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Abstract

a-Tocopherol (a-T) is the major form of vitamin E (VE) in animals and has the highest activity in
carrying out the essential antioxidant functions of VE. Because of the involvement of oxidative
stress in carcinogenesis, the cancer prevention activity of a-T has been studied extensively. Lower
VE intake or nutritional status has been shown to be associated with increased cancer risk, and
supplementation of a-T to populations with VE insufficiency has shown beneficial effects in
lowering the cancer risk in some intervention studies. However, several large intervention studies
with a-T conducted in North America have not demonstrated a cancer prevention effect. More
recent studies have centered on the - and &-forms of tocopherols and tocotrienols (T3). In
comparison to a-T, these forms have much lower systemic bioavailability, but have shown stronger
cancer preventive activities in many studies in animal models and cell lines. -y-T3 and §-T3
generally have even higher activities than -y-T and &-T. In this article, we review recent results
from human and laboratory studies on the cancer preventive activities of different forms of
tocopherols and tocotrienols, at nutritional and pharmacological levels. We aim to elucidate the
possible mechanisms of the preventive actions and discuss the possible application of the available
information for human cancer prevention by different VE forms.
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1 INTRODUCTION

Vitamin E (VE) activity is found in a group of eight fat-soluble compounds consisting of a.,
B, y and &-forms of tocopherols (T) and tocotrienols (T3). Among the VE forms, a-
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tocopherol (a-T) is most abundant in animal tissues, has the highest activity in the classical
fertility restoration assay and is generally considered “the” VE in nutritionl. Because
reactive oxygen species (ROS) are involved in many chronic diseases, such as cancer,
cardiovascular diseases and neurodegenerative diseases, the possible preventive effects of
the antioxidant nutrient VE against these diseases have been studied extensively. For
example, lower VE intake or nutritional status was found to be associated with higher risk of
different types of cancers in many studies?. However, several large-scale randomized trials
with a-T carried out in North America during the past 20 years3-5, such as the Selenium and
Vitamin E Cancer Prevention Trial (SELECT)?, failed to demonstrate a preventive effect
against cancer. Because of these negative results, a-T is considered to have no cancer
preventive activity in populations that are sufficient in VE nutrition. However, the non-a-T
VE forms — the -y- and 6-forms of tocopherols and tocotrienols —have subsequently been
shown to have cancer preventive activities in many laboratory studies. In 2010, we reviewed
the cancer-preventive activities of tocopherols and tocotrienols?. Since then, this topic has
been studied by a large number of investigators and reviewed by different authors’~12,

A literature search on PubMed in June 2019 yielded 1804 articles on “vitamin E and
cancer”, 539 articles on “tocopherols and cancer”, and 156 articles on “tocotrienols and
cancer” for the past 10 years. The present article is an updated review on the cancer
preventive activities of different forms of VE in human and laboratory studies. In some
instances, results from our own studies are discussed in more detail to illustrate the nature of
the studies and challenges involved. In order to focus on prevention, studies on the possible
therapeutic effects of VE and related synthetic derivatives are not covered in this article. We
intend to elucidate the mechanisms of actions of different VE forms and to integrate
laboratory and human studies in order to assess the possible use of - and &-forms of
tocopherols and tocotrienols for cancer prevention.

2 CHEMISTRY, ABSORPTION AND BIOTRANSFORMATION OF
TOCOPHEROLS AND TOCOTRIENOLS

Tocopherols are widely occurring in dietary oils, such as corn, soybean, sesame and canola
oils, as well as nuts. In these oils, y-T is usually 3-5 times more abundant than a-T. 8-T is
also abundant in some oils, while the contents of B-T in the dietary sources are very low.
Tocotrienols are present in trace amounts in oils derived from rice bran, barley, wheat germ
and rye and are not generally consumed in large quantities worldwide. Tocotrienols,
however, are plentiful in palm oil (up to 800 mg/kg), mainly consisting of y-T3 and a.-T3,
and are consumed mostly in Southeast Asial8.

All four tocopherols (a, B, -y and 8-T) consist of a chromanol ring and a 16-carbon phytyl
side chain, but they differ in the number and position of the methyl group on the ring®
(Figure 1). a-T is tri-methylated at the 5-, 7- and 8-positions of the chromanol ring, whereas
v-T is dimethylated at the 7- and 8-positions, and &-T is methylated at the 8-position.
Tocotrienols (a, B, y and 6-T3) have the same substitution pattern of methyl groups on the
chromanol ring as tocopherols, but they have an unsaturated 16-carbon side chain with
double bonds at the 3°-, 7°- and 11°- positions (Figure 1). The hydrocarbon tail and ring

Mol Carcinog. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 3

structure provide the lipophilicity for VE molecules to be incorporated into the lipid bilayers
of biological membranes or in lipoproteins!®. The phenolic group in the chromanol moiety
effectively quenches reactive free radicals by one electron reduction and prevents the
propagation of free radical reactions in lipid peroxidation. The resulting tocopherol phenoxy
radical can be reduced by ascorbic acid or glutathione to regenerate the tocopherol molecule.
This is a well-established physiological antioxidant mechanism for VE to protect the
integrity of biological membranes. Since the antioxidant activities of different VE forms
studied /n vitro are dependent on the assay systems used, it is important to determine their
antioxidant activities /n7 vivo. F2-isoprostanes, isomers of prostaglandin F2, have been
suggested as a reliable marker of /n vivo free radical generation and oxidative lipid
damagel3.

The unmethylated carbons at 5- and 7-positions are electrophilic centers that can effectively
trap ROS and reactive nitrogen species (RNS). The formation of 5-nitro-y-T, 5-nitro-6-T, 7-
nitro-6-T, and 5,7-dinitro-8-T has been reported?. 5-Nitro-y-T formation was increased in
the blood immediately after induction of acute inflammation in rats!4. -T, but not a-T,
reduces nitrogen dioxide to nitric oxide or traps it to form 5-nitro-y-T. Nitrogen dioxide is a
reactive free radical; if not reduced, it reacts with unsaturated fatty acid moieties to yield
nitrite esters capable of nitrosating amines to form nitrosamines. Nitrogen dioxide can also
induce single-strand DNA breaks in V79 cells, and the reaction is optimally inhibited by y-T
in comparison with other lipid soluble antioxidants!®.

Dietary VE forms are absorbed from the intestinal mucosa in the free phenolic form, since
esters are hydrolyzed by pancreatic esterases prior to absorption. VE forms are incorporated
into the chylomicrons and transported to the liver via the lymphatic system. Dietary fat
promotes VE absorption and their transfer into the lymphatic system. The uptake of different
forms of VE into the liver is probably non-specific, but the transfer of these forms from the
liver to very low-density lipoproteins is mediated by a specific a-T transfer protein (a-
TTP)17.18 o-TTP in the liver preferentially transfers a-T to very low-density lipoproteins
and therefore a-T is preferentially secreted into the circulation and transferred to non-
hepatic tissues. Due to their low affinities for a-TTP, hepatic y-T, 6-T and tocotrienols are
less efficiently transferred to very low-density lipoproteins. Therefore, smaller portions of
these VE forms are found in the blood and tissues, and most of these VE forms are degraded
in the liver and other organs. The human serum plasma levels of a-T are generally 20-25
UM (8.6 — 10.8 mg/L), while those of y-T are much lower at 1-3 pM8. However, upon
supplementation with -y-T and &-T3, their plasma concentration can be increased to higher
than 20 uM and 5-10 uM, respectively, in healthy humans®.

The major route of VE metabolism is through side-chain degradation, initiated with
hydroxylation of the w-methyl group by cytochromes P450 (CYP) 4F or 3A and followed by
five cycles of B-oxidation in the mitochondria, mainly in the liver, to cut off two-carbon
units from the side-chain in each cyclel®. Larger percentages of y-T, 8-T and tocotrienols
than a.-T are degraded through this pathway?0. This degradation pathway is illustrated in
Figure 2 using y-T as an example. The formation of long-chain metabolites, such as 13'-
carboxychomanols (13°-COOHSs) and 11°-COOHs, has been observed in different
experimental systems®. Upon supplementation of y-T (1 mg/kg diet), rather high levels of y-
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T 13°-COOH, (~1 pumol/g of fecal samples) were observed®. Short side-chain metabolites, y-
and &-carboxyethyl hydroxychroman (CEHC), as well as -y- and &-carboxymethylbutyl
hydroxychroman (CMBHC)?1-23 are found at rather high concentrations in blood and
tissues, and are excreted in the urine in conjugated forms as glucuronides and sulfates. Data
from animal studies will be discussed in a later section. In our unpublished Phase 0 study, a
commercial -y-T rich mixture (containing 248 mg a.-T, 400 mg y-T and 142 mg &-T) was
given to prostate cancer patients daily for 14 days before prostatectomy (CS Yang et al.
unpublished results). Prostate tissue levels (umol/kg) of a-T, -y-T and &-T were 32.66, 4.77
and 0.60; the corresponding metabolites CEHCs were 0.22, 1.03 and 0.51; and the
corresponding CMBHCs were 0.14, 0.22 and 0.11, respectively. These values were
significantly higher than those in subjects taking placebo, except for the a-form of
tocopherol and metabolites. The concentrations of urinary metabolites of the a.-, - and &-
forms of CEHCs (uM) were much higher at 8.78, 128.82 and 94.38; and for the
corresponding CMBHCs were 4.57, 52.23 and 43.69, respectively. These values were much
higher than the pre-treatment values of the same subjects or the subjects taking placebo.

In addition to degradation by mammalian enzymes, side-chain degradation of different
forms of tocopherols and tocotrienols by intestinal microbes has been suggested by the
following experiment24. In mice fed an AIN93 diet, the normal serum levels of a-T are
usually 20-30 puM; those of other VVE forms are very low and can be raised by dietary
supplementation. When a-T, y-T, 8-T, y-T3 and 6-T3, each at a dose of 75 mg/kg body
weight, were administered as a mixture /.g. to mice three hours before sacrifice, the serum
level of a-T were not significantly changed, while those of y-T, §-T, y-T3, and 6-T3 rose to
approximately 2, 3, 6 and 5 uM, respectively?4. The levels induced by the newly
administered VE were increased more than 2-fold in animals that received antibiotics
treatment, while that of a-T was increased to a much less extent?. The antibiotic treatment
significantly decreased the urinary and fecal excretion of CEHCs and CMBHCs. The
formation of side-chain degradation metabolites with different chain lengths was also
decreased by antibiotics?4. This result strongly suggests that intestinal microbes can degrade
the VE side-chain; however, whether they can carry out the initial w-hydroxylation reaction
was not determined in this study. Considering the diverse activity of microbes in the
oxygenation of different compounds, microbial w-oxygenation (seen as w-hydroxylation) of
the VE side-chain is quite likely.

Some long-chain metabolites of VE, for example the 13 -COOH metabolites, have been
shown to have interesting activities in inhibiting cyclooxygenase-2 (COX2) activity,
inflammation and cell proliferation, as well as in inducing cell death8. Since larger
proportions of -y- and 6-forms of VVE are converted to these metabolites in comparison to a-
T, these activities may contribute to the higher cancer preventive activities of - and &-forms
of VE forms. The short-chain VE metabolites, CEHCs and CMBHCs, existing at rather high
concentrations in urine, may reflect dietary exposure of y- and 8-forms of tocopherols and
tocotrienols, as well as host and microbial degradation of these VE forms.
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3 HUMAN STUDIES ON VE AND CANCER

3.1 Earlier |

The possible cancer prevention activities of VE have been studied extensively in humans.
There are many studies demonstrating that lower VE intake or nutritional status is associated
with increased risk of different types of cancer. However, there are also studies that did not
show such an effect. In our previous review in 2010, the number of publications showing
cancer risk reduction by VE in case-control, cohort and intervention studies was about the
same as studies showing no association?. In this section, we will review some classical large-
scale cancer prevention studies with VE to serve as a background. Then we will discuss new
information gained from human studies conducted in the past decade.

arge-scale intervention studies

3.1.1 The Linxian Nutrition Intervention Trial—In the 1970s, the association
between diet, especially micronutrients, and human cancer attracted great research and
public interest. Studies in animal models also showed that insufficiencies in certain vitamins
or minerals could enhance carcinogenesis. The hypothesis that supplementation with
micronutrients could reduce cancer risk in humans was tested in the 1980s in a large-scale
intervention study on gastroesophageal cancer, the China-U.S. Cooperative Linxian
Nutritional Intervention Trial (LNIT). The poor rural population in Linxian (now named
Linzhou City), of Henan Province, China, sustained on a monotonous corn diet, had low
intake of micronutrients; insufficiencies in some nutrients were indicated in blood nutrient
analyses2>. Because many micronutrients had been implicated in gastroesophageal cancer,
nine nutrients were studied in LNIT. These nutrients were divided into 4 sets (Factors): (A)
retinol, zinc; (B) riboflavin, niacin; (C) ascorbate, molybdenum; and (D) a.-T, B-carotene,
selenium (as selenium yeast), with each nutrient at 2—-3 times the dose of the U.S.
Recommended Daily Allowance. These sets of nutrients were combined in a factorial design
in eight groups: placebo, AB, AC, AD, BC, BD, CD, and ABCD. The study involved 29,584
adults (aged 40 to 69) who were given daily supplementations as pills for 63 months (1985
to 1991). There were 2,127 deaths during the trial period; 32% were due to esophageal
squamous cell carcinoma (ESCC) and gastric cancer (mainly gastric cardia cancer, which
was commonly referred to as esophageal cancer in Linxian and accounted for 40% of the
“esophageal cancer™). The result showed that daily supplementation with a combination of
all-rac-a-tocopheryl acetate (50 mg), p-carotene (15 mg) and selenium (50 pg) (Factor D) to
the general population (>40 years old) for 63 months decreased mortality due to gastric
cancer (mainly gastric cardia cancer) by 20% and total cancer mortality by 13%728. Nested
case-control studies showed that the baseline serum levels of a-T and selenium were each
inversely associated with gastroesophageal cancer risk?’:28, The mean baseline serum levels
of a-T were approximately 8 mg/L, much lower than the median serum a-T levels
(approximately 10 mg/L) in the Third National Health and Examination Survey in the
United States. The result is consistent with the concept that the low antioxidant nutrition
(VE and selenium) status makes the individuals susceptible to inflammation and
carcinogenesis. Under these conditions, supplementation with VE and selenium attenuated
carcinogenesis. Other nutrient combinations, however, did not show any significant effect on
the endpoints measured26,
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Furthermore, results from a 10-year follow-up showed that the preventive effect of the
combination of a-T/B-carotene/selenium on gastric cardia cancer was sustained, and that
this nutrient combination also protected against ESCC in younger subjects — when they were
enrolled in the trial at ages 55 years old or younger (but not in those older than 55 years)2°.
It is possible that the intervention was ineffective in older subjects because they already had
higher-grade precancerous lesions; however, it was effective in younger subjects because
they had lower-grade or no precancerous lesions. This is consistent with the result of a
parallel trial in Linxian on subjects with esophageal dysplasia, showing a lack of beneficial
effect by supplementation with a combination of multiple micronutrients30. In the 25-year
post-trial follow-up of the LNIT, the previously observed protective effects of a-T/selenium/
[-carotene against total mortality was found lost 10 years post-intervention and the
protective effects against gastric cancer was attenuated3?.

The above cancer preventive effect of VE/selenium are supported by studies in a rat model
demonstrating that a diet with insufficiencies in VE and selenium enhanced N-
methylbenzylnitrosamine (MBNA)-induced esophageal carcinogenesis, and that
supplementation of VVE/selenium at the early stage of the experiment was more effective in
preventing cancer formation than supplementation at a later stage32. These set of
experiments demonstrate the cancer preventive activity of antioxidant nutrients (a-T and
selenium) when supplemented to a human population or rats with low antioxidant nutritional
status. Nevertheless, these two nutrients were not studied individually. The possible
contribution of B-carotene (part of Factor D) in the preventive effect was not analyzed in the
LNIT.

3.1.2 Large-scale intervention trials in North America—The results from several
large-scale intervention studies with a-T conducted in North America, however, have been
disappointing3-5. For example, in the Women’s Health Study with 39,876 healthy US
women aged 45 years or older, the administration of 600 mg of a-T on alternate days did not
significantly affect the incidence of colon, lung or total cancers. In the Physicians’ Health
Study 1l Randomized Control Trial, supplementation with VE (400 mg of a-T every other
day) or vitamin C (500 mg synthetic ascorbic acid) to physicians for eight years did not
reduce the risk of prostate cancer or all other cancers?.

The SELECT was launched based on the secondary endpoint analysis in the Alpha-
Tocopherol Beta-Carotene (ATBC) Cancer Prevention Study on lung cancer in male smokers
in Finland, showing that daily supplementation of 50 mg of a-T was significantly associated
with lower incidence of prostate cancer and higher serum a-T was associated with a reduced
risk of prostate cancer33:34, In the SELECT, 35,533 men (blacks > 50 years old; others > 55
years old) were randomized into four groups in a two-by-two design with 400 mg of all-rac-
a-tocopheryl acetate and 200 pg selenium (from L-selenomethionine) daily, for an average
of 5.5 years. Disappointingly, the results showed that the supplementations did not prevent
prostate or other cancers®. It was noted that the a.-T supplementation caused a 50% decrease
in the median plasma y-T levels®. A subsequent smaller randomized control trial (RCT)
involving VE supplementation also did not find a significant protective effect3® (Table 1).
No significant association between a-T supplementation and prostate cancer was found in
the 18-year postintervention follow up of the ATBC36. The 7-12 year follow-up of the
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SELECT showed that subjects receiving the a-T supplementation had a hazard ratio of 1.17
for developing prostate cancerS. The conclusion “Dietary supplementation with vitamin E
significantly increased the risk of prostate cancer among healthy men” could be
misinterpreted by the public as “nutritional levels of VE increase prostate cancer risk”.

A possible interpretation for the lack of cancer prevention effect of a-T in the above studies
is that the supplementation of a nutrient to a population that is already sufficient in this
nutrient may not produce any beneficial effect. The mean baseline median plasma level of a-
T in subjects of the SELECT was at an adequate level of 12.5 mg/L5. Since y-T has been
suggested to have strong anti-inflammatory and cancer preventive activities?-37-39, the
decrease in blood and tissue levels of y-T, caused by high doses of a-T, might have
contributed to the increased prostate cancer risk in the SELECT. However, subsequent
subcohort analysis of the SELECT showed no significant association between serum levels
of a-T or y-T and the risk of prostate cancer®? (Table 1). Another possibility is that some of
these subjects already had preneoplastic lesions when entering the trial, and the
supplementation with high doses of a-T promoted prostate cancer development. The exact
reasons for these negative results from the SELECT and other trials are still not known.
Nevertheless, the disappointing outcome of these large-scale trials reflects our insufficient
understanding of the biological activities of VE and points to the need for systematic studies
of the disease preventive activities of the different forms of VE.

3.2 Recent studies on VE and cancer in humans

Since the publication of the disappointing results of a-T from SELECT and other large-scale
intervention trials, few intervention studies with a-T have been conducted. However, many
case-control, nested case-control and prospective studies have been published between
2011-2019 (Table 1). Recent meta-analyses of VE and cancer are summarized in Table 2.
The results from studies on different cancers are different, and some of them are discussed
below.

3.2.1 Prostate cancer—The potential link between VE and prostate cancer has received
great attention (Table 1). The third National Health and Nutrition Examination Survey found
that serum a-T level was inversely associated with prostate cancer risk factors: testosterone,
total estradiol and sex hormone binding globulin*?. An inverse correlation between serum
levels of a-T and prostate cancer risk was found among smokers in studies by Cheng et al.2
and Weinstein et al.*3. Serum levels of y-T (highest vs. lowest quartiles) were also shown to
be inversely associated with the risk of aggressive or high-grade prostate cancer in studies by
Cheng et al.#2 and Bauer et al.**. In the North Carolina-Louisiana Prostate Cancer Project
(PCaP), a study involving 1,023 African American and 1,079 European American
participants, however, dietary intake of both a-T and &6-T were inversely correlated with
prostate cancer aggressiveness, but only in European Americans?®.

The importance of nutritional levels of VE in influencing prostate cancer is also supported
by a nested case-control study in the US, showing that three single nucleotide polymorphism
(SNP) variations (involving BUD13, ZNF259 and APOAJ5), which resulted in higher
circulating a-T levels, were correlated with a lowered risk of prostate cancer#6. More
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recently, three additional SNP variations (involving SEC14L2, we SOD1 and TTPA) were
found to be associated with lower risk of prostate cancer in subjects receiving VE in the
SELECT#’. The SNP variation for both SEC14L2 and SOD1 were associated with
significantly lowered prostate cancer risk. The SNP of TTPA, which results in lower levels
of a-TTP and presumably lower a-T, was associated with increased risk of prostate cancer
in the absence of VE supplementation, and VE supplementation seemed to offset this
increased risk.

3.2.2 Lung cancer—In the Shanghai Women’s Health Study (SWHS) with 72,829
female non-smokers and a follow-up period of 12 years, lung cancer risk was found to be
lower in those who met dietary guidelines for Adequate Intake (Al) of tocopherols (14
mg/day or more), compared to those with lower intake than AI*8 (Table 1). Surprisingly, VE
supplement usage, mostly in the form of a-T, was associated with increased lung cancer
risk?8. In the ATBC study with 28 years of follow-up, higher baseline a-T levels were
correlated with lowered risk of lung cancer®. However, no relevant link between VE and
lung cancer was observed in the Japanese Public Health Center (JPHC) Cohort study, which
involved 38,207 men and 41,498 women with 18 years of follow-up®C. In a meta-analysis,
Chen et al.>1 found an inverse correlation between VE intake and lung cancer risk (Table 2).
Zhu et al.52 also found a link between a higher VE intake (highest vs. lowest tertile, quartile,
or quintile) and a lower risk of lung cancer, and an increase of dietary VE of 2 mg/day was
associated with a 5% decreased lung cancer risk (Table 2).

3.2.3 Pancreatic cancer and bladder cancer—Earlier cohort-study®3 and a case-
control study®* showed a significant inverse association between pancreatic cancer and
nutrient intake, including VE, vitamin C and selenium. In a recent case-control study of
pancreatic ductal carcinoma (PDAC) with 811 cases and 818 controls, cancer risk was
associated with the consumption of 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine
(PhIP) (derived from well-done, grilled or barbecued meat), and the cancer risk was also
associated with lower levels of VE (including supplement) intake®. Intake of vitamin C and
other nutrients were also inversely associated with PDAC®. Meta-analyses by Peng et al.%6
and Chen et al.>’ (Table 2) also showed an inverse association between VE intake and
pancreatic cancer risk; this association was mainly dependent on case-control studies, while
the results from cohort studies were not consistent.

In a secondary endpoint analysis of the SELECT, there was no significant difference in
incidence of bladder cancer between control and intervention groups®®. However, in a
multiethnic cohort study in Hawaii, which involved 185,885 older adults, with 12.5 years
follow-up, women within the highest quartile of a-T intake were found to have significantly
lowered risk of bladder cancer, but no correlation was found for men®°. Meta-analyses by
Wang et al.6% and Lin et al.%1 both found an inverse association between VE intake and
bladder cancer risk. In another two meta-analysis, Chen et al.52 and Cui et al.53 both noted
an inverse association between a.-T and bladder cancer risk.

3.2.4 Gastrointestinal cancers—A case-control study from the Fukuoka Colorectal
Cancer Study (FCCS) found no significant association between VE intake and colorectal
cancer (CRC)84. The conclusion of now association was also found in a cohort study from
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the Women’s Health Initiative (WHI1)%. A follow-up involving 6,546 participants from the
original SELECT similarly showed that VE supplementation had no effect on the risk of
CRCS6. However, a recent case-control study in China found that higher intake of VE
(highest vs. lowest quartiles) was associated with lowered CRC risk, nevertheless there was
no association between serum a-T and CRC risk67.

A prospective cohort study conducted in France involving 38,812 participants over 7 years
found an inverse association between VE intake and digestive cancer risk®. The China
Stroke Primary Prevention Trial (CSPPT) found that in subjects with high baseline selenium
levels, those with high serum a.-T levels had a decreased risk of gastrointestinal cancer and
total cancer; but intriguingly for those with low baseline levels of selenium, a-T had the
opposite effect on total or non-Gl cancers®. Meta-analysis by Edefonti et al.”® found an
inverse relationship between VE intake and head and neck cancer incidence rates. A meta-
analysis recently completed by Cui et al.” showed that higher levels of dietary VE was
associated with lowered risk of esophageal cancer.

3.2.5 Other cancers—Higher VE intake was found to be associated with lower risk of
invasive cervical cancer in a case-control study in China’2. This finding was corroborated
in a meta-analysis which involved 15 case-control studies and found an inverse relationship
between VE intake and cervical cancer’3. Also, in meta-analyses, inverse associations were
observed between serum levels of a-T and breast cancer risk by Hu et al.”* as well as renal
cancer by Shang et al.”> and Shen et al.”8. In the combined Shanghai Women’s and Men’s
Health Studies, dietary VE intake (including supplements) was inversely associated with
liver cancer risk’”. However, no link between serum a.-T levels and risk of liver cancer was
found in a follow-up of the ATBC trial’8. The prospective Vitamins and Lifestyle (VITAL)
study found serum a-T levels had no connection with urothelial cancer rates’®. A recent
meta-analysis also found no relationship between non-Hodgkin’s Lymphoma and VE
intake80,

In the British National Diet and Nutrition Survey, which involved 1,054 elderly men
followed for 13-14 years, it was found that dietary VE had a significant inverse association
with total cancer mortality in four different models®L. In the Japan Collaborative Cohort
Study for Evaluation of Cancer Risk, involving over 58,000 men and women over a period
of 19-21 years, it was also shown that higher dietary intake of VE was inversely associated
with all-cause mortality82. On the other hand, in the Physicians Health Study II, VE
supplement had no long-term effect on cancer incidence83,

3.2.6 Studies with tocotrienols—There is a lack of epidemiological studies with
tocotrienols because of its low consumptions in most areas, except in Southeast Asia where
palm oil is consumed in large quantities. However, a few human trials have been reported. In
a Phase | window-of-opportunity trial of §-T3 in 25 patients with pancreatic neoplasia, §-T3
was given orally twice a day for 13 days before surgery, in a dose-escalation scheme with
total daily doses from 200 mg to 3200 mg®4. These doses were well-tolerated and
pharmacokinetic and pharmacodynamic parameters were measured. §-T3 at dose of 600 mg
induced significant apoptosis in the neoplastic cells of patients. The percentage of apoptosis
(cleaved caspase-3 positive cells) increased in patients given doses of 200-600 mg, but doses

Mol Carcinog. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 10

of 800-3200 mg were less effective. The biological response rate also had a pattern starting
with 50% for the dose of 200 mg, 100% for 400 mg and 600 mg, and then decreased to 66%
for 800 mg and 1600 mg and to 33% for 3200 mg, showing a bell-shaped dose response84.

The same group of investigators also studied the pharmacokinetics and safety of 6-T3 in 36
healthy subjects8®. The subjects received orally 100-1600 mg of 6-T3 as a single dose or
twice daily for 14 consecutive days. No drug related adverse events were observed. After a
single dose of 6-T3, maximum blood concentrations appeared at 4.0-9.3 h, with maximum
concentration of 0.80-3.7 mg/L, and 6-T3 was eliminated with a half-life of 1.7-5.9 h85.

In Malaysia, a tocotrienol-rich fraction of palm oil was used as an adjuvant therapy for
tamoxifen in women with early breast cancer86. During the five years of study, however, the
adjuvant tocotrienol therapy did not affect breast cancer survival. On the other hand, in a
recent phase Il clinical trial in Denmark on 23 advanced-stage ovarian cancer patients, 300
mg of tocotrienols (90% &-T3) was used 3 times daily in combination with the standard
therapy of bevacizumab (10 mg/kg i.v.)8”. The median progression-free survival was
prolonged to 6.9 months from the common 2—-4 months (bevacizumab alone) and the median
overall survival was increased to 10.9 months from 5-7 months due to tocotrienols. This
study shows the great potential of using tocotrienols as adjuvant therapy.

3.3 Assessment of human studies and mechanistic considerations

As discussed above, most studies found an inverse association between VE nutritional status
and risk for cancer. In a meta-analysis of 69 prospective studies by Aune et al.88, even
though there was no relevant link between dietary VE intake and cancer incidence or total
mortality, an increase of 5 ug/mL in serum a-T level was linked to a 9% or 6% decrease in
total cancer rate or total mortality rate, respectively. Meta-analysis that focused on serum VE
levels were more likely to find an inverse association62:63.73.74 Genetic SNP’s that resulted
in an increase of serum a-T levels were shown to be associated with a decrease in cancer
risk46:47_ All these results support the concept that insufficiency in VE nutrition increases
cancer risk.

The dietary VE intake in the above studies was mainly obtained from food frequency
questionnaires. The food items rich in VE also contain vitamin C, selenium and other
constituents that may contribute to a reduction in cancer risk. Thus, the effects of “dietary
VE” would also include the effects of other constituents from the food, and commercial VE
supplements would not be as effective. Besides, VE supplements generally contains only
synthetic a-T, whereas VE from the diet also contains y-T and &-T, in several fold more
abundance. As will be discussed in the next section, in animal models, -y-T and &-T are
effective in inhibiting carcinogenesis, while a-T is not.

In contrast to the observational epidemiological studies, many intervention studies with high
doses of a-T have not yielded preventive effects against cancer. A possible explanation is
that these populations were already sufficient in VE nutrition, and supplementation with a-T
would not have any beneficial effects. In addition, the use of a-T at high doses may decrease
the blood and tissue levels of y-T which are known to have cancer preventive activities. It
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remains to be determined whether y-T, 8-T or tocotrienols would do better in intervention
studies.

4 LABORATORY STUDIES ON VE AND CANCER PREVENTION

4.1 Studies with Tocopherols

In our previous review?, we summarized 18 studies that used a.-T as a cancer preventive
agent in animal models. Although some studies had shown prostate and mammary cancer
preventive activities, 9 out of 10 studies on colon cancer prevention yielded negative results.
These and the negative results from large intervention trials with a-T discouraged further
studies with a-T. On the other hand, y-T, &-T and a -y-T-rich mixture of tocopherols (y-
TmT, a mixture of tocopherols with 59.3% y-T, 25.4% 6-T, 13.5% a-T and 1.6% B-T) have
been studied in a large number of animal models. Extensive studies in different cancer cell
lines have also been conducted to elucidate the molecular mechanisms by which tocopherols
induce cell apoptosis and inhibit cancer cell growth and invasion. Some of these studies are
summarized in Table 3 and discussed below.

4.1.1 Prostate cancer—The prostate cancer preventive activities of tocopherols have
been studied in transgenic mouse and rat models82-90, In the transgenic adenocarcinoma of
the mouse prostate (TRAMP) model, supplementation of y-TmT in the diet (1 g/kg)
significantly decreased the numbers of prostate tumors and prostatic intraepithelial neoplasia
(PIN)89, In the transgenic rat for adenocarcinoma of prostate (TRAP) model, y-T at low
concentrations of 50, 100 and 200 mg/kg diet dose-dependently reduced the humber of
adenocarcinomas in the ventral lobe, but a-T did not. The inhibition was associated with
enhanced apoptosis and the activation of caspases 3 and 7. Similarly, y-T (20 mg/kg diet)
significantly decreased methylInitrosourea (MNU)-induced ventral prostate epithelia
dysplasia, cell proliferation, GST-pi and COX2 expression®l. On the other hand,
supplementation with a-T (2 or 4 g/kg diet) to MNU-treated rats did not prevent prostate
formation92. The cancer preventive activity of y-TmT was also demonstrated in a novel
prostate carcinogenesis model in the CYP1A-humanized mice induced by a dietary
carcinogen, PhIP92, Dietary administration of y-TmT (2 g/kg of the AIN93 diet) effectively
prevented the development of mouse PIN (mPIN). It also reduced PhIP-induced elevation of
8-oxo-deoxyguanosine (8-o0xo-dG) and nitrotyrosine (caused by ROS and RNS) and the pro-
inflammatory enzyme COX2, inhibited the pro-growth Ki-67 and p-AKT signaling, and
prevented the loss of PTEN and Nrf2 expression. Further studies with purified 6-T, -y-T and
a-T (2 g/kg diet) showed that §-T was more effective than y-T or a-T in preventing mPIN
formation and p-AKT elevation?3,

In human prostate cancer cell lines LNCaP, VCaP and CWR22Rv1, &-T showed a much
stronger activity than a-T in inhibiting cell growth and inducing apoptosis®*. The inhibitory
activity was associated with the suppression of androgen receptor activity and prostate
specific antigen levels. 8-T was also more potent than a-T in inhibiting the growth of
LNCaP cell xenograft tumors in the immunodeficient SCID mice, and the inhibition was
associated with lowered cell proliferation and enhanced cell apoptosis in tumors®*. In further
studies with these and other prostate cancer cell lines, 6-T was also found to be more

Mol Carcinog. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 12

effective than y-T and a-T in inhibiting prostate cancer cell growth by inducing cell cycle
arrest and apoptosis®. By profiling the effects of 5-T on cell signaling using a phospho-
kinase array, we found that the most prominently inhibited target was the phosphorylation of
AKT on T308. Further studies revealed that 6-T attenuated the EGF/IGF-induced activation
of AKT (via the phosphorylation of AKT on T308 induced by the activation of PIK3).
Expression of dominant active PI3K and AKT in prostate cancer cell line DU145, in which
PIK3, AKT, and PTEN are wild type, caused the cells to be refractory to the inhibition of &-
T, suggesting that &-T inhibits the PIK3-mediated activation of AKT. Our data also suggest
that &-T interferes with the EGF-induced EGFR internalization, leading to the inhibition of
the receptor tyrosine kinase-dependent activation of AKT.

The inhibition of AKT signaling and prostate carcinogenesis by 6-T was demonstrated /n
vivo in prostate-specific PTEN™~ (PTENP~-) mice, in which the activation of AKT is the
major driving force for tumorigenesis. By feeding PTENP~~ mice with an AIN93M diet
supplemented with 8-T (2 g/kg diet) starting at the age of 6 or 12 weeks, the treatment
reduced prostate adenocarcinoma multiplicity by 53.3% and 42.7%, respectively, at the age
of 40 weeks. However, a-T (2 g/kg diet) was not effective®. Dietary 6-T also reduced the
phosphorylation of AKT (T308), decreased proliferation and enhanced apoptosis in prostate
lesions. In this model, the involvement of oxidative stress in carcinogenesis and the
antioxidant activity of 8-T in cancer prevention was not apparent®, All these results
indicated that -y-TmT, y-T and &-T prevented prostate carcinogenesis, and the activity of 6-T
was higher than y-T (at a dose of 2 g/kg diet). This effective inhibiting dose was much
higher than the reported effective doses of y-T at 20, 50 or 100 mg/kg diet®%91. In our
laboratory, these low doses were not effective.

4.1.2 Mammary cancer—Our work also showed that &-T, y-T and y-TmT inhibited
tumorigenesis in estrogen receptor (ER) positive /77 vivo models of breast cancer by
downregulation of ERa and Akt signaling, activation of PPAR~y, upregulation of Nrf2-
mediated antioxidant response, inhibition of oxidative stress and inflammatory markers, and
modulation of CYP1A1-mediated estrogen metabolism®7-190_ Dietary administration of &-T
and y-T, but not a-T, was shown to inhibit tumorigenesis in ER-positive breast cancer, while
did not provide protective effects against ER-negative and HER-2 positive breast cancer,
suggesting that the chemopreventive effects are due to estrogen-mediated and ER-dependent
mechanisms®’. 8-T and y-T have been shown to inhibit estrogen-stimulated breast cancer
tumor growth192, In a breast cancer model, mice with MCF-7 xenograft tumors implanted
with estrogen, treatment with y-T, 8-T or y-TmT (2 g/kg diet) significantly reduced tumor
volume and tumor weight, and inhibited cell proliferation-related genes such as cyclin D1
and c-Myc as well as estrogen-related genes TFF/pS2, cathepsin D, and progesterone
receptorl91, Further, decreased the levels of estrogen-induced oxidative stress and nitrosative
stress markers, 8-0x0-dG and nitrotyrosine, as well as the DNA damage marker,
phosphorylated histone 2A variant X (y-H2AX), were evident'91, The differences in
chemopreventive efficacy of a-T, 8-T, y-T and -y-TmT (2 g/kg diet) were further evaluated
in female August-Copenhagen Irish (ACI) rats receiving estrogen implants in an experiment
of 30 weeks. 8-T, y-T and y-TmT all significantly reduced mammary tumor volumel02, The
biological activities of individual forms of tocopherols at the whole transcriptome level were
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evaluated using RNA sequencing analysis, and the results showed that 6-T and -y-T had
superior cancer preventive properties compared to a-T, based on their effects on
transcriptome — in regulating the expression of genes involved in cell proliferation,
metastasis, and tumor progressioni02. Estrogen plays an important role in breast cancer
development potentially via cell proliferation and in increasing stem cell-like properties in
the tumors. Treatment of MCF-7 tumorsphere with estrogen resulted in an increase in the
CD44+/CD24- subpopulation and ALDH activity as well as the number and size of the
tumorspheres, and treatment with y-T or 8-T inhibited the estrogen-induced actions93,
Further, overexpression of a key stem cell transcription factor OCT4 increased CD44 and
SOX2 levels and expression of matrix metalloproteinases (MMPs), tissue inhibitors of
MMPs (TIMPs) and urokinase plasminogen activator (uPA) and significantly increased cell
invasion, suggesting an OCT4-mediated mechanism in estrogen-induced stemness and cell
invasion in breast cancer and its inhibition by -T and 8-T103,

4.1.3 Colon cancer—In a colon cancer model using male CF-1 mice treated with
azoxymethane (AOM) and promoted with DSS, -y-TmT (3 g/kg), lowered colon
inflammation and reduced the number of colon adenomas94. The treatment also lowered the
levels of prostaglandin E2 (PGE2), leukotriene B4 (LTB4) and 8-isoprostane in the plasma,
as well as those of PGE2, LTB4 and nitrotyrosine in the colon, and increased the apoptotic
index in adenomas. In a similar study in AOM-treated male BALB/c mice, however, y-T, but
not -y-TmT, (1 g/kg diet) suppressed moderate colitis-promoted colon tumorigenesis, but
neither agent was effective in inhibiting severe colitis and related colon tumorigenesis19°.
Interestingly, in a 1,2-dimethylhydrazine (DMH)-induced colon cancer model in male
Wistar rats, supplementation with a low dose of VE (a-T) (225 1U, 3 times the RDI) had
beneficial effects in reducing colon ACF formation and COX2 expression, while a high dose
of a-T (1500 1U) did not198, A comparative study of the inhibitory activity of a-T, y-T and
&6-T (at 2 g/kg diet) was conducted in AOM-treated Fischer 344 rats107. After treatment for 8
weeks, a large number of aberrant crypt foci (ACF) were developed. §6-T treatment showed
the strongest inhibitory effect in decreasing the numbers of ACF by 62%, while y-T and -y-
TmT were less effective, but a-T was not effective. Immunohistochemical (IHC) analysis
showed that &-T or -y-T treatment reduced the levels of 4-hydroxynonenal, nitrotyrosine and
cyclin D1 (CCND1), and preserved the expression of PPAR-vy in the colon. It also decreased
serum levels of PGE2 and 8-isoprostane. Supplementation with &-T or -y-T markedly
increased the levels of &-T or -y-T (from very low to 6.69 or 21.20 umol/L, respectively), and
their side-chain degradation metabolites (with &- or y-CEHCs at 23.32 or 6.07 pmol/L,
respectively) in the serum. Rather high concentrations of 6-T and 6-CEHC or y-T and -
CEHC, were found in colon tissues (with concentrations of 16.91 and 7.60 or 21.49 and 6.91
umol/kg, respectively), suggesting there could be local action of those compounds in the
inhibition of colon carcinogenesis!®’.

In a mouse colon carcinogenesis model induced by PhIP and promoted by DSS in CYP1A-
humanized mice, we demonstrated that 6-T and -y-T (2 g/kg diet) inhibit colon
carcinogenesis mostly by protection against early cellular and DNA damage caused by ROS
and RNS, during the DSS treatment period108, Treatment with 8-T after this period was
much less effective in inhibiting tumorigenesis. During the DSS-treatment period, dietary &-
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T decreased the levels of 8-0xo-dG and nitrotyrosine, as well as pro-inflammatory mediators
(NF-xB p65 and p-STAT3), in tumors and adjacent tissues. In contrast, a-T did not
significantly decrease tumorigenesis. Of note is that, in this PhIP/DSS-induced mouse
model, significant inhibition of colon tumorigenesis by 8-T or -y-T (2 g/kg diet) was not
observed in female mice, possibly due to the lower number of tumors formed, and the
decrease in tumor number by &-T did not reach statistical significance. The gender
differences in colon cancer formation has been shown in both rodents and humans. Whether
sex hormones play a role in influencing the actions of tocopherols in colon carcinogenesis
remains to be studied.

These studies clearly demonstrate the higher activity of 6-T than -y-T in inhibiting colon
tumorigenesis, while a-T was ineffective. This conclusion is consistent with our studies on
colon cancer cell lines HCT116 and HT29109, showing this same ranking order in inhibiting
cell growth, decreasing cancer cell colony formation and inducing apoptosis, while a-T was
rather ineffective. This cell line study also showed that the rate of cellular uptake also
followed the same ranking order, and y-tocopherol quinone and y-tocopherol phosphate had
much higher inhibitory activities than -y-T, and even higher than the corresponding 6-forms
of these derivatives!09,

4.1.4 Lung cancer and other cancers—In lung cancer models, we demonstrated
that dietary -y-TmT reduced tumor multiplicity, tumor volume or 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, as well as human lung cancer H1299 xenograft
tumors in nu/nu mice!19, In cell culture, the growth of H1299 cells was inhibited by
tocopherols with their effectiveness following the order of §-T > y-TmT > y-T, whereas a-T
was not effective. y-TmT inhibited the growth of CL13 murine lung cancer cells in vitro.
Dietary administration of -y-TmT (1 or 3 g/kg diet) also significantly inhibited the growth of
CL13 xenograft tumors in A/J micelll, In both the carcinogenesis and tumor growth models,
the inhibitory action of y-TmT was associated with lowered levels of 8-0x0-dG, y-H2AX
and nitrotyrosine, as well as enhanced apoptosis, in the tumors. In another model, ferrets
were exposed to cigarette smoke to induce lung squamous metaplasiall2. Treatment with a.-
T (22 mg/kg body weight/day orally) plus ascorbic acid (3 mg/kg/day orally) prevented
squamous metaplasia and overexpression of cyclin D1 in the lung as well as ameliorated the
smoke-induced lowering of a-T and vitamin A levels in the lung. In a rat model for
pancreatitis induced by trinitrobenzene sulfonic acid (TNBS), a-T (300, 600 and 900 mg/kg/
day, orally) dose-dependently decreased pancreatic pseudocyst formation and ameliorated
pancreatic weight loss in chronic pancreatitis!13,

In order to mimic the insufficiency of VE and selenium of the population with high risk of
esophageal cancer in the LNIT, we used a VE/selenium insufficient diet in a rat model for
esophageal cancer32. Supplementation of the diet with VE/selenium inhibited NMBA-
induced esophageal carcinogenesis, and supplementation during the early stage of
carcinogenesis was more effective than in the late stage in preventing tumor formation32.
Further studies with rats fed a normal diet and supplemented with a-T, 6-T and -y-TmT (1.5
g/kg diet) demonstrated that all these supplements inhibited esophageal carcinogenesis14.
Mechanistic studies suggest that these tocopherols inhibited esophageal carcinogenesis
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through attenuating NF-kB activation and CXCR3-mediated inflammation, with &-T
appeared to be more effectivell*. These results support the hypothesis that in humans, VE
and selenium insufficiency makes the individual more susceptible to esophagitis, and
supplementation with VE and selenium blocked the inflammatory mediators and inhibited
carcinogenesis. The relative contribution of VE and selenium was not discerned from this set
of animal studies.

4.2 Studies with Tocotrienols

Most of the studies on tocotrienols (mostly -y-T3 and &-T3) have been carried out in cell
lines, demonstrating the inhibition of cell growth and induction of apoptosis, and some of
the studies have carried into xenograft tumor models. There are also a few recent studies in
animal models. Some recent studies (published in 2011-2019) are summarized in Table 4.
Earlier work has been covered by some excellent recent reviews’=%12 and a book!15. Some
of the proposed molecular targets or pathways are highlighted in Figure 3.

4.2.1 Inhibition of cell proliferation and induction of apoptosis—=&-T3 and y-T3
have been shown to inhibit growth and promote apoptosis in cell lines derived from gastric
cancer, leukemia, breast cancer, oral cancer, lung cancer, glioblastoma, pancreatic cancer,
prostate cancer, non-small cell lung cancer, bladder cancer and colorectal cancer (Table 4).
Specific inhibitory patterns against cells from different cancer types are not observed, and
the table is arranged based on the signaling pathways involved. These activities were
observed commonly in the concentration range of 2-20 uM. The molecular mechanisms
reported for the anti-proliferation, pro-apoptosis and other anti-cancer activities of 6-T3 and
v-T3, as depicted in Fig. 3, involve the inhibitory effects on WNT signaling116-120, 119\ F-
xB pathway1?1-123 NOTCH signaling'23-126 and AKT/mTOR signaling!27-128: and/or the
activation of STAT3129.130 SRC kinasel30, AMPK131 and receptor tyrosine kinases HER3/
HER4132.133 The inhibition of proliferation and induction apoptosis were also reported to
be mediated through tocotrienol-induced activation of EGR-1/BAX pathway134,
upregulation of miR-34a12%, miR-42913% p27/CDKN1B13¢ and PPAR-y137, disruption of
lipid raft}32.133 and modification of mitochondria membrane and activation of pro-apoptosis
genes!38-140 Moreover, tocotrienols and their 13"-COOH metabolites modulate
sphingolipid metabolism through inhibition of dihydroceramide desaturase
(DEGS)122.141.142 g ppression of glutamine uptakel2? were also suggested to be possible
mechanisms. In addition, pathway analysis of the tocotrienol-induced gene expression
profile changes suggests that y-T3 and 6-T3 alter endoplasmic reticulum stress signaling
and related autophagy and cell death143-146,

4.2.2 Suppression of stemness and inhibition of cell migration/invasion,
tumor growth, metastasis and angiogenesis—The stemness of cancer cells has also
been reported to be inhibited by tocotrienols. §-T3 was shown to inhibit the formation of
tumor spheres of human melanoma cells47. §-T3 was also reported to inhibit the expression
of stem cell transcription factors, including NANOG, OCT4 and SOX2, in pancreatic cancer
cells and surface stemness marker CD44 in xenograft tumors of pancreatic cancer cells148,
y-T3 was reported to inhibit mevalonate pathway and activate de novo ceramide synthesis
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pathway, resulting in the reduced STAT-3 mediated signaling and leading to the inhibition on
breast cancer stem-like cells14°.

8-T3 and y-T3 have been demonstrated to inhibit tumor growth in xenograft models of
pancreatic cancer cells36:148 gastric cancer cells®, mouse mammary cancer cells'®2, liver
cancer cells'28, and melanoma cells!4?, as well as the transgenic pancreatic cancer mouse
models (LSL-KrasG12D;LSL-Trp53R127H;Pdx-1-Cre [KPC mice])152.

Other properties of cancer cells such as cell migration, cell invasion, and epithelial-
mesenchymal transition have also been reported to be inhibited by tocotrienols in lung
cancer cells, gastric cancer cells and breast cancer cells in vitro, in cell migration assay,
wound healing assay, and cell invasive assay119123.153 |n --T3-treated breast cancer MDA-
MB-231 cells, cell migration machinery regulators such as RAC1 and WAVE2 signaling
were reduced!®3. In addition to the reduced cell migration, y-T3-treated breast cancer MDA-
MB-231 and T-47D cells showed epithelial-mesenchymal transition!1°. Using the same in
vitro assays, &-T3 was also found to suppress the migration and invasion of non-small lung
cancer cells'24 and colon cancer cells®*. Studies in xenograft models showed that §-T3
inhibited pancreatic cancer tumor growth and liver and lung metastasisl48 and that
tocotrienols-rich mixture inhibited lung metastasis of breast cancer cells®1,

Tocotrienols were also found to display anti-angiogenesis activity in animal models. For
examples, 6-T3 and y-T3 suppressed the tumor angiogenesis of xenograft tumors of
pancreatic cancer cells48, colorectal cells'®® and liver cancer cells!28 as well as pancreatic
tumors developed in KPC transgenic micel®2. The anti-angiogenesis effect of tocotrienols
has been well demonstrated in typical angiogenesis tests such as tube formation assay of
HUVEC!28 and chick chorioallantoic membrane assays!28:156, Reduced expression of
angiogenesis factors such as VEGF and ANG1 was found in several studies and proposed to
be the mechanism of anti-angiogenesis activities of tocotrienols128.150,152,157,

Many of the above activities were observed in a recent study (Husain, K. Accepted results in
Scientific Reports). §-T3 (10-100 uM) was found to inhibit colon cancer stem cell (CCSCs)
survival and stemness (NANOG, OCT4 and SOX2) as well as markers for migration,
invasion, inflammation (NF-kB), angiogenesis (VEGF) and metastasis (MMP9). In an
orthotopic (cecum-injected CCSCs) xenograft model of metastasis, 5-T3 (200 mg/kg
administered orally twice a day for 4 weeks) significantly retarded the CCSCs-derived tumor
growth (Ki-67), inflammation (NF-kB), angiogenesis (VEGF and CD31) and B-catenin/
CTNNBL, as well as induced apoptosis (cleaved-PARP) in tumor tissues. More importantly,
it inhibited liver metastasis of CRC.

The inhibitory activities of tocotrienols against cancer have also been shown to be promoted
by other natural products such as polysaccharopeptides!4?, sesamin%8, ferulic acid'>® and 6-
gingerol180. The mechanisms of the synergistic effects remain to be further investigated. If
these activities can be demonstrated in vivo, tocotrienols (or their combination with other
agents) would have more potential for further exploration.
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4.2.3 Studies in animal carcinogenesis models—The triple transgenic KPC mice,
which mimic the genetic and histological changes observed in human pancreatic cancer,
developed pancreatic cancer rapidly and the overall survival of the mice was 2.18 months.
Treatment with 8-T3 (200 mg/kg pr os twice a day) significantly decreased tumor weight,
cancer cell proliferation, CD31, VEGF and other growth-related signaling proteins®2, It
also increased the expression of E-cadherin and enhanced apoptosis (as reflected in CK18
and cleaved-CASP3). At week 16, 6-T3 treatment increased the survival to 70%, versus a
survival of 10% in the vehicle control group. When 6-T3 treatment was combined with
gemcitabine (100 mg/kg i.p.), the survival rate was 90%%52. In a colorectal carcinogenesis
model, rats were injected with AOM (15 mg/kg, sc) to induce cancer. §-T3 treatment (200
mg/kg orally twice a day) for 20 weeks significantly inhibited colorectal polyps by 70% and
CRC by 99% compared to the vehicle treatment group (£< 0.02, P < 0.001). The cancer
inhibition effect was more potent than sulindac (50%)1°4.

An interesting study with a side-chain degradation product of 6-T3 was conducted in a
mouse model for colon cancer induced by AOM/DSS. §-T3-13"-COOH (0.22 g/kg diet) was
found to significantly inhibit tumor formation, especially on tumors with size > 2mm?2.142,
This work demonstrates the cancer preventive activity of this §-T3 metabolite, in agreement
with its activities in inhibiting pro-inflammatory enzymes and DEGS to induce autophagy
and apoptosis of human cancer cells42,

4.3 Assessment of laboratory studies and mechanistic considerations

The studies as reviewed above clearly demonstrated the cancer preventive activities of y-T
and &-T in different animal models, while a-T was not effective. Cancer prevention
activities of tocotrienols have also been demonstrated in a few studies in animals and many
studies in cell lines. For mechanistic studies, treatment of cancer cell lines in culture or
xenograft tumors with y-T, 6-T, y-T3 and &-T3 compounds affects multiple cellular
signaling molecules and pathways, leading to enhanced apoptosis and inhibition of cell
proliferation, migration, invasion and metastasis and angiogenesis. It is unclear whether
these signaling molecules are the direct targets of these VE forms — by direct physical
binding, redox activities or affecting membrane structure — or consequences of the primary
events.

Some of the VE form-induced signaling alterations were also observed in certain animal
carcinogenesis models, which makes them relevant in vivo. Depending on the animal models
used, different mechanisms have been proposed for the action. For example, quenching of
ROS and RNS and inhibition of COX2 are commonly observed in many animal models,
including PhiP-induced prostate carcinogenesis in CYP1A-humanized mice%3, while in the
PTENP~~ mouse model, inhibition of AKT phosphorylation appear to be the major
mechanism and the antioxidant action of 6-T was not apparent in the inhibition of prostate
carcinogenesis®. In the inhibition of mammary tumorigenesis, the anti-estrogenic activity of
v-T is likely to play a major role®7-100, |n these studies, y-T was slightly more active than
8-T in inhibiting mammary tumorigenesis, while §-T was more active than y-T in the
inhibition of prostate, colon and lung carcinogenesis.
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With tocotrienols, there are many studies in cell lines, and some in animal models,
demonstrating the potential activities in cancer prevention or therapy. In cell culture studies,
v-T3 and 8-T3 are generally more active than y-T and 8-T8161, The higher activities of
tocotrienols may be due to 1) their higher fluidity of tocotrienols; and 2) their ability to also
inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in cholesterol biosynthesis'62, In animal carcinogenesis models, direct comparison
of tocopherols versus tocotrienols are lacking. Our unpublished result in the PhI1P/DSS-
induced colon tumorigenesis in CYP1A-humanized mouse model showed that 6-T3 (0.5
g/kg diet) produced 58% inhibition in tumor multiplicity (Yang et al., unpublished results),
and this is comparable to an inhibition produced by &-T at a dose of 2 g/kg diet108,

5 CONCLUDING REMARKS

As discussed in Section 3, the discrepancy between the cancer prevention results observed in
observational epidemiological studies and the negative results from several large-scale
human intervention trials with high doses of a-T raised the question “Does VE prevent
cancer?”,

5.1 Does VE prevent cancer?

Our answer is “It depends on the VE nutritional status of the population and the form and
dose of VE used”. From the results of human and animal studies reviewed above, the cancer
preventive activity of VE can be analyzed at two levels:

1. At the nutritional level, insufficiency of VE could enhance carcinogenesis and
increase cancer risk, and supplementation of VE to this population would likely
reduce cancer risk. This concept is partially supported by the results from the
LNIT25-27 and studies in animal models32. In this situation, a-T is more
important than other forms of VE. For cancer prevention, consumption of diets
rich in VE, mostly from plant-based food such as vegetables and whole grains,
would be beneficial. Other constituents in these types of food could also
contribute to the prevention of cancer and other diseases. Whereas in the large-
scale intervention trials in North America3-5, the trial population mostly were
VE sufficiency. Supplementation of a nutrient to a population that is already
sufficient in this nutrient would not produce a beneficial effect.

2. Beyond the nutritional level, in individuals that are sufficient in VE nutrition,
supplementation with -y-T, 8-T and tocotrienols, but not a-T, could reduce the
cancer risk. There are sufficient data from animal studies for y-T and 6-T; but
only limited data for tocotrienols, even those tocotrienols have shown inhibitory
activities in cancer cell lines in numerous studies. The question is whether these
activities would manifest in humans, and what are the effective dose.

5.2 Molecular bases for the actions of different VE forms in cancer prevention

As discussed earlier, numerous signaling molecules and pathways have been shown to be
up-regulated or down-regulated by different VE forms in a variety of cell lines. Some
authors consider these molecules as “targets” of action of different VE forms. However,
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these changes could also be secondary events observed in the experimental system. The
molecular basis of these alterations and their roles in cancer prevention remain unclear.
Some of the molecular mechanisms of prevention by these compounds are discussed below.

5.2.1 Antioxidant activities—Since ROS and RNS are involved in inflammation and
carcinogenesis, quenching of these free radicals would have anti-inflammatory and anti-
carcinogenic effects. This action of all VE forms occurs at the nutritional level, and these
forms without a methyl group on the 5-position of the chromanol ring (B, y and & forms)
would have the advantage of being more active in trapping RNS. This action may contribute
to the higher cancer preventive activity of these compounds over a.-T.

5.2.2 Direct binding to target molecules—Although many molecules have been
referred as targets of different VE forms, evidence for direct binding to these “targets” is
lacking. In theory, specific targets via specific physical binding to VE forms could exist. An
example is the specific binding of a-T to a-TTP. However, many attempts to identify direct
targets for VE forms by molecular docking and physical binding studies have not yielded
results that are convincingly relevant to cancer prevention.

5.2.3 Affecting membrane structure, lipid raft and fluidity—These actions have
been suggested by several studies based on biophysical studies and investigations in cancer
cells. In our studies, on the inhibition of prostate cancer cells, the possibility that 6-T binds
to the membrane and influences tyrosine receptor kinase activity was proposed®. Membrane
fluidity and lipid raft have been shown to be affected by VE132.133_ The higher fluidity of
tocotrienols!®3 may contribute to the higher rate of uptake and higher activity of tocotrienols
over tocopherols in inhibiting cell growth. When applying the concept of influencing lipid
raft to cancer prevention, however, a key issue to be resolved is the specificity of this action.
That is, if certain VE forms affect lipid raft in pre-cancerous and cancer cells in early stages
of carcinogenesis, then whether the same mechanism would affect the functions of normal
cells is an important issue.

5.2.4 Action of VE degradation metabolites—y- and &6-forms of VE have lower
bioavailability with more side-chain degradation products formed, in comparison with a.-T,
but have higher anti-cancer activities. These results suggest that these metabolites may play
an important role in cancer prevention, as discussed in previous sections. The side-chain
degradation metabolites, 13°-COOHSs, have shown cancer prevention activities8142, We may
speculate that even for the short chain metabolites, CEHCs and CHMBHCs, with the
chromanol ring intake may still have antioxidant and other biological activities. With less
lipophilicity, these metabolites could have accessibility different from the parent
compounds. These properties may contribute to the cancer preventive activities of y-T, 6-T,
v-T3 and 6-T3.

From the numerous “targets” or actions proposed by different authors, we may conclude that
there is no single specific mechanism or target for the anti-cancer action. Depending on the
experimental systems used, different mechanisms may play a more important role. This
concept may also apply to humans exposed to different cancer etiological factors.

Mol Carcinog. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

5.3

Page 20

Issues on toxicity

One of the reported side effects of tocopherols is their interaction with vitamin K function in
affecting blood clotting®4. However, in our studies in animal models with tocopherols at 2
or 3 g/kg diet did not produce any observable toxic effect?3:94,97-102,107,108,110,111 "1 gy
unpublished Phase 0 study, a commercial y-T-rich mixture of tocopherols (790 mg) were
given daily to prostate cancer patients two weeks before surgery (as described in Section 2),
estimated blood loss was not significantly different from the placebo group and no adverse
events were observed (Yang et al., unpublished results).

As discussed previously, in two human studies, one with pancreatic cancer patients®4 and
one with healthy volunteers8, 8-T3 at doses of 100 to 3200 mg per day for two weeks, did
not show any side effects. In a recent study with tocotrienol supplements, 430 mg and 860
mg tocotrienol from DeltaGold 70 (70% tocotrienols of which 90% is §-T3 and 10% is -y-
T3) given to postmenopausal osteopenic women daily for 12 weeks, did not affect kidney
and liver function parameters165, Supplementation for 6 weeks significantly raised serum
level of 6-T3, and had no adverse effect on quality of life, body composition physical
activity and nutrient intake.

5.4 Future studies

In order to provide a more clear understanding of VE and cancer prevention, the following
future studies are suggested.

a. More mechanistic studies. Most of the mechanistic information on the action of
VE forms, especially tocotrienols, are derived from studies in vitro, mostly with
cancer cell lines. More innovative in vitro studies are needed to elucidate the
basic molecular action of VE forms. It is unclear, however, whether the results
from in vitro studies can be extrapolated to the situation in vivo. They may just
be observations under those experimental conditions. Therefore, mechanistic
studies in vivo are extremely important, especially if it can be pursued in
humans. These studies would benefit from the information obtained from studies
in vitro, as reviewed herein. In theory, if a VE form can inhibit certain key events
that may occur in early carcinogenesis, then such activities could be translatable
to cancer prevention. If the reported mechanisms are important in inhibiting
pathways important in cancer growth and metastasis, then they may be useful for
therapy to prevent metastasis.

a. Determine the dose-response of y- and &-forms of VE in cancer prevention
studies in animal models. In our diet, a-T contributes to the majority of
nutritional VE activity. Whether dietary levels of -y-T, 8-T and tocotrienols
contribute to lowering cancer risk is unclear. Some results on -y-T dose-response
studies in animal models were not consistent®0:91.93.95 To provide more
information on this issue, more dose-response studies on y-T, 6-T and
tocotrienols in animal models are needed. The information will help design
human studies.
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a. More human studies on the cancer preventive activities of y-T, 6-T, y-T3
and &-T3. In epidemiological studies, a basic approach is to correlate the serum

levels of these VE forms (and probably the urinary levels of corresponding
CEHCs and CMBHCs) with cancer risk. Such studies on tocotrienols are

important in populations consuming significant amounts of tocotrienols from
palm oil or supplements. More human trials on the cancer preventive activity of

these non-a-T VE forms, with relevant biomarker analyses, are even more

important to provide more definitive answers on whether these VE forms can be
used for cancer prevention, the mechanisms involved, and the doses required.
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Structures of vitamin E analogues. The structures shown are the naturally occurring a,, B, y
and &-tocopherols (RRR) (modified from referencell). For the corresponding tocotrienols,

each contains 3 double bonds on the side chain at 3°, 7" and 11" positions.
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Side-chain Degradation of y-Tocopherol

w-hydroxylation

13'-CH,0H
CH; &
13 ‘
I Side-Chain B-Oxidation I 13'-COOH
y-Tocopherol 1
HO, l
1 . 11°-COOH
l 9°-COOH
7°-COOH
5'-COOH
HsC O COOH
CH3

3"-Carboxychromanol (y-CEHC)

Figure 2.
Side-chain degradation pathway of vitamin E using y-tocopherol (y-T) as an example for

illustration (modified from reference?4). The side-chain degradation is initiated by co-
oxidation and followed by five cycles of B-oxidation, each reducing the chain length by two
carbons. The metabolites are named following reference®; for example, 13°-COOH is the
metabolite of VE with carboxylic group at the 13’-position. The isomerization of double
bond of tocotrienol side-chain; for example, in the conversion of carboxymethylhexenyl
hydroxychroman to carboxymethylbutyl hydroxychroman (CMBHC or 5 -COQH), is
catalyzed by the auxiliary enzymes 2,4-dienoyl-CoA reductase and 3,2-enoyl-CoA
isomerase. The degradation of other forms of tocopherols and tocotrienols follows the same
pathway.
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Proposed targets of for the cancer preventive activities of y- and 6-T3 from studies in vitro.
Red, blue, and green arrows indicate y-T3, 6-T3, or both, respectively; — indicates
activating/upregulating and - indicates inhibiting/downregulating a target (or pathway). The
numbers on each arrow are the reported effective concentrations in uM. Abbreviations —
AMPK, adenosine monophosphate-activated protein kinase; Ang-1, angiopoietin 1; AKT,
protein kinase B; BAX, BCL2 associated X apoptosis regulator; BCL-2, B-cell lymphoma 2;
BCL-XL, B-cell lymphoma-extra large; BID, BH2 interacting domain death agonist;
BIRCS5, baculoviral I1AP repeat containing 5; CASP3/9, caspase-3, caspase-9; CCND1/3,
cyclin D1/3; CDKA4, cyclin-dependent kinase 4; CHOP, Ce/EBP homologous protein; c-
PARP, cleaved poly (ADP-ribose) polymerase; DEGS, dihydroceramide desaturase; E2F1,
E2F Transcription Factor 1; EGR-1, early growth response 1; ER stress, endoplasmic
reticulum stress; HES1, hes family BHLH transcription factor 1; HER3/HER4, erb-b2
receptor tyrosine kinase 3/4; miR-429, microRNA-429; mTOR, mammalian target of
rapamycin; MMP9, matrix metallopeptidase 9; NF-xB, nuclear factor of kappa light chain
polypeptide gene enhancer in B cell 1; NOTCH-1, neurogenic locus notch homolog protein
1; P-pg, p-glycoprotein; RAS-MEK-ERK, RAS-MAP kinase pathway; STAT3, signal
transducer and activator of transcription 3; VEGF, vascular endothelial growth factor.
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