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Two naturally occurring dietary sources of vitamin E (i.e. RRR-a-tocopherol (aT) and RRR-g-

tocopherol (gT)), the manufactured synthetic form of vitamin E, all-racemic-a-tocopherol

(all-rac-aT), as well as a potent antitumor analog of vitamin E, RRR-a-tocopherol ether-linked

acetic acid analog (a-TEA), were assessed for anticancer actions. Data showed that gT,

all-rac-aT, and a-TEA but not aT or aT1gT significantly inhibited tumor burden of human

MDA-MB-231 cells in nude mice. Immunohistochemical analyses of tumor tissue showed

that all-rac-aT and a-TEA increased apoptosis and decreased proliferation in tumor cells while

gT was associated with increased tumor cell apoptosis only. In vitro data showed a-TEA and

gT but not all-rac-aT or aT to inhibit colony formation and induce apoptosis. Anticancer

actions of a-TEA and gT involved death receptor 5 protein upregulation, Survivin protein

downregulation and poly (ADP-ribose) polymerase cleavage, all of which were blocked by

co-treatment with aT. In summary, both gT and a-TEA exhibited promising anticancer

properties in vivo and in vitro, whereas all-rac-aT exhibited promising anticancer properties

in vivo only. Importantly, aT not only failed to exhibit anticancer properties but it also reduced

anticancer actions of gT in vivo and gT and a-TEA in vitro.
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1 Introduction

Vitamin E is a general term used to refer to a group of eight

chemically different compounds produced by plants known

as tocopherols (a, b, g and d) and tocotrienols (a, b, g and d),

as well as synthetic vitamin E, all-racemic-a-tocopherol

(all-rac-aT, also referred to in the literature and on vitamin

supplements as dl-a-tocopherol), which is prepared

commercially and consists of a mixture of eight stereo-

isomeric forms of a-tocopherol, only one of which is

equivalent to a ‘‘natural’’ plant-produced form, namely,

RRR-a-tocopherol (aT) [1]. Both aT and all-rac-aT can be

purchased as acetate or succinate derivatives, which are

manufactured in order to protect their antioxidant capacity

from destruction by air or sunlight. Synthetic vitamin E and

its acetate derivative (all-rac-aTAc) are common components

of dietary supplements. Significant sources of aT and gT are

polyunsaturated plant oils and products made from them

such as margarines and salad dressings.

Despite many research efforts, the biological functions of

natural and synthetic vitamin E compounds remain to be

clearly defined [2–5]. Pre-clinical cell culture and animal

model studies suggest promise of certain vitamin E forms as
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anticancer agents [6–12]. Two extensive reviews concluded

that vitamin E from dietary sources may provide women

with modest protection from breast cancer; however, there

was no evidence that vitamin E supplements (aT or all-rac-

aTAc) conferred any protection against breast cancer [13,

14]. Furthermore, double-blind, placebo-controlled clinical

trials failed to provide science-based support for either aT or

all-rac-aTAc as anticancer agents, with the possible excep-

tion of all-rac-aTAc as a chemopreventive agent for prostate

cancer in heavy smokers (reviewed in [8]). Recent findings

from the Selenium and Vitamin E Cancer Prevention Trial

(SELECT) concluded that neither selenium nor vitamin E

(all-rac-aTAc), alone or in combination at doses and

formulations used, prevented prostate cancer in a popula-

tion of relatively healthy men [15]. In contrast, there is

increasing evidence suggesting that gT, the most abundant

form of vitamin E in the American diet, may possess

anticancer properties [13, 16–21].

Breast cancer is the most commonly diagnosed cancer in

US women, exceeding 211 000 cases annually, with approxi-

mately 88% surviving 5 years [22]. Survivors are seeking

answers on how to prevent recurrent cancer, especially

women with estrogen receptor negative cancers where

preventive options are limited. A recent study reports that the

use of vitamin and mineral supplements is widespread

among cancer survivors, with breast cancer survivors report-

ing the highest use (75–87%), despite inconclusive evidence

that it is beneficial [23]. Thus, there is a need to understand

better how vitamin E compounds, found naturally in the diet

or consumed as food additives or in dietary supplements,

may influence breast cancer development and recurrence.

The goal of this study was to evaluate the anticancer

actions of two natural forms of vitamin E (aT and gT), the

manufactured synthetic form of vitamin E (all-rac-aT), and a

combination of aT1gT in nude mice xenografted with MDA-

MB-231 human breast cancer cells, as well as in cell culture.

Additionally, this study sought to test the possibility that

supplemental aT might block the anticancer actions of gT.

2 Materials and methods

2.1 Vitamin E compounds

all-rac-aT was purchased from Sigma Chemical (St. Louis,

MO, USA). aT was purchased from TAMA Biochemical

(Tokyo, Japan) and RRR-g-tocopherol (gT) was a gift from

TAMA Biochemical. RRR-a-tocopherol ether-linked acetic

acid analog (a-TEA) was used as a positive control and it was

prepared as previously described [24].

2.2 Xenograft study

All animal experiments were conducted according to

‘‘Guidelines for the Humane Treatment of Animals’’ as

designated by the University of Texas Institutional Animal

Care and Use Committee (Animal permit no. 06033002).

Immune incompetent Nu/Nu female BALB/c mice at 6 wk

of age were purchased from Jackson Laboratories (Bar

Harbor, ME, USA). Mice were injected subcutaneously with

a total of 2� 106 MDA-MB-231-GFP human breast cancer

cells (gift from Dr. LuZhe Sun, Department of Structural

Biology, University of Texas Health Science Center at San

Antonio, San Antonio, TX, USA) in 100mL media contain-

ing 50% matrigel (BD Biosciences, Franklin Lakes, NJ,

USA) in the inguinal area at a point equidistant from the

fourth and fifth nipples on the right side. About 1 wk after

tumor cell injection, the mice were randomly assigned to six

groups (ten mice/group): control, aT, gT, all-rac-aT, a-TEA,

and aT1gT when tumors reached an average volume of

25 mm3 (control 5 25 mm3, all-rac-aT 5 24 mm3, aT 5 24

mm3, gT 5 26 mm3, a-TEA 5 26 mm3, aT1gT 5 26 mm3)

and fed test diets purchased from Harlan Teklad (Madison,

WI, USA). Control diet contained tocopherol-stripped

semi-purified AIN-76A diet with 33 IU all-rac-aT acetate

per kilogram diet to meet the estimated vitamin E nutrient

requirement for mice [25]. To this basal (control)

diet the different forms of vitamin E were added at

500 mg/kg each (thus, the combination diet contained

500 mg/kg aT1500 mg/kg gT). HPLC analyses of the actual

concentrations of supplemented vitamin E forms in the

diets (mg/kg diet) following radiation to permit food entry

into the barrier facility housing the nude mice were as

follows: aT 5 378, all-rac-aT 5 400, gT 5 358, a-TEA 5 243,

aT1gT 5 456 and 506, respectively, for each of the diets.

The average food intake was 3.770.1 g/day/mouse in

control and treatment groups. To put this into perspective

for physiological relevance, the 500 mg aT/kg diet provides

approximately 400 IU vitamin E to an individual mouse

on a day-by-day basis, an amount typically found in one

soft gel vitamin E capsule based on body surface area

equivalency [26].

Tumors were measured every other day, and tumor

volumes were calculated using the formula: volume

(mm3) 5 (width�width� length/2). Body weights were

determined weekly. Animals were euthanized after 24 days

of dietary treatment.

2.3 Tumor immunohistochemistry

Immediately upon collection, tumors were fixed in formalin

for immunohistochemical analyses. Deparaffinized 5 mm

sections were examined for apoptosis and cell proliferation

using reagents supplied in the ApopTag in situ Apoptosis

Detection kit (Intergen, Purchase, NY, USA) and antibodies

specific for nuclear antigen Ki-67 (DAKO, Carpinteria, CA,

USA). Brown TUNEL stained nuclei were scored as positive

for apoptosis in 15 microscopic fields (400� )/tumor. Ki-67-

positive stained cells were counted in five microscopic fields

(400� )/tumor as previously described [27]. Tumor tissues
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from five individual mice in each group were analyzed in

both TUNEL and Ki67 assays.

2.4 HPLC detection of vitamin E compounds in

serum and diets

Lipids were extracted from sera and diets and aT and gT

levels were measured in sera and aT, gT, and a-TEA levels

were measured in diets using reverse-phase HPLC with

fluorometric detection as described by Tirmenstein et al.
[28]. Each sample (40 mL) was injected into a Waters 717

HPLC equipped with an autosampler. The mobile phase

consisted of 96% methanol (HPLC grade; Fisher Chemicals,

Gibbstown, NJ, USA), 4% water, and 0.001% glacial acetic

acid. Samples were separated on a Waters spherisorb ODS-2

5u (250� 4.6 mm) column (Alltech, Deerfield, IL, USA) and

analyzed for aT and gT with excitation and emission wave-

lengths of 290 and 330 nm, respectively. Quantification of

the separated compounds was performed based on the

internal standard method using g-tocotrienol as the internal

standard and Millennium-32 chromatography manager

software for data analyses (Waters, Milford, MA, USA).

2.5 Cell culture

To further evaluate the anticancer effects of vitamin E

compounds tested in vivo, we used the same cell line, MDA-

MB-231-GFP human breast cancer cells, to conduct in vitro
studies. Cells were maintained in MEM medium supple-

mented with 10% FBS (HyClone Laboratories, Logan, UT,

USA), 2 mM glutamine, 100 U/mL penicillin, 100mg/mL

streptomycin, 1�MEM non-essential amino acid solution

(Sigma) and 2�MEM vitamins solution (Sigma). For

experiments, FBS was reduced to 2% to better mimic the in
vivo low serum exposure of these type cells.

2.6 Colony formation assay

Effects of vitamin E compounds on colony formation of MDA-

MB-231-GFP cells were determined as described previously

with the following modifications [29]. Vitamin E compounds

were dissolved in DMSO at 200 mM, then further diluted in

ethanol to achieve 40 mM stock solutions. Equivalent levels of

DMSO/ethanol (1:4) were used as vehicle controls. Cells were

seeded at 1000 cells/100 mm plate and incubated for 3 days to

allow small colony formation. Cells were treated with vitamin

E compounds or vehicle controls at indicated concentrations

for 10 days. Cells were washed with PBS, fixed with methanol,

and stained with 0.1% methylene blue in PBS. Colonies were

analyzed and measured by ImageJ 1.41 (National Institutes

of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/

download.html) [30]. Colony-forming cells are expressed as

cell survival (%), which was calculated as number of colonies

in treatment/number of colonies in control� 100%. IC50

values for inhibition of colony formation were calculated

using CalcuSyn software (Biosoft, Ambridge, UK).

2.7 Evaluation of apoptosis

Apoptosis was quantified using the Annexin V-PE assay

following the manufacturer’s instructions (Invitrogen,

Carlsbad, CA, USA). This assay measures amount of phos-

phatidylserine on the outer surface of the plasma membrane

(a biochemical alteration unique to membranes of apoptotic

cells). Fluorescence was measured using FACSCalibur flow

cytometry and data were analyzed using CellQuest software

(BD Biosciences, San Jose, CA, USA). Cells displaying

phosphatidylserine on their surface (positive for annexin-V

fluorescence) were considered to be apoptotic [31].

2.8 Western blot analyses

Western blot analyses to assess protein levels in whole cell

extracts were performed as described previously [31]. Anti-

bodies to poly (ADP-ribose) polymerase (PARP) and Survivin

were purchased from Santa Cruz Biotechnology (Santa Cruz,

CA, USA). Antibodies to death receptor 5 (DR5; also called

TRAIL-R2: TNF-a-related apoptosis-inducing ligand-receptor 2)

were purchased from Cell Signaling Technology (Beverly, MA,

USA). Antibodies to GAPDH were produced in-house.

Following transfer, blots were reacted with primary antibody in

0.1% BSA/TBST overnight at 41C, washed three times with

TBST, and reacted with horseradish peroxidase-conjugated

goat anti-rabbit or rabbit anti-mouse (Jackson Immunor-

esearch, Rockford, IL, USA) secondary antibodies.

2.9 Statistical analyses

Tumor growth was evaluated by transforming volumes

using a logarithmic transform (base 10) and analyzed using

a nested two-factor analysis of variance with SPSS software

(SPSS, Chicago, IL, USA). Differences in number of TUNEL

and Ki-67-positive cells, and serum levels of aT and gT were

determined using Mann–Whitney rank test with Prism

software version 4.0 (Graphpad, San Diego, CA, USA). A

level of po0.05 was regarded as statistically significant.

Student’s t-test was used for in vitro studies.

3 Results

3.1 The ability of different vitamin E compounds to

reduce tumor growth

Tumor volumes (mean7SE) through time for treatment

and control groups are presented in Fig. 1. Data show a
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significant reduction of tumor volume in gT, all-rac-aT, and

a-TEA supplemented groups in comparison with basal

control diet group (po0.05, po0.01, and po0.01, respec-

tively). There were no significant differences in tumor

volumes in aT and aT1gT groups in comparison with the

control group and there were no significant differences in

tumor volumes among gT, all-rac-aT, and a-TEA groups.

These data suggest that gT, all-rac-aT, and a-TEA, but not

aT, possess antitumor activity, and importantly, aT has the

ability to block gT’s antitumor efficacy as measured by

reduction in tumor burden. The average body weight of

mice at the beginning of the experiment was 18.570.4 and

at the end of the experiment was 22.170.9. There were no

significant differences in body weights among mice in

control and treatment groups.

Visible metastases in lungs were counted at sacrifice. The

incidences of visible lung metastases were 70, 60, 30, 30, 30

and 40% in control, aT, gT, all-rac-aT, a-TEA, and aT1gT

groups, respectively. Attempts to determine GFP-labeled

tumor cells in lung for analyses of micrometastases failed

due to inadequate GFP expression by the tumor cells.

Apparently, the transgene was lost when cells were grown

in vivo.

3.2 cT, all-rac-aT, and a-TEA, but not aT or aT1cT,

induce tumor cells to undergo apoptosis

The levels of TUNEL-positive cells in gT, all-rac-aT and a-

TEA groups, but not in the aT or aT1gT groups, were

significantly increased by 1.9-, 2.1-, and 2.1-fold, respec-

tively, in comparison with control group (po0.03, po0.016,

and po0.036, respectively (Fig. 2A).

3.3 all-rac-aT and a-TEA, but not cT, aT, or aT1cT,

inhibit tumor-cell proliferation

Tumor-cell proliferation was determined by immunohisto-

chemical analyses of Ki-67, a nuclear antigen expressed in

actively proliferating cells and presented as average number

of Ki-67-positive stained cells counted in five microscopic

fields at 400�magnification/tumor7SE from five indivi-

dual mice. The levels of Ki-67-positive cells in all-rac-aT and

a-TEA groups (but not aT or aT1gT groups) were signifi-

cantly decreased by 23 and 39%, respectively, in comparison

with control group (po0.032 and po0.008, respectively;

Fig. 2B). Although the level of Ki-67-positive cells in the gT

group was decreased in comparison with the control group,

there was no significant difference (po0.06).

3.4 Comparison of levels of aT and cT in serum

Levels of aT and gT in sera were determined by

HPLC analyses (Table 1). Serum levels of aT in the

Figure 1. Evaluation of tumor growth. Supplemented diets were

initiated at day 0, which was 7 days after tumor cell injections

when all tumors were approximately the same size (i.e. 25 mm3).

Tumor volumes (mm3) were determined at 2-day intervals and

are depicted as mean7SE �designates significant difference

from control group (po0.05).

Figure 2. Assessment of biomar-

kers of antitumor action. Measures

of apoptosis (TUNEL) and prolif-

eration (Ki67) were detected by

immunohistochemical analyses of

tumor tissue. (A and C) Photo-

graphs representative of TUNEL

(A) and Ki67 (C), respectively.

(B and D) Mean1SE of five samples

in each group. �designates signifi-

cant difference from control group

(po0.05).
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aT-supplemented group were significantly increased in

comparison with control (14.271.7 versus 8.571.3 mmol/L,

po0.048). Although serum levels of aT in the combination

aT1gT group was increased in comparison with control

(12.571.7 versus 8.571.3 mmol/L), it was not a statistically

significant difference. Serum levels of aT in the gT

supplemented group were lower in comparison with the

control group (5.770.4 versus 8.571.3 mmol/L), but it was

not a statistically significant difference. Serum levels of gT

were 1.370.2 mmol/L in gT-supplemented mice and were

below detectable levels in the aT1gT-supplemented group

(Table 1). Levels of aT in the gT-supplemented group were

fourfold higher than gT, while aT levels in the combination

treated group increased from 5.770.4 to 12.571.7 mmol/L,

while gT levels decreased to undetectable levels (Table 1).

3.5 Effect of vitamin E compounds on colony

formation of MDA-MB-231-GFP human breast

cancer cells

Vitamin E treatments for 10 days in concentrations ranging

from 10–40 mM for aT, all-rac-aT, and gT, and 5–15mM for

a-TEA were evaluated for ability to reduce colony formation

of MDA-MB-231-GFP cells. Representative photographs of

colony assay from 100 mm plates are presented in Fig. 3A.

Cell survival (%) curves are given in Fig. 3B. IC50 values

calculated from data in Fig. 3B are as follows: 4.8 mM and

11.8 mM for a-TEA and gT, respectively. In the 10–40 mM

range tested, there was no inhibitory effect of aT or all-rac-

aT on colony formation (Figs. 3A and B).

3.6 Evaluation of pro-apoptotic properties of

vitamin E compounds

FACS analyses of phosphatidylserine translocation to the

cell surface using PE-tagged Annexin V were used to

quantify apoptosis. gT- and a-TEA, but not aT or all-rac-aT

induced dose-dependent apoptosis in MDA-MB-231-GFP

cells following 5-day treatments (Fig. 4A). Ten-micromolar

aT blocked apoptosis induced by gT (40 mM) and a-TEA

(10mM) by 60 and 70%, respectively (Fig. 4B).

3.7 Mechanisms of vitamin E-induced apoptosis

gT and a-TEA induced apoptosis in MDA-MB-231GFP cells

in a manner similar to MDA-MB-435 cells as we previously

reported [29, 31], namely, apoptosis involved upregulation of

pro-apoptotic death receptor DR5 and downregulation of

anti-apoptotic Survivin (Fig. 5A). In comparison with gT, aT

and all-rac-aT did not cause cleavage of PARP and did not

downregulate Survivin. Interestingly, both aT and all-rac-aT

induced an increase in DR5 protein expression (Fig. 5B). Of

importance, aT blocked gT- and a-TEA-induced cleavage of

PARP, upregulation of DR5, and downregulation of Survi-

vin (Fig. 5C).

4 Discussion

Data presented here show the following: (i) diet supple-

mentation with gT, all-rac-aT, and a-TEA, but not aT,

suppressed the growth of estrogen non-responsive human

MDA-MB-231 breast cancer cells in a xenograft model; (ii)

gT, all-rac-aT, and a-TEA induced apoptosis and all-rac-aT

and a-TEA inhibited tumor-cell proliferation in tumor

Table 1. HPLC analyses of aT and gT levels in serum

Serum levelsa) (mmol/L)

Group aTb) gT

Control 8.571.3 NDc)

aT 14.271.7 ND
gT 5.770.4 1.370.2
aT1gT 12.571.7 ND

a) At euthanasia, blood was allowed to clot, serum was
collected, lipids were extracted, and levels of aT and gT
measured by an internal standard method using RP HPLC
with fluorometric detection. The data are presented as
mean7SE from five individual animals/group.

b) aT levels reflect all stereoisomeric forms.
c) ND 5 not detected (below level of detection; i.e. 0.7 mmol/L).

Figure 3. Colony formation assays. Cells were treated with a

range of concentrations of different vitamin E compounds for 10

days. (A) photo-picture. (B) Colonies are expressed as cell

survival (%), which was calculated as number of colonies in

treatment/number of colonies in control � 100%. Data are mean

1SD of at least two separate experiments.
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tissue, suggesting possible mechanisms for the anticancer

action of these vitamin E forms in vivo; (iii) aT reduced gT’s

ability to suppress in vivo tumor growth and induction of

tumor cell apoptosis; (iv) a-TEA and gT, but not aT or all-
rac-aT, inhibited colony formation and induced apoptosis in

cell culture; (v) a-TEA- and gT-induced apoptosis was asso-

ciated with DR5 upregulation, and Survivin downregulation

in culture, and (vi) aT blocked in vitro anticancer actions of

both gT and a-TEA.

Previously, we showed that gT, all-rac-aT, and a-TEA

formulated in liposomes and delivered by oral gavage

suppressed tumor growth in a syngeneic mouse model

using BALB/c 66cl-4-GFP mouse mammary cancer cells,

while aT did not [29]. To confirm these findings and extend

this study to a human breast cancer cell line we conducted

the current study using MDA-MB-231-GFP in Nu/Nu

mouse (versus mouse cell line 66cl-4) and delivered the

vitamin E compounds in the diet (versus by oral gavage). The

data confirm that gT, all-rac-aT, and a-TEA, but not aT,

possess anticancer actions in vivo. The data also confirm the

data reported by Cameron et al. [32] showing that all-rac-aT

supplemented in the diet reduced tumor burden of human

MDA-MB-231 breast cancer cells in a xenograft model and

confirm the data reported by Hahn et al. [33] generated in a

syngeneic 4T1 mouse model that dietary administration of

a-TEA is an effective route of delivery. The data also support

the results reported recently by Suh et al. [34] showing that

adding mixed tocopherols (58% gT, 21% d-tocopherol, 12%

aT, 1.5% b-tocopherol) at 0.1% to an AIN-76 diet signifi-

cantly suppressed chemically induced mammary tumor

growth in rats. Taken together, these studies suggest that

various forms of vitamin E can be effective anticancer agents

when fed in the diet in several pre-clinical animal models.

As we observed previously [29], gT and a-TEA, but not aT

and all-rac-aT, inhibited colony formation and apoptosis in

MDA-MB-231 human breast cancer cells in vitro. While we

have some understanding of how VES and a-TEA may

mediate their anticancer actions [8, 35] much remains to be

done to better understand how gT and all-rac-aT mediate their

anticancer actions. Previously, we reported that gT and a-TEA,

but not aT and all-rac-aT, induced cleavage of caspase-8, 9,

and PARP and downregulated cFLIP and Survivin in MDA-

MB-435 human breast cancer cells [29], and activation of the

DR5 pathway is involved in gT-induced apoptosis, leading to

activation of a caspase-8- and mitochondria-dependent apop-

totic cascade in MCF-7 and MDA-MD-435 human breast

cancer cells [31]. In this study, we found that all four agents

upregulated DR5 protein expression in MDA-MB-231 cells

(Fig. 5B), but only gT and a-TEA induced increased level of

apoptosis and Survivin downregulation. Thus, perhaps one

reason why gT and a-TEA induce apoptosis is that they

suppress anti-apoptotic Survivin, while aT and all-rac-aT,

Figure 4. Evaluation of pro-apoptotic properties. Cells were

treated with vitamin E compounds at the indicated concentra-

tions for 5 days. (A) Quantification of percent apoptotic cells by

FACS analyses of annexin V-PE-positive cells treated with

different doses of different vitamin E compounds. �Significant

difference between control and treatments po0.05; ��Significant

difference between higher dose and lower dose po0.05.

(B) Quantification of percent apoptotic cells by FACS analyses

of annexin V-PE-positive cells treated with 40mM gT and 10 mM

a-TEA alone or plus 10 mM aT. The data are presented as mean1

SD of at least three independent experiments.

Figure 5. Assessment of biomarkers of apoptosis. (A) PARP

cleavage and pro-apoptotic DR5 and anti-apoptotic Survivin

protein expression were detected by Western blot analyses

using the same samples in Fig. 4A. Dose-response expression of

the markers treated with gT and a-TEA. (B) Comparison of the

marker expression in different vitamin E compounds. (C) The

effect of aT on gT and a-TEA-induced apoptotic biomarker

expression. Data are representative of two independent experi-

ments.
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which did not induce apoptosis, did not. These data suggest

that dual activation of pro-apoptotic pathways and suppression

of anti-apoptotic pathways are needed in vitamin

E-compound-induced apoptosis in vitro.

As previously reported [29], all-rac-aT exhibits anticancer

actions in vivo but not in cell culture. In speculating what

might account for this in vivo versus in vitro difference, there

are several possibilities including (i) all-rac-aT generates

unique metabolites only in vivo that mediate its anticancer

actions, (ii) differences in tumor cell uptake in cell culture

versus in vivo, and (iii) all-rac-aT may not directly act on

tumor cells but rather generates indirect effects, such as

elimination of tumor supportive stroma cells or their pro-

growth/pro-survival mediating factors or perhaps it enhan-

ces antiangiogenic effects directed to endothelial cells. The

possibility that all-rac-aT may be mediating its anticancer

actions in vivo via the immune response system is also a

possibility because even though the immune response in

the Balb/c Nu/Nu mice is compromised by a lack of a

thymus, anticancer responses mediated by NK cells and

T-independent B-cell functions are still operative.

The subject of bioavailability and tissue distribution

among the different forms of vitamin E has been the focus

of several studies and has been summarized in recent

comprehensive reviews [36–38]. Briefly, all forms of orally

administered vitamin E are absorbed from the gastro-

intestinal tract in chylomicrons in a comparable manner

and can be taken up by tissues prior to chylomicron clear-

ance by the liver. The a-tocopherol transfer protein, which is

expressed in the liver, plays an important role in the

subsequent preferential release of RRR-aT from the liver

into the plasma. Vitamin E forms that are not transported

into the plasma are excreted into the bile or metabolized in

the liver by cytochrome P450 enzymes [36–39]. Thus, RRR-

aT is the predominant form of vitamin E in serum of

individuals who have been fasting. In addition to prefer-

ential binding of RRR-aT by a-tocopherol transfer protein,

RRR-aT activates P450 enzymes, leading to degradation and

elimination of other vitamin E forms, which also accounts

for the marked presence of RRR-aT in serum and tissues

[36–39]. Since aT does not appear to be playing a beneficial

anticancer function, we hypothesized that it may be a bad

actor blocking the anticancer actions of other vitamin E

forms. Based on the well-studied antagonistic effect of aT on

reductions of plasma and tissue levels of gT [39–41], we

examined whether aT could block gT anticancer actions in
vivo. Here, we show that supplementation with gT produced

antitumor outcomes that were lost when mice were

supplemented with a combination of aT1gT. Data showing

that gT supplementation produced detectable gT serum

levels while the combination supplementation did not is in

agreement with published literature showing that aT redu-

ces serum levels of gT [36, 39–41]. Thus, one possible

mechanism for aT to antagonize gT antitumor actions is to

reduce gT bioavailability due to lower concentration of gT in

serum. The antagonistic effect of aT on gT anticancer

actions was confirmed by in vitro studies showing that aT

blocked gT-induced apoptosis and involved inhibition of gT-

induced upregulation of DR5 and downregulation of survi-

val factor Survivin. These data suggest that aT blocks an

upstream event in gT-induced apoptosis. In addition, cell

culture data show that aT not only blocked gT anticancer

actions, but also those of a-TEA, suggesting that aT’s

antagonistic effect(s) may apply to other vitamin E forms.

Since all-rac-aT did not exhibit anticancer actions in vitro, we

were unable to study if aT can block its anticancer actions.

This will require future in vivo analyses.

Our data show that aT at a relevant supplemental dose

blocked gT anticancer actions at a 1:1 ratio in vivo and

blocked gT-induced apoptosis at a 1:4 ratio (aT at 10mM to

gT at 40mM) in vitro. Thus it is interesting that Suh et al. [34]

showed that adding mixed tocopherols (58% gT, 21%

d-tocopherol, 12% aT, 1.5% b-tocopherol), at 0.1% to an

AIN-76 diet significantly suppressed chemically induced

mammary tumor growth in rats. This diet had a 1:9 ratio of

aT to all other vitamin E forms (note d-tocopherol has been

reported to have antitumor action) [42]. Taken together, this

raises the question how can gT’s potential for anticancer

function be maximized by limiting aT? Future studies are

needed to determine optimal ratio of aT:anticancer forms of

vitamin E to minimize aT’s antagonistic effects.

In summary, these findings demonstrate that certain

forms of vitamin E can function effectively as anticancer

agents and others cannot. For the first time, aT has been

shown to block gT’s anticancer actions in vivo and in vitro.

Studies are needed to better understand how the anticancer

actions of these forms of vitamin E are antagonized by aT.

Such information will provide important insights for better

utilizing certain vitamin E forms as anticancer agents.
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