Chapter 5
Tocotrienol and Its Role in Chronic
Diseases
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Abstract Tocotrienol is a member of vitamin E family and is well-known for its
antioxidant and anti-inflammatory properties. It is also a suppressor of mevalonate
pathway responsible for cholesterol and prenylated protein synthesis. This review
aimed to discuss the health beneficial effects of tocotrienol, specifically in pre-
venting or treating hyperlipidaemia, diabetes mellitus, osteoporosis and cancer with
respect to these properties. Evidence from in vitro, in vivo and human studies has
been examined. It is revealed that tocotrienol shows promising effects in preventing
or treating the health conditions previously mentioned in in vivo and in vitro
models. In some cases, alpha-tocopherol attenuates the biological activity of
tocotrienol. Except for its cholesterol-lowering effects, data on the health-promoting
effects of tocotrienol in human are limited. As a conclusion, the encouraging results
on the health beneficial effects of tocotrienol should motivate researchers to explore
its potential use in human.
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5.1 Tocotrienol

Tocotrienol and tocopherol are collectively known as tocochromanols, or com-
monly as vitamin E. They share a similar chemical structure, consisting of a
chromanol ring and a long carbon tail. The difference between tocotrienol and
tocopherol is that the carbon tail of tocotrienol contains three double bonds (an
unsaturated farnesyl tail), whereas the carbon tail of tocopherol contains only single
bonds (a saturated phytyl tail). The difference in the long carbon tail dictates the
difference in biological activity between these two compounds. Similar to toco-
pherol, tocotrienol can be further divided into 4 isomers (alpha, beta, gamma and
delta) based on the position of the methyl side chain on the chromanol ring. Beta-
and gamma-tocotrienols are structural isomers and possess the same number of
methyl group on the chromanol ring. Alpha-tocotrienol has an additional methyl
group whereas delta-tocotrienol has one less methyl group on the chromanol ring
compared to beta- and gamma-tocotrienol [6, 14] (Fig. 5.1).

Tocotrienol and tocopherol isomers are found together in a wide variety of
plants. Tocotrienol is more commonly found in the fruit and seed. Some of the
natural sources that yield the highest amount of tocotrienol include seeds of Bixa
orellana (achiote, annatto) (1.53 mg/g dry weight), Zea mays (maize) (1.42 mg/g
dry weight), Garcinia mangostana (purple mangosteen) (1.33 mg/g dry weight)
and oil of Elaeis guineensis (oil palm) (1.08 mg/g dry weight). Latex of Hevea
brasiliensis (rubber tree) (2.59 mg/g dry weight) also contains high amount of
tocotrienol, but this is not found in other latex-producing plants (summarized by
Miiller et al. [98]). Usually alpha-tocopherol is found together with tocotrienol
isomers in varying proportions in natural sources. In palm oil, the proportion of
alpha-tocopherol is around 30 % of the total vitamin E content [111]. In rice bran,
the average percentage of tocotrienol with respect to total vitamin E content is 61 %

Fig. 5.1 Chemical structure
of vitamin E isomers
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[156]. Vitamin E derived from the seed of Bixa orellana contains 10 %
gamma-tocotrienol and 90 % delta-tocotrienol with no traceable amount of
alpha-tocopherol [42]. Several studies on the tocotrienol content of common food
have been performed [31, 157]. The tocotrienol intake has been found to be very
low (1.9-2.1 mg/person/day) compared to alpha-tocopherol (8—10 mg/day/person)
in a Japanese study. This amount is insufficient compared to the doses used in
experimental studies to achieve the health-promoting benefits of tocotrienol.
Currently, the recommended dietary allowance (RDA) for vitamin E is 15 mg
(22.4 TU) for male and female aged 14 years and above [61]. This estimation is
based on alpha-tocopherol because it is the only fraction retained in the blood.
The RDA for tocotrienol has not been established.

The absorption of tocotrienol is increased with fat-rich food because it is a
lipophilic compound [185]. Tocotrienol and tocopherol are absorbed in the lumen
of the small intestine, whereby they enter the enterocytes via passive diffusion, and
secreted into the lymphatics [43]. They are transported in the form of chylomicron.
The release of vitamin E isomers from the liver to the blood stream is regulated by
alpha-tocopherol transporter protein. The transfer protein has the highest affinity
towards alpha-tocopherol (100 % binding affinity towards RRR-alpha-tocopherol)
and lower binding affinity towards other vitamin E isomers (12 % towards
alpha-tocotrienol, 38 % towards beta-tocopherol, 9 % towards gamma-tocopherol
and 2 % towards delta-tocopherol) [53]. Tocotrienol is distributed by the blood-
stream to various tissues. Significant accumulation of tocotrienol can be found in
the adipose and skin tissue, as demonstrated by rodent experiments [72, 147].
Similar to tocopherols, tocotrienols are also metabolised and excreted in the form of
carboxyethyl-hydroxychromans [81].

Tocotrienol features a variety of biological activities, which enable it to be used
as a candidate agent to prevent chronic diseases. The prominent antioxidant and
anti-inflammatory properties of tocotrienol will be discussed in the following sec-
tions. Tocotrienol is also a known suppressor of the mevalonate pathway involved
in cholesterol synthesis, bone metabolism and carcinogenesis. This will be dis-
cussed in the respective sections.

5.2 Antioxidant Effects of Tocotrienol

Oxidants such as reactive oxygen species (ROS) and reactive nitrogen species
(NOS) are essential for defence against infectious agents, for cell signalling and for
redox homeostasis [170]. They are balanced by endogenous and exogenous
antioxidants in our body, such as antioxidant enzymes, vitamins, thiols and glu-
tathione. Oxidative stress occurs when the production of oxidants overwhelms the
production of antioxidants in our body [152, 153]. Free radical species are capable
of damaging macromolecules such as carbohydrate, protein and DNA in the body
and generate more free radicals, thereby forming a vicious cycle [48]. Many adverse
health conditions, such as neurodegeneration [12], diabetes mellitus [9],
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cardiovascular disease [82] and osteoporosis [20], have been linked to oxidative
stress. This highlights a possible role of tocotrienol, a strong antioxidant, in pre-
venting these oxidative stress-related diseases.

Both tocotrienol and tocopherol exert their free radical scavenging activity by
donating phenolic hydrogen at the sixth position of the chromanol ring [113].
Tocotrienol has been shown to be a superior membrane antioxidant compared to its
tocopherol counterpart [161]. This is due to the uniform distribution of tocotrienol
in the membrane and its stronger ability to disorder membrane lipids, thus
enhancing its recycling efficiency [145]. In studies using lipid peroxidation in
microsomes extracted from rat liver, Serbinova et al. showed that the antioxidant
effect of alpha-tocotrienol was 40—60 times stronger than alpha-tocopherol [145].
They attributed the superior antioxidant effect of tocotrienol to its higher recycling
efficacy from chromanoxyl radicals, uniform distribution in the membrane bilayers
and stronger disordering of membrane lipids structure, resulting in a higher efficacy
in its interaction with free radicals [145]. Palozza et al. showed that tocotrienol
isomers inhibited lipid peroxidation, ROS production and heat shock protein
expression in rat liver microsomal membrane and in RAT-1 immortalized fibrob-
lasts challenged with free radicals [121]. The effectiveness of delta-tocotrienol was
found to be greater than gamma-tocotrienol, and similar between gamma- and
alpha-tocotrienol [121]. It was proposed that decreased methylation of the chro-
manol ring, as in delta-tocotrienol, allowed the molecule to be better incorporated
into cell membranes [121]. Kamat et al. showed that palm tocotrienol significantly
reduced the lipid and protein peroxidation products in the microsomal extracts of
the brain and liver from rats [66, 67]. Among the individual isomers, they identified
that gamma-tocotrienol had the highest antioxidant efficacy compared to delta- and
alpha-tocotrienol [66, 67].

The antioxidant properties of tocotrienol were also demonstrated in cell culture
studies. Tan et al. showed that alpha-tocotrienol prevented the decrease of glu-
tathione and mitochondrial depolarization induced by hydrogen peroxide in hepa-
tocytes [166]. The increase of cellular ROS and malondialdehyde, a lipid
peroxidation product, induced by hydrogen peroxide and paracetamol in hepato-
cytes were also suppressed by alpha-tocotrienol. Nizar et al. showed that
gamma-tocotrienol prevented the apoptosis of primary osteoblast induced by
hydrogen peroxide [115]. In a subsequent experiment, they showed that this was
achieved by the preservation of cellular antioxidant defence system, such as
superoxide dismutase, catalase and glutathione peroxidase, and the reduction of
lipid peroxidation product in the treated cells [1].

Tocotrienol also exhibited its antioxidant effect in animal models. Nesaretnam
et al. demonstrated that long-term feeding of rats with diet containing palm oil rich
in tocotrienol significantly reduced the peroxidation potential of hepatic mito-
chondria and microsomes compared to corn oil control [106]. The initial rate of
lipid peroxidation was also found to be slower in the palm oil supplemented group
compared to the corn oil control [106]. Lee et al. showed that rats supplemented
with tocotrienol-rich fraction at 25 or 50 mg/kg body weight for 28 days and forced
to undergo a swimming endurance test showed higher liver superoxide dismutase,



5 Tocotrienol and Its Role in Chronic Diseases 101

catalase and glutathione peroxidase activity but lower liver lipid peroxidation and
reduced liver and muscle protein carbonyl levels compared to the vehicle and
alpha-tocopherol (25 mg/kg body weight) groups [79]. Supplementation of
alpha-tocotrienol (0.04 % weight diet) for one month in rats fed with vitamin
E-deficient diet reduced the level of hydroxyoctadecadienoic acid and isoprostane,
both markers of lipid peroxidation, in plasma and various organs of the rats [186].

The limited examples presented above showcased the antioxidant potential of
tocotrienol ex vivo and in vivo. The role of tocotrienol in suppressing oxidative
stress in relation to specific diseases will be discussed separately in the later
sections.

5.3 Anti-inflammatory Effects of Tocotrienol

Inflammation has been implicated in the pathogenesis of various diseases, such as
cardiovascular disease [80], diabetes mellitus [35], rheumatoid arthritis [30] and
osteoporosis [99]. Prostaglandin and leukotriene generated from arachidonic acid
are important mediators of the inflammatory process. Prostaglandin E2 (PGE2)
synthesized by cyclooxygenase (COX) 1 and 2 are important in activating cytokine
formation, apart from eliciting pain and fever. Leukotriene B4 is another important
chemotactic agent synthesized by 5-lipoxygenase (5-LOX). Nuclear factor
kappa-B, JAK-STAT6/3 (signal transducer and activator of transcription 6/3) and
CCAAT-enhancer binding protein B (C/EBPP) are transcription factors vital in
inducing the expression of proinflammatory cytokines (reviewed by Jiang [63]).
Wau et al. showed that palm tocotrienol-rich fraction inhibited the release of nitric
oxide and PGE2 in lipopolysaccharide (LPS)-treated human monocytic cells [181].
This was achieved by the suppression of inducible nitric oxide synthase and COX-2
(but not COX-1) expression by tocotrienol-rich fraction [181]. Concurrently, the
production of interleukin-4, interleukin-8 and tumor necrosis factor-alpha was
suppressed by tocotrienol treatment [181]. Using LPS-treated murine peritoneal
macrophages, Ng and Ko demonstrated that tocotrienol-rich fraction inhibited the
production of nitric oxide, PGE2 and proinflammatory cytokines, such as tumor
necrosis factor-alpha, interferon-gamma, interleukin-1 beta and interleukin-6 in
these cells [110]. This contributed to the suppressed protein expression of inducible
nitric oxide synthase, COX (but not COX-1) and nuclear factor kappa-B [110].
They further showed that the anti-inflammatory effects of tocotrienol-rich fraction
were better than alpha-tocopherol and alpha-tocopheryl acetate [110]. Yam et al.
compared the anti-inflammatory effects between alpha-tocopherol, tocotrienol-rich
fraction and individual tocotrienol isomers (alpha-, gamma- and delta-tocotrienol)
in LPS-treated RAW 264.7 murine macrophages [183]. Yam et al. found that
tocotrienol-rich fraction and all three tocotrienol isomers inhibited interleukin-6
and nitric oxide production [183]. Only alpha-tocotrienol could suppress the
production of tumor necrosis factor-alpha. Tocotrienol-rich fraction, alpha- and
delta-tocotrienol lowered the production of PGE2 [183]. The gene expression
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of COX-2 was downregulated by tocotrienol-rich fraction and individual isomers
but not by alpha-tocopherol [183]. Wang and Jiang showed that gamma-tocotrienol
inhibited LPS-induced interleukin-6 production in murine RAW267.4 macrophages
by blocking the activation of nuclear factor kappa-B [177]. It also suppressed the
LPS induced upregulation of C/EBPB needed for IL-6 production and the expres-
sion of its target gene, granulocyte-colony stimulating factor [177]. These effects
could be replicated in bone marrow derived macrophages [177]. Wang et al. further
showed that gamma-tocotrienol blocked the activation of nuclear factor kappa-B by
upregulating its inhibitor, A20, via modulating the synthesis of sphingolipids
involved in inflammatory response [178].

In an vivo study, Qureshi et al. showed that 4-week consumption of diet containing
tocotrienol derived from annatto seeds (100 ppm) in aged and young mice inhibited
the inflammation induced by LPS alone or in combination with interferon-gamma or
interferon-beta [133]. This was evidenced by a reduced nitric oxide and tumour
necrosis factor-alpha level in the treated group [133]. This was achieved by sup-
pression of genes related to proinflammatory cytokines, such as interleukin-1 beta,
interleukin-1 alpha, interleukin-1 RA, interleukin-6, interleukin-12, COX-2, tumor
necrosis factor-alpha etc. [133]. In another experiment, Qureshi et al. compared the
anti-inflammatory effects of alpha-, gamma- and delta-tocotrienol in LPS-treated
BALB/c mice [129]. A dose-dependent decrease of tumor necrosis factor-alpha
synthesis was observed in all tocotrienol-treated groups [129]. The inhibition was
strongest in the delta-tocotrienol group [129]. Using peritoneal macrophages derived
from these mice, it was shown that delta-tocotrienol could suppress the LPS-induced
gene expression of tumor necrosis factor-alpha, interleukin-1 beta, interleukin-6 and
inducible nitric oxide synthase [129]. Heng et al. demonstrated that supplementation
of tocotrienol mixture 400 mg daily for 16 weeks caused a significant reduction of
interleukin-1 and tumor necrosis factor-alpha in a group of subjects (aged 20—
60 years) with metabolic syndrome [50]. Supplementation of tocotrienol 15 mg daily
for 4 weeks significantly decreased the high-sensitivity C-reactive protein in a group
of patients with type-2 diabetes [47].

The role of tocotrienol in suppressing inflammation in individual diseases will be
discussed in detail in later sections.

5.4 Tocotrienol as a Hypocholesterolemic Agent

The mevalonate pathway is responsible for the synthesis of cholesterol and other
isoprenoids. The determining step in this multi-cascade pathway is the synthesis of
3-hydroxy-3-methyglutaryl-CoA (HMG-CoA) from acetyl-CoA via the enzyme
HMG-CoA reductase (HMGR). The expression of HMGR is in turn regulated by
sterol regulatory element-binding proteins (SREBPs), whereby the absence of sterol
isoprenoids in the cells upregulates its expression (reviewed by Buhaescu and
Izzedine [17]). Cholesterol is carried in lipoproteins with specific apolipoproteins
which direct the load to specific tissues. Excretion of cholesterol occurs in the form
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of bile acid. The rate-determining enzyme in this process is
cholesterol-7-alpha-hydroxylase [65]. Hypercholesterolemia is an important con-
tributing factor to cardiovascular disease and coronary heart disease [159].

Tocotrienol is known as an inhibitor of the mevalonate pathway. The structure of
tocotrienol with its three double bonds is similar to farnesyl, the compound pre-
ceding the formation of squalene in cholesterol synthesis [122]. Tocotrienol pro-
motes the formation of farnesol from farnesyl, thus reducing the formation of
squalene [122]. Gamma- and delta-tocotrienol have been shown to regulate HMGR
in different ways [155]. Delta-tocotrienol stimulates ubiquitination and degradation
of HMGR and blocks processing of SREBPs, while gamma-tocotrienol is more
selective in enhancing HMGR degradation than blocking SREBP processing [155].
In other studies, gamma-tocotrienol has been shown to stimulate apolipoprotein B
degradation by decreasing its translocation into the endoplasmic reticulum lumen
[168]. This also causes a reduction in the number of apolipoprotein B in lipoprotein
particles [168]. Gamma- and delta-tocotrienol have also been demonstrated to
downregulate the expression of genes involved in lipid homeostasis, such as
DGAT2. APOB100, SREBP1/2 and HMGR [190]. These tocotrienols also enhance
efflux of low density lipoprotein (LDL) cholesterol through increasing LDL
receptor expression [190]. Gamma-tocotrienol has been shown to decrease
triglyceride (TG) level in liver cells by decreasing the expression of fatty acid
synthase, SERBP1 and increasing the expression of carnitine palmitoyl transferase
1A [19] (Fig. 5.2).

The effects of tocotrienol on lipid profile have been tested in several animal
models of dyslipidaemia. Different species of animals have been used, including
chicken, swine and rodents (rats, hamsters, guinea pigs). Qureshi et al. found that
chicken supplemented with delta-tocotrienol (50 ppm for 4 weeks) showed reduced
level of total and LDL cholesterol [130]. It also suppressed the lipid elevating effects
of dexamethasone and potentiated the TG-lowering effects of riboflavin [130]. Using
chickens fed with different dosage (50-2000 ppm) of vitamin E isomers and mix-
tures, Yu et al. showed that gamma- and delta-tocotrienol reduced the level of total
and LDL cholesterol most significantly, followed by tocotrienol-rich fraction and
alpha-tocotrienol [188]. Alpha-tocopherol did not exhibit lipid-lowering effects in
their experiment [188]. In another experiment, Qureshi and Peterson demonstrated
that a combination of tocotrienol-rich fraction (50 ppm) and lovastatin (50 ppm) for
4 weeks suppressed HMGR activity more effectively than lovastatin alone in
chickens [125]. The combination was also more effective in reducing serum total and
LDL cholesterol, apolipoprotein B, TG, thromboxane B2 and platelet factor 4 than
individual treatments [125]. Qureshi et al. also showed that alpha-tocopherol
attenuated the inhibition of HMGR by gamma-tocotrienol in chickens [124]. They
concluded that the effective preparation of tocotrienol mixture to maximize its
hypocholesterolemic effects should contain 15-20 % alpha-tocopherol and 60 %
gamma- or delta-tocotrienol [124]. In an experiment using genetically hyperc-
holesterolemic swines, Qureshi et al. showed that 6 weeks treatment of 50 mg
tocotrienol-rich fraction derived from rice bran, gamma-tocotrienol, desmethyl
(d-P21-T3) or didesmethyl (d-P25-T3) tocotrienol individually could cause



104 K.-Y. Chin et al.

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)

Stati
HMG-CoA reductase — atins

Tocotrienol

Mevalonic Acid

Mevalonate kinase

Mevalonate-5-phosphate

Phosphomevalonate kinase

Mevalonate-5-pyrophosphate
; Mevalonate-5-pyrophosphate decarboxylase
Isopentenyl-5-pyrophosphate (PP) _
Farnesyl-PP synthase | Bisphosphonates
Geranyl PP
Geranlygeranly-PP synthase AP Farnesyl-PP synthase : Bisphosphonates
Geranylgeranyl-PP <— — Farnesyl PP
Squalene synthase
| . Squalene
L |, squalene monooxygenase
Prenylated Proteins 2,3 oxidosqualene
Squalene epoxydase

Lanorsterol

Cholesterol

Fig. 5.2 The role of tocotrienol in suppressing cholesterol synthesis

significant reduction in serum total and LDL cholesterol, TG, apolipoprotein B,
platelet factor 4, thromboxane B2, glucose and glucagon [126]. These tocotrienols
also lowered HMGR activity but did not affect cholesterol-7-alpha-hydroxylase
activity [126]. After termination of the treatment, the cholesterol-lowering effects of
tocotrienols persisted for 10 weeks [126]. In another study using palm
tocotrienol-rich fraction (50 mg/g diet for 42 days), genetically hypercholes-
terolemic swine responded to the treatment by showing a significant decrease in
serum total and LDL cholesterol, apolipoprotein B, thromboxane B2 and platelet
factor 4 [127]. However, the effects on normal swine were limited to reduction of
total cholesterol and apolipoprotein B [127]. The activity of HMGR in adipose tissue
was reduced with treatment in both normal and hypercholesterolemic swine [127].

In experiment using rats, hamsters or genuine pigs, tocotrienol was shown to
prevent diet or chemical-induced hyperlipidaemia. Burdeos et al. demonstrated that
F344 rats on high fat diet receiving 5 or 10 mg rice bran tocotrienol per day for
3 weeks showed a reduction in TG and phospholipid hydroperoxides (oxidative
stress marker) in the liver and plasma [18]. This reduction could be due to sup-
pressed production and accumulation of TG by the hepatocytes [18]. However, the
cholesterol level did not change in these rats [18]. In a similar experiment by
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Watkins et al., rats were fed with an atherogenic diet for 6 weeks and the treatment
groups received 50 mg gamma-tocotrienol and 500 mg alpha-tocopherol per kg
diet [179]. The treatment group showed lower plasma cholesterol, LDL, very—
low-density lipoprotein (VLDL), TG, malondialdehyde and fatty acid hydroper-
oxides [179]. Minhajuddin et al. demonstrated that rats on a 3-week atherogenic
diet showed significant reduction in TG, total and LDL cholesterol, malondialde-
hyde and conjugated dienes after supplementation with tocotrienol-rich fraction (8-
48 mg/kg) for 1 week [91]. The activity of HMGR was suppressed with athero-
genic diet, probably due to physiological feedback mechanism [91].
Supplementation of tocotrienol-rich fraction led to further reduction in the activity
of HMGR [91].

Using a chemically induced hypercholesterolemic model, Igbal et al. showed
that supplementation of rice bran tocotrienol-rich fraction (10 mg/kg/day) signifi-
cantly suppressed the increase in plasma total and LDL cholesterol in rats admin-
istered with 7,12-dimethylbenz[alpha]anthracene [62]. It also suppressed the
activity and protein mass of hepatic HMGR [62]. Salman Khan et al. demonstrated
that Tocomin, a palm tocotrienol mixture, reduced the level of plasma lipoproteins,
cholesterol, apolipoprotein B, small dense LDL and LDL in inflammation-induced
hypercholesterolemia in Syrian hamsters [142]. In the same experiment using
computational modelling, they showed that the inhibition of HMGR was greater
with delta-tocotrienol, followed by gamma-, beta- and alpha-tocotrienol [142].
Raederstorff et al. compared the hypocholesterolemic effects of pure
gamma-tocotrienol and tocotrienol mixture in hamsters [134]. They found that both
gamma-tocotrienol (at 58 and 263 mg/kg) and tocotrienol mixture (at 263 mg/kg)
reduced plasma total and LDL cholesterol but TG and high density lipoprotein
(HDL) cholesterol were not affected [134]. Thus, the hypocholesterolemic effect of
pure gamma-tocotrienol was greater than the tocotrienol mixture [134]. Khor and
Ng showed that presence of alpha-tocopherol might attenuate the hypocholes-
terolemic effect of tocotrienol [74]. In male hamsters fed with diet containing
low-dose alpha-tocopherol (30 ppm), the activity of HMGR was inhibited [74].
However, diet containing high-dose alpha-tocopherol (81 ppm) significantly stim-
ulated the activity of HMGR [74]. On the other hand, in guinea pigs treated with
10 mg tocotrienol (i.p.), showed significant inhibition of HMGR activity but
mixture of 5 mg alpha-tocopherol and 10 mg tocotrienol caused less inhibition
[74]. This observation in turn validated the experiment of Qureshi et al. using
chickens [124]. In a further experiment using guinea pigs injected with palm olein
triglycerides containing either tocotrienol or alpha-tocopherol, Khor et al. indicated
that tocotrienol (1-5 mg) significantly reduced the activity of liver microsomal
HMGR and cholesterol-7-alpha-hydroxylase [73]. The inhibition by
alpha-tocopherol was less effective [73]. Furthermore, the inhibitory effect of
alpha-tocopherol was lost at 5 mg [73]. At a higher dose (50 mg), alpha-tocopherol
significantly elevated the activity of HMGR and reduced the inhibitory effects of
tocotrienol [73].

Effects of tocotrienol supplementation on lipid profile in humans were hetero-
geneous. This could be due to the differences in the composition of the tocotrienol
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mixture used, population studied, diet of the subjects, etc. In an earlier study using
palm vitamin E (containing 18 mg tocopherols and 42 mg tocotrienols), Tan et al.
showed that supplementation for 30 days lowered serum total and LDL cholesterol
but the TG and HDL cholesterol were not affected [167]. However, this is not a
randomized controlled trial and the number of subjects was small. Qureshi et al.
showed that palm vitamin E at 200 mg caused a reduction in serum total and LDL
cholesterol, apolipoprotein B, thromboxane, platelet factor 4 and glucose in subjects
during the four week-treatment [128]. A separate hypocholesterolemic group given
200 mg gamma-tocotrienol showed greater reduction in total cholesterol compared
to palm vitamin E group [128]. Daud et al. demonstrated that supplementation of
tocotrienol for 16 weeks (180 mg tocotrienols with 40 mg tocopherols) decreased
the normalized plasma TG and increased HDL in patients undergoing chronic
hemodialysis [36]. These changes might be associated with higher plasma
apolipoprotein and lower cholesteryl-ester transfer protein activity [36]. It should be
noted that the results of this study was not adjusted for medication used by the
subjects. Chin et al. showed that when elderly (>50 years) and young (<50 years)
subjects were supplemented with tocotrienol-rich fraction (160 mg/day, containing
74 % tocotrienols and 26 % tocopherols) for 6 months, the elderly subjects
responded better by showing an increase in HDL cholesterol compared to placebo
group [29]. The products of oxidation, such as protein carbonyl and
advance-glycation end products, were also reduced only in the elderly subjects [29].
Baliarsingh et al. supplemented 19 type 2 diabetic subjects with hyperlipidemia
with tocotrienol-rich fraction (3 mg/kg body weight) for 60 days and total lipids,
total and LDL cholesterol were reduced with treatment [11]. In the study by Qureshi
et al., hypercholesterolemic subjects on American Heart Association step 1 diet
were supplemented with rice bran tocotrienol-rich fraction at different doses (25—
200 mg/kg) [132]. They observed that 100 mg/kg tocotrienol-rich fraction pro-
duced maximum decrease in total and LDL cholesterol, apolipoprotein B and TG
compared to baseline [132]. In another study, Qureshi demonstrated that hyperc-
holesterolemic subjects on American Heart Society step 1 diet supplemented with
rice bran tocotrienol-rich fraction and lovastatin in combination for 25 weeks
showed more significant reduction than individual treatments [131]. The combi-
nation of alpha-tocopherol and lovastatin did not produce similar changes [131].
Tomeo et al. supplemented subjects presented with hyperlipidemia, cere-
brovascular disease and carotid stenosis with 300 mg palm vitamin E (16 mg
alpha-tocopherol and 40 mg tocotrienols in 240 mg palm olein) for 18 months
[169]. Apparent carotid atherosclerotic regression was found in supplemented
subjects while some controls showed progression [169]. Malondialdehyde was
decreased in the treatment group but was increased in the placebo group [169].
However, no changes in total and LDL cholesterol, TG and HDL were found in
both groups [169]. In men with mildly elevated serum lipid level, supplementation
of tocotrienol (4 capsules daily for 6 weeks, each containing 35 mg tocotrienols
and 20 mg alpha-tocopherol) produced no significant effects on serum LDL and
HDL cholesterol, TG, lipoprotein a, lipid peroxide, platelet aggregation velocity
and maximum aggregation, and thromboxane B2 formation compared to men
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receiving 20 mg alpha-tocopherol only [90]. In the study of O’Byrne et al., subjects
followed a low-fat diet for 4 weeks, then were randomized into treatment groups
receiving placebo, alpha-, gamma-, delta-tocotrienol acetate supplements
(250 mg/d) for 8 weeks while were still maintained on the low-fat diet [120]. It was
found that alpha-tocotrienol increased the in vitro LDL oxidation resistance and
decreased its rate of oxidation [120]. However, tocotrienol treatments did not affect
total and LDL cholesterol, and apolipoprotein B level [120]. In another study,
hypercholesterolemic men and women were randomized to receive three different
brands of tocotrienol from palm or rice bran, or the placebo. The subjects were put
on the American Heart Association Step 1 diet, 21 days before and throughout the
trial period [101]. There were no significant changes in lipid profile between pla-
cebo and treatment after 28 days [101]. Rasool et al. observed that in healthy male
subjects taking placebo or tocotrienol-rich vitamin E at 80, 160 and 320 mg/day for
2 months, arterial compliance, plasma total antioxidant status, serum total and LDL
cholesterol were not different among the groups [136].

5.5 Tocotrienol as Antidiabetic Agent

Diabetes mellitus represents a group of chronic metabolic conditions characterized
by increased blood glucose. Type 1 diabetes results from the destruction of
beta-cell in the pancreas due to autoimmunity, thus causing cessation in insulin
production. Type 2 diabetes is caused by abnormal resistance of the body to the
action of insulin, and the insufficiency of insulin production to overcome this
resistance. It is estimated that 5-10 % of the total diabetes cases belong to type 1
and 90-95 % belong to type 2. Diabetes can affect many organ systems and lead to
serious complications such as damage to the nervous, renal, cardiovascular system
and the eyes [38]. Oxidative stress and inflammation are involved in the devel-
opment and exacerbation of diabetic complications [39].

The antidiabetic effects of tocotrienol have been explored mainly in animal
studies. Diabetes is mostly induced by streptozotocin (STZ), a chemical that can
cause cellular ATP reduction, inhibition of insulin production, DNA alkylation and
death of pancreatic beta cells [75]. Tocotrienol has been shown to improve the
glycemic status and diabetic complications in many instances. Wan Nazaimoon
et al. showed that a diet enriched with tocotrienol-rich fraction (1 g/kg diet) sig-
nificantly reduced the blood glucose level and glycated haemoglobin of
STZ-induced diabetic male rats [176]. However, serum-advanced glycation end
product and malondialdehyde were not affected [176]. Matough et al. showed that
supplementation of tocotrienol-rich fraction at 200 mg/kg body weight for 4 weeks
in STZ-induced diabetic rats reduced the plasma glucose level [85]. The supple-
mentation also increased the erythrocytic superoxide dismutase and glutathione
levels but decreased the level of reduced glutathione and malondialdehyde [85].
Comet assays revealed reduced DNA damage in the supplemented group [85].
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Tocotrienol was shown to prevent diabetic nephropathy in several animal
models. Kuhad and Chopra showed that tocotrienol mixture at 25, 50 and
100 mg/kg for 8 weeks dose-dependently reduced diabetic proteinuria, polyuria
and increased serum creatinine and blood urea nitrogen levels and their clearance
[77]. The improvement in renal profile was accompanied by a dose-dependent
decrease in lipid peroxidation product and an increase in non-protein thiol, super-
oxide dismutase and catalase activity in the kidney [77]. Nitrosative stress in the
kidney was also decreased with tocotrienol supplementation as evidenced by a
lower nitric oxide level [77]. Tocotrienol was shown to reduce the level of tumor
necrosis factor-alpha associated with renal hypertrophy and hyperfunction, trans-
forming growth factor-beta associated with renal fibrosis and the expression of
nuclear factor kappa-b p65 subunit indicative of inflammation in the nuclear frac-
tion and apoptosis in the kidney [77]. Siddiqui et al. compared the hypoglycemic
effects of tocotrienol-rich fraction derived from palm oil and rice bran oil in two
separate experiments [151]. Diabetic male rats were treated with either 200 mg/kg
body weight palm oil tocotrienol or rice bran tocotrienol [151]. Both treatments
were found to reduce the fasting blood glucose and percentage of glycosylated
haemoglobin [151]. Improvements in renal profile, indicated by reductions in serum
creatinine and urine protein level, were also seen in both treatment groups [151].
Histopathological examination revealed that both tocotrienol-rich mixtures pre-
vented glomerular hypertrophy, mesangial expansion, tubular atrophy, tubular
basement membrane thickening and proteinaceous cast formation in the lumen
[151]. The improvement could be attributed to the antioxidative properties of
tocotrienol, as evidenced by the decrease in lipid peroxidation products and the
increase in superoxide dismutase and catalase activity in the kidney with tocotrienol
treatment [151]. Overall, efficacy of tocotrienol from palm was higher compared to
rice bran [151]. In the second experiment, Siddiqui et al. fed male Wistar rats with
high fat diet for 5 weeks, then switched them to standard diet and induced diabetes
in them with STZ at the same time [150]. The hypoglycemic effects between
16-week supplementation with palm tocotrienol at 200 mg/kg body weight and rice
bran tocotrienol 400 mg/kg body weight were compared [150]. In agreement with
their previous findings, palm and rice bran tocotrienol prevented the rise of blood
glucose level as early as week 6 [150]. Percentage of glycosylated hemoglobin was
also reduced by both treatments [150]. They also suppressed the increase in TG,
total, LDL and VLDL cholesterol and elevated the HDL cholesterol level [150].
Improvement in renal profile, indicated by decreased urinary creatinine and blood
urea nitrogen and increased creatinine clearance, was seen with both treatments
[150]. These positive changes might be related to improved oxidative status in the
kidney (reduced malondialdehyde level, increased superoxide dismutase, catalase,
glutathione peroxidase and reductase activities) [150]. In addition, the protein
expression of collagen type IV, transforming growth factor-beta and fibronectin
related to renal fibrosis were reduced significantly by palm tocotrienol [150]. This
was accompanied by an improvement in renal histopathology in both treatment
groups [150]. Palm tocotrienol, even though at a lower dosage, exhibited higher
efficacy in preventing diabetic nephropathy than rice bran tocotrienol [150].
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The presence of cardiovascular risk factors, such as hypertension and hyperc-
holesterolemia, in diabetic patients lead to poorer outcomes compared to those
without [38]. In fact, the risk for cardiovascular death is nearly doubled in diabetic
patients compared with the non-diabetic [21]. As described in the earlier section,
tocotrienol is an effective hypocholesterolemic agent and its effectiveness has been
proven in chemical and diet-induced hypercholesterolemic models. Several animal
studies also demonstrated that the hypocholesterolemic effect of tocotrienol per-
sisted in diabetic model, accompanied by other cardio and vascular protective
effects. Budin et al. fed STZ-induced diabetic rats with palm tocotrienol-rich
fraction 200 mg/kg body weight for 8 weeks and observed positive changes in risk
factors for cardiovascular disease [16]. Adverse changes in fasting blood glucose,
HbAlc and lipid profile were attenuated in the tocotrienol-treated group [16].
Besides, malondialdehyde-4-hydroxynonenal in aorta and plasma, and DNA
damage in lymphocytes were reduced and plasma superoxide dismutase activity
was increased with tocotrienol treatment [16]. Tocotrienol also reduced the
degenerative changes in aortic wall by reducing the proliferation and degeneration
of vascular smooth muscle cells and defects in the aortic walls [16]. Using a
diet-induced diabetic rat model, Patel et al. showed that co-supplementation of
alpha-lipoic acid (1.6 g/kg diet) and palm tocotrienol-rich fraction (0.84 g/kg diet)
for 8 weeks could prevent and reverse the increase in plasma glucose, systolic
blood pressure, interstitial collagen deposition in the left ventricle, diastolic stiffness
and plasma malondialdehyde [123].

Tocotrienol was able to prevent diabetic-associated neuropathy. Kuhad and
Chopra et al. showed that tocotrienol mixture at 25, 50 and 100 mg/kg for 10 weeks
could prevent the increase in plasma glucose in STZ-induced diabetic rats [76].
Transfer latency and percentage of time spend in the target quadrant in a water
maze were decreased in all tocotrienol treated groups compared to the control,
indicating better memory and learning performance [76]. This was attributed to
decreased oxidative stress, indicated by a reduction in lipid peroxide level and an
increase in non-protein thiols, superoxide dismutase and catalase activity, and
decreased nitrosative stress indicated by reduced nitric oxide level in the cerebral
cortex and hippocampus [76]. Inflammation was also prevented by tocotrienol
supplementation, as evidenced by decreased protein expression of interleukin-1b
and p65 subunit of nuclear factor kappa-B in the brain [76]. The reduction in both
oxidative stress and inflammation led to reduced apoptosis of the neurons [76]. In
the subsequent experiment, Kuhad and Chopra supplemented STZ-induced diabetic
rats with 25, 50 and 100 mg/kg tocotrienol mixture and assessed the effects on
hyperalgesia [78]. Tocotrienol mixture prevented the reduction in nociceptive
threshold in the diabetic rats, indicated by increased tolerance for thermal and
mechanical stimuli, and tactile allodynia [78]. They also found that lipid peroxide
and total nitric oxide levels were reduced; while non-protein thiol levels and
activities of superoxide dismutase and catalase were increased in the sciatic nerve
with tocotrienol treatment [78]. Inflammation was also reduced with tocotrienol
treatment, indicated by a reduction in tumor necrosis factor-alpha, transforming
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growth factor-1 beta and interleukin-1 beta in the sciatic nerve [78]. Apoptosis
indicated by caspase 3 expression was also decreased in the sciatic nerve [78].

There are limited studies attempted to validate the hypoglycemic effects of
tocotrienol in humans and the results are heterogenous. In a longitudinal study
(median follow-up period 10.2 years) assessing the intake of antioxidants and the
risk of type 2 diabetes in 29,133 Finnish male smokers aged 50-69 years,
Kataja-Tuomola et al. found that all tocotrienol isomers were not associated with
the risk of the disease after multiple adjustment. This could be contributed to the
low levels of tocotrienols in the subjects [71]. In the study of Baliarsingh et al., type
2 diabetic subjects supplemented with tocotrienol-rich fraction (3 mg/kg body
weight) for 60 days showed no changes in fasting and postprandial plasma sugar,
HbAlc and serum creatinine [11]. This could be due to the limited number of
subjects in this study (n = 19) and the low dose of tocotrienol. In a study by
Haghighat et al., type 2 diabetic subjects taking non-insulin medication were ran-
domized to take 15 mg/day tocotrienol mixture or blank canola oil with meals for
4 weeks [47]. It was observed that urinary microalbumin and serum high-sensitivity
C-reactive protein were significantly lowered in the tocotrienol group compared to
the placebo, indicating a better renal profile and a reduced risk for cardiovascular
disease [47].

5.6 Tocotrienol as Antiosteporotic Agent

Osteoporosis is a metabolic bone disease characterized by low bone mass and
deterioration of bone microarchitecture, which subsequently leads to fragility
fracture [68]. Despite the high prevalence in women, osteoporosis affects men as
well, with female to male ratio of 6:1 [64]. Osteoporosis is a result of the imbal-
anced bone remodelling process consisting of bone resorption regulated by osteo-
clast and bone formation regulation by osteoblast. Sex hormone deficiency is the
predominant condition underlying the imbalance in bone remodelling, although
recent studies have switched the focus to the role of oxidative stress and inflam-
mation [2, 84]. Oxidative stress and inflammation inhibit differentiation of osteo-
blast  (osteoblastogenesis), but promote differentiation of osteoclast
(osteoclastogenesis) [2, 10, 171]. Hence, an antioxidant and anti-inflammatory
agent like tocotrienol putatively has beneficial effects in preventing bone loss.
The effects of tocotrienol in promoting differentiation of osteoblast and sup-
pressing the differentiation of osteoclast have been demonstrated in cell culture
studies. Ha et al. demonstrated that alpha-tocotrienol but not alpha-tocopherol could
suppress osteoclastogenesis in an osteoblast-bone marrow co-culture [46]. This was
brought about by an inhibition of receptor activator of nuclear factor kappa-b
(RANKL) expression in osteoblasts [46]. In osteoclasts, alpha-tocotrienol sup-
pressed the RANKL-mediated differentiation process by inhibiting c-Fos expres-
sion via suppression of extracellular signal-regulated kinases and nuclear factor
kappa-b activation [46]. Alpha-tocotrienol also prevented the bone resorption
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activity of mature osteoclasts [46]. Brook et al. compared the suppressive effects of
different tocotrienol isomers (alpha, gamma and delta) on human-derived CD14+
cells [15]. It was found that gamma and delta-tocotrienol were effective in sup-
pressing the formation of osteoclast-like cells and the resorbing activity of these
cells was significantly inhibited. Gamma-tocotrienol was found to be with less toxic
to CD14+ cells, indicating that it is safer compared to delta-tocotrienol [15].

The effectiveness of tocotrienol in preventing bone loss has been demonstrated
in several animal models of osteoporosis. The methods of assessing bone health in
the animals included densitometry which measures bone mineral density; histo-
morphometry which measures bone structure, cells and mineralization activity;
biomechanical test which measures the stiffness and strength of the bone; bone
mineral concentration and serum bone remodelling markers which measure the
bone formation and resorption activity (reviewed in [24, 27]).

Norazlina supplemented ovariectomized rats with palm vitamin E, which was
rich in tocotrienol at either 30 or 60 mg/kg body weight for 8 months and measured
the femoral and vertebral bone mineral density [118]. It was found palm vitamin E
prevented the decline of bone mineral density in both supplemented groups [118].
Muhammad et al. observed that palm tocotrienol at 60 mg/kg body weight for
8 weeks could improve bone structural indices (increased bone volume and tra-
becular number, and decreased trabecular separation) in an oestrogen-deficient
model of osteoporosis induced by ovariectomy [96]. A decrease in osteoclast
number was found in the tocotrienol supplemented group [96]. The effects of
alpha-tocopherol at 60 mg/kg body weight were found to be comparable with palm
tocotrienol [96]. In a subsequent experiment, Muhammed et al. supplemented the
ovariectomized rats with tocotrienol-rich fraction (60 mg/kg for 8 weeks) and
found that it improved bone structural indices (increased bone volume and tra-
becular thickness, and decreased trabecular separation) [97]. Its effects were com-
parable to calcium (15 mg/kg) and oestrogen treatment (64.5 pg/kg) [97].
Aktifanus et al. demonstrated that tocotrienol-rich fraction at 60 mg/kg body weight
for 8 weeks improved bone dynamic indices (decreased single-labelled surface,
increased double-labelled surface, mineral apposition rate and bone formation rate)
in ovariectomized rats [8]. The effects of tocotrienol were better than oestrogen
replacement (64.5 pg/kg body weight) [8]. Using palm tocotrienol at 60 mg/kg
body weight for 8§ weeks, Soelaiman et al. demonstrated similar findings and its
effects were superior to calcium supplementation (1 % calcium in drinking water
ad libitum) [154]. Abdul-Majeed et al. supplemented ovariectomized rats with
annatto tocotrienol (60 mg/kg body weight for 8 weeks) or in combination with
lovastatin (11 mg/kg body weight for 8 weeks) [3, 4]. Annatto tocotrienol alone
was found to improve bone structural (increased bone volume, trabecular number
and trabecular thickness, decreased trabecular separation) and cellular indices (in-
creased osteoblast number, osteoid surface and osteoid volume, and decreased
osteoclast number and eroded surface), bone biomechanical strength (increased
load, strain, stress and Young’s modulus) and bone remodelling markers (increased
osteocalcin, a bone formation marker and decreased type-1 C-terminal telopeptide
crosslink, a bone resorption marker) [3, 4]. The combination of annatto tocotrienol



112 K.-Y. Chin et al.

and lovastatin further improved these variables, suggesting an additive or syner-
gistic effect between the two compounds [3, 4]. Deng et al. supplemented
ovariectomized mice with 100 mg/kg emulsified gamma-tocotrienol subcuta-
neously. The supplemented mice showed significant improvements in femoral bone
mineral density, bone structural (increased bone volume, trabecular number, tra-
becular thickness and decreased trabecular separation), dynamic (increased mineral
apposition rate and bone formation rate) and cellular indices (increased osteoblast
number and decreased osteoclast number) [37]. Elevated gene expression of tran-
scription factors runt-2 and osterix in the bone of supplemented groups suggested
increased osteoblast differentiation [37]. This was coupled with increased gene
expression of osteoprotegerin and decreased gene expression of RANKL, indicating
an inhibition of osteoclast formation [37]. Feeding mevalonate (25 mg/kg body
weight) to the supplemented group abolished all the beneficial effects of tocotrienol
treatment, suggesting the involvement of mevalonate pathway in the protective
action of tocotrienol on bone [37].

Using an orchidectomy-induced testosterone deficient model of osteoporosis,
Ima-Nirwana et al. showed that supplementation of palm vitamin E at 30 mg/kg for
8 months prevented the deterioration of femoral and vertebral bone mineral density
and calcium level [58]. Other studies also showed that annatto tocotrienol at
60 mg/kg could prevent deterioration of bone cancellous microarchitecture assessed
with X-ray microtomography (decreased trabecular separation), bone structural
(increased bone volume and trabecular number, decreased trabecular separation),
dynamic (decreased single-labelled surface, increased double-labelled surface) and
cellular (increased osteoblast number, osteoid surface and osteoid volume,
decreased osteoclast number and eroded surface) indices [25, 28]. This was brought
about by increased gene expression of alkaline phosphatase, beta-catenin, collagen
type 1 alpha 1 and osteopontin, indicating increased osteoblast activity [28].
However, no significant changes in bone resorption genes were observed [28].
Annatto tocotrienol was less efficacious compared to supraphysiological testos-
terone enanthate injection (7 mg/kg weekly) in the same experiment [28].

Smoking is a non-modifiable risk factor for osteoporosis. In a model of osteo-
porosis induced by nicotine, Hermizi et al. showed that supplementation of either
tocotrienol-rich fraction or gamma-tocotrienol at 60 mg/kg body weight improved
bone structural (increased bone volume and trabecular thickness), dynamic (re-
duced single-labelled surface and increased mineral apposition rate and bone for-
mation rate) and cellular indices (reduced osteoclast and eroded surface) [51].
Abukhadir et al. indicated that these positive changes were brought about by the
ability of tocotrienol to reverse nicotine-induced suppression of runt-2, osterix and
bone morphogenetic protein-2 [5]. Tocotrienol also inhibited nicotine-induced
elevation of interleukin-1 and interleukin-6 [117, 119]. Nazrun et al. demonstrated
that palm tocotrienol at 100 mg/kg was able to increase trabecular thickness, bone
formation rate, osteoblast number and decrease eroded surface in the osteoporotic
animal [7, 105]. This effect was also brought about by the suppression of
interleukin-1 and interleukin-6 by tootrienol [7]. The effects of tocotrienol in pre-
venting bone loss due to glucocorticoid treatment were also studied. Ima-Nirwana
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and Fakhrurazi supplemented palm vitamin E in dexamethasone-treated
adrenalectomized male rats and observed no significant changes on bone mineral
density and bone calcium level [56]. In a subsequent attempt, supplementation of
gamma-tocotrienol at 60 mg/kg body weight for 8 weeks increased the fourth
lumbar vertebra bone calcium content in dexamethasone-treated adrenalectomized
male rats [59]. Alpha-tocopherol at the same dose did not exert a similar effect [59].

The beneficial effects of tocotrienol were also shown in healthy male rats sup-
plemented with alpha-tocopherol, delta-tocotrienol or gamma-tocotrienol at
60 mg/kg for 8 weeks [89, 149]. Gamma-tocotrienol supplementation improved all
bone structural, dynamic and cellular indices and biomechanical strength while
alpha-tocopherol and delta-tocotrienol only improved some of the indices, indi-
cating a superior bone-anabolic effect of gamma-tocotrienol over the other vitamin
E isomers [89, 149]. Maniam et al. showed that palm tocotrienol at 100 mg/kg for
4 months reduced malondialdehyde and increased glutathione peroxidase activity
in the bone of healthy male rats. Alpha-tocopherol at the same dose did not exert
similar effects on bone [83].

Despite there are many observational studies on the association between vitamin
E and bone health, most studies measured the intake and blood level of
alpha-tocopherol. Vitamin E (alpha-tocopherol) was associated with increased bone
mineral density or a reduced fracture risk in most studies [26]. However, there has
been no report on the effects of tocotrienol on bone health in humans to date. The
suggested mechanism of tocotrienol in preventing bone loss is summarized in
Fig. 5.3.
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Fig. 5.3 The antiosteoporotic mechanism of tocotrienol
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5.7 Anticancer Activity

Anticancer activity of vitamin E was discovered and studied extensively since the
first experimental evidence of inhibition of tumorigenesis by vitamin E rich palm
oil [164]. Anticancer property of tocotrienol was found to be independent of its
antioxidant property [32, 162]. Tocotrienol isomer with lower antioxidant proper-
ties like delta- and gamma-tocotrienol usually showed greater potency in killing
cancerous cells. Based on quantitative structure—activity relationship studies,
chromanol structure and phytyl carbon tail were shown to be essential in apoptosis
induction [13]. Decreasing methyl groups on the chromanol head increased
anti-proliferative potency of tocotrienol (delta-tocotrienol > gamma-tocotrienol >
beta-tocotrienol > alpha-tocotrienol) [162]. Shortening the unsaturated phytyl tail
of gamma-tocotrienol by one isoprenyl unit also resulted in greater apoptotic
activity [13]. In silico analysis suggested that esterification of lysine with
gamma-tocotrienol could enhanced its anticancer activity [114]. Tocotrienol
metabolites such as carboxyethyl-hydroxychromans were found to be a less
effective anti-proliferative agent [34].

Besides that, tumor cell uptake and intracellular accumulation of tocotrienol also
determine its anticancer activity. Due to the lipophilic nature of tocotrienols, they
are readily transferred between the membranes and accumulated in cells in a time
and concentration-dependent manner [187]. Studies have shown that serum
physiological tocotrienol level was usually low or absent due to slow absorption,
rapid metabolism and lack of a specific carrier protein [164]. Besides that, toco-
trienol is highly tissue-dependent and it is only found in a few tissues/organs like
the liver and pancreas [52, 55]. Interestingly, in animal models, gamma-tocotrienol
and delta-tocotrienol were found to accumulate in tumors [52, 55]. Different
tocotrienol isomers possess different cellular accumulation tendency, i.e.
delta > gamma > alpha-tocotrienol [52, 87, 88, 116, 141, 144]. This might explain
the poor anticancer activity of alpha-tocotrienol.

Tocotrienol and tocotrienol-rich fraction were demonstrated to induce
anti-proliferation and apoptosis selectively in several cancerous cell lines origi-
nating from the mammary gland [32, 41, 44, 87, 109, 146, 173-175, 189], lung
[70, 86, 184], liver [49, 52, 140, 141, 172], prostate [33, 86, 158], melanoma
[22, 86], colon [40, 182] and leukemic cells [100]. The inhibitory potency of
tocotrienol-rich fraction, tocotrienol isoforms or their succinate synthetic deriva-
tives in different cancerous cells generally follows the order of delta- >gamma- and
beta- >alpha-tocotrienol [22, 33, 40, 52, 140, 172]. Studies also demonstrated that
tocotrienol possessed little or no adverse effect on normal cell viability or growth in
in vitro [49, 70, 87, 88, 141, 158, 184] or animal models [112, 135, 137]. In animal
studies, tocotrienols and tocotrienol-rich fraction were also demonstrated to reduce
tumor load. Oral administration of 0.05 % tocotrienol-rich vitamin E mixture sig-
nificantly reduced liver and lung carcinogenesis in C3H/He mice and 4NQO-treated
ddY mice model [172]. Gamma-tocotrienol or delta-tocotrienol diet (0.1 %) sig-
nificantly delayed tumor growth in C3H/HeN mice inoculated subcutaneously with
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murine hepatoma MH134 cells [52]. There was no apparent adverse effect and
insignificant body and tissue weight changes in animals fed with 0.1 % of
gamma-tocotrienol or delta-tocotrienol diet [52].

Studies also demonstrated that tocotrienol as a farnesol-mimetic molecule and
HMGR inhibitor possessed great potential to produce synergistic anticancer activity
with other chemotherapeutic agents [86]. Combination of low concentration of
gamma-tocotrienol with several individual statins synergistically inhibited HMGR
activity and RaplA & Rab6 prenylation [174]. Besides that, combination of
tocotrienol with flavonoids such as genistein, naringenin, hesperetin, tangeretin,
nobiletin, quercetin, apigenin, epigallocatechin gallate or resveratrol demonstrated
synergistic activity in inhibiting human breast cancer MCF7 or/and MDA-MB-435
cells proliferation, which was enhanced further with the addition of tamoxifen [45,
54]. The combination of tocotrienol with docetaxel also resulted in higher pro-
portion of apoptotic cells [22]. Combination of tocotrienols with tamoxifen
increased the arrest of DNA synthesis and triggered an endoplasmic reticulum
(ER)-independent anti-proliferation event in the breast cancer cells [44, 189].
Combination of tocotrienol isomers (delta-tocotrienol and gamma-tocotrienol) was
also found to induce cell death synergistically in DU145 and PC3 [33]. In animal
studies, gamma-tocotrienol also acted synergistically with lovastatin to reduce
tumor load in C57BL/6 mice inoculated with B16 cells [86].

There are limited clinical trials on tocotrienol and cancer conducted to date.
Malaysian Palm Oil Board had conducted two clinical trials on the efficacy of
tocotrienol in breast cancer patients [107]. The first study was conducted to identify
tocopherol and tocotrienol concentrations in malignant and benign adipose tissues
of breast cancer patients after a palm oil diet. The results revealed a higher con-
centration of tocotrienols (alpha-, delta- and gamma-isomers), in the adipose tissues
of patients with benign breast lumps compared with that of patients with malignant
tumors [107]. The second study was a 5-year double-blind, placebo-controlled pilot
trial conducted to compare tamoxifen with or without tocotrienol-rich fraction on
early breast cancer [108]. The risk of dying due to breast cancer decreased by 70 %
and risk of recurrence decreased by 20 % in patients taking the adjuvant tocotrienol
and tamoxifen compared with the patients receiving only tamoxifen [107].
However, there was no significant association between adjuvant tocotrienol therapy
with breast cancer survival rate [108].

5.7.1 Tocotrienol-Induced Caspase Activation and Mode
of Cell Death

Caspases are constitutively present in cells in an inactive precursor form, the pro-
caspases [164]. In receptor-mediated apoptosis, there is early activation of death
receptors (Fas, TNF or TRAIL) which lead to caspase-8 activation. In
mitochondria-mediated apoptosis, there are apoptotic signals from damaged DNA
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or loss of mitochondrial membrane potential, which will lead to activation of
caspase-9. Initiator caspases (caspase-8 and -9) activate effector caspases
(caspase-3, -6, and -7) which will then execute the cells by cleaving DNA, PARP
and other structural proteins [164]. Both death receptor- [33, 140, 141] and
mitochondria-mediated [22, 33, 103, 139, 160, 165, 182, 184] pathway of apoptosis
induced by tocotrienol-rich fraction, tocotrienol isomers, ether or succinate syn-
thetic derivatives were reported. Tocotrienol-rich fraction and tocotrienol
isomer-induced apoptosis are selective and greatly dependent on cell types and
treatment conditions. It might involve the upregulation of Bax and tBid protein with
the increased of Bax/Bcl-2 ratio [140].

Besides that, gamma-tocotrienol was also found to induce caspase-12 activation
in +SA cellular apoptosis [173]. Caspase-12 activation is closely associated with
endoplasmic reticulum ER stress-mediated cell death. Further experiments identified
an early involvement of PERK/elF2a/ATF4 phosphorylation and CHOP-dependent
TRB3-mediated ER stress response pathway in gamma-tocotrienol-induced +SA
cellular apoptosis [173]. Furthermore, gamma-tocotrienol, delta-tocotrienol,
gamma-tocotrienol succinate and delta-tocotrienol succinate were also found to
trigger caspase-independent cell death in DU145, PC3 and LNCap cells whereby the
event of apoptosis could not be abrogated by general caspase inhibitors [33].

5.7.2 Tocotrienol-Induced Upstream Apoptotic Pathway
Modulation

The inhibition of HMGR by tocotrienol not only suppresses cholesterol synthesis but
also inhibits cell proliferation via prenylation of Ras, RhoA or RaplA signalling
molecules through generation of prenyl intermediates [184]. Farnesyl side chain of
tocotrienol is essential for the post-transcriptional suppression of HMGR.
Gamma-tocotrienol was shown to downregulate HMGR levels in +SA cells via
post-translational ~ protein  degradation [173]. However, the gamma-
tocotrienol-induced downregulation of HMGR was not able to block RaplA &
Rab6 prenylation and trigger +SA cell death [174]. Delta-tocotrienol-induced growth
arrest might be due to HMGR inhibition, causing marked decrease of cyclin
D1/cyclin-dependent kinase CDK4 complex but not cyclin E/CDK2 complex, which
subsequently reduced the phosphorylation of retinoblastoma RB protein and E2F1
expression [41, 103].

6-0O-carboxypropyl-alpha-tocotrienol (alpha-T3E) was more potent compared to
alpha-tocotrienol in inducing apoptosis in A549 cells and H28 cells [70, 184]. 6-O-
carboxypropyl-alpha-tocotrienol also harbours the similar farnesyl side chain and
might possess HMG-CoA reductase inhibitory activity. 6-O-carboxypropyl-
alpha-tocotrienol can inhibit RhoA geranyl-geranylation and Ras molecules farne-
sylation, subsequently blocking MEK, ERK and p38 phosphorylation and lead to
cyclin D and Bcl-xL downregulation during G1 arrest and apoptosis [160, 174, 184].
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Besides that, 6-O-carboxypropyl-alpha-tocotrienol also inactivated Src kinase via
phosphorylation at Tyr527 site and dephosphorylation at Tyr416 site, which
decreased the phosphorylated form of EGFR and its activity [70]. Another study
revealed that gamma-tocotrienol inhibited PI3k/PDK-1/Akt pathway via suppres-
sion of EGFR (ErbB3)-receptor tyrosine phosphorylation [143]. 6-O-
carboxypropyl-alpha-tocotrienol also inhibited Stat-3 activation which might be due
to Src kinase inactivation [70]. 6-O-carboxypropyl-alpha-tocotrienol was shown to
partially inhibit Src kinase. However, this was inadequate to trigger cell death on
A549 cells under hypoxia [69]. Survival and invasion capacity of A549 cells under
hypoxia were suppressed by 6-O-carboxypropyl-alpha-tocotrienol via inhibition of
the Src/HIF-2alpha/PAI-1 and PI3k/PDK-1/Akt signalling pathways [69].
Gamma-tocotrienol was also demonstrated to inhibit PI3k/PDK-1/Akt pathway and
subsequently suppressed the FLIP level [163]. Gamma-tocotrienol also induced +SA
cells apoptosis via TRB3-mediated ER stress [173]. TRB3 inhibited Akt signalling
pathway and this also contributed to the decrease of Akt activity [173].

Combination of gamma-tocotrienol with several individual statins also syner-
gistically induced +SA cells growth arrest and apoptosis which was associated with
inactivation of ERK, p38, JNK MAP kinases and Akt kinases [174, 175].
Downstream Stat-3 inactivation leads to similar downregulation of cyclin D1 and
Bcl-xL [69]. Therefore, HMG-CoA reductase might be involved in upstream reg-
ulation of RhoA/Ras, Src/HIF-2alpha/PAI-1 and PI3k/Akt pathway.

Previous studies demonstrated that tocotrienol-rich fraction, alpha-, gamma- and
delta-tocotrienol inhibited proliferation and induced apoptosis in human breast
cancer MCF-7, MDA-MB-435 and MDA-MB-231 cells, regardless of their
oestrogen receptor status [32, 41, 44, 109, 189]. Delta-tocotrienol was showed to
downregulate cyclin B1 and CDK1 expression in MDA-MB-231 cellular growth
arrest [41]. Combination of gamma-tocotrienol with either epigallocatechin gallate
or resveratrol suppressed MCF-7 cell proliferation via downregulation of cell cycle
regulatory proteins E2F, CDK4 and cyclin D1 [54]. In vitro and in silico studies
revealed that gamma- and delta-tocotrienol specifically bound and activated estrogen
receptor B signalling molecule [32]. Activated estrogen receptor B served as an
upstream signal of apoptosis and suppressed ER alpha-mediated cell survival and
proliferation [32]. Estrogen receptor § upregulated MIC-1, cathepsin D and EGR-1
mRNAs expression which triggered subsequent caspase-regulated cell death [32].

Epidermal growth factor (EGF)-dependent mitogenesis is associated with the
activation of phospholipid-dependent protein kinase C (PKC) and cyclic AMP
(cAMP)-dependent proteins [88]. Tocotrienol-rich fraction, alpha-, gamma-, and
delta-tocotrienol induced apoptosis and inhibit the proliferation of EGF-induced
preneoplastic mammary epithelial CL-S1 cells, neoplastic mammary epithelial-SA
cells and +SA cells [87, 146, 174, 175]. Tocotrienol-rich fraction also reduced
EGFR-independent and cAMP-dependent EGF-induced G-protein mitogenic
signalling in CL-S1 cells [162]. Combination of tocotrienol-rich fraction with
G-protein stimulants (cholera and pertussis toxin) or cAMP agonists (forskolin and
8-Br-cAMP) completely reversed anti-proliferative effects of tocotrienol-rich frac-
tion on CL-S1 cells [162]. Besides that, tocotrienol was shown to inhibit PKC,
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adenylate cyclase and cyclic AMP-dependent protein activation which might be
related to its anti-proliferative effects [23, 88, 94]. Delta- and beta-tocotrienol could
inhibit PKC activity leading to transcriptional inhibition of c-myc and hTERT, thus
reducing telomerase activity [40]. In addition, gamma-tocotrienol also induced
downregulation of Id family proteins and EGFR protein with concomitant
activation of JINK MAP kinase pathway [22]. Alpha-tocotrienol but not its acetate
analogue was able to inhibit intrinsic cellular 20S proteasome activity which might
contribute to THP-1 anti-proliferation activity [100]. Tocotrienol-rich fraction,
alpha-, gamma- and delta-tocotrienol might serve as potent DNA synthesis
inhibitors with the rank order of gamma-tocotrienol > delta-tocotrienol >
alpha-tocotrienol [189].

5.7.3 Tocotrienol-Induced Anti-angiogenesis
and Anti-invasion

Anti-angiogenic therapy has recently emerged as a strategy for cancer therapy. As
oxidative stress is an important factor in angiogenesis, it is possible that established
antioxidants such as tocotrienol may minimize the formation of new blood vessels
[60]. An in vitro study revealed that tocotrienol significantly inhibited the prolif-
eration and tube formation of BAEC as well as FGF- or VEGF-induced HUVEC
cells in the order of delta- >beta- >gamma- >alpha-tocotrienol [60, 93-95, 103,
180]. Tocotrienol also suppressed VEGF secretion in colon carcinoma cells DLD-1
and HepG2 cells under normoxic and hypoxic conditions in the order of delta-
>beta- >gamma- >alpha-tocotrienol [148]. In vivo studies revealed that
tocotrienol-rich oil was able to inhibit DLD-1 cells-induced angiogenesis via mouse
dorsal air sac (DAS) assay [93, 103]. Tocotrienol-rich fraction and delta-tocotrienol
were also demonstrated in vivo to possess anti-angiogenic effects as assessed by
chick embryo chorioallantoic membrane (CAM) assay [94, 103, 180].
Tocotrienol-rich fraction supplementation also suppressed serum VEGF level in
BALB/c mice inoculated with mouse mammary cancer 4T1 cells which indicated
its potential anti-angiogenic activity [180].

Western blotting analysis identified that anti-angiogenic activity of
delta-tocotrienol was mediated via apoptosis induction and inactivation of
PI3K/PDK/Akt pathway [93]. The inactivation of PI3K/PDK/Akt pathway then
suppressed the phosphorylation of ERK1/2, eNOS, and GSK3 alpha/beta and
increased the phosphorylated ASK-1 and p38 and p21 which were associated with
apoptosis [103]. Besides that, DNA microarray analysis revealed that delta-
tocotrienol also downregulated VEGF receptor expression and subsequently
blocked intracellular VEGF signalling (phospholipase C-gamma and PKC) in
HUVEC cells [94]. Delta-tocotrienol also managed to suppress IL-8 and angiogenic
factor secretion and downregulate HIF-1 alpha and IL-8 mRNA in hypoxic
conditions [148]. The downregulation of hypoxia-induced HIF-1 alpha expression
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then inhibited VGEF transcriptional activation [148]. Furthermore, tocotrienol was
demonstrated to inhibit human and mice DNA polymerase A activity in the order of
delta- >beta- >gamma- >alpha-tocotrienol [95]. Tocotrienol-induced DNA poly-
merase A inhibition required direct binding of tocotrienol to N-terminal region of
polymerase [95]. Inhibition of DNA polymerase A might be closely related to
anti-angiogenic activity of tocotrienol.

Tocotrienol-rich fraction and tocotrienols also possessed anti-migration and
anti-invasion properties. Delta-tocotrienol inhibited HUVEC and BAEC cells
migration as shown in scratch assay test [92, 180]. Delta-tocotrienol also demon-
strated profound inhibitory effect on human monocyte U937 cells adhesion to
HAECs via blockage of HAECs surface VCAM-1 mRNA and expression [102].
Both alpha-tocotrienol and gamma-tocotrienol suppressed VCAM-1 expression,
which inhibited human monocyte THP-1 cells adhesion to endothelial HUVEC
cells with the order of alpha-tocotrienol > gamma-tocotrienol [116]. Gamma-
tocotrienol also inhibited melanoma cells invasion via restoration of E-cadherin and
gamma-catenin expression, together with downregulation of Snail, alpha-SMA,
vimentin and twist expression [22].

The anticancer mechanism of tocotrienol is summarized in Fig. 5.4.
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5.8 Safety of Tocotrienol

A toxicity study conducted by Ima-Nirwana et al. in the mice revealed that palm
tocotrienol at the doses of 500 and 1000 mg/kg body weight (oral) for 14 days
(subacute) and 42 days (subchronic) increased the bleeding the clotting time [57].
After conversion based on body surface area [138], this is equivalent to 40.54 and
81.08 mg/kg in humans. Nakamura et al. observed changes in haematology, blood
serum enzyme levels and organ histology in rats fed with palm tocotrienol
(0.75-3 % weight of diet) for 13 weeks [104]. The no-observed-adverse-effect level
derived from this study was 120 mg/kg body weight for male rats and 130 mg/kg
body weight for female rats [104]. This is equivalent to 19.46 mg/kg in men and
21.08 mg/kg in women. In view of these studies, it is recommended that patients
who are taking anticoagulants such as warfarin, heparin and aspirin to refrain from
using tocotrienol because it may increase haemorrhagic risk. Prolonged use of
tocotrienol at high dose should also be avoided because it may exert adverse effects
on the liver. Taking these into consideration, the use of tocotrienol is relatively safe.
The highest dose used in human recorded in this review is 400 mg [47], equivalent
to 5.71 mg/kg for a 70 kg adults, which is far below the toxic doses.

5.9 Conclusion

The two groups of vitamin E, the tocotrienols and the tocopherols possess distinct
similarities and differences. These differences may be seen even between isomers
within the same group. Extensive in vivo and in vitro studies on vitamin E mixtures
from various natural sources, as well as the pure isomers, have been done. Most of
these studies have shown beneficial effects of the tocotrienol and tocopherol iso-
mers in varying degrees. The source of the naturally occurring vitamin E mixtures
are from palm oil, rice bran or annatto oil. However, in the reported literature, the
vitamin E mixtures differ in composition, some consisting of mixtures of toco-
pherols and tocotrienols, while some are mixtures of tocotrienol isomers only. The
doses used also differ between studies. Even experiments using individual toco-
trienol or tocopherol isomers differ in their effective doses. Thus, it is not easy to
summarize the results, but in general the preclinical literature shows that toco-
trienols are beneficial in metabolic disease conditions associated with elevated free
radicals and inflammatory cytokines, such as dyslipidaemia, diabetes mellitus and
osteoporosis. Some clinical trials on tocotrienols and dyslipidaemia have been
reported, while none on diabetes mellitus or osteoporosis are available so far. Data
from the available clinical trials are inconclusive, and generally the beneficial
effects are slight and not as significantly obvious as the effects seen in the in vivo
and in vitro studies. This begs the question as to whether dose of the tocotrienols
used in the human studies were too low, or the duration of treatment insufficient, or
even whether the sampling methods were adequate. Another cause for the



5 Tocotrienol and Its Role in Chronic Diseases 121

discrepancy could be that the distribution and metabolism of the tocotrienols differ
between humans and the rodent models used. It will be interesting to see whether
the same sort of observations will be seen in clinical trials on the effects of
tocotrienols in diabetics or in osteoporotic patients.

Many well-reported studies on the anticancer effects of tocotrienol were found in
the literature. Most of these studies are in vitro studies using cancer cell lines. Most
of the studies are on breast cancer cells, while some studies are on liver, colon, lung
and leukaemic cell lines. The mechanisms have been elucidated as being apoptotic
and anti-angiogenetic. The anticancer effects of tocotrienol are thought to be sep-
arate from the antioxidant and anti-inflammatory effects. Limited animal studies
have been done using genetically modified mice, and only two reported clinical
trials on the effects of tocotrienols on breast cancer are found in literature. Again the
data from the human studies are scant and inconclusive.

From the above review, tocotrienol presents an exciting possibility as an alter-
native or adjuvant therapy for diseases associated with increased oxidative stress
and inflammation, such as dyslipidaemia and diabetes. Its application in preventing
osteoporosis in humans still awaits results from clinical trial. More coordinated,
well-designed clinical trials are needed to determine the effects on humans, how-
ever, the consistently beneficial effects in in vivo studies indicate that the potential
for human therapeutic use is real. As for the anticancer properties, the potential for
use presents a real challenge to researchers. The apoptotic and anti-angiogenetic
properties seen in the cell culture studies appears very promising and can be the
alternative to the stressful chemotherapy, or at least as an adjuvant to reduce the
side-effects of chemotherapy.
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