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Abstract

Tocopherols, the major forms of vitamin E, are a family of fat-soluble compounds that exist in 

alpha (α-T), beta (β-T), gamma (γ-T) and delta (δ-T) variants. A cancer preventive effect of 

vitamin E is suggested by epidemiological studies. However, past animal studies and human 

intervention trials with α-T, the most active vitamin E form, have yielded disappointing results. A 

possible explanation is that the cancer preventive activity of α-T is weak compared to other 

tocopherol forms. In the present study, we investigated the effects of δ-T, γ-T and α-T (0.2% in 

diet) in a novel colon cancer model induced by the meat-derived dietary carcinogen, 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and promoted by dextran sodium sulfate (DSS)-

induced colitis in CYP1A-humanized (hCYP1A) mice. PhIP/DSS treatments induced multiple 

polypoid tumors, mainly tubular adenocarcinomas, in the middle to distal colon of the hCYP1A 

mice after 10 weeks. Dietary supplementation with δ-T and γ-T significantly reduced colon tumor 

formation and suppressed markers of oxidative and nitrosative stress (i.e., 8-oxo-dG and 

nitrotyrosine) as well as pro-inflammatory mediators (i.e., NF-κB p65 and p-STAT3) in tumors 

and adjacent tissues. By administering δ-T at different time periods, we obtained results 

suggesting that the inhibitory effect of δ-T against colon carcinogenesis is mainly due to 

protection against early cellular and DNA damages caused by PhIP. α-T was found to be 

ineffective in inhibiting colon tumors and less effective in attenuating the molecular changes. 

Altogether, we demonstrated strong cancer preventive effects of δ-T and γ-T in a physiologically 

relevant model of human colon cancer.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancer in both men and women in the 

United States, and its incidence is rapidly increasing in developing countries, where 

populations are adopting Western-style diets [1,2]. While significant progress has been made 

in elucidating the genetic events underlining CRC, the etiology of the disease is still not well 

understood. In addition to age and family history, risk factors for sporadic CRC include 

chronic inflammatory bowel diseases (i.e., ulcerative colitis and Crohn disease), obesity, 

sedentary lifestyle, alcohol consumption, long-term smoking, and a diet high in red or 

processed meat [3]. Although the survival rate has improved substantially in the past 

decades, CRC remains a major public health priority, highlighting the need for improved 

preventive and therapeutic interventions against the disease.

In studying CRC development and prevention, a model relevant to the human disease is 

important. Currently, the most commonly used models for CRC studies are the genetic 

ApcMin mutants and the azoxymethane (AOM) ± dextran sodium sulfate (DSS) chemical-

induced colon carcinogenesis [4]. While these models have proven to be valuable, the 

utilization of genetic manipulation or synthetic chemicals is nonetheless imperfect in 

mimicking actual human CRC initiation and development. Recently, a novel colon 

carcinogenesis model was developed in our laboratory using the meat-derived dietary 

carcinogen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in combination with 

DSS in cytochrome P450 1A-humanized (hCYP1A) mice [5]. PhIP is the most abundant 

heterocyclic amine generated from high-temperature cooking of meat, and its consumption 

has been associated with elevated risk of CRC in epidemiologic studies [6,7]. Because PhIP 

is preferentially activated by human CYP1A2 but detoxified by the murine Cyp1a2, the 

hCYP1A transgenic mice, which replaced murine Cyp1a2 with the human CYP1A2 gene, 

was employed to mimic human metabolism of PhIP [8]. With DSS, which is used 

extensively to produce ulcerative colitis, PhIP/DSS-induced colon carcinogenesis in 

hCYP1A mice is a physiologically relevant model for studying CRC and cancer prevention.

Tocopherols, the major forms of vitamin E, are a family of fat-soluble phenolic compounds 

widely found in vegetable oils and nuts [9]. A cancer preventive activity of vitamin E is 

suggested by several epidemiological studies, and tocopherols have been extensively studied 

due of their antioxidant and anti-inflammatory effects [10–13]. These lipophilic compounds, 

which are comprised of a chromanol ring system and a 16-carbon phytyl tail, exist in alpha 

(α-T), beta (β-T), gamma (γ-T) and delta (δ-T) variants, depending on the number and 

position of the methyl group on the chromanol ring. Because of the higher levels in human 

tissues and superior activity in a classic fertility restoration assay, α-T is recommended as 

vitamin E [14]. Consequently, past animal studies and human intervention trials on vitamin 

E have focused on α-T, but the results have been inconsistent and disappointing, particularly 

in relation to CRC [10]. Of the most recent epidemiologic studies, only 1 of 3 case-control 
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studies and 2 of 7 cohort studies demonstrated an inverse association between 

supplementary α-T vitamin E intake and CRC risk [15-20]. In addition, a mere 1 of 12 

studies in animal models showed a protective effect of α-T on colon tumorigenesis and 

aberrant crypt foci formation [12]. A possible explanation is that the cancer preventive 

activity of α-T is weak compared to other tocopherol forms, such as δ-T and γ-T. Dietary 

supplementation with δ-T and γ-T, but not α-T, have been shown to inhibit the growth of 

mammary tumors induced by N-methyl-N-nitrosourea (NMU) and human lung cancer cells 

transplanted in nude mice [21,22]. Our previous study in an AOM-induced colon 

carcinogenesis model in rats showed that δ-T was most effective in inhibiting the formation 

of aberrant crypt foci, whereas γ-T and γ-T-rich mixture of tocopherols (γ-TmT) were less 

effective and α-T was ineffective [23]. The study was the first clear demonstration of the 

higher cancer preventive activity of δ-T and the ineffectiveness of α-T in animal models of 

colon cancer. However, cancer was not the endpoint of the study.

In the present study, we investigated the cancer preventive effects of δ-T, γ-T and α-T (0.2% 

in diet) in the PhIP-induced and colitis-promoted colon carcinogenesis in hCYP1A mice. 

The dosage of tocopherols used was based on the optimal doses from previous studies [21–

24] and corresponded to the intake of approximately 1 gram of tocopherol for a person 

consuming 500g of diet per day. Colon tumor multiplicity and volume were evaluated in 

mice at 10 weeks after the start of PhIP/DSS treatments to assess the effects of different 

tocopherols. Markers of oxidative and nitrosative stress as well as pro-inflammatory 

mediators were analyzed in the colon tumors and their adjacent tissues. Oxidative and 

nitrosative stress, DNA damage, and apoptosis markers were also analyzed in the early stage 

of colon carcinogenesis.

MATERIALS AND METHODS

Chemicals and Diets

PhIP was obtained from Wako Pure Chemicals (Osaka, Japan) and dissolved in deionized 

water to 20 mg/ml concentration. DSS (molecular weight 35,000–44,000) was purchased 

from MP Biomedicals (Solon, OH) and dissolved in deionized water to 1.5% (wt/vol) before 

given to mice. AIN-93M diet (used as control) and tocopherol-enriched diet were prepared 

by Research Diets (New Brunswick, NJ). The diets were prepared by adding 0.2% δ-T, γ-T 

or α-T to the AIN-93M diet using highly purified d-α-forms of δ-T, γ-T and α-T. δ-T and 

α-T were purified to ≥97% pure from the commercial grade δ-tocopherol and α-tocopherol, 

respectively, from Sigma-Aldrich (St. Louis, MO). γ-T was purified similarly from γ-T-rich 

mixture of tocopherols (Covi-ox T-90 containing 56.1% γ-T, 22.3% δ-T, 11.5% α-T, and 

1.2% β-T) obtained from BASF Corporation (Florham Park, NJ) to ≥97% pure with no 

detectable α-T and δ-T impurities. A CombiFlash Companion XL automated flash 

chromatographic system (Teledyne ISCO, Lincoln, NE) with a RediSep Rf Gold high 

performance flash silica gel column (20–40 μm in particle size) was used for the 

purifications. All diets were stored in sealed plastic bags in boxes at around 4°C and warmed 

to room temperature before use.
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Animal studies and evaluations

All animal experiments were conducted in accordance to the protocol (#02-027) approved 

by the Institutional Animal Care and Use Committee of Rutgers, the State University of New 

Jersey. The hCYP1A mice [Cyp1a2/Cyp1a1tm2Dwn Tg (CYP1A1, CYP1A2)1Dwn/DwnJ 

and C57BL/6J] were purchased from Jackson Laboratories (Bar Harbor, ME) and used as 

founders to establish homozygous breeding colonies in-house. All mice were maintained at 

room temperature and on an alternating 12 h light/dark cycle with water and diet provided 

ad libitum. For the experiments, mice (~5 weeks old) were given the control diet or diet 

supplemented with 0.2% δ-T, γ-T, or α-T starting 1 week before PhIP administration and 

continuing until sacrifice or otherwise specified (Supplementary Figure S1A). An optimized 

treatment regimen from a previous study [5] was used to induce colon carcinogenesis. Two 

doses of PhIP (100 mg/kg b.w.) were administered intragastrically to mice at 3 days apart. 

At 1 week after the initial PhIP administration, the mice were given DSS treatment (1.5% in 

drinking water) for 4 days (Figure S1A). The general health and body weight of mice were 

monitored daily during PhIP and DSS treatments, and then on a weekly basis until sacrifice 

at 10 weeks after the first PhIP administration. To investigate the effects of tocopherols in 

early stages of carcinogenesis, male hCYP1A mice on the control or tocopherol-

supplemented diets were administered a single dose of PhIP (100mg/kg b.w.) and sacrificed 

at 1, 3 and 7 days after dosing. Mice were euthanized by CO2 asphyxiation. Blood was taken 

by cardiac puncture for serum extraction. Entire mouse colon was excised and cleansed with 

phosphate-buffered saline before thorough evaluation for tumors. Visible tumors were 

carefully measured under a dissecting microscope with a digital caliper, and tumor volumes 

(mm3) were calculated using the formula V = 4/3πr3, where r is average radius of tumor. 

After evaluation, the colons were frozen or fixed in 10% buffered formalin before processed 

and embedded in paraffin.

Immunohistochemistry

Immunohistochemical analysis was carried out using 4 μm paraffin-embedded sections of 

mouse colon. A standard avidin–biotin peroxidase complex method was employed. Briefly, 

deparaffinized sections on glass slides were heated in a microwave oven for antigen retrieval, 

endogenous peroxidase was quenched using 3% H2O2, and tissue sections were incubated at 

4°C overnight with primary antibodies. Biotinylated secondary antibody and Vectastain Elite 

ABC reagent (Vector Laboratories, Burlingame, CA) were applied with 3, 3′-
diaminobenzidine. Sections were then counterstained with hematoxylin. Primary antibodies 

used in the study included: anti-8-oxo-deoxyguanosine (8-oxo-dG) (mouse monoclonal; 

JalCA), anti-nitrotyrosine (rabbit polyclonal; Millipore), anti-Nuclear Factor Kappa B p65 

subunit (NF-κB p65) (rabbit polyclonal, Abcam), anti-phospho-STAT3 (p-STAT3) (rabbit 

monoclonal, Cell Signaling Technology), anti-phospho-Histone H2AX (γH2AX) (rabbit 

monoclonal, Cell Signaling Technology), and anti-cleaved caspase-3 (rabbit polyclonal, Cell 

Signaling Technology). The number of positively stained cells and total number of cells 

were quantified using the Aperio ScanScope GL system (Vista, CA). About 10,000–30,000 

cells from colon tumors or adjacent tissues were analyzed per mouse.
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Tocopherol analysis

For the analysis of tocopherol levels in serum and colon tissues, a modification of our 

previous method was used [22]. Briefly, each sample (20 μL) was mixed with 130 μL of 

0.1% ascorbic acid and 150 μL of 100% ethanol. The mixture was extracted twice with 1 mL 

of hexane and the supernatant dried in a Savant Speedvac SC110 centrifugal vacuum 

concentrator (Thermo Scientific, Waltham, MA). The residue was reconstituted in 100 μL 

methanol, injected onto high-performance liquid chromatography equipped with a 

Supelcosil C18 reversed-phase column, and eluted with a mobile phase consisting of Solvent 

A (acetonitrile/methanol/water, 280/40/680, v/v/v, containing 30 mmol/L of lithium acetate 

and adjusted to pH 4.0 with trifluroacetic acid) and Solvent B (acetonitrile/methanol/water, 

840/130/30, v/v/v, containing 15 mmol/L of lithium acetate and adjusted to pH 4.0 with 

trifluroacetic acid). The eluent was monitored with an ESA 5600A Coulochem electrode 

array system (Bedford, MA). The concentration of the analyte in each of the elution peak 

was determined by comparing the peak height with that of the standard sample.

Statistical analysis

Results were analyzed using the GraphPad Prism (GraphPad, CA) software. Two-tailed 

Student’s t-test was used to determine the difference between two groups in the tocopherol 

concentrations, tumor multiplicity, and immunostaining in the PhIP/DSS-treated hCYP1A 

mice. One-way ANOVA followed by Dunnett’s post hoc test was used to compare the 

differences in tumor multiplicity and immunostainings of tumors and adjacent tissues 

between the controls and tocopherol-supplemented groups. One-way ANOVA followed by 

Tukey’s post hoc test was used to compare the differences in immunostainings between the 

controls and tocopherol-supplemented groups in the early time points. Differences were 

considered statistically significant when P < 0.05.

RESULTS

Effects of PhIP/DSS treatments and different tocopherols on the health of hCYP1A mice

Male hCYP1A mice on the control or tocopherol-supplemented diets appeared healthy with 

normal body weight gain. PhIP administrations and DSS treatment caused an overall ~10% 

decrease in mouse body weight (Supplementary Figure S1B). Compared to the control diet 

group, lesser reductions in body weight were observed in the tocopherol-supplemented 

groups. Treatment with only PhIP or DSS resulted in ~5% or ~10% body weight reduction, 

respectively (data not shown). No death occurred as a result of PhIP and/or DSS toxicity, 

contrary to previous studies in which PhIP/DSS treatments resulted in death of a small 

percentage of mice [5]. Rectal bleeding was observed at 3 or 4 days of DSS treatment, but 

ceased a few days after DSS treatment was stopped. The body weight in all groups 

recovered after DSS cessation and assumed normal weight gain until sacrifice 

(Supplementary Figure S1B). The body weight trend is consistent with our previous study 

and other carcinogenesis models with PhIP and DSS [5,25,26].

In PhIP/DSS-treated hCYP1A mice, dietary tocopherol supplementations resulted in 

significant changes in their levels in the serum and colon tissues (Table 1). Supplementation 

with δ-T increased δ-T concentrations by 2.5-fold (P = 0.009) in the serum and 14.0-fold (P 
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= 0.001) in the colon tissues. γ-T supplementation increased γ-T concentration by 2.7-fold 

(P = 0.003) in the serum and 5.8-fold (P < 0.001) in the colon tissues, whereas α-T 

supplementation increased α-T concentration by 3.9-fold (P < 0.001) in the serum and 3.4-

fold (P < 0.001) in the colon tissues. A significant difference in γ-T concentrations were 

observed between the two control diet groups. However, the exact reason for the difference 

is unclear. δ-T (and γ-T) is known to be extensively metabolized by side-chain degradation 

[10]. The serum and colon tissue levels of the two major metabolites, carboxyethyl 

hydroxychroman (CEHC) and carboxymethylbutyl hydroxychroman (CMBHC), were 

measured in the set of experiments with δ-T. In δ-T-supplemented mice, serum 

concentrations of δ-CEHC (1.41 μmol/L) and δ-CMBHC (3.28 μmol/L) were 2 and 4.7 

times that of the δ-T concentration (0.70 μmol/L), respectively. In the colon, much higher 

levels of δ-CEHC (26.81 μmol/kg) and δ-CMBHC (49.02 μmol/kg) were detected, which 

were 5.5 and 9.4 times that of the δ-T level (5.03 μmol/kg), respectively. The high levels of 

δ-T and its metabolites may be important for the colon cancer preventive activity.

Dietary tocopherols inhibit PhIP/DSS-induced colon tumorigenesis in male hCYP1A mice

PhIP/DSS treatments induced multiple polypoid tumors, mainly tubular adenocarcinomas, in 

the middle to distal colon of the hCYP1A mice at 10 weeks after administration of PhIP 

(Supplementary Figure S1C & S1D). To study the effects of different tocopherols on PhIP/

DSS-induced colon carcinogenesis, male hCYP1A mice were given the control diet or 0.2% 

tocopherol-supplemented diet at one week before PhIP administration, and the development 

of colon tumors was evaluated at 10 weeks after PhIP administration (Supplementary Figure 

S1A, Experiment #1). Due to limited numbers of hCYP1A mice from our breeding colony, 

δ-T diet was examined first and then γ-T and α-T were studied. Significant reduction in 

colon tumor multiplicity was found in the δ-T and γ-T diet groups, but not in the α-T diet 

group (Figure 1A). The δ-T-supplemented diet reduced colon tumor numbers by 64% (P < 

0.001). Supplementation with γ-T produced a moderate 45% reduction (P < 0.040), whereas 

α-T produced a 21% reduction that was not statistically significant. No statistical difference 

in tumor volume was observed in all tocopherols-supplemented groups in comparison with 

their respective control (Figure 1B).

To further explore the cancer preventive effect of δ-T in PhIP/DSS-induced colon 

carcinogenesis, male hCYP1A mice were divided into 3 groups and were given: Group 1, 

the control diet only; Group 2, the 0.2% δ-T-supplemented diet at first before switching to 

the control diets immediately after finishing the DSS treatment; and Group 3, the control 

diet at first before switching to the 0.2% δ-T-supplemented diet immediately after finishing 

the DSS treatment (Supplementary Figure S1A, Experiment #2). At 10 weeks after PhIP 

administration, the mice in Group 2 demonstrated a modest 44% (P < 0.048) reduction in 

tumor multiplicity, compared to mice in Group 1 (Figure 1C). A lesser reduction of 22% was 

observed in mice in Group 3. No statistical difference in tumor volume was found (Figure 

1D). These results demonstrate the effectiveness of δ-T and γ-T and suggest that tocopherol 

supplementation is more effective when given before and during PhIP/DSS treatments.
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Dietary tocopherols suppress oxidative and nitrosative stress and pro-inflammatory 
markers in colon tumors and adjacent tissues

Oxidative stress and inflammation are widely known to be key contributing factors to colon 

carcinogenesis [27–30]. Here, we assessed markers of oxidative and nitrosative stress and 

inflammation by measuring levels of 8-oxo-dG and nitrotyrosine as well as the pro-

inflammatory mediators, NF-κB p65 and p-STAT3, in the colon tumors and adjacent tissues.

Both 8-oxo-dG and nitrotyrosine were found to be highly elevated in the PhIP/DSS-induced 

colon tumors and adjacent tissues, and dietary tocopherols supplementation with 

significantly suppressed the levels of 8-oxo-dG and nitrotyrosine (Figure 2A & C, also 

Supplementary Figure S2). Supplementation with δ-T, γ-T and α-T attenuated the 8-oxo-dG 

staining by a respective 49% (P < 0.001), 35% (P < 0.001) and 25% (P = 0.003) in the 

tumors and 50% (P < 0.001), 42% (P < 0.002) and 28% (P = 0.003) in the adjacent tissues 

(Figure 2B). Similarly, δ-T, γ-T and α-T supplementation attenuated the nitrotyrosine 

staining by a respective 47% (P < 0.001), 41% (P < 0.001), and 30% (P = 0.005) in the 

tumors and 50% (P < 0.001), 45% (P < 0.001) and 31% (P = 0.005) in the adjacent tissues 

(Figure 2D). The results indicate that dietary δ-T and γ-T were more effective than α-T in 

inhibiting oxidative and nitrosative stress in the colon.

NF-κB p65 and p-STAT3 were also found to be highly elevated in colon tumors and tissues 

of mice, and dietary supplementation with δ-T and γ-T, but not α-T, significantly 

suppressed the elevated levels of both NF-κB p65 and p-STAT3 (Figure 2E & G, also 

Supplementary Figure S2). δ-T and γ-T supplementation attenuated of levels of NF-κB p65 

by a respective 35% (P < 0.001) and 39% (P < 0.001) in the tumors and 30% (P = 0.034) and 

38% (P < 0.001) in the adjacent tissues (Figure 2F & H). Similarly, δ-T and γ-T 

supplementation attenuated of levels of p-STAT3 by a respective 36% (P < 0.001) and 44% 

(P < 0.001) in the tumors and 21% (P = 0.010) and 30% (P = 0.003) in the adjacent tissues 

(Figure 2F & H). In contrast, α-T attenuated levels of NF-κB p65 and p-STAT3 levels by a 

mere 14–16% in the tumors and adjacent tissues and was not statistically significant. These 

results indicate that δ-T and γ-T, but not α-T, are effective in suppressing inflammatory 

markers in the colon.

Dietary δ-T and γ-T protect against cellular and DNA damages, and enhance apoptosis in 
early stage of colon carcinogenesis

The results of the above experiments suggest that the effects of tocopherols in the early 

stages of PhIP/DSS carcinogenesis may be vital to their cancer preventive effects. To 

investigate possible protective role of tocopherols in the initiation stage of colon 

carcinogenesis, control or tocopherol-supplemented mice were administered with a single 

dose of PhIP and sacrificed at 1, 3 and 7 days after PhIP administration. In addition to 8-

oxo-dG and nitrotyrosine, levels of γH2AX and cleaved caspase-3 were measured in the 

colon tissues.

Compared to vehicle-treated mice, highly elevated levels of 8-oxo-dG and nitrotyrosine 

stainings were found in the colon mucosa of PhIP-treated mice on the control diet, and 

dietary supplementation with δ-T and γ-T, but not α-T, significantly lowered the levels of 8-
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oxo-dG and nitrotyrosine (Figure 3A & B). δ-T supplementation decreased 8-oxo-dG 

staining by 35% (P < 0.001) at day 1, 53% (P = 0.002) at day 3, and 51% (P = 0.003) at day 

7, while γ-T supplementation decreased 8-oxo-dG staining by 32% (P = 0.001) at day 1, 

47% (P = 0.005) at day 3, and 49% (P = 0.004) at day 7 (Figure 3C). Likewise, δ-T 

supplementation decreased nitrotyrosine staining by 42% (P = 0.002) at day 1, 45% (P = 

0.004) at day 3, and 41% at day 7, while γ-T supplementation decreased nitrotyrosine 

staining by 47% (P < 0.001) at day 1, 51% (P = 0.001) at day 3, and 47% at day 7 (Figure 

3D). α-T supplementation, on the other hand, decreased both 8-oxo-dG and nitrotyrosine 

staining by 21% or less and was not statistically significant. In comparison to α-T, δ-T was 

significantly different in reducing 8-oxo-dG staining (P = 0.043) and γ-T was significantly 

different in reducing nitrotyrosine staining (P = 0.035) on day 3.

γH2AX, a sensitive marker of DNA damage and subsequent repair, was elevated in the 

colon mucosa of PhIP-treated mice with strong nuclear-positive staining in the luminal and 

basal epithelia of colonic crypts (Figure 4A). Dietary supplementation with δ-T and γ-T, but 

not α-T, significantly lowered the level of γH2AX. δ-T supplementation decreased γH2AX 

staining by 25% at day 1, 53% (P < 0.001) at day 3, and 60% (P < 0.001) at day 7, while γ-

T supplementation decreased staining by 26% at day 1, 46% (P < 0.001) at day 3, and 51% 

(P = 0.001) at day 7 (Figure 4B). In contrast, α-T supplementation decreased γH2AX 

staining by less than 19% in the early time points and was not statistically significant. 

Compare to α-T, δ-T was significantly different in reducing γH2AX staining on day 3 (P = 

0.036) and 7 (P = 0.008).

Cleaved caspase-3, a marker of apoptosis, was detected in the basal epithelial cells of 

colonic crypts of PhIP-treated mice at day 1 and day 3 (Figure 4C). Dietary supplementation 

with δ-T and γ-T increased the level of cleaved caspase-3 significantly by a respective 61% 

(P = 0.005) and 65% (P = 0.008) at day 1 and marginally by a respective 43% and 40% at 

day 3, before diminishing to baseline levels at day 7 (Figure 4D). α-T supplementation 

failed to change the cleaved caspase-3 levels in the early time points. Compare to α-T, δ-T 

and γ-T was significantly different in increasing cleaved caspase-3 on day 1 (P = 0.010 and 

P = 0.006, respectively). Together, these results suggest that δ-T and γ-T inhibit PhIP/DSS-

induced colon carcinogenesis involves protection against early PhIP-induced cellular and 

DNA damages on the colon mucosa.

DISCUSSION

In studying cancer prevention, a relevant model to the human disease is important. In the 

present study, we evaluated the effects of different tocopherols using a novel colon 

carcinogenesis model induced by a meat-derived carcinogen and promoted by colitis, both 

of which are well-recognized risk factors for human CRC. The PhIP/DSS colon 

carcinogenesis model in hCYP1A mice provides a valuable experimental system for 

studying CRC and evaluating possible cancer preventive agents. The current model is further 

optimized for colon tumorigenesis from the previous publication [5]. Instead of one high 

dose (200mg/kg) of PhIP and 7 days of DSS treatments, hCYP1A mice in this study were 

administered two lower doses (100mg/kg) of PhIP at 3 days apart and treated with DSS for 

four days. These treatment changes not only improved the health of the mice considerably, 
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but also increased colon tumor incidence to 100% (from previous ~86%) and multiplicity to 

~6 tumors per mouse (from previous ~4 tumors). The increased tumor incidence in mice 

may be attributed to longer exposure to the PhIP carcinogen, which leads to greater 

likelihood of cells acquiring key mutations that drive the PhIP/DSS colon carcinogenesis 

[31].

In our study, dietary supplementation with δ-T and γ-T, but not α-T, significantly inhibited 

colon tumor multiplicity in the male hCYP1A mice. To our knowledge, this is the first 

demonstration of the strong inhibitory effects of δ-T and γ-T in an in vivo mouse model of 

colon cancer. The potency of δ-T and γ-T is consistent with previous studies using different 

tocopherols in AOM-induced colon carcinogenesis in male F344 rats, NMU-induced 

mammary carcinogenesis in female Sprague-Dawley rats, and lung cancer H1299 cell 

xenograft model in nude mice [21–23]. Our study also revealed that δ-T works effectively 

when given to mice before and during PhIP/DSS treatments, but not after. This finding 

suggests that tocopherol supplementation inhibits early stages of colon carcinogenesis, 

which has not been explored in previous studies with tocopherols.

In addition to males, we also evaluated the effects of different tocopherols in the female 

hCYP1A mice and found no statistically significant difference between the control and 

tocopherol-supplemented groups (Supplementary Figure S3). The PhIP/DSS-treated female 

mice also exhibited slightly fewer colon tumors (~4 tumors per mouse) than the male mice 

(~6.5 tumor per mouse) on the control diet. While the null effect of tocopherols in female 

mice is unclear, studies have shown that females produced less colon tumors than males in 

the ApcPirc/+ mutant rats and chemical-induced mouse models, suggesting the disparity may 

be the result of indirect tumor-promoting effects of testosterone [32–34]. Estrogen has also 

been purported to exert a protective role in CRC based on several lines of experimental, 

epidemiologic and clinical evidences [35,36]. In humans, an overall 30–40% lower CRC 

incidence rate in women have been attributed to gender-related differences in exposure to 

hormones and risk factors [37,38]. To explore the dissimilar effect between the sexes, further 

studies are warranted.

The antioxidant and anti-inflammatory activities of tocopherols have been the most studied 

mechanisms of their cancer preventive effect [10,11]. In the PhIP/DSS-induced colon tumors 

and adjacent tissues, dietary δ-T and γ-T supplementations attenuated the levels of 8-oxo-

dG and nitrotyrosine as well as NF-κB p65 and p-STAT3, while α-T was less or not 

effective. These results are consistent with the previous findings that δ-T and γ-T 

significantly suppressed oxidative and nitrosative stress in lung, mammary and colon cancer 

models and inflammation in a colon cancer model [21–23]. As effective antioxidants, 

tocopherol inhibition on 8-oxo-dG and nitrotyrosine are primarily due to their ability to 

quench reactive oxygen and nitrogen species (RONS) generated from PhIP/DSS treatments. 

These activities likely also contribute to their anti-inflammatory activities as RONS are pro-

inflammatory [39]. However, the exact mechanisms of NF-κB p65 and p-STAT3 inhibition 

by tocopherols remain to be elucidated. Nevertheless, this is the first demonstration of 

inhibitory activities of tocopherols on NF-κB p65 and p-STAT3 pro-inflammatory mediators 

in an animal model of colon cancer.
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To elucidate the mechanism of inhibition by tocopherols on PhIP/DSS-induced colon 

carcinogenesis, we investigated the effects of tocopherols on early molecular changes caused 

by the PhIP administration. Our study showed that dietary δ-T and γ-T, but not α-T, 

significantly reduced levels of 8-oxo-dG, nitrotyrosine and γH2AX, and enhanced the pro-

apoptotic cleaved caspase-3 during the early time points after PhIP administration. These 

results correspond to the extent of inhibition by the different tocopherols on PhIP/DSS-

induced colon tumorigenesis. Apparently, large amounts of RONS were produced after PhIP 

treatment. The protective effects of δ-T and γ-T were manifested in the reductions of 8-oxo-

dG, nitrotyrosine and γH2AX. These inhibitory activities at the early stages of 

carcinogenesis could significantly decrease colon tumor formation observed at the later 

stage. The ineffectiveness of α-T could be due to the presence of 5-methyl group on the 

chromanol ring, which is less active in quenching RONS than δ-T and γ-T with their 5-

position unmethylated. In addition to the action of δ-T and γ-T, their side-chain degradation 

metabolites, CEHC and CMBHC, which retain the intact chromanol ring structure and can 

get into the cytosol and nucleus, could also play a role in quenching RONS in the colon. 

Indeed, high levels of δ-T and even higher levels of its metabolites were found in colon 

tissues. Additionally, other molecular mechanisms, such as inhibition of Akt cell survival 

pathway and activation of PPAR-γ, Nrf2 or apoptotic pathways, could also contribute to the 

inhibition of tumorigenesis at the tumor promotion stage [21,40].

In summary, we demonstrated that δ-T and γ-T supplementation at 0.2% in diet 

significantly inhibited PhIP-induced and colitis-promoted colon carcinogenesis in a relevant 

model of human colon cancer. Dietary δ-T and γ-T significantly reduced colon tumor 

formation and suppressed oxidative and nitrosative stress as well as pro-inflammatory 

mediators in tumors and adjacent tissues. The inhibitory effect of δ-T and γ-T against colon 

carcinogenesis appears to be mainly due to the protection against early cellular and DNA 

damages caused by PhIP at the initiation stage of carcinogenesis. γ-T is the most abundant 

vitamin E form in our diet, mostly from vegetable oils and nuts. δ-T is also abundant in 

soybean and other oils. The strong cancer preventive activities of δ-T and γ-T suggest that 

these compounds have a potential of daily use for the prevention of CRC, and this possibly 

remains to be further studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

α-T alpha-tocopherol

β-T beta-tocopherol

γ -T gamma-tocopherol

δ-T delta-tocopherol

PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

DSS dextran sodium sulfate

hCYP1A cytochrome P450 1A-humanized

CRC colorectal cancer

AOM azoxymethane

γ-TmT a γ-T rich mixture of tocopherols

NMU N-methyl-N-nitrosourea

8-oxo-dG 8-oxo-deoxyguanosine

NF-κB p65 Nuclear Factor Kappa B p65 subunit

p-STAT3 phospho-STAT3

γH2AX phospho-Histone H2AX

CEHC carboxyethyl hydroxychroman

CMBHC carboxymethylbutyl hydroxychroman

RONS reactive oxygen and nitrogen species
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Figure 1. Inhibitory effect of different tocopherols on PhIP/DSS-induced colon tumorigenesis in 
male hCYP1A mice
A, dietary supplementation with δ-T and γ-T significantly reduced tumor multiplicity in 

male mice (Means ± SD for groups from left to right: 0, 0, 7.3±2.3, 2.7±2.2, 5.8±2.9, 

3.2±1.6, and 4.6±2.5, respectively). B, dietary tocopherol supplementation did not alter 

tumor volumes (Means ± SD for groups from left to right: N/A, N/A, 18.7±17.6, 17.0±14.7, 

19.5±13.7, 17.9±16.6, and 20.2±18.4, respectively). C, δ-T supplementation before (and not 

after) PhIP/DSS treatment significantly reduced tumor multiplicity in male mice (Means ± 
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SD for groups from left to right: 6.4±2.2, 3.6 ±1.7, and 5.4±2.3, respectively). D, δ-T 

supplementation before or after PhIP/DSS treatment did not alter tumor volumes (Means ± 

SD for groups from left to right: 18.9±14.0, 16.8±12.0, and 16.7±13.9, respectively). 

Statistical analysis was done using two-tailed Student’s t-test or ANOVA-Dunnett 

(***P<0.001, **P<0.01, *P<0.05).
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Figure 2. Dietary tocopherols suppress oxidative and nitrosative stress and pro-inflammatory 
mediators in the PhIP/DSS-induced colon tumors and adjacent tissues
A & C, representative micrographs showing that δ-T and γ-T supplementations were more 

effective than α-T in attenuating the levels of 8-oxo-dG and nitrotyrosine, respectively, in 

the colon tumors and adjacent tissues. B & D, quantitative analysis of 8-oxo-dG and 

nitrotyrosine immunostaining, respectively, in the colon tumors and adjacent tissues. E & G, 

representative micrographs showing that δ-T and γ-T supplementation, but not α-T, 

significantly attenuated the levels of NF-κB and p-STAT3, respectively, in the colon tumors 

and adjacent tissues. F & H, quantitative analysis of NF-κB and p-STAT3 immunostaining, 

respectively, in the colon tumors and adjacent tissues. Scale bar represents 50μm. Data 

Chen et al. Page 16

Mol Carcinog. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presented as mean ± SD (n=5). Statistical analysis was done using two-tailed Student’s t-test 

or ANOVA-Dunnett (***P<0.001, **P<0.01, *P<0.05).
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Figure 3. Dietary δ-T and γ-T reduce 8-oxo-dG and nitrotyrosine in colon mucosa of PhIP-
treated mice at the early time points
A and C, representative micrographs of 8-oxo-dG and nitrotyrosine immunostaining, 

respectively, showing weak nuclear-positive staining in vehicle-treated mice on control diet, 

strong staining in PhIP-treated mice on control diet, and lowered levels of staining by δ-T or 

γ-T in PhIP-treated mice at 1, 3 and 7 days after PhIP administration. B and D, quantitative 

analysis of the 8-oxo-dG and nitrotyrosine immunostaining, respectively, of vehicle-treated 

mice and PhIP-treated mice on control (Ctrl), δ-T-, γ-T- and α-T-supplemented diets. Scale 
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bar represents 50μm. Data presented as mean ± SD (n=4–5). Statistical analysis was done 

using ANOVA-Tukey’s test.
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Figure 4. Dietary δ-T and γ-T reduce γH2AX and enhance cleaved caspase-3 in colon mucosa of 
PhIP-treated mice at the early time points
A, representative micrographs of γH2AX immunostaining showing weak nuclear-positive 

staining in vehicle-treated mice on control diet, strong staining in PhIP-treated mice on 

control diet, and lowered levels of staining in PhIP-treated mice on δ-T or γ-T diet at 1, 3 

and 7 days after PhIP administration. B, quantitative analysis of γH2AX immunostaining of 

vehicle-treated mice (V) and PhIP-treated mice on control (Ctrl), δ-T-, γ-T- and α-T-

supplemented diets. C, representative micrographs of cleaved caspase-3 immunostaining 
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showing negligible staining in vehicle-treated mice on control diet, mild staining in PhIP-

treated mice on control diet, and increased levels of staining in PhIP-treated mice on 0.2% δ-

T or γ-T-supplemented diet at day 1 PhIP administration. D, quantitative analysis of cleaved 

caspase-3 immunostaining, respectively, of vehicle-treated mice (V) and PhIP-treated mice 

on control (Ctrl), δ-T-, γ-T- and α-T-supplemented diets. Scale bar represents 50μm. Data 

presented as mean ± SD (n=4–5). Statistical analysis was done using ANOVA-Tukey’s test.
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