-T-enriched mixed tocopherol diet on prostate tumor progression in TRAMP mice 

- a mouse model that closely mimics and captures most pathological and biochemical events 

leading to human prostate cancer. γ-T rich diet significantly attenuated PIN levels and the 

development of tumors. We report that antitumor efficacy of γ-T rich diet is in part due to its 

antioxidant properties. Nrf2 is a redox-sensitive transcription factor that is involved in the 

transcriptional regulation of many detoxifying and antioxidant genes. Under normal 

unstimulated conditions, Nrf2 remains sequestered in the cytoplasm due to actin-bound 

Keap1. It has been shown that treatment with oxidants such as H2O2, oxidative stress or 

electrophiles results in conformational changes due to oxidation of thiol groups present on 

Nrf2/ Keap1 and/or activate upstream signaling cascades causing dissociation of Nrf2 from 

Keap1 and nuclear translocation of Nrf2 molecule leading to enhanced expression of phase 

II detoxifying and antioxidant enzyme expression.20–22 In a recent study, Kode and 

coworkers demonstrated that short term treatment with oxidants from cigarette smoke 

caused dissociation of Nrf2 from Keap1 and nuclear translocation of Nrf2. Long term 

treatment with oxidants, on the other hand, formed protein carbonyl adducts with the 

sulfhydryl groups of Nrf2/Keap1 thereby modulating them in a manner such that Nrf2 failed 

to translocate into the nucleus and thus did not enhance the transcription of detoxifying and 

antioxidant enzymes.23

Since oxidative stress has been shown to be implicated in prostate carcinogenesis, we 

believe that sustained oxidative stress for long periods may suppress instead of enhance the 

expression of Nrf2 as evident from our study. Indeed, we observed that although the 
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expression of Nrf2 and certain phase II detoxifying and antioxidant enzymes were enhanced 

in the prostates of TRAMP mice upto 12 weeks of age, the neoplasms in 24-week old mice 

expressed low to almost nil levels of Nrf2 and its regulated enzymes. Thus sustained 

oxidative stress may lead to concerted suppression of Nrf2 and detoxifying enzymes, leading 

to high-grade PIN and tumor progression in TRAMP mice. Figure 6 portrays this dual role 

played by ROS in modulating Nrf2 protein and thereby carcinogenesis in TRAMP mice. 

The exact mechanism by which enhanced oxidative stress suppresses Nrf2 is currently being 

investigated.

Tissues expressing high levels of GST, UGT1A1 and NQO-1 are often protected from 

cytotoxic damage by electrophiles.24,25 The expression and activities of these enzymes and 

their modulation in tissues that are subjected to physiological or environmental stimuli 

offers an important tool for monitoring the detoxification potential of cellular systems. The 

expression of these detoxifying enzymes was significantly suppressed during PIN 

development and tumor formation in TRAMP mice. On the other hand, treatment with γ-T-

enriched mixed tocopherol diet restored the activity and expression levels of these enzymes, 

perhaps, enhancing the detoxification of ROS and effectively retarding PIN and tumor 

formation. The exact mechanism by which γ-tocopherol exerts these effects is not known. 

However, in light of the knowledge that γ-tocopherol possesses chain breaking properties, it 

may be speculated that it can break oxidative stress induced protein carbonyl adducts 

thereby breaking the Nrf2/Keap1 dissociation and increase translocation of Nrf2 and thereby 

transcription/translation of its related genes.26,27 However detailed biochemical assays are 

necessary to prove such interaction.

Superoxide dismutases are a family of enzymes responsible for the detoxification of 

superoxide free radicals. SODs are expressed in many human tissues including the prostate. 

It has been shown that individuals with homozygous Ala genotype are at a greater risk for 

prostate cancer. Further, this elevation of prostate cancer risk associated with Ala allele was 

particularly observed in smokers with low Vitamin E intake indicating that individuals with 

low antioxidant status are at higher risk for developing PCa.28 It has been shown that 

malignant epithelial cells in prostatic adenocarcinoma express no SOD, GPx and catalase.1,3 

Similarly, Aydin and coworkers have also shown that levels of Cu-Zn SOD and GPx in the 

erythrocytes of prostate cancer subjects were lower than in benign prostate hyperplasia and 

control subjects.29 We have now shown that as age advances in TRAMP mice, SOD, 

catalase and GPx expression is suppressed. With low GPx activity, catalase alone may be 

incapable of detoxifying hydrogen peroxide resulting in an accumulation of the same 

leading to higher production of hydroxy radical. Additionally suppressed SOD causes 

accumulation of superoxide radicals that are notorious in causing deleterious effects at sites 

distant from the tumor. Thus, suppression of SOD, catalase and GPx causes the prostate to 

be predisposed to oxidative insults leading to PIN and tumor formation. Administering γ-T-

enriched mixed tocopherol diet perhaps shifts the redox balance within the prostatic mileu 

ultimately resulting in tumor inhibition.

From the current study, we can infer that tumorigenesis in TRAMP mice occurs with 

progressive suppression of Nrf2 and related phase II detoxifying enzymes UGT1A1 and 

GSTM1 and the antioxidant enzymes heme oxygenase 1, catalase, superoxide dismutase 1 
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and glutathione peroxidase. By exerting an effect on Nrf2 and the antioxidant and 

detoxifying enzymes, γ-T-enriched mixed tocopherol diet perhaps enhanced the 

detoxification of reactive moieties leading ultimately to suppression of PIN and tumor 

development. Based on these findings, we believe that mixed tocopherols, and especially γ-

tocopherol, may have potential as a chemopreventive agent against the development of 

prostate cancer.
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Figure 1. 
γ-T-enriched mixed tocopherol diet suppresses tumorigenesis in TRAMP mice. (a) 

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

of non-transgenic, control and treated mice at 24 weeks of age. The genitourinary apparatus 

was removed en bloc. The dorsolateral prostate was microdissected and analyzed for PIN 

evaluation. (b) Percentage incidence of normal tissue, low grade and high grade PIN 

displayed by non-transgenic, control and γ-T-enriched mixed tocopherol treated 24-week old 

mice. 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 ± S.E. Statistical significance of the difference was analyzed by Chi's square 

test. p values < 0.05 were considered significant. [Color figure can be viewed in the online 

issue, which is available at www.interscience.wiley.com.]
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Figure 2. 
Phase II detoxifying enzymes are suppressed during prostate tumorigenesis in TRAMP 

mice. (a) Western blot analysis of UGT1A1, NQO-1 and GSTM1 in 8, 12, 16 and 24-week 

old TRAMP mice. (b) RT PCR analysis of UGT1A1 (30 cycles), NQO-1 (30 cycles) and 

GSTM1 (30 cycles) in 24-week old non-transgenic, 8 week and 24-week-old TRAMP mice. 

The forward and reverse primers are as described in material and methods.
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Figure 3. 
γ-T-enriched mixed tocopherol diet increases expression of phase II detoxifying enzymes. 

(a) Western blot analysis of UGT1A1 and GSTM1 in 24-week old non-transgenic, 8 week 

and 24-week old TRAMP control and γ-T-enriched mixed tocopherol diet treated samples. 

(b) Immunohistochemical analysis of GSTM1 in control and γ-T-enriched mixed tocopherol 

diet treated 24-week old mice. Bars represent mean ± S.E. of relative total score of GSTM1 

positively stained cells in control and treated 24-week old mice. No statistically significant 

difference was observed between control and treated samples. (c) Catalytic activity of GST 

in non-transgenic, control and treated 24-week old mice. GST activity was determined using 

1-chloro-2,4-dinitrobenzene as a substrate. The reaction product, GSH-DNB conjugate 

absorbs at 340 nm. The rate of increase in absorption is directly proportional to the GST 

activity in the sample. Bars represent mean values. Student's t test was used to evaluate 

significance. *Significantly different compared to non-transgenic. ‡Significantly different 

compared to control. [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Figure 4. 
γ-T-enriched mixed tocopherol diet increases expression of antioxidant enzymes—

hemeoxygenase -1, glutathione peroxidase, catalase, superoxide dismutase. The expression 

of the enzymes was compared between non-transgenic 24 week old, 8-week old TRAMP, 

24-week old TRAMP and treated samples. Actin was used as a loading control.
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Figure 5. 
γ-T-enriched mixed tocopherol diet upregulates the expression redox-sensitive transcription 

factor Nrf2 that is known to mediate the expression pf phase II detoxifying and antioxidant 

enzymes. (a) Western blot analysis of Nrf2 in 8, 12, 16 and 24-week old TRAMP mice. (b) 

RT PCR analysis of Nrf2 (32 cycles) in 24-week old non-transgenic, 8 week and 24-week 

old TRAMP mice. The forward and reverse primers are described in material and methods. 

(c) Western blot analysis of Nrf2 in control and γ-T-enriched mixed tocopherol diet treated 

24-week old TRAMP mice. (d) Immunohistochemical analysis of Nrf2 in control and γ-T-

enriched mixed tocopherol diet treated 24-week old TRAMP mice. Bars represent mean ± 

S.D. of the relative total score of Nrf2 postively stained cells in control and treated sections. 

*Significantly different from control using Students' t test. p value < 0.05 was considered 

significant. [Color figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com.]
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Figure 6. 
A schematic representation of the putative role of reactive oxygen species/oxidative stress 

and its modulation of Nrf2 and related phase II antioxidant and detoxifying enzymes in 

prostate carcinogenesis in TRAMP mice.
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Table 1
γ-T-Enriched Mixed Tocopherols Inhibit Prostate Carcinogenesis

Number of animals Incidence of palpable tumor1
Average wet weight of genitourinary 
apparatus (gm)

Control 17 13/172 3.9 ± 1.23

γ-T-enriched mixed tocopherol 
treated 11 2/112 1.6 ± 0.713

1
Tumors detected by palpation prior to necropsy.

2
Represents the number of animals that showed presence of tumor upon palpation.

Chi's square test was used to compare incidence of tumor between control and treated mice at 24 weeks of age. p values <0.05 were considered 
significant.

3
Numbers represent mean ± S.E. Student's t test was used to evaluate significance.

p values <0.05 were considered significant.
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