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ABSTRACT: Tocopherols are the major source of dietary vitamin E. In this study, the growth inhibitory effects of different
forms of tocopherols (T), tocopheryl phosphates (TP), and tocopherol quinones (TQ) on human colon cancer HCT116 and
HT29 cells were investigated. δ-T was more active than γ-T in inhibiting colon cancer cell growth, decreasing cancer cell colony
formation, and inducing apoptosis; however, α-T was rather ineffective. Similarly, the rate of cellular uptake also followed the
ranking order δ-T > γ-T≫ α-T. TP and TQ generally had higher inhibitory activities than their parent compounds. Interestingly,
the γ forms of TP and TQ were more active than the δ forms in inhibiting cancer cell growth, whereas the α forms were the least
effective. The potencies of γ-TQ and δ-TQ (showing IC50 values of ∼0.8 and ∼2 μM on HCT116 cells after a 72 h incubation,
respectively) were greater than 100-fold and greater than 20-fold higher, respectively, than those of their parent tocopherols.
Induction of cancer cell apoptosis by δ-T, γ-TP, and γ-TQ was characterized by the cleavage of caspase 3 and PARP1 and DNA
fragmentation. These studies demonstrated the higher growth inhibitory activity of δ-T than γ-T, the even higher activities of the
γ forms of TP and TQ, and the ineffectiveness of the α forms of tocopherol and their metabolites against colon cancer cells.
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■ INTRODUCTION

Tocopherols, existing as α-, γ-, δ-, and β-tocopherols (α-, γ-, δ-,
and β-T), are the major forms of vitamin E. The structural
difference between these forms lies in the methylation pattern on
the chromanol ring, with α-T trimethylated at the 5-, 7-, and 8-
positions, γ-T dimethylated at the 7- and 8-positions, and δ-T
monomethylated at the 8-position.1 Although these compounds
differ by only one or twomethyl groups, they have been shown to
have distinct metabolic fates and activities.1 The major dietary
sources of tocopherols are vegetable oils.2 Among tocopherols, γ-
T is the most abundant tocopherol in the human diet, but α-T is
present at the highest levels in human blood and tissues.1 Among
all the tocopherols, α-T has the highest activity in the classical
“fertility restoration assay” and is considered to be the most
active form of vitamin E in nutrition.1

In the past few decades, tocopherols have received much
attention for their role in the prevention of cancer. Nevertheless,
most of these studies have used only α-T, and the results are
inconsistent (reviewed by Ju et al.3). Many clinical trials have
been conducted to determine the efficacy of α-T in the
prevention of human cancer, but most recent results are
disappointing. For example, in two recent large-scale clinical
trials on prostate cancer prevention, a high dose of α-tocopheryl
acetate did not reduce the risk for prostate or other cancers.4−6

These disappointing results reflect our lack of understanding of
the biological activities of different forms of tocopherols. There
are different interpretations for these disappointing results. One
interpretation is that γ-T is a cancer preventive agent, but α-T is
not.7−9 Our collaborative research group at Rutgers University
has demonstrated that a γ-T-rich mixture of tocopherols (γ-

TmT) inhibits carcinogenesis in animal models of colon, lung,
breast, and prostate cancer.10−16 With regard to the relative
activity of different forms of tocopherols, two recently published
studies from our group demonstrated that δ-T is more active
than γ-T in inhibiting azoxymethane-induced colon carcino-
genesis and lung xenograft tumor growth, whereas α-T is not
effective.7,8

In addition to the parent tocopherols, the metabolites of
tocopherols may also contribute to the overall anticancer and
anti-inflammatory activities of tocopherols. Several studies have
reported that tocopherol metabolites from side-chain oxidation
possess interesting anticancer activities.17,18 However, the
activities of metabolites on the chromanol rings, including
tocopheryl phosphates (TP) and tocopherol quinones (TQ),
have not been systematically studied. α-TP has been reported to
induce apoptosis, prevent inflammation, and provide cardiopro-
tection.19−21 It has been suggested that α-TP exerts its effects by
modulating the levels of AKT, VEGF, and the cell membrane
level of the scavenger receptor CD36.20,22 The mechanisms of
the anticancer activity of TQ are not well understood. TQ were
reported to affect mitochondria functions, form reactive oxygen
species, and release apoptotic signals.23 γ-TQ also induced
apoptosis in cancer cells, possibly through caspase-9 activation
and cytochrome c release.24,25 γ-TQ, but not α-TQ, induced
adaptive response through upregulation of cellular glutathione
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and cysteine availability via activation of activating transcription
factor 4.26 However, a systematic comparison of the anticancer
activities of different forms of tocopherols, TP and TQ, is still
lacking. In the present study, we examined the growth-inhibitory
activities of different forms of tocopherols and their phosphory-
lated and quinone derivatives in colon cancer and normal cell
lines.

■ MATERIALS AND METHODS
Cell Culture. HCT116 and HT29 human colorectal cancer cells,

CRL-1831 normal human colon epithelial cells, and INT 407 human
intestine epithelial cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA). The cells were used at passage 10−
30 for the experiments. HCT116 and HT29 cells were maintained in
McCoy’s 5A medium. INT 407 cells were maintained in DMEM
medium. CRL1831 cells were maintained in DMEM/F12 medium
containing extra 10 mM HEPES (for a final concentration of 25 mM),
10 ng/mL cholera toxin, 5 μg/mL insulin, 5 μg/mL transferrin, and 100
ng/mL hydrocortisone. The media were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin (10 000 IU/mL)/streptomycin
(10 mg/mL) solution. Media supplemented with 5% FBS were used for
all treatments. All cells were maintained in a 37 °C humidified incubator
with 5% CO2.
Purification of Tocopherols. α-T, γ-T, and δ-T were the naturally

occurring RRR-forms (d-forms). The Teledyne ISCO CombiFlash
companion XL automated flash chromatographic system was used for
the purification of individual tocopherols. To purify γ-T, 25 g of γ-
tocopherol-rich mixture of tocopherols (γ-TmT, Cognis Inc.; 1 g of γ-
TmT contains 130 mg of α-T, 15 mg of β-T, 568 mg of γ-T, and 243 of
mg δ-T) was applied to a 1500 g RediSep Rf Gold high-performance

flash silica gel column (20−40 μm in particle size). Different forms of
tocopherols were separated by elution with a gradient of 0−5% ethyl
acetate in hexane at a flow rate of 250 mL/min over a 150 min period of
time. Thin layer chromatography was used to determine the purity of
eluted fractions. The fractions containing only γ-T were pooled, and
solvents were removed via rotary evaporation. With this procedure, the
purity of γ-T was 96%, as determined by high-performance liquid
chromatography (HPLC) and spectrometry, and the yield was 70%. A
similar procedure was used for the purification of δ-T and α-T from the
crude material (Sigma, the purity is 90% and 69% for δ-T and α-T,
respectively). The final purity of δ-T and α-T reached 99% and 98%,
respectively.

Synthesis of TP and TQ. α-TQ and γ-TQ were synthesized by
oxidation with FeCl3 from parent tocopherols as described by Schudel et
al.27 A FeCl3 solution (0.2 g in 2.5 mL of methanol/water, 50/50, v/v)
was added into a solution of tocopherols in diethyl ether (1 g in 10 mL).
After 30 min of agitation, the aqueous phase was removed. The
tocopherols in the ether phase were reacted with the FeCl3 solution
again four times, and then, the ether phase was extensively washed with
water (10 times). The ether phase was dried and dissolved in hexane. δ-
TQ was synthesized by a modification of the AgNO3 oxidation
procedure.28 δ-T (130 mg) and AgNO3 (920 mg) were dissolved in 6
mL of ethanol/water (85:15, v/v), heated at 60−70 °C for 30 min, and
the products were then extracted with diethyl ether. The resulting δ-TQ
was purified on a silica gel column using hexane/ethyl acetate as the
elutant. The chromatography was performed with the Teledyne ISCO
CombiFlash companion XL automated flash chromatographic system,
and δ-TQ was detected at 260 and 292 nm. To synthesize TP, γ-, δ-, or
α-T were phosphorylated with P2O5 at 90 °C. After the reaction, NaOH
was added to precipitate inorganic phosphate and to convert the
phosphorylated tocopherols to disodium tocopheryl phosphates, which

Figure 1. Effect of tocopherols, TP, and TQ on the growth of colon cancer and intestinal cells. Cells were seeded in 96-well plates at a density of 2 × 103

cells per well in a growthmedium. After overnight incubation, HCT116 cells were treated with different concentrations of (A) α-T, γ-T, δ-T, and γ-TmT,
(C) TP, and (D) TQ for 72 h. (B) Effects of δ-T on different types of cells were also analyzed. Viable cells were analyzed using the MTT assay by
measuring the absorbance at 550 nm, and the results are shown as percent viable cells. The values are mean ± SE (n = 6). ANOVA−Dunnett’s test was
conducted, and significant differences among the treatment groups at a specific concentration are designated with different letters.
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were then converted to tocopheryl phosphates by the addition of HCl.29

The resultant products were purified by flash chromatography to
produce highly pure γ-, δ-, or α-TP. The purity of all the TP and TQ
were examined by HPLC, and only one peak for each compound was
observed. All tocopherols and their derivatives were stored at −80 °C
and dissolved in DMSO before use in experiments.
Cell Proliferation Assay. HCT116, INT407, and CRL-1831 cells

were seeded in 96-well plates at a density of 2 × 103 cells/well in media
supplemented with 10% FBS and 1% penicillin/streptomycin. After
overnight incubation, cells were treated with tocopherols (5−100 μM),
TP (5−100 μM), or TQ (0.5−5 μM) for 48 and 72 h. DMSO (0.2%)
was used as a negative control. Treatment was performed in six wells for
each concentration tested. At the termination of treatment, culture
media were removed, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) (Sigma−Aldrich) was added to the cells at a
concentration of 0.5 mg/mL. After 1 h incubation at 37 °C, the MTT
reagent was removed, and DMSO was used to solubilize the formazan
dye formed by viable cells. The absorbance of the dissolved dye was
measured at 550 nm, and the percentage of viable cells was compared
with the nontreatment control.
Colony Formation Assay. HCT116 cells were seeded in 6-well

plates at a density of 100 cells/well. After cells attached, they were
treated in triplicate with tocopherols, TP, or TQ for 10 days. Once
colonies formed in the control wells, cells were stained with 1% crystal
violet, and colony numbers were counted.
Tocopherol Levels in Cells andMedia.HCT116 and HT-29 cells

were seeded in 10 cm dishes at a density of 3 × 106 cells/dish and
allowed to attach by overnight incubation. The cells were then treated
with 100 μM α-T, γ-T, δ-T, and a combination of 100 μM α-T and 100
μM δ-T. After incubation for 3, 6, 12, and 24 h, cells were washed with
phosphate-buffered saline and trypsinized. The cells collected were
analyzed for tocopherol and metabolite levels using HPLC according to
a previous method.30

Flow Cytometry. HCT116 cells were seeded in 6-well plates at a
density of 8 × 104 cells/well. After overnight incubation, cells were
treated with different concentrations of tocopherols, TP, and TQ for 12,
24, or 48 h. DMSO (0.2%) was used as a negative control, and 2 μM
atorvastatin plus 10 μM γ-tocotrienol (γ-T3) was used as a positive
control for apoptosis based on our previous report.31 The cells were
trypsinized, washed, and then stained with FITC-annexin V and
propidium iodide (PI) in the Alexa-fluor dead cell apoptosis kit
(Invitrogen, Carlsbad, CA). Stained cells were counted using the
Coulter Cytomics FC500 flow cytometer.
DNA Fragmentation.To test for fragmented DNA after tocopherol

treatment, HCT116 cells were seeded at 1.5 × 106 cells in a 10 cm dish
and then treated with corresponding tocopherols, TP, and TQ for 12,
24, and 48 h. DNAwas extracted from the cells as described previously31

and resolved by agarose gel electrophoresis.
Western Blots. HCT116 cells were treated as described for DNA

fragmentation. The cells were collected, and protein was extracted using
a total cell lysis buffer (Cell Signaling). Cell lysates were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred onto a nitrocellulose membrane. The membrane was then blotted
with primary antibodies followed by fluorescently labeled secondary
antibodies. The labeled proteins were visualized using the Odyssey
infrared imaging system (LI-COR, NE). The primary antibodies against
cleaved caspase 3, cleaved PARP, and cleaved caspase 9 (Cell Signaling)
and β-actin (Sigma) were used with 1:500 and 1:5000 dilution,
respectively.
Statistical Analysis. The comparison of means between the

treatment groups and the control group was performed with one-way
analysis of variance (ANOVA) followed by Dunnett’s test. The
significance level used for all the tests is 0.05.

■ RESULTS

Effects of Different Forms of Tocopherols on the
Growth of HCT116 and HT29 Cells. To study the effect of
tocopherols on HCT116 cell growth, cells were treated with
increasing concentrations of pure tocopherols, γ-TmT, TP, and

TQ. δ-T significantly reduced the number of viable cells as
compared to the control (IC50 value of∼45 μM), as shown in the
MTT assay after treatment for 72 h (Figure 1A). However, α-
and γ-T were not as effective (IC50 > 100 μM). The inhibitory
activity of γ-TmTwas between those of δ-T and γ-T (at 100 μM).
δ-T, the most effective form of tocopherol, was more effective in
inhibiting cancer cells than in inhibiting normal colon (CRL-
1831) and intestinal (INT 407) cells. The percentage of viable
cells, when treated with 100 μM δ-T for 48 h, was 41% for
HCT116 cells, as compared to 82% and 89% for INT407 and
CRL-1831 cells, respectively (Figure 1B).
When the effects of TP and TQ treatments in HCT116 cells

were examined, the γ forms of TP and TQ (IC50 values of 30 and
0.8 μM, respectively) were found to be more effective than the
corresponding δ forms (IC50 values of 55 and 2 μM for δ-TP and
δ-TQ, respectively) (Figure 1C,D). γ-TP were much more active
than γ-T, while activity of δ-TP was comparable to that of δ-T. γ-
TQ had the most potent inhibitory activity of all the compounds
examined, and the activities of γ-TQ and δ-TQwere much higher
than the corresponding TP and tocopherols. The α forms of TP
and TQ were the least inhibitory, but their activities were still
higher than α-T. Similar results for tocopherol and TP
treatments were observed with the HT29 cells, but they are
not as susceptible to the inhibition as the HCT116 cells (data not
shown). Therefore, subsequent experiments were performed
mainly with HCT116 cells.

Effects of Tocopherol Treatment on the Clonogenic
Potential of Colon Cancer Cells. Colony formation assays
were performed to determine the effect of tocopherols and their
derivatives on the clonogenic potential of HCT116 cells. The
result of a typical colony formation assay is shown in Figure 2A.
The colony size was decreased with increasing concentrations of
the test compound, suggesting the inhibition of cell division
(Figure 2A). The ranking orders of the inhibitory potencies for
tocopherols, TP, and TQ were similar to those of the MTT
assays. Among the tocopherols, δ-T was most active, with an IC50
value of 20 μM, whereas the IC50 value for γ-T was about 30 μM
and the IC50 value for α-T was above 100 μM (Figure 2B). The
activity of γ-TP (IC50 = ∼20 μM) was more active than that of δ-
TP (IC50 = ∼40 μM), and α-TP was ineffective (IC50 > 100 μM)
(Figure 2C). TQ exhibited the most effective inhibition of colony
formation among the compounds examined, with estimated IC50
values of 1, 2, and 8.5 μM for γ-TQ, δ-TQ, and α-TQ,
respectively (Figure 2D).

Cellular Uptake of Different Forms of Tocopherol. α-T,
γ-T, or δ-T (100 μM) was added to HCT116 cells, and the
uptake of tocopherols was analyzed by HPLC (Figure 3A).
Tocopherol levels in the media did not change significantly
during a 24 h incubation period (data not shown). The cellular
uptake of tocopherols increased with time for all tocopherols
(Figure 3). The cellular level of δ-T after a 24 h treatment (7.9
nmol/million cells) was 2-fold higher than γ-T and more than 6-
fold higher than α-T (Figure 3A). A similar pattern in cellular
tocopherol uptake was also observed in HT29 cells; after a 24-h
incubation, the cellular level of δ-T was 1.6- or 6.7-fold higher
than that of γ-T or α-T, respectively, while the absolute level in
HT29 cells of each tocopherol was lower than in HCT116 cells
(Figure 3B). After incubation with tocopherols, their metabolites
such as phosphates and quinones were not detected in the cells.

Induction of Cell Apoptosis by Tocopherols, TP, and
TQ. The induction of apoptosis was examined using annexin V/
PI staining followed by flow cytometry. Treatment with δ-T (50
and 100 μM) for 48 h led to a dose-dependent increase in the
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percentages of cells in early and late apoptosis as demonstrated
by annexin V positive and annexin V plus PI double positive cells,
respectively (Figure 4A). γ-T also induced apoptosis but was less
effective than δ-T. However, α-T had no significant effect at 50
and 100 μM (data not shown). Treatment of cells with γ-TP (50
and 100 μM) for 24 h induced apoptosis, whereas the α and δ
forms did not have significant effects at similar concentrations
(Figure 4B). γ- and δ-TQ were effective in inducing apoptosis at

much lower concentrations (3 and 6 μM) in a dose-dependent
manner after a 24 h incubation, but α-TQ did not significantly
induce apoptosis (Figure 4C). The ranking orders of
effectiveness for tocopherols, TP, and TQ are the same as the
results from the MTT and clonogenic assays (Figures 1 and 2).
To further investigate the proapoptotic effects of tocopherols

and their derivatives, signaling proteins known to be involved in
apoptosis were analyzed by western blotting. The cleavage of
caspase 3, caspase 9, and poly(ADP-ribose)polymerase 1
(PARP1) was observed with δ-T treatment, peaking at 24 h
(Figure 5A). Similarly, γ-TP and γ-TQ induced cleavage of
caspase 3 and PARP1 (Figure 5A). DNA fragmentation in cells
was also detected for δ-T, γ-TP, and γ-TQ (Figure 5B),
supporting the occurrence of apoptosis. Taken together, the data
suggest that δ-T, γ-TP, and γ-TQ induced cell death through the
induction of apoptosis.

Figure 2. Effect of tocopherols, TP, and TQ on clonogenic potential.
HCT116 cells were seeded in a 6-well plate at a density of 100 cells/well.
After cell attachment, the media were replaced with fresh media
containing (B) tocopherols, (C) TP, or (D) TQ. After incubation for 10
days, the cells were stained with 1% crystal violet, and colony numbers
were counted. (A) Representative colony formation plates are also
shown. The number of colonies was shown as a percentage of the
control wells. The data are presented as mean ± SE (n = 3).

Figure 3. Cellular uptake of tocopherols in colon cancer cells. HCT116
and HT-29 cells were seeded in 10 cm dishes at a density of 3 × 106

cells/dish and allowed to attach overnight. The cells were then
incubated with 100 μM α-T, γ-T, or δ-T. At the time periods indicated,
cells were washed and harvested by trypsinization. The levels of
tocopherols in the cells were measured by HPLC. The tocopherol levels
in (A) HCT116 and (B) HT29 cells are shown as nmol/million cells.
The values are means from duplicate analyses with error bar (A) or
means ± SE (n = 3) (B). ANOVA−Dunnett’s test was conducted, and
significant differences among the different tocopherol groups are
designated with different letters (B).
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■ DISCUSSION

In this study, we demonstrated that δ-T has stronger activity than
γ-T and that α-T is rather ineffective in the inhibition of colon
cancer cell growth and colony formation. It is interesting that the
levels of cellular uptake also follow the ranking order of δ-T > γ-T
> α-T (Figure 4). The molecular basis for this observation is
unknown, but it may suggest that the difference in cellular uptake
contributed to the relative potencies of tocopherols in inhibiting
cell growth. Cancer cells (HCT116) were more susceptible than
normal cells (human intestinal INT407 cells and human colon
CRL-1831 cells) to the inhibition of δ-T (Figure 1B) and perhaps
of γ-T. These results agree with previous reports in that γ-T is
more effective than α-T in inhibiting the growth of colon cancer
cells32 and that δ-T is more effective in inhibiting the growth of
neoplastic than preneoplastic (or normal) mouse mammary
epithelial cells.33,34 Overall, this result agrees with our recent
studies that demonstrated that δ-T is the most effective
tocopherol in inhibiting the growth of H1299 lung cancer cell
xenograft tumors8 and the formation of aberrant crypt foci
(ACF) in an azoxymethane (AOM)-induced rat model.7

TP and TQ are more active than their parent tocopherols; γ-
TQ is the most active compound studied in these experiments.
Upon comparing the activities of TP and TQ, we found that the γ
forms of both TP and TQ were more active than their δ form
counterparts in inhibiting cell growth. Their relative activities
were different from their parent tocopherols in that δ-T wasmore

active than γ-T. For all tocopherols and derivatives tested, the α
forms had little to no activity.
α-T is phosphorylated by yet unidentified kinases to α-TP,

which has been detected and extracted from animal and human
tissues.29 α-TP is converted to α-T in cultured cells and in mice,
although it is still not clear which phosphatase is responsible for
this process.35 Intact α-TP has been proposed to function as a
signaling messenger; for example, it reduces the production of
proinflammatory cytokines.36 The studies of other forms of TP
are rather limited. Our results suggest that γ-TP is more potent
than δ-TP and α-TP in inhibiting cancer cell growth.
The formation and distribution of TQ in animal and human

tissues is not well documented, but α-TQ has been detected in
vegetables.37 The conversion of α-T to α-TQ has been observed
during food storage and processing.38,39 American diets are
usually more abundant in γ-T.40 It may be converted to γ-TQ in
the human body, and this topic remains to be investigated. Our
laboratory recently detected TQ in our experimental diet and
animal tissues. For example, the AIN76A diet contains α-TQ at
0.185 nmol/g (0.1% of α-T) and no detectable amount of other
TQ. Upon feeding this diet to mice for 10 days, the levels of α-
TQ, γ-TQ, and δ-TQ in lung tissues were 0.435, 0.010, and 0.011
nmol/g, respectively. The level of 0.435 nmol/g was
approximately 5% of the α-T level in the same sample.
Apparently, a small percentage of tocopherols are converted to
TQ in animals.

Figure 4. Induction of apoptosis by tocopherols, TP, and TQ in HCT116 cells detected by annexin V and PI staining followed by flow cytometry.
HCT116 cells were seeded in 6-well plates at a density of 8 × 104 cells/well. After overnight incubation, cells were treated with different concentrations
of (A) γ-T and δ-T, (B) TP, and (C) TQ. After incubation for the indicated time periods (A) or 24 h (B and C), the cells were trypsinized, washed, and
then stained with FITC-annexin V and PI. Stained cells were then counted with the flow cytometer. The number of cells in each stage of apoptosis is
shown as a percentage of total cells gated. The data are presented as mean± SE (n = 3). ANOVA−Dunnett’s test was conducted. A significant difference
between the treatment group and the control group is designated with an asterisk.
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The induction of apoptosis by δ-T, γ-TP, and γ-TQ was
demonstrated by flow cytometry, the cleavage of caspase 3 and
PARP1, andDNA fragmentation. These changes are likely to be a
consequence of the reduction of mitochondrial membrane
potential and release of mitochondria cytochrome c, which
subsequently activates caspase 9 and then caspase 3.24 However,

the existence of other cell death mechanisms, such as necrosis,
cannot be excluded.
The current study demonstrated the growth inhibitory

activities of tocopherols against colon cancer cells, particularly
the higher cellular uptake and more potent inhibitory effect of δ-
T than other tocopherols. We also reported, for the first time, the

Figure 5. Induction of apoptosis by δ-T, γ-TP, and γ-TQ as determined by the changes in (A) caspase 3, PARP, and caspase 9 and (B) DNA
fragmentation. HCT116 cells were seeded at 1.5× 106 cells in a 10 cm dish and then treated with each compound for the indicated time periods.Western
blot analysis was performed on cell lysates with antibodies against cleaved caspase 3, cleaved PARP, cleaved caspase 9, and β-actin. DNA was extracted
from these cells and resolved by agarose gel electrophoresis. The results are from one experiment; similar results were obtained in another experiment.
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activities of different forms of TP and TQ in inhibiting colon
cancer cell growth, preventing colony formation, and inducing
apoptosis. Even though the effective inhibitory concentrations of
these compounds are higher than those found in vivo, these
findings contribute to the body of knowledge on the biological
activities of tocopherols and their derivatives.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: (732) 445-3400 ×248; fax: (732) 445-0687; e-mail:
csyang@pharmacy.rutgers.edu.
Author Contributions
§S.C.D. and Z.Y. contributed equally.
Funding
This work was supported by grants from the U.S. National
Institutes of Health (NIH) (RO1 CA120915, RO1 CA122474,
and RO1 CA133021) and by shared facilities funded by the
National Cancer Institute Cancer Center Support Grant
(CA72720) and National Institute of Environmental Health
Center Grant (ES05022).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to Shengjie (Brian) Bian and Anna Ba
Liu for their work in the purification of δ and γ forms of
tocopherols.

■ ABBREVIATIONS USED
α-T, γ-T, and δ-T, α-, γ-, and δ-tocopherol; γ-TmT, a γ-T-rich
mixture of tocopherols; TP, tocopheryl phosphate; TQ,
tocopherol quinone; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; IC50, inhibitory concentration
that causes 50% inhibition; PARP1, poly[ADP-ribose]-
polymerase1

■ REFERENCES
(1) Traber, M. G. Vitamin E, 10th ed.; Lippincott Williams and
Wilkins: Baltimore, MD, 2006; pp 396−441.
(2) Eitenmiller, R. R.; Lee, J. Vitamin E: Food Chemistry, Composition,
and Analysis, 1st ed.; Marcel Dekker: New York, 2004; p 14.
(3) Ju, J.; Picinich, S. C.; Yang, Z.; Zhao, Y.; Suh, N.; Kong, A. N.; Yang,
C. S. Cancer-preventive activities of tocopherols and tocotrienols.
Carcinogenesis 2010, 31, 533−542.
(4) Lippman, S. M.; Klein, E. A.; Goodman, P. J.; Lucia, M. S.;
Thompson, I. M.; Ford, L. G.; Parnes, H. L.; Minasian, L. M.; Gaziano, J.
M.; Hartline, J. A.; Parsons, J. K.; Bearden, J. D., 3rd; Crawford, E. D.;
Goodman, G. E.; Claudio, J.; Winquist, E.; Cook, E. D.; Karp, D. D.;
Walther, P.; Lieber, M. M.; Kristal, A. R.; Darke, A. K.; Arnold, K. B.;
Ganz, P. A.; Santella, R. M.; Albanes, D.; Taylor, P. R.; Probstfield, J. L.;
Jagpal, T. J.; Crowley, J. J.; Meyskens, F. L., Jr.; Baker, L. H.; Coltman, C.
A., Jr. Effect of selenium and vitamin E on risk of prostate cancer and
other cancers: The Selenium and Vitamin E Cancer Prevention Trial
(SELECT). JAMA, J. Am. Med. Assoc. 2009, 301, 39−51.
(5) Klein, E. A.; Thompson, I. M., Jr.; Tangen, C. M.; Crowley, J. J.;
Lucia, M. S.; Goodman, P. J.; Minasian, L. M.; Ford, L. G.; Parnes, H. L.;
Gaziano, J. M.; Karp, D. D.; Lieber, M. M.; Walther, P. J.; Klotz, L.;
Parsons, J. K.; Chin, J. L.; Darke, A. K.; Lippman, S. M.; Goodman, G. E.;
Meyskens, F. L., Jr.; Baker, L. H. Vitamin E and the risk of prostate
cancer: The Selenium and Vitamin E Cancer Prevention Trial
(SELECT). JAMA, J. Am. Med. Assoc. 2011, 306, 1549−1556.
(6) Gaziano, J. M.; Glynn, R. J.; Christen, W. G.; Kurth, T.; Belanger,
C.; MacFadyen, J.; Bubes, V.; Manson, J. E.; Sesso, H. D.; Buring, J. E.
Vitamins E and C in the prevention of prostate and total cancer in men:

The Physicians’ Health Study II randomized controlled trial. JAMA, J.
Am. Med. Assoc. 2009, 301, 52−62.
(7) Guan, F.; Li, G.; Liu, A. B.; Lee, M. J.; Yang, Z.; Chen, Y. K.; Lin, Y.;
Shih, W.; Yang, C. S. δ- and γ-tocopherols, but not α-tocopherol, inhibit
colon carcinogenesis in azoxymethane-treated F344 rats. Cancer Prev.
Res. 2012, 5, 644−654.
(8) Li, G. X.; Lee,M. J.; Liu, A. B.; Yang, Z.; Lin, Y.; Shih,W. J.; Yang, C.
S. δ-Tocopherol is more active than α- or γ-tocopherol in inhibiting lung
tumorigenesis in vivo. Cancer Prev. Res. 2011, 4, 404−413.
(9) Yang, C. S.; Suh, N.; Kong, A. N. Does vitamin E prevent or
promote cancer. Cancer Prev. Res. 2012, 5, 701−705.
(10) Ju, J.; Hao, X.; Lee, M. J.; Lambert, J. D.; Lu, G.; Xiao, H.;
Newmark, H. L.; Yang, C. S. A γ-tocopherol-rich mixture of tocopherols
inhibits colon inflammation and carcinogenesis in azoxymethane and
dextran sulfate sodium-treated mice.Cancer Prev. Res. 2009, 2, 143−152.
(11) Newmark, H. L.; Huang, M. T.; Reddy, B. S. Mixed tocopherols
inhibit azoxymethane-induced aberrant crypt foci in rats. Nutr. Cancer
2006, 56, 82−85.
(12) Lee, H. J.; Ju, J.; Paul, S.; So, J. Y.; DeCastro, A.; Smolarek, A.; Lee,
M. J.; Yang, C. S.; Newmark, H. L.; Suh, N. Mixed tocopherols prevent
mammary tumorigenesis by inhibiting estrogen action and activating
PPAR-γ. Clin. Cancer Res. 2009, 15, 4242−4249.
(13) Suh, N.; Paul, S.; Lee, H. J.; Ji, Y.; Lee, M. J.; Yang, C. S.; Reddy, B.
S.; Newmark, H. L. Mixed tocopherols inhibit N-methyl-N-nitrosourea-
induced mammary tumor growth in rats. Nutr. Cancer 2007, 59, 76−81.
(14) Barve, A.; Khor, T. O.; Nair, S.; Reuhl, K.; Suh, N.; Reddy, B.;
Newmark, H.; Kong, A. N. γ-Tocopherol-enriched mixed tocopherol
diet inhibits prostate carcinogenesis in TRAMPmice. Int. J. Cancer 2009,
124, 1693−1699.
(15) Lambert, J. D.; Lu, G.; Lee, M. J.; Hu, J.; Ju, J.; Yang, C. S.
Inhibition of lung cancer growth in mice by dietary mixed tocopherols.
Mol. Nutr. Food Res. 2009, 53, 1030−1035.
(16) Lu, G.; Xiao, H.; Li, G. X.; Picinich, S. C.; Chen, Y. K.; Liu, A.; Lee,
M. J.; Loy, S.; Yang, C. S. A γ-tocopherol-rich mixture of tocopherols
inhibits chemically induced lung tumorigenesis in A/J mice and
xenograft tumor growth. Carcinogenesis 2010, 31, 687−694.
(17) Jiang, Q.; Yin, X.; Lill, M. A.; Danielson, M. L.; Freiser, H.; Huang,
J. Long-chain carboxychromanols, metabolites of vitamin E, are potent
inhibitors of cyclooxygenases. Proc. Natl. Acad. Sci. U.S.A. 2008, 105,
20464−20469.
(18) Jiang, Z.; Yin, X.; Jiang, Q. Natural forms of vitamin E and 13′-
carboxychromanol, a long-chain vitamin E metabolite, inhibit
leukotriene generation from stimulated neutrophils by blocking calcium
influx and suppressing 5-lipoxygenase activity, respectively. J. Immunol.
2011, 186, 1173−1179.
(19) Rezk, B. M.; van der Vijgh, W. J.; Bast, A.; Haenen, G. R. Alpha-
tocopheryl phosphate is a novel apoptotic agent. Front. Biosci. 2007, 12,
2013−9.
(20) Munteanu, A.; Zingg, J. M.; Ogru, E.; Libinaki, R.; Gianello, R.;
West, S.; Negis, Y.; Azzi, A. Modulation of cell proliferation and gene
expression by α-tocopheryl phosphates: Relevance to atherosclerosis
and inflammation. Biochem. Biophys. Res. Commun. 2004, 318, 311−316.
(21) Mukherjee, S.; Lekli, I.; Das, M.; Azzi, A.; Das, D. K.
Cardioprotection with α-tocopheryl phosphate: Amelioration of
myocardial ischemia reperfusion injury is linked with its ability to
generate a survival signal through Akt activation. Biochim. Biophys. Acta
2008, 1782, 498−503.
(22) Zingg, J. M.; Libinaki, R.; Lai, C. Q.; Meydani, M.; Gianello, R.;
Ogru, E.; Azzi, A. Modulation of gene expression by α-tocopherol and α-
tocopheryl phosphate in THP-1 monocytes. Free Radical Biol. Med.
2010, 49, 1989−2000.
(23) Gille, L.; Staniek, K.; Rosenau, T.; Duvigneau, J. C.; Kozlov, A. V.
Tocopheryl quinones and mitochondria.Mol. Nutr. Food Res. 2010, 54,
601−615.
(24) Calviello, G.; Di Nicuolo, F.; Piccioni, E.; Marcocci, M. E.; Serini,
S.; Maggiano, N.; Jones, K. H.; Cornwell, D. G.; Palozza, P. γ-
Tocopheryl quinone induces apoptosis in cancer cells via caspase-9
activation and cytochrome c release. Carcinogenesis 2003, 24, 427−433.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf401076g | J. Agric. Food Chem. 2013, 61, 8533−85408539



(25) Jones, K. H.; Liu, J. J.; Roehm, J. S.; Eckel, J. J.; Eckel, T. T.;
Stickrath, C. R.; Triola, C. A.; Jiang, Z.; Bartoli, G. M.; Cornwell, D. G. γ-
Tocopheryl quinone stimulates apoptosis in drug-sensitive and
multidrug-resistant cancer cells. Lipids 2002, 37, 173−184.
(26) Ogawa, Y.; Saito, Y.; Nishio, K.; Yoshida, Y.; Ashida, H.; Niki, E. γ-
Tocopheryl quinone, not α-tocopheryl quinone, induces adaptive
response through up-regulation of cellular glutathione and cysteine
availability via activation of ATF4. Free Radical Res. 2008, 42, 674−687.
(27) Schudel, P.; Mayer, H.; Metzger, J.; Rüegg, R.; Isler, O. Über die
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