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Tocotrienols (T3) belong to the family of vitamin E compounds (a-, B-, y-, 8-tocopherols and -tocotrienols)
and have unique biological properties that make them potential neuroprotective dietary factors. In addi-
tion to their antioxidant activity, T3 at micromolar concentrations exert cholesterol-lowering activities
in cells, animal models and some, but not all, human studies by means of inhibition of the activ-
ity of the rate-limiting enzyme in cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl coenzyme A
reductase. At lower concentrations (~10nmol/L), T3 modulate signalling pathways involved in neu-

ifﬂ;iqgim activity ronal cell death in cell culture experiments. Targets of T3 include prenyl transferases, non-receptor
Bioavailability tyrosine kinase, phospholipase A;, 12-lipoxygenase, cyclooxygenase-2, and nuclear factor kB. The low

bioavailability and rapid excretion of T3 represents a major hurdle in their preventive use. Fasting
plasma concentrations, even after supplementation with high doses, are below 1 wmol/L. T3 bioavail-
ability may be enhanced by ingestion with a high-fat meal, self-emulsifying drug delivery systems, or
phytochemicals that inhibit T3 metabolism and excretion. T3 have no known adverse effects when con-
sumed as part of a normal diet and the studies reviewed here support the notion that they may have
potential as neuroprotective agents. However, experiments in relevant animal models and randomised
human intervention trials addressing the neuroprotection mediated by T3 are scarce and, thus, highly
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warranted.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It was estimated that by the year 2050 approximately one-third
of the world’s population will be older than 60 years (Lutz et al.,
2008). Advanced age is the most important risk factor for the devel-
opment of neurodegenerative disorders of the brain, which lead
to cognitive impairment and dementia. As the number of people
who live beyond the age of 60 years is constantly growing, both
cognitive impairment and dementia become increasingly preva-
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American Heart Association; APP, amyloid precursor protein; DMBA, 7,12-
dimethylbenz[a]anthracene; ERK, extracellular signal-regulated kinase; FPP,
farnesylpyrophosphate; GGPP, geranylpyrophosphate; H,0;, hydrogen peroxide;
HCA, homocysteic acid; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; LOX,
lipoxygenase; NF-kB, nuclear factor-kB; PLA;, phospholipase A,; cPLA;, cytosolic
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ogy; T, tocopherol(s); T3, tocotrienol(s); TRF, tocotrienol-rich fraction.
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lent (Fratiglioni et al., 2000). Alzheimer’s disease (AD) is the most
common neurodegenerative disorder of the brain and accounts for
about 50-70% of all dementia cases (Mattson, 2004). AD is usually
diagnosed beyond the age of 65 years, although cases of familial
AD, which are associated with mutations in certain predisposing
genes (e.g. presenilin-1, presenilin-2, amyloid 3 precursor protein),
do occur at an earlier age (Lin and Beal, 2006). Progression of AD is
slow, but end-stage patients are usually left bedridden, incontinent,
and depend on custodial care (Citron, 2002). Currently, AD affects
about 24 million patients worldwide and this number is expected to
double every 20 years (Ferri et al., 2005). Given the projected demo-
graphics and the fact that age-dependent dementias and AD cause
much suffering in affected individuals and their families and give
rise to enormous costs to healthcare systems, these age-dependent
neurodegenerative diseases pose to develop into a serious health-
care crisis if treatments, either preventive or curative, cannot be
introduced within the next decade or so (Citron, 2002).

Clinical symptoms of AD and other dementias include progres-
sive loss of memory, reduced cognitive ability, and emotional and
behavioural changes (Strittmatter and Roses, 1996). The underlying
pathophysiological mechanisms in the brain include the extracel-
lular accumulation of mis-folded proteins, synaptic dysfunction,
mitochondrial dysfunction, massive progressive loss of neurones
by apoptosis, especially in the hippocampus and cortex, and a
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selective depletion of neurotransmitter systems (e.g. acetylcholine)
(Bredesen et al., 2006; Leuner et al., 2007; Lin and Beal, 2006;
Mattson, 2004; Mattson and Magnus, 2006). On the cellular level,
the processes leading to neuronal death and, thus, neurodegener-
ative events are caused by or result in an increased formation of
reactive oxygen and nitrogen species. Such an imbalance between
free radical generation and elimination is termed oxidative stress
and was causally connected with the incidence of inter alia AD
(Lin and Beal, 2006). Consequently, antioxidant nutrients, such
as tocotrienols (T3) and other members of the vitamin E family,
are thought to be beneficial in the prevention of neurodegenera-
tion and dementia. In fact, epidemiological studies indicate that a
high intake of vitamin E from food sources, but not from dietary
supplements, may contribute to the prevention of age-related neu-
rodegenerative disorders (Engelhart et al., 2002; Morris et al., 1998,
2005). Morris and colleagues evaluated the contribution of the dif-
ferent vitamin E congeners toward the prevention of AD. While a
higher dietary intake of both a-tocopherol (aT) and «y-tocopherol
(yT) was associated with a decreased risk of developing AD, their
data suggested that the combination of the different vitamin E con-
geners may be more effective in preventing AD than the intake of
oT alone (Morris et al., 2005).

2. Vitamin E

Vitamin E (Fig. 1) is a generic name for all substances exerting
the biological functions of a-tocopherol. Of the eight recognised
natural vitamin E compounds «-, B-, y-, and 8-tocopherol (T) and
-tocotrienol, aT and YT are quantitatively the two major vitamers
in the human body, whereas the T3 are present at much lower con-
centrations (Kamal-Eldin and Appelqvist, 1996). Upon ingestion,
the lipid-soluble T and T3, together with other dietary lipids, are
absorbed and transported to the liver, where they are packaged
into lipoproteins and secreted into the circulation or metabolised
to water-soluble carboxyethyl hydroxychroman (CEHC) metabo-
lites (Fig. 2), which are excreted in the urine (Birringer et al., 2002).
As the organism favours the retention of oT and preferentially
degrades and excretes all non-aT-forms of vitamin E, T3 concen-
trations in humans are generally very low (Table 1) (O’Byrne et al.,
2000). Under normal dietary conditions, T3 are not detectable in
plasma from fasted humans (O’Byrne et al., 2000). Even after daily
supplementation with high doses of 250 mg «aTs, yT3, or 8T3 for
8 weeks, their respective fasting plasma concentrations remained
below 1 pwmol/L (O’Byrne et al., 2000). For comparison, oT and yT
plasma concentrations in fasted subjects typically range from 11 to
37 and 1 to 5 wmol/L, respectively (Frank and Rimbach, 2009). The
limited bioavailability of T3 has led to attempts to augment their
plasma and tissue concentrations by enhancing their absorption
and retention in the body (see below Section 4).

2.1. Food sources

Vitamin E is exclusively synthesised by photosynthetic organ-
isms and while T are the predominant vitamin E congeners in plants
per se, T3 are present in the seed endosperm of most monocotyle-
dons, such as palm, wheat, rice, and barley, and are also found in the
seed endosperm of a limited number of dicotyledons, e.g. tobacco
(Sen et al., 2007). Cereal grains, such as oat, rye, and barley, and
plant oils, such as palm, rice bran, and wheat germ oils (Table 2),
are the major food sources for T3 in the Western diet (Sundram et al.,
2003; Theriault et al., 1999). Palm oil, in particular, is one of the best
natural sources of T3 with up to 800 mg T3/kg crude oil (Sen et al.,
2006). A recent Japanese study identified cereals and grains (3 mg
T3/kg each), nuts, seeds, and confectionary (1.5 mg T3/kg each) as
the food sources with the highest T3 content and estimated a daily
intake of T3 of 2 mg (mainly from rice) in the Japanese population

(Sookwong et al., 2010). T3-containing foods and their respective
vitamin E contents are compiled in Table 2.

3. Biological activities of tocotrienols that may be
beneficial in the prevention of age-dependent
neurodegenerative diseases

3.1. Antioxidant activity of tocotrienols

Oxidative stress, that is an imbalance of the generation of reac-
tive species and antioxidant defences, can lead to damage of DNA,
proteins, and lipids and is thought to be involved in the patho-
genesis of a large number of diseases, including age-dependent
neurodegenerative disorders and dementia (Ames et al., 1993;
Sies, 1997). Vitamin E congeners in general are components of
biological membranes, where they may act as chain-breaking
antioxidants to protect membrane lipids from oxidative damage
(Burton et al., 1982; Suzuki et al., 1993). T3 in particular have been
reported to exert antioxidant activity in many different in vitro
and in vivo systems (Adachi and Ishii, 2000; Begum and Terao,
2002; Ghafoorunissa et al., 2004; Kamat et al., 1997; Nafeeza et al.,
2002; Nesaretnam et al., 1993; Noguchi et al., 2003; Qureshi et al.,
2000; Reznick et al., 1992; Serbinova et al., 1991; Suarna et al.,
1993; Suzuki et al., 1993; Thiele et al., 1997; Weber et al., 1997,
2003; Yoshida et al., 2003, 2007). As part of a so-called antiox-
idant network, T3 may quench lipid radicals and in the process
become radicals themselves, albeit less reactive ones. These rad-
icals can then be reduced back to their native form by vitamin
C or, indirectly, by thiol antioxidants (e.g. glutathione and lipoic
acid) (Rimbach et al.,, 2002) or, in the absence of reducing sub-
stances, tocotrienoxyl radicals may exhibit pro-oxidant effects and
further propagate radical chain reactions (Suarna et al., 1993;
Yoshida et al., 2003). Kagan et al. (1992) reported the recycling of
endogenous vitamin E (aT and «T3 ) by ascorbic acid in human LDL
in vitro.

The efficacy of any antioxidant is governed by the physico-
chemical properties of the system in which it is active. This is of
particular importance for the antioxidant capacity of T3 relative
to that of T (Serbinova et al., 1991; Suzuki et al., 1993). In lipo-
somes, aTs is a 1.5-fold more efficient peroxyl radical scavenger
than aT, while both are equally active in homogeneous solutions
of hexane (Serbinova et al., 1991). aT3 was a more potent radical
scavenger than oT in dipalmitoyl phosphatidylcholine liposomal
membranes, but not in hexane (Suzuki et al., 1993). Likewise,
aTs3 has greater antioxidant activity against lipid peroxidation in
rat liver microsomal membranes and is 6.5 times more effective
in the protection of cytochrome P45¢9 against oxidative damage
than oT (Serbinova et al., 1991). A tocotrienol rich fraction (TRF)
isolated from palm oil significantly inhibited oxidative damage
to both lipids and proteins induced by ascorbate Fe2*, azobis
(2-amidopropane)dihydrochloride (a free radical initiator), and
photosensitization in isolated rat brain mitochondria at concen-
trations as low as 5 wmol/L. This protection was conferred by yTs,
and to a lesser extent by aT; and dT3, and was much more potent
than that of aT (Kamat and Devasagayam, 1995; Kamat et al., 1997).

ATRF from palm oil (aT, 12.5%; aT3, 10.8%; yT3,22.0%; 8T3,5.2%)
significantly inhibited H,0,-induced death of primary cultures of
rat striatal neurones (Osakada et al., 2004). The minimum concen-
trations of isolated aTs, yT3, and 8T3 that significantly inhibited
H,0,-induced neurotoxicity were 0.1, 1, and 10 pmol/L, respec-
tively, while oT did not protect striatal neurones from cell death
at all (Osakada et al., 2004). In primary astrocyte cultures, yT3, up
to 100 wmol/L, dose-dependently protected against H,O,-induced
cell death and apoptosis; concentrations higher than 200 wmol/L,
however, were cytotoxic. aT, up to 750 wmol/L in the culture
medium, was not cytotoxic, but was less effective in maintaining
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Tissue concentrations of tocotrienols in humans and animals receiving single or repeated doses of individual or mixed tocotrienols with food, dietary supplements, or via
intragastric administration.

Species T3 preparation Administration Fasting [h] Sampling [h after aTs YT3 dT; Citation
T3 administration]

Adrenal glands [nmol/g]

Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15 wk >15 6.1 6.6 0 Hayes et al. (1993)

Brain [nmol/g]

Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~2 n.a. n.a. Ikeda et al. (2003)

Rat oT+aTs (50 mg each/kg Diet, ad libitum, 8 wk 24 ~0.6 n.a. n.a. Ikeda et al. (2003)
diet)

Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)

Rat oT+vyT350 mg each per kg Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)
diet

Brown adipose tissue [nmol/g]

Rat None None 10 233 1.0 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 4 29.7 8.0 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 8 49.2 20.0 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 24 94.6 65.6 n.a. Okabe et al. (2002)

Cerebellum [nmol/g]

Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15wk  >15 <0.02 0 0 Hayes et al. (1993)

Cerebrum [nmol/g]

Hamster 223ppm T3 +70 ppm T Diet, ad libitum, 11-15wk  >15 <0.02 0 0 Hayes et al. (1993)

Epididymal adipose tissue [nmol/g]

Rat aT350 mg/kg diet Diet, ad libitum, 8 wk 24 ~259 na. n.a. Ikeda et al. (2003)

Rat aT+aT350 mg each per kg Diet, ad libitum, 8 wk 24 ~11.8 n.a. n.a. Ikeda et al. (2003)
diet

Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. ~209 na. Ikeda et al. (2003)

Rat aT++vT; 50 mg each per kg Diet, ad libitum, 8 wk 24 n.a. ~20.0 na. Ikeda et al. (2003)
diet

Rat None None 10 9.6 0 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 11.8 0 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 8 11.8 2.7 n.a. Okabe et al. (2002)

Rat T3 mix (67mgT+T3)? Intragastric 24 15.5 10.5 n.a. Okabe et al. (2002)

Heart [nmol/g]

Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15 wk >15 4.7 1.2 <0.02 Hayes et al. (1993)

Hairless mouse Chow (aT, 30; T, 10; oT3, Diet, ad libitum No info 0.1 0.2 n.a. Podda et al. (1996)
3; vT3, 7 mg/kg diet)

Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~20.0 na. n.a. Ikeda et al. (2003)

Rat oT+aTs (50 mg each/kg Diet, ad libitum, 8 wk 24 <9.9 n.a. n.a. Ikeda et al. (2003)
diet)

Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. ~1.0 n.a. Ikeda et al. (2003)

Rat oT+vT; (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. ~1.0 n.a. Ikeda et al. (2003)
diet)

Rat None None 10 0 19 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 4 7.8 4.4 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 8 10.5 9.4 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+T3)? Intragastric 10 24 16.2 11.2 n.a. Okabe et al. (2002)

Intestinal mucosa [nmol/g]

Hamster 223ppm T3 +70ppm T Diet, 4 wk 3, Postprandial 25.9 46.3 17.7 Hayes et al. (1993)
(53 ppm all
rac-o-T-acetate)

Kidney [nmol/g]

Hamster 223ppm T3 +70 ppm T Diet, ad libitum, 11-15wk  >15 1.2 <0.02 <0.02  Hayesetal.(1993)

Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~4.7 n.a. n.a. Ikeda et al. (2003)

Rat oT+aT; (50 mg each/kg Diet, ad libitum, 8 wk 24 ~1.9 n.a. n.a. Ikeda et al. (2003)
diet)

Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)

Rat oT+vT; (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. ~1.0 n.a. Ikeda et al. (2003)
diet)

Hairless mouse Chow (aT, 30; T, 10; aTs, None No info 0.06 0.15 n.a Podda et al. (1996)
3; yT3, 7 mg/kg diet)

Liver [nmol/g]

Hamster 223ppm T3 +70 ppm T Diet, ad libitum, 11-15 wk >15 1.4 <0.02 <0.02  Hayesetal.(1993)

Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~4.9 n.a. n.a. Ikeda et al. (2003)

Rat aT+aT; (50 mg each/kg Diet, ad libitum, 8 wk 24 <14 n.a. n.a. Ikeda et al. (2003)
diet)

Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)

Rat oT+vT; (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)
diet)

Rat None None 10 0 0 n.a. Okabe et al. (2002)

Rat T3 mix (67mgT+Ts)? Intragastric 10 4 224 14.9 n.a. Okabe et al. (2002)

Rat T3 mix (67mg T+T3)? Intragastric 10 8 75.6 29.5 n.a. Okabe et al. (2002)

Rat T3 mix (67 mg T+Ts) Intragastric 10 24 233 0 n.a. Okabe et al. (2002)

Hairless mouse Chow (aT, 30; YT, 10; aTs, None No info 0.1 0.2 n.a. Podda et al. (1996)

3; yT3, 7 mg/kg diet)



166 J. Frank et al. / Ageing Research Reviews 11 (2012) 163-180

Table 1 (Continued)

Species T preparation Administration Fasting [h] Sampling [h after aoTs vTs 8T Citation
T3 administration]
Lung [nmol/g]
Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~9.9 n.a. n.a. Ikeda et al. (2003)
Rat aT+aTs (50 mg each/kg Diet, ad libitum, 8 wk 24 ~1.9 n.a. n.a. Ikeda et al. (2003)
diet)
Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. 1.9 n.a. Ikeda et al. (2003)
Rat aT+vyT3 (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. 19 n.a. Ikeda et al. (2003)
diet)
Rat None None 10 0 0 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 4 16.0 15.3 n.a. Okabe et al. (2002)
Rat Ts mix (67 mg T+T3)? Intragastric 10 8 22.8 21.9 n.a. Okabe et al. (2002)
Rat T3 mix (67mg T+T3)? Intragastric 10 24 49 5.8 n.a. Okabe et al. (2002)
Mesenteric lymph node [nmol/g]
Hamster 223ppm T3 +70ppm T Diet, 4 wk 3 h post-prandial 588.6 975.2 909.1 Hayesetal.(1993)
(53 ppm all
rac-a-T-acetate)
Rat None None 10 0 0 n.a. Okabe et al. (2002)
Rat T3 mix (67mg T+T3)? Intragastric 10 4 104.8 72.3 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 8 78.6 93.3 n.a. Okabe et al. (2002)
Rat Ts mix (67 mg T+T3)? Intragastric 10 24 31.3 324 n.a. Okabe et al. (2002)
Muscle [nmol/g]
Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15wk  >15 2.1 0.7 0.8 Hayes et al. (1993)
Rat aT; (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~8.0 n.a n.a. Ikeda et al. (2003)
Rat aT+aT; (50 mg each/kg Diet, ad libitum, 8 wk 24 ~2.6 n.a n.a. Ikeda et al. (2003)
diet)
Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a ~2.4 n.a. Ikeda et al. (2003)
Rat aT+vyT3 (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a ~2.4 n.a. Ikeda et al. (2003)
diet)
Pancreas [nmol/g]
Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15wk  >15 3.8 2.9 0.5 Hayes et al. (1993)
Plasma [nmol/L]
Human None None No info 19 10 40 Chow (1975)
Human None None 6 0 0 277 Hayes et al. (1993)
Human Palm Vitee capsules (80mg 2 Capsules/d for 10 d 6 <24 <24 327 Hayes et al. (1993)
T+64mgTs)
Human Palm Vitee capsules (80mg 2 Capsules/d for 10 d Not fasted 2, Postprandial 377 316 302 Hayes et al. (1993)
T+64mgTs)
Hamster 223ppm T3 +70ppm T 11 wk Overnight <24 <24 0 Hayes et al. (1993)
(53 ppm all
rac-a-T-acetate)
Hamster 223ppm T3 +70ppm T 4 wk 3, postprandial 706 243 <25 Hayes et al. (1993)
(53 ppm all
rac-o-T-acetate)
Rat aT; (50 mg/kg diet) Diet, ad libitum, 8 wk 24 <2 n.a. n.a. Ikeda et al. (2003)
Rat aT+aTs (50 mg each/kg Diet, ad libitum, 8 wk 24 <2 n.a. n.a. Ikeda et al. (2003)
diet)
Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)
Rat aT+vyT3 (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. 0 n.a. Ikeda et al. (2003)
diet)
Platelets [nmol/10'" cells]
Human None 2 Capsules/d for 10 d 6 0 0 6.1 Hayes et al. (1993)
Human Palm Vitee capsules (80mg 2 Capsules/d for 10 d 6, Semi-fasted 0 0 124 Hayes et al. (1993)
T+64mgTs) (light breakfast)
Renal adipose tissue [nmol/g]
Rat None None 10 15.5 0 n.a. Okabe et al. (2002)
Rat T3 mix (67mg T+T3)? Intragastric 10 4 12.2 0 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 8 179 0 n.a. Okabe et al. (2002)
Rat Ts mix (67 mg T+T3)? Intragastric 10 24 141 7.8 n.a. Okabe et al. (2002)
Seminal vesicle [nmol/g]
Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15wk  >15 0.5 0.5 <0.1
Serum [nmol/L]
Rat None None 10 0 0 n.a. Okabe et al. (2002)
Rat Ts mix (67 mg T+T3)? Intragastric 10 4 2826 1217 n.a. Okabe et al. (2002)
Rat Ts mix (67mg T+T3)? Intragastric 10 8 2826 1461 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 24 942 243 n.a. Okabe et al. (2002)
Skin [nmol/g]
Human None Biopsy 0.1-1.3 0.1-1.6 na. Fuchs et al. (2003)
Rat aTs (50 mg/kg diet) Diet, ad libitum, 8 wk 24 ~11.1 n.a. n.a. Ikeda et al. (2003)
Rat aT+aTs (50 mg each/kg Diet, ad libitum, 8 wk 24 ~4.9 n.a. n.a. Ikeda et al. (2003)
diet)
Rat T3 (50 mg/kg diet) Diet, ad libitum, 8 wk 24 n.a. ~3.9 n.a. Ikeda et al. (2003)
Rat aT+vyT3 (50 mg each/kg Diet, ad libitum, 8 wk 24 n.a. ~3.9 n.a. Ikeda et al. (2003)

diet)
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Species T3 preparation Administration Fasting [h] Sampling [h after oTs vT3 dT; Citation
T3 administration]
Hairless mouse Chow (aT, 30; T, 10; aTs, None No info 0.2 0.8 n.a. Podda et al. (1996)
3; yT3, 7mg/kg diet)
Skin and subcutis [nmol/g]
Hairless mouse Chow (aT, 30; ¥yT, 10; aTs, None No info 0.1 0.4 n.a Podda et al. (1996)
3; yT3, 7 mg/kg diet)
Spleen [nmol/g]
Hamster 223ppm T3 +70ppm T Diet, ad libitum, 11-15 wk >15 0.5 0.2 0 Hayes et al. (1993)
Rat None None 10 0 0 na. Okabe et al. (2002)
Rat T3 mix (67 mg T+T;3)? Intragastric 10 4 54 0 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 8 9.6 1.0 n.a. Okabe et al. (2002)
Rat T3 mix (67mg T+T3)? Intragastric 10 24 14 0 n.a. Okabe et al. (2002)
Subcutaneous adipose tissue [nmol/g]
Rat None None 10 7.8 0 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 4 111 1.2 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 8 5.6 1.7 n.a. Okabe et al. (2002)
Rat T3 mix (67 mg T+T3)? Intragastric 10 24 11.1 3.9 n.a. Okabe et al. (2002)

n.a., not analyzed; n.d., not detected; no info, no information provided in the paper.

2 The T3 mix contained (all in %): T, 20.5; BT, 0.7; vyT, 1.0; 8T, 0.5; aTs, 21.4; BT3, 3.5; yT3, 36.5; 8T, 8.6.

the number of viable astrocytes (Mazlan et al., 2006). Treatment
of SY5Y neuronal cells with T3 significantly counteracted butyl
hydroxyl peroxide and hydrogen peroxide induced cytotoxicity.
Importantly aT3 was more potent than T in protecting SY5Y cells
against these oxidative insults (Huebbe et al., 2007). Furthermore
it has been recently shown that both T and T3 protect neuronal
cells from glutamate-induced toxicity primarily by a direct antiox-
idant action. The higher protective capacity of aT3 compared to
oT may be mainly related to its faster cellular uptake (Saito et al.,
2010). This is also supported by uptake studies in cerebellar gran-
ule neuron cultures, where intracellular concentrations of yT3 and

oT reached 7 and 1 pwmol/million cells, respectively, after incu-
bation with 10 wmol/L of the respective vitamers for 24 h (Then
et al,, 2009). On the other hand, no differences in cellular uptake
of these two vitamin E forms was observed in the authors’ pre-
vious study with primary astrocyte cultures (Mazlan et al., 2006).
In agreement with the previous study (Mazlan et al., 2006), yT3
concentrations below 10 pmol/L protected the neurons from H,0,-
induced cell death, whereas unphysiologically high concentrations
of 200 pmol/L or more induced apoptosis (Then et al., 2009).
Fukui et al. (2011) confirmed the superior neuroprotective activ-
ities of aT3 and yT3 compared to T against H,0,-induced cell

Tocopherols

CH,

Activity based on rat assay

Common Name RL R2 R3 R4 IU/mg'  Relative toaT
a-Tocopherol CH; CH; CH3 CH; 1.49 100
B-Tocopherol CH; H CH; CH; 0.75 50
y-Tocopherol H CH; CH; CH; 0.15 10
6-Tocopherol H H CH; CH; 0.05 3
a-Tocotrienol CH; CH; CH3 CHj; 0.75 50
B-Tocotrienol CH; H CH; CHj 0.08 5
y-Tocotrienol H CH; CH; CH; ? ?
6-Tocotrienol H H CH; CH; ? ?
Desmethyl-tocotrienol? H H H CH; ? ?
Didesmethyl-tocotrienol> H H H H ? ?

Fig. 1. Chemical structures and methyl positions of tocopherols and tocotrienols, their plasma concentrations in humans, and biological activities. 'One IU (international
unit) is defined as the biological activity of 1 mg all rac-a-tocopheryl acetate and is equivalent to 0.67 mg RRR-a-tocopherol (Hoppe and Krennrich, 2000). 2Desmethy and
didesmethyl tocotrienol, although structurally related, are not officially recognised as vitamin E congeners.
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Fig. 2. Steps in the side-chain degradation of tocotrienols shown with y-tocotrienol as example. The reactions displayed in brackets apply to tocotrienols only, the enzymatic

degradation of tocopherols proceeds without these auxiliary enzymes.
Modified from Birringer et al. (2002).

death and neurite degeneration using Neuro2a cell cultures. Neu-
rite degradation in response to H, 0, stimulation was accompanied
by induction of collapsin response mediator protein-2 (CRMP-2), a
protein involved in microtubule polarity and axon guidance, whose
expression is increased in neurons in the vicinity of amyloid-3
plaques in the cerebral cortex of APP(Swe) Tg2576 mice, a mouse
model of Alzheimer’s disease (Petratos et al., 2008). Incubation of
the Neuro2a cells with T3 did not alter the expression of CRMP-2,
but reduced that of an unidentified variant of CRMP-2 compared
to H,0,-treated cells. This unknown form of CRMP-2 may, at least

in part, play a role in mediating the neuroprotective activities of T3
(Fukui et al., 2011).

In the model organism Caenorhabditis elegans, the protein car-
bonyl content, an indicator for protein oxidation, in 15-day old
nematodes was reduced by treatment with TRF isolated from palm
oil (aT, 22; aTs, 24; yT3, 37, 8T3, 12%) but not with T (Adachi and
Ishii, 2000). C. elegans maintained on agar plates with TRF displayed
a 20% increase in mean lifespan, possibly as a result of reduced
oxidative stress (Adachi and Ishii, 2000). TRF treatment also blunted
the effects of ultraviolet irradiation-induced oxidative stress and
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Table 2
Tocopherol and tocotrienol concentrations (mg/kg) in foods.
Foods Tocopherols [mg/kg] Tocotrienols [mg/kg] Citation
a B v d a B Y d
Oils
Avocado oil 34-55 6-68 12-24 n.d.-5 n.d.-9 n.d.-8 Cerretani et al. (2010)
Corn oil 257 9 752 32 15 n.d. 20 n.d. Syvdoja et al. (1986)
157-269 10-27 341-532 52-87 <0.5-20 36-44 28-34 <0.5 Franke et al. (2007)
52-83 125-237 11-22 2-12 5-7 5-7 Cerretani et al. (2010)
67-276 0-20 583-1048 12-71 46-89 53-164 ? ? Goffman and Bohme
(2001)
Coconut oil (hardened) 18 2 traces 4 11 n.d. 3 n.d. Syvdoja et al. (1986)
Linseed oil 6 n.d. 757 n.d. 1 n.d. 8 17 Bozan and Temelli (2008)
Grapeseed oil 36-309 21-153 21-26 n.d. 102-228 217-383 n.d. n.d. Beveridge et al. (2005)
<10-229 <10-133 <10-168 <10-69 <10-352 <10-125 <10-785 <10-82 Crews et al. (2006)
6-55 6-17 6-10 2-12 10-31 0-8 Cerretani et al. (2010)
Hazelnut oil 245 8 10 1 2 0.3 1 n.d. Amaral et al. (2006)
71-120 19-32 7-12 n.d. n.d. n.d. n.d. Cerretani et al. (2010)
Oil from roasted hazelnuts 214-236 7-9 5-12 0.6-1 2-6 0.2-0.3 1-2 n.d. Amaral et al. (2006)
Olive oil 93-260 1-3 3-10 0.1-0.4 0.3-1 n.d. 0.3-1 n.d. Cunbha et al. (2006)
52-112 7-10 n.d.-6 n.d. n.d. n.d. n.d. Cerretani et al. (2010)
Palm oil 60 n.d. traces n.d. 57 8 113 33 Syvdoja et al. (1986)
47 8 n.d. 75 96 24 Milagros
Delgado-Zamarreno et al.
(2009)
Palm oil (crude) 420 n.d. n.d. n.d. 260 n.d. 360 80 Ng et al. (2004)
Palm oil (red) 7-21 4-8 n.d. 15-35 27-40 9-11 Cerretani et al. (2010)
Peanut oil 43-44 37-74 7-31 n.d. n.d. n.d. n.d. Cerretani et al. (2010)
Poppy-seed oil 55 17 217 n.d. n.d. n.d. 15 6 Bozan and Temelli (2008)
Safflower oil 123-575 7-31 3-19 <0.5-25 <0.5-5 <0.5-26 4-18 <0.5-125 Franke et al. (2007)
441 72 n.d. n.d. 7 n.d. 12 n.d. Bozan and Temelli (2008)
Sesame oil 48-82 50-157 382-383 <0.5 <0.5 <0.5 <0.5 <0.5 Franke et al. (2007)
Soybean oil 17-53 95-177 67-88 n.d. n.d. n.d. n.d. Cerretani et al. (2010)
Sunflower oil 542 21 42 15 <0.5 20 <0.5 <0.5 Franke et al. (2007)
Wheat germ oil 1507 312 527 n.d. 36 n.d. 18 n.d. Syvdoja et al. (1986)
Walnut oil <10-19 <10 247-525 <10-299 <10 <10 <10 <10 Crews et al. (2005)
Fats
Margarine, 60% fat 29-38 5 190-240 72-105 <0.5 15-17 <0.5 1 Franke et al. (2007)
Margarine, 70% fat 63 6 285 82 <0.5 19 <0.5 1 Franke et al. (2007)
Margarine, hardened 40-90 n.d. 62-280 14-111 0-17 n.a. 0-23 0-8 Syvdoja et al. (1986)
Margarine, semisoft 102-163 n.d. 207-428 60-104 n.d. n.a. 0-2 0-3 Syvdoja et al. (1986)
Margarine, soft 176-446 0-14 27-437 7-166 0-2 n.a. 0-10 0-6 Syvdoja et al. (1986)
Nuts
Almonds, honey-roasted 185 2 5 1 2 4 1 <0.5 Franke et al. (2007)
Chestnuts <0.1 n.d. 4-5 <0.3 n.d. n.d. <0.4 0.1 Barreira et al. (2009)
Hazelnuts 110-177 3-9 1-5 <1 <1 <0.3 <0.6 n.d. Amaral et al. (2005b)
Macadamia nuts, dry-roasted <15 <0.5 <14 <0.5 13-23 <0.8 1-2 <0.5 Franke et al. (2007)
Peanuts, boiled 37 1 25 7 <0.5 3 1 <0.5 Franke et al. (2007)
Peanuts, dry roasted 69-70 24-27 35-48 11-15 <0.5 9-11 <3 <0.5 Franke et al. (2007)
Walnuts 9-17 0.6-2 173-262 8-17 n.a. n.a. 2-5 n.a. Amaral et al. (2005a)
Cereals, cereal products and seeds
Barley 9+3 1+0.1 6+3 1+0.2 40+7 9+2 10+3 1+0.3 Panfili et al. (2003)
6-8 3-6 1 23-42 8-14 <1 Ehrenbergerova et al.
(2006)
n.d. n.d. n.d. n.d. 7+03 44+0.9 n.d. Milagros
Delgado-Zamarreno et al.
(2009)
Buckwheat groat fagopyrum 1 30 n.d. n.d. 0.1 n.d. n.d. n.d. Zielinski et al. (2006)
Buckwheat groat extrudate 0.3 10-11 n.d. n.d. 0.1 n.d. n.d. n.d. Zielinski et al. (2006)
Einkorn 7-12 2-5 n.d. n.d. 8-12 25-45 n.d. n.d. Lampi et al. (2008)
Emmer 6-9 2-4 n.d. n.d. 4-6 15-40 n.d. n.d. Lampi et al. (2008)
Linseed 1 n.d. 139 n.d. 1 n.d. 2 3 Bozan and Temelli (2008)
Maize 4 0.2 45 1 5 n.d 11 04 Panfili et al. (2003)
n.d 14 n.d. n.d. 6 n.d. n.d. Milagros
Delgado-Zamarreno et al.
(2009)
Oat 15 3 0.4 n.d. 56 5 n.d. n.d. Panfili et al. (2003)
3 1 n.d. 6 2 n.d. Milagros

Delgado-Zamarreno et al.
(2009)
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Table 2 (Continued)

Foods Tocopherols [mg/kg] Tocotrienols [mg/kg] Citation
a B Y d a B Y d
Oat, rolled 4-5 0.4-2 n.a. n.a. 10-11 1-2 n.a. n.a. Bryngelsson et al. (2002)
Oat, wholemeal 0.1-6 12-14 n.a. n.a. 0.5-16 1-2 n.a. n.a. Bryngelsson et al. (2002)
Oat, raw hulls 1 0.1 n.a. n.a. 0.2 0.1 n.a. n.a. Bryngelsson et al. (2002)
Oat, autoclaved hulls 3 13 n.a. n.a. 2 0.4 n.a. n.a. Bryngelsson et al. (2002)
Poppy seed 14 5 87 n.d. n.d n.d. 2 2 Bozan and Temelli (2008)
Rye 7 2 n.d. n.d. 4 n.d. Milagros
Delgado-Zamarreno et al.
(2009)
1-21 0-7 ? ? 27-80 23-48 ? ? Kamal-Eldin et al. (2009)
Rye bread 0.6-3 0.1-0.6 0.2-0.4 n.d. 0.1-1.8 0.2-1.5 n.d. n.a. Michalska et al. (2007)
Safflower seed 102 12 n.d. n.d. 1 n.d. 1 4 Bozan and Temelli (2008)
Spelt 13 7 n.d. n.d. 5 33 n.d. n.d Panfili et al. (2003)
10-12 5-7 n.d. n.d. 3-6 20-27 n.d. n.d. Lampi et al. (2008)
Triticale 14 6 n.d. n.d. 6 32 10 n.d. Panfili et al. (2003)
Wheat 16 9 n.d. n.d. 6 42 n.d. n.d. Panfili et al. (2003)
9-20 3-13 n.d. n.d. 2-8 10-44 n.d. n.d. Lampi et al. (2008)
7 4 n.d. n.d. n.d 9 n.d. n.d Milagros
Delgado-Zamarreno et al.
(2009)
10-20 4-11 ? 3-10 10-50 ? ? Lampi et al. (2010)
Wheat bread 1-3 2-3 2-15 0.4-7 <0.6 7-9 <0.2 <0.1 Franke et al. (2007)
White bread 2-4 1 4-11 0.5-5 <1 4-10 <0.1 <0.1 Franke et al. (2007)
Durum wheat 8 5 n.d. n.d. 7 40 n.d. n.d. Panfili et al. (2003)
8-13 4-9 n.d. n.d. 5-8 19-35 n.d. n.d. Lampi et al. (2008)
Animal products
Altlantic salmon (raw, filet) 23-50 <0.01 0.5-0.7 <0.01 <0.2 <0.5 <1 <0.01 Franke et al. (2007)
Altlantic salmon (raw, steak) 33 <0.01 0.2 <0.01 0.1 <0.01 <0.01 <0.01 Franke et al. (2007)
Chicken breast meat of broilers 2.6-3.1 0.05-0.07 0.4-0.6 n.d. 0.6-0.8 n.d. 1.1-1.5 0.1-0.2 Ponte et al. (2008)
Hen eggs [mg/egg] n.a. n.a. n.a. n.a. <0.2 n.d. <0.2 <0.02 Sookwong et al. (2008)

effectively protected the nematodes from a shortening of lifespan
(Adachi and Ishii, 2000).

The antioxidant activities of T3 are not restricted to the test tube,
but also apparent in vivo. Oral supplementation (60 mg/kg bw) of
male Sprague-Dawley rats with aT3 reduced levels of gastric mal-
ondialdehyde (MDA; a biomarker of lipid peroxidation) to a similar
extent as oT (Azlina et al., 2005). Orally supplemented T3 were also
effective suppressors of protein oxidation in skeletal muscles of
rats, where they effectively attenuated exercise induced-oxidative
damage (Reznick et al., 1992). Inrats, intracerebroventricular injec-
tion of streptozotocin causes oxidative stress and leads to cognitive
dysfunction inter alia by inhibiting the synthesis of ATP and acetyl-
coenzyme A (Tiwari et al., 2009a). Daily oral gavage of T3 (a mixture
of aT3, BT3, and yT3; 50 or 100 mg/kg bw, respectively) or T
(100 mg/kg bw) for 3 weeks attenuated the reduction in glutathione
and catalase and decreased MDA and nitrite concentrations in the
brains of streptozotocin-injected adult male Wistar rats (Tiwari
et al., 2009a). While T3 and aT treatments were generally compa-
rable in their potency to prevent oxidative damage and cognitive
impairment (determined by Morris water maze and elevated plus
magze tasks) in this model, a trend toward a better protection by T3
was observed (Tiwari et al., 2009a).

In summary, T3 appear to be more potent antioxidants than T in
many in vitro studies, especially in membrane systems (Kamat and
Devasagayam, 1995; Osakada et al., 2004; Serbinova et al., 1991;
Suzuki et al., 1993), which might be explained by the faster recy-
cling of aT3 than of aT from the respective chromanoxyl radical
forms in liposomal membranes and lipoproteins (Serbinova et al.,
1991). Studies using nuclear magnetic resonance spectroscopy
show that aTs is located closer to the membrane surface compared
to aT and this may facilitate its faster recycling (Suzuki et al., 1993).
Inter-membrane mobility of T3 in multilamellar liposomes is also
higher than that of T (Yoshida et al., 2003). Furthermore, the dis-

tribution of aT3 within the membrane bilayer is more uniform and
aTs has a stronger disordering effect on membrane lipids (Suzuki
etal., 1993). All these factors may enhance the interaction of T3 with
lipid radicals, thus making T3 more potent antioxidants in liposo-
mal membranes (Serbinova et al., 1991). Yoshida et al. (2007) also
demonstrated that T3 are more readily incorporated into liposo-
mal membranes compared to T and may therefore be more readily
available antioxidants in membranes.

It has been suggested that antioxidants that are capable of
reducing metal ions (e.g. copper) may act, at least under certain cir-
cumstances, as pro-oxidants. Thus, in addition to the antioxidant
activities of T and T3 their potential pro-oxidant properties need to
be considered. In this context, Yoshida et al. (2003) systematically
studied the effects of vitamin E homologues on copper-induced
oxidation of methyl linoleate in vitro. Interestingly oT and aTj
were oxidized by Cu™ to give corresponding quinones, whose
formation was followed by an increase in absorption at 268 nm.
Thus, under the conditions investigated, oT and aTs acted as
pro-oxidants in vitro. In contrast to the a-forms, neither a-, 3-,
v-tocopherols nor -tocotrienols did exert any pro-oxidant activity.
The pro-oxidant activity of aT and aT3 may be prevented in the
presence of vitamin C (ascorbic acid) as a reducing agent (Packer
et al.,, 2001).

Most of the above-described antioxidative properties of T3
were determined in vitro and such data should be interpreted
with caution. In vivo, physiological processes such as absorption,
distribution, metabolism, and excretion, in addition to their physic-
ochemical characteristics, will affect - and limit - the antioxidative
properties of T3. Overall, from the few in vivo studies published,
it may be concluded that T5 are at least equally potent as T in
terms of their antioxidant activity (Adachi and Ishii, 2000; Azlina
et al., 2005; Reznick et al., 1992; Thiele et al., 1997; Weber et al.,
1997).
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Fig. 3. Potential pathways leading to the hypocholesterolemic effect of tocotrienols. The prenylated side-chain of T3 induces prenyl pyrophosphate pyrophosphatase which
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reductase activity post-transcriptionally by increasing enzyme degradation, without reducing HMG-CoA gene expression. In comparison, cholesterol down-regulates HMG-

CoA activity by reducing the transcription of the enzyme.
Modified from Theriault et al. (1999).

3.2. Cholesterol-lowering activity of tocotrienols

Hypercholesterolemia in midlife is a known risk factor for age-
dependent dementia and might increase the production of A, a
neurotoxic peptide involved in the pathogenesis of AD (Whitmer
et al,, 2005). In vitro, cholesterol-depletion reduces neuronal Af3
secretion and hypercholesterolemia was shown to speed up amy-
loid pathology in a transgenic AD mouse model (Hooff et al., 2010a;
Peters et al., 2009; Refolo et al., 2000). Hence, cholesterol-lowering
may be helpful in the control of vascular and dementia risk factors.

The hypocholesterolemic effects of T3 were first described by
Qureshi et al. (1986), who had isolated T3-rich fractions from bar-
ley that inhibited cholesterol biosynthesis both in vitro in rat and
chicken hepatocytes as well as in vivo in broiler chicks fed the
Ts-fractions for 3 weeks. The cholesterol-lowering activity was
exerted by T3 and not T, and was the first unique biological prop-
erty of T3 described. The authors identified the reduction of the
activity of the rate-limiting enzyme in cholesterol-biosynthesis,
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase,
as the underlying mechanism (Qureshi et al., 1986). The activity
of HMG-CoA reductase is not reduced by direct interactions with
the enzyme, but by post-transcriptional suppression of HMG-CoA
reductase protein. Incubation of HepG2 cells with T3 stimulated
the degradation of the enzyme, while HMG-CoA reductase gene
expression was only marginally reduced (Parker et al., 1993). It was
reported that yT3 and 8T selectively enhance the ubiquitination
of HMG-CoA reductase and its degradation by the 26S proteasome
(Song and DeBose-Boyd, 2006).

The effects of T3 on cholesterol biosynthesis and HMG-CoA
reductase activity were corroborated in primary rat hepatocytes
and human hepatoma HepG2 cells. A TRF from palm oil as well as
the isolated compounds yT3 and 8T3 inhibited cholesterol biosyn-

thesis in rat hepatocytes several-fold more potently than aT3, while
oT and yT did not affect cholesterol biosynthesis at all (Pearce et al.,
1992). Natural RRR-T3 and synthetic all rac-T3 inhibited HMG-CoA
reductase activity in HepG2 cells to comparable extents (Pearce
et al., 1992). The authors concluded that side-chain unsaturation
and the absence of a 5-methyl substitution on the chromanol ring,
both features of yT3 and 8Ts, are the most important requirements
for a potent cholesterol-lowering activity of vitamin E (Pearce et al.,
1992, 1994) (Fig. 3).

These initial in vitro findings were subsequently confirmed
in various animal models; TRF from rice bran oil lowered blood
cholesterol in rats, chickens, and pigs (e.g. Chen and Cheng, 2006;
Igbal et al., 2003; Minhajuddin et al., 2005; Qureshi et al., 2000,
2001). Normolipemic rats treated with the chemical carcinogen
7,12-dimethylbenz[a]anthracene (DMBA), which, in addition to
mammary cancer, induces hypercholesterolemia, were supple-
mented with TRF (10 mg/kg bw/d) for 6 months. While DMBA
caused a significant 30% increase in plasma cholesterol and 111%
increase in LDL cholesterol, TRF supplementation reduced total
cholesterol by 30% and LDL cholesterol by 67% relative to DMBA-
treated animals. This effect was accompanied by a 23% and 28%
reduction in HMG-CoA reductase enzyme activity and protein
expression, respectively, in the TRF-fed animals (Igbal et al., 2003).
In rats fed an atherogenic diet (5% hydrogenated fat, 0.5% cholic
acid, 1% cholesterol by wt) for 3 weeks and subsequently treated
for 1 week with different doses of rice bran TRF, the TRF dose-
dependently decreased concentrations of plasma triacylglycerol
and LDL-cholesterol with an optimum effect observed at 8 mg
TRF/kg bodyweight/d (Minhajuddin et al., 2005). A dose-dependent
reduction in plasma cholesterol concentrations by T3 was also
observed in hamsters fed a high-fat diet fortified with different
doses of either yT3 (23, 58, 263 mg/kg bw/d) or a mixture of T3 (39
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or 263 mg/kg bw/d) for 4 weeks. Compared to control, total choles-
terol decreased by 7-15% and LDL-cholesterol by 12-32% in the
T3-fed animals (Raederstorffetal.,2002). Reductions by 44% in total
serum cholesterol and by 60% in LDL-cholesterol were observed in
genetically hypercholesterolemic pigs fed a TRF from palm oil (T,
10-20%; aTs, 15-20%; yT3,30-35%; 8T3,20-25%) at concentrations
of 50 mg/kg diet for 6 weeks (Qureshi et al., 1991a). Interestingly,
this cholesterol-lowering effect persisted for 8 weeks after the TRF
supplementation was discontinued (Qureshi et al., 1991a).

In addition to the four known Ts, rice bran oil contains two novel
T3: desmethyl tocotrienol and didesmethyl tocotrienol (Fig. 1). Each
of these novel T3 reduced serum total and LDL cholesterol concen-
trations and hepatic HMG-CoA reductase activity more potently
than a TRF or the individual aTs, BT3, yT3 and 8Ts in chickens fed
these compounds at concentrations of 50 mg/kg diet for 24 days
(Qureshi et al., 2000). To confirm these findings in a different ani-
mal model, pigs with hereditary hypercholesterolemia were fed
diets supplemented with either 50 mg TRF (from rice bran), yTs,
desmethyl-Ts, or didesmethyl-T3 per kg diet for 6 weeks (Qureshi
et al,, 2001). Serum total cholesterol was reduced by 32-38%, LDL
cholesterol by 35-43%, and triacylglycerols by 15-19% in T5 fed pigs
compared to control. No differences in their cholesterol-lowering
potencies were observed between the desmethyl-Ts, didesmethyl-
T3, ¥T3, and the TRF (Qureshi et al., 2001).

First evidence for a hypocholesterolemic activity of T3 in
humans, determined as reduced serum total cholesterol (by 5-36%)
and LDL cholesterol concentrations (by 1-37%) after intervention
compared to baseline, was observed in healthy subjects taking
capsules containing TRF (from palm oil; T, 18 mg; T3, 42 mg; and
palmolein, 240 mg) for 30 days. However, the significance of this
study was limited by the absence of a control group (Tan et al.,
1991). In a placebo-controlled, double-blind, crossover study with
25 hypercholesterolemic subjects, 4-week intake of eight capsules
of a similar palm oil TRF (named palmvitee; daily dose (in mg): oT,
60-80; T3, 48-60; yT3, 120-160; 8T3, 100-120) per day, a signif-
icant 15% reduction in serum total cholesterol and 8% reduction in
LDL-cholesterol was observed. Palmvitee supplemented subjects
continued to have lower serum cholesterol concentrations even
6 weeks after supplementation was discontinued (Qureshi et al.,
1991Db). In a larger human trial with a TRF isolated from rice bran
oil, 90 hypercholesterolemic subjects were divided into groups of
18 and instructed to follow the American Heart Association’s (AHA)
Step 1 diet (max. intake of 300 mg cholesterol/d) for the reduction of
blood cholesterol for 35 days and then supplemented with either
0, 25, 50, 100, or 200 mg/d of TRF (all in %: «T, 8.7; 8T, 4.4; aTs,
15.5; BTs, 1.6; yT3, 39.4; 8Ts, 5.2; desmethyl-T3 and didesmethyl-
Ts,20.9; unidentified T3, 4.3) while still on the AHA diet for 35 days.
TRF intake of 50mg/d or more resulted in significantly reduced
total and LDL cholesterol concentrations in serum compared to con-
trol, with maximum effects observed in the 100 mg/d group (total
cholesterol, —20%; LDL cholesterol, —25%) (Qureshi et al., 2002).

Although there have been numerous in vitro and animal studies
indicating that Ts inhibit cholesterol biosynthesis, data from human
supplementation studies are inconclusive. Tomeo et al. (1995) sup-
plemented 25 carotid atherosclerosis patients with four capsules
per day containing TRF (from palm oil; 240 mg palm superolein
[a triacylglycerol mixture composed of mainly oleic, palmitic, and
linoleic acids], 16 mg aT, and 40 mg yT3 +8T3) or placebo (240 mg
palm superolein; n=25) for 3 months, the number of capsules was
then increased to five for another 3 months, after which the dose
was increased to six capsules/day for an additional 12 months.
T3 and T supplementation for 18 months, however, did not alter
serum total, LDL or HDL cholesterol or triacylglycerols (Tomeo et al.,
1995). In agreement, 20 weeks supplementation of hypercholes-
terolemic subjects with a similar palm oil TRF did not change any
of these serum lipids despite a significant increase in serum T3 in

the verum but not in the placebo group (Wahlqvist et al., 1992).
In a randomised, double-blind, placebo-controlled parallel trial,
male subjects with mild hypercholesterolemia (total serum choles-
terol, 6.5-8.0 mmol/L) were supplemented for 6 weeks with either
140 mg T3 plus 80 mg «T per day (n=20) or placebo (80 mg aT/d
only, n=20). T3 supplementation resulted in no significant changes
in total serum or LDL cholesterol (Mensink et al., 1999). Hyperc-
holesterolemic subjects adhering to low-fat diets for 4 weeks and
then additionally supplemented with 250 mg/d of purified «-, y-,
or d-tocotrienyl acetate for 8 weeks did not demonstrate reduced
cholesterol levels compared to subjects given placebo. This lack of
effect of the T3 was not due to poor absorption of the tocotrienyl
acetates, as levels of plasma T3 were undetectable in the placebo
group, but reached ~1, ~0.5, and ~0.1 pwmol/L after supplemen-
tation with aTs, yT3 or 8T3, respectively (O’Byrne et al., 2000).
Rasool et al. (2006, 2008) performed two randomised, blinded end-
point, placebo-controlled parallel-design clinical trials in healthy
male subjects who took TRF (80, 160, or 320 mg daily for 2 months)
or self-emulsifying preparations (see Section 4) of tocotrienol-rich
vitamin E (50, 100, and 200 mg daily for 2 months). In neither
study, serum total cholesterol and LDL cholesterol were signifi-
cantly changed (Rasool et al., 2006, 2008).

The contradicting results from human supplementation studies
might be in part explained by the use of mixed forms of vita-
min E containing significant amounts of aT, which was reported
to attenuate the HMG-CoA reductase inhibition by T3 in chick-
ens (Qureshi et al., 1996). More recently, it has been reported
that supernatant protein factor, a transcription factor involved
in cholesterol biosynthesis, has identical protein sequence with
a-tocopherol-associated protein. aT-induced activation of super-
natant protein factor was thought to provide the link between oT
and its observed stimulating effects on cholesterol biosynthesis
(Porter, 2003; Stocker and Baumann, 2003). Qureshi et al. (1996)
concluded from a literature review of the cholesterol-lowering
effects of aT-containing TRF, that T3 preparations reported to be
effective contained between 15% and 20% oT and approximately
60% T3 and 8Ts, and that preparations with 30% oT or more were
ineffective.

Zaidenetal.(2010)recently addressed the hypocholesterolemic
activities of T3 and the potential antagonistic interaction of oT
in HepG2 cells, LDL-receptor knockout mice, and a human trial.
Incubation of HepG2 cells with 20 wmol/L yTs, 8Ts, or yT3 +8Ts3,
in agreement with the experiments reviewed above, did not alter
HMG-CoA reductase mRNA, but reduced its expression on the pro-
tein level. The same was true for the sterol regulatory binding
proteins 1 and 2 (Zaiden et al., 2010), which are transcription fac-
tors regulating the gene expression of HMG-CoA reductase and
other proteins of the cholesterol biosynthesis pathway as well as
that of the LDL receptor (Goldstein and Brown, 2009). The combi-
nation of yT3 +0T3 in HepG2 cells induced the expression of LDL
receptor protein (Zaiden et al., 2010), which is important for hep-
atic uptake of LDL cholesterol from the bloodstream (Goldstein
and Brown, 2009). Neither gene nor protein expression levels of
HMG-CoAreductase, LDLreceptor or the transcription factors sterol
regulatory binding proteins 1 and 2 were altered by the addition of
20 wmol/L oT to the culture media (Zaiden et al., 2010). In agree-
ment with the in vitro data, LDL receptor knockout mice, which
suffer from hypercholesterolemia, who were orally gavaged with
1 mg/d of the mixture of yT3 and 8T3 for 4 weeks had significantly
lower total cholesterol (15% lower), triacylglycerol (19% lower),
and LDL concentrations (51% lower), respectively, than vehicle-only
(dimethyl sulfoxide) treated control mice. Co-administration of the
T3-mixture with 1mg/d oT over the duration of the trial did not
diminish the lipid-lowering effects of the T3 (Zaiden et al., 2010).
Despite these hypocholesterolemic effects of the yT5 and 8T3 mix-
ture in vitro and in vivo, the authors did not find any alterations
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in serum lipids of hypercholesterolemic subjects (n=10) supple-
mented for 8 weeks with 120 mg of the yT3/3T3 mixture dissolved
in olive oil versus placebo (olive oil only; n=9) (Zaiden et al., 2010).
However, as oT is the predominant form of vitamin E in olive
oil (Table 2) (Gliszczynska-Swiglo and Sikorska, 2004), the lack of
effect could again be caused by the presence of T and its potential
antagonistic effect on the hypocholesterolemic activity of the T3,
in addition to the possibilities that the T3 mixture might not alter
cholesterol regulation in humans at all and that the small trial may
have simply been underpowered. Thus, the conundrum whether
or not the lack of cholesterol-lowering activity of the T3 in humans
may be due to the presence of aT in the intervention still awaits
clarification.

3.3. Cellular targets of the potential neuroprotective activities of
tocotrienols

As discussed earlier, T3 provide antioxidant activity in neuronal
cell models at micromolar concentrations (Mazlan et al., 2006;
Osakada et al., 2004; Sen et al., 2000; Shichiri et al., 2007), which
might be difficult to achieve by dietary means (see Section 4).
At nanomolar concentrations, however, T3 modulate cellular sig-
nalling processes involved in neurodegenerative diseases and thus
exert neuroprotective effects (Khanna et al., 2003; Sen et al., 2000,
2004) independent of their antioxidant activity. Cellular targets of
Ts, particularly of aTs, include prenyl transferases, non-receptor
tyrosine kinases, phospholipases, lipoxygenases, and nuclear tran-
scription factors (see below).

3.3.1. Prenyl transferases

The isoprenoid side-chain of the T3 is structurally related to
farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate
(GGPP) (Elson and Yu, 1994). FPP and GGPP are intermediates in
the mevalonate pathway and are essential for the isoprenylation
of small Rho-GTPases by prenyl transferases, which are involved
in synaptic functions (Hooff et al., 2010b). Recently, elevated FPP
and GGPP levels were observed in post-mortem brain tissue from
AD patients, indicating that enhanced isoprenoid levels and sub-
sequent disturbance of isoprenylation of small GTPases may play a
role in the pathophysiology of dementia (Eckert et al., 2009). T3 may
compensate excessive prenylation of small GTPases in neuronal
cells by inhibition of prenyl transferases. Experiments support-
ing this mechanism have been reported for RhoA (Ras homolog
gene family, member A) prenylation in human colon cell lines
treated with Ts. Incubation of HCT116 and HT29 cells with T3
(10-20 pmol/L) reduced the levels of membrane bound RhoA, sug-
gesting the inhibition of geranylgeranylpryophosphate transferase
activity by the T3 (Yang et al., 2010). To date, this potential neu-
roprotective activity of T3 has not been investigated in detail and
well-designed in vivo and in vitro studies are warranted.

3.3.2. Non-receptor tyrosine kinases

pp60<-S€ Kinase is a member of a family of intracellular non-
receptor tyrosine kinases (c-Src) that participate in the signal
transduction pathways of several surface transmembrane recep-
tors (Bolen et al., 1992). High expression levels of pp60<-5' kinase
were found in the brain, especially in synaptic vesicles and growth
cones of hippocampal cells (Sorge et al., 1985; Zhao et al., 2000).
c-Src expression in neurones and astrocytes is 15-20 times higher
than in fibroblasts and its activity is 6-12-fold higher in neuronal
than in astrocyte cultures (Brugge et al., 1985), which suggests an
important function of the protein in neuronal cells (Khanna et al.,
2003). In rats, spatial maze training resulted in up-regulation of
c-Src mRNA and pp60°-5 protein in the hippocampus, which led
to the conclusion that c-Src may participate in the regulation of

hippocampal synaptic activity during learning and memory (Zhao
et al., 2000).

The potential involvement of c-Src in the pathogenesis of
neurodegenerative conditions has been suggested by several obser-
vations. In mice, c-Src knockout and chemical inhibition of Src
activity, respectively, reduced cerebral ischaemia-induced brain
injury (Paul et al., 2001). Also in rats, treatment with a Src fam-
ily kinase inhibitor significantly reduced focal ischemic brain injury
(ca.50% reduction in infarct size) (Lennmyr et al., 2004). Rapid acti-
vation of c-Src appears to be an important step in bringing about
glutamate toxicity in neurones and in murine HT4 cells (Khanna
et al.,, 2007). Pre-treatment of HT4 cells with 250 nmol/L aT3 effec-
tively protected from glutamate toxicity and neuronal cell death
by activation of pp60°-ST kinase and inhibition of ERK1 and ERK2
phosphorylation (Sen et al., 2000). Extracellular signal-regulated
kinases (ERK) are a subfamily of mitogen-activated protein kinases
that have been implicated in mediating the signalling events that
precede apoptosis. Interestingly, this protective effect at nanomo-
lar concentrations was only observed for aTs but not aT (Sen
etal., 2000). In another study 10 wmol/L aTs significantly protected
rat striatal neurones from staurosporine-induced apoptosis, yT3
and 8T5 as well as lower concentrations of aT; were ineffective
(Osakada et al., 2004).

3.3.3. Phospholipase A,

Phospholipase A, (PLA; ) enzymes catalyse the hydrolysis of the
sn-2 ester bond of cell membrane phospholipids to liberate free
fatty acids, mainly arachidonic acid, and lysophospholipids (Dennis
et al., 1991; Sun et al., 2004). The PLA, family can be subdivided
into classes and the group IV calcium-dependent cytosolic PLA;, the
group II secretory PLA,, and the group VI Ca2*-independent PLA,
have recently received considerable research attention because of
their potential involvement in the pathogenesis of neurodegener-
ative disorders (Sun et al., 2004). Particularly the cytosolic PLA;
(cPLA;) appears to be involved in neurotoxicity and neurodegener-
ative diseases associated with ischaemia-reperfusion and oxidant
injury (Sun et al., 2004).

Arachidonic acid can be toxic to neurones and is a substrate for
lipoxygenases (LOX, see next paragraph) (Fig. 4) (Sen et al., 2007).
While glutamate insult activates cPLA, in HT4 neuronal cells, incu-
bation with 250 nmol/L of aT3 inhibited the glutamate-induced
activation of cPLA,, blocked the release of free arachidonic acid,
and prevented the loss of cell viability (Khanna et al., 2010). Mod-
ulation of PLA; by aTs is mediated by inhibition of PLA, serine
phosphorylation (Khanna et al., 2010), which is critical for the cat-
alytic function of the enzyme (Murakami and Kudo, 2002). The
phosphorylation of serine is regulated by ERK1 and ERK2, which
themselves are inactivated in HT4 cells by pre-incubation with
nanomolar concentrations of aT3 but not aT (see below) (Sen et al.,
2000).

3.3.4. 12-Lipoxygenase

12-Lipoxygenase (12-LOX) is an oxidoreductase that inserts
molecular oxygen at carbon 12 of its main substrate arachidonic
acid (Needleman et al., 1986). 12-LOX plays a role in oxida-
tive glutamate toxicity and is the predominant LOX in the brain
(Hagmann et al., 1993; Li et al.,, 1997; Nishiyama et al., 1993;
Rao et al.,, 1993). The 12-LOX-catalysed reaction of arachidonic
acid with molecular oxygen results in the formation of 12-
hydroperoxy-eicosatetraenoic acid (12-HPETE) (Fig. 4), a precursor
in the synthesis of pro-inflammatory eicosanoids (Needleman et al.,
1986). 12-HPETE and its derivatives may play a role as second mes-
sengers in synaptic transmission and as retrograde messengers
in learning and memory (Shimizu and Wolfe, 1990). The signifi-
cance of 12-LOX in glutamate-induced cell death was discovered
when neurones isolated from 12-LOX deficient mice were found
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Fig. 4. The role of phospholipase A, and 12-lipoxygenase in the synthesis of pro-inflammatory eicosanoids from arachidonic acid and the influence of tocotrienols.

to be resistant to glutamate-induced cell death (Khanna et al,,
2003). Metabolites of 12-LOX activity, that were not detectable at
basal conditions, were significantly increased following glutamate
treatment. The observation that 12-LOX might be sensitive to Ts
was made when HT4 cells were treated with 250 nmol/L of aT;
before exposure to glutamate and a reduced production of 12-LOX
metabolites was observed. Microinjection of 10~12 mol of aT3 into
the cytosol of HT4 orimmature cortical neurones protected the cells
from glutamate-induced cell death (Khanna et al., 2005) confirm-
ing that aT; targets cytosolic components (Khanna et al., 2003; Sen
et al., 2000). Further examinations confirmed that aT3 effectively
inhibited the activity of the isolated enzyme in a dose-dependent
manner. In silico investigation of possible docking sites suggested
that aT3 may bind at the opening of a solvent cavity close to the
active site of 12-LOX and thus interferes with access of the natural
substrate arachidonic acid to the active site of the enzyme (Khanna
et al.,, 2003).

Interestingly, 12-LOX is subject to tyrosine phosphorylation by
c-Src kinase in response to glutamate (Fig. 4). Glutamate-induced
12-LOX tyrosine phosphorylation was inhibited by aT3 and phar-
macological inhibitors of c-Src kinase in vitro and these findings
were confirmed in an in vivo stroke model. T3 supplementation
reduced stroke-induced brain damage and analysis of tissues from
the stroke site revealed reduced phosphorylation of 12-LOX and
suppressed activation of stroke-induced c-Src kinase activity in
T3-supplemented rats (Khanna et al., 2005).

Inducible activation of c-Src kinase and 12-LOX are also early
events preceding neuronal death induced by homocysteic acid
(HCA) (Khanna et al.,2006). HCA is an oxidised metabolite of homo-
cysteine, which is a known trigger of neurotoxicity that seems to
affect neurodegenerative pathways similar to those induced by glu-
tamate (Sagara et al., 2002). In a study using HT4 cells and primary
cortical neurones, HCA-induced neuronal death was completely
prevented when cells were pretreated with 250 nmol/L aT3 but
not by aT (Khanna et al., 2006), consistent with observations from
previous studies (Sen et al., 2000). The protective effects of aTs
were also observed when 250 nmol/L of aT3 was added to cells up

to 8 h after the exposure to HCA (Khanna et al., 2006). Nanomolar
concentrations of aT3 prevented cells from HCA-induced increases
in intracellular Ca%* and reduction in mitochondrial membrane
potential (Khanna et al., 2006), indicating anti-apoptotic effects.
Further support for the anti-apoptotic activity of aT3 comes from
increases in the expression of the anti-apoptotic protein Bcl-2 in
cultured cortical neurones incubated for 24h with 10 nmol/L of
either aT3, yT3, aT, or yT3 (Numakawa et al., 2006).

3.3.5. Nuclear factor-«B signalling pathway

The nuclear factor-kB (NF-kB) family of transcription factors
regulates genes that are critical for inflammation, immunity, cell
survival, and apoptosis and thus represents a therapeutic target
against neurodegenerative diseases (Ahn et al., 2007; Kaileh and
Sen, 2010; Kaltschmidt et al., 2005; Karin and Lin, 2002). NF-kB
has been implicated in processes of synaptic plasticity and mem-
ory (Albensi and Mattson, 2000). During the development of the
nervous system, NF-kB is activated in growing neurons by neu-
rotrophic factors and can induce the expression of genes involved
in cell differentiation and survival. In the mature nervous system,
NF-kB is activated in synapses in response to excitatory synap-
tic transmission and may play a pivotal role in processes such as
learning and memory (Boersma et al., 2011; Gutierrez and Davies,
2011; Mattson, 2005). Constitutive activation of NF-kB (Meffert
and Baltimore, 2005) as well as evidence for a compartmentalized
clustering of NF-kB pathway components in the axon initial seg-
ment of neurons have been documented (Schultz et al., 2006). The
hippocampal region-specific regulation of NF-kB may contribute
to learning-associated synaptic reorganization (O’Sullivan et al.,
2010). NF-kB activity is tightly regulated by its primary inhibitor
IkBa (nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha) through a unique autoinhibitory loop
promoting proper brain development and function (Shim et al.,
2011).On the other hand, by inducing the production and release of
inflammatory cytokines, reactive oxygen molecules, and excitotox-
ins, activation of NF-kB in microglia and astrocytes may contribute
to neuronal degeneration (Mattson, 2005). However, astroglial NF-
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kB is also an important regulator of learning, memory, and synaptic
plasticity (Bracchi-Ricard et al., 2008). T3 are currently discussed
as anti-apoptotic and anti-inflammatory agents (Ahn et al., 2007;
Kaileh and Sen, 2010; Wilankar et al., 2011) and emerging findings
suggest roles for NF-kB as a mediator of effects of dietary factors on
neuronal plasticity (Mattson, 2005). NF-kB activation in neurones
can increase survival by induction of antioxidant enzymes and
anti-apoptotic proteins such as Bcl-2, while in microglia and astro-
cytes, its activation may result in the release of pro-inflammatory
cytokines and may thus contribute to neurodegeneration (Mattson,
2005).

On the other hand, T3 are thought to exert anti-inflammatory
activity by inhibition of NF-kB signalling (Ahn et al., 2007; Kaileh
and Sen, 2010). Orally gavaged T3 (a mixture of aTs, yT3, and
0T3; 50, 100, or 200 mg/kg bodyweight daily for 10 weeks) pre-
vented chronic alcohol-induced neuroinflammation and cognitive
impairment (Tiwari et al., 2009b). Similarly treated streptozotocin-
injected rats receiving 25, 50 or 100 mg/kg bodyweight daily
of the T3 mixture for 10 weeks were protected from cogni-
tive impairment, oxidative, and nitrosative stress compared to
streptozotocin-injected control animals (Kuhad et al., 2009; Tiwari
etal.,2009a). T3 treatment significantly reduced the levels of tumor
necrosis factor-a and inhibited NF-kB signalling in both ethanol-
challenged (Tiwari et al., 2009b) and streptozotocin-injected
animals (Kuhad et al., 2009). T3 also attenuated a streptozotocin-
induced increase in acetylcholinesterase activity, which resulted in
improved synapse signalling (Kuhad et al., 2009).

Although the reduction of chemical-induced activation of NF-
kB by T3 is generally considered beneficial, it may also have a
downside. Activation of NF-kB in neurones has been implicated
in synaptic plasticity and memory, although the responsible target
genes have not been identified yet (Albensi and Mattson, 2000).
Inhibition of NF-kB signalling in neurones may therefore bear the
risk of unwanted effects on synaptic plasticity. Although the hypo-
thetical risk of harm may, in light of the above discussed studies
suggesting protection from cognitive impairment by T3 (Kuhad
et al., 2009; Tiwari et al., 2009a,b), appear small, it still needs to be
considered and should be addressed in future experiments aimed
at studying the prevention of neurodegenerative diseases by mod-
ulating NF-kB signalling.

In summary, a number of molecular targets for T3 were iden-
tified including prenyl transferases, pp60<5' kinase, ERK1, ERK2,
12-LOX, PLA;, and NF-kB signalling. In these pre-clinical studies,
T3 exerted neuroprotective effects at nanomolar concentrations,
which can be reached in human plasma following T3 supplementa-
tion (Khosla et al., 2006; O’Byrne et al., 2000) and may explain the
positive outcome of some human studies. For example it has been
reported from the Chicago Health and Aging Project, which mon-
itored the incidence of AD over 6 years in community residents
older than 65 years, that the intake of mixed forms of vitamin E,
rather than aT alone, was associated with a slower rate of cogni-
tive decline (Morris et al., 2005). These findings were confirmed
recently in a dementia-free sample of 232 subjects aged >80 years
from the Kungsholmen Project (Mangialasche et al., 2010). After 6
years, subjects with vitamin E plasma levels in the highest tertile
had areduced risk of developing AD in comparison to persons in the
lowest tertile. However, the neuroprotective effect seemed to be
related to the combination of different vitamin E forms, rather than
to aT alone (Mangialasche et al., 2010), whose efficacy in interven-
tions against AD is currently debated (Usoro and Mousa, 2010). In
arandomised double-blind placebo-controlled study with 64 older
healthy adults (37-78 years), half of which were supplemented
with 160 mg/d vitamin E (74% T3, 26% T) and the other half with
placebo capsules for 6 months, markers for oxidative DNA damage
were significantly reduced in the vitamin E group (Chin et al., 2008).
In light of the role that oxidative stress and potentially DNA dam-

Table 3
Main enzymes and signalling pathways that are induced by glutamate and inhibited
by nanomolar concentrations of a-tocotrienol and their physiological roles.

Enzyme Events

- Early event in the signal transduction pathways of
glutamate induced-cell death

- Possibly induces phosphorylation of ERK1 and ERK2

- Activates 12-LOX by phosphorylating tyrosine residues
- Implicated in mediating signalling pathways preceding
apoptosis

- Regulates serine phosphorylation on PLA2

PLA; - Hydrolyzes membrane phospholipids to release
arachidonic acid

- Initial step in arachidonic metabolism

- Predominant LOX in brain cells

- Produces 12-HPETE through lipoxygenation of
arachidonic acid, which is thought to be neurotoxic

pp60°-5T kinase

ERK1 and ERK2

12-LOX

age might play in the development of neurodegenerative diseases
(see above), these findings are encouraging and warrant further
randomised clinical trials aimed at studying the neuroprotective
properties of T3 in humans (Table 3).

4. Enhancing the bioavailability of tocotrienols

Although all forms of vitamin E appear to be absorbed (Tsuzuki
etal., 2007) and transported to the liver to a similar extent (Kayden
and Traber, 1993; Traber et al., 1992), the rapid hepatic degrada-
tion of T3 (Fig. 2) (Birringer et al., 2002; Sontag and Parker, 2007)
and their subsequent urinary excretion (Lodge et al., 2001; Zhao
et al., 2010) substantially limit their plasma and tissue concentra-
tions (Table 1) (Fairus et al., 2006; Podda et al., 1996; Yamashita
et al., 2002). Both, T and T3 pass the blood-brain-barrier and are
detectable in the brain at concentrations in the low albeit signifi-
cantly different nanomolar ranges (e.g. aT, 2-30; aT3, <0.2 nmol/g)
(Gaedicke et al., 2009; Table 1), where they thus may exert neu-
roprotective activities. Based on the health beneficial properties of
T3 described above and the assumption that higher plasma and tis-
sue concentrations of T3 will lead to enhanced biological activities,
researchers have attempted different strategies to increase the oral
bioavailability of Ts.

Yap et al. (2001) studied the pharmacokinetics of T3 in eight
healthy males given a single oral dose of mixed vitamin E (aTs,
87; T3, 166; 8T3, 43; T, 93mg) and observed 2.5-3.7-fold
higher maximum plasma concentrations (Cmax; YT3: fasting, 1.4;
fed, 5.2 pmol/L) and 2.5-2.9-fold higher areas under the plasma
concentration-time curves (AUC) when T3 were ingested follow-
ing a high-fat breakfast instead of after a >12 h fast. These authors
later investigated the suitability of self-emulsifying T3 formula-
tions, so-called self-emulsifying drug delivery systems (SEDDS), as
a means of enhancing their bioavailability (Yap and Yuen, 2004).
In a three-armed crossover study with 1-week washout periods,
six fasted (>12 h) healthy males were given in random order two
different SEDDS or a non-self-emulsifying formulation containing
200 mg mixed T3 each (aT3, 55; yT3, 112; 8T3, 33 mg). T3 delivered
as SEDDS resulted in 2.5-4.5-times higher Cpax and 2.3-2.7-fold
higher AUC than T3 formulated as a non-self-emulsifying emul-
sions. Furthermore, the lag time for the onset of absorption was
1h from SEDDS and 2h from the non-self-emulsifying formula-
tion, indicating a faster absorption of T3 from SEDDS (Yap and
Yuen, 2004). However, in none of these trials was the half-life of
the T3 different between fed or fasting state or between the dif-
ferent emulsion systems, respectively (Yap and Yuen, 2004; Yap
et al., 2001), suggesting that faster and increased absorption does
not affect metabolism and excretion kinetics of T3. Furthermore, as
reviewed in a previous chapter, T3 delivered as SEDDS in a human
trial still remained without significant effect on the primary out-
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come parameters, such as blood lipid concentrations (Rasool et al.,
2008).

Another feasible approach to enhance the bioavailability of T
and Ts is the inhibition of their metabolic degradation and excre-
tion (reviewed in Frank, 2005). We and others have previously
observed a marked increase (>10-fold) in vitamin E plasma and
tissue concentrations in rats when the vitamin was administered
together with certain bioactive compounds (Frank et al., 2002,
2003a,b, 20044, 2006; Kamal-Eldin et al., 1995, 2000; Ross et al.,
2004; Yamashita et al., 1992, 1995), such as sesamin, a lignan found
in sesame seeds and oils, or rye alkylresorcinols (Kamal-Eldin et al.,
2000; Ross et al., 2004). Parker and colleagues later confirmed the
potent inhibition of the metabolic degradation of vitamin E (Fig. 2)
by sesamin (Parker et al., 2000; Sontag and Parker, 2002) and alkyl-
resorcinols in HepG2 cells (Ross et al., 2004). In humans, intake of
sesame seeds or oils increased plasma concentrations of yT (Cooney
et al,, 2001; Lemcke-Norojarvi et al., 2001), reduced its conversion
to yCEHC and the excretion of the metabolite in urine (Frank et al.,
2004b, 2008). Rats fed a TRF together with sesame seeds accu-
mulated aT3 and yT3 in their adipose tissue and skin, but not in
other organs or plasma, to a much larger extent than rats fed a
TRF alone (Ikeda et al., 2001). In line with the concept that elevat-
ing T3 concentrations might enhance their biological activities, Gu
et al. (1997) reported significantly improved immune-modulatory
properties of aT and mixed T3 when fed in combination with the
sesame lignans sesamin and episesamin (1:1 by wt; 2 g/kg diet). The
activity-enhancing effect of the lignans was more pronounced for
T3 than for oT (Gu et al., 1997), which is in accord with the obser-
vations that T3 are preferentially metabolised (Sontag and Parker,
2007) and that inhibition of tocopherol-w-hydroxylase activity will
primarily affect non-aT congeners.

A potential disadvantage of this approach, however, lies in the
possibility that the health-promoting effects of T3 might in part be
facilitated by one of their metabolites rather than the respective
parent compounds. In that case, inhibition of tocopherol-w-
hydroxylase would reduce the concentration of the bioactive
metabolite. Indeed, T3 decrease the cyclooxygenase 2-catabolised
production of prostaglandin E; (a pro-inflammatory eicosanoid,
Fig. 4) in human lung epithelial A549 cells more potently than T
(in decreasing order of activity: yT3 ~8T>«yT» oT=T), an effect
that is partly blocked by addition of sesamin to the culture medium
(Jiang et al., 2008). The ICs¢ for cyclooxygenase 2-inhibition by
the long-chain metabolite 813’-carboxychromanol (4 pmol/L) was
comparable to that of ibuprofen (5pumol/L), an antiinflamma-
tory drug, and much lower than the ICsy of the shorter-chain
metabolites 89'-, o5'-(a¢CMBHC), and +y3’-carboxychromanol
(yCEHC), which were >20, 140, and 450 pmol/L, respectively
(Jiang et al., 2008) (see Fig. 2 for chemical structures of the
metabolites).

Furthermore, genetic heterogenity needs to be considered as
a factor modulating the tissue concentrations of T and T3. The
apolipoprotein E4 genotype, for example, which is an important
genetic risk factor for Alzheimer’s disease (Strittmatter and Roses,
1996), is associated with increased plasma oT (Borel et al., 2007;
Huebbe et al., 2010) in the presence of reduced tissue concentra-
tions of the vitamin (Huebbe et al., 2010).

In summary, the absorption of T3 and maximum plasma con-
centrations can be increased by simultaneous ingestion of dietary
fat (Yap et al,, 2001) and the onset of absorption might be short-
ened by use of self-emulsifying systems (Yap and Yuen, 2004).
However, none of these approaches will result in better retention
of the vitamin in the body. Inhibition of the metabolic degrada-
tion of T3 by co-ingestion of tocopherol-w-hydroxylase inhibitors,
such as sesamin or alkylresorcinols (Frank, 2005; Frank et al., 2008;
Parker et al., 2000; Ross et al., 2004 ), might increase retention in the
organism, but also bears the risk of unwanted side-effects such as

decreased formation of potentially active metabolites (Jiang et al.,
2008).

5. Conclusions

The presented data suggest that T3 may have some potential
in the prevention of neurodegenerative disorders, which can be
explained on the basis of three distinct mechanisms: Firstly, as
antioxidants, T3 may protect cells from oxidative stress, which
itself plays an important role in neurodegeneration. Secondly, T3
may inhibit cholesterol biosynthesis and may thus protect against
hypercholesterolemia and the metabolic syndrome, which are
important risk-factors for neurodegenerative diseases. Thirdly, T3
may alter signal transduction pathways that are involved in neu-
ronal cell death. The T3 concentrations that are required to affect
cellular signalling pathways are very low, in the nanomolar range,
and physiologically achievable through dietary means.

As the pathophysiological processes underlying neurodegener-
ative diseases may persist for decades before symptoms become
evident, T3 have little chance of success as treatment or cure for
such afflictions. As a dietary measure for the prevention of neu-
rodegenerative diseases, on the other hand, T3 offer some promise.
Importantly, T3 are naturally occurring congeners of the vitamin
E family that have no known adverse effects when consumed as
part of a normal diet. However, the in vivo evidence for the neu-
roprotective activities of Ts is still scarce and therefore properly
designed experiments in relevant animal models of neurodegen-
erative disorders and age-dependent dementias, and ultimately
human intervention trials, are highly warranted.

Competing interests
The authors declare that they have no competing interests.
Contributors

All authors wrote the first draft, read and approved the final
manuscript.

Acknowledgments

JF gratefully acknowledges financial support from the German
Research Foundation (DFG; grant no. FR 2478/4-1). GRis supported
by the DFG Cluster of Excellence “Inflammation at Interfaces”.

References

Adachi, H., Ishii, N., 2000. Effects of tocotrienols on life span and protein carbonyla-
tion in Caenorhabditis elegans. ]. Gerontol. A Biol. Sci. Med. Sci. 55, B280-B285.

Ahn, K.S., Sethi, G., Krishnan, K., Aggarwal, B.B., 2007. Gamma-tocotrienol inhibits
nuclear factor-kappaB signaling pathway through inhibition of receptor-
interacting protein and TAK1 leading to suppression of antiapoptotic gene
products and potentiation of apoptosis. J. Biol. Chem. 282, 809-820.

Albensi, B.C., Mattson, M.P., 2000. Evidence for the involvement of TNF and NF-
kappaB in hippocampal synaptic plasticity. Synapse 35, 151-159.

Amaral, J.S., Alves, M.R,, Seabra, R.M., Oliveira, B.P., 2005a. Vitamin E composition
of walnuts (Juglans regia L.): a 3-year comparative study of different cultivars. J.
Agric. Food Chem. 53, 5467-5472.

Amaral, ].S., Casal, S., Seabra, R.M., Oliveira, B.P., 2006. Effects of roasting on hazelnut
lipids. J. Agric. Food Chem. 54, 1315-1321.

Amaral, J.S., Casal, S., Torres, D., Seabra, R.M,, Oliveira, B.P., 2005b. Simultaneous
determination of tocopherols and tocotrienols in hazelnuts by a normal phase
liquid chromatographic method. Anal. Sci. 21, 1545-1548.

Ames, B.N., Shigenaga, M.K., Hagen, T.M., 1993. Oxidants, antioxidants, and the
degenerative diseases of aging. Proc. Natl. Acad. Sci. U.S.A. 90, 7915-7922.
Azlina, M.F,, Nafeeza, M.L, Khalid, B.A., 2005. A comparison between tocopherol and
tocotrienol effects on gastric parameters in rats exposed to stress. Asia Pac. J.

Clin. Nutr. 14, 358-365.

Barreira, J.C.,, Alves, R.C,, Casal, S., Ferreira, I.C., Oliveira, M.B., Pereira, J.A., 2009. Vita-
min E profile as a reliable authenticity discrimination factor between chestnut
(Castanea sativa Mill.) cultivars. J. Agric. Food Chem. 57, 5524-5528.



J. Frank et al. / Ageing Research Reviews 11 (2012) 163-180 177

Begum, A.N., Terao, J., 2002. Protective effect of alpha-tocotrienol against free
radical-induced impairment of erythrocyte deformability. Biosci. Biotechnol.
Biochem. 66, 398-403.

Beveridge, T.H., Girard, B., Kopp, T., Drover, J.C., 2005. Yield and composition of grape
seed oils extracted by supercritical carbon dioxide and petroleum ether: varietal
effects. J. Agric. Food Chem. 53, 1799-1804.

Birringer, M., Pfluger, P., Kluth, D., Landes, N., Brigelius-Flohe, R., 2002. Identities and
differences in the metabolism of tocotrienols and tocopherols in HepG2 cells. J.
Nutr. 132,3113-3118.

Boersma, M.C., Dresselhaus, E.C., De Biase, L.M., Mihalas, A.B., Bergles, D.E., Mef-
fert, M.K,, 2011. A requirement for nuclear factor-kappaB in developmental and
plasticity-associated synaptogenesis. ]. Neurosci. 31, 5414-5425.

Bolen, J.B., Rowley, R.B., Spana, C., Tsygankov, A.Y., 1992. The Src family of tyrosine
protein kinases in hemopoietic signal transduction. FASEB J. 6, 3403-3409.
Borel, P., Moussa, M., Reboul, E., Lyan, B., Defoort, C., Vincent-Baudry, S., Maillot,
M., Gastaldi, M., Darmon, M., Portugal, H., Planells, R., Lairon, D., 2007. Human
plasma levels of vitamin E and carotenoids are associated with genetic polymor-

phisms in genes involved in lipid metabolism. . Nutr. 137, 2653-2659.

Bozan, B., Temelli, F., 2008. Chemical composition and oxidative stability of flax,
safflower and poppy seed and seed oils. Bioresour. Technol. 99, 6354-6359.
Bracchi-Ricard, V., Brambilla, R., Levenson, ]J., Hu, W.H., Bramwell, A., Sweatt, ].D.,
Green, E.J., Bethea, J.R.,, 2008. Astroglial nuclear factor-kappaB regulates learning
and memory and synaptic plasticity in female mice. ]. Neurochem. 104,611-623.

Bredesen, D.E., Rao, R.V., Mehlen, P., 2006. Cell death in the nervous system. Nature
443, 796-802.

Brugge, J.S., Cotton, P.C., Queral, A.E., Barrett, J.N., Nonner, D., Keane, RW., 1985.
Neurones express high levels of a structurally modified, activated form of pp60c-
src. Nature 316, 554-557.

Bryngelsson, S., Dimberg, L.H., Kamal-Eldin, A., 2002. Effects of commercial process-
ing on levels of antioxidants in oats (Avena sativa L.). ]. Agric. Food Chem. 50,
1890-1896.

Burton, G.W., Joyce, A., Ingold, K.U., 1982. First proof that vitamin E is major
lipid-soluble, chain-breaking antioxidant in human blood plasma. Lancet 320,
327.

Cerretani, L., Lerma-Garcia, M.J., Herrero-Martinez, J.M., Gallina-Toschi, T., Simo-
Alfonso, E.F., 2010. Determination of tocopherols and tocotrienols in vegetable
oils by nanoliquid chromatography with ultraviolet-visible detection using a
silica monolithic column. J. Agric. Food Chem. 58, 757-761.

Chen, C.W., Cheng, H.H., 2006. A rice bran oil diet increases LDL-receptor and
HMG-CoA reductase mRNA expressions and insulin sensitivity in rats with
streptozotocin/nicotinamide-induced type 2 diabetes. ]. Nutr. 136, 1472-1476.

Chin, S.F., Hamid, N.A., Latiff, A.A., Zakaria, Z., Mazlan, M., Yusof, Y.A., Karim, A.A.,
Ibahim,].,Hamid, Z., Ngah, W.Z.,2008. Reduction of DNA damage in older healthy
adults by Tri E Tocotrienol supplementation. Nutrition 24, 1-10.

Chow, C.K., 1975. Distribution of tocopherols in human plasma and red blood cells.
Am. J. Clin. Nutr. 28, 756-760.

Citron, M., 2002. Alzheimer’s disease: treatments in discovery and development.
Nat. Neurosci. 5 (Suppl.), 1055-1057.

Cooney, R.V., Custer, L]J., Okinaka, L., Franke, A.A., 2001. Effects of dietary sesame
seeds on plasma tocopherol levels. Nutr. Cancer 39, 66-71.

Crews, C., Hough, P., Godward, ]., Brereton, P., Lees, M., Guiet, S., Winkelmann, W.,
2005. Study of the main constituents of some authentic walnut oils. J. Agric. Food
Chem. 53, 4853-4860.

Crews, C., Hough, P., Godward, J., Brereton, P., Lees, M., Guiet, S., Winkelmann, W.,
2006. Quantitation of the main constituents of some authentic grape-seed oils
of different origin. J. Agric. Food Chem. 54, 6261-6265.

Cunha, S.C., Amaral, J.S., Fernandes, J.O., Oliveira, M.B., 2006. Quantification of toco-
pherols and tocotrienols in portuguese olive oils using HPLC with three different
detection systems. ]. Agric. Food Chem. 54, 3351-3356.

Dennis, E.A., Rhee, S.G., Billah, M.M., Hannun, Y.A., 1991. Role of phospholipase
in generating lipid second messengers in signal transduction. FASEB ]. 5,
2068-2077.

Eckert, G.P., Hooff, G.P., Strandjord, D.M., Igbavboa, U., Volmer, D.A., Muller, W.E.,
Wood, W.G., 2009. Regulation of the brain isoprenoids farnesyl- and geranyl-
geranylpyrophosphate is altered in male Alzheimer patients. Neurobiol. Dis. 35,
251-257.

Ehrenbergerova, J., Belcrediova, N., Pryma, J., Vaculova, K., Newman, C.W., 2006.
Effect of cultivar, year grown, and cropping system on the content of tocopherols
and tocotrienols in grains of hulled and hulless barley. Plant Foods Hum. Nutr.
61, 145-150.

Elson, C.E., Yu, S.G., 1994. The chemoprevention of cancer by mevalonate-derived
constituents of fruits and vegetables. J. Nutr. 124, 607-614.

Engelhart, M., Geerlings, M.L, Ruitenberg, A., van Swieten, J.C., Hofman, A., Wit-
teman, J.C., Breteler, M.M., 2002. Dietary intake of antioxidants and risk of
Alzheimer disease. JAMA 287, 3223-3229.

Fairus, S., Nor, R.M., Cheng, H.M., Sundram, K., 2006. Postprandial metabolic fate of
tocotrienol-rich vitamin E differs significantly from that of {alpha}-tocopherol.
Am. J. Clin. Nutr. 84, 835-842.

Ferri, C.P., Prince, M., Brayne, C., Brodaty, H., Fratiglioni, L., Ganguli, M., Hall, K.,
Hasegawa, K., Hendrie, H., Huang, Y., Jorm, A., Mathers, C., Menezes, P.R., Rimmer,
E., Scazufca, M., 2005. Global prevalence of dementia: a Delphi consensus study.
Lancet 366, 2112-2117.

Frank, J., 2005. Beyond vitamin E supplementation: an alternative strategy to
improve vitamin E status. ]. Plant Physiol. 162, 834-843.

Frank, J., Budek, A., Lundh, T., Parker, R.S., Swanson, ].E., Lourenco, C.F., Gago, B.,
Laranjinha, ]., Vessby, B., Kamal-Eldin, A., 2006. Dietary flavonoids with a cat-

echol structure increase a-tocopherol in rats and protect the vitamin from
oxidation in vitro. J. Lipid Res. 47, 2718-2725.

Frank, J., Eliasson, C., Leroy-Nivard, D., Budek, A., Lundh, T., Vessby, B., Aman, P.,
Kamal-Eldin, A.,2004a. Dietary secoisolariciresinol diglucoside and its oligomers
with 3-hydroxy-3-methyl glutaric acid decrease vitamin E levels in rats. Br. J.
Nutr. 92, 169-176.

Frank, J., Kamal-Eldin, A., Lundh, T., Mdattd, K., Térronen, R., Vessby, B., 2002. Effects
of dietary anthocyanins on tocopherols and lipids in rats. J. Agric. Food Chem.
50, 7226-7230.

Frank,]., Kamal-Eldin, A., Razdan, A., Lundh, T., Vessby, B., 2003a. The dietary hydrox-
ycinnamate caffeic acid and its conjugate chlorogenic acid increase vitamin E
and cholesterol concentrations in Sprague-Dawley rats. J. Agric. Food Chem. 51,
2526-2531.

Frank, J., Kamal-Eldin, A., Traber, M.G., 2004b. Consumption of sesame oil muffins
decreases the urinary excretion of y-tocopherol metabolites in humans. Ann. N.
Y. Acad. Sci. 1031, 365-367.

Frank, J., Lee, S., Leonard, S.W., Atkinson, ]J.K., Kamal-Eldin, A., Traber, M.G., 2008.
Sex differences in the inhibition of gamma-tocopherol metabolism by a sin-
gle dose of dietary sesame oil in healthy subjects. Am. J. Clin. Nutr. 87,
1723-1729.

Frank, J., Lundh, T., Parker, R.S., Swanson, J.E., Vessby, B., Kamal-Eldin, A., 2003b.
Dietary (+)-catechin and BHT markedly increase a-tocopherol concentrations
in rats by a tocopherol-w-hydroxylase-independent mechanism. J. Nutr. 133,
3195-3199.

Frank, J., Rimbach, G., 2009. Vitamin E in disease prevention—a critical appraisal of
vitamin E supplementation trials. Aktuel. Ernaehr. Med. 34, 131-140.

Franke, A.A., Murphy, S.P., Lacey, R., Custer, L.J., 2007. Tocopherol and tocotrienol
levels of foods consumed in Hawaii. J. Agric. Food Chem. 55, 769-778.

Fratiglioni, L., Launer, LJ., Andersen, K., Breteler, M.M., Copeland, J.R., Dartigues,
J.F,, Lobo, A., Martinez-Lage, J., Soininen, H., Hofman, A., 2000. Incidence of
dementia and major subtypes in Europe: A collaborative study of population-
based cohorts. Neurologic diseases in the elderly research group. Neurology 54,
S10-S15.

Fuchs, J., Weber, S., Podda, M., Groth, N., Herrling, T., Packer, L., Kaufmann, R., 2003.
HPLC analysis of vitamin E isoforms in human epidermis: correlation with min-
imal erythema dose and free radical scavenging activity. Free Radic. Biol. Med.
34, 330-336.

Fukui, K., Takatsu, H., Koike, T., Urano, S., 2011. Hydrogen peroxide induces neurite
degeneration: prevention by tocotrienols. Free Radic. Res. 45, 681-691.

Gaedicke, S., Zhang, X., Huebbe, P., Boesch-Saadatmandi, C., Lou, Y., Wiswedel, L.,
Gardemann, A., Frank, J., Rimbach, G., 2009. Dietary vitamin E, brain redox status
and expression of Alzheimer’s disease-relevant genes in rats. Br. ]. Nutr. 102,
398-406.

Ghafoorunissa, S., Hemalatha, S., Rao, M.V., 2004. Sesame lignans enhance antioxi-
dant activity of vitamin E in lipid peroxidation systems. Mol. Cell. Biochem. 262,
195-202.

Gliszczynska-Swiglo, A., Sikorska, E., 2004. Simple reversed-phase liquid chro-
matography method for determination of tocopherols in edible plant oils. J.
Chromatogr. A 1048, 195-198.

Goffman, F.D., Bohme, T., 2001. Relationship between fatty acid profile and vitamin
E content in maize hybrids (Zea mays L.). J. Agric. Food Chem. 49, 4990-4994.

Goldstein, J.L., Brown, M.S., 2009. The LDL receptor. Arterioscler. Thromb. Vasc. Biol.
29,431-438.

Gu, J.Y., Tsujita, A., Wakizono, Y., Yamada, K., Sugano, M., 1997. Combined effects of
sesamin with alpha-tocopherol or tocotrienols on lipid and immune indices in
Brown-Norway rats. Nutr. Res. 17, 339-350.

Gutierrez, H., Davies, A.M., 2011. Regulation of neural process growth, elaboration
and structural plasticity by NF-kappaB. Trends Neurosci. 34, 316-325.

Hagmann, W., Kagawa, D., Renaud, C., Honn, K.V., 1993. Activity and protein dis-
tribution of 12-lipoxygenase in HEL cells: induction of membrane-association
by phorbol ester TPA, modulation of activity by glutathione and 13-HPODE, and
Ca(2+)-dependent translocation to membranes. Prostaglandins 46, 471-477.

Hayes, K.C,, Pronczuk, A., Liang, J.S., 1993. Differences in the plasma transport and
tissue concentrations of tocopherols and tocotrienols: observations in humans
and hamsters. Proc. Soc. Exp. Biol. Med. 202, 353-359.

Hooff, G.P., Peters, 1., Wood, W.G., Muller, W.E., Eckert, G.P., 2010a. Modulation of
cholesterol, farnesylpyrophosphate, and geranylgeranylpyrophosphate in neu-
roblastoma SH-SY5Y-APP695 cells: impact on amyloid beta-protein production.
Mol. Neurobiol. 41, 341-350.

Hooff, G.P., Wood, W.G., Muller, W.E., Eckert, G.P., 2010b. Isoprenoids, small GTPases
and Alzheimer’s disease. Biochim. Biophys. Acta 1801, 896-905.

Hoppe, P.P., Krennrich, G., 2000. Bioavailability and potency of natural-source
and all-racemic a-tocopherol in the human: a dispute. Eur. J. Nutr. 39, 183-
193.

Huebbe, P., Jofre-Monseny, L., Boesch-Saadatmandi, C., Minihane, A.M., Rimbach, G.,
2007. Effect of apoE genotype and vitamin E on biomarkers of oxidative stress
in cultured neuronal cells and the brain of targeted replacement mice. J. Physiol.
Pharmacol. 58, 683-698.

Huebbe, P., Lodge, ].K., Rimbach, G., 2010. Implications of apolipoprotein E genotype
on inflammation and vitamin E status. Mol. Nutr. Food Res. 54, 623-630.

Ikeda, S., Tohyama, T., Yoshimura, H.,, Hamamura, K., Abe, K., Yamashita, K.,
2003. Dietary alpha-tocopherol decreases alpha-tocotrienol but not gamma-
tocotrienol concentration in rats. J. Nutr. 133, 428-434.

Ikeda, S., Toyoshima, K., Yamashita, K., 2001. Dietary sesame seeds elevate alpha-
and gamma-tocotrienol concentrations in skin and adipose tissue of rats fed the
tocotrienol-rich fraction extracted from palm oil. J. Nutr. 131, 2892-2897.



178 J. Frank et al. / Ageing Research Reviews 11 (2012) 163-180

Igbal, J., Minhajuddin, M., Beg, Z.H., 2003. Suppression of 7,12-dimethylbenz
[alpha]anthracene-induced carcinogenesis and hypercholesterolaemia in rats
by tocotrienol-rich fraction isolated from rice bran oil. Eur. J. Cancer Prev. 12,
447-453.

Jiang, Q., Yin, X,, Lill, M.A,, Danielson, M.L,, Freiser, H., Huang, ]J., 2008. Long-chain
carboxychromanols, metabolites of vitamin E, are potent inhibitors of cyclooxy-
genases. Proc. Natl. Acad. Sci. U.S.A. 105, 20464-20469.

Kagan, V.E., Serbinova, E.A,, Forte, T, Scita, G., Packer, L., 1992. Recycling of vitamin
E in human low density lipoproteins. J. Lipid Res. 33, 385-397.

Kaileh, M., Sen, R., 2010. Role of NF-kappaB in the anti-inflammatory effects of
tocotrienols. J. Am. Coll. Nutr. 29, 334S-339S.

Kaltschmidt, B., Widera, D., Kaltschmidt, C., 2005. Signaling via NF-kappaB in the
nervous system. Biochim. Biophys. Acta 1745, 287-299.

Kamal-Eldin, A., Appelqvist, L.A., 1996. The chemistry and antioxidant properties of
tocopherols and tocotrienols. Lipids 31, 671-701.

Kamal-Eldin, A., Frank, J., Razdan, A., Tengblad, S., Basu, S., Vessby, B., 2000. Effects of
dietary phenolic compounds on tocopherol, cholesterol, and fatty acids in rats.
Lipids 35, 427-435.

Kamal-Eldin, A., Laerke, H.N., Knudsen, K.E., Lampi, A.M., Piironen, V., Adlercreutz,
H., Katina, K., Poutanen, K., Man, P., 2009. Physical, microscopic and chemical
characterisation of industrial rye and wheat brans from the Nordic countries.
Food Nutr. Res., 53.

Kamal-Eldin, A., Pettersson, D., Appelqvist, L.A., 1995. Sesamin (a compound from
sesame oil) increases tocopherol levels in rats fed ad libitum. Lipids 30, 499-505.

Kamat, J.P., Devasagayam, T.P., 1995. Tocotrienols from palm oil as potent inhibitors
of lipid peroxidation and protein oxidation in rat brain mitochondria. Neurosci.
Lett. 195, 179-182.

Kamat, J.P., Sarma, H.D., Devasagayam, T.P., Nesaretnam, K., Basiron, Y., 1997.
Tocotrienols from palm oil as effective inhibitors of protein oxidation and lipid
peroxidation in rat liver microsomes. Mol. Cell. Biochem. 170, 131-137.

Karin, M., Lin, A., 2002. NF-kappaB at the crossroads of life and death. Nat. Immunol.
3,221-227.

Kayden, H.J., Traber, M.G., 1993. Absorption, lipoprotein transport, and regulation
of plasma concentrations of vitamin E in humans. J. Lipid Res. 34, 343-358.
Khanna, S., Parinandi, N.L,, Kotha, S.R., Roy, S., Rink, C., Bibus, D., Sen, C.K., 2010.
Nanomolar vitamin E alpha-tocotrienol inhibits glutamate-induced activation of
phospholipase A2 and causes neuroprotection. J. Neurochem. 112, 1249-1260.

Khanna, S., Roy, S., Parinandi, N.L., Maurer, M., Sen, C.K., 2006. Characterization of the
potent neuroprotective properties of the natural vitamin E alpha-tocotrienol. J.
Neurochem. 98, 1474-1486.

Khanna, S., Roy, S., Park, H.A,, Sen, CK, 2007. Regulation of c-Src activity in
glutamate-induced neurodegeneration. J. Biol. Chem. 282, 23482-23490.

Khanna, S., Roy, S., Ryu, H., Bahadduri, P., Swaan, P.W.,, Ratan, R.R., Sen, CK., 2003.
Molecular basis of vitamin E action. Tocotrienol modulates 12-lipoxygenase,
a key mediator of glutamate-induced neurodegeneration. J. Biol. Chem. 278,
43508-43515.

Khanna, S., Roy, S., Slivka, A., Craft, T.K,, Chaki, S., Rink, C., Notestine, M.A., DeVries,
A.C,, Parinandi, N.L,, Sen, C.K., 2005. Neuroprotective properties of the natural
vitamin E alpha-tocotrienol. Stroke 36, 2258-2264.

Khosla, P., Patel, V., Whinter, J.M., Khanna, S., Rakhkovskaya, M., Roy, S., Sen, CK.,
2006. Postprandial levels of the natural vitamin E tocotrienol in human circula-
tion. Antioxid. Redox Signal. 8, 1059-1068.

Kuhad, A., Bishnoi, M., Tiwari, V., Chopra, K., 2009. Suppression of NF-kappabeta sig-
naling pathway by tocotrienol can prevent diabetes associated cognitive deficits.
Pharmacol. Biochem. Behav. 92, 251-259.

Lampi, A.M., Nurmi, T., Ollilainen, V., Piironen, V., 2008. Tocopherols and tocotrienols
in wheat genotypes in the HEALTHGRAIN diversity screen. J. Agric. Food Chem.
56,9716-9721.

Lampi, A.M., Nurmi, T., Piironen, V., 2010. Effects of the environment and genotype
on tocopherols and tocotrienols in wheat in the HEALTHGRAIN diversity screen.
J. Agric. Food Chem. 58, 9306-9313.

Lemcke-Norojarvi, M., Kamal-Eldin, A., Appelqvist, L.A., Dimberg, L.H., Ohrvall, M.,
Vessby, B., 2001. Corn and sesame oils increase serum y-tocopherol concentra-
tions in healthy Swedish women. J. Nutr. 131, 1195-1201.

Lennmyr, F., Ericsson, A., Gerwins, P., Akterin, S., Ahlstrom, H., Terent, A., 2004. Src
family kinase-inhibitor PP2 reduces focal ischemic brain injury. Acta Neurol.
Scand. 110, 175-179.

Leuner, K., Hauptmann, S., Abdel-Kader, R., Scherping, I, Keil, U., Strosznajder, ].B.,
Eckert, A., Muller, W.E., 2007. Mitochondrial dysfunction: the first domino in
brain aging and Alzheimer’s disease? Antioxid. Redox Signal. 9, 1659-1675.

Li, Y., Maher, P., Schubert, D., 1997. A role for 12-lipoxygenase in nerve cell death
caused by glutathione depletion. Neuron 19, 453-463.

Lin, M.T., Beal, M.F., 2006. Mitochondrial dysfunction and oxidative stress in neu-
rodegenerative diseases. Nature 443, 787-795.

Lodge, ]J.K., Ridlington, ]., Leonard, S., Vaule, H., Traber, M.G., 2001. Alpha- and
gamma-tocotrienols are metabolized to carboxyethyl-hydroxychroman deriva-
tives and excreted in human urine. Lipids 36, 43-48.

Lutz, W., Sanderson, W., Scherbov, S., 2008. The coming acceleration of global pop-
ulation ageing. Nature 451, 716-719.

Mangialasche, F., Kivipelto, M., Mecocci, P., Rizzuto, D., Palmer, K., Winblad, B.,
Fratiglioni, L., 2010. High plasma levels of vitamin E forms and reduced
Alzheimer’s disease risk in advanced age. J. Alzheimers Dis. 20, 1029-1037.

Mattson, M.P., 2004. Pathways towards and away from Alzheimer’s disease. Nature
430, 631-639.

Mattson, M.P., 2005. NF-kappaB in the survival and plasticity of neurons. Neu-
rochem. Res. 30, 883-893.

Mattson, M.P., Magnus, T., 2006. Ageing and neuronal vulnerability. Nat. Rev. Neu-
rosci. 7, 278-294.

Mazlan, M., Sue Mian, T., Mat Top, G., Zurinah Wan Ngah, W., 2006. Comparative
effects of alpha-tocopherol and gamma-tocotrienol against hydrogen peroxide
induced apoptosis on primary-cultured astrocytes. ]. Neurol. Sci. 243, 5-12.

Meffert, M.K., Baltimore, D., 2005. Physiological functions for brain NF-kappaB.
Trends Neurosci. 28, 37-43.

Mensink, R.P., van Houwelingen, A.C., Kromhout, D., Hornstra, G., 1999. A vitamin E
concentrate rich in tocotrienols had no effect on serum lipids, lipoproteins, or
platelet function in men with mildly elevated serum lipid concentrations. Am.
J. Clin. Nutr. 69, 213-219.

Michalska, A., Ceglinska, A., Amarowicz, R,, Piskula, M.K., Szawara-Nowak, D., Zielin-
ski, H.,2007. Antioxidant contents and antioxidative properties of traditional rye
breads. J. Agric. Food Chem. 55, 734-740.

Milagros Delgado-Zamarreno, M., Bustamante-Rangel, M., Sierra-Manzano, S.,
Verdugo-Jara, M., Carabias-Martinez, R., 2009. Simultaneous extraction of
tocotrienols and tocopherols from cereals using pressurized liquid extraction
prior to LC determination. J. Sep. Sci. 32, 1430-1436.

Minhajuddin, M., Beg, Z.H., Igbal, J., 2005. Hypolipidemic and antioxidant properties
of tocotrienol rich fraction isolated from rice bran oil in experimentally induced
hyperlipidemic rats. Food Chem. Toxicol. 43, 747-753.

Morris, M.C., Beckett, L.A., Scherr, P.A., Hebert, L.E., Bennett, D.A,, Field, T.S., Evans,
D.A.,, 1998. Vitamin E and vitamin C supplement use and risk of incident
Alzheimer disease. Alzheimer Dis. Assoc. Disord. 12, 121-126.

Morris, M.C., Evans, D.A,, Tangney, C.C., Bienias, J.L., Wilson, R.S., Aggarwal, N.T.,
Scherr, P.A., 2005. Relation of the tocopherol forms to incident Alzheimer disease
and to cognitive change. Am. J. Clin. Nutr. 81, 508-514.

Murakami, M., Kudo, I., 2002. Phospholipase A2. ]. Biochem. 131, 285-292.

Nafeeza, M.L, Fauzee, A.M., Kamsiah, J., Gapor, M.T., 2002. Comparative effects of
a tocotrienol-rich fraction and tocopherol in aspirin-induced gastric lesions in
rats. Asia Pac. J. Clin. Nutr. 11, 309-313.

Needleman, P., Turk, J., Jakschik, B.A., Morrison, A.R., Lefkowith, J.B., 1986. Arachi-
donic acid metabolism. Annu. Rev. Biochem. 55, 69-102.

Nesaretnam, K., Devasagayam, T.P., Singh, B.B., Basiron, Y., 1993. Influence of palm
oil or its tocotrienol-rich fraction on the lipid peroxidation potential of rat liver
mitochondria and microsomes. Biochem. Mol. Biol. Int. 30, 159-167.

Ng, M.H., Choo, Y.M., Ma, A.N., Chuah, C.H., Hashim, M.A., 2004. Separation of vitamin
E (tocopherol, tocotrienol, and tocomonoenol) in palm oil. Lipids 39, 1031-1035.

Nishiyama, M., Watanabe, T., Ueda, N., Tsukamoto, H., Watanabe, K., 1993. Arachi-
donate 12-lipoxygenase is localized in neurons, glial cells, and endothelial cells
of the canine brain. J. Histochem. Cytochem. 41, 111-117.

Noguchi, N., Hanyu, R., Nonaka, A., Okimoto, Y., Kodama, T., 2003. Inhibition of THP-1
cell adhesion to endothelial cells by alpha-tocopherol and alpha-tocotrienol is
dependent on intracellular concentration of the antioxidants. Free Radic. Biol.
Med. 34, 1614-1620.

Numakawa, Y., Numakawa, T., Matsumoto, T., Yagasaki, Y., Kumamaru, E., Kunugi,
H., Taguchi, T., Niki, E., 2006. Vitamin E protected cultured cortical neurons from
oxidative stress-induced cell death through the activation of mitogen-activated
protein kinase and phosphatidylinositol 3-kinase. J. Neurochem. 97,1191-1202.

O’Byrne, D., Grundy, S., Packer, L., Devaraj, S., Baldenius, K., Hoppe, P.P., Kraemer,
K., Jialal, I, Traber, M.G., 2000. Studies of LDL oxidation following a-, g-, or
d-tocotrienyl acetate supplementation of hypercholesterolemic humans. Free
Radic. Biol. Med. 29, 834-845.

O’Sullivan, N.C., Croydon, L., McGettigan, P.A., Pickering, M., Murphy, KJ., 2010.
Hippocampal region-specific regulation of NF-kappaB may contribute to
learning-associated synaptic reorganisation. Brain Res. Bull. 81, 385-390.

Okabe, M., Oji, M., Ikeda, 1., Tachibana, H., Yamada, K., 2002. Tocotrienol levels
in various tissues of Sprague-Dawley rats after intragastric administration of
tocotrienols. Biosci. Biotechnol. Biochem. 66, 1768-1771.

Osakada, F., Hashino, A., Kume, T., Katsuki, H., Kaneko, S., Akaike, A., 2004. Alpha-
tocotrienol provides the most potent neuroprotection among vitamin E analogs
on cultured striatal neurons. Neuropharmacology 47, 904-915.

Packer, L., Weber, S.U., Rimbach, G., 2001. Molecular aspects of a-tocotrienol antiox-
idant action and cell signalling. J. Nutr. 131, 369S-373S.

Panfili, G., Fratianni, A., Irano, M., 2003. Normal phase high-performance liquid chro-
matography method for the determination of tocopherols and tocotrienols in
cereals. ]. Agric. Food Chem. 51, 3940-3944.

Parker, R.A.,, Pearce, B.C,, Clark, RW., Gordon, D.A., Wright, ].J., 1993. Tocotrienols
regulate cholesterol production in mammalian cells by post-transcriptional sup-
pression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase. J. Biol. Chem.
268,11230-11238.

Parker, RS., Sontag, TJ., Swanson, J.E., 2000. Cytochrome P4503A-dependent
metabolism of tocopherols and inhibition by sesamin. Biochem. Biophys. Res.
Commun. 277, 531-534.

Paul, R, Zhang, Z.G., Eliceiri, B.P., Jiang, Q., Boccia, A.D., Zhang, R.L., Chopp, M.,
Cheresh, D.A., 2001. Src deficiency or blockade of Src activity in mice provides
cerebral protection following stroke. Nat. Med. 7, 222-227.

Pearce, B.C.,, Parker, R.A., Deason, M.E., Dischino, D.D., Gillespie, E., Qureshi, A.A.,
Volk, K., Wright, J.J., 1994. Inhibitors of cholesterol biosynthesis. 2. Hypocholes-
terolemic and antioxidant activities of benzopyran and tetrahydronaphthalene
analogues of the tocotrienols. J. Med. Chem. 37, 526-541.

Pearce, B.C,, Parker, R.A., Deason, M.E., Qureshi, A.A., Wright, ].J., 1992. Hypoc-
holesterolemic activity of synthetic and natural tocotrienols. J. Med. Chem. 35,
3595-3606.

Peters, 1., Igbavboa, U., Schutt, T., Haidari, S., Hartig, U., Rosello, X., Bottner, S.,
Copanaki, E., Deller, T., Kogel, D., Wood, W.G., Muller, W.E., Eckert, G.P., 2009.



J. Frank et al. / Ageing Research Reviews 11 (2012) 163-180 179

The interaction of beta-amyloid protein with cellular membranes stimulates its
own production. Biochim. Biophys. Acta 1788, 964-972.

Petratos, S., Li, Q.X., George, AJ., Hou, X., Kerr, M.L., Unabia, S.E., Hatzinisiriou, I., Mak-
sel, D., Aguilar, M.L, Small, D.H., 2008. The beta-amyloid protein of Alzheimer’s
disease increases neuronal CRMP-2 phosphorylation by a Rho-GTP mechanism.
Brain 131, 90-108.

Podda, M., Weber, C., Traber, M.G., Packer, L., 1996. Simultaneous determination of
tissue tocopherols, tocotrienols, ubiquinols, and ubiquinones. J. Lipid Res. 37,
893-901.

Ponte, P.I, Prates, J.A., Crespo, J.P., Crespo, D.G., Mourao, J.L., Alves, S.P., Bessa, RJ.,
Chaveiro-Soares, M.A., Gama, L.T., Ferreira, L.M., Fontes, C.M., 2008. Restrict-
ing the intake of a cereal-based feed in free-range-pastured poultry: effects on
performance and meat quality. Poult. Sci. 87, 2032-2042.

Porter, T.D., 2003. Supernatant protein factor and tocopherol-associated protein: an
unexpected link between cholesterol synthesis and vitamin E (review). J. Nutr.
Biochem. 14, 3-6.

Qureshi, A.A., Burger, W.C., Peterson, D.M., Elson, C.E., 1986. The structure of an
inhibitor of cholesterol biosynthesis isolated from barley. J. Biol. Chem. 261,
10544-10550.

Qureshi, A.A., Mo, H., Packer, L., Peterson, D.M., 2000. Isolation and identification of
novel tocotrienols from rice bran with hypocholesterolemic, antioxidant, and
antitumor properties. J. Agric. Food Chem. 48, 3130-3140.

Qureshi, A.A., Pearce, B.C.,, Nor, R.M., Gapor, A., Peterson, D.M., Elson, C.E., 1996.
Dietary alpha-tocopherol attenuates the impact of gamma-tocotrienol on hep-
atic 3-hydroxy-3-methylglutaryl coenzyme A reductase activity in chickens. J.
Nutr. 126, 389-394.

Qureshi, A.A., Peterson, D.M., Hasler-Rapacz, J.0., Rapacz, ]., 2001. Novel tocotrienols
of rice bran suppress cholesterogenesis in hereditary hypercholesterolemic
swine. J. Nutr. 131, 223-230.

Qureshi, A.A., Qureshi, N., Hasler-Rapacz, ].0., Weber, F.E., Chaudhary, V., Cren-
shaw, T.D., Gapor, A., Ong, A.S., Chong, Y.H., Peterson, D., et al., 1991a. Dietary
tocotrienols reduce concentrations of plasma cholesterol, apolipoprotein B,
thromboxane B2, and platelet factor 4 in pigs with inherited hyperlipidemias.
Am. J. Clin. Nutr. 53, 10425-1046S.

Qureshi, A.A., Qureshi, N., Wright, ].J., Shen, Z., Kramer, G., Gapor, A., Chong, Y.H.,
DeWitt, G., Ong, A., Peterson, D.M., et al., 1991b. Lowering of serum cholesterol
in hypercholesterolemic humans by tocotrienols (palmvitee). Am. J. Clin. Nutr.
53,1021S-10268S.

Qureshi, A.A., Sami, S.A., Salser, W.A,, Khan, F.A., 2002. Dose-dependent suppres-
sion of serum cholesterol by tocotrienol-rich fraction (TRF25) of rice bran in
hypercholesterolemic humans. Atherosclerosis 161, 199-207.

Raederstorff, D., Elste, V., Aebischer, C., Weber, P., 2002. Effect of either gamma-
tocotrienol or a tocotrienol mixture on the plasma lipid profile in hamsters.
Ann. Nutr. Metab. 46, 17-23.

Rao, G.N,, Lassegue, B., Griendling, K.K., Alexander, RW., Berk, B.C.,, 1993. Hydrogen
peroxide-induced c-fos expression is mediated by arachidonic acid release: role
of protein kinase C. Nucleic Acids Res. 21, 1259-1263.

Rasool, A.H., Rahman, A.R,, Yuen, K.H., Wong, A.R., 2008. Arterial compliance and
vitamin E blood levels with a self emulsifying preparation of tocotrienol rich
vitamin E. Arch. Pharm. Res. 31, 1212-1217.

Rasool, A.H., Yuen, KH., Yusoff, K., Wong, A.R., Rahman, A.R., 2006. Dose depen-
dent elevation of plasma tocotrienol levels and its effect on arterial compliance,
plasma total antioxidant status, and lipid profile in healthy humans supple-
mented with tocotrienol rich vitamin E. J. Nutr. Sci. Vitaminol. (Tokyo) 52,
473-478.

Refolo, L.M., Malester, B., LaFrancois, ]., Bryant-Thomas, T., Wang, R., Tint, G.S., Sam-
bamurti, K., Duff, K., Pappolla, M.A., 2000. Hypercholesterolemia accelerates the
Alzheimer’s amyloid pathology in a transgenic mouse model. Neurobiol. Dis. 7,
321-331.

Reznick, A.Z., Witt, E., Matsumoto, M., Packer, L., 1992. Vitamin E inhibits protein
oxidation in skeletal muscle of resting and exercised rats. Biochem. Biophys.
Res. Commun. 189, 801-806.

Rimbach, G., Minihane, A.M., Majewicz, ]., Fischer, A., Pallauf, J., Virgli, F., Wein-
berg, P.D., 2002. Regulation of cell signalling by vitamin E. Proc. Nutr. Soc. 61,
415-425.

Ross, A.B., Chen, Y., Frank, J., Swanson, J.E., Parker, R.S., Kozubek, A., Lundh, T., Vessby,
B., Aman, P., Kamal-Eldin, A., 2004. Cereal alkylresorcinols elevate y-tocopherol
levels in rats and inhibit y-tocopherol metabolism in vitro. J. Nutr. 134,
506-510.

Sagara, Y., Ishige, K., Tsai, C., Maher, P., 2002. Tyrphostins protect neuronal cells from
oxidative stress. J. Biol. Chem. 277, 36204-36215.

Saito, Y., Nishio, K., Akazawa, Y.O., Yamanaka, K., Miyama, A., Yoshida, Y., Noguchi, N.,
Niki, E., 2010. Cytoprotective effects of vitamin E homologues against glutamate-
induced cell death in immature primary cortical neuron cultures: Tocopherols
and tocotrienols exert similar effects by antioxidant function. Free Radic. Biol.
Med. 49, 1542-1549.

Schultz, C., Konig, H.G., Del Turco, D., Politi, C., Eckert, G.P., Ghebremedhin, E., Prehn,
J.-H., Kogel, D., Deller, T., 2006. Coincident enrichment of phosphorylated Ikap-
paBalpha, activated IKK, and phosphorylated p65 in the axon initial segment of
neurons. Mol. Cell. Neurosci. 33, 68-80.

Sen, C.K,, Khanna, S., Roy, S., 2004. Tocotrienol: the natural vitamin E to defend the
nervous system? Ann. N. Y. Acad. Sci. 1031, 127-142.

Sen, C.K,, Khanna, S., Roy, S., 2006. Tocotrienols: vitamin E beyond tocopherols. Life
Sci. 78, 2088-2098.

Sen, C.K., Khanna, S., Roy, S., 2007. Tocotrienols in health and disease: the other half
of the natural vitamin E family. Mol. Aspects Med. 28, 692-728.

Sen, C.K.,, Khanna, S., Roy, S., Packer, L., 2000. Molecular basis of vitamin E action.
Tocotrienol potently inhibits glutamate-induced pp60(c-Src) kinase activation
and death of HT4 neuronal cells. J. Biol. Chem. 275, 13049-13055.

Serbinova, E., Kagan, V., Han, D., Packer, L., 1991. Free radical recycling and
intramembrane mobility in the antioxidant properties of alpha-tocopherol and
alpha-tocotrienol. Free Radic. Biol. Med. 10, 263-275.

Shichiri, M., Takanezawa, Y., Uchida, K., Tamai, H., Arai, H., 2007. Protection of
cerebellar granule cells by tocopherols and tocotrienols against methylmercury
toxicity. Brain Res. 1182, 106-115.

Shim, DJ., Yang, L., Reed, ].G., Noebels, J.L, Chiao, PJ., Zheng, H., 2011. Disrup-
tion of the NF-kappaB/lkappaBalpha autoinhibitory loop improves cognitive
performance and promotes hyperexcitability of hippocampal neurons. Mol.
Neurodegen. 6, 42.

Shimizu, T., Wolfe, L.S., 1990. Arachidonic acid cascade and signal transduction. J.
Neurochem. 55, 1-15.

Sies, H., 1997. Oxidative stress: oxidants and antioxidants. Exp. Physiol. 82,291-295.

Song, B.L., DeBose-Boyd, R.A., 2006. Insig-dependent ubiquitination and degradation
of 3-hydroxy-3-methylglutaryl coenzyme a reductase stimulated by delta- and
gamma-tocotrienols. J. Biol. Chem. 281, 25054-25061.

Sontag, T.J., Parker, R.S., 2002. Cytochrome P450 omega-hydroxylase pathway of
tocopherol catabolism. Novel mechanism of regulation of vitamin E status. ].
Biol. Chem. 277, 25290-25296.

Sontag, T.J., Parker, R.S., 2007. Influence of major structural features of tocopherols
and tocotrienols on their w-oxidation by tocopherol-w-hydroxylase. J. Lipid Res.
48, 1090-1098.

Sookwong, P., Nakagawa, K., Nakajima, S., Amano, Y., Toyomizu, M., Miyazawa, T.,
2008. Tocotrienol content in hen eggs: its fortification by supplementing the
feed with rice bran scum oil. Biosci. Biotechnol. Biochem. 72, 3044-3047.

Sookwong, P., Nakagawa, K., Yamaguchi, Y., Miyazawa, T., Kato, S., Kimura, F.,
2010. Tocotrienol distribution in foods: estimation of daily tocotrienol intake
of Japanese population. J. Agric. Food Chem. 58, 3350-3355.

Sorge, J.P., Sorge, L.K., Maness, P.F., 1985. pp60c-src Is expressed in human fetal and
adult brain. Am. J. Pathol. 119, 151-157.

Stocker, A., Baumann, U., 2003. Supernatant protein factor in complex with RRR-
alpha-tocopherylquinone: a link between oxidized Vitamin E and cholesterol
biosynthesis. J. Mol. Biol. 332, 759-765.

Strittmatter, W.]., Roses, A.D., 1996. Apolipoprotein E and Alzheimer’s disease. Annu.
Rev. Neurosci. 19, 53-77.

Suarna, C., Hood, R.L,, Dean, R.T., Stocker, R., 1993. Comparative antioxidant activity
of tocotrienols and other natural lipid-soluble antioxidants in a homogeneous
system, and in rat and human lipoproteins. Biochim. Biophys. Acta 1166,
163-170.

Sun, G.Y., Xu, J., Jensen, M.D., Simonyi, A., 2004. Phospholipase A2 in the central
nervous system: implications for neurodegenerative diseases. J. Lipid Res. 45,
205-213.

Sundram, K., Sambanthamurthi, R., Tan, Y.A., 2003. Palm fruit chemistry and nutri-
tion. Asia Pac. ]. Clin. Nutr. 12, 355-362.

Suzuki, YJ., Tsuchiya, M., Wassall, S.R., Choo, Y.M,, Govil, G., Kagan, V.E., Packer, L.,
1993. Structural and dynamic membrane properties of alpha-tocopherol and
alpha-tocotrienol: implication to the molecular mechanism of their antioxidant
potency. Biochemistry 32, 10692-10699.

Syvdoja, E., Pilronen, V., Varo, P., Koivistoinen, P., Salminen, K., 1986. Tocopherols
and tocotrienols in Finnish foods: oils and fats. ]. Am. Oil Chem. Soc. 63, 328-329.

Tan, D.T., Khor, H.T., Low, W.H,, Ali, A., Gapor, A., 1991. Effect of a palm-oil-vitamin
E concentrate on the serum and lipoprotein lipids in humans. Am. J. Clin. Nutr.
53,1027S-1030S.

Then, S.M., Mazlan, M., Mat Top, G., Wan Ngah, W.Z., 2009. Is vitamin E toxic to
neuron cells? Cell. Mol. Neurobiol. 29, 485-496.

Theriault, A., Chao, ].T., Wang, Q., Gapor, A., Adeli, K., 1999. Tocotrienol: a review of
its therapeutic potential. Clin. Biochem. 32, 309-319.

Thiele, ].J., Traber, M.G., Podda, M., Tsang, K., Cross, C.E., Packer, L., 1997. Ozone
depletes tocopherols and tocotrienols topically applied to murine skin. FEBS
Lett. 401, 167-170.

Tiwari, V., Kuhad, A. Bishnoi, M., Chopra, K., 2009a. Chronic treatment
with tocotrienol, an isoform of vitamin E, prevents intracerebroventricular
streptozotocin-induced cognitive impairment and oxidative-nitrosative stress
in rats. Pharmacol. Biochem. Behav. 93, 183-189.

Tiwari, V., Kuhad, A., Chopra, K., 2009b. Suppression of neuro-inflammatory sig-
naling cascade by tocotrienol can prevent chronic alcohol-induced cognitive
dysfunction in rats. Behav. Brain Res. 203, 296-303.

Tomeo, A.C., Geller, M., Watkins, T.R., Gapor, A., Bierenbaum, M.L., 1995. Antioxi-
dant effects of tocotrienols in patients with hyperlipidemia and carotid stenosis.
Lipids 30, 1179-1183.

Traber, M.G., Burton, G.W., Hughes, L., Ingold, K.U., Hidaka, H., Malloy, M., Kane,
J., Hyams, J., Kayden, H.J., 1992. Discrimination between forms of vitamin E by
humans with and without genetic abnormalities of lipoprotein metabolism. J.
Lipid Res. 33, 1171-1182.

Tsuzuki, W., Yunoki, R., Yoshimura, H., 2007. Intestinal epithelial cells absorb
gamma-tocotrienol faster than alpha-tocopherol. Lipids 42, 163-170.

Usoro, O.B., Mousa, S.A., 2010. Vitamin E forms in Alzheimer’s disease: a
review of controversial and clinical experiences. Crit. Rev. Food Sci. Nutr. 50,
414-419.

Wahlqvist, M.L., Krivokucabogetic, Z., Lo, C.S., Hage, B., Smith, R., Lukito, W., 1992.
Differential serum responses of tocopherols and tocotrienols during vitamin
supplementation in hypercholesterolemic individuals without change in coro-
nary risk-factors. Nutr. Res. 12, S181-5201.



180 J. Frank et al. / Ageing Research Reviews 11 (2012) 163-180

Weber, C., Podda, M., Rallis, M., Thiele, ].J., Traber, M.G., Packer, L., 1997. Efficacy of
topically applied tocopherols and tocotrienols in protection of murine skin from
oxidative damage induced by UV-irradiation. Free Radic. Biol. Med. 22, 761-769.

Weber, S.U., Thiele, ].J., Han, N., Luu, C., Valacchi, G., Weber, S., Packer, L., 2003. Top-
ical alpha-tocotrienol supplementation inhibits lipid peroxidation but fails to
mitigate increased transepidermal water loss after benzoyl peroxide treatment
of human skin. Free Radic. Biol. Med. 34, 170-176.

Whitmer, R.A.,, Sidney, S., Selby, ]., Johnston, S.C., Yaffe, K., 2005. Midlife cardiovas-
cular risk factors and risk of dementia in late life. Neurology 64, 277-281.

Wilankar, C., Sharma, D., Checker, R., Khan, N.M., Patwardhan, R., Patil, A., Sandur,
S.K., Devasagayam, T.P., 2011. Role of immunoregulatory transcription factors
in differential immunomodulatory effects of tocotrienols. Free Radic. Biol. Med.
51,129-143.

Yamashita, K., lizuka, Y., Imai, T., Namiki, M., 1995. Sesame seed and its lignans
produce marked enhancement of vitamin E activity in rats fed a low alpha-
tocopherol diet. Lipids 30, 1019-1028.

Yamashita, K., Ikeda, S., lizuka, Y., Ikeda, 1., 2002. Effect of sesaminol on plasma
and tissue alpha-tocopherol and alpha-tocotrienol concentrations in rats fed a
vitamin E concentrate rich in tocotrienols. Lipids 37, 351-358.

Yamashita, K., Nohara, Y., Katayama, K., Namiki, M., 1992. Sesame seed lignans and
gamma-tocopherol act synergistically to produce vitamin E activity in rats. J.
Nutr. 122, 2440-2446.

Yang, Z., Xiao, H., Jin, H., Koo, P.T., Tsang, D.J., Yang, C.S., 2010. Synergistic actions of
atorvastatin with gamma-tocotrienol and celecoxib against human colon cancer
HT29 and HCT116 cells. Int. J. Cancer 126, 852-863.

Yap, S.P., Yuen, KH., 2004. Influence of lipolysis and droplet size on tocotrienol
absorption from self-emulsifying formulations. Int. J. Pharm. 281, 67-78.

Yap, S.P., Yuen, K.H., Wong, JW., 2001. Pharmacokinetics and bioavailability of
alpha-, gamma- and delta-tocotrienols under different food status. J. Pharm.
Pharmacol. 53, 67-71.

Yoshida, Y., Niki, E., Noguchi, N., 2003. Comparative study on the action of toco-
pherols and tocotrienols as antioxidant: chemical and physical effects. Chem.
Phys. Lipids 123, 63-75.

Yoshida, Y., Saito, Y., Jones, LS., Shigeri, Y., 2007. Chemical reactivities and
physical effects in comparison between tocopherols and tocotrienols: phys-
iological significance and prospects as antioxidants. J. Biosci. Bioeng. 104,
439-445.

Zaiden, N., Yap, W.N,, Ong, S., Xu, CH., Teo, V.H., Chang, C.P.,, Zhang, XW.,
Nesaretnam, K., Shiba, S., Yap, Y.L, 2010. Gamma delta tocotrienols reduce
hepatic triglyceride synthesis and VLDL secretion. J. Atheroscler. Thromb. 17,
1019-1032.

Zhao, W., Cavallaro, S., Gusev, P., Alkon, D.L., 2000. Nonreceptor tyrosine protein
kinase pp60c-srcin spatial learning: synapse-specific changes inits gene expres-
sion, tyrosine phosphorylation, and protein-protein interactions. Proc. Natl.
Acad. Sci. U.S.A. 97, 8098-8103.

Zhao, Y., Lee, M.J., Cheung, C., Ju, J.H., Chen, Y.K,, Liu, B., Hu, L.Q., Yang, C.S., 2010.
Analysis of multiple metabolites of tocopherols and tocotrienols in mice and
humans. J. Agric. Food Chem. 58, 4844-4852.

Zielinski, H., Michalska, A., Piskula, M.K., Kozlowska, H., 2006. Antioxidants in ther-
mally treated buckwheat groats. Mol. Nutr. Food Res. 50, 824-832.



	Do tocotrienols have potential as neuroprotective dietary factors?
	1 Introduction
	2 Vitamin E
	2.1 Food sources

	3 Biological activities of tocotrienols that may be beneficial in the prevention of age-dependent neurodegenerative diseases
	3.1 Antioxidant activity of tocotrienols
	3.2 Cholesterol-lowering activity of tocotrienols
	3.3 Cellular targets of the potential neuroprotective activities of tocotrienols
	3.3.1 Prenyl transferases
	3.3.2 Non-receptor tyrosine kinases
	3.3.3 Phospholipase A2
	3.3.4 12-Lipoxygenase
	3.3.5 Nuclear factor-κB signalling pathway


	4 Enhancing the bioavailability of tocotrienols
	5 Conclusions
	Competing interests
	Contributors
	Acknowledgments
	References


