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Abstract
Tocopherol, a member of the vitamin E family, consists of four forms designated as α, β, γ, and δ.
Several large cancer prevention studies with α-tocopherol have reported no beneficial results, but
recent laboratory studies have suggested that δ- and γ-tocopherol may be more effective. In two
different animal models of breast cancer, the chemopreventive activities of individual tocopherols
were assessed using diets containing 0.3% of tocopherol (α-, δ- or γ-) or 0.3% of a γ-tocopherol
rich mixture (γ-TmT). While administration of tocopherols did not prevent human epidermal
growth factor receptor 2 (HER2/neu)-driven tumorigenesis, δ- and γ-tocopherols inhibited
hormone-dependent mammary tumorigenesis in N-methyl-N-nitrosourea (NMU)-treated female
Sprague Dawley rats. NMU-treated rats showed an average tumor burden of 10.6 ± 0.8 g in the
control group at 11 weeks, whereas dietary administration of δ- and γ-tocopherols significantly
decreased tumor burden to 7.2 ± 0.8 g (p<0.01) and 7.1 ± 0.7 g (p<0.01), respectively. Tumor
multiplicity was also reduced in δ- and γ-tocopherol treatment groups by 42% (p<0.001) and 32%
(p<0.01), respectively. In contrast, α-tocopherol did not decrease tumor burden or multiplicity. In
mammary tumors, the protein levels of pro-apoptotic markers (BAX, cleaved-caspase 9, cleaved-
caspase 3, cleaved-PARP) were increased, while anti-apoptotic markers (Bcl2, XIAP) were
inhibited by δ-tocopherol, γ-tocopherol and γ-TmT. Furthermore, markers of cell proliferation
(PCNA, PKC α), survival (PPARγ, PTEN, phospho-Akt) and cell cycle (p53, p21) were affected
by δ- and γ-tocopherols. Both δ- and γ-tocopherols, but not α-tocopherol, appear to be promising
agents for the prevention of hormone-dependent breast cancer.
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INTRODUCTION
Breast cancer is the most frequently diagnosed malignancy and a leading cause of cancer
death among women (1). Lifestyle risk factors for breast cancer include obesity, lack of
exercise, alcohol, and diet high in saturated fat (1, 2). A poor diet is estimated to be
responsible for 15% to 35% of all cancer deaths (3). Vitamins and phytochemicals from
fruits and vegetables may play a significant role in the prevention of cancer (4).
Micronutrients may control intracellular events such as antioxidant activity, anti-
inflammatory activity, and induction of apoptosis to reduce carcinogenesis (5).

Vitamin E is a fat-soluble antioxidant which consists of four tocopherols and four
tocotrienols and has been suggested to reduce cancer risk (6). Tocopherols have a saturated
phytyl tail while tocotrienols have an unsaturated isoprenoid side chain which contains 3
double bonds (6). On the chromanol ring, the four variants (α-, β-, γ-, δ-) are determined by
the number and position of methyl groups. Tocopherols are able to efficiently quench lipid
free radicals because of the phenolic group in the chromanol ring (7). Structural differences
in the chromanol ring may be responsible for the variation in activity of each individual
tocopherol form. α-Tocopherol (trimethylated) is expected to be a more potent hydrogen
donor and has superior antioxidant activity than either γ-tocopherol (dimethylated) or δ-
tocopherol (monomethylated) (8, 9). However, γ- and δ-tocopherols lack a methyl group at
the 5-position on the chromanol ring, and are more effective at trapping reactive nitrogen
species than α-tocopherol (9).

α-Tocopherol is known as the classic vitamin E because of its important role in the fertility
restoration assay (10). However, α-tocopherol is not synonymous with vitamin E, and
results from human intervention studies conducted with α-tocopherol are inconclusive. The
Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study examined the
prevention of lung and other cancers with supplementation of all-racemic-α-tocopherol
acetate (50 mg/day) and β-carotene (20 mg/day) daily, and reported no effect of α-
tocopherol supplementation on lung or colorectal cancer (11, 12). However, the ATBC study
found that males supplemented with α-tocopherol had 32% lower prostate cancer incidence
and 41% reduction in prostate cancer deaths (13). The Women’s Health Study (WHS)
administered 600 IU of natural-source vitamin E every other day for over 10 years. The
WHS observed no overall benefit with supplementation in the prevention of cancer, but
showed decreased cardiovascular mortality in healthy women (14). The Selenium and
Vitamin E Cancer Prevention Trial (SELECT) using selenium (200 µg/day) and/or all
racemic-α-tocopheryl acetate (400 IU/day) did not prevent prostate cancer with either agent
alone or in combination (15). Interestingly, it was noted that the high dose of α-tocopherol
decreased plasma γ-tocopherol levels and possibly limited cancer preventive and anti-
inflammatory effects of γ-tocopherol (15). Previous intervention trials have utilized
primarily α-tocopherol, not δ- or γ-tocopherol, for chemoprevention (13–18). More
research is needed on each form of tocopherol to determine their respective
chemopreventive activity.

We have previously demonstrated that administration of a diet containing 0.1%, 0.3% or
0.5% of a γ-tocopherol rich mixture (γ-TmT) suppressed mammary tumor growth in N-
methyl-N-nitrosourea (NMU)-induced rat model (19). In addition, we reported that 0.3%
and 0.5% γ-TmT administered to ACI rats with implanted estrogen pellets inhibited cell
proliferation in mammary hyperplasia (20). In the present study, we selected a single dose of
0.3% tocopherol in the diet to compare the efficacies of individual forms on two different
animal models of mammary tumorigenesis. In the MMTV/ErbB2/neu transgenic mouse
model over-expressing HER-2, tocopherols did not have long term protective effects, while
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in the NMU-treated rat model, representing mainly estrogen-receptor positive breast cancer,
δ- and γ-tocopherol, but not α-tocopherol, inhibited mammary growth.

MATERIALS AND METHODS
Animals and experimental procedures

Female MMTV/ErbB2/neu transgenic mice at 6-7 weeks old were purchased from Jackson
Laboratory (Bar Harbor, ME). At 12 weeks of age, the mice received AIN-93M control diet
or AIN-93M diets containing 0.3% tocopherols (α-, δ-, γ-, or γ-TmT) (n= 28 per group).
The body weight and tumor size of each animal were measured weekly. The mice were
sacrificed at 55 weeks of age and the tumors were weighed at necropsy. Mammary glands,
mammary tumors, and lungs were stored for further analyses. Serum was collected after
centrifugation of clotted blood samples.

Female Sprague-Dawley rats were purchased from Taconic Farms (Hudson, NY) and were
treated with a single intraperitoneal injection of the carcinogen NMU (50 mg/kg body
weight) at 21 ± 1 days of age. One week after NMU injection, rats were fed AIN-93M
control diet or AIN-93M diets containing 0.3% tocopherols (α-, δ-, γ-, or γ-TmT) (n=30
per group). Body weight and tumor volume were measured weekly. The rats were sacrificed
11 weeks after NMU injection. The mammary glands and mammary tumors were harvested,
fixed in 10% formalin and transferred to 70% ethanol or flash frozen and stored in −80°C.
Blood was collected by cardiac puncture immediately prior to necropsy; serum was prepared
and stored at −80°C. All animal studies were done in accordance with an institutionally-
approved protocol.

Diets
Semipurified modified AIN-93M diet was obtained from Research Diets Laboratory (New
Brunswick, NJ) and used as the control diet. The test diets were prepared by Research Diets
Laboratory by adding 0.3% α-tocopherol, δ-tocopherol, γ-tocopherol or γ-TmT to the
AIN-93M diet. γ-TmT was supplied by the Cognis Corporation (Kankakee, IL) and
contained 57% γ-tocopherol, 24% δ-tocopherol, 13% α-tocopherol and 1.5% β-tocopherol.
γ-Tocopherol was purified from γ-TmT by silica gel chromatography to a purity of 97%,
with no detectable α- and δ-tocopherol. δ-Tocopherol (containing 94% δ-tocopherol, 5.5%
γ-tocopherol and 0.5% α-tocopherol) and α-tocopherol (containing 69.7% α-tocopherol,
2.6% γ-tocopherol and 0.2% δ-tocopherol) were purchased from Sigma-Aldrich (St. Louis,
MO). The diets were stored at 4°C and the food was replenished with fresh pellets twice
weekly.

Serum estradiol levels
Estradiol (E2) levels in the serum were analyzed using an EIA kit from Enzo Life Sciences
International, Inc (Plymouth Meeting, PA). Serum samples were purified and the assay was
performed according to the manufacturer’s protocol.

Analysis of tocopherols in rat serum, mammary glands and mammary tumors
Serum, mammary glands and mammary tumors were analyzed by high performance liquid
chromatography for tocopherol (α-, δ-, γ-) and short chain metabolite, carboxyethyl
hydroxychroman (CEHC), levels as previously described (19, 21).

Immunohistochemical analysis
Mammary glands and tumors were processed and stained as previously described (20).
Sections were immunostained with antibodies to 8-hydroxy-2'-deoxyguanosine (8-oxo-dG)
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(JaICA/GENOX Corporation, Baltimore, MD), nitrotyrosine (Millipore, Billerica, MA),
proliferating cell nuclear antigen (PCNA) (BD Pharmingen, San Diego, CA) and cleaved-
caspase 3 (c-Casp3) (Cell Signaling, Beverly MA). Images were taken randomly with Nikon
Eclipse E800 (Melville, N.Y) fitted to Nikon digital sight Ri1. The staining density was
determined by using an Aperio® Scan Scope (Vista, CA). Quantification was performed
where three mammary glands or tumors from each treatment group were selected randomly
and three areas from each gland or tumor were analyzed for over 1000 cells/mammary gland
or 4000 cells/mammary tumor.

mRNA expression analysis using quantitative polymerase chain reaction (PCR)
RNA was extracted from mammary tumors, and reverse transcription and quantitative PCR
were carried out as previously reported (22). Labeled primers for glyceraldehyde-3-
phosphate dehydrogenase, Bcl-2-associated X protein (Bax), B cell lymphoma 2 (Bcl2), x-
linked inhibitor of apoptosis (XIAP), PCNA, protein kinase C α (PKCα), phosphatase and
tensin homologue (PTEN), Myc, p53, p21, p27, Cyclin D1, estrogen receptor (ER) α, ERβ,
peroxisome proliferator-activated receptor γ (PPARγ), nuclear factor (erythroid-derived 2)-
like 2 (Nrf2), kelch-like-ECH-associated protein 1 (KEAP1), NAD(P)H dehydrogenase,
quinone 1 (NQO1), glutamate cysteine ligase, modifier subunit (GCLm), glutathione s-
transferase mu 1 (GSTm1), UDP-glucuronosyltransferase (UGT1A1), catechol-O-
methyltransferase (COMT), superoxide dismutase-1 (SOD), heme oxygenase-1 (HO-1),
glutathione peroxidase (GPx), thioredoxin (TXN) and catalase were obtained from Applied
Biosystems (Carlsbad, CA).

Western blot analysis
Mammary tumors were homogenized and the protein extracts were analyzed by Western
blotting as previously described (19). The primary antibodies against apoptotic protease
activating factor 1 (Apaf-1), XIAP, cleaved-caspase 9 (c-Casp9), cleaved-caspase 8 (c-
Casp8), cleaved-caspase 3 (c-Casp3), cleaved-Poly (ADP-ribose) polymerase (c-PARP),
PKCα, phospho-Akt (p-Akt), PTEN, p53, cyclin E, CDK2, CDK4, CDK6, TXN and UGT
were from Cell Signaling (Beverly, MA); Bcl-2, ERα, PPARγ, c-Myc, p21, p27, cyclin D1,
Nrf2, KEAP1 and NQO1 were from Santa Cruz Biotechnology (Santa Cruz, CA); Bax,
SOD, GCLm and GPx were from Abcam (Cambridge, MA); ERβ was from Affinity
BioReagents (Golden, CO); PCNA was from BD Pharmingen (San Diego, CA); GSTm1,
catalase and HO-1 were from Epitomics (Burlingame, CA); and β-actin was from Sigma-
Aldrich (St. Louis, MO). Secondary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Tumor samples from different animals in each treatment
group (n=3 per group) were pooled for analysis by Western blot.

Statistical analysis
Statistical significance was evaluated using. ANOVA with Dunnett’s adjustment, preserving
the overall type-1 error at the 5% level. Tumor incidence was calculated by the Log Rank
(Mantel-Cox) Test using Graph Pad Prism 4.0 (GraphPad Software Inc.). The data presented
represent the mean ± S.E. p-Values of <0.05 were considered significant.

RESULTS
Dietary administration of tocopherols did not inhibit tumorigenesis in MMTV-ErbB2/neu
transgenic mice

We investigated the effects of 0.3% α-tocopherol, 0.3% δ-tocopherol, 0.3% γ-tocopherol, or
0.3% γ-TmT in the diet on mammary tumor development in MMTV-ErbB2/neu transgenic
mice. Body weight was measured weekly and there was no significant difference between

Smolarek et al. Page 4

Cancer Prev Res (Phila). Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



treatment groups (data not shown). The median tumor latency was 37 weeks in the control
group, and 38, 37, 44 and 39 weeks in mice fed with a diet containing α-, δ-, γ-tocopherol
and γ-TmT, respectively (Fig. 1A). Only the diet containing γ-tocopherol significantly
increased the median tumor latency (p<0.05). As shown in Fig. 1A, the final mammary
tumor weight in the control group was 1.17 ± 0.14 g, compared to α-tocopherol (0.88 ± 0.11
g), δ-tocopherol (1.02 ± 0.09 g), γ-tocopherol (0.84 ± 0.11 g), and γ-TmT (1.11 ± 0.07 g),
which corresponds to 24%, 13%, 29%, and 5% inhibition, respectively. The tumor
multiplicity was 1.60 ± 0.30 in the control group, as compared to groups treated with α-
tocopherol (1.18 ± 0.22), δ-tocopherol (1.32 ± 0.25), γ-tocopherol (1.28 ± 0.25), and γ-
TmT (1.42 ± 0.28), which corresponds to 27%, 18%, 20%, and 11% inhibition, respectively
(Fig. 1A). Although there was a delay with tumor incidence in the γ-tocopherol fed group,
all treatment groups were not effective in reducing the tumor weight at the time of sacrifice
and no further analyses were conducted.

δ- And γ-tocopherols inhibit tumor growth and multiplicity in NMU-treated mammary
tumorigenesis

Female Sprague-Dawley rats were either fed the control diet or the diets containing 0.3% α-
tocopherol, 0.3% δ-tocopherol, 0.3% γ-tocopherol, or 0.3% γ-TmT. Body weight was
measured weekly and there was no significant difference between treatment groups (data not
shown). After 7 weeks of treatment, the tumor incidence for the control group was 80% and
similar in the α-tocopherol group (73.3%). However, the corresponding tumor incidence at
week 7 for the δ-tocopherol, γ-tocopherol, and γ-TmT groups was markedly lower at 50.0%
(p<0.05), 56.7% (p=0.057), and 53.3% (p<0.05), respectively. At the conclusion of the 11-
week study, the overall tumor incidence was not significantly different among the groups
(Fig. 1B). As compared to the control group, dietary administration of δ- and γ-tocopherol
reduced tumor burden by 32% (p<0.01) and 33% (p<0.01), respectively, but α-tocopherol-
enriched diet had no effect (Fig. 1B). Tumor multiplicity for the control group was 5.0 ± 0.1
and was decreased by treatment with δ-tocopherol (2.9 ± 0.1), γ-tocopherol (3.4 ± 0.1), and
γ-TmT (3.9 ± 0.1) which translates to 42% (p<0.001), 32% (p<0.01), and 22% (p<0.05)
inhibition, respectively (Fig. 1B). All subsequent serum and tissue analyses reported are for
the activity of individual tocopherols in NMU-treated rats.

Serum levels of estradiol were decreased by the administration of tocopherols
Circulating endogenous serum levels of E2 were analyzed to determine changes between the
treatment groups (Fig. 1B). Average E2 serum levels in the control group were 86.6 ± 13.0
pg/ml, whereas average serum E2 levels in the α-, δ-, γ-tocopherol, and γ-TmT groups were
significantly decreased by 37% (p<0.05), 38% (p<0.05), 42% (p<0.05), and 35% (p<0.05),
respectively.

Levels of tocopherols and metabolites were increased in serum, mammary glands and
mammary tumors when treated with α-, γ-, δ-tocopherol and γ-TmT diets

Serum, mammary gland, and mammary tumor samples were collected at necropsy and
analyzed for the levels of a-, g-, d-tocopherol and the short chain metabolite, carboxyethyl
hydroxychroman (CEHC, Table 1). In general, the levels of individual tocopherols and
CEHCs differed among serum, mammary glands and mammary tumors. The highest levels
of the hydrophobic parent tocopherols were found in the adipose-rich mammary gland,
whereas comparable levels of tocopherols relative to control were found in both serum and
mammary tumor. The water-soluble short chain metabolites were more prevalent in serum
and mammary tumor compared to mammary gland.

Due to the selective transport of α-tocopherol by the α-tocopherol transport protein in the
liver, α-tocopherol is the major form found in serum. Levels of α-tocopherol and α-CEHC
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were significantly increased in serum, mammary glands and mammary tumors of rats fed
with 0.3% α-tocopherol. Levels of γ-tocopherol and γ-CEHC were significantly increased
in serum, mammary glands and mammary tumors of rats fed with 0.3% γ-tocopherol;
however the levels of α-tocopherol decreased in the serum (p<0.05), mammary glands
(p<0.001) and mammary tumors (p<0.01) by treatment with γ-tocopherol. Administration of
0.3% δ-tocopherol diet increased levels of δ-tocopherol, γ-tocopherol, and δ-CEHC in
serum, mammary glands and mammary tumors. Furthermore, 0.3% γ-TmT diet increased
levels of δ-tocopherol, γ-tocopherol, α-CEHC, δ-CEHC and γ-CEHC in serum, mammary
glands and mammary tumors, while α-tocopherol levels only increased in mammary glands.

Treatment with δ-tocopherol, γ-tocopherol and γ-TmT induced apoptosis and inhibited cell
proliferation and cell cycle in mammary tumors

As shown in Fig. 2A, the levels of pro-apoptotic proteins, Bax, c-Casp3 and c-PARP, were
increased by δ-tocopherol, γ-tocopherol and γ-TmT-enriched diets. Furthermore, anti-
apoptotic proteins, Bcl2 and XIAP, were inhibited by δ-tocopherol, γ-tocopherol and γ-
TmT. Levels of c-Casp9 were increased by all tocopherols, whereas c-Casp8 remained
unchanged (data not shown). This may indicate that tocopherols induce apoptosis through
the extrinsic apoptosis pathway.

The cell cycle pathway plays a major role in regulating cancer development for the
continuation of cell proliferation and survival. Cell proliferation markers, PCNA and protein
kinase C (PKC), were inhibited by treatment with δ-tocopherol, γ-tocopherol and γ-TmT,
but not by α-tocopherol (Fig. 2B). More specifically, in the cell survival pathway, PTEN
was upregulated whereas p-Akt was down-regulated by δ-tocopherol, γ-tocopherol and γ-
TmT. The oncogene cMyc regulates the G1 phase of the cell cycle; dietary δ- and γ-
tocopherol decreased cMyc protein levels in mammary tumors. Furthermore, protein levels
of tumor suppressor p53, and cyclin dependent kinase (CDK) inhibitors p21 and p27 were
increased by δ-tocopherol, γ-tocopherol and γ-TmT. In contrast, α-tocopherol upregulated
only p27. The protein level of cyclin D1 was decreased by γ-tocopherol and γ-TmT, CDK4
was reduced by δ-tocopherol, γ-tocopherol and γ-TmT, and CDK6 was down-regulated by
each of the tocopherol-containing diets.

All tocopherol diets affected the Nrf2 pathway (Fig. 2C). Although levels of KEAP1
remained unchanged, the treatment increased the protein levels of Nrf2. Furthermore, the
levels of down-stream phase II detoxifying and antioxidant enzymes TXN, GCLm, GSTm1,
GPx and HO-1 were increased by all tocopherols. NQO1 was induced by δ-tocopherol, γ-
tocopherol and γ-TmT, but not by α-tocopherol. Protein levels of SOD and UGT remained
unchanged regardless of tocopherol treatment. Levels of nuclear receptors were examined in
mammary tumors (Fig. 2D). Protein levels of ERα were decreased in samples from rats
treated with α-, δ-, γ-tocopherol and γ-TmT. Interestingly, the protein level of PPARγ was
increased by δ-tocopherol, γ-tocopherol and γ-TmT-containing diets, but not by α-
tocopherol.

Oxidative and nitrosative stress markers in mammary glands were reduced by δ- and γ-
tocopherols

Nitrotyrosine is a known marker for nitrosative stress. In the mammary gland, the dietary
administration of δ-tocopherol, γ-tocopherol and γ-TmT resulted in a decrease of
nitrotyrosine levels by 14% (p<0.01), 18% (p<0.01), and 19% (p<0.05), respectively (Fig.
3). The level of 8-oxo-dG, a marker of oxidative stress, was also decreased by treatment
with δ-tocopherol (10%), γ-tocopherol (21%) and γ-TmT (14%); however the results were
not statistically significant (Fig.3). Levels of 8-oxo-dG and nitrotyrosine were not reduced
by α-tocopherol in the mammary gland. In mammary tumors, markers of oxidative and
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nitrosative stress were markedly lower than mammary glands, and tocopherol treatment did
not significantly change the levels of 8-oxo-dG and nitrotyrosine in mammary tumors.

Treatment with δ-tocopherol, γ-tocopherol and γ-TmT reduced PCNA and increased c-
Casp3 in mammary tumors

In mammary glands, levels of PCNA and c-Casp3 did not change (data not shown).
However, in mammary tumors, PCNA expression was reduced by δ-tocopherol, γ-
tocopherol and γ-TmT, but not by α-tocopherol (Fig. 3). Administration of δ-tocopherol, γ-
tocopherol and γ-TmT resulted in a 24% (p<0.05), 21% (p<0.05), and 27% (p<0.05)
decrease in PCNA level, respectively. Furthermore, treatment by δ-tocopherol, γ-tocopherol
and γ-TmT increased c-Casp3 level in the mammary tumor by 89% (p<0.01), 107%
(p<0.01), and 141% (p <0.001) above the control group, respectively. α-Tocopherol
increased c-Casp3 level by 47% above the control, but it was not statistically significant.

The mRNA levels for apoptotic, cell proliferation, cell survival, and cell cycle markers,
nuclear receptors, and Nrf2 pathways are regulated by tocopherols

The mRNA levels of apoptotic markers, Bax, Bcl2, and XIAP, were examined in mammary
tumors (Table 2). The mRNA levels of Bcl2 were decreased by α-tocopherol (p<0.01), δ-
tocopherol (p<0.05), and γ-tocopherol (p<0.05) and γ-TmT (p<0.01), whereas BAX and
XIAP were unchanged. Changes in mRNA levels of proliferation, survival, and cell cycle
pathway markers were examined in mammary tumors (Table 2). The tumor mRNA levels of
PTEN increased in rats treated with δ-tocopherol (p<0.05), γ-tocopherol (p<0.05) and γ-
TmT (p<0.05), while α-tocopherol did not. A CDK inhibitor, p21, was increased with δ-
tocopherol (p<0.05), γ-tocopherol (p<0.05) and γ-TmT (p<0.05) treatment; p27 was
increased by α-tocopherol (p<0.05), δ-tocopherol (p<0.05), γ-tocopherol (p<0.01) and γ-
TmT (p<0.001). However, the mRNA levels of PCNA, PKCα, Myc, p53 and cyclin D1 did
not change by tocopherol treatment. mRNA levels for ERα were significantly decreased by
δ-tocopherol (p<0.05) and γ-TmT (p<0.05) treatment; levels of ERβ did not decrease.
Interestingly, δ-tocopherol, γ-tocopherol and γ-TmT increased mRNA levels of PPARγ
(p<0.05, p<0.01, p<0.05, respectively) (Table 2). Both Nrf2 and KEAP1 mRNA levels were
unchanged by tocopherol treatment (Table 2). The phase II detoxifying enzymes GCLm,
GSTm1 and Ugt1A1 were increased by all tocopherol treatment, while NQO1 and COMT
mRNA levels were not affected. The mRNA levels of most of the antioxidant enzymes
(SOD-1, HO-1, TXN1 and catalase) were unaltered.

DISCUSSION
In this study, we examined the effects of individual tocopherols on two different animal
models of breast cancer. The over-expression of ErbB2 has been reported in 18-25% of
human breast cancers and is hormone independent (23). We found that α-, δ-tocopherol and
γ-TmT did not prevent the development of mammary tumorigenesis in transgenic MMTV/
ErbB2/neu mice. At the conclusion of the fifty-five week study, tumor weight and
multiplicity were not significantly affected by any of the examined tocopherols, suggesting
that tocopherols do not affect HER-2 driven mammary tumorigenesis. There were modest
effects by γ-tocopherol in reducing tumor incidence at 0.3% dose, and further studies may
be needed to determine if higher doses of tocopherols are protective against HER-2 breast
cancer. In our second animal model, we utilized the carcinogen NMU to induce mammary
tumors in female Sprague-Dawley rats. NMU-induced mammary tumors mainly represent
estrogen-dependent and locally invasive phenotypes that are similar to human breast cancer
(24, 25). Both δ- and γ-tocopherol, but not α-tocopherol, inhibited mammary tumor
development and were examined further for molecular changes. Possible mechanisms of
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actions involved in the prevention of breast cancer by δ- and γ-tocopherol are represented in
Figure 4.

Tocopherols are known antioxidants and may reduce oxidative and nitrosative stress
(RONS) to prevent cellular injury and mutations (26). RONS may promote tumor onset and
progression by affecting DNA mutations, cell proliferation, and survival (27). γ-Tocopherol
has been shown to be more effective at trapping reactive nitrogen species than α-tocopherol
(9, 28–32). Previously, in a lung xenograft tumor model, δ-tocopherol, γ-tocopherol and γ-
TmT administration reduced 8-oxo-dG and nitrotyrosine levels, whereas α-tocopherol did
not (33). In the current study, treatment with δ-tocopherol, γ-tocopherol and γ-TmT
reduced 8-oxo-dG and nitrotyrosine levels in the mammary gland, whereas α-tocopherol did
not. Interestingly, very low levels of RONS markers were observed in mammary tumors and
were not changed by tocopherols. At the time of the analysis, the damage from the NMU
carcinogen leading to mammary tumorigenesis already occurred and may explain why we
did not see changes in RONS levels in mammary tumors.

Tocopherols may also function as indirect antioxidants by stimulating the Nrf2 pathway.
The down-stream enzymes in the Nrf2 pathway protect cells from neoplastic transformation
by maintaining oxidative stress homeostasis (34, 35). More importantly, the loss of Nrf2
may lead to an increase in inflammation and to a decrease in cellular defense against
oxidative stress, which may result in tumorigenesis (36). We reported that administration of
γ-TmT increased protein levels of Nrf2 and mRNA levels of UGT1A1, GSTm1 and COMT
in estrogen-induced mammary hyperplasia (20). In the present study, we showed that all
tocopherol diets were able to increase protein levels of Nrf2 and subsequent down-stream
phase II and antioxidant enzymes. Previously, δ- and γ-tocopherol were shown to inhibit
cell proliferation in ER-positive breast cancer cells (MCF-7 and T47D) in vitro (19), and
dietary γ-TmT decreased serum E2 levels and the protein levels of ERα in mammary
hyperplasia (20). In the present study, all tocopherol treatment reduced circulating E2 serum
levels and ERα protein levels in mammary tumors. Since ERα physically associates with
PPARγ and functionally interferes with PPARγ signaling in breast cancer (37), the
crosstalk between the nuclear receptors should be taken into account for their different
chemopreventive activities by tocopherols. PPARγ has been connected to multiple
pathways where it inhibits PI3K/Akt activity, angiogenesis, and inflammatory markers,
while inducing CDK inhibitors (p21 and p27), apoptosis and differentiation markers (38).
We have reported that administration of γ-TmT induced PPARγ in mammary hyperplasia
(20) and in mammary tumors (19). In the present study, δ-tocopherol, γ-tocopherol and γ-
TmT, but not α-tocopherol, induced PPARγ and PTEN, and reduced p-Akt levels.

α-Tocopherol has been the primary tocopherol utilized for chemoprevention studies, and the
results have been inconclusive (6, 39, 40). Further, the precise mechanism of action of
individual tocopherols in cancer prevention is still unknown. We found that all tocopherol
treatments had similar effects in modulating Bcl2, c-Casp9, c-PARP, ERα, p27, CDK6, and
the Nrf2 pathway (Fig 2). However, δ-tocopherol and γ-tocopherol lack a methyl group at
the 5’ position on the chromanol ring while α-tocopherol does not. This structural difference
may attribute to the efficacy to remove RNS. δ-Tocopherol and γ-tocopherol, but not α-
tocopherol reduced levels of nitrotyrosine in the mammary gland (Fig. 3). δ-Tocopherol and
γ-tocopherol may delay tumor onset through the reduction on RNS. In mammary tumors, δ-
tocopherol and γ-tocopherol, but not α-tocopherol, increased levels of PTEN, p53 pathway,
PPARγ and c-Casp3 while the levels of pAkt and PCNA decreased (Figs. 2 and 3). The
relationship between ERα, PPARγ, PTEN, Akt and p53 may be an important mechanism of
action for the inhibition of mammary tumorigenesis by δ- and γ-tocopherol in vivo. Our
findings indicate that δ- and γ-tocopherol, but not α-tocopherol, work through antioxidant-
dependent pathway that decreases cell survival and proliferation, regulating cell cycle and
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inducing PPARγ and apoptosis, leading to the inhibition of mammary tumorigenesis. This
suggests that δ- and γ-tocopherol, but not α-tocopherol, are useful in the prevention of
hormone-dependent breast cancer.
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Figure 1.
(A) MMTV/ErbB2/neu transgenic mice were administered 0.3% α-, δ-, γ-tocopherol (T), or
γ-TmT in the diet. Data are represented as mean ± S.E. (n=28 per group) (B) NMU-treated
Sprague-Dawley rats were administered 0.3% α-, δ-, γ-tocopherol, or γ-TmT in the diet.
Data are represented as mean ± S.E (n=30 per group). Serum samples were analyzed for E2
(pg/ml) (n=7). Statistical significance was determined by ANOVA with Dunnett’s
adjustment, *p<0.05, **p<0.01, ***p<0.001. At 7 weeks of treatment, the tumor incidence
for δ-tocopherol and γ-TmT was significant and denoted as #p<0.05.
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Figure 2.
Tocopherol treatment modifies the levels of proteins in the mammary tumor of NMU-treated
rats associated with (A) apoptosis, (B) cell proliferation, survival and cell cycle, (C) Nrf2
pathway and (D) nuclear receptors. Mammary tumors were pooled together (n=3 per group).
Quantification of Western blot was performed by ImageJ 1.45s (NIH), and the numbers are
provided at the bottom of each Western blot.
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Figure 3.
(A) A representative immunostaining of nitrotyrosine, 8-oxo-dG, PCNA and c-Casp3 in the
mammary gland or tumor of NMU-treated rats (600x). Positive staining for nitrotyrosine is
found in the cytoplasm of the cells. 8-oxo-dG and PCNA show positive staining in the
nuclei of the cells. Positive staining for c-Casp3 is shown as a light brown to dark brown
precipitate in the cytoplasm and or perinuclei of the cells. (B) Quantification was performed
using Aperio® Scan Scope where three mammary glands or tumors from each treatment
group were selected and three areas from each gland or tumor were analyzed for over 1000
cells/mammary gland or 4000 cells/mammary tumor. The data are presented as the mean ±
S.E (n=3); *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.
A schematic representation which shows possible mechanisms of action by δ- and γ-
tocopherol in multiple signaling pathways involved in mammary carcinogenesis. Induction
of PPARγ by δ- and γ-tocopherol may increase PTEN and p21 and reduce ERα and cyclin
D1 resulting in the decrease of inflammation and cell proliferation. The cell cycle (p53 and
p21) may be regulated by δ- and γ-tocopherol. Tumor suppressor p53 is able to positively
regulate PTEN, p21 and BAX, while inhibiting Bcl2 and cyclin D, which increases
apoptosis and reduces cell cycle progression. PPARγ and p53 increase the levels of PTEN,
and as a result inhibit the Akt cell survival pathway. δ- And γ-tocopherols reduce c-Myc
and PCNA which consequently decrease cell progression and proliferation. Pro-apoptotic
proteins BAX, c-Casp9, c-Casp3 and c-PARP are increased while anti-apoptotic proteins
XIAP and Bcl2 are decreased by δ- and γ-tocopherol. In summary, δ- and γ-tocopherol may
activate PPARγ, PTEN, p53, the apoptotic pathway and Nrf2 and decrease ERα, p-Akt,
cyclin D1 and PCNA to inhibit cell cycle progression and cell growth resulting in the
inhibition of mammary tumorigenesis.
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