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Abstract

Tocopherols exist in four forms designated as α, β, δ and γ. Due to their strong antioxidant 

properties, tocopherols have been suggested to reduce the risk of cancer. Cancer prevention studies 

with tocopherols have mostly utilized α-tocopherol. Large scale clinical trials with α-tocopherol 

provided inconsistent results regarding the cancer preventive activities of tocopherols. This review 

summarizes our current understanding of the anti-cancer activities of different forms of 

tocopherols based on follow up of the clinical trials, recent epidemiological evidences and 

experimental studies using in vitro and in vivo models. The experimental data provide strong 

evidence in support of the anti-cancer activities of δ-tocopherol,γ-tocopherol and the natural 

tocopherol mixture rich in γ-tocopherol, γ-TmT, over α-tocopherol. Such outcomes emphasize the 

need for detailed investigation into the cancer preventive activities of different forms of 

tocopherols to provide a strong rationale for intervention studies in the future.
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1. Introduction

Tocopherols, the major forms of vitamin E, are a group of fat soluble phenolic compounds. 

Each tocopherol consists of chromanol ring and a 16-carbon phytyl chain [1]. Depending on 

the number and position of methyl groups on the chromanol ring, tocopherols are designated 

as α, β, δ and γ [1].α-Tocopherol (T) is trimethylated at the 5-, 7-and 8-positions of the 

chromanol ring and β-T is dimethylated at 5- and 8-positions, whereas γ-T is dimethylated at 

the 7- and 8-positions and δ-T is methylated at the 8-position [1]. The unmethylated carbons 

at the 5- and 7-positions are electrophilic centers that can effectively trap reactive oxygen 

and nitrogen species (RONS). All tocopherols are strong antioxidants, however δ-T and γ-T 

are more effective in trapping reactive nitrogen species than α-T [2-5]. The major dietary 

sources of tocopherols are vegetable oils such as corn, soybean, sesame, cottonseed [6]. γ-T 

is the most abundant form of tocopherol in the US diet, being three to five times more 

abundant than α- and δ-T whereas β-T is present only in minute amounts [6]. A natural 

tocopherol mixture rich in γ-T, γ-TmT, can be easily obtained as a byproduct in the 
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distillation of vegetable oil and usually contains (per gm) 115-130 mg α-T, 12-15 mg β-T, 

561-568 mg γ-T and 223-243 mg δ-T [7-9].

Due to their strong antioxidant properties, tocopherols have been suggested to reduce the 

risk of cancer [10]. Several studies show that a lower vitamin E nutritional status is 

associated with an increased risk of certain cancers [11, 12]. α-T is considered to be the 

classic vitamin E as it is the major form of tocopherols found in blood and tissues [13]. 

Therefore, α-T has been the most widely used form of tocopherols for cancer prevention 

studies. However, results from large scale human intervention studies with α-T, such as the 

Alpha-Tocopherol Beta-Carotene Cancer Prevention (ATBC) Study and Selenium and 

Vitamin E Cancer Prevention Trial (SELECT), led to inconsistent conclusions about the 

cancer preventive activities of tocopherols [14, 15]. The 2009 report of the SELECT trial 

demonstrating that selenium and vitamin E failed to prevent prostate cancer in healthy men 

[15] raised questions and skepticism about the cancer preventive properties of tocopherols. 

In this review, we will summarize our current understanding of the chemopreventive effects 

of tocopherols after the SELECT report, based on recent intervention and follow up studies 

of ATBC and SELECT as well as epidemiological studies. We will also discuss the 

biological activities of different forms of tocopherols in cancer prevention with respect to 

current in vitro and in vivo studies.

2. Studies on Tocopherols and Human Cancers

2.1 Intervention Studies

The ATBC study was initially designed to investigate the prevention of lung cancer in male 

smokers with a daily supplement of 50 IU of all-racemic-α tocopheryl acetate and 20 mg of 

β-carotene in a two-by-two design [16]. Supplementation with α-T or β-carotene for 5-8 

years did not have a beneficial effect on the incidence of lung cancer [16]. Men who 

received β-carotene were found to have lung cancer more frequently than those who did not 

receive β-carotene [14]. However, α-T supplementation and higher serum α-T was 

significantly associated with a reduced incidence of prostate cancer (as a secondary end 

point) [17]. Based on these results, the SELECT trial was launched, in which 35,533 men 

from 427 study sites in the United States, Canada and Puerto Rico were randomized into 

four groups and administered with 400 IU of all-racemic-α-tocopheryl acetate or 200 μg 

selenium from L-selenomethionine daily in a two-by-two design for an average of 5.5 years. 

However, the supplementations failed to prevent prostate or other cancers [15].

Several follow up studies of the ATBC and SELECT trials have been reported in the recent 

years. A follow up study of ATBC examined whether vitamin E intake and serum α-T 

concentrations were prospectively associated with exocrine pancreatic cancer [18]. A cohort 

analysis of prediagnostic vitamin E intake (4 tocopherols and 4 tocotrienols), serum α-T 

concentrations and pancreatic cancer was conducted [18]. During a median follow up period 

of 16 years, higher serum α-T concentrations were associated with a significant 48% 

reduction in the risk of pancreatic cancer and the inverse serum α-T association was more 

pronounced in men with a higher polyunsaturated fat intake [18]. Another report examined 

whether serum α-T, β-carotene and retinol measured at study entry and after 3 years affected 

survival time in men diagnosed with prostate cancer while enrolled in the ATBC study [19]. 
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Higher levels of serum α-T were found to increase overall prostate cancer survival while β-

carotene and retinol had no effects [19]. A recent study evaluated the association of serum α-

T, β-carotene and retinol with the incidence of liver cancer and chronic liver disease (CLD) 

mortality in a prospective cohort of male smokers from the ATBC study [20]. The findings 

suggest that higher serum β-carotene and retinol levels were inversely associated with 

incident liver cancer and death from CLD. Higher α-T levels had no association with liver 

cancer incidence, although a borderline statistically significant reduced risk was observed 

for CLD death [20]. To determine the post intervention effects of α-T and β-carotene in the 

ATBC study, 25,563 men were followed 18 years for cancer incidence and all causes of 

mortality [21]. Neither α-T nor β-carotene had significant effects on post-trial cancer 

incidence [21]. However, the preventive effect of α-T supplementation on prostate cancer 

continued several years post-trial, resulting in lower prostate cancer mortality [21].

A secondary analysis of SELECT assessed the effect of selenium and/or vitamin E (α-T) on 

bladder cancer incidence [22]. Contrary to the epidemiological and experimental evidences 

that selenium and vitamin E may prevent bladder cancer, this analysis showed that 

supplementation with selenium or vitamin E alone or in combination did not reduce the 

incidence of bladder cancer [22]. The SELECT trial demonstrated higher prostate cancer 

incidence upon supplementation with α-T [15]. A recent study evaluated whether plasma α-

T or γ-T levels before supplementation were associated with prostate cancer in SELECT 

[23]. Men with the highest pre-randomization α-T concentrations were found to be twice as 

likely to be diagnosed with prostate cancer if they received the selenomethionine supplement 

in the trial [23]. However, pre-supplementation plasma α-T levels were unrelated to prostate 

cancer risk among men supplemented with only α-T, and γ-T had no association with 

prostate cancer [23]. These findings indicate that higher plasma α-T concentrations may 

interact with selenomethionine supplements to increase prostate cancer risk. The Physicians' 

Health Study II Randomized Control Trial evaluated the effects of long term vitamin E or C 

supplementation on the risk of prostate and total cancers in men [24]. Supplementation with 

vitamin E (400 IU of α-T every other day) or vitamin C (500 mg of synthetic ascorbic acid) 

for 8 years did not reduce the risk of prostrate or other cancers [24]. Four years post-trial 

follow up of this study revealed that vitamin E and C supplementation had no long term 

effects on the incidence of prostate or other site specific cancers [25].

High-grade prostatic intraepithelial neoplasia (HGPIN) is a putative precursor of invasive 

prostate cancer. Preclinical evidence suggests that vitamin E, selenium and soy protein may 

prevent progression of HGPIN to invasive prostate cancer [26]. This hypothesis was tested in 

a randomized phase III double-blind study including 303 men of median age 62.8 years in 

12 Canadian centers supplemented daily with soy (40 g), vitamin E (800 IU) and selenium 

(200 μg) versus placebo. The results of this trial did not support the hypothesis that 

combination of vitamin E, selenium and soy prevents progression from HGPIN to invasive 

prostate cancer [27]. Till date, intervention studies have provided inconsistent conclusions 

about the cancer preventive activities of tocopherols, emphasizing the need for systematic 

future studies with different forms and effective doses of tocopherols to elucidate their role 

in cancer prevention.
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2.2 Epidemiological studies

Although randomized controlled trials to assess the cancer preventive activities of vitamin E 

provided inconsistent results, several recent observational studies suggest an inverse 

association between vitamin E and cancer risk.

A nested case-control study of serum α-T and γ-Tlevels and prostate cancer risk in the 

Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial found that higher 

serum α-T levels reduce the risk of prostate cancer particularly among smokers while γ-T 

had no association with prostate cancer [28]. A meta-analysis of 9 nested case-control 

studies on blood α-T and γ-T levels and the risk of prostate cancer demonstrated that blood 

α-T levels, but not γ-T levels, were inversely associated with the risk of prostate cancer [29]. 

A recent study examined plasma carotenoid and tocopherol levels in relation to prostate 

specific antigen (PSA) levels among men with PSA-defined biochemical recurrence of 

prostate cancer [30]. Data analyzed from a 6-month diet, physical activity and stress-

reduction intervention study showed that plasma levels of α-T and certain carotenoids are 

inversely related to PSA levels [30]. These findings suggest that greater intake of food 

containing these micronutrients might be beneficial to men with PSA-defined recurrent 

prostate cancer. The North Carolina-Louisiana Prostate Cancer Project (PCaP) examined 

whether dietary intake of tocopherols, vitamin E supplement use and adipose tissue 

biomarkers of tocopherols were associated with prostate cancer aggressiveness among 

African-American and European-American men [31]. Dietary intake of α-T and δ-T were 

inversely related to prostate cancer aggressiveness in European-Americans [31]. No 

significant association was observed between supplemental α-T or adipose tissue tocopherol 

levels and prostate cancer aggressiveness [31]. The Netherlands Cohort Study evaluated the 

relation between prostate cancer risk and intake of vegetables, fruits, carotenoids and 

vitamins C and E [32]. After 16.3 years of follow up, no association was observed between a 

high consumption of vegetables, fruits or the intake of carotenoids, vitamins (C and E) or 

vitamin supplements and prostate cancer risk [32]. Within the same study, the association of 

carotenoids, vitamins C and E with the risk of head-neck cancer subtypes was evaluated 

[33]. No significant association was observed between the intake of vitamin E (including 

supplements) and the risk of head-neck cancer [33].

A recent report based on 10 case-control studies to assess the association between vitamin E 

intake from natural sources and cancer of the oral cavity/pharynx and larynx found that 

vitamin E was inversely related to oral/pharyngeal cancer [34]. A nested case-control study 

within the European Prospective Investigation into Cancer and Nutrition (EPIC) 

investigating the relation of prediagnostic plasma levels of carotenoids, vitamin C, retinoids 

and tocopherols with the risk of pancreatic cancer showed that higher plasma concentrations 

of β-carotene, zeaxanthin and α-T may be inversely associated with pancreatic cancer risk 

[35]. A second case-control study within the EPIC examined the association of dietary 

consumption of carotenoids and vitamins A, C and E with the risk of colon and rectal cancer 

[36]. Inverse associations for dietary β-carotene and vitamins C and E with distal colon 

cancer were observed [36]. Repeated measurements of serum carotenoids, retinol and 

tocopherol levels in the Women's Health Initiative study revealed no association of retinoid 

and tocopherol levels with colorectal or colon cancer risk, although high serum levels of β-
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carotene was inversely associated with the risk of colorectal and colon cancer in 

postmenopausal women [37]. A prospective investigation of the association between 

tocopherol intake from diet and supplements with lung cancer risk among Chinese female 

non-smokers participating in the Shanghai Women's Health Study was conducted [38]. After 

12.02 years of follow up, total dietary consumption of tocopherol was inversely associated 

with lung cancer risk while vitamin E supplement was associated with increased lung cancer 

risk [38]. A dose response meta-analysis of 40 studies assessing the relation of vitamins C, 

D, and E with the risk of bladder cancer found that bladder cancer is inversely associated 

with vitamins D and E (especially α-T) in a linear dose response manner, but positively 

associated with γ-T [39].

A longitudinal study of serum carotenoid, retinol, and tocopherol concentrations in relation 

to breast cancer among postmenopausal women revealed that certain carotenoids reduce the 

risk of breast cancer, α-T has no association while γ-T has a positive association, increasing 

breast cancer risk [40]. The protective role of carotenoids, tocopherols and retinol in breast 

cancer was investigated in women subjects of the E3N study, the large French component of 

the EPIC. No significant associations between breast cancer risk and serum levels of these 

antioxidant micronutrients were observed [41]. A meta-analysis of 40 studies providing a 

comprehensive summary of the associations between plasma retinol, vitamins A, C, α-T and 

breast cancer risk reported that severe α-T deficiency could increase breast cancer risk [42]. 

A pooled analysis of 10 cohort studies in North America and Europe suggested that the 

intake of vitamins A, C, E and folate during adulthood does not affect the risk of ovarian 

cancer [43]. Although some epidemiological studies suggest the beneficial role of α-T in 

cancer prevention, overall epidemiological data do not provide clear evidence about the 

cancer preventive effects of tocopherols.

3. Experimental Studies with Tocopherols

Despite the fact that epidemiological and intervention studies did not provide consistent 

conclusions about the cancer preventive activities of tocopherols, in vitro and in vivo studies 

with different tocopherol forms demonstrate the anti-cancer activities of tocopherols. This 

indicates the need for more detailed investigation of the biological activities of individual 

forms of tocopherols.

Prostate Cancer

The transgenic rat for adenocarcinoma of prostate (TRAP) model features development of 

high grade prostatic intraepithelial neoplasia (PIN) from 4 weeks of age and well 

differentiated adenocarcinoma by 15 weeks age [44]. Dietary γ-T suppressed the progression 

from PIN to adenocarcinoma in the TRAP model through the activation of caspase-3-

mediated apoptosis [44]. γ-TmT, a natural tocopherol mixture rich in γ-T, has been reported 

to inhibit PIN and tumor incidence in the transgenic adenocarcinoma of the mouse prostate 

(TRAMP) model by upregulation of nuclear factor (erythroid derived 2)-like 2 (Nrf2) and its 

downstream detoxifying and antioxidant enzymes [45]. Nrf2 is known to be down regulated 

in human and TRAMP prostate cancer associated with excessive reactive oxygen species 

[46]. Nrf2 is epigenetically suppressed due to CpG hypermethylation in prostate tumors 
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from the TRAMP model. γ-TmT has been found to inhibit CpG methylation of the Nrf2 

promoter in the prostate of TRAMP mice, leading to higher Nrf2 expression and prevention 

of tumorigenesis [47]. γ-TmT inhibited growth and induced apoptosis in LNCaP cells in 
vitro [48]. Treatment of severe combined immunodeficient (SCID) mice with dietary γ-TmT 

suppressed the formation and growth of LNCaP xenografted tumors [48]. A recent study 

demonstrated that treatment of human prostate cancer cells with δ-T resulted in strong 

growth inhibition and apoptosis stimulation, associated with suppression of androgen 

receptor (AR) activity and decreased levels of PSA, a downstream target of AR signaling 

[49]. In addition, δ-T inhibited the formation and growth of LNCaP xenografted prostate 

tumors in SCID mice [49]. Evaluation of the effects of lycopene, selenium and vitamin E (γ-

T) alone and in combination on the growth of androgen-dependent transplantable Dunning 

R3327-H prostate rat tumors revealed that only selenium, but not lycopene or vitamin E 

decreased tumor growth [50]. γ-T has been reported to reduce tumor development in nude 

mice implanted with LNCaP cells, although less efficiently than γ-tocotrienol, a form of 

vitamin E with an unsaturated phytyl tail [51]. Previously, γ-T was shown to induce 

apoptosis in LNCaP cells interrupting sphingolipid synthesis [52]. A combination of γ-T and 

methaneseleninic acid (MSA) suppressed tumor growth in nu/nu mice xenografted with the 

human prostate cancer 22Rv1 cells, through upregulation of pro-apoptotic proteins, such as 

Bax and Bad, resulting in decreased cell proliferation and Ki-67 immunostaining in the 

tumors [53]. It has been reported that γ-T induces growth arrest in PC-3 prostate cancer cells 

through a peroxisome proliferator-activated receptor γ (PPARγ)-dependent mechanism [54]. 

γ-T has been shown not to be a direct PPARγ ligand, but it rather upregulates 15-S-HETE, 

an endogenous PPARγ ligand [54]. The vitamin E analogue α-tocopheryl succinate (α-

TOS), a mitochondria targeting apoptotic agent, has been reported to inhibit autophagic 

survival of PC-3 cells induced by vitamin K3 (VK3) and ascorbate through triggering 

apoptosis [55]. In PC-3 xenografted immunodeficient mice, the combination of α-TOS, VK3 

and ascorbate suppressed prostate tumor growth more efficiently than the single agents [55]. 

Tocopherols have been known to dephosphorylate Akt, a serine/threonine kinase that plays a 

pivotal role in cell growth, survival, metabolism and motility [56]. A recent study 

demonstrated that α-T and γ-T facilitate dephosphorylation of Akt in PTEN deficient 3 

prostate cancer cells LNCaP and PC-3 through activation of PH domain leucine-rich repeat 

protein phosphatase, isoform 1 (PHLPP1), a phosphatase that dephosphorylates Akt at 

Ser473 [57].

Breast Cancer

γ-TmT has been reported to inhibit tumorigenesis in estrogen receptor (ER) positive in vivo 
models of breast cancer. γ-TmT inhibited N-methyl-N-nitrosourea (NMU)-induced 

mammary tumorigenesis in Sprague Dawley rats by downregulation of estrogen receptor α 

(ERα), Akt and activation of PPARγ[56]. δ-T and γ-T were shown to inhibit mammary 

tumor growth in NMU-induced Sprague Dawley rats, but did not prevent human epidermal 

growth factor receptor 2 (HER2/neu)-driven tumorigenesis [9]. In the August Copenhagen 

Irish (ACI) rat model, γ-TmT reduced oxidative and nitrosative stress and upregulated Nrf2-

mediated antioxidant response in estrogen-induced early mammary hyperplasia [58]. At later 

stages of hyperplasia, dietary γ-TmT inhibited oxidative stress, inflammatory markers and 

regulated the expression of nuclear receptors ERα and PPARγ to inhibit cell proliferation in 
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ACI rats [59]. Recently, γ-TmT has been reported to suppress estrogen-mediated mammary 

tumor growth in ACI rats and MCF7-xenografted immunodeficient mice [8]. In ACI rats, γ-

TmT inhibited mammary tumorigenesis by modulating cytochrome P450 1A1 (CYP1A1)-

mediated estrogen metabolism, Nrf2-dependent antioxidant response and arresting cell 

proliferation through activation of PPARγ [8]. Several studies have investigated the effects of 

tocopherol analogues in breast cancer. α-Tocopheryloxyacteic acid (α-TEA) has been shown 

to enhance the cytotoxic activity of trastuzumab in HER2/neu positive murine mammary 

tumor cells and human breast cancer cells [60]. In a xenograft model, the combination of α-

TEA and trastuzumab resulted in more effective mammary tumor regression and increase in 

tumor free animals than trastuzumab alone [60]. In the human breast cancer cells, MCF-7 

and HCC-1954, α-TEA has been reported to act synergistically in combination with 

pharmacological inhibitors of mitogen-activated protein kinase (MEK) and mammalian 

target of rapamycin (mTOR), inducing apoptosis by targeting insulin receptor substrate-1 

(IRS-1)/PI3K pathways [61].α-TEA induced apoptosis in MCF-7 and HCC-1954 via tumor 

necrosis factor-related apoptosis inducing ligand (TRAIL)/death receptor-5 (DR5) pathway 

and downregulation of cellular FLICE-like inhibitory protein (c-FLIP) [62]. Recently, the 

mitochondria targeting vitamin E analogue (Mito-chromanol, Mito-ChM) and its acetylated 

ester analogue (Mito-ChMAc) have been shown to exhibit anti-proliferative and cytotoxic 

effects in multiple breast cancer cell lines [63]. Furthermore, Mito-ChM selectively 

accumulated in tumor tissue and inhibited tumor growth in a xenograft model of human 

breast cancer [63]. D-alpha-tocopheryl polyethylene glycol succinate (TGPS) is a vitamin E 

derivative that has been extensively used as a vehicle for delivery of anti-cancer drugs. 

TGPS has been found to act as anti-cancer agent alone or in combination with 

chemotherapeutic drugs [64]. TGPS induced G1/S cell cycle arrest and apoptosis in MCF-7 

and MDA-MB-231 breast cancer cell lines by inhibition of Akt and downregulation of the 

anti-apoptotic proteins, survivin and Bcl2 [65]. The α-T derivative ESeroS-GS (γ-L-

glutamyl-S-[2-[[[3,4- dihydro-2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-2H-1-

benzopyran-6-yl]oxy] carbonyl]-3-[[2-(1H-indol-3-yl) ethyl] amino]-3-oxopropyl]-L-

cysteinylglycine sodium salt) has been shown to induce cell death and inhibit viability, 

migration and invasion of breast cancer cells [66].

Colon Cancer

The effect of dietary γ-TmT on the colon of mice treated with azoxymethane (AOM) and 

dextran sulfate sodium (DSS) was studied at different time points [7]. γ-TmT lowered colon 

inflammation at day 7, reduced the number of colon adenomas at week 7 and inhibited 

formation of adenoma and adenocarcinoma in the colon at week 21 [7]. In male BALB/c 

mice, γ-T or tocopherol mixtures (rich in γ-T and δ-T) did not show any significant effect on 

colon tumorigenesis induced by AOM followed by 3 cycles of DSS [67]. However, when 

AOM-initiated carcinogenesis was promoted by relatively mild colitis induced by 1 cycle of 

DSS, γ-T decreased tumor multiplicity demonstrating that γ-T is able to alleviate moderate 

but not severe colitis promoted tumorigenesis [67]. Administration of different doses of 

vitamin E in a 1, 2-dimethylhydrazine (DMH)-induced model of colorectal carcinogenesis in 

male Wistar rats demonstrated that 1500 IU of vitamin E is hazardous, whereas 225 IU of 

vitamin E has beneficial effects on colorectal carcinogenesis associated with reduced 

aberrant crypt foci and decreased cyclooxygenase 2 (COX2) expression [68]. Investigation 
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of the growth inhibitory effects of different forms of tocopherols, tocopheryl phosphates 

(TP) and tocopherol quinones (TQ) on human colon cancer cells, HCT116 and HT29, 

revealed that TP and TQ had higher inhibitory activities than their parent compounds [69]. δ-

T was more active than γ-T in inhibiting cell growth, colony formation and inducing 

apoptosis, while α-T was ineffective [69]. Recently, γ-T has been found to enhance the 

apoptotic effects of lovastatin, a HMG (3-hydroxy-3-methyl-glutaryl)-CoA reductase 

inhibitor, in the human colorectal carcinoma cell line HT29 by induction of mitochondrial 

membrane potential collapse, cytochrome c release and caspase 3 activation [70].

Lung Cancer

Investigation of the growth inhibitory effects of γ-TmT against CL13 murine lung cancer 

cells in vitro and subcutaneous tumors in A/J mice showed that γ-TmT weakly inhibited the 

growth of CL13 cells after 5 days but significantly inhibited the growth of CL13 tumors 

after 50 days of dietary administration [71]. Dietary γ-TmT reduced tumor multiplicity and 

tumor burden in 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) or NNK plus 

benzo[a]pyrene (B[a]P)-induced lung cancer in A/J mice [72]. In a xenograft model of 

human lung cancer H1299 cells in nu/nu mice, γ-TmT decreased tumor volume and tumor 

weight [72]. In another study of H1299 xenograft in nu/nu mice, δ-T was found to be more 

active than γ-T in inhibiting lung tumorigenesis, while α-T was not active [73].

Other cancers

RRR-α-tocopheryl succinate induces apoptosis in the human gastric cancer cell line, 

SGC-7901, by inhibition of NFκB signaling and BCL2 family members and induction of 

cleaved caspase-3 and -9 [74]. In a mouse model of acute promyelocytic leukemia (APL) 

derived from hCG-PML-RARα transgenic mice, the vitamin E derivative α-TOS was as 

effective as arsenic trioxide or all-trans retinoic acid, the current gold standards of therapy 

[75]. α-TOS induced early dissipation of mitochondrial membrane potential by inhibiting 

the mitochondrial respiratory chain complex I [75]. Supplementation with vitamin E/

selenium for different stages in N-nitrosomethylbenzylamine (NMBA)-induced esophageal 

carcinogenesis in Fischer 344 rats demonstrated that the chemopreventive efficacy of 

vitamin E/selenium is time selective and that supplementation during the early stages is 

effective in preventing the cancer while that during late stages had no effect [76]. A recent 

study investigated the effects of topical α-T alone as well as α-T combined with vitamin C 

and ferulic acid in UVB induced skin tumors in SKH-1 mice. The combination of α-T, 

vitamin C and ferulic acid decreased tumor multiplicity and tumor burden while α-T 

promoted carcinogenesis when applied on chronically UVB-damaged skin [77]. Although 

some studies demonstrated the anti-cancer activities of synthetic α-T derivatives, the 

experimental studies suggest the favorable chemopreventive effects of natural forms of δ-T 

and γ-T over α-Tin vitro and in vivo.

Possible mechanisms of action

Several mechanisms have been proposed for the actions of tocopherols. Since recent studies 

show that unlike α-T, δ-T and γ-T are effective in inhibiting carcinogenesis and tumor 

growth in experimental animal models, it is important to address why δ-T and γ-T have 

higher anti-cancer properties than δ-T. All tocopherols are antioxidants. However, the 
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unmethylated 5-position of the chromanol ring enables δ-T and γ-T to trap reactive nitrogen 

species [5]. In addition, δ-T and γ-T are less effectively transported to the blood and are 

prone to side chain degradation. The resulting long chain metabolites have been shown to 

inhibit COX2 activity [78]. Modulation of nuclear receptors by tocopherols may contribute 

to their chemopreventive activity. PPARγ is known to be important for inhibition of cell 

proliferation and induction of apoptosis in breast cancer [79]. δ-Tand γ-T have been shown 

to be more effective than α-T in upregulating PPARγ [9]. Downregulation of ERα-dependent 

estrogen signaling by δ-T and γ-T may play a role in the inhibition of mammary 

tumorigenesis [9]. δ-T and γ-T downregulate the cell survival marker Akt [57]. δ-T and γ-T 

are more potent than α-T in inhibiting growth and inducing apoptosis in different cancer cell 

lines [10], causing cell cycle arrest at S phase by downregulating key regulators of G1-S 

transition, cyclin D1 and cyclin E and upregulating p21 and p27 [10]. For the induction of 

apoptosis, activation of caspase- 3 and caspase-9, caspase independent pathways [80] and 

interruption of de novo synthesis of sphingolipids have been proposed as key mechanisms 

[52].

4. Conclusion

This review summarizes the recent reports on the cancer preventive activities of tocopherols 

based on epidemiological and intervention studies as well as experimental studies. Some 

epidemiological studies suggest that α-T could be beneficial for the prevention of certain 

cancers. However, large scale clinical trials with α-T have provided inconsistent conclusions 

regarding its cancer preventive activity. The high dose of α-T (400 IU/d) used in SELECT 

may have been less effective than a lower dose of 50 IU/d that exerted secondary 

chemopreventive effects against prostate cancer in the ATBC study. High pharmacological 

doses of α-T may have adverse effects on cytochrome P450 enzymes and other regulatory 

mechanisms [81]. Besides, high doses of α-T have been demonstrated to decrease the levels 

of potentially beneficial γ-T in the blood [15]. α-T is the most abundant form of tocopherols 

in human blood and tissues. Hence, supplementation with a nutrient that is already abundant 

in the human body might not be effective for the prevention of cancer. Results from in vitro 
and in vivo studies suggest that γ-T and δ-T could be more potent anti-cancer agents 

compared to α-T. Future human cancer prevention trials with pure δ-T and γ-T or tocopherol 

mixtures rich in δ-T and γ-T could be very important. Due to its broad cancer preventive 

activity and availability, the naturally occuring tocopherol mixture rich in γ-T, γ-TmT, or 

similar tocopherol mixtures may have a high potential for practical application. In light of 

the recent studies elucidating the role of antioxidants in cancer progression, tocopherols 

should be administered at early or pre-cancerous stages for effective chemoprevention. In 

future intervention studies, it would be important to evaluate the cancer preventive effects 

and the effective doses of the different forms of tocopherols.

Acknowledgments

This work was supported in part by the National Institutes of Health Grant R01 AT007036, the National Institute of 
Environmental Health Sciences Grant ES005022, Charles and Johanna Busch Memorial Fund at Rutgers University, 
the Trustees Research Fellowship Program at Rutgers, and the New Jersey Commission on Cancer Research 
Postdoctoral Fellowship to Soumyasri Das Gupta.

Gupta and Suh Page 9

Mol Nutr Food Res. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Constantinou C, Papas A, Constantinou AI. Vitamin E and cancer: an insight into the anticancer 
activities of vitamin E isomers and analogs. Int J Cancer. 2008; 123:739–752. [PubMed: 18512238] 

2. Christen S, Woodall AA, Shigenaga MK, Southwell-Keely PT, et al. gamma-tocopherol traps 
mutagenic electrophiles such as NO(X) and complements alpha-tocopherol: physiological 
implications. Proc Natl Acad Sci U S A. 1997; 94:3217–3222. [PubMed: 9096373] 

3. Cooney RV, Franke AA, Harwood PJ, Hatch-Pigott V, et al. Gamma-tocopherol detoxification of 
nitrogen dioxide: superiority to alpha-tocopherol. Proc Natl Acad Sci U S A. 1993; 90:1771–1775. 
[PubMed: 8446589] 

4. Jiang Q, Lykkesfeldt J, Shigenaga MK, Shigeno ET, et al. γ-Tocopherol supplementation inhibits 
protein nitration and ascorbate oxidation in rats with inflammation. Free Radic Biol Med. 2002; 
33:1534–1542. [PubMed: 12446211] 

5. Patel A, Liebner F, Netscher T, Mereiter K, Rosenau T. Vitamin E chemistry. Nitration of non-alpha-
tocopherols: products and mechanistic considerations. J Org Chem. 2007; 72:6504–6512. [PubMed: 
17636958] 

6. Jiang Q, Christen S, Shigenaga MK, Ames BN. gamma-tocopherol, the major form of vitamin E in 
the US diet, deserves more attention. Am J Clin Nutr. 2001; 74:714–722. [PubMed: 11722951] 

7. Ju J, Hao X, Lee MJ, Lambert JD, et al. A gamma-tocopherol-rich mixture of tocopherols inhibits 
colon inflammation and carcinogenesis in azoxymethane and dextran sulfate sodium-treated mice. 
Cancer Prev Res (Phila). 2009; 2:143–152. [PubMed: 19155443] 

8. Das Gupta S, Sae-Tan S, Wahler J, So JY, et al. Dietary gamma-Tocopherol-Rich Mixture Inhibits 
Estrogen-Induced Mammary Tumorigenesis by Modulating Estrogen Metabolism, Antioxidant 
Response, and PPARgamma. Cancer Prev Res (Phila). 2015; 8:807–816. [PubMed: 26130252] 

9. Smolarek AK, So JY, Burgess B, Kong AN, et al. Dietary administration of delta- and gamma-
tocopherol inhibits tumorigenesis in the animal model of estrogen receptor-positive, but not HER-2 
breast cancer. Cancer Prev Res (Phila). 2012; 5:1310–1320. [PubMed: 22964476] 

10. Ju J, Picinich SC, Yang Z, Zhao Y, et al. Cancer-preventive activities of tocopherols and 
tocotrienols. Carcinogenesis. 2010; 31:533–542. [PubMed: 19748925] 

11. Taylor PR, Qiao YL, Abnet CC, Dawsey SM, et al. Prospective study of serum vitamin E levels 
and esophageal and gastric cancers. J Natl Cancer Inst. 2003; 95:1414–1416. [PubMed: 13130117] 

12. Mahabir S, Schendel K, Dong YQ, Barrera SL, et al. Dietary α-, β-, γ-and δ-tocopherols in lung 
cancer risk. Int J Cancer. 2008; 123:1173–1180. [PubMed: 18546288] 

13. Brigelius-Flohe R, Kelly FJ, Salonen JT, Neuzil J, et al. The European perspective on vitamin E: 
current knowledge and future research. Am J Clin Nutr. 2002; 76:703–716. [PubMed: 12324281] 

14. The effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in male 
smokers. The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. N Engl J Med. 
1994; 330:1029–1035. [PubMed: 8127329] 

15. Lippman SM, Klein EA, Goodman PJ, Lucia MS, et al. Effect of selenium and vitamin E on risk of 
prostate cancer and other cancers: the Selenium and Vitamin E Cancer Prevention Trial 
(SELECT). JAMA. 2009; 301:39–51. [PubMed: 19066370] 

16. Albanes D, Heinonen OP, Taylor PR, Virtamo J, et al. α-Tocopherol and β-carotene supplements 
and lung cancer incidence in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study: 
effects of base-line characteristics and study compliance. J Natl Cancer Inst. 1996; 88:1560–1570. 
[PubMed: 8901854] 

17. Weinstein SJ, Wright ME, Lawson KA, Snyder K, et al. Serum and dietary vitamin E in relation to 
prostate cancer risk. Cancer Epidemiol Biomarkers Prev. 2007; 16:1253–1259. [PubMed: 
17548693] 

18. Stolzenberg-Solomon RZ, Sheffler-Collins S, Weinstein S, Garabrant DH, et al. Vitamin E intake, 
alpha-tocopherol status, and pancreatic cancer in a cohort of male smokers. Am J Clin Nutr. 2009; 
89:584–591. [PubMed: 19116326] 

19. Watters JL, Gail MH, Weinstein SJ, Virtamo J, Albanes D. Associations between α-tocopherol, β-
carotene, and retinol and prostate cancer survival. Cancer Res. 2009; 69:3833–3841. [PubMed: 
19383902] 

Gupta and Suh Page 10

Mol Nutr Food Res. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Lai G, Weinstein S, Albanes D, Taylor P, et al. Association of serum α-tocopherol, β-carotene, and 
retinol with liver cancer incidence and chronic liver disease mortality. Br J Cancer. 2014; 
111:2163–2171. [PubMed: 25314058] 

21. Virtamo J, Taylor PR, Kontto J, Männistö S, et al. Effects of α-tocopherol and β-carotene 
supplementation on cancer incidence and mortality: 18-Year postintervention follow-up of the 
Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study. Int J Cancer. 2014; 135:178–185. 
[PubMed: 24338499] 

22. Lotan Y, Goodman PJ, Youssef RF, Svatek RS, et al. Evaluation of vitamin E and selenium 
supplementation for the prevention of bladder cancer in SWOG coordinated SELECT. J Urol. 
2012; 187:2005–2010. [PubMed: 22498220] 

23. Albanes D, Till C, Klein EA, Goodman PJ, et al. Plasma tocopherols and risk of prostate cancer in 
the Selenium and Vitamin E Cancer Prevention Trial (SELECT). Cancer Prev Res (Phila). 2014; 
7:886–895. [PubMed: 24961880] 

24. Gaziano JM, Glynn RJ, Christen WG, Kurth T, et al. Vitamins E and C in the prevention of 
prostate and total cancer in men: the Physicians' Health Study II randomized controlled trial. 
JAMA. 2009; 301:52–62. [PubMed: 19066368] 

25. Wang L, Sesso HD, Glynn RJ, Christen WG, et al. Vitamin E and C supplementation and risk of 
cancer in men: posttrial follow-up in the Physicians' Health Study II randomized trial. Am J Clin 
Nutr. 2014; 100:915–923. [PubMed: 25008853] 

26. Stephenson AJ, Abouassaly R, Klein EA. Chemoprevention of prostate cancer. Urol Clin North 
Am. 2010; 37:11–21. [PubMed: 20152515] 

27. Fleshner NE, Kapusta L, Donnelly B, Tanguay S, et al. Progression from high-grade prostatic 
intraepithelial neoplasia to cancer: a randomized trial of combination vitamin-E, soy, and 
selenium. J Clin Oncol. 2011; 29:2386–2390. [PubMed: 21537051] 

28. Weinstein SJ, Peters U, Ahn J, Friesen MD, et al. Serum alpha-tocopherol and gamma-tocopherol 
concentrations and prostate cancer risk in the PLCO Screening Trial: a nested case-control study. 
PLoS One. 2012; 7:e40204. [PubMed: 22792240] 

29. Cui R, Liu ZQ, Xu Q. Blood alpha-tocopherol, gamma-tocopherol levels and risk of prostate 
cancer: a meta-analysis of prospective studies. PLoS One. 2014; 9:e93044. [PubMed: 24667740] 

30. Antwi SO, Steck SE, Zhang H, Stumm L, et al. Plasma carotenoids and tocopherols in relation to 
prostate-specific antigen (PSA) levels among men with biochemical recurrence of prostate cancer. 
Cancer Epidemiol. 2015; 39:752–762. [PubMed: 26165176] 

31. Antwi SO, Steck SE, Su LJ, Hebert JR, et al. Dietary, supplement, and adipose tissue tocopherol 
levels in relation to prostate cancer aggressiveness among African and European Americans: The 
North Carolina-Louisiana Prostate Cancer Project (PCaP). The Prostate. 2015; 75:1419–1435. 
[PubMed: 26053590] 

32. Heinen MM, Verhage BA, Goldbohm RA, van den Brandt PA. Intake of vegetables, fruits, 
carotenoids and vitamins C and E and pancreatic cancer risk in The Netherlands Cohort Study. Int 
J Cancer. 2012; 130:147–158. [PubMed: 21328344] 

33. de Munter L, Maasland DH, van den Brandt PA, Kremer B, Schouten LJ. Vitamin and carotenoid 
intake and risk of head-neck cancer subtypes in the Netherlands Cohort Study. Am J Clin Nutr. 
2015; 102:420–432. [PubMed: 26156734] 

34. Edefonti V, Hashibe M, Parpinel M, Ferraroni M, et al. Vitamin E intake from natural sources and 
head and neck cancer risk: a pooled analysis in the International Head and Neck Cancer 
Epidemiology consortium. Br J Cancer. 2015; 113:182–192. [PubMed: 25989276] 

35. Jeurnink SM, Ros MM, Leenders M, van Duijnhoven FJ, et al. Plasma carotenoids, vitamin C, 
retinol and tocopherols levels and pancreatic cancer risk within the European Prospective 
Investigation into Cancer and Nutrition: A nested case–control study. Int J Cancer. 2015; 
136:E665–E676. [PubMed: 25175624] 

36. Leenders M, Leufkens AM, Siersema PD, Duijnhoven FJ, et al. Plasma and dietary carotenoids and 
vitamins A, C and E and risk of colon and rectal cancer in the European Prospective Investigation 
into Cancer and Nutrition. Int J Cancer. 2014; 135:2930–2939. [PubMed: 24771392] 

Gupta and Suh Page 11

Mol Nutr Food Res. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Kabat G, Kim M, Sarto G, Shikany J, Rohan T. Repeated measurements of serum carotenoid, 
retinol and tocopherol levels in relation to colorectal cancer risk in the Women's Health Initiative. 
Eur J Clin Nutr. 2012; 66:549–554. [PubMed: 22166899] 

38. Wu QJ, Xiang YB, Yang G, Li HL, et al. Vitamin E intake and the lung cancer risk among female 
nonsmokers: A report from the Shanghai Women's Health Study. Int J Cancer. 2015; 136:610–617. 
[PubMed: 24916784] 

39. Chen F, Li Q, Yu Y, Yang W, et al. Association of vitamin C, vitamin D, vitamin E and risk of 
bladder cancer: a dose-response meta-analysis. Sci Rep. 2015; 5:9599. [PubMed: 25905583] 

40. Kabat GC, Kim M, Adams-Campbell LL, Caan BJ, et al. Longitudinal study of serum carotenoid, 
retinol, and tocopherol concentrations in relation to breast cancer risk among postmenopausal 
women. Am J Clin Nutr. 2009; 90:162–169. [PubMed: 19474140] 

41. Maillard V, Kuriki K, Lefebvre B, Boutron-Ruault MC, et al. Serum carotenoid, tocopherol and 
retinol concentrations and breast cancer risk in the E3N-EPIC study. Int J Cancer. 2010; 127:1188–
1196. [PubMed: 20039325] 

42. Hu F, Wu Z, Li G, Teng C, et al. The plasma level of retinol, vitamins A, C and α-tocopherol could 
reduce breast cancer risk? A meta-analysis and meta-regression. J Cancer Res Clin Oncol. 2015; 
141:601–614. [PubMed: 25316441] 

43. Koushik A, Wang M, Anderson KE, van den Brandt P, et al. Intake of vitamins A, C, and E and 
folate and the risk of ovarian cancer in a pooled analysis of 10 cohort studies. Cancer Causes 
Control. 2015; 26:1315–1327. [PubMed: 26169298] 

44. Takahashi S, Takeshita K, Seeni A, Sugiura S, et al. Suppression of prostate cancer in a transgenic 
rat model via g-tocopherol activation of caspase signaling. Prostate. 2009; 69:644. [PubMed: 
19143023] 

45. Barve A, Khor TO, Nair S, Reuhl K, et al. γ-Tocopherol-enriched mixed tocopherol diet inhibits 
prostate carcinogenesis in TRAMP mice. Int J Cancer. 2009; 124:1693–1699. [PubMed: 
19115203] 

46. Frohlich D, McCabe M, Arnold R, Day M. The role of Nrf2 in increased reactive oxygen species 
and DNA damage in prostate tumorigenesis. Oncogene. 2008; 27:4353–4362. [PubMed: 
18372916] 

47. Huang Y, Khor TO, Shu L, Saw CL, et al. A gamma-tocopherol-rich mixture of tocopherols 
maintains Nrf2 expression in prostate tumors of TRAMP mice via epigenetic inhibition of CpG 
methylation. J Nutr. 2012; 142:818–823. [PubMed: 22457388] 

48. Zheng X, Cui XX, Khor TO, Huang Y, et al. Inhibitory effect of a γ-tocopherol-rich mixture of 
tocopherols on the formation and growth of LNCaP prostate tumors in immunodeficient mice. 
Cancers (Basel). 2011; 3:3762–3772. [PubMed: 24213110] 

49. Huang H, He Y, Cui XX, Goodin S, et al. Potent Inhibitory Effect of δ-Tocopherol on Prostate 
Cancer Cells Cultured in Vitro and Grown As Xenograft Tumors in Vivo. J Agric Food Chem. 
2014; 62:10752–10758. [PubMed: 25322450] 

50. Lindshield BL, Ford NA, Canene-Adams K, Diamond AM, et al. Selenium, but not lycopene or 
vitamin E, decreases growth of transplantable dunning R3327-H rat prostate tumors. PLoS One. 
2010; 5:e10423. [PubMed: 20454690] 

51. Jiang Q, Rao X, Kim CY, Freiser H, et al. Gamma-tocotrienol induces apoptosis and autophagy in 
prostate cancer cells by increasing intracellular dihydrosphingosine and dihydroceramide. Int J 
Cancer. 2012; 130:685–693. [PubMed: 21400505] 

52. Jiang Q, Wong J, Fyrst H, Saba JD, Ames BN. gamma-Tocopherol or combinations of vitamin E 
forms induce cell death in human prostate cancer cells by interrupting sphingolipid synthesis. Proc 
Natl Acad Sci U S A. 2004; 101:17825–17830. [PubMed: 15596715] 

53. Singh CK, Ndiaye MA, Siddiqui IA, Nihal M, et al. Methaneseleninic acid and gamma-Tocopherol 
combination inhibits prostate tumor growth in Vivo in a xenograft mouse model. Oncotarget. 2014; 
5:3651–3661. [PubMed: 25004451] 

54. Campbell SE, Musich PR, Whaley SG, Stimmel JB, et al. Gamma tocopherol upregulates the 
expression of 15-S-HETE and induces growth arrest through a PPAR gamma-dependent 
mechanism in PC-3 human prostate cancer cells. Nutr Cancer. 2009; 61:649–662. [PubMed: 
19838939] 

Gupta and Suh Page 12

Mol Nutr Food Res. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Tomasetti M, Nocchi L, Neuzil J, Goodwin J, et al. Alpha-tocopheryl succinate inhibits autophagic 
survival of prostate cancer cells induced by vitamin K3 and ascorbate to trigger cell death. PLoS 
One. 2012; 7:e52263. [PubMed: 23272231] 

56. Lee HJ, Ju J, Paul S, So JY, et al. Mixed tocopherols prevent mammary tumorigenesis by inhibiting 
estrogen action and activating PPAR-γ. Clin Cancer Res. 2009; 15:4242–4249. [PubMed: 
19509159] 

57. Huang PH, Chuang HC, Chou CC, Wang H, et al. Vitamin E facilitates the inactivation of the 
kinase Akt by the phosphatase PHLPP1. Sci Signal. 2013; 6:ra19. [PubMed: 23512990] 

58. Das Gupta S, So JY, Wall B, Wahler J, et al. Tocopherols inhibit oxidative and nitrosative stress in 
estrogen-induced early mammary hyperplasia in ACI rats. Mol Carcinog. 2015; 54:916–925. 
[PubMed: 24782330] 

59. Smolarek AK, So JY, Thomas PE, Lee HJ, et al. Dietary tocopherols inhibit cell proliferation, 
regulate expression of ERalpha, PPARgamma, and Nrf2, and decrease serum inflammatory 
markers during the development of mammary hyperplasia. Mol Carcinog. 2013; 52:514–525. 
[PubMed: 22389237] 

60. Hahn T, Bradley-Dunlop DJ, Hurley LH, Von-Hoff D, et al. The vitamin E analog, alpha-
tocopheryloxyacetic acid enhances the anti-tumor activity of trastuzumab against HER2/neu-
expressing breast cancer. BMC Cancer. 2011; 11:471. [PubMed: 22044845] 

61. Tiwary R, Yu W, Sanders B, Kline K. α-TEA cooperates with MEK or mTOR inhibitors to induce 
apoptosis via targeting IRS/PI3K pathways. Br J Cancer. 2011; 104:101–109. [PubMed: 
21119656] 

62. Yu W, Tiwary R, Li J, Park SK, et al. α-TEA induces apoptosis of human breast cancer cells via 
activation of TRAIL/DR5 death receptor pathway. Mol Carcinog. 2010; 49:964–973. [PubMed: 
20886583] 

63. Cheng G, Zielonka J, McAllister DM, Mackinnon AC, et al. Mitochondria-targeted vitamin E 
analogs inhibit breast cancer cell energy metabolism and promote cell death. BMC Cancer. 2013; 
13:285. [PubMed: 23764021] 

64. Constantinou C, Neophytou C, Vraka P, Hyatt J, et al. Induction of DNA damage and caspase-
independent programmed cell death by vitamin E. Nutr Cancer. 2012; 64:136–152. [PubMed: 
22172208] 

65. Neophytou CM, Constantinou C, Papageorgis P, Constantinou AI. D-alpha-tocopheryl 
polyethylene glycol succinate (TPGS) induces cell cycle arrest and apoptosis selectively in 
Survivin-overexpressing breast cancer cells. Biochem Pharmacol. 2014; 89:31–42. [PubMed: 
24560876] 

66. Zhao L, Zhao X, Zhao K, Wei P, et al. The α-tocopherol derivative ESeroS-GS induces cell death 
and inhibits cell motility of breast cancer cells through the regulation of energy metabolism. Eur J 
Pharmacol. 2014; 745:98–107. [PubMed: 25446928] 

67. Jiang Q, Jiang Z, Hall YJ, Jang Y, et al. Gamma-tocopherol attenuates moderate but not severe 
colitis and suppresses moderate colitis-promoted colon tumorigenesis in mice. Free Radic Biol 
Med. 2013; 65:1069–1077. [PubMed: 24013093] 

68. Cohen C, Cardoso JFR, Garcia SB, Vannucchi H. Vitamin E Supplementation in Chemical 
Colorectal Carcinogenesis: A Two-Edged Knife. Nutrients. 2014; 6:3214–3229. [PubMed: 
25123248] 

69. Dolfi SC, Yang Z, Lee MJ, Guan F, et al. Inhibitory effects of different forms of tocopherols, 
tocopherol phosphates, and tocopherol quinones on growth of colon cancer cells. J Agric Food 
Chem. 2013; 61:8533–8540. [PubMed: 23898832] 

70. Rezaei M, Zeidooni L, Hashemitabar M, Razzazzadeh S, et al. Gamma-tocopherol enhances 
apoptotic effects of lovastatin in human colorectal carcinoma cell line (HT29). Nutr Cancer. 2014; 
66:1386–1393. [PubMed: 25296535] 

71. Lambert JD, Lu G, Lee MJ, Hu J, et al. Inhibition of lung cancer growth in mice by dietary mixed 
tocopherols. Mol Nutr Food Res. 2009; 53:1030–1035. [PubMed: 19557822] 

72. Lu G, Xiao H, Li GX, Picinich SC, et al. A gamma-tocopherol-rich mixture of tocopherols inhibits 
chemically induced lung tumorigenesis in A/J mice and xenograft tumor growth. Carcinogenesis. 
2010; 31:687–694. [PubMed: 20097733] 

Gupta and Suh Page 13

Mol Nutr Food Res. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



73. Li GX, Lee MJ, Liu AB, Yang Z, et al. delta-tocopherol is more active than alpha - or gamma -
tocopherol in inhibiting lung tumorigenesis in vivo. Cancer Prev Res (Phila). 2011; 4:404–413. 
[PubMed: 21372040] 

74. Sun Y, Zhao Y, Hou L, Zhang X, et al. RRR-alpha-tocopheryl succinate induces apoptosis in 
human gastric cancer cells via the NF-kappaB signaling pathway. Oncol Rep. 2014; 32:1243–
1248. [PubMed: 24970592] 

75. dos Santos GA, Abreu e Lima RS, Pestana CR, Lima AS, et al. (+)alpha-Tocopheryl succinate 
inhibits the mitochondrial respiratory chain complex I and is as effective as arsenic trioxide or 
ATRA against acute promyelocytic leukemia in vivo. Leukemia. 2012; 26:451–460. [PubMed: 
21869839] 

76. Yang H, Jia X, Chen X, Yang CS, Li N. Time-selective chemoprevention of vitamin E and 
selenium on esophageal carcinogenesis in rats: the possible role of nuclear factor kappaB signaling 
pathway. Int J Cancer. 2012; 131:1517–1527. [PubMed: 22223226] 

77. Burns EM, Tober KL, Riggenbach JA, Kusewitt DF, et al. Differential effects of topical vitamin E 
and C E Ferulic(R) treatments on ultraviolet light B-induced cutaneous tumor development in 
Skh-1 mice. PLoS One. 2013; 8:e63809. [PubMed: 23691100] 

78. Jiang Q, Yin X, Lill MA, Danielson ML, et al. Long-chain carboxychromanols, metabolites of 
vitamin E, are potent inhibitors of cyclooxygenases. Proc Natl Acad Sci U S A. 2008; 105:20464–
20469. [PubMed: 19074288] 

79. Mueller E, Sarraf P, Tontonoz P, Evans RM, et al. Terminal differentiation of human breast cancer 
through PPAR gamma. Mol Cell. 1998; 1:465–470. [PubMed: 9660931] 

80. Jiang Q, Wong J, Ames BN. Gamma-tocopherol induces apoptosis in androgen-responsive LNCaP 
prostate cancer cells via caspase-dependent and independent mechanisms. Ann N Y Acad Sci. 
2004; 1031:399–400. [PubMed: 15753180] 

81. Traber MG. How much vitamin E? … Just enough! Am J Clin Nutr. 2006; 84:959–960. [PubMed: 
17093143] 

Abbreviations

ATBC Alpha Tocopherol Beta Carotene Cancer Prevention 

Study

ACI August Copenhagen Irish

AOM azoxymethane

α-TEA α-tocopheryl acetic acid

α-TOS α-tocopheryl succinate

APL acute promyelocytic leukemia

B[a]P benzo[a]pyrene

Bcl2 B-cell lymphoma 2

CYP1A1 cytochrome P450 1A1

c-caspase-3 cleaved caspase-3

c-FLIP cellular FLICE-like inhibitory protein

COX2 cyclooxygenase 2

DSS dextran sulfate sodium
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DR5 death receptor-5

DMH 1,2-dimethylhydrazine

EPIC European Prospective Investigation into Cancer and 

Nutrition

ESeroSGS γ-L-glutamyl-S-[2-[[[3,4- dihydro-2,5,7,8-tetramethyl-2-

(4,8,12-trimethyltridecyl)-2H-1-benzopyran-6-yl]oxy] 

carbonyl]-3-[[2-(1H-indol-3-yl) ethyl] amino]-3-

oxopropyl]-L-cysteinylglycine sodium salt

ERα estrogen receptor α

GPx glutathione peroxidase

HGPIN high-grade prostatic intraepithelial neoplasia

HMOX1 hemeoxygenase1

IRS-1 insulin receptor substrate-1

MEK mitogen-activated protein kinase

mTOR mammalian target of rapamycin

MSA methaneseleninic acid

NMU N-methyl-N-nitrosourea

Mito-ChM Mito-chromanol

Nrf2 nuclear factor (erythroid derived 2)-like 2

NMBA N-nitrosomethylbenzylamine

NNK 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone

PTEN phosphatase and tensin homologue

p-Akt phosphorylated Akt

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase

PSA prostate specific antigen

PPARγ peroxisome proliferator-activated receptor γ

PGE2 prostaglandin E2

ROS reactive oxygen species

RONS reactive oxygen and nitrogen species

SELECT Selenium and Vitamin E Cancer Prevention Trial
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T tocopherol

TRAP transgenic rat for adenocarcinoma of prostate

TRAMP the transgenic adenocarcinoma of the mouse prostate

TGPS D-alpha-tocopheryl polyethylene glycol succinate

TRAIL tumor necrosis factor-related apoptosis inducing ligand

TP tocopherol phosphates

TQ tocopherol quinones

VK3 vitamin K3
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Table 1
Effects of tocopherol treatment in experimental cancer models

Type of Cancer Treatment Experimental Model Effects Ref

Prostate Cancer γ-T TRAP rats ↓Adenocarcinoma [44]

↑Apoptosis

γ-TmT TRAMP mice ↓Tumor incidence, PIN [45]

↑Nrf2, HMOX1, GPx, SOD

γ-TmT TRAMP mice ↓Tumor incidence, Nrf2 methylation [47]

↑Nrf2

γ-TmT LNCaP cells ↑Apoptosis [48]

LNCaP xenograft ↓Tumor growth

δ-T LNCaP, VCaP cells ↓AR activity, PSA [49]

↑Apoptosis

LNCaP xenograft ↓Tumor growth

γ-T LNCaP xenograft ↓Tumor growth [52]

γ-T + MSA 22Rv1 xenograft ↓Tumor growth, Ki67 [53]

↑Bax, Bad, apoptosis

γ-T PC-3 cells ↓Cell growth [54]

↑PPARγ, 15-S-HETE

α-TOS PC-3 cells ↓Autophagy [55]

α-TOS+VK3+ascorbate PC-3 xenograft ↓Tumor growth

α-T, γ-T LNCaP, PC-3 cells ↓p-Akt [57]

↑PHLPP1

Breast Cancer γ-TmT NMU-treated rats ↓Tumor growth, p-Akt, ERα [56]

↑PPARγ

δ-T, γ-T NMU-treated rats ↓Tumor growth, p-Akt, ERα [9]

↑PPARγ, Nrf2, p21, p27, c-caspase-3

γ-TmT ACI rat early hyperplasia ↓8-oxo-dG, 8-isoprostane, nitrotyrosine [58]

↑Nrf2, GPx, catalase, SOD

γ-TmT ACI rat hyperplasia ↓8-isoprostane, PGE2, COX2, ERα [59]

↑Nrf2, PPARγ

γ-TmT ACI rats ↓Tumor growth, PCNA [8]

↑CYP1A1, Nrf2, PPARγ

α-TEA + trastuzumab MDA-MB-453 xenograft ↑Tumor regression, apoptosis [60]

α-TEA + MEK/mTOR inhibitors MCF-7, HCC-1954 cells ↓p-Akt, p-Erk, p-mTOR, IRS-1 [61]

↑Apoptosis

α-TEA MCF-7, HCC-1954 cells ↓c-FLIP [62]

↑TRAIL, DR5, apoptosis

Mito-ChM 9 breast cancer cell lines ↓Cell growth [63]

MDA-MB-231 xenograft ↓Tumor growth

TGPS MCF-7, MDA-MB-231cells ↓p-Akt, Bcl2 [65]
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Type of Cancer Treatment Experimental Model Effects Ref

↑G1/S arrest, apoptosis

ESeroS-GS MDA-MB-231 cells ↓Cell growth, migration, invasion [66]

Colon Cancer γ-TmT AOM + DSS-treated mice ↓Inflammation, adenocarcinoma [7]

γ-T AOM + DSS-treated mice ↓Inflammation, tumor multiplicity [67]

α-TOA DMH-treated rats ↓Aberrant crypt foci, COX2 [68]

γ-T, δ-T, TP, TQ HCT116, HT29 cells ↓Cell growth, colony formation [69]

↑Apoptosis

γ-T + lovastatin HT29 cells ↑c-caspase-3, apoptosis [70]

Lung Cancer γ-TmT CL-13 tumors A/J mice ↓Tumor growth [71]

γ-TmT NNK + B[a]P-treated mice ↓Tumor multiplicity, tumor growth [72]

H1299 xenograft ↓Tumor growth

γ-T, δ-T H1299 xenograft ↓Tumor growth, 8-oxo-dG, γ-H2AX [73]

↑c-caspase-3

Other Cancers

Gastric α-TOS SGC-7901 cells ↓NFκB, Bcl2 family proteins [74]

↑c-caspase-3, 9

Leukemia α-TOS APL mice ↓Leukemia, MRC complex I [75]

↑ROS, caspases, apoptosis

Esophageal Vitamin E + selenium NMBA-treated rats ↓Tumor growth, NFκB, proliferation [76]

Skin α-T + vitamin C + ferulic acid UVB-treated SKH-1 mice ↓Tumor growth, tumor multiplicity [77]

Abbreviations: γ-TmT, a natural tocopherol mixture rich in γ-T; T, tocopherol; MSA, methaneseleninic acid; α-TOS, α-tocopheryl succinate; 
VK3, vitamin K3; α-TEA, α-tocopheryl acetic acid; Mito-ChM, Mito-chromanol; TRAP, transgenic rat for adenocarcinoma of prostate; TRAMP, 
the transgenic adenocarcinoma of the mouse prostate; NMU, N-methyl-N-nitrosourea; ACI, August Copenhagen Irish; AOM, azoxymethane; DSS, 
dextran sulfate sodium; DMH, 1,2-dimethylhydrazine; NNK, 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone; B[a]P, benzo[a]pyrene; TGPS, D-

alpha-tocopheryl polyethylene glycol succinate; ESeroSGS, γ-L-glutamyl-S-[2-[[[3,4- dihydro-2,5,7,8-tetramethyl-2-(4,8,12-
trimethyltridecyl)-2H-1-benzopyran-6-yl]oxy] carbonyl]-3-[[2-(1H-indol-3-yl) ethyl] amino]-3-oxopropyl]-L-cysteinylglycine sodium salt; TP, 
tocopherol phosphates; TQ, tocopherol quinones; NMBA, N-nitrosomethylbenzylamine.
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