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Preface to ”Vitamin E”

Over the last ca. 100 years since the discovery of vitamin E, research has focused on different

properties of this molecule, the focus often depending on the specific techniques and scientific knowl-

edge present at each time. Originally discovered as a dietary factor essential for reproduction in

rats, vitamin E has since been revealed to have many more important molecular properties, such as

the scavenging of reactive oxygen and nitrogen species with consequent prevention of the oxidative

damage associated with many diseases, or the modulation of signal transduction and gene expression

in antioxidant and non-antioxidant manners.

This Special Issue includes 10 peer-reviewed papers, including one original research paper and

nine reviews. They present the most recent advances in vitamin E research, not only looking at its

antioxidant properties. Chapters include an overview on the knowledge of tocochromanol biosynthesis

in plants and a special look at tocopherols in almonds, which is the nut with the highest level

of tocopherols. Other chapters present the fate of vitamin E in the human gastrointestinal lumen

during digestion and two long-chain metabolites of vitamin E. Another chapter focuses on the special

biological activities of tocotrienols, not shared by tocopherols. Further chapters show the specific

effects of vitamin E, e.g. the role of vitamin E as an antioxidant in female reproductive health, the

role of vitamin E in nonalcoholic fatty liver disease, and the efficacy of vitamin E as a radiation

countermeasure. The last chapter presents the membrane distribution of alpha-tocopherol in brain

regions of adult rhesus monkeys.

All authors are acknowledged for their valuable contributions. I would also like to acknowledge all

reviewers for their constructive suggestions. Special thanks are to the publishing team of the journal

Antioxidants for all their help in the completion of this Special Issue.

Volker Böhm

Special Issue Editor
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Vitamin E is the major lipid-soluble antioxidant in the cell antioxidant system and is exclusively
obtained from the diet. Vitamin E protects polyunsaturated fatty acids and other components of cell
membranes and low-density lipoproteins from oxidation by free radicals. It is located primarily within
the phospholipid bilayer of cell membranes. The most important form is α-tocopherol. Clinical signs
of deficiency occur very rarely [1].

During the last ca. 100 years since the discovery of vitamin E, research has focused on different
properties of this molecule, the focus often depending on the specific techniques and scientific
knowledge present at each time. Originally discovered as a dietary factor essential for reproduction
in rats, vitamin E has revealed many more important molecular properties meanwhile, such as the
scavenging of reactive oxygen and nitrogen species with consequent prevention of oxidative damage
associated with many diseases, or the modulation of signal transduction and gene expression in
antioxidant and non-antioxidant manners [2].

This special issue highlights some of the recent advances in vitamin E research, showing the status
quo on the one hand and providing new insights in functions and physiological relevance on the other
hand. The review of Mène-Saffrané summarizes the current knowledge of tocochromanol biosynthesis
in plants and highlights future challenges regarding the understanding of its regulation [3]. Adding to
this topic, Fritsche et al. [4] review 30 years of research on tocopherols in model and crop species, with
special emphasis on the improvement of vitamin E content using transgenic approaches and classical
breeding [4]. Kodad et al. [5] report results for one of the most important nut species worldwide, the
almond. Almond kernels show the highest levels of tocopherols among all nuts, being dependent on
the genotype and the environment [5].

Reboul [6] describes the fate of vitamin E in the human gastrointestinal lumen during
digestion. She focuses on the proteins involved in the intestinal membrane and cellular transport
of vitamin E across the enterocyte and discusses factors modulating vitamin E micellarization and
absorption. During the metabolism of vitamin E, the long-chain metabolites 13’-hydroxychromanol
and 13’-carboxychromanol are formed by oxidative modification of the side-chain [7]. Their occurrence
in human serum indicates a physiological relevance. Effects of these metabolites on lipid metabolism,
apoptosis, proliferation, and inflammatory actions have been shown. Interestingly, the long-chain
metabolites exerted effects different from that of their precursors [7]. Comitato et al. [8] review
special biological activities of tocotrienols, not shared by tocopherols. Thus, tocotrienols showed the
ability to inhibit cancer cell growth and induce apoptosis thanks to specific mechanisms. In addition,
neuroprotective activities of tocotrienols are also presented [8].

Another part of this special issue presents specific effects of vitamin E. Mutalip et al. [9] answers
the question: What are the known roles of vitamin E as an antioxidant in female reproductive health?
This paper comes back to the initial discovery of vitamin E in 1922 as a substance necessary for
reproduction. El Hadi et al. [10] discuss vitamin E as a potent antioxidant being able to reduce oxidative
stress in nonalcoholic fatty liver disease. They also present therapeutic efficacy. Nukala et al. [11]
discuss another interesting application. They describe the efficacy of tocopherols and tocotrienols as
radiation countermeasures and identify the challenges to be addressed to develop them into radiation
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countermeasures for human use. Mohn et al. [12] describe the membrane distribution of α-tocopherol
in brain regions of adult rhesus monkeys. These authors also look for associations between membrane
α-tocopherol and content of polyunsaturated fatty acids.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Vitamin E is one of the 13 vitamins that are essential to animals that do not
produce them. To date, six natural organic compounds belonging to the chemical family of
tocochromanols—four tocopherols and two tocotrienols—have been demonstrated as exhibiting
vitamin E activity in animals. Edible plant-derived products, notably seed oils, are the main
sources of vitamin E in the human diet. Although this vitamin is readily available, independent
nutritional surveys have shown that human populations do not consume enough vitamin E,
and suffer from mild to severe deficiency. Tocochromanols are mostly produced by plants, algae,
and some cyanobacteria. Tocochromanol metabolism has been mainly studied in higher plants
that produce tocopherols, tocotrienols, plastochromanol-8, and tocomonoenols. In contrast to
the tocochromanol biosynthetic pathways that are well characterized, our understanding of the
physiological and molecular mechanisms regulating tocochromanol biosynthesis is in its infancy.
Although it is known that tocochromanol biosynthesis is strongly conditioned by the availability
in homogentisate and polyprenyl pyrophosphate, its polar and lipophilic biosynthetic precursors,
respectively, the mechanisms regulating their biosyntheses are barely known. This review summarizes
our current knowledge of tocochromanol biosynthesis in plants, and highlights future challenges
regarding the understanding of its regulation.

Keywords: vitamin E; tocochromanol; tocopherol; tocotrienol; plastochromanol-8; tocomonoenol;
homogentisate; polyprenyl pyrophosphate; nutrigenomics

1. Introduction

Natural compounds exhibiting vitamin E activity in animal cells belong to the chemical family
of tocochromanols, a group of organic molecules with a polar chromanol ring and lipophilic
polyprenyl side chain that varies according to the type of tocochromanol [1]. The polyprenyl
precursor of tocopherols, tocotrienols, plastochromanol-8 (PC-8), and tocomonoenols is phytyl
pyrophosphate (PPP), geranylgeranyl pyrophosphate (GGPP), solanesyl pyrophosphate (SPP),
and tetrahydrogeranylgeranyl pyrophosphate (THGGPP), respectively (Figure 1). According to
the degree of methylation of the chromanol ring, each type of tocochromanol exhibits up to four
different forms, named α- (three-methyl groups), β- and γ- (two-methyl groups), and δ-tocochromanol
(one-methyl group; Figure 1), respectively. While the four forms of tocopherol, tocotrienol,
and tocomonoenol have been identified in wild-type plant extracts, only the γ- form of the
solanesyl-derived tocochromanol PC-8 naturally exists.

The first article published on vitamin E relates the finding of an unknown nutritional factor
that prevents embryo resorption during rodent gestation [2]. Several years later, this “factor X”, as it
was originally named, was identified as α-tocopherol [3]. In addition to its essential role in animal
reproduction, vitamin E has been shown to have beneficial roles in human health [4], notably by
inhibiting lung cancer [5], by delaying brain aging and reducing the risk of developing Alzheimer’s
disease [6], and by suppressing cholesterogenesis [7,8]. Although vitamin E is present in many
edible plant-derived products, converging nutritional surveys conducted in both poor and developed

Antioxidants 2018, 7, 2 3 www.mdpi.com/journal/antioxidants
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countries, respectively, have shown that a significant proportion of human populations exhibit mild to
severe vitamin E deficiencies [9–13]. It has been shown, for instance, that 23% of the Seoul metropolitan
population exhibited plasma α-tocopherol concentrations below 12 μmol/L, the threshold defining
vitamin E deficiency in humans [11]. The consequences of vitamin E deficiency on human health
have not yet been fully documented nor investigated. However, it has been clearly established that
low plasma vitamin E is strongly associated with miscarriage during the first trimester of woman
pregnancy [12]. Moreover, it has been shown that diet supplementation with vitamin E decreased the
miscarriage rate of pregnant woman by approximately 50% [12]. Collectively, these results demonstrate
the importance of adequate vitamin E intake for proper reproduction.

Figure 1. Tocochromanol biosynthetic pathways in plants. Tocochromanol and prenyl benzoquinol
chemical structures and biosynthetic enzymes (highlighted in orange). Tocochromanol and prenyl
benzoquinol names are color-coded to distinguish each tocochromanol pathway: red for the tocopherol
pathway, blue for the tocotrienol pathway, green for the tocomonoenol pathway, and orange for the PC-8
and methyl PC-8 pathway. The α-, β-, γ-, and δ-forms of tocopherols, tocotrienols, and tocomonoenols
have been identified in plants. For solanesyl-derived tocochromanols, only PC-8 has been identified in
wild-type plants, and only methyl PC-8 has been identified in transgenic Arabidopsis overexpressing the
γ-TMT/VTE4 gene. Abbreviations: HGA, homogentisate; HGGT, homogentisate geranylgeranyltransferase;
HPT, homogentisate phytyltransferase; HST, homogentisate solanesyltransferase; GGPP, geranylgeranyl
pyrophosphate; γ-TMT, γ-tocopherol methyltransferase; MT, methyltransferase; PC-8, plastochromanol-8;
PPi, pyrophosphate; PPP, phytyl pyrophosphate; PQ-9, plastoquinol-9; SAM, S-adenosyl-L-methionine;
SAH, S-adenosyl-L-homocysteine; SPP, solanesyl pyrophosphate; TC, tocopherol cyclase; THGGPP,
tetrahydrogeranylgeranyl pyrophosphate. Prenyl benzoquinol acronyms are detailed in the main text.
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It has been assumed for a long time that tocochromanol biosynthesis was the exclusive appanage
of plants, algae, and some cyanobacteria that are all photosynthetic organisms. However, a recent study
showed that Plasmodium falciparum, a non-photosynthetic parasite that causes malaria, synthesizes both
α- and γ-tocopherols during its intraerythrocytic stages to avoid oxidative stress [14–16]. Besides this
exception, tocochromanol metabolism has been primarily studied in angiosperms and in the vitamin
E-producing cyanobacteria Synechocystis. The present review summarizes our current knowledge on
tocochromanol metabolism in plants, including the core tocochromanol biosynthetic pathway that
is now well delineated (Section 2); the transcriptional regulation of γ-TMT expression, which is the
gene encoding the biosynthetic enzyme of the most potent vitamin E form of α-tocopherol in animals
(Section 3); the regulation of homogentisate (HGA) biosynthesis, which is the polar precursor of
tocochromanols (Section 4); and the regulation of polyprenyl pyrophosphate biosynthesis, which is
the lipophilic precursor of tocochromanols (Section 5). Thus, this work complements the very recent
review that highlighted the biosynthetic origins and transports of polar and lipophilic tocochromanol
biosynthetic precursors in plants [17].

2. Tocochromanol Biosynthetic Pathways

Tocochromanol biosynthesis is initiated by the condensation of the polar aromatic head HGA with
various lipophilic polyprenyl pyrophosphates that determine the type of tocochromanol. PPP is
the lipophilic biosynthetic precursor of tocopherols, while GGPP is the one for tocotrienols, as
is SPP for PC-8, and THGGPP for tocomonoenols (Pellaud and Mène-Saffrané, 2017 [17] and
Figure 1). The condensation reaction is catalyzed by three types of HGA prenyltransferases that
possess each their substrate specificities. Tocopherol synthesis is initiated by HGA phytyltransferases
(HPTs) that condense HGA and PPP. This enzyme has been identified in both Arabidopsis and
the cyanobacterium Synechocystis [18,19]. While the Arabidopsis HPT (AtHPT), also named VTE2,
preferentially utilizes PPP as a prenyl donor, its Synechocystis counterpart uses both PPP and GGPP [18].
Although AtHPT poorly utilizes GGPP as a substrate in vitro, and wild-type Arabidopsis accessions
do not naturally accumulate tocotrienols, it has been shown that AtHPT catalyzes the synthesis
of tocotrienols in transgenic Arabidopsis plants that are overaccumulating HGA [20]. Recently,
AtHPT was also shown to be catalyzing the accumulation of γ-tocomonoenol in Arabidopsis seeds,
indicating that THGGPP is a substrate for this enzyme [21]. Collectively, these data show that
the substrate specificity of HGA phytyl transferases is wider than that originally described, and is
notably modulated by HGA availability. In Poaceae, tocotrienol synthesis is initiated by HGA
geranylgeranyltransferase (HGGT), which utilizes both GGPP and PPP as prenyl donors in vitro.
In addition, overexpression of the barley HGGT gene in the Arabidopsis vte2 mutant induces the
quantitative accumulation of both tocotrienols and tocopherols in seeds and leaves, indicating that
HGGT utilizes both prenyl donors in vivo as well [22]. The Arabidopsis vte2-1 mutant lacks tocopherols,
but still accumulates PC-8 in both seeds and leaves, confirming in vitro data showing that VTE2 is
not involved in the condensation of HGA with the solanesyl derivative SPP [18,23]. This reaction
is catalyzed by the HGA solanesyltransferase (HST) that has been identified in both Chlamydomonas
and Arabidopsis [24,25]. The condensation reaction between HGA and polyprenyl pyrophosphates
produces 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ) for tocopherols, 2-methyl-6-geranylgeranyl-
1,4-benzoquinol (MGGBQ) for tocotrienols, 2-methyl-6-solanesyl-1,4-benzoquinol (MSBQ) for
PC-8, and 2-methyl-6-tetrahydrogeranylgeranyl-1,4-benzoquinol (MTHGGBQ) for tocomonoenols
(Figure 1). These compounds are either direct precursors of δ- and β-tocochromanols, or
can alternatively be methylated by a methyltransferase (MT/VTE3) that uses S-adenosyl-
L-methionine (SAM) as a methyl donor [26,27]. The products of the later reaction
are prenylated dimethyl-benzoquinols, namely 2,3-dimethyl-6-phytyl-1,4-benzoquinol (DMPBQ)
for tocopherols, 2,3-dimethyl-6-geranylgeranyl-1,4-benzoquinol (DMGGBQ) for tocotrienols,
2,3-dimethyl-6-solanesyl-1,4-benzoquinol better known as plastoquinol-9 (PQ-9) for PC-8,
and 2,3-dimethyl-6-tetrahydrogeranylgeranyl-1,4-benzoquinol (DMTHGGBQ) for tocomonoenols
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(Figure 1). Both methyl- and dimethyl-benzoquinols are then further cyclized by the tocopherol cyclase
(TC/VTE1) into δ- and γ-tocochromanols, respectively. Seeds of the Arabidopsis vte1-1 mutant lack
all tocopherols, PC-8, and γ-tocomonoenol, indicating that the cyclase indiscriminately uses mono-
and dimethyl-benzoquinols carrying either a phytyl, a solanesyl, or a tetrahydrogeranylgeranyl side
chain as substrates [21,23,28,29]. The fourth and final step of tocochromanol biosynthesis consists
of the methylation of γ- and δ-tocochromanols into α- and β-tocochromanols, respectively [30,31].
This reaction is catalyzed by the γ-tocopherol methyltransferase (γ-TMT/VTE4) that utilizes SAM
as methyl donor (Figure 1). In Arabidopsis leaves and seeds, VTE4 converts γ- and δ-tocopherols
into α- and β-tocopherol, respectively, indicating that the methyl transferase efficiently methylates
phytyl-derived tocochromanols [30]. In addition, transgenic Arabidopsis lines overexpressing
the barley HGGT gene notably produce α-tocotrienol [32]. This indicates that the γ-tocopherol
methyltransferase VTE4 catalyzes that methylation of geranylgeranyl-derived tocochromanol such as
γ-tocotrienol as well.

3. Regulation of the γ-tocopherol methyltransferase Expression

The different tocochromanol forms identified in plants do not exhibit the same vitamin E
activity in animal cells [1]. Based on the rat fetal resorption assay, α-tocopherol (1.49 IU/mg;
100%) is by far the most potent vitamin E form, followed by β-tocopherol (0.75 IU/mg; 50%),
α-tocotrienol (0.45–0.75 IU/mg; 30–50%), γ-tocopherol (0.15 IU/mg; 10%), β-tocotrienol (0.08 IU/mg;
5%), and δ-tocopherol (0.05 IU/mg; 3%). The vitamin E activities of γ- and δ-tocotrienol have been
tested and were below the limit of detection, while those of other tocochromanols such as PC-8 and
tocomonoenols have not been tested yet. The difference in vitamin E activity among tocochromanol
forms results from their differential affinities to the α-tocopherol transfer protein, a cytoplasmic protein
that transports tocochromanols from the endosomal fraction of hepatocytes into the bloodstream of
animals [33,34]. This implies that at equal molarity, a plant tissue accumulating α-tocopherol instead
of γ-tocopherol for instance, exhibits 10 times more vitamin E activity. Based on this, a relevant
question regarding the regulation of tocochromanol biosynthesis in plants and the improvement of
crops vitamin E activity is: what are the molecular mechanisms regulating γ-TMT expression?

The main tocochromanol identified in wild-type leaves analyzed to date is α-tocopherol, indicating
that leaf γ-TMT/VTE4 activity is sufficient to quantitatively methylate the γ-tocopherol pool present in
this tissue. In contrast, despite the presence of PC-8 (γ-tocochromanol) in wild-type Arabidopsis and
maize leaves, methyl PC-8 (α-tocochromanol) has not been detected in any wild-type tissue analyzed
to date [23]. In contrast, methyl PC-8 accumulates in transgenic Arabidopsis leaves overexpressing
γ-TMT/VTE4, demonstrating that PC-8 is a substrate for γ-TMT/VTE4, and that endogenous
γ-TMT/VTE4 activity is not sufficient to convert all γ-tocochromanols into α-tocochromanols [35].
This later conclusion is further supported by the tocochromanol composition of transgenic Arabidopsis
leaves overexpressing the barley HGGT gene. Indeed, while these transgenic lines accumulate
tocopherols mostly under the form of α-tocopherol, their tocotrienol pool is mainly under the form of
γ-tocotrienol [32]. In contrast to this, another metabolic engineering study in which tocochromanol
biosynthesis has been increased by enhancing the production of HPP in chloroplasts suggests that
γ-TMT activity might be limiting for α-tocopherol synthesis in leaves. In comparison to controls,
these Arabidopsis transgenic lines overaccumulated both γ-tocopherol and γ-tocotrienol, but exhibited
control levels for α-tocopherol in leaves [36]. In addition, they did not accumulate any detectable
α-tocotrienol, despite the strong accumulation of γ-tocotrienol in leaf tissues. In alfalfa, it has been
shown that the overexpression of a Medicago γ-TMT modestly but significantly increased α-tocopherol
accumulation in leaves [37]. Collectively, these data show that the leaf γ-TMT/VTE4 activity is
clearly not sufficient to fully methylate both γ-tocotrienol and PC-8, and is sometimes limiting
α-tocopherol biosynthesis. The former conclusion might indicate that γ-TMT/VTE4 has a lower
affinity for γ-tocotrienol and PC-8 than for α-tocopherol.
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In contrast to leaves, the tocochromanol composition of wild-type seeds is much more variable,
and three groups of plant species can be currently distinguished according to this criterion. The seeds of
some plant species accumulate mostly γ-tocochromanols and very little or no α-tocochromanols. This is
notably the case of wild-type Arabidopsis seeds, which accumulate mostly γ-tocopherol and PC-8, very low
levels of α-tocopherol, and no methyl PC-8 [23]. The overexpression of γ-TMT genes in Arabidopsis and
Brassica napus is sufficient to trigger the quantitative accumulation of both α-tocopherol and methyl
PC-8 in transgenic seeds, thus demonstrating that the lack of α-tocochromanols in the seeds of these
species results from the very low transcriptional activity of the γ-TMT/VTE4 gene in seeds [30,35,38].
In contrast to Arabidopsis, the seeds of other plant species mostly accumulate α-tocochromanols, and very
few γ-tocochromanols. This is notably the case of sunflower and wheat, which accumulate mostly
α-tocopherol ± α-tocotrienol, and very low levels of γ-tocochromanols [39,40]. This indicates that the VTE4
activity in seeds of these species is sufficient to quantitatively convert almost all of the γ-tocochromanols
into α-tocochromanols. The third type of plants accumulate both α- and γ-tocochromanols in seeds,
suggesting that although their VTE4 activity is sufficient to support the synthesis of α-tocochromanols, it
is not strong enough to fully methylate the pools of γ-tocochromanols. This group includes species
such as rapeseed and maize [41–43]. Our current knowledge of the transcriptional mechanism(s)
regulating γ-TMT/VTE4 expression, notably in seeds, is currently limited to a single study performed in
soybean. Tocopherol analysis in seeds of 1109 wild and cultivated soybean varieties showed that while
almost all of them produce primarily γ-tocopherol, three varieties accumulate up to seven times more
α-tocopherol [44]. Quantitative trait loci (QTL) analysis in high α-tocopherol soybean varieties showed
that polymorphism located in the γ-TMT3 promoter correlated with the higher expression of the methyl
transferase, and thus that α-tocopherol level is transcriptionally regulated in soybean seeds as well [45].
Collectively, these data demonstrate that the synthesis of α-tocochromanols, such as α-tocopherol in seeds
and leaves, is determined by the mechanism(s) regulating the expression of the γ-TMT/VTE4 gene. To date,
despite many independent research initiatives that led to the identification of numerous α-tocopherol QTLs
in Arabidopsis [46], soybean [45,47,48], maize [42,43,49,50], winter oilseed rape [51,52], and barley [53],
the transcriptional machinery regulating the expression of γ-TMT genes in plants is still unknown.

4. Plastidic Availability in Homogentisate Regulates Tocochromanol Synthesis

Early feeding experiments of safflower, sunflower, and soybean cell cultures with HGA have
shown that an exogenous HGA supply significantly increased tocochromanol biosynthesis in plant
cells [54–56]. These indicate that the endogenous mechanism(s) regulating HGA biosynthesis and
availability in plant cells directly determines the final amount of tocochromanols. The tocochromanol
biosynthetic precursor HGA comes from the degradation of the aromatic amino acid L-tyrosine
(L-tyr), which is produced by the plastidic shikimate pathway (Figure 2). L-tyr is first converted into
4-hydroxyphenylpyruvate (HPP) by tyrosine aminotransferases (TATs). Among the six to 10 TAT
genes identified in the genetic model Arabidopsis, the enzymatic activity has been experimentally
confirmed only for TAT1 (also named TAT7) and TAT2 [57–60]. Regarding tocochromanol synthesis,
it has been shown that TAT1/TAT7 controls 35–50% of α-tocopherol biosynthesis in Arabidopsis
leaves [59]. The other TAT(s) involved in the TAT1-independent tocochromanol biosynthesis, as well as
the ones involved in seed tocochromanol biosynthesis, have not been identified yet. Following tyrosine
transamination, HPP is converted by 4-hydroxyphenylpyruvate dioxygenase (HPPD) into HGA
(Figure 2). A corpus of biochemical, genetic, and cell biology data indicate that the cellular compartment
hosting HGA biosynthesis is different among plant species. This aspect of tocochromanol biosynthesis
has been recently reviewed in detail [17]. In the genetic model Arabidopsis, several studies have
provided evidence that HGA biosynthesis is confined to the cytoplasm. The sequence analysis
of the Arabidopsis TAT1/TAT7 and HPPD genes have shown that both lack the typical sequence
encoding for a chloroplast transit peptide, suggesting that TAT1/AtTAT7 and HPPD are localized
in the cytoplasm [60]. This has been confirmed by Western blot for HPPD, and with TAT1:GFP and
HPPD:GFP fusion proteins, which were both localized in the cytoplasm of Arabidopsis cells [60,61].
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Figure 2. Biosynthesis and transport of homogentisate in plants. Red, orange, and blue dotted
lines correspond to transgenic plants overexpressing the coding sequence of yeast PDH, bacterial
CM/PDH, and plant HPPD, respectively, all fused to a sequence encoding a chloroplast transit
peptide. Biosynthetic enzymes demonstrated to be involved in tocochromanol synthesis are
highlighted in blue or gray. In species such as Arabidopsis, HPPD is localized in the cytoplasm.
In contrast, in maize, tomato, and cotton, HPPD genes exhibit a typical chloroplast transit signal,
suggesting that this enzyme is localized in the chloroplasts of these species (HPPD in grey).
In soybean, HPPD have been localized in both compartments. Plant species in which HGA
biosynthesis is localized in the cytosol must have chloroplast membrane transporters (blue boxes)
exporting Tyr and HPP into the cytosol, and importing HGA back into chloroplasts. Abbreviations:
CM/PDH, bacterial bi-functional chorismate mutase/prephenate dehydrogenase; E4P, erythrose
4-phosphate; GGPP, geranylgeranyl pyrophosphate; Glu, glutamate; HGA, homogentisate; HGO,
homogentisate dioxygenase; HPP, 4-hydroxyphenylpyruvate; HPPD, 4-hydroxyphenylpyruvate
dioxygenase; 4-MA, 4-maleylacetoacetate; 2-OG, 2-oxoglutarate; PDH, prephenate dehydrogenase; PEP,
phosphoenolpyruvate; PPP, phytyl pyrophosphate; TAT, tyrosine aminotransferase; Tyr, L-tyrosine.

In addition, HPPD genes isolated from barley, carrot, and coleus also lack chloroplast transit
peptide sequences [62]. Collectively, these demonstrate that HGA biosynthesis, at least in these species,
is exclusively localized in the cytoplasm. This data has major consequences regarding the regulation
of tocochromanol biosynthesis in these species, since the cytoplasmic HGA biosynthesis implies the
existence of chloroplast membrane transporters that export L-tyr/HPP into the cytoplasm, and other
one(s) that import HGA back into chloroplasts (Figure 2). Thus, beyond HGA biosynthesis per se,
these chloroplast membrane transporters might constitute additional levels of regulation of plastidic
HGA availability, and thus determine the final amount of tocochromanol produced by a given tissue.
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Genetic data obtained from soybean further illustrate how the cytoplasmic HGA biosynthesis and the
exchanges of tocochromanol biosynthetic precursors between chloroplasts and the cytoplasm participate
in the regulation of tocochromanol biosynthesis in plants. In this species, the HPPD activity is encoded by
a single gene that exhibits two transcription start sites. It has been shown that the long transcript encodes
a polypeptide imported into the chloroplast, while the short one encodes a polypeptide that remains in
the cytoplasm [63]. This indicates that soybean HPPD activity is localized in both the cytoplasm and
chloroplasts. In addition, seeds of the soybean hgo1 mutant, which carries a mutated HOMOGENTISATE
DIOXYGENASE 1 gene encoding an enzyme that catabolizes HGA into 4-maleylacetoacetate (Figure 2),
exhibits higher amounts of both HGA and tocochromanols [64]. Interestingly, the HGO1 activity
catabolizing HGA is localized in the cytoplasm of soybean cells, indicating that the cytoplasmic HGA
catabolism negatively impacts tocochromanol biosynthesis in this species. Similarly, the Arabidopsis
HGO gene (At5g54080) encodes a protein expected to be localized in the cytoplasm, according to the The
Arabidopsis Information Resource website. Collectively, these data demonstrate that the cytoplasmic HGA
synthesis and catabolism in species such as Arabidopsis and soybean are two mechanisms that determine
the final amount of tocochromanols in seeds. Moreover, they reveal that yet-unknown chloroplast
membrane transporters exporting L-tyr/HPP into the cytoplasm, and other one(s) importing HGA back
into chloroplasts, are potentially limiting factors for tocochromanol accumulation. To date, neither the
membrane chloroplast transporters exporting L-tyr and HPP in the cytoplasm, nor the one importing HGA
back into chloroplasts, have been identified in Arabidopsis. In contrast, a cationic amino acid transporter
localized in the chloroplast membrane and capable of exporting phenylalanine, tryptophan, and L-tyr from
the stroma into the cytosol has been identified in petunia [65].

The major role of plastidic HGA availability and its transport from the cytoplasm into plastids
in the regulation of tocochromanol biosynthesis can be deduced from four metabolic engineering
studies that aimed at increasing plant vitamin E activity. In higher plants, HPP derives from the
sequential catabolism of L-tyr into chorismate, prephenate, and arogenate (Figure 2). In plants,
L-tyr restricts its own biosynthesis, and thus the one of tocochromanols, by feedback inhibition of
both arogenate dehydrogenase and prephenate dehydrogenase [20]. In contrast, prokaryotes and
yeast produce HPP directly from chorismate via bi-functional chorismate mutase (CM)/prephenate
dehydrogenase (PDH) activity, and from prephenate via PDH activity, respectively (Figure 2).
It has been previously shown that the overexpression of bacterial CM/PDH or yeast PDH genes
in transgenic plants, including Arabidopsis, strongly increases the accumulation of both HGA and
tocochromanols [20,56,66]. Interestingly, both CM/PDH and PDH coding sequences were fused to
a sequence encoding a chloroplast transit peptide and expressed in combination with HPPD genes
that were also fused to a sequence encoding a chloroplast transit peptide. Collectively, these studies
demonstrate that bypassing the plant L-tyr feedback inhibition and functionalizing chloroplasts with
the HPPD activity significantly stimulate tocochromanol metabolism in plants.

Interestingly, the overexpression of bacterial CM/PDH or yeast PDH genes alone is more effective
in terms of tocochromanol biosynthesis in Arabidopsis leaves than when these genes are co-expressed
in combination with HPPD [20,36]. Compared with transgenic Arabidopsis overexpressing CM/PDH
alone, the lower tocochromanol accumulation in transgenic Arabidopsis leaves carrying both transgenes
(CM/PDH or PDH with HPPD) correlates with a much higher accumulation of free HGA [20]. This indicates
that whereas HGA availability is limiting for tocochromanol accumulation, a high HGA concentration likely
inhibits their biosyntheses. In addition to revealing the potentially toxic effect of HGA on tocochromanol
metabolism, these two later studies indicate that the HPPD activity and HPP/HGA trafficking across
chloroplast membranes are both not limiting in Arabidopsis leaves. Indeed, the overaccumulation of
tocochromanols resulting from the sole overexpression of CM/PDH or PDH in chloroplasts implies
that HPP is efficiently exported into the cytosol where the HPPD activity is localized, and that the
cytoplasmic HGA is imported back into chloroplasts to sustain tocochromanol biosynthesis (Figure 2).
Since tocochromanol biosynthesis is strongly increased by the overexpression of a bacterial CM/PDH
gene alone in Arabidopsis leaves, one can conclude that the endogenous HPPD activity (cytoplasmic)
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and HPP/HGA trafficking are both not so limiting for leaf tocochromanol metabolism in Arabidopsis.
In contrast to this, the situation seems very different in tobacco leaves; while the overexpression of the
yeast PDH gene does not significantly alter tocochromanol accumulation in transgenic tobacco leaves, its
overexpression in combination with HPPD fused to a chloroplast targeting sequence strongly increases
tocochromanol accumulation [66]. The reasons explaining these differences between Arabidopsis and
tobacco leaves are currently unknown but suggest that HPPD activity and/or HPP/HGA trafficking in
tobacco is limiting compared to Arabidopsis leaves.

In Arabidopsis seeds, re-analysis of previously published data indicates that HPP/HGA
trafficking across the chloroplast membranes is much less efficient than in leaves despite the significant
tocochromanol metabolism in this tissue. Co-expression of CM/PDH in combination with HPPD in
Arabidopsis stimulates seed tocochromanol accumulation, whereas the expression of CM/PDH alone
does not significantly alter it (construct pMON36596 versus pMON36520 in the Supplementary data of
Karunanandaa et al. [56], 2005, respectively). In this study, a sequence encoding a chloroplast transit
peptide was fused to both CM/PDH and HPPD sequences as well, showing that seed tocochromanol
might be enhanced in seeds if seed chloroplasts are functionalized with both activities. This indicates
that the endogenous HPPD activity and/or HPP/HGA trafficking is much less efficient in Arabidopsis
seeds than in leaves. However, the HPPD gene is strongly expressed in Arabidopsis seeds, a tissues in
which HPPD expression is among its highest during plant development (Figure 3).

Figure 3. HPPD expression pattern during Arabidopsis development. The expression of the Arabidopsis
HPPD gene (At1g06570) was assessed with ePlant (http://bar.utoronto.ca/eplant). HPPD expression level
is equal to 697.5 in green cotyledons (SD = 36.3; n = 3), and is the third highest HPPD expression after
sepals (level = 971.7; SD = 84.2; n = 3) and senescent leaves (level = 797.7; SD = 6.9; n = 3).

This indicates that HPPD activity is likely not limiting tocochromanol metabolism in Arabidopsis
seeds, and that in contrast, HPP/HGA trafficking restricts tocochromanol biosynthesis in these tissues.
This novel interpretation of old data also suggests that HPP/HGA trafficking across the chloroplast
membrane is likely a target of choice to increase tocochromanol biosynthesis in seeds.

The tocochromanol patterns of transgenic plants expressing bacterial CM/PDH and yeast PDH alone
or in combination with HPPD vary according to the plant species, organ, and developmental stage. Thus,
while young tobacco and Arabidopsis leaves overexpressing CM/PDH or PDH genes overaccumulate
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primarily tocotrienols, mature Arabidopsis transgenic leaves expressing these constructs accumulate mostly
tocopherols [20,36,66]. In contrast to leaves, Arabidopsis and soybean transgenic seeds expressing CM/PDH
or PDH genes primarily overaccumulate tocotrienols [56]. Since the type of tocochromanol results from
the polyprenyl pyrophosphate substrate, these results indicate that the tocopherol precursor PPP is likely
limiting in seeds and young leaf tissues, whereas GGPP is not.

5. Regulation of Polyprenyl Pyrophosphate Availability

Since the type of tocochromanol (tocopherol, tocotrienol, PC-8, tocomonoenol) is determined by
the polyprenyl pyrophosphate substrate condensed to HGA, the biosynthetic pathways producing
the lipophilic tocochromanol precursors (PPP, GGPP, SPP, and THGGPP) are key components in the
regulation of tocochromanol biosynthesis. To date, although the tocotrienol biosynthetic pathway is
well characterized, and key tocotrienol biosynthetic genes have been identified in plants, there are
currently no data describing the mechanisms regulating the biosynthesis of GGPP used for tocotrienol
biosynthesis [32]. This may result from the fact that the wild accessions of the genetic model
Arabidopsis do not accumulate the tocotrienols that are mostly prevalent in the seeds of Poaceae.
As the GGPP that is used for tocotrienol synthesis likely originates from the plastidic methyl erythritol
phosphate pathway (MEP), one can assume that the regulation of tocotrienol biosynthesis might be
directly linked to this pathway. In addition, the mapping of the tocotrienol QTLs identified in maize and
barley grains might improve our understanding of the mechanisms regulating its accumulation [67,68].
It is known that tocotrienols accumulate in plants or tissues that do not usually produce them when
HGA is overaccumulated, such as in transgenic Arabidopsis plants expressing CM/PDH or PDH
genes, or in the leaves of transgenic tobacco carrying similar constructs [20,36,56,66]. The current
interpretation of these data is that GGPP is likely not limiting in these species or tissues, and that
HGA overaccumulation alters the specificity of the tocopherol prenyltransferase. These results might
indicate that HGA availability in Poaceae seeds might contribute to the regulation of tocotrienol
biosynthesis in these species.

The biosynthesis of PC-8 and its solanesyl benzoquinone precursor plastoquinone-9 (PQ-9)
is initiated by the homogentisate solanesyltransferase-dependent condensation of HGA with SPP
that comes from the preferential concatenation of GGPP and isopentenyl pyrophosphate [25,69–71].
To date, four genes have been found to specifically regulate PQ-9/PC-8 accumulation in plants.
The Nicotinamide Adenine Dinucleotide Phosphate (NADPH) dehydrogenase C1 (NDC1; AT5G08740) is
a type II NAD(P)H quinone oxidoreductase that reduces PQ-9 into PQH2-9, using ferredoxin as an
electron donor [72]. This enzyme is localized in plastoglobuli together with prenyl quinones/quinols
and tocochromanols such as PC-8. In Arabidopsis ndc1 mutants, the leaf PQ pool is more oxidized
than in wild-type controls, while PC-8 amounts are reduced by ca 66% [72]. In contrast, leaf tocopherol
levels were not affected by the mutation. The proposed model explaining the role of NDC1 in PC-8
accumulation is based on tocopherol cyclase—the enzyme that notably catalyzes the cyclization of
PQH2-9 into PC-8—preferentially using reduced prenyl quinones [73]. Two ABC1 atypical kinases,
ABC1K1 (AT4G31390) and K3 (AT1G79600), have been shown to regulate PQ-9/PC-8 metabolism
in Arabidopsis [74–76]. Both kinases are abundant in plastoglobuli, and single and double abc1k1
and abc1k3 mutants exhibit altered PQ-9/PC-8 metabolism. Although the function of these atypical
kinases in PQ-9/PC-8 metabolism has been clearly demonstrated, their mode(s) of action remains to be
determined. It has been shown that both ABC1K1 and K3 phosphorylate the tocopherol cyclase VTE1.
Since the biosynthesis of tocopherols, which requires VTE1 activity as well, was not affected in abc1k3
leaves, it is unlikely that the ABC1K3 mode of action is mediated by VTE1 phosphorylation. In contrast,
tocopherol amounts were significantly reduced in abc1k1 leaves, suggesting that the ABC1K1 mode
of action might involve the regulation of the tocopherol cyclase activity. The role of ABC1K1 and
K3 in tocochromanol metabolism might also be mediated by the synthesis of fribrillin, a group of
lipid-associated proteins that are localized in chloroplasts and essential for the biosynthesis of PQ-9,
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and thus PC-8 [77,78]. Indeed, Arabidopsis fibrillin-5 mutants exhibit lower PQ-9/PC-8 amounts, and it
was shown that mutation in abc1k3 strongly reduces the accumulation of fibrillin proteins [74,77].

Regarding the regulation of tocopherol biosynthesis, it is known that the availability of phytol
is a major parameter governing the final amount of tocopherols in a plant tissue. It has been shown,
for instance, that the supplementation of plant cell suspensions with free phytol is sufficient to
significantly increase tocopherol accumulation in these cells [54–56]. Moreover, feeding Arabidopsis
seedlings with radiolabeled phytol has been associated with the biosynthesis of radiolabeled
α-tocopherol, thus suggesting that free phytol is likely recycled into tocopherols [79]. The first
genetic evidence supporting this biosynthetic model was provided by the Arabidopsis vte5 that lacks
80% and 65% of the tocopherols in seeds and leaves, respectively [80]. Recently, the VTE5-dependent
biosynthesis of tocopherols has also been reported in tomato leaves and fruits [81]. VTE5 is a phytol
kinase that phosphorylates the free phytol that is released during chlorophyll catabolism into phytyl
phosphate [80]. The chlorophyll-dependent tocopherol biosynthesis is further supported by genetic
data provided by the Arabidopsis g4/chlsyn1 mutant, which carries a mutated chlorophyll synthase
that esterifies geranylgeranyl pyrophosphate on chlorophyllide a [82]. The leaves of this mutant
grown in vitro on a media supplemented with sucrose are albino, and do not accumulate tocopherols.
In addition, g4/chlsyn1 seeds lack 75% of the tocopherols, thus indicating that tocopherol biosynthesis is
also mostly chlorophyll-dependent in Arabidopsis seeds as well. Collectively, these data demonstrate
that the PPP used for tocopherol biosynthesis primarily originates from the recycling of phytol released
during chlorophyll catabolism in both leaves and seeds. This biosynthetic model, including details
about enzymes such as Mg-dechelatase, chlorophyllases, and pheophytinase, has been very recently
reviewed, and will not be developed here [17].

If one can easily understand the origin of PPP in the seeds of chloroembryophytes such
Arabidopsis or rapeseed, which accumulate significant amounts of chlorophylls in developing
embryos, how do leucoembryophyte seeds produce tocopherols, since they a priori do not synthetize
chlorophylls? A comprehensive analysis of vitamin E natural variation in maize grain recently
provided an unexpected answer to this puzzling question. Among the 52 QTLs identified for maize
grain tocochromanols, QTL5 and QTL24 exhibited scores for phenotypic variance explained among
the highest of all identified QTLs [68]. Interestingly, DNA loci covered by QTL5 andQTL24 both
carry a gene encoding protochlorophyllide reductase, an enzyme of the chlorophyll biosynthetic
pathway [68]. This result suggests that despite their lack of green coloration, leucoembryophyte seeds
such as maize grain might produce chlorophylls that, once degraded and recycled, might provide PPP
for tocopherol biosynthesis. A biochemical analysis of developing maize grain showed that, whereas
they lack any macroscopic green coloration, embryos accumulate very low but detectable traces of the
chlorophyll immediate precursor chlorophyllide a, of chlorophylls a and b, and of the first chlorophyll
catabolite that lacks the Mg atom pheophytin a. In addition, endosperm also accumulated detectable
traces of chlorophyll a. Although further studies—notably with genetic evidence—are required to
definitively link chlorophyll metabolism and tocopherol biosynthesis in leucoembryophyte seeds,
these data indicate that leucoembryophyte seeds might produce tocopherols via the same mechanism
originally described in chloroembryophyte seeds [80,83]. This exiting perspective would definitively
link tocopherol metabolism to the one of chlorophylls in plants, and open news questions regarding
tocopherol metabolism in non-photosynthetic organisms such as in Plasmodium falciparum [14–16].

Although the chlorophyllic origin of tocopherols is clearly established in the seeds and
leaves of chloroembryophyte species such as Arabidopsis, little is known about the regulation
of PPP biosynthesis linked to tocopherol accumulation. Recently, two novel Arabidopsis ethane
methylsulfonate mutants, the enhanced vitamin e (eve) 1 and 4 mutants, have been isolated
by forward genetics [21]. The seeds of eve1 and eve4 mutants overaccumulate tocopherols,
PC-8, and γ-tocomonoenol, a monounsaturated form of tocochromanols. Interestingly, both
eve1 and 4 seeds did not accumulate any tocotrienols, such as transgenic Arabidopsis plants
overaccumulating HGA, suggesting that although HGA metabolism is likely increased in these
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mutants to sustain tocochromanol metabolism, HGA overaccumulation is not the primary source of its
enhancement. In addition, γ-tocomonoenol accumulation has never been reported in Arabidopsis HGA
overaccumulating lines, further suggesting that the misregulation of HGA biosynthesis is likely not the
primary source of the enhancement of tocochromanol accumulation in eve1 and eve4 seeds. The fact that
all tocochromanol forms are overaccumulated in eve1 and eve4 seeds likely suggests that both mutations
affect the chloroplastic isoprenoid metabolism produced by the methyl erythritol phosphate pathway
(Figure 4). The mutation responsible for the eve1 seed phenotype affects the WRINKLED1 gene that
encodes for a transcription factor containing two APETALA2/ethylene response element DNA-binding
proteins [84]. This gene is mostly expressed during seed development, although moderate expression
has been also detected in roots and flowers [85,86].

Figure 4. Plastidic intersection of the shikimate pathway, the methyl erythritol phosphate pathway,
and lipogenesis. The shikimate pathway, methyl erythritol phosphate (MEP) pathway, and fatty
acid synthesis are localized in plastids, and share phosphoenolpyruvate and pyruvate as common
biosynthetic precursors. The biosynthesis of triacylglycerols occurs in the endoplasmic reticulum.
Arabidopsis Genome Initiative numbers in red indicate that the corresponding gene is downregulated
in Arabidopsis wri1 developing embryos, or upregulated in transgenic plants constitutively expressing
the WRI1 transcription factor. AGI numbers in black indicate that the expression of the corresponding
gene is WRI1-independent. AGI numbers in blue indicate that no transcriptomic data was available.
Abbreviations: DGAT1, acylCoA:diacylglycerol acyltransferase 1; E4P, erythrose 4-phosphate; G3P,
glyceraldehyde 3-phosphate; phytyl-PP, phytyl pyrophosphate.

Targets of the WRI1 transcription factor in plant genomes have been investigated by transcriptomic
studies and in vitro enzymatic assays in developing Arabidopsis wri1 embryos [85–88], in the leaves
of transgenic maize lines overexpressing the ZmWRI1a gene [89], and in Nicotiana benthamiana
leaves agroinfiltrated with Arabidopsis, potato, poplar, oat, and nutsedge WRI1 orthologs [90].
The transcription factor WRI1 regulates the expression of several key biosynthetic genes involved in
late glycolysis, fatty acid synthesis, and lipid assembly [85–89]. Thus, WRI1 pushes carbon into fatty
acid/lipid metabolism by upregulating key lipid biosynthetic genes. It is interesting to note that the
genes encoding almost all of the subunits of the plastidial pyruvate dehydrogenase complex are either
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downregulated in wri1 developing embryos or upregulated in transgenic plants overexpressing WRI1
(Figure 4). Interestingly, tocochromanols are synthetized in chloroplasts as well, and the biosynthetic
pathways providing both tocochromanol precursors, i.e., the MEP pathway and the shikimate pathway,
use the same biosynthetic precursors, i.e., pyruvate and phosphoenolpyruvate, as those used for
fatty acid/lipid synthesis (Figure 4). These suggest that tocochromanol and lipid biosyntheses might
compete for these biosynthetic precursors.

Another model explaining the enhancement of tocochromanol metabolism in wri1 seeds might be
considered as well. The transient WRI1 expression performed in Nicotiana benthamiana leaves revealed a
novel aspect of WRI1 transcriptome that has not been described neither in transgenic lines constitutively
expressing WRI1 nor in wri1 seeds. Numerous genes encoding chlorophyll biosynthetic enzymes such
as protochlorophyllide oxidoreductase and Mg chelatase, chlorophyll-binding proteins, subunits of
the light harvesting complexes, and ATP generation complex subunits were strongly downregulated
in tobacco leaves transiently expressing WRI1 constructs (Supplementary file 6 of Grimberg et al. [90]).
The authors concluded that the transient expression of WRI1 is strongly associated with the
downregulation of photosynthesis, including energy and reducing equivalent production, respectively.
Interestingly, the endogenous WRI1 gene is not constitutively expressed in Arabidopsis plants; instead,
it is transiently expressed in the developing Arabidopsis embryo [85]. This indicates that the WRI1
expression in the developing Arabidopsis embryo also might downregulate photosynthesis, and thus
the production of ATP, as well as reduce equivalents in embryos. Now, the MEP pathway that
produces the building blocks for chloroplastic isoprenoids is strongly dependent on ATP and reducing
equivalents such as NADPH (Figure 4). Interestingly, it has been suggested that both ATP and NADPH
might be key regulatory components of the MEP pathway [91]. This hypothesis suggests that the
enhancement of the tocochromanol metabolism in wri1 seeds might reflect the higher ATP and NADPH
production resulting from the reduced repression of seed photosynthesis.

6. Conclusions and Perspectives

From the first purification of α-tocopherol from wheat germ oil to the latest model
of the tocochromanol biosynthetic pathways introducing tocomonoenol biosynthetic genes,
our understanding of vitamin E biosynthesis in plants has been considerably enriched [3,21].
In contrast, much less is known about the mechanisms regulating vitamin E biosynthesis in plants.
The fact that tocochromanol biosynthesis mobilizes two distinct biosynthetic pathways, the shikimate
pathway and the MEP pathway, requires the degradation of two compounds such as L-tyr and
chlorophylls, involves a yet-unknown transport system between the cytoplasm and the stroma in plant
species in which HGA biosynthesis is localized in the cytoplasm, and is interconnected to fatty acid
biosynthesis in plastids, render the understanding of its regulation particularly challenging. Indeed,
understanding the regulation of vitamin E biosynthesis will imply that we take up the challenges to
understand the regulation of each of these numerous events. Beyond understanding the regulation
of vitamin E biosynthesis in plants, it seems important that medical scientists assess the sanitary
consequences of the significant vitamin E deficiency independently detected in human populations,
including in developed countries. The fundamental role of this vitamin in human reproduction and its
benefit in current widespread diseases such as high cholesterol and neurodegenerative pathologies
makes it a candidate of choice to improve human health.
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Abstract: Tocopherols, together with tocotrienols and plastochromanols belong to a group of
lipophilic compounds also called tocochromanols or vitamin E. Considered to be one of the
most powerful antioxidants, tocochromanols are solely synthesized by photosynthetic organisms
including plants, algae, and cyanobacteria and, therefore, are an essential component in the human
diet. Tocochromanols potent antioxidative properties are due to their ability to interact with
polyunsaturated acyl groups and scavenge lipid peroxyl radicals and quench reactive oxygen
species (ROS), thus protecting fatty acids from lipid peroxidation. In the plant model species
Arabidopsis thaliana, the required genes for tocopherol biosynthesis and functional roles of tocopherols
were elucidated in mutant and transgenic plants. Recent research efforts have led to new outcomes for
the vitamin E biosynthetic and related pathways, and new possible alternatives for the biofortification
of important crops have been suggested. Here, we review 30 years of research on tocopherols in
model and crop species, with emphasis on the improvement of vitamin E content using transgenic
approaches and classical breeding. We will discuss future prospects to further improve the nutritional
value of our food.

Keywords: vitamin E; tocopherol; antioxidant; biofortification; crop breeding

1. Introduction

Four tocopherols and four tocotrienols form a group of lipid-soluble antioxidants called
tocochromanols, commonly known as vitamin E [1,2]. Their basic structure is simple, comprising a
polar chromanol ring and a hydrophobic polyprenyl side chain, products of the shikimate and
1-deoxy-D-xylulose 5-phosphate (DOXP) pathways. Tocochromanols with a fully saturated side
chain are called tocopherols and those with an unsaturated side chain tocotrienols. The number of
methyl groups in the chromanol ring defines the four natural occurring α, β, γ, and δ-tocopherol
and tocotrienol subforms [3]. Vitamin E activity involves scavenging peroxyl radicals and quenching
reactive oxygen species (ROS). The most active form of vitamin E is α-tocopherol and thus the most
needed form of vitamin E in our diet [4]. It is generally found in high concentrations in vegetable oils
such as almond, safflower, or canola oil or in other high-fat sources such as nuts, seeds, or grains [5].
Food-grade canola oil, or 00-type rapeseed oil, has a high-quality nutritional composition similar to that
of olive oil, and tocopherols are one of the main nutritionally relevant constituents. Despite vitamin E’s
importance in the human diet, dietary studies show that the recommended daily allowance is often
not met, so, improving its quantity and composition has become a target in crop breeding [6].
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In this review, we follow the elucidation of the tocopherol biosynthesis pathway genes over
the last 30 years of research, with a particular focus on their function and their involvement in plant
processes. We will focus on the biosynthesis bottlenecks detected and the transgenic and non-transgenic
breeding efforts that have been undertaken in order to improve the antioxidant and nutritional values
of important crops.

2. Biosynthesis and Chemical Function

Tocopherol biosynthesis is initiated in the plant’s cytoplasm, but, except for this first step,
its biosynthesis takes place in the plastids. Here, the necessary enzymes are localized at the inner
envelope or in the plastoglobules [7–9]. The biosynthesis starts through the formation of the aromatic
head group homogentisic acid (HGA), which is catalyzed by the enzyme p-hydroxyphenylpyruvate
and is derived from tyrosine degradation [10,11]. The polyprenyl side chain, phytyl diphosphate
(phytyl-PP/PDP), is suggested to originate from the DOXP pathway, as well as from the recycling of
free phytol derived from the chlorophyll degradation process [12,13]. In Arabidopsis thaliana (A. thaliana),
this step is catalyzed sequentially by two phytol kinases [13,14]. The two substrates, HGA and PDP,
are fused together in the following step, mediated by the enzyme homogentisate phytyltransferase
(HPT), to 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ). MPBQ, in turn, serves as substrate either for
tocopherol cyclase (TC) or MPBQ methyltransferase. MPBQ methyltransferase methylates MPBQ to
2,3-dimethyl-6-phytyl-1,4-benzoquinone (DMPBQ), while tocopherol cyclase transforms both MPBQ
and DMPBQ to γ- and δ-tocopherol, respectively. Lastly, the enzyme γ-tocopherol methyltransferase
(γ-TMT) catalyzes the conversion of γ- to α-tocopherol and of δ- to β-tocopherol (Figure 1, Table 1).

Figure 1. Simplified model of the tocopherol biosynthesis pathway in A. thaliana (highlighted branch
of the pathway). Compound names are given in the boxes and gene names are indicated in italic.
The circled numbers refer to the biosynthesis steps described in detail in Table 1. Adapted from [15].
HGGT: homogentisic acid geranylgeranyl transferase; HST: homogentisic acid solanesyl transferase;
GGDP: geranylgeranyl diphosphate; MGGBQ: 2-methyl-6-geranylgeranyl-1,4-benzoquinol; PC-8:
plastochromanol-8; SPP: solanesyl pyrophosphate.
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Table 1. Genes and enzymes of the tocopherol biosynthesis in A. thaliana.

Biosynthesis
Step

Gene Enzyme Function Substrate 1 Product At Locus Reference

1 PDS1 HPPD Head group
synthesis HPP HGA AT1G06570 [16–18]

2 VTE5 Phytol
kinase Phosphorylation Phytol +

CTP/UTP Phytyl-P AT5G04490 [14]

VTE6 Phytyl -P
kinase Phosphorylation Phytol-P +

CTP Phytyl-PP(PDP) AT1G78620 [13]

3 VTE2 HPT Phytylation HGA + PDP MPBQ AT2G18950 [19–23]

4 VTE3 MPBQ/
MSBQ MT Methylation MPBQ/MSBQ DMPQ AT3G63410 [24–26]

5 VTE1 TC Cyclization MPBQ/DMPQ γ-tocopherol/
δ-tocopherol AT4G32770 [27–30]

6 VTE4 γ-TMT Methylation δ-tocopherol/
γ-tocopherol

α-tocopherol/
β-tocopherol AT1G64970 [30–33]

1 Only those compounds related to the tocopherol biosynthesis are mentioned. Genes and their corresponding
enzyme names: PDS1/HPPD: p-hydroxyphenylpyruvate dioxygenase; VTE1/TC: tocopherol cyclase; VTE2/HPT:
homogentisic acid phytyl transferase; VTE3/MT: methyltransferase; VTE4/ γ-TMT: γ-tocopherol methyltransferase;
VTE5/VTE6: phytol kinase. Substrates and products: CTP/UTP: cytidine triphosphate/ uridine triphosphate;
DMPBQ: 2,3-dimethyl-6-phytyl-1,4-benzoquinone; HGA: homogentisic acid; HPP: p-hydroxyphenylpyruvate;
MPBQ: 2-methyl-6-phytyl-1,4-benzoquinol; MSBQ: 2-methyl-6-solanesyl-1,4-benzoquinol; Phytyl-PP/PDP: phytyl
diphosphate; PDP: phytyldiphosphate.

Tocopherols are one of the most valuable antioxidants because of their remarkable chemical
mode of action. They interact with polyunsaturated acyl groups and protect polyunsaturated fatty
acids from lipid peroxidation by scavenging lipid peroxy radicals and quenching ROS produced
e.g., by photosystem II and during membrane lipid peroxidation [34,35]. During this process,
tocopherols donate their phenolic hydrogen to lipid-free radicals, thus neutralizing the radical,
terminating the autocatalytic lipid peroxidation processes and protecting cell membranes [36,37].
The resulting tocopherol radicals are more stable, are less reactive, and, more importantly, can be
reconverted to the corresponding tocopherol by reacting with other antioxidants such as ascorbate
or glutathione. This allows each tocopherol to participate in many scavenging reactions before
being degraded. Collectively, these properties make tocopherols highly efficient as antioxidants [38].
Furthermore, tocopherols are able to deactivate singlet oxygen (1O2), which oxidizes, amongst
others, membrane lipids, proteins, amino acids, nucleic acids, nucleotides, and carbohydrates [39,40].
The chemical reaction of tocopherols with 1O2 results in the corresponding tocopherol quinones
(and other derivatives), some of which have been shown to be potent antioxidants [41–43].

3. Tocopherols in Plants and Mammalians

Tocopherols occur in mammalians, photosynthetic bacteria, fungi, algae, and plants, but only
photosynthetic organisms are able to synthesize them [2,3]. The content, composition, and presence
of tocopherols varies widely in different plant tissues. They can be found in seeds, fruits, roots,
and tubers and are usually present in the green parts of higher plants [15,44]. The most abundant
form in leaves is α-tocopherol, whereas the dominating tocopherol form in seeds is γ-tocopherol [2,33].
Nevertheless, in some crops, for instance, sunflower, olive, safflower, wild Euphorbia, or grape,
α-tocopherol is the main tocopherol form in seeds [45–49]. Total tocopherol content and composition
strongly changes under conditions of plant oxidative stress including high light, salinity, drought,
and low temperatures [3,31,32,50,51]. Both plant growth and development affect the levels of
tocopherol content and composition, which changes for example during senescence, chloroplast
to chromoplast conversion, fruit ripening, and seed development [51–55].

Since 1922, when the term vitamin E was introduced by Evans and Bishop [56], the role
of vitamin E has been extensively studied in mammalian systems and the beneficial effects
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demonstrated. Their antioxidant and radical scavenging mechanisms have been described in a variety
of studies [57–60]. In these studies, tocopherols and tocotrienols are termed vitamin E as they usually
occur as a mixture in food. Because vitamin E cannot be synthesized by humans, it is an essential
component of our nutrition. A sufficient uptake of vitamin E can help to prevent neurological
disorders and chronic diseases, especially those believed to have an oxidative stress component such as
atherosclerosis, cataracts, and cancer [60–69]. In recent years, studies focused also on the role of other
vitamin E forms such as γ-tocopherol, δ-tocopherol, and γ-tocotrienol as well as on the non-antioxidant
molecular mechanisms to explain the regulatory effects of vitamin E on signal transduction and gene
expression in mammals [70–72].

According to the German Society for Nutrition (Deutsche Gesellschaft für Ernährung e.V.),
the recommended daily amount of vitamin E for an adult between 25 and 51 years is 14 mg/day.
Nuts, seeds, and vegetable oils are among the best sources for the dietary uptake but also green
leafy vegetables, fruits, and cereals. Soybean, rapeseed, and corn oil are the best dietary sources for
γ-tocopherol, whereas the most biologically active form of vitamin E, α-tocopherol, can be found in
wheat germ oil, sunflower, and olive oils [34,73]. Of the naturally occurring α-forms, the stereoisomers
RRR-α-tocopherols have the highest biological activity. They can be stored and transported in the body
due to specific selection by the hepatic α-tocopherol transfer protein (α-TTP) [34]. Thus, the increase
in vitamin E content and the enrichment of α-tocopherol in vegetable oils is of particular interest in
crop breeding.

4. Studying the Plant Tocopherol Biosynthesis Key Genes

In leaves, tocopherols are located in chloroplast membranes, plastoglobules, and thylakoid
membranes and are thus in close proximity to the photosynthetic apparatus. For this reason,
it was believed that tocopherols were the most important antioxidants in plants for preventing
damage to the apparatus from photosynthesis-derived ROS. However, recent studies indicate
that tocopherols only partially contribute to a considerable variety of plant antioxidants such as
carotenoids, ascorbates, glutathiones, and flavonoids, which also contribute to photo-protection [74–76].
Nevertheless, tocopherols are crucial for the inhibition of non-enzymatic lipid peroxidation during
stress conditions, supporting the germination of seedlings and are needed for the protection of seed
storage lipids [15,32,77]. They are involved in a plethora of others functions such as the activation
of plant defense responses, intracellular signaling, transcript regulation, and function in membrane
stability [32,77–79].

Step 1: Homogentisic Acid Synthesis

The first committed step of the tocopherol biosynthesis is initiated by the gene PDS1, known to
encode the enzyme p-hydroxyphenylpyruvate dioxygenase (HPPD) and was initially detected in carrot
cells [10]. The corresponding A. thaliana pds1 mutant was devoid of tocopherols and plastoquinones
and had a lethal photobleached phenotype, thus showing that PDS1 is a key gene of the tocopherol
biosynthesis pathway [16,17]. In Escherichia coli (E. coli) expression studies, the protein HPPD catalyzed
the accumulation of HGA. The subsequent oxidative polymerization of HGA to an ochronotic pigment
resulted in a brownish coloration of the growth medium [10,80–82].

Constitutive expression of PDS1 in A. thaliana plants led to elevated tocopherol concentrations
of up to 43% in leaves and 28% in seeds, without a change in tocopherol composition [18]. In other
studies, overexpression of the gene in tobacco leaves or in A. thaliana seeds resulted only in slightly
increased tocopherol concentrations [83–85]. It was reasoned that HGA not only serves as a substrate
for tocochromanols synthesis but also for other secondary plant metabolites e.g., plastoquinones [17].
Higher tocopherol concentrations were achieved when PDS1 was co-expressed with downstream genes
within the tocopherol biosynthetic pathway, the tocopherol content in seeds of A. thaliana, rapeseed,
and corn kernels increased up to 1.8-, 2.0- and 3-fold, respectively [86–88].
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The expression of PDS1 is also linked to fruit ripening as well as leaf senescence in rice
and barley [54,81,89]. Both ripening and leaf aging are correlated with an increase in tocopherol
concentration, which is thought to be induced by ethylene treatment and oxidative stress [54,81].
This was underlined by sequence motifs for abscisic acid- and ethylene-specific response elements
that were found in the promoter region of PDS1, indicating that these compounds can affect
tocopherol biosynthesis.

Step 2: Polyprenyl Side Chain Synthesis

Uptake experiments of cotyledon-derived soybean suspension cultures with different tocopherol
precursors demonstrated that PDP, together with HGA, has a high impact on tocopherol synthesis [86].
PDP, the polyprenyl side chain of tocopherols, can originate from two sources: direct reduction of
geranylgeranyl diphosphate (GGDP) and free phytol, a product of chlorophyll degradation [14,90–92].
The latter was detected in experiments where the addition of free phytol in safflower cell cultures
resulted in an 18-fold increase in total tocopherol content [93]. Additionally, feeding experiments of
A. thaliana seedlings with labeled PDP demonstrated the integration of free phytol into tocopherols [92].
Further evidence was the detection of an A. thaliana vte5-1 mutant plant, which had a 20% reduced
seed tocopherol concentration compared to the wild type and increased amounts of free phytol.
The corresponding VTE5 protein had a high homology to a dolichol kinase and was able to catalyze
the phosphorylation of free phytol into PDP [14].

Interestingly, tomato plants that have VTE5-like knockdown genes and are deficient in leaf and
fruit tocopherol displayed multifaceted impacted metabolisms. While the chlorophyll content was
not affected, the knockdown resulted in an alteration of the prenyl lipid profile in fruits and in an
increase in the fatty acid phytyl ester synthesis in leaves, leading to changes in photosynthesis and
sugar partitioning, which in turn affected tomato fruit quality [94].

The long-missing second enzyme of the phosphorylation pathway, phytyl phosphate kinase
(VTE6) has recently been discovered using a phylogenetic approach [13]. The transgenic constitutive
overexpression of the gene resulted in a 2-fold increase in PDP that led to a higher γ-tocopherol
accumulation in seeds. The corresponding Arabidopsis mutant plants were tocopherol-deficient in
leaves, and impaired in seed longevity and plant growth [13]. Intriguingly, the authors speculated
that the impaired growth of the vte6 mutants might be an effect of phytol accumulation rather than
tocopherol shortage, resulting in a disruption of chlorophyll and galactolipid synthesis in chloroplast
membranes. Recent studies also showed that tocopherol levels are indirectly regulated through the
contribution of chlorophyll synthases by reducing PDP precursors, thus providing new possible
alternative routes for improving tocopherol content [91,95].

Step 3: MPBQ (2-Methyl-6-Phytyl-1,4-Benzoquinol) Synthesis

The condensation of HGA and PDP to MPBQ is catalyzed by the enzyme HPT, which is
encoded by the gene VTE2 [96,97]. A. thaliana plants lacking VTE2 are completely deficient in all
tocopherol derivatives and all pathway precursors, indicating that this is a limiting step in tocopherol
biosynthesis [98]. Transgenic approaches downregulating VTE2 mRNA levels by antisense RNA led
to a 10-fold reduction of tocopherol content in A. thaliana seeds. In contrast, overexpression of VTE2
resulted in up to a 2-fold increased tocopherol concentration in seeds and up to a 4.4-fold increase in
leaves [20,22]. Interestingly, in rapeseed, only minor increases were attained by seed-specific expression
of the VTE2 gene from the bacteria Synechocystis sp. PCC 6803, suggesting species-specific differences
in tocopherol biosynthesis regulation [86]. The constitutive expression of the lettuce homolog (LsHPT)
caused an increase up to 4-fold of the α- and 2.6-fold of γ-tocopherol content in lettuce leaves in
comparison to the non-transformed plants [99].

The lack of tocopherols in A. thaliana vte2 mutants made their functional role particularly apparent
in those plants. Seedlings exhibited severe defects during germination and early seedling growth
due to high concentrations of non-enzymatic lipid peroxides and hydroxy fatty acids, indicating that
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tocopherols are crucial for the prevention of lipid oxidation during these important developmental
stages. The seedlings were disturbed in root growth and in cotyledon expansion and showed a
slowed storage lipid catabolism [21]. Furthermore, the authors showed that seed viability was heavily
impacted in vte2 mutants compared to the wild type, probably due to the non-enzymatic oxidation of
storage lipids. The accumulation of lipid peroxidation products in vte2 mutants was correlated with
an increased expression of many defense-related genes, showing another main role of tocopherols in
the regulation of plant defense responses by modulating the levels of lipid peroxidation products [21].
The developmental and molecular phenotypes of vte2 are abolished if tri-unsaturated fatty acids
are suppressed as shown in the quadruple mutant fad3-2fad7-2fad8vte2-1, proving that there is a
vte2-specific phenotype [100]. The presence of plastochromanol-8 (PC-8), a homolog of γ-tocotrienol
with a C40 prenyl side chain, suppresses the phenotypes associated with lower plant fitness and seed
longevity in vte2 plants [101]. PC-8 has been found in vegetable oils and shown to display antioxidant
activity, comparable to that of tocopherols [102,103].

Under normal growth conditions, as well as high light stress, adult vte2 plants are
indistinguishable from wild-type plants, confirming that tocopherols are substitutable by other
antioxidants at this developmental stage [21,27,32]. However, if the same plants are subjected to
low temperature, severe changes in gene transcription, as well as biochemical and physiological
phenotypes, can be observed. The plants are compromised in transfer cell development and
photoassimilate export, resulting in growth impairment [32,78,104]. Maeda et al., found that the
specific underlying mechanisms need to be further investigated but speculate that plastid-localized
tocopherols may have a role in the endoplasmic reticulum (ER) membrane lipid biosynthesis causing
these effects [104].

Step 4: DMPBQ (2,3-dimethyl-6-phytyl-1,4-benzoquinone) Synthesis

The enzyme that methylates MPBQ to DMPBQ was first identified in Synechocystis sp. PCC
6803 and shares substrate specificities with the corresponding protein in A. thaliana, MPBQ
methyltransferase [25,26]. The enzyme is encoded by the gene VTE3 and without the catalysis of
the prenylquinol DMPBQ, α- and γ-tocopherol could not be produced. The enzyme is also involved
in plastoquinone synthesis and is able to use 2-methyl-6-solanesyl-1,4-benzoquinol (MSBQ) for the
formation of plastoquinol-9 (PQ-9).

Several A. thaliana vte3 mutants were isolated that had different phenotypes according to their
origin and the severity of the mutation. Plants with a mutated vet3-1 allele, derived from ethyl
methanesulfonate (EMS) mutagenesis, were found to have a partial loss-of-function of the enzyme.
As a result, an altered tocopherol composition along with reduced MPBQ/MSBQ methyltransferase
activity was observed. In these plants, both δ- and β-tocopherol concentrations in leaves were increased
at the expense of α-tocopherol, whereas γ-tocopherol was replaced by higher δ-tocopherol levels,
but PQ amounts were not affected in seeds [25,26]. In contrast, plants with the non-functional vte3-2
allele or Ds-tagged A. thaliana plants, which have a complete gene disruption, were deficient in α- and
γ-tocopherol, as well as PQ. These mutants exhibited a pale green phenotype, abnormal chloroplasts
and did not survive beyond the seedling stage [24,25].

The overexpression of VTE3 in A. thaliana and soybean did not have a substantial impact on the
tocopherol amounts but severely changed the tocopherol composition [26,75]. In seeds of transgenic
soybean, increased γ- and α-tocopherol concentrations with simultaneous strong reductions in δ- and
β-tocopherols concentrations were observed [26]. The seed-specific co-expression of A. thaliana VTE3
and VTE4 (γ-TMT) in soybean seeds shifted the tocopherol composition in favor of α-tocopherol
(>90%). This is especially of interest for the genetic engineering of crop plants, in which seeds are
naturally enriched in γ-tocopherol (e.g., rapeseed). The nutritional value of those plants could be
enhanced by changing the composition towards α-tocopherol.
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Step 5: Synthesis of γ-Tocopherol and δ-Tocopherol

Similar to the vte2 mutant plants, vte1 mutant plants lack all tocopherol forms due to the
absence of a functional tocopherol cyclase (TC) enzyme. They accumulate the intermediate product
DMPBQ, the un-cyclized precursor of γ-tocopherol, instead [27]. The expression of AtVTE1 cDNA
in E. coli efficiently converted DMPBQ into γ-tocopherol, demonstrating the cyclase activity of the
enzyme [4,55,105]. Seed-specific expression of the VTE1 gene from A. thaliana and maize (Zea mays) in
transgenic rapeseed (Brassica napus) increased concentrations of all tocopherol forms in the seed oil of
T1 and T2 generation plants. However, using different B. napus VTE1 alleles, only a 1.5-fold increase in
seed α-tocopherol was produced [82,105].

Interestingly, expression of the endogenous VTE1 gene in A. thaliana plants under a constitutive
promoter resulted in a 7-fold increase of the leaf tocopherol concentration and an extreme shift from
α- to γ-tocopherol [28]. The reason for this shift was recently unraveled by Zbierzak et al. (2010).
The authors showed that the co-elution of PC-8 with γ-tocopherol during High-performance liquid
chromatography (HPLC) separation masked the result of increased γ-tocopherol concentrations [106].
PC-8 shares the same head group with γ-tocopherol and is derived from a cyclization step of PQ-9,
the redox component of photosystem II. PQ-9 accumulates in A. thaliana vte1 mutants, whereas PC-8
accumulates with tocopherols in VTE1-overexpressing plants, showing that TC is also able to cycle
PQ-9 into PC-8 [105,106]. Accordingly, AtVTE1 overexpression in rapeseed induces a 2.4-fold increase
in PC-8 levels [105]. Nevertheless, the proportion of PC-8 with respect to total tocochromanols only
ranged between 5 and 10%, suggesting that the majority of the effects observed in vte1 mutants are
indeed caused due to the absence of tocopherols [106].

The A. thaliana vte1 mutant is not inhibited in its development, despite being deficient in
tocopherols and 1O2 accumulation in chloroplasts [107]. Germination, growth, chlorophyll content,
and photosynthetic quantum yield were similar to the wild type and only slightly different in
response to photo-oxidative stress and/or low temperatures [21,27,108]. The absence of these
phenotypes is explained by the accumulation of the redox-active DMPBQ, whose quinol form can
have similar antioxidant properties to tocopherol [21]. Furthermore, the absence of tocopherols
in vte1 mutants resulted in an increase of ascorbate and glutathione, which belong to the most
abundant antioxidants in higher plants. This effect was reversed when VTE1 was overexpressed:
their concentrations were reduced to 40–60% relative to wild-type plants [28,75]. It is known that the
ascorbate–glutathione cycle is linked to the regeneration of tocopheroxyl radicals, the oxidized forms of
tocopherol and the result of the reaction of tocopherols with lipid peroxyl radicals [36]. Hence, ascorbate
deficiency in A. thaliana vte1 mutants caused increased lipid peroxidation in water-stressed plants [109].
Furthermore, the overexpression of VTE1 led to enhanced tolerance against salt stress in rice and
drought stress in tobacco plants, providing evidence that crop species with increased tolerance to
environmental stresses as well as high tocopherol content could be developed [110,111].

Intriguingly, another analysis of A. thaliana vte1 mutants revealed a different role of tocopherols
and indicated that α-tocopherol may have an impact on cellular signaling by altering plant hormone
levels [112,113]. In these mutants, an age-dependent increase of jasmonic acid levels was detected.
The levels were up to 2.4-fold higher compared to the wild type and accompanied by reduced plant
growth and increased anthocyanin production. It is suggested that the reaction is indirectly triggered
by tocopherols by controlling the extent of lipid peroxidation and therefore the accumulation of lipid
hydroperoxides, which, in turn, are used for jasmonic acid synthesis [114]. The role of jasmonic
acid, especially during senescence, is associated with the downregulation of housekeeping genes,
such as photosynthetic genes, and with the upregulation of defense genes related to biotic and abiotic
stress [115,116]. These findings further support the hypothesis that tocopherols may, albeit indirectly,
contribute to gene expression regulation [78].

The analysis of the maize gene sucrose export defective1 (SXD1) led to the suggestion that
tocopherols might play a role in regulating carbon translocation. The maize sxd1 mutant has a vte1
mutant resembling phenotype that is characterized, amongst others, by the leaf-specific accumulation

26

Bo
ok
s

M
DP
I



Antioxidants 2017, 6, 99

of starch and anthocyanin, and the deposition of callose in phloem parenchyma transfer cells.
These characteristics are coincident with a loss of the symplastic transport, as well as a typical increase
of the soluble sugar content due to the sucrose export deficiency [117–119]. RNAi inhibition of StSXD1
expression in potato also induces defects in carbohydrate transport [120], showing that the functions
of tocopherols are not assigned to a specific photosynthesis type and may be conserved in monocot
and dicot plant species [55].

Step 6: Synthesis of α-Tocopherol and β-Tocopherol

The final step of the tocopherol synthesis is catalyzed by the gene VTE4 and encodes a key enzyme
(γ-TMT) that methylates both δ- and γ-tocopherol to β- and α-tocopherol, respectively (Figure 1).
Correspondingly, α-tocopherol was absent in leaves of vte4 A. thaliana mutants, whereas high levels
of γ-tocopherol accumulated [31]. Development and growth of the mutant plants was similar to
that of the wild type, with only slight differences during oxidative stress, e.g., in chlorophyll content
and photosynthetic quantum yield. The accumulation of γ-tocopherol had no impact on the amount
of fatty acids or on lipid hydrolysis, indicating that γ-tocopherol is able to functionally substitute
α-tocopherol [31,32].

VTE4-silenced tobacco plants had a decreased tolerance against salt-induced stress but an
increased tolerance towards sorbitol stress and methyl viologen, an inductor of photo-oxidative
stress. These findings suggest specific functions for different tocopherol forms with respect to stress,
e.g., γ-tocopherol in the desiccation tolerance of seeds [50]. This hypothesis is supported by the fact
that γ-tocopherol is the naturally predominant form in most seeds. Sattler et al. (2004) could show that
a loss of γ-tocopherol increases the oxidation of polyunsaturated fatty acids and thereby diminishes
seed longevity in A. thaliana [21]. Intriguingly, only in mature leaves of salt-stressed vte4 mutant plants
transcription levels of jasmonic acid- and ethylene-signaling genes were downregulated, but not in
vte1 mutants, or in wild-type plants. This suggests that γ-tocopherol, rather than α-tocopherol, plays a
role in the regulation of these genes during osmotic stress [121].

The exclusive overexpression of the VTE4 gene in leaves changed both tocopherol composition
and content, resulting in elevated α-tocopherol values and up to a 30% increase in total tocopherol
content [75]. Seed-specific expression of the gene nearly converted the entire amount of γ-tocopherol
into α-tocopherol in soybean and A. thaliana [26,33]. Because most plant species accumulate mainly
γ-tocopherol in seeds (>95%), γ-TMT activity might be a limiting bottleneck for α-tocopherol synthesis
in seeds. This is consistent with the isolation of low α-tocopherol sunflower mutants, the natural wild
type of which normally exhibit up to 90% α-tocopherol in kernels [122]. In these sunflower mutants,
two VTE4 paralogues are reduced or disrupted in their expression, leading to the accumulation of
γ-tocopherol (>90%). This confirms that VTE4 expression in sunflower seeds directly regulates the
amount of α-tocopherol.

The fact that γ-TMT activity is limiting, becomes particularly clear when plants are exposed
to abiotic stress. High levels of γ- and δ-tocopherol levels were observed in stressed leaves of
VTE2 overexpressing plants but not when VTE2 and VTE4 were simultaneously expressed [123].
Moreover, the concomitant overexpression of VTE2 and VTE4 was additive in A. thaliana leaves
and seeds. The total tocopherol content increased up to 12-fold, while, at the same time, all of
the γ-tocopherol was converted to α-tocopherol [20,75]. Thus, VTE4 is suggested to be a key
gene for metabolic engineering of enhanced α-tocopherol levels in crop plants. Similarly, using
a transgenic approach, Endrigkeit et al., showed that a B. napus VTE4 homolog was able to increase the
α-tocopherol content 50-fold in transgenic Arabidopsis seeds, providing a promising candidate for the
marker-assisted selection of α-tocopherol content in rapeseed [124].

5. Breeding for Higher Vitamin E Content

Improving vitamin E content in staple crops has been a major aim of crop breeding due to its
benefits for health and oil quality [125]. Vitamin E content and composition vary widely in different
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crops, such as rapeseed, maize, rice, soybean, and barley [126–130]. These variations provide an
incentive for breeding varieties that have superior vitamin E content. Quantitative genetic approaches,
which map quantitative trait loci (QTLs) onto linkage maps or which detect associations between
markers and phenotypes, are powerful methods to dissect complex traits in crops [131]. To date,
dozens of QTL and association mapping studies related to vitamin E have been carried out in
major crops including rapeseed, maize, soybean, rice, barley, and tomato [95,126,127,129,130,132–134].
As an example, Marwede et al., detected eight QTL-related to tocopherol content and composition
in a doubled haploid rapeseed population [135]. However, Wang et al. discovered 33 QTLs and
61 associated loci for rapeseed tocopherol content and composition in a joint QTL, candidate gene,
and association mapping study [132]. In another candidate-gene based association analysis, alleles of
genes encoding the key enzymes of the core biosynthetic pathway associated with tocopherol content
and composition in rapeseed were identified [126]. Intriguingly, the found QTLs explained only a
small part of the phenotypic variation in tocopherol content and composition in rapeseed (5–30%).
Diepenbrock et al. found 52 QTLs associated with vitamin E content using a 5000 line U.S. nested
association mapping (NAM) panel [95]. Surprisingly, of the 14 resolved to individual genes, six novel
genes affecting tocochromanols in plants were identified. These included unexpectedly two chlorophyll
biosynthetic enzymes being major determinants of tocopherol content in non-photosynthetic maize
grains, allowing new insights into tocopherol biosynthesis regulation [95]. Nevertheless, these QTL
and association mapping analyses provide the foundation for improving vitamin E content in crops
but also indicate that the genetic mechanism of vitamin E biosynthesis in crops remains incomplete
and needs more comprehensive research. Some crop species are also facing breeding bottlenecks due
to their low genetic inheritance in elite germplasm and have to use introgression from wild species,
mutagenesis, or biotech methods to enhance different forms and levels of tocopherol [135–138].

Moreover, Quadrana et al., analyzed VTE3 alleles and detected that their differential expression
is associated with differences in methylation of a short-interspersed nuclear element (SINE)
retrotransposon located in the promoter region that is responsible for the regulation of vitamin
E content in tomatoes [139]. In another study, it was found that a chlorophyll synthase was able
to induce the production of small interfering RNAs, accompanied with an increase in tocopherol
levels [91]. These observations indicate that the tocopherol biosynthetic pathway might be regulated
epigenetically and could also partially explain the low phenotypic variation found in QTL studies.

The vitamin E biosynthetic pathway has been well elucidated in model species, and select
genes have been transformed and overexpressed individually or collectively in various plants to
improve vitamin E content and composition [26,87,125,128,140–149]. For oil crops, the enhancement of
γ-tocopherol is important in order to prevent oil peroxidation and thus to improve oil quality [150].
Since α-tocopherol is considered to have the highest nutritional value for humans and livestock,
breeding crops with high α-tocopherol concentrations and good nutritional value is a target.
For example, Yusuf et al., was able to elevate α-tocopherol concentrations 6-fold by overexpressing
Arabidopsis VTE4 in B. juncea plants [151]. In another study, α-tocopherol content was increased up
to 11 times in soybean by overexpressing VTE4 [152,153]. Interestingly, by transgenically expressing
the VTE1 gene, rice and tobacco plants with an increased tolerance against salt and drought
stress, respectively, and a simultaneously enhanced tocopherol content were developed [110,111].
These findings provide prospects for breeding vitamin E biofortified crops that are even tolerant
against environmental stresses through biotechnology methods.

In contrast to attempts to improve α-tocopherol content, it is relatively difficult to significantly
increase the total vitamin E content in crops. The most successful attempts at increasing total vitamin
E content have occurred in rapeseed and soybean, with a nearly 2.4-fold and 15-fold enhancement,
respectively, of total vitamin E content after co-overexpression of several key genes for vitamin E
biosynthesis [86,87]. Collectively, these observations indicate that the tocopherol biosynthetic pathway
and its regulation are complex. Nevertheless, natural variations and transgenic strategies can be used
in vitamin E biofortification breeding.
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6. Conclusions and Challenges

Present studies using model plant species demonstrate that vitamin E biosynthesis genes are
well understood. The use of mutant plants has helped with the discovery and analysis of the roles of
tocopherols in plant processes beyond their antioxidant function. However, open questions remain
about the specific functions of the different tocopherol forms as well as their concrete roles in signaling
and defense responses. Additionally, plastoquinones and tocotrienols, which are known to be derived
from the same head group as tocopherols, have gained attention in recent years but most of their roles
still remain elusive [17,55,102,154,155].

Recently, new genes and epigenetic mechanisms have been discovered through investigations
of the chlorophyll degradation pathway, transgenic and phylogenetic approaches, or by conducting
joint linkage/genome-wide association studies [13,91,95]. Moreover, even in crops with hexaploid
genomes, such as oat, the genes of the tocopherol pathway have been identified via deep sequencing
and by using the high conservation of the tocopherol biosynthesis genes between plant species [156].

Natural variations of vitamin E content have been investigated and demonstrated wide variations
in/among different crops, which suggest a tremendous genetic potential for breeding vitamin E
improved crops. On this basis, several QTL/association mapping studies have been carried out
and have detected a range of genetic loci associated with vitamin E content and composition, but of
which many detected loci cannot pinpoint candidate genes [95,129,130,132,157–159]. Furthermore,
epigenetics may be involved in regulating the vitamin E biosynthesis and can partially explain the
low phenotypic variation of the detected genetic loci, indicating that vitamin E biosynthesis in crops
may be more complex than that in model plants [91,139]. Transgenic approaches have also been used
for vitamin E improvement in crops, and an increased α-tocopherol content has been achieved [20].
Elevating vitamin E content, even by stacking candidate genes, is still a challenge, but tocopherol
enhancing alleles of the pathway genes have been identified, for example, in B. napus, and can now be
used for marker-assisted breeding [86,126].

To date, many crops have been sequenced including vitamin E-rich staple crops, such as
rapeseed, soybean, maize, and rice [160–163]. These sequences will be used in the process of cloning
new genes from QTL and enable us to fully understand the genetic basis of vitamin E variations
and biosynthesis. Thanks to the rapid development of biotechnology, many methods for efficient
genome-editing have become available [164]. For example, CRISPR/Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats/ CRISPR-associated protein 9), which is one of the most popular
genome-editing methods at present, can efficiently and precisely edit gene/genes in mammals and
plants. A genome-editing approach based on the cloned genes from QTL in crops and CRISPR/Cas9
can be a promising alternative strategy in breeding vitamin E biofortification crops [165].
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Abstract: Almond is the most important nut species worldwide and almond kernels show the
highest levels of tocopherols among all nuts. In almond, tocopherols not only play a substantial
role as a healthy food for human consumption, but also in protecting lipids against oxidation
and, thus, lengthening the storage time of almond kernels. The main tocopherol homologues
detected in almond in decreasing content and biological importance are α-, γ-, δ-, and β-tocopherol.
Tocopherol concentration in almond depends on the genotype and the environment, such as the
climatic conditions of the year and the growing management of the orchard. The range of variability
for the different tocopherol homologues is of 335–657 mg/kg of almond oil for α-, 2–50 for γ-,
and 0.1–22 for β-tocopherol. Drought and heat have been the most important stresses affecting
tocopherol content in almond, with increased levels at higher temperatures and in water deficit
conditions. The right cultivar and the most appropriate growing conditions may be selected to obtain
crops with effective kernel storage and for the most beneficial effects of almond consumption for
human nutrition and health.

Keywords: almond; Prunus amygdalus; tocopherols; genotype; climate

1. Introduction

Almond is the most important tree nut crop in terms of commercial production [1]. An adaptation
to harsh climates combined with an ability to develop a deep and extensive root system has allowed
almond to exploit a wide range of ecological niches. Almond is well-adapted to the Mediterranean
climate, characterized by mild winters and dry, hot summers. This adaptation has led to early bloom
and rapid early shoot growth because of the low chilling requirements of almond. Almond also shows
high tolerance to summer drought and heat. Almond has traditionally been the earliest temperate fruit
tree crop to bloom, which limited growing to areas relatively free from spring frosts before the release of
late-blooming cultivars by different breeding programs, since frosts at bloom or early fruit development
can reduce, and even completely nullify, the crop. Since almond is naturally self-incompatible, it often
requires cross-pollination, which further acts to promote genetic variability and adaptability to diverse
environments [2].

The edible part of the almond nut is the kernel, considered an important food crop with a high
nutritional and medicinal value. The oldest and most extensive medical system that first recorded the
health uses for almonds derives from ancient Greeks and then the Persians, and later in traditional
Chinese medicine and Indian Ayurvedic medicine [3]. From medieval times to the 18th century,
almond nuts were a source of substitute “milk” [4], and also it was used as thickener before starch was
“discovered” [3]. Almond consumption has almost doubled in the last 20 years [5], a fact that highlights
how this consumption has evolved from a convenient snack food and component of a high number of
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confectioneries, to an important food which is increasingly recognized as essential for maintaining
and increasing human health. Recent nutritional and medical studies have associated the regular
consumption of almonds with a wide range of health benefits, including protection from cancer [6,7],
obesity [8–10], diabetes [11,12], and heart diseases [13–17]. Almond kernels may be consumed in many
different ways, blanched or unblanched, raw or combined, and/or mixed with other nuts. They can
also be transformed to produce marzipan, nougat, almond milk, and almond flour, incorporated in
many pastries and ice creams. Almonds may also be combined in other products and gastronomic
specialties [18]. The high nutritive value of almond kernels is mainly due to their high lipid content.
This lipid fraction, even constituting an important source of calories, does not contribute to cholesterol
formation because of their high level of unsaturated fatty acids, mainly mono-unsaturated fatty
acids [19]. Although almond kernels are high in energy, humans compensate their effect with their
high satiety value [20]. The absorption of energy from almond kernels is rather inefficient, having
been suggested that their chronic consumption may raise resting energy expenditure [21]. Acute and
longer-term almond ingestion may help in regulating body weight [17], modulating fluctuations of
blood glucose [22], total low density/high density lipoprotein cholesterol ratio, and triglycerides [23].

Almond kernel quality must be high in order to fulfill not only the industry requirements, but also
to be attractive for the consumers [24]. Until recently only the kernel physical traits were considered
when trying to establish almond quality [18], but the kernel chemical composition appears to be
essential when establishing the best raw material for the different industrial applications and the
high diversity of almond confectioneries [24]. In view of the high lipid fraction in the almond kernel,
the quality of the almond oil is considered as the most important feature in the evaluation of almond
quality. Different parameters related to the lipid fraction have been suggested for quality evaluation of
the almond kernels, such as the amount of oil content in the kernel (fat percentage over the kernel dry
weight), the percentage of oleic acid of the total fatty acids, the ratio of the percentages of oleic/linoleic
acids (O/L), and, especially, the tocopherol concentration in the almond oil [24,25].

Early reviews on the composition of the almond nuts [18,26] did not include tocopherols as
an important component of almond kernels. More recently tocopherols were already included in
several reviews [27,28], but most of them were primarily descriptive without attempts to assess quality,
particularly as it relates not only to industrial requirements, but also to breeding goals and approaches.
Extensive variability in the chemical composition has been demonstrated among cultivars; additionally
the importance of differences in geographical origins, as well as climatic and growing conditions have
also been demonstrated. Despite this extensive information, little is known concerning the genetic
control and inheritance of biochemical components of almond quality. For all these reasons, this review
summarizes the current knowledge of the almond kernel tocopherol composition and factors affecting
its variability.

2. Tocopherol Variability in Almond

Almost all studies carried out on vitamin content in almond are limited to those having
an antioxidant effect, mainly tocopherols. The main tocopherol homologues detected in almond in
decreasing importance are α-, γ-, δ-, and β-tocopherol. The main biochemical function of tocopherols
is considered to be the protection of polyunsaturated fatty acids against peroxidation [29]. They also
have protective roles in human health since recent data indicate that they have hypo-cholesterolemic,
anti-cancer, and neuroprotective properties [30]. Tocopherol concentrations have been determined
in many vegetable oils, having been correlated with their antioxidant activity, since this activity
may depend on the ratio of % total tocopherols/% polyunsaturated fatty acids [31]. Tocopherol
concentration plays an important role in protecting almond lipids against oxidation, thus increasing
the possibilities of lengthening kernel storage [31–33].

The range of variability of the different tocopherol homologues has been reported for different
almond cultivars and genotypes from different countries [27,34–44], being summarized in Table 1.
The most biologically active form of vitamin E is α-tocopherol, being preferentially utilized in the
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human body over the other homologues [45], ranging from 200 mg/kg oil in some Australian
cultivars [44] to 656.7 mg/kg oil in some local accessions from Morocco [37]. At high temperatures
γ-tocopherol has been reported to be much more effective as an inhibitor of polymerization and
protection against oxidation than α-tocopherol [46,47]. The range of variability of this homologue
was from 2.4 mg/kg oil in some local Moroccan almond seedlings [37] to 50.2 mg/kg oil in some
almond selections from the CITA breeding program [35,48]. For δ-tocopherol, the range of variability is
reduced as compared to the other homologues and ranged from 0.1 mg/kg oil in some local Moroccan
almond seedlings [37] to 22.0 mg/kg oil in some Spanish almond cultivars [39].

Table 1. Tocopherol homologue concentration in almond kernel and kernel oil.

Tocopherol Homologue
Range of Variability

Origin Reference
mg/kg Kernel mg/kg Oil

α-tocopherol

85–190 Spain [42]
335.3–551.7 [39]

309–656.7 Morocco [37]
180–320 California [38]

250–840 Italy [32]
350–471 [43]

370–571 Argentina [40]
200 Australia [44]

β-tocopherol 50–80 Italy [32]
1.2 Australia [44]

γ-tocopherol

6.1–50.2 Spain [34,39]
1.4–8.4 [42]

75 Italy [31]
2.4–13.5 Morocco [37]

5.7 Australia [44]

δ-tocopherol
0.2–1.6 Spain [42]

0.2–22 [34,39]

0.1–0.3 Morocco [37]

3. Environmental Effects

Tocopherol levels increase in response to a variety of abiotic stresses, considered as evidence
of its protective role [49]. Tocopherol concentration in almond oil depends on the genotype and the
climatic conditions of the year [36,38–40,42], as well as on the environmental conditions of the growing
region [36,38]. Drought and heat have been the most important stresses studied until now on the
expression of the chemical compounds in fruit trees, including almond. The climatic conditions of the
year, mainly temperature, affect the concentration of the different tocopherol homologues in several
nut crops [50], indicating that these components depend on the temperature and the occurrence of
drought during fruit or nut growth.

The effect of drought stress on the oil percentage in almond kernels and on its composition
is not clear since the results of different studies undertaken in this field are ambiguous. However,
studies in other species reported that water stress appears to promote tocopherol synthesis [51–53].
In almond there was no obvious relationship between almond tocopherol content and the degree of
water deficiency [54], since little variation in kernel oil tocopherols was observed under moderate
water stress, except for the more severe deficit of 70% SDI (sustained deficit irrigation) which for
all components, except γ-tocopherol, had higher values than the control. In this study, the minor
tocopherol homologues appeared to be slightly more responsive to deficit irrigation than the main
homologue, α-tocopherol, but their small proportion had little impact on the amount of the total
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tocopherol content [54]. In the “Nonpareil” almond cultivar, the highest accumulation rate of
α-tocopherol takes place during the period from 74 to 94 days after anthesis [44], indicating that the
critical period to add nutrient and water to ensure normal accumulation of these chemical compounds
is during this period. Tocopherol concentration has been reported to be affected by drought stress
in olive oil [55], but not in Brassica napus [56], by temperature in soybean [57], and by a combination
of both in shea butter (Vitellaria paradoxa C.F. Gaertn.) [50]. In olive oil, the total tocopherols and
α-tocopherol were highly influenced by the crop-year rainfalls, with the highest concentration from
olives harvested during the driest year [58]. The increase in tocopherol content might contribute to the
prevention of plant oxidative damage in drought conditions [59,60].

Higher tocopherol concentrations were found in almond kernels harvested in years with higher
temperatures suggesting that this environmental factor could affect tocopherol synthesis during kernel
development [34]. A study on the effect of two contrasting environments, with drought and heat
conditions in Morocco, and irrigated and cold conditions in Spain, concluded that the tocopherol
content, mainly of α-tocopherol, increased under the warmer climate conditions of Morocco [37].
More recently, higher α-tocopherol concentrations (~646 μg/g in average) were found when the almond
kernel development mostly coincided with spring and summer months with warmer mean temperature
in a study in arid Northwestern Argentina [40]. Similar results were reported for α-tocopherol in
some almond genotypes grown under hot and dry conditions in Afghanistan [61]. Temperature during
seed development in sunflower has shown to affect oil yield and tocopherol concentration since high
temperatures may have a negative effect in oil synthesis, but not in tocopherol concentration [62,63].
In soybean seed, it has been reported that the increasing temperature from 23 ◦C to 28 ◦C can
significantly increase tocopherol levels [64]. Thus, the temperature could be considered an important
parameter playing a great role in tocopherol accumulation in different species, including almond.

Concerning the effect of solar radiation, in “Nonpareil” almond kernels the concentration of
α-tocopherol was increased after a mild solar UV radiation supplement using the white weed mat,
which may have altered metabolic pathways and stimulated α-tocopherol accumulation in almond
lipids [44]. In sunflower, it has been reported that an increase in intercepted solar radiation per plant
increased the amount of tocopherol per grain [65].

4. Genetic Effects

The evaluation of tocopherol concentration in the oil of different almond cultivars and
genotypes showed high variability of the different tocopherol homologues, with a great effect of
the environment [28]. However, it has been reported that the cultivars “Atocha”, “Desmayo Rojo”,
“Desmayo Largueta” from Spain, and “Ferraduel” from France showed stable and similar year to year
values for α-tocopherol; whereas “Atocha”, “Ferraduel”, and “Fournat de Brézenaud”, and “Yaltinskij”
from Ukraine were also stable for γ-tocopherol content in almond kernels produced under contrasting
climatic conditions, with drought and heat conditions in Morocco, and irrigated and cold conditions
in Spain [36]. These results confirmed that the stability of each tocopherol homologue depends on
the specific characteristics of the genotype [34,35]. The estimation of the heritability of the different
tocopherols isomers were estimated for the first time in almond [35], reporting that the content of
γ-tocopherol showed high heritability estimates, with h2 = 60.0%, whereas α-tocopherol showed lower
heritability (h2 = 20.5%). These results confirm that the tocopherol content in almond oil kernel is
under polygenic control, as previously suggested [28].

The biosynthetic pathway of vitamin E in plants was biochemically elucidated several years ago,
and all enzymes in this pathway were localized to the inner chloroplast envelope [66–68]. Today,
the availability of complete genome sequences, in particular from Arabidopsis and Synechocystis sp.
PCC6803, all biosynthetic genes in tocopherol biosynthesis have been identified and cloned to
date [69,70]. A mutation in the gene VTE5 (PCT) of Arabidopsis lead to the discovery of its function,
since it is encoding a protein with phytol kinase activity, directly involved in the biosynthetic pathway
of tocopherol [70,71]. Tocopherol QTL analysis found that up to 65% of the markers were co-located

41

Bo
ok
s

M
DP
I



Antioxidants 2018, 7, 6

in certain genomic regions of maize, including the candidate genes PDS1 (p-hydroxyphenylpyruvate
dioxygenase; HPPD) and VTE4 (γ-tocopherol methyltransferase; γ-TMT), thus showing that a single
QTL may affect more than one tocopherol homologue [71]. After exploring mutant inbred lines in
sunflower, three loci (m = Tph1, g = Tph2, and d) were shown to disrupt synthesis in α-tocopherol
production; additionally, the loci losing function in these mutations enhanced synthesis of other
tocopherols [72]. In almond no studies have been conducted to elucidate the pathway biosynthesis of
tocopherol isomers and the genes involved in this process, but, recently, five different QTLs believed to
control the tocopherol concentration in the almond kernel oil have been identified [73]. More studies
are required to understand the biosynthetic pathway of these biochemicals components to elucidate
the gene involved in these pathways. This information will be of great interest for the breeders to
improve tocopherol content in the future, since the almond kernel is used more and more in different
industrial processes using high temperatures in their application [24].

5. Conclusions

The present information on the different effects on tocopherol content in almond is scarce. Only
descriptive results have been published, not allowing a critical comparison among them, since some
results are given as tocopherol content in the almond kernel and others in the kernel oil, not always
stating the oil concentration of the almond kernel. Although genetic and environmental effects
affecting tocopherol content in almond have been described, no interaction between them has ever
been established. The present scenario of climatic change and of the shift of almond growing to
warmer regions [1] may have a positive effect on the tocopherol content in almond kernels due to the
effect of higher temperatures increasing this content. Consequently, the right cultivar and the most
appropriate growing conditions may be selected in order to have almond crops not only allowing
a better effective kernel storage, but also holding the most beneficial effects for human nutrition and
health with their consumption. The objective of selecting for high tocopherol content in a breeding
progeny is easily attainable because of its high heritability, whenever the adequate parents are chosen.
As a consequence, these components could be considered as selection criteria in almond breeding
programs as already suggested [24]. At present the possibilities of selecting cultivars, growing regions,
and orchard practices offer an optimistic outlook for increasing tocopherol content in almond.
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Abstract: Vitamin E is an essential fat-soluble micronutrient whose effects on human health can be
attributed to both antioxidant and non-antioxidant properties. A growing number of studies aim to
promote vitamin E bioavailability in foods. It is thus of major interest to gain deeper insight into the
mechanisms of vitamin E absorption, which remain only partly understood. It was long assumed
that vitamin E was absorbed by passive diffusion, but recent data has shown that this process is
actually far more complex than previously thought. This review describes the fate of vitamin E in the
human gastrointestinal lumen during digestion and focuses on the proteins involved in the intestinal
membrane and cellular transport of vitamin E across the enterocyte. Special attention is also given to
the factors modulating both vitamin E micellarization and absorption. Although these latest results
significantly improve our understanding of vitamin E intestinal absorption, further studies are still
needed to decipher the molecular mechanisms driving this multifaceted process.

Keywords: tocopherol; intestine; mixed micelles; dietary lipids; food matrix; membrane transporters;
uptake; enterocytes; chylomicrons; HDL; fat-soluble vitamins

1. Introduction

Tocochromanols, a subset of isoprenoids better known as vitamin E, include four tocopherols
and four tocotrienols (Figure 1). These lipophilic antioxidants are synthesized by plants and other
photosynthetic organisms only [1]. The base of the molecule of tocopherol is a hydroxychromane
nucleus upon which a phytyl saturated chain of 16 carbon atoms is fixed. Three of these carbons
are asymmetric, which entails the possibility of the existence of eight stereoisomers. The different
tocopherols are distinguished from each other by the number and the position of the methyl groups
attached to the nucleus. RRR-α-tocopherol is the most common in nature and the tocopherol with
the highest biological activity. In biological tests for vitamin evaluation (fetal resorption tests), β and
γ-tocopherol display a reduced vitamin activity (from 15 to 30%), and δ-tocopherol is almost inactive.
Tocotrienols are distinguished from tocopherols by the presence of three double bonds on the side
chain. Only α and β-tocotrienol appear to have a significant vitamin activity [2].

The hydroxychromane nucleus of vitamin E can react with peroxyl radicals, generating a
hydroperoxide (which can be inactivated by specific enzymes) and a tocopheryl radical (which can
be regenerated by vitamin C or coenzyme Q10). This property places vitamin E at the forefront of
anti-radical defense systems [2]. However, the beneficial effects of vitamin E in human health may
also be due to the ability of its phosphorylated metabolite to modulate signal transduction and gene
expression in numerous conditions, including inflammation and immune system disorders [3].
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Figure 1. Vitamin E vitamers.

The main sources of vitamin E are vegetable oils and seeds. It can also be found in smaller
quantities in some fruits and vegetables (Table 1). In France and Europe in general, α-tocopherol is the
most consumed vitamin E vitamer [2], while in the US, it is γ-tocopherol [4].

Table 1. Vitamin E food content [2,5]. Average values in brackets.

Foods Vitamin E Content (mg/100 g)

Sunflower oil 0.1–90 (58.3)
Sunflower seeds 0.01–57.6 (42.3)

Other vegetal oils 0.1–30
Almonds 0.01–24 (14.6)

Butter 1.5–2.3 (2.11)
Fatty fish 0.9–2

Fruits and vegetables (spinach, tomatoes, etc.) 0.8–2

In Europe, the Recommended Dietary Allowance (RDA) for vitamin E is 11 mg per day (as an
α-tocopherol-equivalent) for women and 13 mg per day for men [6], while the RDA is 15 mg for all
adults in the US [7]. Although there are no real vitamin E deficiencies in Western countries, three
surveys carried out in France (Burgundy, ESVITAF, and Val-de-Marne surveys) showed that more than
30% of French people consumed less than 8 mg of vitamin E a day [8], which was recently confirmed
in other European countries [9] as well as in the US, where over 90% of the population do not consume
the estimated average requirements [10]. As recently shown, the low dietary intake of vitamin E may
be worsened by the low stability of vitamin E in vegetable oils [11].

2. Vitamin E Digestion Process

2.1. The Fate of Vitamin E in the Gastrointestinal Tract

The first phase of the digestion–absorption process is the dissolution of vitamin E in the lipid
phase of the meal. This phase is then emulsified into lipid droplets at both gastric and duodenal
levels. No metabolism of vitamin E (i.e., degradation or absorption) appears to exist in the stomach.

48

Bo
ok
s

M
DP
I



Antioxidants 2017, 6, 95

In addition, the size of the droplets does not seem to have any effect on the efficiency of the subsequent
absorption of the vitamin E in healthy humans [12].

In the duodenum, vitamin E is incorporated, along with lipid digestion products, in mixed
micelles, structures that are theoretically essential for its absorption by the enterocyte. Indeed, mixed
micelles can solubilize hydrophobic components and diffuse into the unstirred water layer (glycocalix)
to approach the brush border membrane of the enterocytes.

2.2. Factors Affecting Vitamin E Transfer to Mixed Micelles

Numerous factors can affect vitamin E bioaccessibility (i.e., the fraction of vitamin E recovered in
the mixed micelles compared to the initial amount of vitamin E provided by the meal) and thus in
turn vitamin E bioavailability. The main factor is the food matrix in which vitamin E is embedded.
For instance, it was shown that vitamin E bioaccessibility was low in apples but almost total in
bananas, bread, or lettuce [13], and that vitamin E from durum wheat pasta was more bioaccessible
than from pasta containing 10% eggs [14]. Unfortunately, it was not possible to identify the biochemical
parameters of green leafy vegetables (cell-wall content, pectin, tannin, . . . ) governing α-tocopherol
bioaccessibility [15]. However, as for other lipid micronutrients, matrix disruption can enhance
vitamin E transfer to mixed micelles [16], while thermal or high pressure treatments have either no or
negative effects [17].

Another important factor determining vitamin E bioaccessibility is the amount of fat provided in
the meal, as fat likely facilitates vitamin E extraction from its food matrix, stimulates biliary secretion,
and promotes micelle formation. It was first shown that various fats and oils, as well as long-chain
triacylglycerols, did not significantly enhance vitamin E bioaccessibility. This was in contrast to more
hydrophobic microconstituents such as β-carotene [18]. However, further data consistently showed
that tocopherol acetate bioaccessibility was higher in long-chain rather than medium-chain triglyceride
emulsions, probably due to a greater solubilization capacity of mixed micelles formed from long chain
fatty acids and an enhanced conversion into tocopherol [19–21]. Vitamin E bioaccessibility was also
increased by the presence of phospholipids [22].

2.3. Vitamin E Ester Hydrolysis

It is acknowledged that only the free forms of vitamin E are absorbed by the intestinal mucosa,
suggesting that the esterified forms are hydrolyzed beforehand. This hydrolysis is probably carried
out by cholesteryl ester hydrolase, also known as bile salt-dependent lipase [23]. Conversely to what
we observed for retinyl esters [24], neither pancreatic lipase nor pancreatic lipase-related protein
2 were able to hydrolyze tocopheryl esters [25]. Surprisingly, it has been recently reported that
α-tocopherol acetate absorption was equivalent to that of free α-tocopherol in the absence of both
digestive enzymes and bile salts in healthy subjects [26]. This result signifies that enzymes originating
from the enterocytes, such as endoplasmic reticulum esterases [27], are able to realize this hydrolysis
in a very efficient manner.

3. Vitamin E Absorption Mechanisms by the Enterocyte

3.1. Apical Transport at the Brush Border Level

When approaching the brush border membrane, mixed micelles are supposed to dissociate due
to the existing pH gradient. The released constituents can then be captured by different more or less
specific systems to be absorbed by the enterocyte. For more than 30 years, due to the first results
obtained in rat intestinal everted sacs [28,29], vitamin E absorption has been considered to occur by
passive diffusion through enterocyte apical membrane. However, we showed for the first time in
2006 that α- and γ-tocopherol absorption was mediated, at least partly, by scavenger receptor class B
type I (SR-BI) [30]. It was also shown that NPC1 like intracellular cholesterol transporter 1 (NPC1L1)
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was involved in α-tocopherol [31,32] and γ-tocotrienol [33] absorption. We finally highlighted the
additional role of CD36 molecule (CD36) in the tocopherol absorption process [34].

These three membrane proteins have primarily been described as cholesterol transporters in the
intestine [35,36]. However, they do display a relatively broad substrate specificity. Besides cholesterol,
SRBI can mediate carotenoid [37,38], vitamin D [39], and K [40] transport; NPC1L1 is involved in
phytosterols [41], vitamin D [39], K [42] and lutein [43] uptake; and CD36 is involved in very long
chain fatty acid [44], vitamin D [39], K [40] and carotenoid [37] absorption. It is thus not surprising that
they are involved in vitamin E uptake as well. Both SR-BI [45] and NPC1L1 [46] were showed to traffic
in clathrin-coated lipid vesicles after a lipid load. The fact that these transporters seem to selectively
mediate the transport of some molecules present in mixed micelles is an argument in favor of a direct
interaction with their ligands. Interestingly, it was recently demonstrated that α-tocopherol competed
with cholesterol to bind to the NPC1L1-N terminal domain, promoting NPC1L1 endocytosis [47].

CD36 [48] and SR-BI [49] have recently been described as intestinal lipid sensors, and they appear
to be key modulators of chylomicron secretion [50,51]. These roles suggest that their impact on vitamin
E transport may actually be a consequence of their role in other lipid absorption process. Indeed,
by promoting lipid fluxes through the enterocyte, these receptors would create a driving force for
absorption of minor lipids such as micronutrients, due to the lipid gradient.

We observed that the presence of tocopherol in structures mimicking mixed micelles
(i.e., containing a biliary salt and at least oleic acid) was necessary for transporter-dependent absorption
in Caco-2 cells [32]. This is in agreement with another study in which we showed that both SR-BI and
CD36 extracellular loops were able to bind postprandial mixed micelles in a more efficient manner
than interprandial micelles [52]. However, this does not indicate whether this interaction is the first
step of either a sensing or an absorptive process—or if the two phenomena are coexisting.

Finally, it is worth mentioning that we observed that vitamin E could be effluxed back to the
lumen after being absorbed in Caco-2 cells. This efflux was SR-BI-dependent and was increased in the
presence of acceptors, e.g., mixed micelles that did not contain vitamin E [30]. The in vivo relevance of
such observation should be further investigated.

3.2. Vitamin E Trafficking across the Enterocyte

Once absorbed, the fate of vitamin E across the enterocyte has been poorly described. Being
hydrophobic, vitamin E likely localizes into organelle membranes, cytosolic lipid droplets, or traffic
bound to binding proteins. Subcellular localization revealed that vitamin E could accumulate
in microsomal membranes, i.e., the endoplasmic reticulum, Golgi, lysosomal and peroxisomal
membranes [53]. However, it should be noted that in this study, vitamin E was delivered to cells
with Tween 40, which may have influenced its targeting within the cells compared to a delivery in its
physiological vehicles (i.e., mixed micelles).

Targeting to microsomal membranes may occur either via clathrin-coated vesicles as mentioned
above, or thanks to the intervention of cytosolic carriers. A tocopherol-associated protein (TAP)
expressed in the intestine has been shown to bind vitamin E in human tissues [54], but it actually
displays a weak affinity towards tocopherols [55]. Sec14p-like proteins TAP1, 2 and 3, also expressed
in the human intestine, are probably better candidates as they improved tocopherol transport to
mitochondria as efficiently as the α-tocopherol transport protein (α-TTP) [56]. Additional research is
needed to definitely confirm their role in the enterocyte.

3.3. Basolateral Secretion to the Lymph or to the Blood Circulation

Most of the vitamin E is incorporated into chylomicrons in its free form at the Golgi apparatus
level before being released to the lymph.

In mice, it has been showed that in addition to this apolipoprotein-B (apoB)-dependent route, an
non-apoB pathway could exist [57]. This non-apoB route involves ATB-binding cassette A1 (ABCA1)
that allows the secretion of vitamin E via intestinal High Density Lipoproteins (HDL) [58], and
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maybe the ATP binding cassette sub-family G member 1 ABCG1 [59,60]. However, this pathway
seems to remain minor in humans. Indeed, mutations in microsomal triglyceride transfer protein
(MTP) or in secretion-associated Ras related GTPase 1B (SAR1B), lead to abetalipoproteinemia and
chylomicron retention diseases, respectively [61]. These pathologies, characterized by a lack of
chylomicrons, are associated with a massive impairment of vitamin E absorption that is not balanced
by another pathway [62,63].

3.4. Vitamin E Absorption Site in the Intestine

It has long been assumed that vitamin E, as with other lipids and lipid micronutrients, is absorbed
in the upper half of the small intestine [64]. However, recent work from our laboratory highlighted that
vitamin E absorption was in fact mainly located in the distal part of mouse small intestine, i.e., in the
distal jejunum and the ileum [32,65]. This data seems conflicting with the fact that identified vitamin E
intestinal transporters, i.e., scavenger receptors and NPC1L1, have been described as mainly expressed
in the duodenum and the jejunum, respectively [36,66,67]. However, this can be partly explained by
the subcellular localization of these proteins. For instance, SR-BI is mostly expressed at the apical
side of the duodenal enterocytes, but it is present on the basolateral surface of the distal intestine [68].
Besides, a postmortem study in humans showed that the expression of CD36, NPC1L1, and ABCA1
was highly variable and displayed a bell-shape pattern, with the highest levels in the ileum [69].

3.5. Factors Modulating Vitamin E Absorption by the Intestinal Cell

As for vitamin E transfer to mixed micelles, numerous factors can influence vitamin E transport
across the intestinal cell, which likely explains the important variations observed regarding vitamin
E absorption efficiency. Indeed, different studies report efficiency in ranges of 10–95% [70–72].
However when deuterium-labeled vitamin E was used to assess absorption, this range was reduced to
10–33% [73].

The intestine does not seem to specifically discriminate between vitamin E stereoisomers [74],
or between α- and γ-tocopherol [30,75]. However, a study found a higher absorption of α-tocopherol
compared to γ- and δ-tocopherol in lymph-cannulated rats [76], which is consistent with the existence of
a ω-hydroxylase that preferentially metabolized these two last vitamers in 3′ and 5′ carboxychromanol
metabolites that can be excreted in the urine [77].

The food matrix can also influence specifically this step of vitamin E absorption. The presence
of fibers did not modify vitamin E absorption in humans [78,79]. Conversely, lipids can be classified
as effectors of vitamin E absorption as they can promote chylomicron formation. It is interesting to
note that a minimal quantity of fat of 3 g was required for an optimal tocopherol absorption, and
that increasing further this amount did not led to a better vitamin E bioavailability [80]. This was
partly confirmed in another trial where α-tocopherol-acetate was almost negligible when ingested
with 2.7 g fat [81]. However, these data are conflicting with other studies showing that the higher the
amount of fat, the better vitamin E absorption [73,82], or conversely that dairy fat from whole milk
does not increase vitamin E absorption compared to low-fat milk [83]. Mono and polyunsaturated
fatty acid seem to promote vitamin E absorption compared to saturated fatty acids in cockerels [84]
and in Caco-2 cells [85]. Conversely, phosphatidylcholine decreased α-tocopherol absorption efficiency
in rats [86,87], an effect that was reversed by the presence of lysophosphatidylcholine [86]. Authors
suggested that vitamin E was associated with phospholipids, leading to a low uptake. As we showed
that the presence of phosphatidylcholine in mixed micelles was associated with a decreased binding of
mixed micelles on scavenger receptor extracellular loops [52], we suggest that neutral phospholipids
can also impact vitamin E absorption by modifying micellar interaction with the membrane proteins
responsible for its uptake.

We showed that α-tocopherol E could compete for absorption with other lipid micronutrients
such as γ-tocopherol and carotenoids [30,88], as well as vitamin A, D, and K [65] in Caco-2 cells.
Except for vitamin A, these competitions are presumably due to common uptake pathways involving

51

Bo
ok
s

M
DP
I



Antioxidants 2017, 6, 95

cholesterol transporters. Vitamin A uptake mechanisms are still unknown. However, it has been
hypothesized that vitamin E was protecting vitamin A against oxidation in the intestine, leading
to vitamin E degradation and reduced absorption in chickens [89]. Polyphenols such as naringenin
could also reduce vitamin E uptake in Caco-2 cells [88]. The underlying mechanisms still need to be
resolved, but we can suggest that polyphenols can impair (micro) nutrient absorption by interfering
with membrane protein functioning, as previously shown with digestive enzymes [90]. Although
this is still debated [91], a study showed that phytosterols (2.2 g per day during 1 week) could inhibit
vitamin E absorption in normocholesterolemic subjects [92].

Finally, it is noteworthy that genetic factors including polymorphisms in genes coding for vitamin
E and lipid intestinal metabolism such as SR-BI, CD36, ABCA1, ABCG1, or apoB have been associated
with a modulation of vitamin E bioavailability in humans [93].

4. Conclusions

Overall, this review highlights the fact that the molecular mechanisms of both intraluminal fate
and intestinal absorption of vitamin E are only partly understood to date. The discovery of vitamin E
intestinal transporters with broad substrate specificity has raised many questions with respect to the
potential interactions with dietary lipids during the vitamin E absorption process. Besides, it is likely
that other proteins involved in vitamin E absorption still remain to be identified. The modulation of the
activity of these proteins, including the existence of functional polymorphisms in their encoding genes
and the regulation of their expression levels by epigenetic to post-translational factors, may explain
much of the observed large interindividual variation in postprandial responses to vitamin E. Further
dedicated investigations are needed to address these presumptions in order to offer adequate vitamin
E-tailored recommendations to individuals.
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Abstract: Vitamins E, A, D and K comprise the class of lipid-soluble vitamins. For vitamins A and
D, a metabolic conversion of precursors to active metabolites has already been described. During
the metabolism of vitamin E, the long-chain metabolites (LCMs) 13′-hydroxychromanol (13′-OH)
and 13′-carboxychromanol (13′-COOH) are formed by oxidative modification of the side-chain.
The occurrence of these metabolites in human serum indicates a physiological relevance. Indeed,
effects of the LCMs on lipid metabolism, apoptosis, proliferation and inflammatory actions as well
as tocopherol and xenobiotic metabolism have been shown. Interestingly, there are several parallels
between the actions of the LCMs of vitamin E and the active metabolites of vitamin A and D.
The recent findings that the LCMs exert effects different from that of their precursors support their
putative role as regulatory metabolites. Hence, it could be proposed that the mode of action of the
LCMs might be mediated by a mechanism similar to vitamin A and D metabolites. If the physiological
relevance and this concept of action of the LCMs can be confirmed, a general concept of activation of
lipid-soluble vitamins via their metabolites might be deduced.

Keywords: vitamin E; long-chain metabolites of vitamin E; 13′-hydroxychromanol (13′-OH);
13′-carboxychromanol (13′-COOH); vitamin E metabolism; biological activity

1. The Biological Significance of Vitamin E

The term vitamin E comprises eight lipophilic molecules, which can be classified as tocopherols
(TOHs) and tocotrienols (T3). Both classes share two common features: (i) the phytyl-like side chain,
which is bound to (ii) the chroman ring system. A saturated side chain characterizes the TOHs,
while the T3s carry three double bonds in this substructure. Further, the methylation pattern of the
chroman ring determines the classification as α-, β-, γ- or δ-TOH or T3, respectively. Vitamin E is
found in oils, nuts, germs, seeds and a variety of other plant products. The naturally found vitamin E
forms exist either in RRR-configuration (TOHs) or in R-configuration (T3s), whereas only synthetically
produced forms contain a mixture of the different possible stereoisomers [1].
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Vitamin E was discovered in 1922 as vital factor for the fertility of rats, indicating its essentiality
for animal and human health, and was therefore classified as a vitamin [2]. Nevertheless, the benefits
of vitamin E for human health are still a contentious issue. However, several disease conditions,
such as anemia, erythrocyte rupture and neuronal degeneration, as well as muscle degeneration,
are linked to vitamin E deficiency or malabsorption (extensively reviewed in [3]). Further, vitamin E
was shown in human intervention trials to slow down the progression of age-related neurodegenerative
pathologies such as Alzheimer’s disease, maybe due to its antioxidative properties [4,5]. Vitamin E is
also an essential factor for the development of the central nervous system and cognitive functions
of the embryo [6,7]. Next, vitamin E may play a supportive role in the prevention of neural tube
defects in humans along with folic acid [8,9]. Initially, the effects of vitamin E were only attributed
to its antioxidant properties, however more recent work unveiled non-antioxidant regulatory effects.
There is growing evidence that vitamin E modulates gene expression and enzyme activities and
interferes with signaling cascades independent of its capacity as an antioxidant [10]. Over time, several
functions of vitamin E, such as suppression of inflammatory mediators, reactive oxygen species,
and adhesion molecules, the induction of scavenger receptors, and the activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) (reviewed in [11]) were revealed. Based on
these observations, it was concluded that vitamin E likely plays a role in several inflammatory but also
other diseases. However, further research is required, as the results obtained from clinical trials with
TOHs are inconsistent with respect to beneficial effects on the development of chronic diseases such as
cancer and cardiovascular diseases [12].

2. Absorption and Distribution of Vitamin E

Like for all macro- and micronutrients, intestinal absorption is the limiting factor for the
bioavailability of vitamin E in humans. As a fat-soluble vitamin, intestinal absorption, hepatic
metabolism and cellular uptake of vitamin E follows that of other lipophilic molecules [13].
The absorption rate of vitamin E varies between 20% and 80% [13,14], and is thus generally lower than
for vitamins A and D [15,16]. Differences in the rates of absorption of vitamin E and the other fat-soluble
vitamins may result also from the parallel intake of additional food ingredients. For example, retinoic
acid [17], plant sterols [18], eicosapentaenoic acid [14], alcohol (chronic consumption) [14], and dietary
fiber [19] are natural food components that may compete with the absorption of vitamin E. In addition,
it has been shown that the supplied form of vitamin E, either as a free molecule or coupled to other
compounds like acetate, is also crucial for its bioavailability [20].

For optimal absorption, fat must be consumed along with the ingested vitamin E. This is a general
requirement for all types of fat-soluble vitamins and is therefore also applicable for vitamins A, D and
K [16,21]. The absorption of triacylglycerides and esterified fat-soluble molecules starts with enzymatic
processing in the stomach by the action of gastric lipases [15]. The following digestion of dietary lipids
appears in the intestinal lumen by the action of various enzymes, including pancreatic lipase, carboxyl
esterase and phospholipase A2 [22]. Since most of the vitamin E in the human diet is not esterified,
lipolytic degradation is scarce [14]. In contrast, the human diet contains significantly more esterified
vitamin A and D, mostly in the form of retinyl-esters and vitamin D3 oleate, which can be hydrolyzed
by the above mentioned enzymes [16,21]. A key step of the intestinal absorption of fat-soluble
vitamins is the emulsification, i.e., the incorporation into micelles formed with phospholipids
and bile acids. Under normal conditions, bile salts facilitate the absorption of all three vitamins,
but especially the vitamin D forms differ in their dependency for bile salt availability, i.e., vitamin
D3 absorption is more dependent on the presence of bile salts than 25-hydroxyvitamin D (OHD) [23].
After emulsification, vitamin E is taken up into the intestinal enterocytes by passive diffusion or
receptor-mediated transport via scavenger receptor class B type 1 (SRB1) [24], or Niemann–Pick
C1-like protein 1 [25], which is also involved in the uptake of the vitamins A, D and K as well as
cholesterol [16,26,27]. Since no specific plasma transport protein for α-TOH is known, the subsequent
transport of vitamin E in blood follows largely that of cholesterol [25], meaning that under normal
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physiological conditions, α-TOH is transported via chylomicrons. This transport is independent of the
type of stereoisomer [28,29]. In addition, retinol, unconverted pro-retinoid carotenoids (β-carotene),
non-pro-retinoid carotenoids (lycopene), vitamin D3 and phylloquinone (representing the main dietary
form of vitamin K) are also incorporated into chylomicrons [16,21,30]. After entering the circulation,
chylomicrons undergo a process of remodeling that involves primarily the hydrolysis of triglycerides
by lipoprotein lipase, resulting in the formation of chylomicron remnants [25]. Vitamins E, A, D and
K are not affected by hydrolysis and remain in the lipoprotein particle for further transport to the
liver [31]. The different forms of vitamin E are discriminated in the liver by the α-tocopherol transfer
protein (α-TTP), which promotes the incorporation of 2R- or RRR-α-TOH into very low-density
lipoproteins (VLDL) [32,33], whereas other forms and stereoisomers are either metabolized or secreted
into bile [34]. Besides α-TTP, the TOH-associated protein and the TOH-binding protein are known
mediators of the intracellular transport of vitamin E. Interestingly, α-TOH secretion from the liver
is apparently not necessarily dependent on VLDL assembly and secretion, thus oxysterol-binding
proteins [35] and ATP-binding cassette transporter A1 (ABCA1) [36] have been suggested to contribute
to the release from the liver. Furthermore, ABCA1 mediates the efflux of vitamin E in the intestine,
macrophages, and fibroblasts [36], and multidrug resistance P-glycoprotein has been identified as a
transporter for the excretion of α-TOH via bile [37]. After the release of vitamin E-carrying VLDL into
blood circulation and action of lipoprotein lipase as well as hepatic lipase, receptors such as SRB1,
low-density lipoprotein (LDL) receptor as well as LDL receptor-related protein mediate the uptake of
vitamin E into peripheral tissues and the liver [31,38].

3. Metabolism of Vitamin E

The metabolism of vitamin E is primarily localized in the liver (Figure 1) (reviewed in [39]),
whereas extrahepatic pathways have been also suggested [40,41]. The degradation processes of
hepatic metabolism remain poorly understood, but the initial mechanisms are generally accepted,
i.e., all vitamers are degraded to vitamer-specific physiological metabolites with an intact chromanol
ring and a shortened side-chain. Interestingly, accumulation of vitamin E to toxic levels is prevented
by increased metabolism in response to higher vitamin E levels. Due to the preferential binding to
α-TTP, α-TOH is the prevalent form of vitamin E in humans. It is speculated that α-TTP protects the
α-form from degradation, thus leading to the accumulation of α-TOH. With the lower affinities of
the other vitamin E forms to α-TTP taken into consideration, γ- and δ-forms are likely catabolized
faster [42]. Despite of the different catabolic rates, all forms of vitamin E follow the same metabolic
route, as confirmed by the detection of the respective end products of hepatic metabolism, α-, β-, γ-,
and δ-carboxyethylhydroxychromanol (CEHC) [43,44]. However, the rate of catabolism is different for
the vitamin E forms, possibly due to distinct affinities to key enzymes [42,45]. The chroman ring is not
modified during catabolism (the catabolic end products are still classified as α-, β-, γ- and δ-forms);
it is rather the aliphatic side chain where modifications are introduced. Metabolism of T3 follows
the same principle, albeit further enzymes such as 2,4 dienoyl-coenzyme A (CoA) reductase and
3,2-enoyl-CoA isomerase (necessary for the metabolism of unsaturated fatty acids) are likely required
for the degradation of the unsaturated side chain [46].

The catabolism of the vitamin E molecule takes place in different cell compartments: endoplasmic
reticulum, peroxisomes, and mitochondria. However, the mechanism of metabolite transfer between
the compartments is not well understood and requires further investigation. The initial step at the
endoplasmic reticulum leads to the formation of 13′-hydroxychromanol (13′-OH) metabolites via
ω-hydroxylation by cytochrome P450 (CYP) 4F2 or CYP3A4, respectively [45,47]. The following
ω-oxidation, which is probably mediated by alcohol and aldehyde dehydrogenases (an aldehyde
intermediate is formed), results in 13′-carboxychromanol (COOH) metabolites. In general, the resulting
metabolites with carboxy function are degraded like branched-chain fatty acids. Hence, the side
chain is shortened by β-oxidation, and the formed propionyl-CoA or acetyl-CoA is eliminated.
The intermediate-chain metabolites 11′-COOH and 9′-COOH are formed in peroxisomes during
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the first two cycles of β-oxidation. Three additional cycles of β-oxidation are carried out in the
mitochondria, resulting in the short-chain metabolites (SCMs) 7′-COOH and 5′-COOH as well as
the end-product CEHC or 3′-COOH. Moreover, conjugation of the metabolites takes place during
metabolism, resulting predominantly in sulfated and glucuronidated metabolites. However, glycine-,
glycine–glucuronide-, and taurine-modified metabolites of vitamin E have also been identified [48].

 

Figure 1. Metabolism of vitamin E. The metabolism of vitamin E is initiated by a terminal
ω-hydroxylation of the side-chain via CYP4F2 and CYP3A4. The resulting hydroxychromanol is further
modified by ω-oxidation, resulting in the formation of carboxychromanol, possibly by alcohol and
aldehyde dehydrogenases. As a consequence, the metabolite can be subjected to β-oxidation. Five cycles
of β-oxidation lead to the formation of the short-chain metabolite CEHC. However, this review focuses
on the LCMs 13′-OH and 13′-COOH as these molecules have been synthesized in sufficient amounts for
in vitro and in vivo investigations. The following abbreviations are used: ADH, alcohol dehydrogenase;
ALDH, aldehyde dehydrogenase; CDMDHC, carboxydimethyldecylhydroxychromanol; CDMOHC,
carboxymethyloctylhydroxychromanol; CDMHHC, carboxymethylhexylhydroxychromanol; CMBHC,
carboxymethylbutylhydroxychromanol; CEHC, carboxyethylhydroxychromanol.

The conjugated SCMs are more hydrophilic and thus mainly found in glucuronidated form in
human urine [44]. In contrast, the long-chain metabolites (LCMs) and their metabolic precursors are
secreted via bile into the intestine and the metabolites in fecal samples are not conjugated. The fecal
route is considered as the major pathway of vitamin E excretion [12,49].

Like vitamin E, other fat-soluble vitamins, such as the vitamins A (i), D (ii) and K (iii) are also
metabolized in the human body:

(i). Under physiological conditions, retinyl esters (in the intestinal lumen) and carotenoids
(in enterocytes) are converted into retinol before or during their intestinal absorption,
respectively. Inside the enterocytes, retinol is re-esterified by lecithin-retinol acyl transferase
or acyl-CoA:retinol-acyltransferase and packed into chylomicrons for transport. The retinyl
esters are transferred to the liver and stored in hepatic parenchymal and non-parenchymal cells.
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Vitamin A is mobilized from liver stores by the retinol-binding protein, a specific transporter
allowing the transport of retinol in blood circulation [50]. These results suggest that vitamin
A has an active (retinol) and a storage form (retinyl ester). In addition, the oxidation of retinol
leads to the formation of retinal, another active form of vitamin A, which is primarily bound
to opsins in the photoreceptors of the retina [51]. More current research indicates that all-trans
retinoic acid (ATRA), 9-cis-RA, and all-trans-4-oxo-RA are the vitamin A metabolites with the
highest biological activity. These active vitamin A metabolites serve as ligands for nuclear
receptors, called retinoic acid receptors (RARs) [52] and retinoid receptors (RXRs) [53], which act
as ligand-activated transcription factors controlling the expression of their respective target genes.
Therefore, hepatic retinol is transferred to extrahepatic tissues and metabolized to retinoic acid
by different enzymatic systems. LAMPEN and co-workers found that ATRA is also formed in the
small intestine via direct oxidation of vitamin A. Based on this result, they hypothesized that
biologically active retinoids are formed in the gastrointestinal tract and act as retinoid-receptor
ligands controlling various processes in the intestinal mucosa via RAR [53].

(ii). The human metabolism of vitamin D is primarily located in liver and kidney. Metabolism of
vitamin D2 and D3 starts with the formation of 25-OHD, the major circulating vitamin D
metabolite, by vitamin D-25 hydroxylase. Afterwards, 25-OHD is transferred to the kidney and
further catabolized by 25-OHD-1α-hydroxylase to 1,25-dihydroxyvitamin D2/3. These molecules
serve as ligands for the vitamin D receptor (VDR), a transcription factor expressed in various
tissues. Vitamin D receptor binds to specific regions in the promoter regions of genes, the so-called
vitamin D responsive elements, thus controlling the expression of respective target genes.
Therefore, 1,25-dihydroxyvitamin D is the active metabolic form of vitamin D [54,55].

(iii). Phylloquinone (vitamin K1) and menaquinone (vitamin K2) are summarized by the term vitamin
K. Phylloquinone is synthesized in plants, while menaquinone is derived from animal and
bacterial origins [30,56]. Both compounds share a 2-methyl-1,4-naphthoquinone structure,
called menadione, and a side chain at the 3′-position. The side chain of phylloquinone is
composed of three isopentyl units and one isopentenyl unit, while the side chain of menaquinone
contains a variable number of only isopentenyl units (2–13) [30]. The metabolism of vitamin K is
localized in the liver and has not been studied in detail so far [57]. Nevertheless, the metabolic
pathway of phylloquinone and menaquinone degradation likely follows that of vitamin E. Hence,
the degradation starts with an initial ω-oxidation, which is mediated by CYP. While the
ω-oxidation of vitamin E is catalyzed primarily by CYP4F2, CYP3A4 has been described as
the possible mediator for the ω-oxidation of vitamin K. Next, the following degradation of the
side chain of vitamin K occurs via β-oxidation [30,56,58]. A 5-carbon carboxylic acid metabolite
termed K acid 2 has been identified as the end-product of either phylloquinone or menaquinone
metabolism and is excreted via urine and bile [30,58]. In addition to their metabolic degradation,
it has been suggested that phylloquinones could also be converted to menaquinones [59,60].
For this, phylloquinone is likely transformed to the intermediate menadione by removing its
side chain, which is subsequently replaced by a newly synthesized isopentenyl side chain to
form menaquinone [30]. While menaquinone is considered as the physiologically active form
of vitamin K in humans [56], almost nothing is known about a possible biological activity of
the vitamin K metabolites. Further studies are needed to unravel whether vitamin K must be
included into the general concept of a metabolic pre-activation of lipid-soluble vitamins.

Although the metabolisms of vitamin A and D differ in location and the involved enzymatic
systems, the formation of active metabolites seems to be a key element of both metabolic pathways,
i.e., both vitamins mediate their gene regulatory effects by metabolic pre-activation. Therefore,
the discovery of vitamin E metabolism in animals and humans and the emerging evidence for
important biological functions of vitamin E metabolites could indicate a general metabolic activation
mechanism of fat-soluble vitamins in the human body.
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In Vivo Verification of Systemic LCM Availability

Since the discovery of vitamin E by EVANS and BISHOP in 1922 [2], α-TOH has been accounted
as an antioxidant capable to scavenge reactive oxygen species, and decreased α-TOH levels have
been associated with several diseases including different types of cancer, cardiovascular diseases and
diabetes [61]. It took 80 years since AZZI and co-workers set up the hypothesis for an additional
gene regulatory role of α-TOH in the human body [62]. In addition, the discovery of vitamin E
metabolism in animals and humans and the emerging evidence for important biological functions
of the vitamin E metabolites [63,64], suggested that the TOHs may gain biological activity after
metabolism (as confirmed for vitamin A and D). This prompted studies that investigated also the
putative functions of the LCMs of TOH. In 2014, Wallert and co-workers showed the occurrence of
α-13′-COOH in human serum, which has been confirmed later by others [65,66]. For these studies,
serum obtained from a healthy, middle-aged (39 years), non-smoking male, who received a balanced
diet with no additional vitamin E supplementation was used for the detection of α-13′-COOH via
liquid chromatography coupled mass spectrometry [63]. The analyses revealed for the first time that
α-TOH metabolites are transferred into blood circulation following metabolism of α-TOH in the liver.
Furthermore, cell experiments showed that α-13′-OH and α-13′-COOH are more potent regulators of
gene expression than their metabolic precursor α-TOH [63]. Taken together, the results of Wallert et al.
provided the first evidence that the LCMs are an active form of their metabolic precursor [63], promoting
regulatory effects in peripheral tissues of the human body. However, while the role of vitamin E as a
lipophilic antioxidant in vitro is widely accepted, the relevance in vivo is still a matter of debate [67–69].

4. Biological Activity

Not much is known about the biological activity of the LCMs. However, the publications on this
topic published during the last ten years can be categorized by the biological effects of the LCMs as
follows: (i) anti-inflammatory actions [64,70–75]; (ii) anti-carcinogenic effects [72,76,77]; (iii) regulation
of cellular lipid homeostasis [63,64]; (iv) interaction with pharmaceuticals [78]; and (v) regulation of
their own metabolism [79] (Figure 2).

 

Figure 2. Reported biological functions of the LCMs of vitamin E.
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4.1. Anti-Inflammatory Actions

Investigations on anti-inflammatory actions often focus on the regulation of pro-inflammatory
enzymes, such as inducible cyclooxygenase 2 (COX2) [70–72,74], inducible nitric oxide synthase (iNOS
or nitric oxide synthase, NOS2) [64,71,74,75], or 5-lipoxygenase (5-LO) [72,73], as well as mediators
such as chemokines or cytokines. For this purpose, cells were treated with the LCMs and challenged
with a pro-inflammatory stimulus or alternatively, isolated enzymes were used. Several LCMs (α-, γ-,
δ-13′-COOH; δ-9′-COOH; α-13′-OH) have been tested and reduced the stimulus-induced expression
(mRNA or protein) or enzyme activity. In general, 13′-COOH are more potent than the shorter LCMs
and the conjugation of LCMs with sulfate abrogates their anti-inflammatory effects [64,70].

Jiang et al. gained first hints on the anti-inflammatory actions of LCMs [70]. A549 cells, which are
capable of metabolizing vitamin E, were incubated with TOHs and an inhibition of the arachidonic
acid-stimulated COX activity was reported. When the metabolism of vitamin E was suppressed by
sesamin, the effects were less pronounced, indicating the involvement of the LCMs as regulatory
molecules. For further experiments, the LCMs were extracted from the cell culture medium and
their inhibitory capacity on COX activity was tested (half maximal inhibitory concentration (IC50):
δ-13′-COOH: 4 μM; δ-9′-COOH: 6 μM). The impact of conjugation was tested, and the sulfate LCM
conjugates were unable to exert anti-inflammatory effects. In 2016, a comparison of the different types
of LCMs was performed, and the LCMs showed similar effects regardless of their origin (isolated from
cell culture medium or semisynthetic isolation from Garcinia kola) [72]. In RAW264.7 macrophages,
the anti-inflammatory action on lipopolysaccharide (LPS)-stimulated COX2 mRNA and protein
expression, as well as prostaglandin (PG) release was reported for α-13′-OH [71] and α-13′-COOH [74].

The regulation of iNos by the LCMs was studied in RAW264.7 macrophages [64,71,74,75].
The LPS-stimulated iNos mRNA and protein expression as well as release of nitric oxide were
reduced by the LCMs tested (α- and δ-13′-OH, α- and δ-13′-COOH) [64]. The inhibitory effect of the
LCMs was highly dependent on the structure of the LCMs. The 13′-COOH were more effective than
the 13′-OH, while the substitution of the chromanol ring system (α- vs. δ-LCMs) had no influence.

The inhibition of ionophore-induced leukotriene release (leukotriene B4) in HL-60 cells and
neutrophils was reported with IC50 values of 4–7 μM [73]. Furthermore, the activity of isolated 5-LO
was inhibited by δ-13′-COOH with IC50 values of 0.5–1 μM, which is more effective than the synthetic
5-LO inhibitor zileuton (IC50: 3–5 μM) [73]. The inhibition of 5-LO activity by δ-13′-COOH was also
confirmed by Jang et al. [72]. An overview of the known anti-inflammatory actions of the different
LCMs of vitamin E studied so far is provided in Table 1.

Table 1. Overview of anti-inflammatory actions of the LCMs of vitamin E.

Targets Cells Effects Substances Refs.

COX2

A549 cells Reduced activity in arachidonic acid-pre-induced cells
γ-13′-COOH [70]
δ-13′-COOH [70,72]
δ-9′-COOH [70]

Isolated enzyme Inhibition of activity δ-13′-COOH
[70]

δ-9′-COOH

RAW264.7
Inhibition of LPS-stimulated mRNA and protein
expression, as well as reduced PG release

α-13′-OH [71]
α-13′-COOH [74]

iNos RAW264.7
Inhibition of LPS-stimulated mRNA and protein
expression, as well as reduced release of nitric oxide

α-13′-OH

[64,71,74,75]
α-13′-COOH
δ-13′-OH

δ-13′-COOH

5-LO
Isolated enzyme Inhibition of activity δ-13′-COOH [72,73]

HL-60 neutrophils Reduced activity and LT release in pre-induced cells δ-13′-COOH [73]

PG, prostaglandin; LT, leukotriene.

The metabolites of vitamin K have also been shown to exert anti-inflammatory functions.
First experiments were carried out with a synthetic 7-carbon carboxylic acid vitamin K metabolite
(2-methyl, 3-(2′methyl)-hexanoic acid-1,4-naphthoquinone; K acid 1), which was a more effective
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inhibitor of LPS-induced IL-6 release from fibroblast than the precursors phylloquinone and
menaquinon-4 [80]. In LPS-challenged MG63 osteoblasts the 7-carbon carboxylic acid metabolite
as well as the 5-carbon carboxylic acid metabolite (K acid 2) attenuated the expression of IL-6 [81].
Later, the long-chain metabolites of vitamin K (10 to 20-carbon carboxylic acid metabolites) were also
synthesized and examined for their anti-inflammatory activity. In LPS-challenged mouse macrophages,
these compounds reduced the induction of gene-expression of the inflammatory markers IL-1β, IL-6
and TNFα [82]. However, K acid 1 and K acid 2 were also effective in this study; and it is not possible
to estimate, which vitamin K metabolite (either long-chain or short-chain) is the most effective [82].
Interestingly, the minor 7-carbon carboxylic acid metabolite was more effective in MG63 osteoblasts
than the 5-carbon carboxylic acid metabolite, and a replacement of the carboxy function by a methyl
group made the two metabolites less effective [81]. This is in line with findings for the LCMs of vitamin
E. Here, the carboxy metabolite is more effective than the respective TOH precursor with respect to the
anti-inflammatory actions (vide supra). However, the in vivo relevance of the regulatory activities of
the vitamin K metabolites is a matter of debate, as they increase with vitamin K intake in urine [83],
but have not yet been found in human blood or other tissues to the best of our knowledge.

4.2. Cancerogenesis and Chemoprevention

The metabolites of vitamin E were investigated with respect to putative anti-cancerogenic, i.e.,
anti-proliferative and pro-apoptotic, properties in several studies. First experiments revealed that the
SCMs inhibit cell proliferation in different cell lines [84,85]. Interestingly, the metabolites as well as
the precursor molecules showed different efficiencies, depending on the methylation pattern of the
chroman ring and also on the cell type tested [84,85]. Based on the anti-proliferative effects of the
SCMs, the interest in the effects of the LCMs aroused. Hence, Birringer et al. investigated the effects
of the LCMs α-13′-COOH and δ-13′-COOH as well as α-13′-OH and δ-13′-OH on the proliferation
of the human hepatocyte carcinoma cell line HepG2 [77]. Interestingly, both 13′-COOH metabolites
effectively caused cell growth arrest, but the hydroxy metabolites did not exhibit anti-proliferative
effects. Thus, the introduction of the carboxy group during TOH metabolism renders the molecule
active with respect to cell growth arrest. This is supported by the finding that the metabolic precursors,
i.e., TOHs, did not affect proliferation of HepG2 cells [77]. As mentioned above, the methylation of the
chroman ring alters the efficiency of the molecules. With an effective concentration of 6.5 μM in HepG2
cells regarding the effects on cell growth, the δ-metabolite is more effective than its α-counterpart
with 13.5 μM [77]. At first glance, contradictory results were reported for human prostate cancer cells.
Here, not only δ-13′-COOH inhibited cell proliferation, but also the hydroxy metabolite α-13′-OH.
The LCMs as well as the tested SCMs α-CEHC and γ-CEHC inhibited the proliferation by about 60%
in a concentration of 10 μM [76]. Hence, the efficiency of the hydroxy metabolite is likely dependent
on the cell type. It is possible that the differences in TOH metabolism in different cell types lead to
divergent effects. Interestingly, even differences between different cancer and non-cancer cell lines
have been described. The proliferation of the colon cancer cell lines HCT-116 and HT-29 was inhibited
by δ-13′-COOH, with IC50 values of 8.9 μM and 8.6 μM, respectively [72]. While 10 μM of the LCMs
reduce the viability of the cancer cells by around 60%, normal colon epithelial cells showed a reduction
of 10–20% at this concentration. Comparable effects were found for the δ-T3 LCM δ-T3-13′-COOH
(δ-garcinoic acid), which reduced the viability of the colon cancer cells by about 75%, but the viability
of normal colon cells merely by 10–20% [72].

The actions of the vitamin E metabolites are comparable to that of the metabolites of vitamin D and
vitamin A. The active vitamin D metabolite 1,25(OH)2D3 has been shown to modulate differentiation
and proliferation of colon cancer cells and prostate cancer cells [86]. However, 1,25(OH)2D3 led to an
arrest of most cells that express a functional vitamin D receptor in G0/G1 phase [87]. The actions are
mediated by interference with several regulatory proteins, such as epidermal growth factor receptor
(EGFR), insulin-like growth factors (IGFs), p21, p27 as well as cyclins and cyclin-dependent kinases
(CDKs) [87]. The retinoids are also known for their modulation of the cell cycle. In several cancer cell
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lines, retinoic acid (RA) led to a cell cycle arrest in the G0/G1 phase via direct or indirect modulation of
cyclins, CDKs and cell-cycle inhibitors [88]. Interestingly, TOHs and TOH SCMs have also been linked
to cyclins and CDKs. In the human prostate cancer cell line PC3, γ-TOH as well as γ-CEHC led to a
strong decrease in cyclin D1 protein expression. In line with this observation, CDK4 and p27 expression
are reduced, albeit less pronounced [85]. Moreover, α-TOH and α-CEHC are ineffective with respect
to anti-proliferative actions as well as suppression of cyclin D1 and CDK4 [85]. However, to date,
no data is available on the action of the vitamin E LCMs on cell cycle regulators, although strong
anti-proliferative effects have been shown for this class of metabolites.

More detailed investigations were carried out on the pro-apoptotic effects of the vitamin E LCMs.
Birringer et al. found a significant induction of apoptosis in HepG2 cells treated with 20 μM of
α-13′-COOH, δ-13′-COOH or δ-13′-OH [77]. The LCMs induced the cleavage of caspases 3, 7 and
9, and in line with this, the cleavage of the downstream mediator poly-ADP ribose polymerase-1
(PARP-1). Again, the 13′-COOH were more effective in caspase-cleavage and apoptosis induction
than the hydroxy metabolite [77]. Moreover, induction of mitochondrial apoptosis by the LCMs was
identified as the process leading to apoptosis. This process is accompanied by the formation of reactive
oxygen species (ROS). Birringer et al. observed a significant increase in ROS production in cells treated
with α- and δ-13′-COOH but not with the hydroxy metabolites and the TOHs [77]. The augmented
ROS production was not only measured intracellularly but also intramitochondrial, hence providing
evidence for mitochondrial-derived apoptosis. Alterations in the mitochondrial membrane potential
supported this finding. Treatment with 20 μM of the LCMs led to a significant reduction of the
mitochondrial membrane potential. Interestingly, in this particular case, the α-metabolite was more
potent than the δ-metabolites with 60% reduction vs. 20% reduction [77]. The pro-apoptotic actions
of the δ-LCMs of vitamin E were confirmed in colon cancer cells [72]. Early and late apoptosis were
induced by δ-13′-COOH and δ-T3-13′-COOH. The activation of caspase-9 and cleavage of PARP
found by Birringer et al. [77] were confirmed in colon cancer cells [72]. Moreover, an induction
of the autophagy marker microtubule-associated protein 1A/1B-light chain 3 (LC3)-II was found.
Jang et al. assumed that alterations in sphingolipid metabolism caused by the carboxy-LCMs are
the reason for the induction of apoptosis. Indeed, both δ-13′-COOH and δ-T3-13′-COOH increased
total ceramides, dihydroceramides and dihydrosphingosines, while all measured sphingomyelins
were decreased. Inhibition of sphingosine biosynthesis revealed that LC3-II expression but not
PARP-cleavage is modulated by the LCMs via alterations in sphingolipid metabolism [72].

Taken together, there are several similarities between the metabolites of vitamins A, D and E with
respect to anti-cancerogenic properties. Data on anti-cancerogenic effects of vitamin K metabolites,
however, are sparse. Merely synthetic carboxylic derivatives of menaquinone with different side-chain
lengths have been studied [89]. The biologically most abundant 5-carbon carboxylic acid metabolite
(K acid 2) was not included in this study and the 7-carbon carboxylic acid metabolite (K acid 1) was the
structure with the shortest side-chain. Interestingly, the growth-suppressing effect on hepatocellular
carcinoma cells increased with the length of the side chain of the carboxy derivatives, except for the
full-length metabolite, which was as effective as the 7-carbon carboxylic acid metabolite. Conversely,
menaquinone itself was completely ineffective, showing nicely that the introduction of a carboxy
function activates the compound. Blocking of the effects with chemical antagonists suggested that
the derivatives act through caspase/transglutaminase-related signaling [89]. The above mentioned
disruption of mitochondrial function by the LCMs of vitamin E has also been described for the
metabolites of vitamin A [90], and induction of apoptosis by 1,25(OH)2D3 via mitochondrial pathways
(e.g., via B-cell lymphoma (BCL)-2 and BCL-xL) in breast, colon and prostate cancer cells are also
known [87]. Based on their anti-proliferative and pro-differentiation actions but also due to the
induction of cell death, retinoids are used for treating certain types of cancer [91]. Vitamin A metabolites
were successfully used in the treatment of acute promyelocytic leukemia (ATRA and 13-cis-RA,
13cRA), squamous cell skin cancer and neuroblastoma (13cRA), lung cancer (ATRA) and Kaposi’s
sarcoma (9-cis-RA, 9cRA). Beneficial effects of retinoids in cancer prevention have also been observed.
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These properties can be explained by the targeting of regulators of cell cycle progression by retinoids.
The expression of the CDK inhibitors p21 and p27 is regulated by ATRA via RARβ2 upregulation,
and retinoic acid has been shown to stimulate the degradation of cyclin D1, leading to a suppression of
CDK activity [91]. Interestingly, TOHs as well as SCMs of vitamin E modulate cyclins, CDKs and CDK
inhibitors [85]. Albeit the LCMs of vitamin E efficiently suppress proliferation, the identification of
effects on regulators of cell cycle progression is pending. However, given that ‘decreased proliferation
is one of the best biomarkers of a cancer preventive effect’ [91], vitamin E and its metabolites are
promising compounds for cancer prevention.

4.3. Cellular Lipid Homeostasis

To date, the effects of the LCMs of vitamin E on cellular lipid homeostasis have not been
investigated extensively. However, the regulation of key metabolic pathways in foam cell development
of macrophages by the LCMs were of particular interest in a study by Wallert et al. [63]. Here,
the regulation of the expression of the cluster of differentiation 36 (CD36), the uptake of oxidized low
density lipoprotein (oxLDL), phagocytosis and the intracellular storage of lipids were investigated [63].
For this, the monocytic THP-1 cell line, which can be differentiated to macrophage-like cells, was used.
In differentiated macrophages, the LCMs α-13′-OH and α-13′-COOH induced the expression of
CD36 mRNA and consequently CD36 protein levels. In contrast, the precursor α-TOH exerted
opposite effects on CD36 mRNA and protein. Whereas α-TOH reduced the expression of CD36 at
a concentration of 100 μM, the α-LCMs induced the expression of CD36 in concentrations of 5 and
10 μM, respectively [63]. Thus, the α-LCMs not only act in a different way than their precursors, but
appeared to be also significantly more potent. Interestingly, similar effects were described for the lipid
soluble vitamin A. Langmann et al. found that the precursor β-carotene is less effective in inducing
expression of CD36 than its metabolites ATRA and 9cRA in human monocytes and macrophages [92].
The authors stated that the metabolites 9cRA and ATRA displayed high biological activity [92],
while the precursors retinol and β-carotene were only marginally metabolized, an observation
that parallels the characteristics of the LCMs of vitamin E with respect to their reported serum
concentrations [63,93]. The effects of vitamin A metabolites are better characterized than that of
the LCMs of vitamin E. It was repeatedly shown that the metabolites of vitamin A regulate CD36
expression in macrophage cell models. The metabolite 9cRA induced CD36 mRNA [94,95] and protein
expression [95] in human THP-1 macrophages. ATRA increases expression of CD36 mRNA in THP-1
cells [96] and CD36 protein in THP-1 and HL60 macrophages [96,97]. The induction of CD36 expression
by ATRA and 9cRA has been confirmed in primary human monocytes and macrophages [92,96] to
show the physiological relevance in non-cancer cells. With the same intention, it was also shown that
the LCMs of vitamin E induced CD36 expression in peripheral blood mononuclear cell (PBMC)-derived
primary human macrophages [63].

The scavenger receptor CD36 mediates the uptake of the modified lipoprotein oxLDL [98],
a process that in turn stimulates CD36 expression [99]. Given the induction of the expression
of CD36 by the LCMs of vitamin E under basal conditions (vide supra), a further stimulation by
oxLDL treatment could be expected. As the uptake of oxLDL is a hallmark of macrophage foam cell
formation, Wallert et al. examined whether preincubation of THP-1 macrophages with the LCMs
of vitamin E affects the oxLDL-induced expression of CD36 [63]. As expected, CD36 expression
was induced by oxLDL treatment. Pre-treatment with α-TOH suppressed the induction by oxLDL.
In contrast, the pre-incubation with the LCMs augmented the induction of CD36 expression by oxLDL.
These findings resemble the reaction of the cells in the absence of oxLDL to α-TOH and its LCMs.
Given the higher CD36 expression in the presence of the LCMs, the uptake of oxLDL should in turn be
induced in LCM-treated macrophages. However, pre-incubation of the macrophages with the LCMs
for 24 h led to decreased oxLDL uptake. Incubation with both, α-13′-OH or α-13′-COOH, decreased
the uptake by about 20%. This effect was again confirmed in PBMC-derived macrophages. Here,
oxLDL uptake was decreased by α-13′-OH pre-treatment by 24% and by α-13′-COOH pre-treatment
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by 20%, respectively [63]. The LCMs of vitamin E thus exerted unexpected effects on oxLDL uptake.
As mentioned before, vitamin A metabolites also caused increased CD36 expression, but the metabolite
9cRA induced the binding and uptake of oxLDL in THP-1 macrophages as expected [94]. Generally,
an activation of RXR leads to an augmented association of oxLDL to THP-1 macrophages [100].
However, 9cRA also promoted the degradation of oxLDL and the cholesterol efflux via ATP binding
cassette transporters, thus leading to a net depletion of cholesterol esters. Triglyceride levels were
apparently not affected, neither by oxLDL treatment nor combination with 9cRA [94]. In contrast,
in the study of Wallert et al. on the LCMs of vitamin E, oxLDL treatment of the macrophages led to an
increase of neutral lipids in the cells. Preincubation with the LCMs diminished the oxLDL-induced
neutral lipid accumulation [63]. However, the contradictory results on the effects of the LCMs on
CD36 expression and oxLDL uptake required an alternative explanation how the LCMs decrease
oxLDL uptake. Thus, Wallert et al. focused on phagocytosis as an alternative uptake mechanism for
oxLDL [101]. Indeed, treatment of the macrophages with α-13′-OH led to an inhibition of phagocytotic
activity of 16% and with α-13′-COOH of 41%, respectively [63]. Hence, the inhibition of phagocytosis
by the LCMs might explain the discrepancy between their effects on CD36 expression and oxLDL
uptake in this study.

Taken together, the metabolites of vitamin E and vitamin A induce the expression of CD36 in
macrophages. However, their effects on oxLDL uptake are different. While the vitamin A metabolite
9cRA induces oxLDL uptake, the LCMs of vitamin E reduce it. In contrast to vitamin A and vitamin E
metabolites, the metabolite of vitamin D, 1,25(OH)2D3 has been shown to reduce the expression of CD36
mRNA and protein in oxLDL-treated macrophages obtained from diabetic subjects. Concomitantly,
oxLDL and cholesterol uptake are decreased [102,103]. Hence, the vitamin D metabolite as well as the
vitamin E LCMs suppress macrophage foam cell formation and may thus exert positive effects in the
context of atherosclerosis prevention.

4.4. Interaction with Pharmaceuticals

The interaction of the vitamin E LCMs with pharmaceuticals was tested by analyzing the
regulation of P-glycoprotein (P-gp). P-gp regulates, inter alia, the intracellular concentration of
pharmaceuticals and its expression is regulated by various transcription factors, including heat shock
transcription factor 1, nuclear factor Y and the pregnane X receptor (PXR) [104,105].

Several vitamin E forms and their metabolites (α-TOH, α-T3, α-13′-COOH, α-CEHC, γ-TOH,
γ-T3, γ-CEHC and plastochromanol-8) were used and the regulation of P-gp expression was analyzed
in human epithelial-like colon LS180 cells [78]. Only α-13′-COOH and γ-T3 induced P-gp expression
and α-T3, α-13′-COOH as well as γ-T3 induced the activity of PXR in a reporter gene assay. In case
of vitamin E supplementation, an interaction with the metabolic handling of pharmaceuticals might
be possible.

4.5. Regulation of LCM Formation

The regulatory processes, which modulate the metabolism of vitamin E, are largely unknown.
In this context, two key issues are important: (i) Apart from CYP4F2 and CYP3A4, the full set of
enzymes involved in the first steps of the catabolism of vitamin E remains to be identified, and (ii) the
mechanisms by which vitamin E metabolism is regulated have not yet been sufficiently unraveled.
However, the upregulation of CYP4F2 protein expression by α-13′-OH in human HepG2 liver cells
was reported recently [79], pointing to a positive regulatory feedback loop. If this concept holds true,
the enhancement of metabolism by products would be a new facet for the fat-soluble vitamins, as the
metabolism of vitamin A and D is mainly regulated negatively by their metabolic products [54,106].

The aldehyde- and alcohol-dehydrogenases have been suggested to be responsible for the
ω-oxidation steps and the enzymes for branched-chain fatty acids might catalyze the subsequent
β-oxidation [107]. Following the identification of the specific set of enzymes required for vitamin E

68

Bo
ok
s

M
DP
I



Antioxidants 2018, 7, 10

metabolism, a major aim will be the characterization of the regulatory factors, which modulate the
metabolism of vitamin E.

5. Structure-Specific Effects

To get deeper insights into the specificity of the regulatory effects of the LCMs of vitamin E,
a structure-activity study was conducted [64]. For this purpose, substances were used that represent
specific substructures of the LCMs or their precursors. The chromanol ring system was mirrored by the
SCM α-CEHC and the modified side-chain was represented by the branched-chain fatty acid pristanic
acid. Furthermore, the α- and δ-forms of 13′-OH and 13′-COOH were used to study the influence of
the side-chain modification. Overall, the application of α- and δ-forms of LCMs and their precursors
(α-TOH, α-13′-OH, α-13′-COOH, δ-TOH, δ-13′-OH, δ-13′-COOH) should clarify the importance of
the substitution of the ring-system. The regulation of CD36 and iNos by the test compounds was
similar for all of the LCMs, but neither the precursors nor their substructures were able to cause the
same effects on the expression of the target genes as the LCMs. The substitution of the chromanol
ring system had no influence (α- and δ-forms), while the modification of the side-chain (oxidation of
TOH to 13′-OH and 13′-COOH) was highly relevant for the effects. Overall, the 13′-COOH was most
potent in this study. Based on these specific regulations the existence of specific regulatory molecular
pathways for the LCMs has been suggested.

6. Receptors of Vitamin Metabolites

As indicated above, the lipid-soluble vitamins A and D need a conversion to their active
metabolites to exert their effects. These metabolites are either bound intracellularly and transferred
to the receptor or directly bind the receptor. The receptors for the vitamin A metabolites, RARs and
RXRs, were identified in the late 1980s [108–111]. Evidence for binding proteins for the active vitamin
D metabolite 1,25(OH)2D3 was already provided in the 1970’s [112,113]; however, cloning of the
human vitamin D receptor also succeeded in the late 1980’s [114]. In contrast, no specific receptor for
vitamin E and/or its metabolites has been identified yet. Interestingly, the metabolites of vitamin A
and D act through nuclear receptors. This class of transcription factors can roughly be divided into
more specific and rather unspecific members. The vitamin D receptor can be categorized as a more
specific receptor, as it is activated by its endogenous ligand 1,25(OH)2D3 already at sub-nanomolar
concentrations [115,116]. This feature is also shared by steroid hormone receptors (estrogen receptor,
androgen receptor, ergosterone receptor, cortisol receptor), the thyroid hormone receptor and RARs.
The RARs specifically bind ATRA, and also 9cRA with lower affinity [117]. The specificity of the nuclear
receptors is mainly determined by the structure of the ligand binding pocket. Specific receptors have a
relatively small ligand binding pocket, which allows only a limited number of molecules to interact.
In contrast, the so-called adopted orphan receptors have a larger ligand binding pocket, allowing the
activation of the receptor by a larger number of ligands [115]. Members of this group are the liver X
receptors (LXRs), farnesoid X receptor (FXR), peroxisome proliferator-activated receptors (PPARs) and
RXRs. The latter have been shown to bind the vitamin A metabolite 9cRA [118]. However, it is not
entirely accepted that 9cRA represents the endogenous ligand for RXR [119]. Nonetheless, the example
of 9cRA opens the possibility that vitamin metabolites act through highly specific receptors but also
through rather unspecific ones.

Following the concept that the LCMs of vitamin E represent biologically active metabolites similar
to 1,25(OH)2D3, ATRA and 9cRA, these molecules might also exert their effects through nuclear
receptors. Indeed, Podszun et al. reported an activation of PXR by α-13′-COOH in the human colon
adenocarcinoma cell line LS180 [78] (for detailed information, the reader is referred to the section
‘Interaction with pharmaceuticals’). Interestingly, α-T3 and γ-T3 were also able to activate PXR,
while α-TOH and γ-TOH as well as the SCMs α-CEHC and γ-CEHC failed to activate PXR [78].
These findings confirm earlier findings in HepG2 cells only in part. In HepG2 cells transfected
with PXR and a CAT (chloramphenicol acetyltransferase) reporter gene, α-T3 and γ-T3 efficiently
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activated PXR-mediated gene transcription, but α-TOH, γ-TOH and δ-TOH were also able to induce
the expression of the reporter gene via PXR [120]. In contrast, the SCMs α-CEHC and α-CMBHC were
not able to activate PXR in this study and the LCMs were not tested [120]. Taken together, the T3s
reliably activate PXR but the effects of the TOHs need further investigation. Possibly, LS180 and
HepG2 metabolize TOH with different efficiency, in turn determining the amounts of LCMs formed
as PXR-activating metabolites. Hence, the observed effects of TOHs in HepG2 might be explained
by the intracellular formation of the LCMs. However, further investigations on the cell-type specific
metabolism of TOH are needed to confirm this hypothesis. Further, with PXR a rather unspecific
nuclear receptor is identified for TOHs and their LCMs. As a general sensor for toxic compounds
and xenobiotics, PXR has a large ligand binding cavity, which allows the binding of a wide range of
ligands [121]. Thus, it is not surprising that PXR has been described as a receptor of vitamin K [122,123],
and it has been reported that several menaquinone derivatives activate PXR [124]. Unfortunately,
the biologically occurring carboxy derivatives were not included in this study. Hence, merely
speculations about the activity based on structure-function-relationships are possible. A reporter gene
assay revealed that a terminal phenyl group enhances the activity of the derivatives, while a terminal
hydroxy group diminished it compared to the unmodified menaquinone [124]. In conclusion, a more
hydrophobic side chain leads to an increased activity on PXR. Hence, the natural metabolic products in
humans bearing a terminal carboxy group are likely less potent with respect to the activation of PXR.
However, this concept is in contrast to the findings for vitamin E. The TOH precursors are unable to
activate PXR, while the LCM α-13′-COOH activates it [78]. Hence, further studies are needed to clarify
whether vitamin K metabolites are physiological ligands for the rather unspecific nuclear receptor
PXR, like their metabolic precursor menaquinone and the LCMs of vitamin E.

Given that RXR as a receptor for the vitamin A metabolite 9cRA is also rather unspecific, it might
be possible that the LCMs of vitamin E also act through PXR. However, it is questionable whether all of
the reported biological effects of the LCMs, i.e., anti-inflammatory actions, anti-cancerogenic features,
and effects on cellular lipid homeostasis (please refer to the respective sections here) can be ascribed
to PXR activation. Hence, further investigations aiming at the identification and characterization of
receptors for the LCMs of vitamin E LCMs are highly required. Strategies for the identification of
further receptors or a receptor specific for the LCMs of vitamin E might be the use of target fishing
approaches, gene expression arrays, knockdown/knockout studies, as well as reporter gene assays
and ligand binding studies.

7. Conclusions

With the detection of the LCMs of vitamin E in human serum, an important hint for the possible
action of these metabolites as signaling molecules was provided. Several studies reinforced this
hypothesis by the characterization of the biological effects of the LCMs, as summarized in Figure 2.
Interestingly, the LCMs act more potent and in part even contrary to their metabolic precursors.
Some of the controversial effects reported for vitamin E might be therefore explained by the action of
the LCMs. The evidence of circulating α-LCM in human blood (nanomolar concentrations) provides
a new perspective in vitamin E research [63]. Therefore, the LCMs must be seriously considered to
correctly interpret the effects of vitamin E in humans, beside the better studied TOHs and T3s. So far,
only a few studies have focused on this class of compounds. However, based on our current knowledge
and our studies in progress, we speculate that the LCMs comprise a new class of regulatory molecules.
These molecules can exert effects that are different from their metabolic precursors, complicating the
interpretation of studies on the effects of vitamin E in vivo. Nevertheless, the LCMs share properties
with their precursors but also exert unique or even adverse effects. It is evident that the LCMs and their
precursors act in the same manner with respect to the modulation of COX2 and 5-LOX activity, but it is
of note that the LCMs are significantly more potent than their precursors. Furthermore, the LCM can
act in areas where the TOHs are virtually not effective. A prime example is the regulation of COX2
expression. Hence, the LCMs may indeed play a role in mediating some of the effects of vitamin E
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in the human body although blood concentrations are significantly lower than those of TOH. So far,
blood concentrations are the only valid value for the systemic distribution of the LCMs of vitamin E in
the human body. However, based on preliminary data of unpublished in vitro and in vivo studies of
our group, we can hypothesize that the LCMs of vitamin E may also accumulate in different parts of
the human body, where they reach concentrations higher than in blood. Further studies are required to
study this issue in more detail and to differentiate between physiologic (at low concentrations) and
pharmacologic (at high concentrations) actions of the LCMs.

To sum up, the LCMs could be regarded as the metabolically activated forms of vitamin E.
This is in line with the metabolic activation of the other lipid-soluble vitamins A and D. Consequently,
the concept of metabolic activation established for vitamin A and D could now be extended to vitamin
E. Thus, a general concept for the biological activity and modes of action of the lipid-soluble vitamins
could be defined.
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Abstract: Vitamin E is a generic term frequently used to group together eight different molecules,
namely: α-, β-, γ- and δ-tocopherol and the corresponding tocotrienols. The term tocopherol and
eventually Vitamin E and its related activity was originally based on the capacity of countering foetal
re-absorption in deficient rodents or the development of encephalomalacia in chickens. In humans,
Vitamin E activity is generally considered to be solely related to the antioxidant properties of the
tocolic chemical structure. In recent years, several reports have shown that specific activities exist
for each different tocotrienol form. In this short review, tocotrienol ability to inhibit cancer cell
growth and induce apoptosis thanks to specific mechanisms, not shared by tocopherols, such as the
binding to Estrogen Receptor-β (ERβ) and the triggering of endoplasmic reticulum (EndoR) stress
will be described. The neuroprotective activity will also be presented and discussed. We propose that
available studies strongly indicate that specific forms of tocotrienols have a distinct mechanism and
biological activity, significantly different from tocopherol and more specifically from α-tocopherol.
We therefore suggest not pooling them together within the broad term “Vitamin E” on solely the basis
of their putative antioxidant properties. This option implies obvious consequences in the assessment
of dietary Vitamin E adequacy and, probably more importantly, on the possibility of evaluating a
separate biological variable, determinant in the relationship between diet and health.

Keywords: tocopherols; tocotrienols; estrogen receptors; endoplasmic reticulum stress; neuroprotection

1. Introduction

The term “natural Vitamin E” is commonly used to group together eight different molecules,
namely α-, β-, γ- and δ-tocopherol and the corresponding tocotrienols. The original description
of Vitamin E is: “a fat soluble vitamin that inhibits oxidative destruction of biological membranes
and is necessary for fertility and to prevent hemolysis in rats and muscle dystrophy in poultry” [1].
If we held that this definition is biologically true and descriptive of the vitamin functions, we must
face the evidence that, with the exception of a “generic” putative antioxidant activity in protecting
biological membranes from peroxidation, in comparison to α-tocopherol, β-, γ- and δ-tocopherol and
all tocotrienols have very low (if any) biological activity in the fetal re-absorption test. Their relative
efficiency, in fact, ranges from zero to about 40% for β-tocopherol, which is the only alternative form
significantly active in this test [1]. Accordingly, the units definition provided by the United States
Pharmacopoeia of the different Vitamin E analogues is standardized on the efficiency of α-tocopherol,
whereas β-, γ- and δ-tocopherol and the tocotrienols are much less active (either inactive) in this
assay [2].

If we agree in considering that the only biological function of Vitamin E is acting as an
“antioxidant”, the inclusion of tocotrienols in the Vitamin E family should not be questioned but,
accordingly, we should include in the “Vitamin E family” several other molecules displaying a “lipid
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peroxidation chain breaking activity” within biological membranes. Conversely, if we accept that the
biological role of α-tocopherol is more complex and goes beyond its activity as a membrane antioxidant,
we must accept that this role is not shared by other tocols, and solely assign the term Vitamin E to
α-tocopherol.

In fact, it is possible to describe similarities and differences between the members of the Vitamin
E family. Dietary α-tocopherol, non-α-tocopherols and tocotrienols are all absorbed by intestinal cells
by passive diffusion; and receptor-mediated transport and delivered to the lymph and then to the
liver via chylomicron [3]. However, the efficiency of absorption is not the same, being apparently
higher for tocotrienols than for α-tocopherol. This latter has been reported to significantly inhibit the
cellular uptake of δ-tocotrienol (and probably of other tocotrienols), at least in endothelial cells by a
still unknown mechanism [4].

Once in the liver, α-tocopherol is immediately transferred to the α-tocopherol transfer protein
(α-TTP) (see below) and further disposed to the peripheral tissues after the incorporation into
VLDL/LDL/HDL [3]. If not delivered to peripheral tissues, α-tocopherol, non-α-tocopherols and
tocotrienols are metabolized by phase I and II enzymes and excreted as glucuronide or sulfate [3],
but tocotrienols have been reported to be degraded to a larger extent than their counterparts with
saturated side chains. The significant quantitative differences in the metabolism between each
tocopherol and between tocotrienols and tocopherols that have been reported in vitro, suggest that
similar differences may exist also in vivo [5].

Very importantly, the biological activity of Vitamin E is highly dependent upon regulatory
mechanisms exerted by the intracellular α-TTP that enrich the plasma with α-tocopherol while
non-α-tocopherols molecules are directed to metabolism. α-TTP specifically recognizes α-tocopherol by
the three methyl groups on the chromanol ring, by the hydroxyl group on the chromanol ring and the
structure and orientation of the phytyl side chain. Thanks to these multiple “recognition mechanisms”,
α-TPP preferably and efficiently only binds α-tocopherol while all the other Vitamin E forms display a
very low or null binding activity [6,7]. As the result of this specificity, only α-tocopherol, once taken up
from the liver from dietary derived chilomicrons, can be released to peripheral extrahepatic tissues via
lipoprotein VLDL trafficking, while the other tocopherols and the tocotrienols are rapidly metabolized
by phase I and phase II enzymes and finally excreted in the bile, feces or urine [3]. Interestingly,
a linear relationship between the relative affinity and the known biological activity obtained from the
rat resorption-gestation assay exists, clearly indicating that the ability to bind to α-TTP is critical to
determine the biological activity. However, it has been demonstrated that long oral supplementation
of tocotrienol to mice and rats results in the delivery to vital organs including the brain, liver, heart,
skin, lungs, adipose tissue, and whole blood independently of α-TTP expression [8,9]. These findings
strongly demonstrate the existence of TTP-independent, still partially unknown, mechanisms of
transport for oral tocotrienol. Moreover, the presence of α-tocopherol leads to decreased binding and
to an acceleration of metabolism of non-α-tocopherols and tocotrienols [9].

Significant differences also exist in plasma concentration of α-tocopherol and tocotrienols.
The administration of high doses (750 mg and 1000 mg) of a tocotrienol mixture from Annatto
(Bixa orellana), results in a maximum plasma concentration levels at 3–4 h for all isomers, while
α-tocopherol is reported to peak at 6 h, suggesting a different distribution mechanism [10]. Even though
γ- and δ-tocotrienols have been probably studied more in the detail, α-tocotrienol has been found
as the most abundant form circulating in plasma, chilomicrons, LDL, and HDL after the dietary
supplementation with a mixture from palm (Elaeis guineensis) oil, also containing α-tocopherol.
According to the study mentioned above [10], concentrations are in the order of μM and peak at
less than 5 h for γ- and δ-tocotrienol and at 6 h for α-tocotrienol [11].

Overall, in conclusion, it is quite surprising that α-, β-, γ- and δ-tocotrienol are still pooled
together with tocopherols in spite of a significantly different steric hindrance due to the unsaturated
phytyl tail, and of several evidences indicating that they have a distinct metabolism and different
routes of tissue delivery and storage [12]. All these evidences suggest that tocotrienol should be a
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candidate to play a different biological role than α-tocopherol [13]. A “side-to side” visualization
of D-α-tocopherol and D-α-tocotrienols (Figure 1) highlights the evident differences between these
two molecules at the tridimensional level that are frequently ignored in a two-dimensional, planar
visualization. A dynamic view of these two molecules would further underline their different spatial
seizures, due to the presence of two trans double bonds in the phytyl tail of tocotrienols limiting the
rotational freedom of carbon-carbon bonds.

D- -tocopherol D- -tocotrienol 

Figure 1. Structural differences between α-tocotrienol and α-tocopherol (from https://pubchem.ncbi.
nlm.nih.gov/).

A plethora of papers, also published by high impact factor journals (including those by the
authors) encourage a kind of confusion. In fact, the term Vitamin E is frequently introduced as (e.g.,):
“ . . . Tocotrienols and tocopherols are natural forms of the Vitamin E family . . . ”, even though it is always
admitted that (e.g.,) “ . . . Vitamin E deficiency syndromes cannot be prevented by supplying non-α-tocopherols
or tocotrienols . . . ” and that (e.g.,) “Although all natural forms of Vitamin E display potent antioxidant
activity, the activity of tocotrienols is mediated independently of their antioxidant activity..” and also: “ . . .
current studies of the biological functions of Vitamin E indicate that members in the Vitamin E family possess
unique biological functions often not shared by other family members”.

Starting from the “contradictions” described above, this review focuses on some of the most
evident specific activities reported for tocotrienols, not shared by α-tocopherol or by other tocopherols,
namely the estrogen receptor-β (ERβ) binding activity and endoplasmic reticulum (EndoR) response
activation both leading to a pro-apoptotic cellular response by γ- and δ-tocotrienol. The specificity of
α-tocotrienol in protecting neuronal cells after ischemia will also be presented and discussed together
with other tocotrienol-specific mechanisms on cell functions and survival.

2. Tocotrienols as Ligands of ERβ

Interestingly, one of the first studies reporting the antiproliferative/pro-apoptotic effects of
tocotrienols, excluded the possibility of a mechanism related to the binding to estrogen receptors [14].
This early paper reported a study that was conducted somehow before the discovery and
characterization of the β form of ERs [15]. The experimental design was in fact based on the assumption
that the human breast cancer cell line estrogen-independent (MDA-MB-231) was void of any ER form
and utilized to compare the effects of tocotrienols on the estrogen responsive breast cancer cell line,
MCF7. Conversely, MDA cells have been eventually demonstrated to express a functional β form,
while MCF7 express both α- and β-ER. In this study, authors observed that a tocotrienol-rich fraction
(TRF) of palm (Elaeis guineensis) oil, containing α-tocopherol and α-, γ- and δ-tocotrienol, inhibited
MCF7 cells growth in both the presence and absence of estradiol with a nonlinear dose-response.
MDA-MB-231 cells were also inhibited by TRF but with a linear dose-response. In the same study,
the authors reported, after fractionation of TRF, γ- and δ-tocotrienols containing fractions were the most
inhibitory ones. On the other hand, and according to the matter of the present paper, α-tocopherol had
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no effect on the growth rate of both cell lines. The authors ruled out the contribution of ER activity on
the basis that TRF (and therefore tocotrienols) did not affect the expression of a gene, the breast cancer
estrogen inducible sequence-trefoil factor 1 (pS2-TFF1), known to be driven by estradiol due to the
presence of an ERα responsive elements in its promoter. The original conclusion has been reconsidered
under the light of an “omic” approach utilized in subsequent studies performed by our laboratory.
In a first study [16], utilizing cultured cells as an experimental model, we performed a cDNA array
analysis of cancer-related gene expression in estrogen-dependent (MCF-7) and estrogen-independent
(MDA-MB-231) human breast cancer cells. In this study, we utilized the best transcriptomic platform
available at that time (1200 gene) that allowed us to conclude that the supplementation tocotrienol
rich fraction form palm oil (TRF) was associated to the modulation of a number of genes encoding for
proteins involved in cell cycle and therefore to inhibitory effects on cell growth and differentiation of
the tumor cell lines. Previous studies had already demonstrated that α-tocopherol, the only tocopherol
form present in TRF, had no effect on the induction of apoptosis in both cell lines, the only one having
some pro-apoptotic activity being δ-tocopherol [17].

In a second study, based on a more sophisticated in vivo model [18], MCF-7 breast cancer cells
were injected into athymic nude mice also fed with TRF. At the end of 20 wk dietary treatment there
was a significant delay in the onset, incidence, and size of the tumors in nude mice supplemented
with TRF compared with the controls. In addition, a cDNA array technique providing the differential
expression of 1200 genes was performed on excised tumor tissues and, in agreement with the study
performed on cultured cells, a significant number of genes was affected by TRF treatment. According
to a “gene-ontology” analysis we identified a set of genes involved in the regulation of immune
response and in the functional class of intracellular transducers/effectors/modulators. Data obtained
in the course of these studies, further interrogated in silico provided a consistent hypothesis for
a direct interaction of tocotrienols with estrogen pathway. In silico docking analysis, and in vitro
binding-displacement test to purified ER protein demonstrated a high affinity of tocotrienols for ERβ
but not for ERα. We also demonstrated that in ERβ-containing MDA-MB-231 breast cancer cells,
tocotrienols, but not α-tocopherol, increase ERβ translocation into the nucleus and the expression of a
spectrum of pro-apoptotic estrogen-responsive genes such as the Macrophage-inhibiting Cytokine-1
(MIC-1), the Early Growth Response-1 (EGR-1) and Cathepsin-D and accompanied by typically
apoptotic-like alterations of cell morphology, DNA fragmentation, and caspase-3 activation [19].
These results have been corroborated and completed by a second study conducted on MCF-7 breast
cancer cell, expressing both ERα and ERβ [20]. Furthermore, in this cell line, treatment with TRF and in
particular with γ-tocotrienol, but not α-tocopherol, was associated with ERβ nuclear translocation and
ER-dependent genes expression (MIC-1, EGR-1 and Cathepsin-D). At same time, the treatment induced
a very evident inhibition of ERα activity finally leading to DNA fragmentation and apoptosis [20].
cDNA-array data obtained within this study also suggested the presence of an alternative pathway
activated by γ- and δ-tocotrienols that will be presented below.

It is well known that ERβ activation can produce different cellular outcomes according to
the balance between the “non genomic” signaling triggered by ERα and ERβ and other specific
characteristics of cellular and tissue environment [21,22]. Accordingly, Nakaso and coworkers have
more recently reported a cytoprotective, rather than pro-apoptotic effect of γ- and δ-tocotrienol in
SH-SY5Y neuroblastoma cells, a cellular model addressing the pathogenesis of human Parkinson’s
disease [23]. In agreement with our original studies, this study confirmed that purified γ- and
δ-tocotrienol bind to ERβ in vitro and that γ- and δ-tocotrienol were cytoprotective against Parkinson’s
disease-related toxicities such as 1-methyl-4-phenylpyridinium ion (MPP+) thanks to a marked
activation of the phosphoinositide-3-kinase/serine/threonine kinase-1 (PI3K/Akt) signaling pathway
downstream to ERβ binding. The pivotal and functional role of γ- and δ-tocotrienol binding to ERβ
was confirmed by ERβ silencing that was associated to the abrogation of cytoprotection and Akt
phosphorylation [23].
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The same authors also reported that the silencing of caveolin-1 and/or caveolin-2, candidates for
the early events of signal transduction, prevented the cytoprotective effects of γ- and δ-tocotrienol,
but not Akt phosphorylation. In agreement with us, the authors conclude that tocotrienols, in particular
γ- and δ-tocotrienol, have distinct biological activities, unrelated to their putative antioxidant capacity,
and that they can exert a specific neuro-protective activity mediated by ERβ binding and PI3K/Akt
signaling activation [23].

Remarkably, one early study reported that tocotrienols induce apoptosis and a significant delay
in cell growth in normal mammary cells obtained from midpregnant BALB/c mice [24]. However,
neither the same authors, nor other research groups, have eventually confirmed these observations.
Conversely, the same authors more recently, reported that γ-tocotrienol has a potent antiproliferative
and cytotoxic effects by autophagy in MCF-7 and MDA-MD-231 cancer cell [25]. In contrast to the
reports of Nakaso and coworkers mentioned above [23], γ-tocotrienol is reported to induce a reduction
in PI3K/Akt/ mechanistic target of rapamycin kinase (mTOR) signaling and a corresponding increase
in the Bax/Bcl-2 ratio, cleaved caspase-3, and cleaved poly (ADP-ribose) polymerase (PARP) levels in
these cancer cell lines. These events suggest that γ-tocotrienol-induced autophagy may be involved in
the initiation of apoptosis. In contrast, the same treatment was not found to increase autophagy marker
expression in immortalized mouse (CL-S1) and human (MCF-10 A) normal mammary epithelial cell
lines [25].

It seems therefore possible to speculate that γ-tocotrienol induces opposite effects in cancer and
normal (or pseudo-normal) cells in agreement with the established perturbation of PI3K/Akt/mTOR
signaling pathway in cancer cells [26]. Similarly, a specific effect of tocotrienols on Bax/Bcl2 mediated
apoptosis has been also reported in prostate tumorigenesis in the transgenic adenocarcinoma mouse
prostate (TRAMP) mouse model. In this study, a dietary supplementation with of a tocotrienol
mixture induced a decrease in the levels of high-grade neoplastic lesions associated with an increased
expression of proapoptotic proteins BAD a Bcl2 antagonist of cell death and cleaved caspase-3 and cell
cycle regulatory proteins cyclin dependent kinase inhibitors p21 and p27 [27].

3. Tocotrienols as Inducers of Apoptosis via Endoplasmic Reticulum (EndoR) Stress

The first report of an EndoR stress mediated apoptosis by tocotrienols dates back about 10 years.
Wali and coworkers [28] tested the effect of γ-tocotrienol in highly metastatic +SA rodent mammary
epithelial cells. This study identified that 15–40 μM γ-tocotrienol induces a dose dependent apoptotic
response paralleled by an increase of poly (ADP-ribose) polymerase (PARP)-cleavage and activation
of a pathway distinctive of EndoR stress response, the protein kinase-like endoplasmic reticulum
kinase/eukaryotic translational initiation factor/activating transcription factor 4 (PERK/eIF2α/ATF-4).
γ-tocotrienol treatment also caused a large increase of key components of EndoR stress mediated
apoptosis, tribbles 3 (TRB3) and C/emopamil binding protein (EBP) homologous protein (CHOP).
The silencing of this latter gene significantly quenched γ-tocotrienol-induced PARP-cleavage and TRB3
expression. The same study [28] also reports that γ-tocotrienol treatment was associated to a decrease
of full-length caspase-12 levels, indicating an activation of caspase-12 cleavage.

Park and collaborators have later confirmed these observations in a syngeneic mouse mammary
tumor model and in cultured human breast cancer cells [29]. In the animal study, after the
subcutaneous implantation of 66cl-4-GFP murine mammary tumor cells, female BALB/c mice were
fed a diet enriched with purified α- and γ-tocotrienol to approximately provide 0.625 mg of each
tocotrienol/mouse/day. The authors excluded a possible interference from Vitamin E supplementation,
by adjusting Vitamin E in the diet with 30 IU/kg diet of DL-α-tocopheryl acetate to fully meet the
animal’s requirement. Dietary γ-tocotrienol suppressed tumor growth by inhibiting cell proliferation
and inducing apoptosis. In fact, tumors excised from the γ-tocotrienol fed animals had significant
more TUNEL (terminal deoxynucleotidyl transferase mediated nick end labeling assay) and less Ki-67
(a biomarker for cell division) positive cells (386% and 55%, respectively) compared to the animal
fed the basal diet group. The same study reports no effects on tumor vascularization, and that the
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feeding with α-tocotrienol supplementation was not associated to comparable activities potential,
at the tested dose. When utilizing cultured cells (MDA-MB-231 and MCF-7 human breast cancer cells
and 66cl-4-GFP murine mammary tumor cells) the authors could confirm that α-, γ- and δ-tocotrienols
induce apoptosis, independently of cell estrogen receptors’ expression profile [29]. γ-tocotrienol
was the most active form and was studied in deeper detail. The authors observed a significant
activation of c-Jun NH(2)-terminal kinase (JNK) and p38-mitogen activated kinase-like protein (MAPK)
accompanied by the upregulation of the expression death receptor 5 (DR5) and C/EBP homologous
protein (CHOP), an endoplasmic reticulum (EndoR) stress marker, these events finally leading to the
PARP, caspase-8, -9, and -3 cleavage. The silencing of JNK or p38 MAPK was associated to a reduced
increase of DR5 and CHOP and partially inhibiting apoptosis. α-tocotrienol did not reduce tumor
burden in vivo, but had inhibitory effects on colony formation in all three cell lines at relatively high
concentrations in comparison to γ- and δ-tocotrienols, corroborating the evidence that the observed
effects are strongly specific.

A further indication for the involvement of EndoR stress in tocotrienol-induced apoptosis was
provided by Patacsil and coworkers [30] in MDA-MB 231 and MCF-7 breast cancer cells. This study
demonstrates that 40 μM γ-tocotrienol induces PARP cleavage and caspase-7 activation in MCF-7 cells,
accompanied by alterations in the expression of genes involved in cell growth and proliferation, cell
death, cell cycle, cellular development, cellular movement and gene regulation. Among the categories
studied by means of in silico Pathway Analysis the paper reports the modulation of signal transduction
mediated by NRF-2-mediated “hormetic” oxidative stress response, transforming Growth Factor-β
(TGF-β) signaling and EndoR stress response. Moreover, in agreement with other studies conducted
on the same cellular models [31], the same study reports that MCF-7 and MDA-MB 231 cells respond
to γ-tocotrienol by inducing the activation of PERK and pIRE1α pathways. The strong up-regulation
of the Activating transcription factor 3 (ATF3) (16.8-fold) associated to EndoR stress and the abrogation
of the apoptotic response after ATF3 silencing suggests this protein as a potential molecular target for
γ-tocotrienol in breast cancer cells.

The specific activity of γ-tocotrienol on CHOP expression and EndoR stress has been also
reported in several human malignant mesothelioma H2052 (sarcomatoid), H28 (epithelioid), H2452
(bi-phasic), and MSTO-211H (biphasic). In these cells, statins (atorvastatin and simvastatin) and 20 μM
γ-tocotrienol have been observed to have synergistic effect on cell growth inhibition and acting through
the inhibition of mevalonate pathway [32]. The authors report that, in H2052 and MSTO-211H cells, the
treatment with γ-tocotrienol alone was sufficient to induce a significant increase of the expression of the
endoplasmic reticulum stress markers CHOP and glucose regulated protein-78 (GRP-78). Conversely,
the intrinsic apoptotic marker, caspase 3 activation, was induced only in the presence of statins. It is
well known that the Bcl-2 family plays a pivotal role in apoptosis, either as an activator (through
Bax and Bak) or as an inhibitor (Bcl-2 and Bcl-xL), Bcl-2 to Bax ratio is recognized as a key factor in
the regulation of the apoptotic process or cell death [33]. According to this notion, this study also
considered the possibility that γ-tocotrienol could affect Bax to Bcl2 ratio. Consistently with a previous
report indicating that γ-tocotrienol induced a mitochondrial disruption pathway without affecting
Bax/Bcl-2 expression in human breast cancer MDA-MB-231 cells [34], the Bax/Bcl2 ratio was not
affected by any of the treatments.

We have also studied the involvement of EndoR stress on the effects of δ-tocotrienol on the growth
of two different lines of human melanoma cells, BLM and A375 [35]. In agreement to observations
obtained utilizing different tumor lines, the treatment with 5–20 μM δ-tocotrienol had a significant
proapoptotic effect on both cell lines, involving the intrinsic apoptosis pathway. Very importantly,
we observed no effect on the viability of normal human melanocytes. δ-tocotrienol effects were
associated to the activation of the PERK/p-eIF2α/ATF4/CHOP, Inositol-requiring enzyme-1α (IRE1α)
and caspase-4 strongly suggesting the involvement of EndoR stress upstream to the apoptotic response.
We confirmed this hypothesis observing the quenching of the apoptotic response after a treatment
with Salubrinal, an inhibitor of the EndoR stress. In the same study, in disagreement with observations
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reported by others [32,34], but in agreement with the observations by Barve and coworkers [27],
we observed cytochrome c release from mitochondria, indicating a disruption of the mitochondrial
outer membrane potential, associated to a significant increase of Bax/Bcl2 ratio. In vivo experiments
performed in nude mice bearing A375 cells xenografts confirmed that a supplementation with dietary
δ-tocotrienol (100 mg/kg daily, 5 days/week) up to 35 days, results in a reduced tumor volume and
tumor mass and in significant delay of tumor progression [35].

A final confirmation of the ability of specific tocotrienol forms to activate EndoR stress is
reported in a very recent study from our laboratory [31]. We reported a series of experiments based
on the analysis of transcriptomic data obtained within our previous studies [18,19]. These data,
interrogated by different bio-informatics tools, suggested the existence of an alternative pathway,
activated by specific tocotrienols forms and leading to apoptosis, also in tumor cells not expressing
ERs. This hypothesis was, in fact, confirmed utilizing HeLa cells, a line of human cervical cancer cells
void of any canonical ER form. Once synchronized and treated either with the tocotrienol-rich fraction
(α, γ and δ form) from palm oil (10–20 μg/mL) or with purified α-, γ- and δ-tocotrienol (5–20 μg/mL),
HeLa cells underwent apoptosis which was accompanied by a significant expression of caspase 8,
caspase 10 and caspase 12. Following the interrogation of additional data obtained from transcriptomic
platforms, we considered the hypothesis that the administration of γ- and δ-tocotrienol could induce a
release of Ca2+ from the EndoR. Accordingly, in living cells, we observed a significant activation of
Ca-dependent signals. This event was followed by the expression and activation of IRE-1α and by the
splicing and activation of X-box binding protein 1 (XBP-1), another molecule involved in the unfolded
protein response, the core pathway coping with EndoR stress in eukaryotic cells, finally leading to
apoptosis. Very importantly, and not very commonly indeed, our study considered α-tocopherol as a
negative control, confirming that only γ- and δ-tocotrienol, not the proper Vitamin E D-α-tocopherol,
are responsible for the observed effects. In the same paper [31], addressing the molecular mechanism
underlying tocotrienols’ activity, we wanted to speculate about the possible presence of a putative
(orphan) receptor, possibly located at the level of the cellular membrane and able to accept tocotrienols
and other estrogen mimetics as selective ligands. We based this speculation on the observation that
the treatment with the specific ER inhibitor ICI-182,780 weakens the effects of tocotrienols on the
upregulation of pro-apoptotic genes and the apoptotic response in cells lacking ERs. According to the
chemo-physical characteristics of tocotrienols, the candidate downstream target(s) of the activity of
this receptor could reasonably be located at the level of EndoR. The activation of this hypothetical
(orphan) receptor would sequentially trigger EndoR stress, IRE-1 activation and XBP-1 splicing, finally
inducing apoptosis.

The ability of γ-tocotrienol to induce apoptosis through activation of both the intrinsic and
extrinsic pathway has been also confirmed in Jurkat cells, a human T-cell lymphoma [36]. In this
study, γ-tocotrienol but not α-tocotrienol inhibited proliferation and induced apoptosis in this cell
line in a dose dependent manner. The administration of 10–50 μM γ-tocotrienol resulted in elevated
mitochondrial ROS production, JNK activation and suppression of extracellular regulated MAP kinase
(ERK) and p38-MAPK. In agreement with our observations [31], γ-tocotrienol induced intracellular
calcium release and, in agreement with others [27] a loss of mitochondrial membrane potential
and cytochrome c release. These changes were found to be associated with an increase Bax/Bcl-xL
expression rate and to an increased expression of Fas and FasL. Similarly to other studies [24,25,35],
γ-tocotrienol had no effects on normal human peripheral blood mononuclear cells suggesting a specific
cytotoxicity towards transformed lymphoma cells [36].

γ-Tocotrienol has also been demonstrated to induce paraptosis, a type of caspase independent
programmed cell death, morphologically distinct from apoptosis, in that it displays cytoplasmic
vacuolation and lacks of the typical apoptotic morphology. Zhang and collaborators [37] focused on
the effects of δ-tocotrienol on human colon cancer SW620 cells and observed that δ-tocotrienol inhibits
proliferation in a dose-dependent manner, correlated with cytoplasmic vacuolation possibly resulting
from welling and fusion of mitochondria and/or EndoR. No changes in caspase 3 activation and other
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morphological (blebbing) or molecular markers of apoptosis were observed. The authors also report
that δ-tocotrienol treatment (10 to 40 μM) was associated to a reduced β-catenin and wnt-1 expression
and to lower cyclin D1, c-jun and matrix metallopeptidase 7 (MMP-7) protein levels, indicating the
triggering of paraptosis-like cell death, with the suppression of the Wnt signaling pathway. The same
authors have more recently reported similar results after the treatment with γ-tocotrienol both in
SW620 and HCT-8 cells, another type of human ileocecal colorectal adenocarcinoma also associated to
the suppression of Wnt signaling pathway [38].

4. Neuroprotection and Lipoxygenase Inhibition by α-Tocotrienol

While γ- and δ-tocotrienol have been demonstrated to induce specific responses in cancer cells
with little or no effects on normal cells, α-tocotrienol has been frequently reported to play a protective
activity on normal neuronal cells and, in general, on central nervous system. A study by Fukui and
collaborators [39] utilized neuro2a cells, a line obtained from a spontaneous neuroblastoma in an albino
strain A mouse frequently utilized as a model to study neurite outgrowth, neurotoxicity, Alzheimer
disease and in general for neuronal tumourigenicity studies. This study, even appearing somehow an
oversimplification in comparison with other studies based on a more complex experimental design,
demonstrated that 5 μM α-tocotrienol counters the effects of the water-soluble free radical generator
2,2′-azobis(2-methylpropionamide) dihydrochloride (AAPH) on neurite degeneration and dynamics.

More specific research, directly targeting the protective effects of α-tocotrienol against
neurodegeneration, has been conducted by the group of Sen and collaborators [40]. These authors
originally reported the ability of nanomolar concentrations of α-tocotrienol, but not α-tocopherol to
block glutamate-induced cell death. Glutamate is one of the most important neurotransmitters but,
at high concentrations, it induces a rise of intracellular Ca2+ and mitochondrial dysfunction followed
by cell death [41]. α-tocotrienol inhibits cell death by suppressing the activation of c-Src kinase and
ERK phosphorylation in HT4, an embryonal carcinoma from metastatic lung with neural characteristics
and expressing Simian vacuolating polyoma virus 40 (SV40) [42]. Very interestingly, the concentrations
utilized in this study were 4–10-fold lower than levels detected in plasma of supplemented humans,
indicating that α-tocotrienol regulates a specific signal transduction pathway insensitive to comparable
concentrations of tocopherol, clearly suggesting that this activity is completely independent of its
antioxidant capacity.

In a following study [43], the same group demonstrated that, in the same tumor cell line (HT4)
and in immature primary cortical neurons, glutamate toxicity is mediated by the activation of neuronal
12-lipoxygenase that precede the production of peroxides, increased influx of Ca2+ and cell death.
At lower physiologically achievable concentrations (nanomolar), α-tocotrienol displayed potent
neuroprotective properties in both cell lines challenged by glutamate apparently interacting with
12-lipoxygenase, suppressing arachidonic acid metabolism. This observation was confirmed in vitro,
by testing the activity of a purified enzyme in the presence of α-tocotrienol and by an in silico docking
study suggesting that α-tocotrienol hampers the access of lipoxygenase substrate, to the enzyme
catalytic site [43]. Even though a 12-lipoxygenase inhibiting activity has been reported also for
α-tocopherol [44], the IC50 was in the order of μM, which is an order of magnitude higher than that
reported for α-tocotrienol and, therefore, possibly due to a different mechanism.

The same group has further investigated the neuroprotective activity of α-tocotrienol in a
sophisticated model based on single neuron microinjection technique on HT4 cells. The same study
also reports the effects of dietary supplementation of α-tocotrienol in 12-lipoxigenase deficient mice
undergoing surgically induced stroke and in spontaneously hypertensive rats [45]. The authors
observed that very low quantities (sub-attomole) of α-tocotrienol, but not of α-tocopherol, protected
isolated neurons from glutamate challenge. In agreement with the observations of a rapid
12-lipoxygenase tyrosine phosphorylation catalyzed by c-Src, lipoxygenase-deficient mice were more
resistant to stroke-induced brain injury than their wild-type controls. Oral supplementation of
α-tocotrienol to spontaneously hypertensive rats was associated to increased levels in the brain and to
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a protection against stroke-induced injury, associated with lower c-Src activation and 12-lipoxygenase
phosphorylation at the stroke site.

In a study that followed [46], the same group addressed the comparison between the
antioxidant-independent and -dependent neuroprotective properties of α-tocotrienol in HT4 cells
cytotoxicity elicited by homocysteic acid and linoleic acid, respectively. Homocysteic acid
administration was associated to a significant neurodegeneration presenting features similar to those
previously observed in glutamate-induced neurotoxicity, in particular, the activation of c-Src and
12-lipoxygenase phosphorylation as early events. The administration of both homocysteic and linoleic
acid was associated to an increased ratio of oxidized to reduced glutathione and to the triggering of
an EndoR stress, as indicated by raised intracellular Ca2+ concentration and altered mitochondrial
membrane potential eventually followed by cell death [46]. As the oxidative stress is considered
a late event in apoptosis induced by homocysteic acid, the antioxidant component of α-tocotrienol
protection was verified by inducing oxidative stress and cell death by linoleic acid. In all cases,
the presence of nanomolar concentrations of α-tocotrienol, but not of α-tocopherol, was significantly
protective. The authors concluded that α-tocotrienol protection against neurotoxicity is attributable to
a combination of an antioxidant-independent and to antioxidant-dependent mechanisms.

The neuroprotective activity tocotrienols and, in particular, of α-tocotrienol has been confirmed
by Osakada and coworkers [47]. In their study, the authors observed that a tocotrienol mixture
from palm oil, further purified in order to eliminate α-tocopherol, purified α-, γ- and δ-tocotrienol
(0.1–10 μM) significantly protects primary neuronal cells from rat striatum challenged by different
pro-oxidants. Namely, hydrogen peroxide, a superoxide generating molecule (paraquat), nitric oxide
donors (S-nitrosocysteine and 3-morpholinosydnonimine) and an inhibitor of glutathione synthesis
L-buthionine-[S,R]-sulfoximine were utilized. In the same paper, only α-tocotrienol, but not γ- and
δ-tocotrienol prevented the apoptosis induced by a protein kinase inhibitor, staurosporine, suggesting
a specific mechanism underlying α-tocotrienol activity, totally independent of its putative antioxidant
capacity. Conversely, α-tocopherol was ineffective in all cases, corroborating the evidence of a specific
tocotrienol activity unrelated to their nucleophilic, antioxidant, properties.

It is worth noting that Wang and coworkers have elegantly demonstrated that the arylating
oxidative product of γ-tocopherol, γ-tocopherol quinone, but not the non-arylating α-tocopherol
quinone, induces EndoR stress affecting activation of PERK/CHOP proteins in N2A neuroblastoma
cells [48]. As mentioned above, γ- and δ-tocotrienol have been also reported to affect this pathway in
melanoma [35], mesothelioma H2052 and MSTO-211H cells [32], while our recent study indicated that
EndoR stress induced by tocotrienols was mediated by IRE1 activation and not by PERK, suggesting
a separate mechanism of action [31]. However, the paper by Wang and collaborators [48] clearly
identifies the arylating activity of γ-tocopherol quinone as the mechanism underlying the activation of
EndoR stress, while other investigations and in particular our study [31], did not take this event into
consideration, on the basis of the indications of a receptor-mediated mechanism.

Finally, it is possible that the relative intracellular concentration and the specific localization of
α-tocopherol and γ- and δ-tocotrienol can affect the cell response, eventually determining the final
outcome. At present, very few studies [45] addressed this important issue and more investigation is
surely warranted.

5. Other Tocotrienol-Triggered Cellular Responses

Besides ERβ activation and EndoR stress mediated apoptosis, γ-tocotrienol has also recently
been observed to significantly alter sphingolipids composition in various types of cancer cells such as
Human colon HCT-116, pancreatic PANC-1 and breast MCF-7 [49]. In particular, the authors observed
a rapid elevation of dihydrosphingosine and dihydroceramides associated with increased cellular
stress, phosphorylation of the mitogen-activated protein kinase, JNK and apoptosis. The inhibition of
the de novo synthesis of sphingolipids was associated to a parallel inhibition of γ-tocotrienol-induced
apoptosis and autophagy. γ-tocotrienol was demonstrated to inhibit dihydroceramide desaturase

86

Bo
ok
s

M
DP
I



Antioxidants 2017, 6, 93

(DEGS) activity but not its protein expression or de novo synthesis of sphingolipids. The increase
of dihydroceramides paralleled by a relative decrease of ceramides coincides with the induction of
apoptosis and autophagy. Overall, the authors conclude that γ-tocotrienol inhibits ceramide desaturase
activity inducing an early elevation of dihydro-sphingolipids and late increase of saturated ceramide
suggesting a role of these sphingolipid in tocotrienol-induced cell stress and death [49].

According to the evidence that several chemopreventive agents negatively affect cell growth by
targeting p53 pathway, Agarwal and coworkers [50], utilized the human colon carcinoma RKO cell
line, to investigate the effects of a TRF on the components of p53 signaling network. The authors
report that the treatment with TRF results in a dose- and time- dependent inhibition of growth and
colony formation associated to the induction of cyclin dependent kinase inhibitor 1A (WAF1)/p21,
independent of cell cycle regulation and is transcriptionally upregulated in p53 dependent fashion.

In agreement with observations from our group and by others [27,35], but in disagreement
with other reports [32,34], Agarwal and collaborators [50] reported that TRF induces the release of
cytochrome c and induction of apoptotic protease-activating factor-1 upon a significant alteration of
Bax/Bcl2 ratio. The altered ratio between the members of the Bax family triggered in turn by the
activation of initiator caspase-9 followed by activation of effector caspase-3 finally lead to apoptosis
characterized by chromatin condensation, DNA fragmentation and shrinkage of cell membrane.

Other biological activities have been reported specifically for γ- and δ-tocotrienol. A recent paper
by Wong and coworkers [51] reports that the supplementation with 85 mg/kg/day γ- and δ-tocotrienol,
but not with α-tocotrienol and α-tocopherol, improves cardiovascular functions in rats fed for 16 weeks
a diet high in simple carbohydrates (fructose) and fats (beef tallow), in comparison to a corn starch
based diet. In the same study [51], only δ-tocotrienol was associated with improved glucose tolerance,
insulin sensitivity, lipid profile and abdominal adiposity. In the liver, these interventions reduced lipid
accumulation, inflammatory infiltrates and plasma liver enzyme activities. In agreement with previous
investigations [8,9], despite low or no detection of tocotrienols in plasma, the authors found detectable
levels in heart, liver and adipose tissue confirming that chronic oral administration is associated to
tocotrienols delivery and accumulation to these organs [51].

6. Conclusions

We have provided some references that strongly indicate that specific tocotrienols forms, and in
particular α-, γ- and δ-, have biological activities distinct from that of tocopherols and in particular of
D-α-tocopherol, the only molecule that, in our opinion should be considered as “Vitamin E”.

In this review, we focused our interest on the ability of γ- and δ-tocotrienol to induce cell growth
arrest and apoptosis in different tumor cell types, by specific mechanisms apparently not shared by
tocopherols. Even though other specific effects have been reported, the ability to act as “productive”
ligands of ERβ and to trigger Ca2+ release from EndoR, seem the most evident features of δ- and
γ-tocotrienol, eventually associated with the expression of pro-apoptotic genes, finally leading to
apoptosis or paraptosis. Interestingly, the pathway associated to cell death depends, at least in part,
on the tumor type and pro-apoptotic effects have not been reported in non-tumor cells.

These observations not only suggest that specific forms of tocotrienols (in this case, δ- and
γ-tocotrienol) have a specific capacity in inducing programmed death in tumor cells, but also that their
specific activity occurs through diverse specific mechanisms, according to the cell type. Under this
perspective, specific forms of tocotrienols and, in particular, δ-tocotrienol could be proposed as an
expedient, potentially effective option for novel chemopreventive/therapeutic strategies in different
types of solid tumors. On the other hand, α-tocotrienol displays a specific neuroprotective capacity
due to its ability to inhibit 12-lipoxygenase, a key enzyme in the execution of cellular death induced by
glutamate and by homocysteic acid. Taken together, current findings strongly indicate that tocotrienols
may have a significant role in different specific pathological conditions, which are not necessarily
affected by Vitamin E (α-tocopherol). Figure 2 shows the different molecular targets of tocotrienols
in the representative cell types we have considered in this review, namely cancer cells expressing
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ER, cancer cells not expressing ER and normal neuronal cells submitted to specific stressors such as
glutamate or homocysteic acid.

 
Figure 2. Different molecular targets of tocotrienols in the representative cell types we have considered
in this review, namely cancer cells expressing Estrogen Receptor (ER), cancer cells not expressing ER
and normal neuronal cells submitted to specific stressors such as glutamate or homocysteic acid. See
text for more details. (Modified from [31]).

In spite of the relative abundance of studies dealing with the effects associated to the
administration of tocotrienols, either in cultured cells or in experimental animals, very few studies
considered the mechanism of action. In fact, very often, the terms “mechanism” and “effects” are
utilized interchangeably, when they should refer to different concepts. In our opinion, the term
mechanism should be solely utilized to describe the molecular events leading to the observed effects,
such as (e.g.,) in the case of the tocotrienol binding to ERβ (mechanism) leading to the transcriptional
activation of gene expression (effects). To our knowledge, our laboratory and few others [20,43] are
the only ones that addressed this issue by the combination of in silico docking analysis, to build up
the hypothesis of ER (either other nuclear receptors) binding or the inhibition of 12-lipoxygenase,
respectively, eventually confirmed in vitro, in cultured cells and in animals. Further studies, dealing
with the understanding of the molecular (mechanistic) basis underlying the observed effects of specific
tocotrienol forms are surely warranted, in order to define the real limits of these molecules as a possible
alternative for cancer treatment or co-adjuvant in cancer treatment.

Besides this, a major problem in the correct interpretation of some of studies reported herein is,
in general, the absence of a treatment, either in cultured cells or in animals, with α-tocopherol. In fact,
for instance, studies utilizing mixtures administered to cultured cells or to animals contained significant
amounts of α-tocopherol. This experimental weakness make it unclear if the observed effects can be
totally ascribed to tocotrienols or also to α-tocopherol, as several authors tend to claim. However,
studies correctly performing this specific “negative” control published by our laboratory [19,20,31] and
by others [29,40,42,43,45–47] provide indirect but solid indications about the differential ability of α-,
γ- and δ-tocotrienol, but not α-tocopherols to trigger specific cellular response in different cell types.

7. Practical Consequences at Nutritional Level

If we accept that each tocotrienol form has a distinct, specific biological activity, different
cellular targets and molecular mechanisms of action, significantly different from tocopherol and
more specifically from α-tocopherol, we must necessarily stop pooling them together on solely the
basis of their putative antioxidant properties. Consequently, tocotrienols should be excluded from the
“Vitamin E family”. This option would probably imply some consequences in the assessment of dietary
Vitamin E adequacy even though more studies are surely needed to investigate their relative body
distribution and plasma levels in normal dietary conditions. More importantly, the distinction between
Vitamin E (α-tocopherol) and specific non-α-tocopherol molecules will allow for investigations aiming
to evaluate a separate biological variable determinant in the relationship between diet and health.
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Finally, a system biology approach, accompanied by high throughput methodologies, appears
an indispensable tool for a better understanding of the role of molecules of nutritional interest in
human health and disease. Classical “hypothesis driven studies”, even when very well conducted and
designed, may risk consolidating original weaknesses, possibly leading to a “narrowing of perspective
and from there false expectation”.

Conflicts of Interest: The authors declare no conflicts of interest. The views and opinions expressed in this article
are those of the authors and do not necessarily reflect the official policy or position of our institution.
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Abstract: Vitamin E was first discovered in 1922 as a substance necessary for reproduction.
Following this discovery, vitamin E was extensively studied, and it has become widely known
as a powerful lipid-soluble antioxidant. There has been increasing interest in the role of vitamin E as
an antioxidant, as it has been discovered to lower body cholesterol levels and act as an anticancer
agent. Numerous studies have reported that vitamin E exhibits anti-proliferative, anti-survival,
pro-apoptotic, and anti-angiogenic effects in cancer, as well as anti-inflammatory activities. There are
various reports on the benefits of vitamin E on health in general. However, despite it being initially
discovered as a vitamin necessary for reproduction, to date, studies relating to its effects in this area
are lacking. Hence, this paper was written with the intention of providing a review of the known
roles of vitamin E as an antioxidant in female reproductive health.
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1. Vitamin E

Vitamin E was first discovered by Evans and Bishop in 1922, and it was initially denoted as an
“anti-sterility factor X” that was necessary for reproduction [1]. Since then, vitamin E has been well
characterized as a powerful lipid-soluble antioxidant through extensive research. The antioxidant
activities of vitamin E were reported following findings on its ability to scavenge reactive oxygen
species (ROS) in cellular membranes [2–4].

1.1. Sources of Vitamin E

Vitamin E, which consists of a mixture of tocopherols (TOCs) and tocotrienols (TCTs), is available
in a number of foods and plants, ranging from edible oils to nuts. Some vitamin E-containing foods
include wheat, rice bran, barley, oat, coconut, palm and annatto [5,6]. Other sources include rye,
amaranth, walnut, hazelnut, poppy, safflower, maize and the seeds of grape and pumpkins. Vitamin E
derivatives have also been detected in human milk [7] and palm dates (Phoenix canariensis) [8]. Among
the many sources of vitamin E, rice bran, palm oil and annatto oil have been described as the richest
sources of TCTs [9].

1.2. Structure of Vitamin E

Vitamin E consists of a mixture of tocopherols (TOCs) and tocotrienols (TCTs) that are
synthesized by plants from homogenestic acid [10]. These substances are present in eight
different homologues; namely, α-tocopherol, β-tocopherol, γ-tocopherol, δ-tocopherol, α-tocotrienol,
β-tocotrienol, γ-tocotrienol and δ-tocotrienol [11]. The four TOC homologues (α-, β-, γ-, δ-TOC) have
a fully saturated 16-carbon isoprenoid sidechain, while TCT homologues have a similar isoprenoid
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chain, containing three double bonds (an unsaturated side chain). The TOC homologues are named
with respect to the position and number of the methyl groups on the phenol ring. The α-, β-, γ- and
δ-homologues contain three, two, two and one methyl groups, respectively (Figure 1). These structural
differences and the isomerism determine the biological activity, with α-homologues being the most
biologically active [12]. However, it has been reported that light, temperature, and oxygen availability
could promote rancidity in vegetable oils [13]. According to a study [13], soybean oil that was stored
in the dark for 56 days had increased peroxide value. In addition, its exposure to light in a 12 h
light/darkness cycle over for 56 days resulted in an increase in peroxide values of around 1473%.

 

Figure 1. Structure differences between tocopherols (TOCs) and tocotrienols (TCTs). TOCs have
saturated side chains, while TCTs have unsaturated side chains. The latter are shown by the presence
of three double bonds in TCTs (circled) [14].

2. Reproductive Disorders: The Risk Factors

A number of risk factors contributing to reproductive- and pregnancy-related disorders have
been previously reported [15–17]. These factors are generally categorized into two major groups:
environmental and lifestyle factors. Examples of major environmental pollutants include hazardous
man-made chemicals, industrial discharge, agricultural run-off, human and animal waste, municipal
and domestic effluents, and spillage of vessels and oil spills [17]. Exposure to these pollutants during
the time of periconceptional period (periconceptional period refers to the time of preconception,
conception, implantation, placentation and embryogenesis (or organogenesis) stages of pregnancy)
were reported to have adverse effects on the development of conceptus and the neonatal health [15].
These include the risks of embryonic mortality and fetal loss, intrauterine growth restriction (IUGR),
birth defects, childhood diseases, premature sexual maturation and a few types of adult cancers [15].
Additionally, Rider et al. [16] also reported that exposure of conceptus to multiple environmental
pollutants in utero during pregnancy could affect embryonic implantation and the developmental
course in a cumulative dose-additive manner.

Exposure to multicomponent mixtures of endocrine-disturbing chemicals may act as hormone
mimics or antagonists, leading to the disruption of estrogen, androgen and other hormonal
pathways [18]. Furthermore, exposure to multiple environmental pollutants may also result in reactive
oxygen species (ROS)-induced oxidative stress (OS) [19–21]. The presence of high levels of OS may
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be a risk factor for a number of pregnancy-related disorders, such as embryonic mortality, early
spontaneous abortion, IUGR, fetal death, premature delivery and low birth weight [22,23].

Lifestyle factors represent another category of major risk factors for reproductive and pregnancy-
related disorders. Unhealthy lifestyle behaviors, including cigarette smoking, alcohol consumption,
and/or drug abuse, have negative impacts, particularly on female fertility [24,25]. The underlying
mechanism of the developmental defects following these unhealthy lifestyle behaviors is mainly a
result of an increase in ROS production and associated OS-induced cellular damage [26]. There are
also extensive epidemiological studies which have reported on a number of factors such as exposure to
tobacco and alcohol, diet, stress, and gestational diabetes as the factors influencing fetal development
including miscarriages [27–29].

Much evidence-based epidemiological, clinical, and experimental data on the adverse effects of
cigarette smoking on female reproductive health has been reported [30]. The effects of smoking on
steroidogenesis, folliculogenesis embryo transport, endometrial receptivity, endometrial angiogenesis,
uterine blood flow, and uterine myometrium, all of which are related to delayed or failed implantation
and pregnancy loss, have been reported. This is in line with an animal study on the effects of alcohol
on reproductive health and pregnancy that indicated that prenatal exposure to ethanol in rats induced
hypothalamic OS and neuroendocrine alterations in offspring [31]. Furthermore, excess ethanol
administration to pregnant mice [32] and rats [33] caused disturbances in embryogenesis and increased
the rate of malformations and fetal death by inducing high levels of OS. Medication use or drug abuse
during pregnancy has also been associated with OS [34,35]. Phenytoin [36], thalidomide [37], valproic
acid [38], almokalant, dofetilide, cisapride and astemizole [39] are the examples of identified medical
drugs known to induce OS and affect the embryonic development leading to birth defects.

To explain further, maternal smoking during pregnancy has been widely recognized as one of the
most common factors of reproductive- and pregnancy-related disorders. Cigarette smoke contains a
complex mixture of numerous toxic constituents including nicotine, polycyclic aromatic hydrocarbons,
and cadmium [30,40]. The different constituents of the mixture cause an increased level of OS and
adversely affect the cell proliferation and differentiation during embryonic development in pregnant
female smokers [41]. This is supported by studies on the effects of maternal smoking during pregnancy,
showing that cigarette smoking is associated with spontaneous abortion [42], placenta previa and
placental abruption [43–45], low birth weight and preterm birth [46–48], stillbirth [49,50] and sudden
infant death syndrome (SIDS) [51].

One of the most important cigarette smoke constituents, nicotine, has been reported to reduce
fertility during adulthood in women [52]. In addition, cotinine (a metabolite of nicotine), cadmium, and
benzo[a]pyrene have also been detected in the follicular fluid of smoking women [53–55], suggesting
that the chemicals present in cigarette smoke can accumulate in the ovary. The results of these studies
suggested that smoking women might develop impaired fertility, resulting from the combination of
deteriorated oocyte function and viability [53,56,57].

In addition, laboratories studies have indicated that maternal exposure to cigarette smoke or
cigarette smoke condensate (CSC) for 4 weeks results in the increased oocyte fragmentation or delayed
fertilization, thus reducing the embryonic development to blastocysts in vitro [58]. Additionally,
fragmented oocytes also showed increased production of ROS. Another study on the effects of nicotine
on early embryogenesis in murine embryos reported that embryos treated with 3–6 μM of nicotine
were smaller than control embryos [59]. Meanwhile, embryos treated with 6 μM of nicotine showed
severe defects in the posterior trunk, resembling caudal dysplasia [59]. In addition, excessive apoptosis
was also observed in the deformed structures and this was associated with the increased levels of
ROS [59]. Nicotine exposure during fetal and neonatal development was also reported to cause
reduction in fertility, dysregulation in ovarian steroidogenesis, and alterations in follicle dynamics
in female offspring [60]. This has been further supported by another study which reported that
treatment with 5 mg/mL nicotine beginning from day 1 of pregnancy throughout gestation decreased
the pregnancy rates by 33.3% in Sprague-Dawley rats [61]. Another study by Rajikin et al. [62] reported
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that the ultrastructure of oocytes from nicotine-exposed mice showed a non-spherical shape with rough
surface and torn zona pellucida. In addition, treatment with 5 mg/kg nicotine for 30 days increased
the apoptosis rate in oocytes [63]. Meanwhile, productions of hatched blastocysts were decreased
following injection with 1 mg/kg and 3 mg/kg of nicotine, and embryonic development ceased at
the morula stage following exposure to 5 mg/kg of nicotine [64]. This was in line with the work
of Phoebe et al. [65], which showed that after 12 weeks of cigarette smoking (directly to the lungs)
in mice, the retrieved oocytes had a significantly thicker zona pellucida, and also shorter and wider
meiotic spindles.

Oxidative Stress (OS) as One of the Risk Factors in Reproductive Disorders

Oxidative stress (OS) is widely recognized as the key element in the pathogenesis of most
of the diseases [66], and occurs when there is an imbalance in the presence of antioxidants and
pro-oxidants [20,22,67]. Excess pro-oxidants induce OS by either generating reactive oxygen species
(ROS) or by inhibiting antioxidant systems [68]. ROS are highly reactive and unstable. They acquire
electrons from nucleic acids, lipids, proteins, carbohydrates, or any other nearby molecule causing
a string of chain reactions to become stable. These chain reactions result in cellular damage and
diseases [69].

In the female reproductive system, ROS can impair cellular functions and subsequently interrupt
intracellular homeostasis and furthermore lead to cell damages. The presence of excess ROS can
influence early embryonic development through modification of the key transcription factors that
modify gene expressions [70]. High concentrations of ROS in the female reproductive tract could also
negatively affect the fertilization of oocytes and cause inhibition of embryonic implantation [71,72].
Additionally, earlier studies reported that OS is involved in defective and retarded embryonic
development due to OS-induced cell-membrane damage, DNA damage, and apoptosis [73,74].
Apoptosis results in the formation of fragmented embryos which have limited chances of implantation
and growth [75].

Previous studies on the effect of OS during the periconceptional period have shown that the
placenta could be the key source of OS because of the high metabolic rate and increase in the
mitochondrial activities [76,77]. During the first trimester, placental tissues contain low concentrations
and activities of principle antioxidant enzymes including catalase, glutathione peroxidase, and
superoxide dismutase. This condition may expose the embryonic trophoblast cells to oxygen-mediated
damage [78]. An earlier study reported that due to the increase in the oxygen tension during the onset
of maternal arterial flow during the beginning of second trimester, a burst of OS was observed in
the placenta [79]. The study suggested that this oxidative injury could adversely impair placental
remodeling and functions that would subsequently affect the course of gestation [79]. This was further
supported by Jauniaux et al. [80], who found that high production of ROS and reduced antioxidant
defense capability might cause the developing fetus to be exposed to increased OS.

According to other reports, macromolecule damage mediated by OS has been suggested as a
mechanism of thalidomide-induced embryopathy and other embryopathies [81,82]. This suggestion
was supported by an experimental finding on untreated pregnant mutant mice with a hereditary
glucose-6-phosphate dehydrogenase (G6PD) deficiency that resulted in decreased litter size at birth
and increased pre- and post-natal (pre-weaning) death. G6PD is a cytoprotective enzyme for OS.
This result indicated that a physiological level of endogenous OS due to a dysfunctional G6PD enzyme
during development can cause embryopathy that might lead to both infertility and death [83].

Oxidative stress in the female reproductive system is generally reported in most reproductive- and
pregnancy-related disorders. For instance, OS has been associated with endometriosis. Although there
is no established information on the involvement of OS in endometriosis, a number of studies have
reported on the increased level of OS markers in patients with endometriosis [84–90]. Additionally,
OS also has been reported to be involved in cases of spontaneous abortion and idiopathic recurrent
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pregnancy loss [66,78,80,91], unexplained infertility [92–94], preeclampsia [95–97], intrauterine growth
restriction (IUGR) [98,99] and preterm labor [100–103].

3. Antioxidants and Their Roles in Reproductive Disorders

Antioxidants regulate the overproduction of ROS. They are present in two types, enzymatic
and non-enzymatic forms. Enzymatic antioxidants, including superoxide dismutase (SOD), catalase,
glutathione (GSH) peroxidase and glutathione (GSH) reductase are also known as natural antioxidants
or endogenous antioxidants [66,104]. The non-enzymatic antioxidants, also known as exogenous
antioxidants, are obtained from dietary fruits and vegetables. These include taurine, hypotaurine,
β-carotene, selenium, zinc, vitamin C and vitamin E [66].

The roles of antioxidants during the periconceptional period have been previously reported [105,106].
Endogenous antioxidants play important roles within the placenta as well as in the protection of
trophoblast cells from OS [106]. It has been reported that SOD has a primary role in cellular protection,
metabolizing two molecules of superoxide (O2

−) to produce hydrogen peroxide (H2O2) and molecular
oxygen (O2). Meanwhile, catalase (predominantly located in the peroxisomes) catalyzes the conversion
of H2O2 to O2 and water (H2O). GSH peroxidase and GSH reductase are involved in oxidizing
glutathione peroxides by removing H2O2 and lipid hydroperoxides [106].

Another antioxidant system that is highly available in the placental cells is the thioredoxin
system [105]. This system consists of three antioxidant enzymes; namely, thioredoxin peroxidase,
thioredoxin, and thioredoxin reductase. Thioredoxin peroxidase catalyzes the conversion of
H2O2 and alkyl hydroperoxides to H2O and corresponding alcohols. This reaction results in the
oxidation of thioredoxin peroxidases to an inactive state requiring reduction by thioredoxin [105].
Thioredoxins have been reported to be involved in a number of cellular functions, including cell
growth [107], reduction of thioredoxin peroxidase [105], inhibition of apoptosis through the binding
of apoptosis signal-regulating kinase-1 (ASK-1) [108], and the supply of electrons for the synthesis of
deoxyribonucleotides by ribonucleotide reductase [109].

Exogenous antioxidants, in line with their endogenous counterparts, also play a prime role in
cellular defense against OS. The effects of maternal taurine deficiency, including growth retardation
of the offspring, impaired perinatal development of the central nervous and pancreatic endocrine
systems, impaired glucose tolerance, and vascular dysfunction, were reported by Aerts and Van [110].
Another exogenous antioxidant, zinc (Zn) is used in assisting the fetal brain development and also as
an aid to the mothers in labor [111]. According to one study, an early and progressive decline in serum
Zn occurs during pregnancy, and therefore the capacity for metabolic adaptation of pregnant mothers
may be limited if the maternal Zn status is poor [112]. This is supported by a meta-analysis study on
zinc-supplementation in women, which resulted in 14% of reduction in premature delivery [113].

Vitamin C acts as a reducing agent to protect cells against the adverse effects of OS [114].
Zhang et al. [115] reported that pregnant women who consumed vitamin C at levels lower than
the recommended daily allowance (85 mg) had a 2-fold higher risk of developing preeclampsia,
suggesting the importance of vitamin C supplementation in pregnant women. One randomized
controlled clinical trial on patients with luteal phase defects reported that pregnancy rates were higher
in the group supplemented with vitamin C (750 mg/day) than in the control group (no treatment) [116].
Another double-blinded, placebo-controlled pilot study on the effect of supplementation containing
vitamin E, iron, zinc, selenium and L-arginine resulted in an increase in ovulation and pregnancy
rates [117].

Maternal (preeclampsia, abortion, and hypertension) and neonatal outcomes following
antioxidant supplementation for 8 to 12 weeks in pregnancy for women with low antioxidant status
were reported by Rumiris et al. [118]. This study was a randomized, double-blind, placebo-controlled
trial of daily antioxidant supplementation. The supplementation included vitamins A (1000
international unit (IU)), B6 (2.2 mg), B12 (2.2 μg), C (200 mg), and E (400 IU), folic acid (400 μg),
N-acetylcysteine (200 mg), Cu (2 mg), Zn (15 mg), Mn (0.5 mg), Fe (30 mg), Ca (800 mg), and selenium
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(100 μg). Meanwhile, the control subjects were given ferum (30 mg) and folic acid (400 μg). Results
from this study indicated that antioxidant supplementation was associated with better maternal
and perinatal outcomes in pregnant women with low antioxidant status as compared to control
supplementation with iron and folate alone [118].

In addition, vitamin E functioning as a chain-breaking antioxidant was reported to protect cellular
membranes against ROS, for example through defending polyunsaturated fatty acids (PUFAs) from
auto-oxidation [119]. Antioxidants such as vitamin C and vitamin E have been reported to be efficient,
and their uses in reproductive- and pregnancy-related disorders have been the subject of significant
clinical trials [120]. For instance, a randomized clinical trial was conducted from January 2007 to
February 2008 at the Women’s Hospital of Tabriz University of Medical Sciences, Iran. This study
was conducted in response to the inadequate available evidence about the role of supplementary
vitamin E in normal pregnancy, and assessed the potential benefit of vitamin E supplementation on
health in pregnancy [121]. This trial involved 104 pregnant women who were treated with vitamin E
supplementation, and 168 women (control) who were not treated with the supplementation. Treated
women were administered 400 IU vitamin E from week 14 to the end of the pregnancy. The study
result indicated a non-significant relationship between supplementation and maternal and perinatal
outcomes and birth weight, in which preeclampsia was reported to occur in 1% of treated women as
compared to 1.78% of women in the control group. From these results, the authors concluded that the
administration of supplementary vitamin E starting from the second trimester of pregnancy did not
show any risks with respect to pregnancy outcomes and the occurrence of preeclampsia [121].

This is also supported by earlier studies on the possible beneficial effects of supplementary vitamin
E during pregnancy, which investigated the changes in vitamin E levels in normal versus problematic
pregnancies. Oxidative stability of vitamin E levels was shown to increase in maternal blood during
normal pregnancies [122]. Moreover, it has also been shown that vitamin E requirements may increase
in some circumstances, such as in smoking during pregnancy [123]. In a comparative study between
abnormal and normal pregnancies, the mean levels of vitamin E were reported to increase from
12.9 μg/mL in early pregnancy to 22.5 μg/mL at term in normal pregnancies. However, vitamin
E levels were lower than in normal pregnancies at the corresponding gestational age in abnormal
pregnancies [124]. Another study by Tamura et al. [125] on 289 pregnant women in Birmingham,
United Kingdom reported that there were no significant associations between vitamin E serum
concentrations and pregnancy outcomes. All of these reports suggest that vitamin E is essential
for normal and healthy pregnancy, and supplementation of vitamin E does not cause any detrimental
effects on pregnancy outcomes.

Another recent study was conducted on the effects of vitamin E on the treatment outcomes
of women with unexplained infertility who were undergoing controlled ovarian stimulation and
intrauterine insemination (IUI) [126]. The study was conducted between June 2011 and December
2011 in Zekai Tahir Burak Women’s Training and Research Hospital, Reproductive Endocrinology
and Infertility Department, Ankara, Turkey. The study groups were divided into Group A (n = 53)
and Group B (n = 50). Group A underwent controlled ovarian stimulation with clomiphene citrate
with vitamin E administration at 400 IU/day, while Group B (control) underwent ovulation induction
without the vitamin E administration. The results of the study showed that the difference in the
endometrial thickness on the day of human chorionic gonadotropin (hCG) administration was
significant between the two groups; however, there was no significant association observed between
vitamin E administration and implantation and pregnancy rates. Based on these results, it was
concluded that vitamin E administration could improve endometrial response in women with
unexplained infertility through the antioxidant and anticoagulant effects. Vitamin E may also modulate
the anti-estrogenic effect of clomiphene citrate. Moreover, the issue of thin endometrium in patients
may also be improved by vitamin E [126].

As discussed above, vitamin E has been proven to be beneficial in pregnancy and neonatal health.
This is in line with previous studies that reported, for instance, plasma α-tocopherol concentrations
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that is below than 12 mmol/L are associated with increased infection, anemia, growth retardation
and poor pregnancy outcomes in both mothers and infants (reviewed in [127]). These problems occur
mainly because when low dietary amounts of α-tocopherol are consumed, the requirements for tissue
α-tocopherol will exceed the available amounts, resulting in increased damages of the tissues [127].

Vitamin E as an Antioxidant in Female Reproduction: The Reported Studies

Following the first publication by Evans and Bishop [1], a later report discussed the role of
vitamin E in reproduction after observations in which a vitamin-E deficient diet resulted in uterine
discolorations in rats [128]. Decades later, research on the role of vitamin E in reproductive physiology
was re-initiated, and it was reported to have beneficial effects against stress-induced oxidative stress
(OS) [129–133].

In another study, a population of women suffering habitual abortion was observed to have high
levels of lipid peroxidation and decreased levels of plasma vitamin E [129]. Another study conducted
in Egypt also reported that vitamin E to be a key missing micronutrient in children with stunted
growth [130]. The study showed that 78.2% of children with stunted growth had vitamin E deficiency,
where plasma α-TOC concentrations were recorded at 7.7 μmol/L as compared to 14.1 μmol/L in
control (normal) children. In addition, a recent report by [131] also indicated that vitamin A, E, and
D deficiencies were very common in very-low-birthweight Tunisian neonates and were associated
with preeclampsia.

In more detailed experiments using in vivo laboratory animal models supplemented with
palm-tocotrienol rich fractions (TRF), Mokhtar et al. [61] reported that co-administration with 5 mg/kg
body weight (bw) of nicotine and 60 mg/kg of tocotrienol-rich fraction (TRF) increased the rates
of pregnancy to 83.3% in rats, compared to those treated with nicotine alone, who had pregnancy
rates of 33.3%. About 25.7% of the embryos developed into 2- and 4-cell stage in rats treated with
both nicotine and TRF [61]. In addition, there was also a report stating that supplementation with
γ-TCT in nicotine-induced mice reduced the detrimental effects of nicotine on the ultrastructure of
the oocytes [62]. Another study conducted using concurrent treatment with corticosterone (CORT)
and TCT reported that the numbers of abnormal embryos were reduced following supplementation
with 90 mg/kg and 120 mg/kg of TCT [134]. Meanwhile, co-administration with γ-TCT improved the
embryonic development in nicotine-induced mice [64]. Moreover, as reported in more recent findings,
using co-incubation in media supplemented with γ-TCT and hydrogen peroxide (H2O2), γ-TCT
improved the development of porcine embryos through modulation of the apoptotic BCL-XL and
BAX genes [135]. The beneficial effects of TCTs were also supported by the reports on the concomitant
supplementation of TRF with the anti-cancer prodrug, cyclophosphamide (CPA) on ovarian cells,
which was reported to provide protection against OS-induced apoptosis in the ovaries [132,133].

An earlier study using supplementation with annatto-TCTs in pregnant Wistar rats reported
that no adverse effects, no increase in embryo lethality and no reduction in fetal body weight were
observed [136]. These findings were in line with our recent findings, together with our observations on
the anti-survival effects of annatto-delta tocotrienol and soy alpha-tocopherol on the preimplantation
embryos of nicotine-treated female mice [137–140]. Furthermore, a recent study also reported that
annatto-TCTs suppressed cell growth in human prostate cancer cells through inhibition of the Src and
Stat3 genes [141].

In addition to the studies in human and laboratory animals, the benefits of vitamin E have
also been studied in domestic animals. An earlier study using the culture of bovine embryos
(embryos were derived from the in vitro matured-and-fertilized oocytes) with vitamin E, vitamin
C, and ethylenediaminetetraacetic acid (EDTA) showed that more zygotes were developed to the
expanded blastocyst stage in culture medium containing 100 μM of vitamin E compared to the control
medium. The development to the early, expanded, and hatched blastocyst stages were also lower in the
culture medium supplemented with both vitamin E and C, compared to the medium supplemented
with vitamin E alone [142]. Moreover, the in vitro-produced embryos were cultured for 5.5 days
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in medium with or without 100 μM of vitamin E and were non-surgically transferred to recipient
cows. After 7 days of transfer, the embryos were non-surgically collected, and the results indicated
that embryos cultured with vitamin E were approximately 63% larger in surface area than in the
control embryos [142]. Another study by [143] also reported on the effects of antioxidants such
as beta-mercaptoethanol (beta-ME) and vitamin E where both suppressed oxidative damage and
improved the developmental ability in the porcine embryos.

The beneficial effects of vitamin E were also studied in buffalos. A study was conducted to find
whether the supplementation of vitamin E in the culture medium could ameliorate the developmental
competence of preimplantation buffalo embryos. The study results indicated that under the culture
condition of 20% of O2 level, the frequency of blastocyst formation and the total cell count were
enhanced, and the formation of comet tail (DNA fragmentation) was significantly reduced following
supplementation with 100 μM of vitamin E [144]. Another similar study was also conducted in
sheep with the aim of determining the effects of α-TOC supplementation of the oocyte maturation
media and embryo culture media on the yield of the embryos. Findings from the study showed that
supplementation with 200 μM of α-TOC in the embryo culture medium at 20% of O2 level significantly
increased the rates of cleavage, formation of morula and blastocysts, and the total cell number of
blastocysts, as compared to the control groups [145].

4. Conclusions

Vitamin E has received much attention in recent years due to its ability to improve reproductive
health. As discussed in the present paper, vitamin E has been reported to exert beneficial effects as
an antioxidant against the reproductive disorders. Hence, it is highly recommended for women
to consume vitamin E regularly, especially those who are in their reproductive age. However,
available study reports on the effects of vitamin E on reproduction, pregnancy, and preimplantation
embryonic development are still lacking. Many future studies are necessary in order to gain a
greater understanding of the antioxidative role of vitamin E, especially with respect to female
reproductive health.
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Abstract: Obesity is one of the major epidemics of this millennium, and its incidence is growing
worldwide. Following the epidemics of obesity, nonalcoholic fatty liver disease (NAFLD) has become
a disease of increasing prevalence and a leading cause of morbidity and mortality closely related to
cardiovascular disease, malignancies, and cirrhosis. It is believed that oxidative stress is a main player
in the development and progression of NAFLD. Currently, a pharmacological approach has become
necessary in NAFLD because of a failure to modify lifestyle and dietary habits in most patients.
Vitamin E is a potent antioxidant that has been shown to reduce oxidative stress in NAFLD. This
review summarizes the biological activities of vitamin E, with a primary focus on its therapeutic
efficacy in NAFLD.

Keywords: vitamin E; nonalcoholic fatty liver disease; obesity; oxidative stress

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined as the accumulation of excessive fat in
the liver, as demonstrated by imaging or by histology, in the setting of no significant alcohol
consumptionand the absence of any secondary cause [1].

NAFLD encompasses a broad pathological spectrum of phenotypes ranging from isolated
hepatic steatosis (IHS) to nonalcoholic steatohepatitis (NASH)—the progressive form of fatty liver
disease associated with inflammation and cellular injury, which can lead to NASH-related cirrhosis
and hepatocellular carcinoma [2]. This pathology is now regarded as a leading cause of chronic
liver diseases and liver transplantation in most countries [3]. In addition, NAFLD has been also
linked to extra-hepatic morbidity, including systemic metabolic complications, chronic kidney and
cardiovascular disease, and malignancies, which all contribute to a higher mortality observed in NASH
patients [4].

NAFLD is strongly associated with obesity and related metabolic disorders such as insulin
resistance and dyslipidemia. In the last decades, adult and childhood obesity has reached epidemic
levels, and as a consequence the global prevalence of NAFLD has increased significantly. According
to a recent report, prevalence estimates in the general population of Europe and the Middle East are
20–30%, with higher prevalence in Western countries’ populations with obesity or diabetes (75%) and
with morbid obesity (90–95%) [5].

It is acknowledged that vitamin E is the major lipid-soluble chain-breaking antioxidant found
in the human body. In addition to its anti-oxidative properties, molecules of the vitamin E family
exertanti-atherogenicand anti-inflammatory activities [6]. Although the pathogenesis of NAFLD and
its progression to fibrosis needs to be fully clarified, it is believed that oxidative stress plays a crucial
role in producing the lethal hepatocyte injury associated with NAFLD.

Therefore, by targeting oxidative stress components, vitamin E appears as a promising therapeutic
approach in NASH patients.
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The present review briefly discusses the biological activities of vitamin E, focusing on its potential
as a treatment for NAFLD/NASH. To this aim, we also highlight the role of oxidative stress in the
pathogenesis of NAFLD.

2. Vitamin E: Brief Overview of Structure, Metabolism and Function

2.1. Structural Perspectives

The discovery of vitamin E dates back to 1922 due to the observations of Herbert Evans and
his associate Bishop who isolated an as-yet uncharacterized fat-soluble compound from green leafy
vegetables which is required for reproduction in rats [7]. Upon isolating this dietary compound,
it was termed as tocopherol (Greek: tocos—child birth; pheros—to bear; ol—alcohol). Today the
term “vitamin E” encompasses a group of eight lipophilic molecules that are synthesized by plants
starting from homogentisic acid. It includes four tocopherols and four tocotrienols. Tocopherols and
tocotrienols are subdivided into alpha (α), beta (β), gamma (γ), and delta (δ) forms based on the
methyl and hydroxyl substitution in their phenolic rings [8] (Figure 1). The tocopherols are saturated
forms of vitamin E, whereas the tocotrienols are unsaturated and possess an isoprenoid side chain [8].
α-Tocopherol is considered the most abundant form in nature, and is consequently the most widely
studied. Common food oils including corn, peanut, and soybean oil contain largely α-tocopherol. In
contrast, tocotrienols are relatively rarer in food sources and prevail in rice bran, barley, oats, and palm
oil [9].

 

Figure 1. Structure of tocopherols and tocotrienols (with permission from reference [8]).

Currently, synthetic forms of vitamin E consist mainly of α-tocopherol, whichwas first synthesized
in 1938 [10]. Unlike naturally-occurring d-RRR-α-tocopherol, synthesized α-tocopherol consists of a
racemic mixture of eight stereoisomers named the all-racemic or (2RS, 4’RS, 8’RS) product [11].

2.2. Insight into Metabolism

Like other fat-soluble vitamins, the bioavailability of vitamin E depends on pancreatic function,
biliary secretion, micellar formation, and penetration across intestinal membranes. After being cleaved
by the enzyme esterase located in the stomach lining and partly processed enzymatically in the
stomach by gastric lipase, vitamin E isoforms reach the basolateral side of enterocytes [12,13]. In the
intestinal lumen, dietary tocopherols and tocotrienols appear to be similarly absorbed along with
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dietary fat, and are secreted in chylomicron particles together with triacylglycerol, phospholipids,
and cholesterol [12,13]. The chylomicron-bound vitamin E isoforms are then transferred to peripheral
tissues such as adipose tissues, bones, brain, lung, muscle, and skin via the lymphatic system. During
their transport, chylomicrons are catabolized in the circulation by the endothelial-bound enzyme,
which hydrolyzes triglycerides, releasing free fatty acids (FFAs) [12,13]. The resulting chylomicron
remnants containing absorbed vitamin E are subsequently taken up by the liver, probably by a
receptor-mediated process, and then preferentially incorporated within very low density lipoprotein
(VLDL) and high-density lipoprotein (HDL) into the bloodstream [12]. After hepatic uptake, the
α-tocopherol form of vitamin E is preferentially re-excreted into the circulation. α-Tocopherol transfer
protein (α-TTP), a small cytoplasmic hepatic protein with differential affinity for various vitamin
E forms, is responsible for the biodiscriminating process underlying the selective resecretion of
α-tocopherol from the liver into plasma [14].

While α-TTP has a high affinity for α-tocopherol (100%), it has a lower affinity for other vitamin E
isoforms: approximately 50% for β-tocopherol, 10–30% for γ-tocopherol, and 1% for δ-tocopherol [12].
In the liver, isoforms not bound to α-TTP will be susceptible to catabolization via cytochrome P450
(CYP4F2)-initiated ω-hydroxylation and oxidation by ω-hydroxylase, and thus vitamin E isoforms are
metabolized to carboxychromanols, hydroxycarboxychromanol, and carboxyethylhydroxychroman
derivatives [15]. Besides catabolism, it was estimated that metabolized vitamin E isoforms are also
discarded via biliary excretion [16].

2.3. Biological Activity of Vitamin E

2.3.1. Antioxidant Activity

Oxidative stress is defined as the imbalance between the generation of reactive species and
antioxidant defense, and leads to the damage of DNA and disturbances in cellular biology [17].
Vitamin E is widely accepted as one of the most potent antioxidants in nature [18]. The antioxidant
property is attributed to the hydroxyl group from the aromatic ring of tocochromanols, which donates
hydrogen to neutralize free radicals or reactive oxygen species (ROS). The antioxidant activity of α-, β-,
γ-isoforms of tocotrienols and tocopherols is similar, but the γ-isoform showed weaker activity when
tested in pyrogallolsulfonphthalein and 2,7-dichlorodihydrofluorescein diacetate methods [18,19].

In the same context, the antioxidant efficacy of vitamin E on reactive nitrogen species (RNS) has
been gaining more attention recently. RNS include nitric oxide (NO), nitrogen dioxide (NO2), and
peroxynitrite (ONOO –) [20–22].

On the other hand, in vitro studies have shown that vitamin E can alternatively switch to a
pro-oxidant action under certain circumstances, such as a constant low-level flux of initiator free
radicals and the absence of co-antioxidants as such as vitamin C [23]. In addition, current evidence
from in vivo studies showed that vitamin E may produce pro-oxidant effects at high doses [24] or in
cigarette smokers consuming a high polyunsaturated fat diet [25].

2.3.2. Beyond Vitamin E Antioxidant Activity

Vitamin E biological activity is not limited to antioxidant properties. In fact, vitamin E forms are
involved in the regulation of inflammatory response, gene expression, membrane-bound enzymes,
modulation of cellular signaling, and cell proliferation.

Over the last two decades, vitamin E has been shown to have direct and indirect effects on
several enzymes involved in signal transduction, such as protein kinase C (PKC), protein phosphatase
2A (PP2A), protein tyrosine phosphatase (PTP), protein tyrosine kinase (PTK), diacylglycerol
kinase (DAGK), 5-, 12- and 15-lipoxygenases (5-, 12-, and 15-LOX), phospholipase A2 (PLA2),
cyclooxygenase-2 (COX-2), and the mitogen activated protein kinase (MAPK) signal transduction
pathway [26,27].
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The first evidence that vitamin E can modulate enzymes involved in signal transduction came from
studies with PKC when α-tocopherol exerted an inhibitory effect unrelated to antioxidant action [28].
PKC inhibition by α-tocopherol is mainly correlated with the reduction of cell proliferation in many
different cell types, including vascular smooth muscle cells, monocytes/macrophages, neutrophils,
fibroblasts, mesangial cells, as well as various cancer cell lines [29]. In addition to interference with cell
proliferation, the inhibition of PKC by α-tocopherol inhibited NADPH-oxidase assembly in monocytes,
leading to lower superoxide production [30]. Additionally, PKC inhibition mediated by α-tocopherol
and not by β-tocopherol suppressed endothelin secretion in endothelial cells [31].

Another evidence of a non-antioxidant function of α-tocopherol is related to its role in regulating
the expression of specific genes not only coupled to oxidative stress but also involved in cholesterol
homeostasis, inflammatory pathways, and cellular trafficking [32,33]. These genes include those
encoding for proteins involved in inflammation and cell adhesion (such as E-selectin, intercellular
adhesion molecule-1, vascular cell adhesion molecule [VCAM]-1, integrin, interleukin [IL]-1b, IL-2,
IL-4, and transforming growth factor [TGF]-β), extracellular matrix formation and degradation
(tropomyosin, glycoprotein IIb, collagen A1, matrix metalloproteinase [MMP]-1, MMP-19 and
connective tissue growth factor), cell cycle regulation (cyclin D1, cyclin E1, and p27), transcriptional
control lipoprotein (peroxisome proliferator-activated receptor [PPAR]-γ), receptors (CD36, scavenger
receptor class B type 1, low density lipoprotein receptor), and metabolism (Cytochrome P450 3A4
[CYP3A4] and HMG-CoA reductase) [32,33].

3. Vitamin E and NAFLD

3.1. NAFLD/NASH Pathogenesis

NAFLD is a complex disease trait where inter-patient genetic and epigenetic variations and
environmental factors are combined to define development and disease progression [34] (Figure 2).

 

Figure 2. Multiple parallel-hit hypothesis of nonalcoholic fatty liver disease (NAFLD). Obesity together
with dietary habits and environmental factors can lead to raised serum levels of free fatty acids (FFAs)
and cholesterol, development of insulin resistance, adipocyte proliferation, and dysfunction in the
intestinal microbiome. Insulin resistance acts on adipose tissue, worsening adipocyte dysfunction,
induces hepatic de novo lipogenesis (DNL) and release of proinflammatory adipokines such as
interleukin (IL)-6, IL-1β, and tumor necrosis factor (TNF)-α, which also exacerbates the insulin
resistance state. The increased hepatic FFAs flux which derives from the above processes and from an
altered activity of the gut microbiome leads to accumulation of triglycerides (TGs) and “toxic”levels of
FFAs, free cholesterol, and other lipid metabolites which cause mitochondrial dysfunction, oxidative
stress with the production of reactive oxygen species (ROS), and endoplasmic reticulum (ER) stress
with the activation of the unfolded protein response (UPR), all leading to hepatic inflammation and
fibrogenesis (nonalcoholic steatohepatitis, NASH). Increased intestinal permeability of gut-derived
microbial products such as lipopolysaccharides (LPS) contributes to the activation of the inflammasome,
ER stress, and activation of inflammatory cascades. Epigenetic factors are also involved in progression
to NASH or persistence in a stable stage of disease (with permission from [34]). VLDL: very low
density lipoprotein.
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The generally accepted dogma in the pathogenesis of NAFLD is that insulin
resistance—commonly associated with obesity—leads to the hepatic accumulation of triglycerides,
a process that usually results from increased FFAs flux from adipose tissue to the liver, dietary
fat via chylomicron metabolism, and increased de novo lipogenesis [35–37]. Obesity generates a
state of low-grade inflammation characterized by the accumulation of immune cells in adipose
tissue (particularly macrophages), and the production of proinflammatory cytokines by adipocytes
contributes to the development of systemic and hepatic insulin resistance [35–37]. However, multiple
pathways (multiple hits) are involved in the development of NASH and fibrosis. “Hits” that may
contribute include oxidative stress, endotoxins, changes in the gut–liver axis, and mitochondrial
dysfunction [34].

Oxidative stress and mitochondrial dysfunction were proposed as main triggers for the
progression of steatosis to steatohepatitis [38]. FFAs catabolism in the liver takes place mainly via
mitochondrial β-oxidation—a process that can lead to the generation of ROS, including superoxide,
hydrogen peroxide, and hydroxyl radicals, in the case of increased FFAs delivery [38].

In the same context, impaired mitochondrial activity in NASH patients due to reduced enzymatic
activities of mitochondrial electron transport chain and excessive in FA oxidation results in hepatic
ATP depletion and may cause structural mitochondrial abnormalities consisting of enlargement
(megamitochondria), paracrystalline inclusions, and loss of cristae [39,40].

In NAFLD, enhanced cytochrome P450 2E1 (CYP2E1) expression and activity seem to be an
important source of ROS which trigger oxidative stress and perpetuate the hepatic mitochondrial
dysfunction [41]. Moreover, it has been reported that upregulated microsomal CYP4A enzymes
ω-hydroxylate fatty acids into dicarboxylic acids that are then preferentially oxidized by peroxisomes,
thus promoting ROS production in NAFLD [42]. The ablation of a homolog of human CYP4A gene
(CYP4A14) in animal models of steatohepatitis has shown to attenuate hepatic inflammation and
fibrosis [43]. The abundant production of ROS induces the peroxidation of hepatic triglycerides with
the release of reactive aldehydes such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA)
which can damage mitochondrial components [44].

Accumulating data have implicated the disruption of endoplasmic reticulum (ER) homeostasis
(i.e., ER stress) in the development of NASH [45]. Factors that disturb ER folding capacity
(e.g., excessive protein synthesis, mitochondrial dysfunction, oxidative stress) will lead to the activation
of a physiologic mechanism called the “unfolded protein response” (UPR) in hepatocytes. This adaptive
mechanism aims to increase the folding capacity of the ER, thus bringing the organelle and the cell
into a state of equilibrium. When the activation of the UPR fails to promote cell survival, the cell is
taken down the pro-apoptotic ER stress response pathway, which can ultimately lead to apoptotic cell
death, inflammation, and/or fat accumulation [45].

Several studies have suggested a role of gut microbiome in NASH pathogenesis [46]. Intestinal
barrier alterations cause increased intestinal permeability of bacteria, viruses, or microbial products
such as lipopolysaccharide (LPS). These pathogens are recognized through specialized recognition
receptors that include toll-like receptors (TLRs) and inflammasomes, inducing a signaling cascade
leading to the production of inflammatory cytokines [46].

3.2. Vitamin E and NAFLD: Experimental Studies

The methionine and choline deficient (MCD) diet is a widely employed diet in NASH animal
studies. The MCD diet is high in sucrose and fat (40% sucrose, 10% fat), and is deficient in methionine
and choline, which are essential for hepatic beta-oxidation and the production of VLDL [47].

A trial carried out with rats fed with an MCD-diet showed that vitamin E significantly reduces
the oxidative stress. In the control group, the authors observed a depletion in the liver glutathione
stores and a notable increase in hepatic fibrosis, whereas vitamin E supplementation repleted hepatic
glutathione, reduced steatosis, inflammation, hepatic stellate cell activation, and collagen mRNA
expression, and ameliorated fibrosis [48].
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In another animal NASH model, the combination of MCD diet and vitamin E significantly lowered
serum transaminase levels and ameliorated hepatic steatosis and necroinflammation. These effects
were associated with suppressed expression of the fibrotic genes TGF-β and MMP-2, inflammatory
factor COX-2, and pro-apoptotic genes (Bax). In addition, vitamin E enhanced the activity of hepatic
superoxide dismutase (SOD) and inhibited that of nuclear factor kappa B (NFkB) [49].

Similar effects were reported in arecent mouse model for NAFLD in which vitamin E therapy after
partial hepatectomy significantly reduced the oxidative stress level and attenuated the progression of
NAFLD [50].

In an obese (ob/ob) mouse model, α- or γ-tocopherol exerted a hepatoprotective role in
alipopolysaccharide-induced NASH, as shown by suppressing hepatic malondialdehyde (MDA),
tumor necrosis factor-α, and serum alanine aminotransferase levels [51].

Moreover, chickens fed ahigh-oxidant diet with the supplementation of vitamin E were able to
normalize elevated hepatic transaminase levels [52]. In addition to the role of being an antioxidant,
some studies have also proposed that vitamin E improves the liver integrity by down-regulating
hepatic cluster of differentiation 36 protein (CD36)—a membrane transporter responsible for the
uptake of fatty acids into the liver [53].

3.3. Vitamin E and NAFLD: Human Studies

Vitamin E has been used in monotherapy or with other agents in multiple clinical trials to treat
NAFLD or NASH, with reported improvement in liver biochemistries and histology [54–68]. These
trials varied in duration (24 weeks to >2 years) and dose (100–1200 IU/day) of vitamin E used.
Long-term studies (≥2 years) are summarized in Table 1.

Treatment with vitamin E combined with vitamin C and atorvastatin was demonstrated to be
effective in reducing the odds of having hepatic steatosis in individuals with computed tomography
(CT)-diagnosed NAFLD after 4 years of active therapy [63].

The combination of ursodeoxycholic acid (UDCA) with vitamin E has been evaluated in a small
sample size compared with UDCA alone or placebo. Improvement in steatosis and transaminases
level were observed only in the group who received combination therapy with UDCA and vitamin
E [64]. By evaluating the long-term (>2 years) efficacy of a similar combination (UDCA with vitamin
E) in patients with NASH, Piettu et al.demonstrated an improvement in histological lesions in the
majority of patients [62].

Nobili et al.studied 90 children with NAFLD who were given calorie-restricted diet and exercise.
Patients were randomized to treatment with vitamin E (600 IU/day) in combination with ascorbic
acid (500 mg/daily; n = 45) or placebo (n = 45) [65]. At the end of 24 months, both groups had
significant improvement in steatosis, lobular inflammation, hepatocyte ballooning. However, the
addition of α-tocopherol and ascorbic acid was not associated with a greater histological or biochemical
improvement as compared to placebo [65,66].

Clinical trials with vitamin E supplementation in NASH patients yielded promising results. In
the PIVENS (Pioglitazone, Vitamin E or Placebo for Nonalcoholic Steatohepatitis) trial, vitamin E was
evaluated as a treatment for NASH. The rate of achievement of the primary outcome was higher in
patients treated with high-dose vitamin E (800 IU/day) for 96 weeks compared to placebo (43% vs.
19%, p = 0.001), while pioglitazone did not reach statistical significance. The histological analysis
showed a reduction in hepatocyte ballooning (50% vs. 29%, p = 0.005) and lobular inflammation
(54% vs. 35%, p = 0.02), thus reflecting its expected effect as an antioxidant leading to a decrease
of oxidative stress-mediated injury. Interestingly, it significantly reduced liver steatosis and alanine
aminotransferase (ALT), but had no significant changes on fibrosis [60].
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Following those studies, Lavine et al. conducted a multicenter, double-blind, double-placebo,
randomized clinical trial in pediatric patients. The TONIC (Treatment of NAFLD in Children) trial
involved 173 children and adolescents witha mean age of 13 years that received metformin (500 mg
twice daily), vitamin E (400 IU twice daily), or placebo twice daily for 96 weeks. The primary outcome
was sustained reduction in ALT level (defined as ≤50% baseline or ≤40 U/L from 48 weeks to
96 weeks of treatment). The only histologic feature of NASH that improved after treatment with both
medications was the hepatocellular ballooning. Disappointingly, neither vitamin E nor metformin
were superior to placebo in achieving sustained ALT reduction or in improving steatosis, lobular
inflammation, or fibrosis scores [61].

In the light of these observations, today the European Association for the Study of the Liver
(EASL) and the American Association for the Study of Liver Diseases (AASLD) (Alexandria, VA,
USA) guidelines consider vitamin E as a potential short-term treatment for non-diabetic adults with
biopsy-proven NASH [69]. Until further data supporting its effectiveness is available, vitamin E is not
recommended to treat NASH in diabetic patients, NAFLD without liver biopsy, NASH cirrhosis, or
cryptogenic cirrhosis [1,69].

3.4. Vitamin E: Safety Concerns

Long-term safety should be carefully discussed with NASH patients before starting therapy with
vitamin E.A meta-analysis has suggested that high-dosage (≥400 IU/day) vitamin E supplements
may increase all-cause mortality [70]. However, this meta-analysis has been criticized because several
studies with low mortality were excluded and concomitant vitamin A and the administration of other
drugs as well as common factors such as smoking were not considered. Another meta-analysis where
new clinical trials and updated results of mortality were included suggested that the higher mortality
can be explained by a higher proportion of male patients that were included in these trials and not
due to the higher dose of vitamin E supplementation [71]. On the other hand, large meta-analysis
that included 57 trials showed that vitamin E supplementation appears to have no effect on all-cause
mortality at doses up to 5500 IU/day [72].

Finally, a meta-analysis investigating the effect of vitamin E on the incidence of stroke reported
an increase in the relative risk of hemorrhagic stroke by 22%, while the risk of ischemic stroke was
reduced by 10% [73]. Another concern about vitamin E use is related to its association with a modest
increase in the risk of prostate cancer [74].

Thus, patients chosen for treatment with vitamin E should be aware of these risks or be considered
for alternative treatments.

4. Conclusions

Despite its high prevalence and the intensive research in the field, the treatment of NAFLD
remains an unmet medical need. To date, no definite pharmacological treatment has been approved
for NAFLD, and patients are often advised to engage in physical activity and lose weight, which
is difficult to achieve and more difficult to maintain. However, policies to promote physical
activity and the management of associated comorbidities (i.e., obesity and metabolic syndrome
components) are expected to decrease both hepatic and cardiovascular-related morbidity and mortality
in NASH patients.

Clinical trials for NAFLD or NASH showed a modest improvement in liver biochemistries and
histology induced by vitamin E administration. However, some limitations of these trials should
be noted. The duration of therapy may be not long enough to detect long-term histological change
complications. Moreover, the number of randomized trials included was limited, and the number of
participants in the trials was low. An additional reason for the lack of efficacy of vitamin E could be
related to the use of oral preparations of varied dosage, which may not always guarantee an adequate
bioavailability in patients with liver disease.
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In this context, further monotherapy clinical trials and pharmacological evaluations are still
needed to elucidate the underlying molecular mechanisms of prevention or therapy and possible
adverse outcomes. This may also help to identify the optimal daily intake of vitamin E in both pediatric
and adult patients.

In addition, more research is needed to seek novel biological activities of vitamin Emetabolites in
the liver of NAFLD patients that may differ from those of parent compounds.

Finally, a better understanding of the pathophysiology of NAFLD/NASH will provide the
opportunity to create trials of combination therapies that achieve high rates of therapeutic responses.
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Abstract: Radiation countermeasures fall under three categories, radiation protectors, radiation
mitigators, and radiation therapeutics. Radiation protectors are agents that are administered before
radiation exposure to protect from radiation-induced injuries by numerous mechanisms, including
scavenging free radicals that are generated by initial radiochemical events. Radiation mitigators are
agents that are administered after the exposure of radiation but before the onset of symptoms by
accelerating the recovery and repair from radiation-induced injuries. Whereas radiation therapeutic
agents administered after the onset of symptoms act by regenerating the tissues that are injured by
radiation. Vitamin E is an antioxidant that neutralizes free radicals generated by radiation exposure
by donating H atoms. The vitamin E family consists of eight different vitamers, including four
tocopherols and four tocotrienols. Though alpha-tocopherol was extensively studied in the past,
tocotrienols have recently gained attention as radiation countermeasures. Despite several studies
performed on tocotrienols, there is no clear evidence on the factors that are responsible for their
superior radiation protection properties over tocopherols. Their absorption and bioavailability
are also not well understood. In this review, we discuss tocopherol’s and tocotrienol’s efficacy as
radiation countermeasures and identify the challenges to be addressed to develop them into radiation
countermeasures for human use in the event of radiological emergencies.

Keywords: tocopherol; tocotrienol; tocols; radioprotectors; radiation countermeasures; radiomitigators;
alpha tocopherol transfer protein

1. Introduction

The use of ionizing radiation is increasing day by day for various purposes, including its clinical
uses for diagnostic purposes and cancer treatment and in non-clinical applications, such as the nuclear
generated energy production, engineering, construction, and sterilization of food products [1–3].
With such widespread uses, the likelihood of an intentional or unintentional encounter with radiation
is quite high. The risk of radiation exposure has been increasing mainly with increased use of
ionizing radiation for nuclear power plants or nuclear weapons, both of which can result in accidental
radiological emergencies. There were nearly 105 civilian and military nuclear reactor accidents between
1952 and 2015 that resulted in massive loss of human life and property [1]. Recently, on 24 August 2017
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the Pennsylvania Department of Health distributed potassium iodide tablets for free to the residents
who live or work within 10 miles of the Peach Bottom and Three Mile Island nuclear plants to be ready
in case of an emergency. However, potassium iodide, a specific blocker of thyroid radioactive iodine
uptake, only protects the thyroid gland of individuals exposed to radiation.

Exposure to ionizing radiation produces oxygen derived reactive oxygen and nitrogen species
(ROS and RNS), including hydroxyl radical (OH•), superoxide (O2•−), peroxynitrite (ONOO−), and
hydrogen peroxide (H2O2). Ionizing radiation-induced ROS and RNS damage DNA, proteins, and
lipids as well as activate intracellular signaling pathways and stimulate cytochrome C release from
mitochondria, leading to apoptosis [4–6].

The Office of Science and Technology Policy and the United States Department of Homeland
Security have identified radiation countermeasure development as the highest priority for
preparedness against a potential bioterrorism event [1]. As of today, amifostine is the only FDA
approved drug for use in patients undergoing radiotherapy. However, because of its adverse side
effects, its use is limited and the search for safe and effective radiation countermeasures continues.

Vitamin E and its derivatives have attracted the attention of researchers in recent years for their
radioprotective effects, which have been heavily studied against total body irradiation [7–10], as well
as partial body irradiation [11–16]. In this review, we outline the research endeavors dedicated to
studying the radiation protection efficacy of vitamin E analogs. We also identify the issues that need
to be addressed when using vitamin E analogues as safe and effective radiation countermeasures
in humans.

2. Radiation Induced Injuries

Ionizing radiation is radiation that carries sufficient energy to liberate electrons from atoms or
molecules leaving them with unpaired electrons thereby ionizing them and producing free radicals.
These free radicals and ROS/RNS including, OH•, O2•−, ONOO−, and H2O2 can damage nucleic
acids, proteins, and membrane lipids. Exposing an individual to ionizing radiation for a brief period
can cause severe tissue injuries, referred to as Acute Radiation Syndrome (ARS). ARS can occur with
doses higher than 1 Gray (Gy) that are delivered at relatively high rates. The three clinical syndromes
of ARS are based on the acute whole-body dose, duration, and dose rate, including hematopoietic
or bone marrow sub-syndrome, gastro-intestinal sub-syndrome, and cerebrovascular sub-syndrome.
Each of these three sub-syndromes follows a 4-phase clinical pattern according to CDC Emergency
Preparedness and Response, as detailed in Table 1 [17]

Table 1. Acute Radiation Syndrome.

Acute Radiation Syndrome

Hematopoietic
Sub-Syndrome Gastro-Intestinal Sub-Syndrome Neuro/Cerebrovascular

Sub-Syndrome

Quantity of radiation >2–3 Gy 5–12 Gy 10–20 Gy

Prodromal stage
symptoms

Anorexia, nausea
and vomiting

Anorexia, severe nausea,
vomiting, cramps and diarrhea

Extreme nervousness and
confusion; severe nausea,

vomiting, and watery diarrhea;
loss of consciousness; and

burning sensations of the skin.

Latent Stage symptoms
Stem cells in bone marrow
are dying, although patient
may appear and feel well.

Stem cells in bone marrow and
cells lining GI tract are dying,

although patient may appear and
feel well.

Patient may return to
partial functionality.

Manifest Phase/Illness
Phase symptoms

Anorexia, fever, and malaise.
Drop in all blood cell counts

occurs for several weeks.

Malaise, anorexia, severe diarrhea,
fever, dehydration, and
electrolyte imbalance.

Watery diarrhea, convulsions,
and coma.

Recovery or death Bone marrow cells will begin
to repopulate the marrow.

>10 Gy radiation leads to death
due to gastro-intestinal syndrome No recovery is expected.
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3. Radiation Countermeasures

Effective radiation countermeasures should be safe, efficient, stable, easy to administer, and have
good bioavailability. Radiation countermeasures fall under three categories, radiation protectors,
radiation mitigators, and radiation therapeutics.

Radiation protectors are agents that are administered prior to radiation exposure to protect from
radiation-induced injuries by many mechanisms, such as scavenging free radicals that are generated by
initial radiochemical events, delaying cell cycle, promoting DNA repair, etc. Radiation protectants are
given to personnel that are at risk of exposure to radiation like the military, first responders and civilians
during the evacuation of disaster areas. Radiation mitigators are agents that are administered after
the exposure of radiation but before the onset of symptoms. They accelerate the recovery and repair
from radiation-induced injuries. Whereas radiation therapeutic agents are administered after the onset
of symptoms and act by regenerating the tissues that are injured by radiation. Radiation mitigators
and radiation therapeutics can be given to people who are victims of nuclear accidents or terrorist
attacks or to patients undergoing radiotherapy. One among the various candidates [18–21] that are
under development as radiation countermeasures are vitamin E’s tocols.

Natural products with health benefits are often attractive targets for research [22]. Among the
natural products, vitamins are notably considered beneficial for human health. Vitamin E is
a well-known antioxidant that can scavenge free radicals produced by radiation exposure. Vitamin E
is found in our diet and has an acceptable toxicity profile [23].

The vitamin E family consists of eight different naturally occurring vitamers, four saturated
analogs (α, β, γ, and δ) called tocopherols, and four unsaturated analogs (α, β, γ, and δ) referred
to as tocotrienols, which are collectively called tocols. Tocopherols and tocotrienols are structurally
similar with the same chromanol head, except that tocotrienols have unsaturated farnesyl isoprenoid
side chain at C-3′, C-7′, and C-11′, whereas tocopherols have saturated phytyl isoprenoid side chain
(Figure 1).

 

Figure 1. Chemical structures of tocopherol and tocotrienol isoforms.

3.1. Tocopherols and Tocopherol Succinate

Vitamin E components have been reported to be radioprotective in various studies [24–26].
However, there are several factors that influence the differential radioprotective efficacy of tocol
analogs, including the rate of absorption after oral administration, which is found to be greater in
tocotrienols than tocopherols due to higher absorption of tocotrienols by the intestinal epithelial
cells [27]. Serbinova et al. [28] reported that the antioxidant potential of tocotrienols is 1600 times
more than that of α-tocopherol (AT). Studies by Pearce et al. [29] and Qureshi et al. [30] suggest that
tocotrienols are better radio-protectants because of their ability to inhibit HMG-CoA reductase.

AT’s dose reduction factor was determined to be 1.11 when administered subcutaneously at
a dose of 100 IU/kg when administered within 15 m after irradiation of 9 Gy in mice. AT significantly
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increased the 30-day survival of male CD2F1 mice when given one h before or within 15 m after
irradiation. Combination studies of α-tocopherol with WR-3689 showed that the radio-protective
efficacy of WR-3689 (150 mg/kg) significantly increased when given in combination with α-tocopherol
at 100 IU/kg with a dose reduction factor of 1.49 [31]. AT also reduced the frequency of micronuclei and
chromosomal aberrations in bone marrow cells when administered orally either 2 h before, immediately
after, or 2 h after irradiation of 1 Gy in mice [32]. The study by Kumar et al. [33], demonstrated that AT
has more radio-protective activity when administered subcutaneously than when given orally at a dose
of 400 IU/kg 24 h before total body irradiation at 10.5 Gy. AT (20 IU/kg/day) in combination
with pentoxifylline (100 mg/kg/day) induced a significant improvement in radiation-induced
myocardial fibrosis and left ventricular diastolic dysfunction after irradiation at 9 Gy [34]. A study by
Empey et al. [35] showed that AT protects gastrointestinal mucosa against radiation induced absorptive
injury when administered before 10 Gy of abdominal radiation. In another study, AT protected mice
from radiation injury when administered i.p. after irradiation of <10 Gy, when administered no later
than 5 h after irradiation, suggesting enhancement of repair processes and antioxidant scavenging of
metabolically produced radicals when produced by irradiation [36].

To study the role of hematopoietic cytokines in the radioprotective activity of tocopherol succinate
and other tocols (α-tocopherol, δ-tocopherol, γ-tocopherol, γ-tocotrienol, and tocopherol acetate),
Singh et al. [8] measured cytokine levels by Luminex, ELISA, and cytokine array in mice serum after
administrating 400 mg/kg tocols subcutaneously 24 h before whole-body irradiation at a dose of
3 and 7 Gy. Among all the tocols studied, tocopherol succinate was most effective in stimulating
granulocyte colony stimulating factor (G-CSF) and IL-6. Since G-CSF and IL-6 play an important role
in hematopoietic injury, the study indicates that tocopherol succinate’s radio protective activity is
mediated by cytokines [8]. When tocopherol succinate injected mice were administered a neutralizing
antibody to G-CSF, the protective effect of tocopherol succinate was significantly abrogated [9]. A study
by Singh et al. [10] showed that tocopherol succinate protects mice against lethal doses of ionizing
radiation by inhibiting radiation-induced apoptosis and DNA damage as well as by increasing cell
proliferation. In a study by Singh et al. [37], the dose reduction factor of tocopherol succinate was
determined to be 1.28 in mice, administered subcutaneously with 400 mg/kg of tocopherol succinate,
24 h before total body irradiation at 9, 9.5, 10, 10.5, 10.75, and 11 Gy. This study showed that
tocopherol succinate stimulated high levels of G-CSF with a peak at 24 h, moderate levels of IL-6
between 24 and 48 h after treatment, and protected myeloid components from radiation injury at 3 and
7 Gy. A similar study [38] suggests that tocopherol succinate protects mice from radiation-induced
gastrointestinal damage by promoting the generation of crypt cells and inhibiting apoptosis and
translocation of gut bacteria to the heart, spleen, and liver in irradiated mice. Tocopherol succinate
has also demonstrated radioprotection from total body irradiation by decreasing the number of
CD68-positive cells, reducing DNA damage, and apoptotic cells and by increasing proliferating cells
in irradiated mice [10]. Tocopherol succinate also modulates the expression of antioxidant enzymes
and inhibits expression of oncogenes in irradiated mice, according to a study by Singh et al. [39].

3.2. Tocotrienols

Multiple studies have reported the antioxidant, anti-inflammatory, anticancer, hypocholesterolemic,
and neuroprotective properties of tocotrienols in different cell lines, animal models, and in humans.
This review will discuss their radioprotective activity studied in different animal models and
in humans.

A number of studies have shown that tocotrienols are superior antioxidants compared to
tocopherols [28,29,40–43]. Studies [24,44] have demonstrated that γ-tocotrienol (GT3) protects against
radiation injury by increasing hematopoietic progenitors, neutrophils, platelets, white blood cells,
and reticulocytes. Singh et al. [45] evaluated the protective effects of GT3 in nonhuman primates
treated with 5.8, 6.5, and 7.2 Gy doses of cobalt-60 gamma radiation (0.6 Gy/min). This study
reports the pharmacokinetic (PK) parameters (at 9.375, 18.75 and 37.5 mg/kg doses) and efficacy of
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GT3 (37.5 mg/kg and 75 mg/kg). Their PK analysis showed increased area under the curve with
increasing drug dose and half-life of GT3. Unexpectedly, tmax increased in a dose-dependent manner.
This could be due to the slow release of GT3 from the site of injection (sub-cutaneous). The study also
demonstrated that GT3’s efficacy in reducing the severity of neutropenia and thrombocytopenia is
dose-dependent, and 75 mg/kg treatment is more effective than 37.5 mg/kg treatment after a 5.8 Gy
dose of ionizing radiation. However, there was no significant difference in animal survival at 60 days
between the vehicle group and the GT3 treated groups.

The study by Li et al. [46] demonstrated that a single injection of δ-tocotrienol (DT3), given to
mice 24 h before a total body irradiation, presented 100% survival, measured by 30-day post-irradiated
survival, by increasing cell survival and regeneration of hematopoietic microfoci. Singh et al. [43]
showed evidence that DT3 mediates its radioprotection by inducing G-CSF in irradiated mice and
also showed that DT3 induces high levels of several cytokines, comparable to other tocols in mice.
A study by Loose et al. [47] suggested that GT3 is more efficacious than the tocopherols in terms of
radiation protection because of its greater potency to induce gene expression in human endothelial
cells. This could be due to the low cellular uptake of α-tocopherol compared to GT3. When GT3 was
administered s.c. at 200 mg/kg in combination with pentoxifylline, showed synergistic radioprotection
activity in mice exposed to 11.5 Gy total body irradiation, and this radioprotective activity of GT3 was
shown to be mediated through induction of G-CSF [48].

Studies by Satyamitra et al. [23] showed that DT3 has radiation protection and mitigation effects.
DT3, when given s.c. at 150 mg/kg or 300 mg/kg 24 h before total body irradiation, showed effective
radioprotection in mice. In addition, DT3 showed reduced lethality when administered at 150 mg/kg
in mice 2, 6, or 12 h after irradiation. Another study by Kumar et al. [49] indicated that a GT3 and DT3
combination at 800 mg/kg given orally twice a day for six months to patients who had radiotherapy
for head and neck cancer had significantly improved mouth opening and subjective symptoms due
to radiation-induced fibrosis. Studies also suggested that tocols exert their biological effects not
only by their antioxidant properties but also by inhibiting HMG-CoA reductase [49]. Tocotrienols
accumulate in the small intestine as well as in the colon to a greater level than tocopherols, and this
may aid with their ability to reduce GI injury [50]. A study by Naito et al. [51] demonstrated that GT3
concentrations in endothelial cells were 30–50 times greater than those of α-tocopherol. The effect
of GT3 on tetrahydrobiopterin (BH4) bioavailability was studied by Berbee et al. [52], where GT3
counteracted the decrease in BH4. GT3 protected hematopoietic tissue by preserving the hematopoietic
stem cells (HSCs) and hematopoietic progenitor cells (HPCs). The HPC numbers in GT3 treated mice
recovered 90% at day seven after total body irradiation [44]. Modulation of sphingolipids leads to
cellular stress and upregulation of A20, a well-established NF-kB negative regulator. It has been
shown that the mechanism of GT3 radioprotection may involve the inhibition of NF-κB activation
by induction of A20 [53,54]. It also has been shown that the ability of GT3 to protect against vascular
injury is related to its ability to inhibit HMG-CoA reductase [55].

4. Vitamin E Tocols

Vitamin E in the diet passes through the gastrointestinal tract and gets absorbed in the small
intestine. It is emulsified by bile and absorbed in the form of micelles [56]. Yap et al. [57] have reported
that the dietary fat consumption plays an important role in the absorption of tocols. The administration
route of vitamin E also influences its absorption [58,59].

4.1. α-Tocopherol Transfer Protein

The circulating levels of vitamin E in the body are maintained by α-tocopherol transfer protein
(ATTP), which is abundantly found in the liver. This hepatic protein is a member of a lipid-binding
protein family and plays a major discriminating role in the plasma and tissue retention of dietary tocols.
This protein is regulated by α-tocopherol transfer gene present on chromosome 8q13 [60]. ATTP has
two different conformations, closed and open [61]. The structure of ATTP has a hinge, which flips to a
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closed conformation after incorporating AT in the binding pocket. The fate of the tocol depends on
the preferential binding of ATTP in the liver, and those that are not selected by ATTP are excreted via
bile or renal excretion (Figure 2) [25,61]. ATTP has a much greater affinity AT than for all other tocols,
and this would explain why the other tocols exhibit lower plasma levels over time [62–64]. Vitamin E
supplements are commonly formulated with AT, which is often present as a synthetic racemic mixture.
However, only the naturally occurring RRR isomer of AT has a high affinity for ATTP, causing the
other isomers to be much less bioavailable [65]. Studies [25,66] have proposed that unsaturation in the
side chain of tocotrienols accounts for their lower affinity for ATTP by making it impossible for the
tocotrienol bend inside the ligand-binding pocket of ATTP and hindering the protein’s ability to attain
the closed conformation. Thus, there is a significant difference in the distribution and metabolism of
tocols among various tissues [67–70].

Figure 2. Major pathway for vitamin E absorption and metabolism.

There is a population, with a neurodegenerative disease known as ataxia, with vitamin E
deficiency (AVED) [71]. Patients diagnosed with AVED have three frame shift mutations in the
α-tocopherol transfer gene present on chromosome 8q13. AVED is an autosomal recessive defect in
which the patient is not able to absorb vitamin E into the systemic circulation and becomes deficient [71].
Without a regular supply of this key antioxidant, the body becomes susceptible to damage by free
radicals. The coordination of movement becomes uncontrolled and the patient experiences a loss
of sensation [71]. Individuals suffering from AVED have normal intestinal absorption of vitamin E,
but they are unable to maintain normal levels of vitamin E in systemic circulation. The reason for
this is that AVED patients lack functional ATTP, thus the recirculation of α-tocopherol is inhibited.
To maintain a normal blood concentration of vitamin E, patients suffering from AVED require very
high doses of oral vitamin E throughout their lives [71]. AVED exemplifies the importance of the
presence of functional ATTP. However, the fact that ATTP has a much greater affinity for α-tocopherol
than for other tocols results in a much faster elimination rate and lower plasma levels over time for all
the other tocopherols and for tocotrienols.

4.2. Absorption and Distribution

It is likely that the inconclusive outcomes of various vitamin E clinical trials may be due to
limited understanding of the pharmacokinetics of tocols. The bioavailability of vitamin E in humans
is dependent on many factors. Studies have shown that vitamin E bioavailability is greater when
administered with food, particularly fat [57,58]. Reboul et al. [72] studied the role of the SR-B1 receptor
in the intestinal absorption of vitamin E and showed that the expression of the SR-B1 receptor may be
responsible for the inter-individual variability in vitamin E absorption and that this receptor mediates
the intestinal vitamin E absorption.
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Though there are several studies showing tocotrienol’s radioprotective activity, their dosing,
efficacy, and therapeutic concentrations still remain controversial. This is partially due to the lack of
sufficient data explaining their absorption, distribution, and elimination. There is a large variability
in the rate and extent of absorption of tocotrienols in different populations from healthy subjects to
smokers and diseased patients. The route of administration can also play an important role in the
plasma concentrations of tocotrienols [45,57,58].

The absorption of tocotrienols was negligible when administered via intraperitoneal and
intramuscular route, whereas the absorption was incomplete when given orally [58]. Several studies
have focused on developing a water-soluble delivery system to increase the solubility of the lipophilic
tocols. The use of cyclodextrin and self-emulsifying formulations showed improved absorption and
higher plasma levels in rats. The peak plasma concentration (Cmax) and the area under the curve
(AUC) of tocotrienols administered with self-emulsifying systems were increased 2–4-fold compared
to non-emulsified formulations [73,74]. In a study by Yap et al. [57], comparisons were made between
eight healthy male volunteers given 300 mg mixed tocotrienols (87 mg α-tocotrienol, 166 mg GT3, and
43 mg DT3) under a fasted state or after a fatty meal. The 24 h AUC of tocotrienols was increased by at
least 2-fold in the fed state. The maximum plasma concentrations for α, γ, and δ tocotrienols were
found to be 1.83, 2.13, and 0.34 μg/mL, respectively. While in another study, where tocotrienols were
given at higher doses of 296 mg α-tocotrienol, 284 mg GT3, and 83 mg DT3, the maximum plasma
concentrations were 1.55, 2.79, and 0.44 μg/mL, respectively [75]. The discrepancies in the plasma
levels observed may be an indication that levels may depend on the ratios of the analogs [76]. It has
been reported that tocotrienols were transported in triacylglycerol-rich fractions after administration of
tocotrienol-rich fraction (TRF) at 1011 mg in healthy subjects, and tocotrienols were found in significant
amounts in the plasma and lipoproteins [75]. This study [75], as well as other studies [77–79], indicate
that high TRF doses from 200 to 3200 mg/d are safe for healthy human consumption. However, it was
also mentioned in a review by Ju et al. [80] that the therapeutic efficacy of tocotrienols depends on
dose, formulation, route of administration, and study population. Several studies [81–84] investigated
the changes in lipid profile at different doses of tocotrienols.

In spite of all these studies, the dose dependent effect of TRF on the lipid profile is still inconclusive,
and further studies are needed to identify the factors responsible for this disparity. For example, it was
reported that reduced DNA damage was observed in people over the age of 50 years who were
given tocotrienols [85]. This was supported by a later study by Chen et al. [86] who compared the
absorption of tocotrienols in different age groups of subjects who were given TRF supplementations
for six months. They observed that the plasma tocotrienol levels increased significantly in participants
aged over 50 years but not in younger people between the ages of 35–49 years. In contrast to these
studies, a study by Heng et al. [87] reported higher plasma concentrations of tocotrienols in younger
people 30–34 years old, compared to people 50–54 years old after receiving TRF supplementations
for six months. In study by Qureshi et al. [77], TRF doses at 125 mg/d, 250 mg/d, and 500 mg/d
were given orally to healthy fed subjects (n = 11/dose), and dose-dependent increases in AUC and
Cmax were found. In a later study by Qureshi et al. [78], the safety and bioavailability of higher oral
doses of 750 mg/d and 1000 mg/d of annatto-based tocotrienols in healthy fed subjects (n = 3/dose)
were analyzed. This study showed a dose-dependent increase in plasma concentration (ng/mL) and
plasma tmax of 3.33 and 4 h; elimination half-lives of 2.74 and 2.68 h for δ-tocotrienol. Similar results
were reported for all other tocols, except for α-tocopherol. It was reported that a dose of δ-tocotrienol
lower than 500 mg/d decreased the levels of serum total cholesterol, LDL-cholesterol, and triglycerides
in a dose-dependent manner, but a higher dose of 750 mg/d increased the levels of these lipid
parameters, compared to 250 mg/d [88]. Studies suggest that δ-tocotrienol has the unique dual
biological property of inhibition (anti-inflammatory) and activation (pro-inflammatory), depending on
its concentration [78,79,88–90]. The bioavailability of a mixture of α-tocotrienol, GT3, and DT3 was
studied after administering a 300 mg capsule to fasted and fed healthy subjects (n = 8) and found the
plasma tmax to be between 3 and 5 h for both fasted and fed subjects [57]. In another study, plasma tmax
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after administering two 300 mg/capsules of a mixture of γ-tocotrienol and δ-tocotrienol was found to
be 5.64 ± 1.50 h and 4.73 ± 0.90 h, respectively [91]. When a dose of 450 mg of a rich fraction of barley
oil versus a rich fraction of palm oil was administered to healthy subjects (n = 7), the area under the
curve (0–24 h) of total (α-, β-, γ-, δ-) tocotrienols was significantly (2.6-fold) higher in the barley oil
than in the palm oil [92].

A study by Abuasal et al. [93] compared the intestinal absorption kinetics and the bioavailability
of GT3 and AT administered to rats. The oral bioavailability of AT (36%) was significantly higher than
GT3 (9%), and AT showed higher intestinal permeability than GT3. These results indicate that the
intestinal permeability could be a contributing factor for the higher bioavailability of α-tocopherol
and suggests that enhancing the permeability of γ-tocotrienol would increase its oral bioavailability.
There are findings suggesting that increasing the permeability of GT3 via new approaches, like solid
lipid nanoparticles, leads to an increase in its bioavailability [94]. It was reported that co-administration
of tocotrienols with lipids causes a delay in the rate of gastric emptying and this leads to an increase in
tocotrienol’s solubility by stimulating the secretion of bile salts and phospholipids into the GI tract and
therefore increasing the absorption and bioavailability of tocotrienols [95,96].

A self-emulsifying drug delivery system (SEDDS) has been used to achieve increased
bioavailability of tocotrienols. GT3 dissolved in SEDDS versus commercial Tocovid was studied in vitro
and in vivo in rats [97]. There was a 2-fold increase in the solubilization, higher cellular uptake in vitro,
and a 2-fold increase in oral bioavailability for the SEDDS formulation [97]. Alqahtani et al. [98]
also reported the bioavailability of γ and δ tocotrienols, administered to rats as SEDDS compared to
commercially available UNIQUE E® tocotrienol capsules, and the results showed that SEDDS increased
the bioavailability. However, bioavailability showed a progressive decrease with increased treatment
dose due to nonlinear absorption kinetics [98].

Collectively these studies show that tocotrienols respond differently at different doses in different
populations. The major determinant for the limited bioavailability of the tocotrienols could be their
limited binding to the transporter, ATTP, which is responsible for transporting the tocols out of the liver
into the systemic circulation [99]. The key role of ATTP in regulating the pharmacokinetics of vitamin
E has been elegantly demonstrated in several studies [61,99–105]. Previous studies have shown that
there is a good linear relationship between relative affinity of tocols to ATTP and their biological
activity [106]. These studies also demonstrate the need to conduct more randomized controlled trials
with large sample sizes to better understand the bioavailability mechanisms and the therapeutic
window of tocotrienols. Thus, it is highly desirable to develop a new vitamin E analog with an
increased half-life and improved pharmacokinetic properties. This can be achieved by increasing
the affinity of the analogs to ATTP, which may be responsible for maintaining the plasma levels of
these compounds and also by increasing their permeability. Multiple studies [25,63,66] have recently
reported the development of such analogs, the tocoflexols (Figure 3). The tocoflexols were designed,
using computer aided techniques, to behave like tocopherols in terms of their bioavailability and like
tocotrienols in terms of their biological activity. To that effect, tocoflexol has been shown to have an
antioxidant activity and rate of cell uptake on a par with DT3 and GT3, but it has a greater ability to
bind to ATTP than the tocotrienols and thus has the potential for improved bioavailability.

Figure 3. Chemical structure of δ-tocoflexol.
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5. Conclusions and Future Directions

Given the increasing use of radioactive materials in healthcare as well as the number of nuclear
reactors and the amplified nuclear terrorism risk, development of effective radioprotectors and
radiomitigators that can be deployed immediately is the key to have a successful contingency strategy
in case of unwanted/unexpected radiation exposures. Multiple studies have reported the mechanisms
by which tocols exert their radioprotection. It has been suggested that tocols’ mechanism of protection
from radiation-induced hematopoietic death involves cytokines and chemokines [8]. The importance
of G-CSF induction on the mechanism of radioprotection of tocotrienols was demonstrated when the
protective effects of GT3 were abrogated in irradiated mice treated with G-CSF antibodies [9,40,48].
It has also been shown that tocols reduce post-irradiation GI syndrome by decreasing IL-1β and
IL-6 [107]. Some studies have shown that tocotrienols have a greater radioprotective effect than
tocopherols because of their ability to inhibit HMG-CoA reductase [55]. The radioprotective effects of
GT3 depend not only on its antioxidant properties but also on its ability to concentrate in endothelial
cells [51]. A study by Loose et al. [47] investigated the gene expression profile in human epithelial cells
after treatment with GT3, γ-tocopherol (GT), and AT for 24 h. GT3 was found to be more effective in
modulating changes in gene expression than GT and AT, when a genome wide analysis was performed.
Several genes were affected, including those responsible for cell cycle, cell proliferation, cell death,
hematopoiesis, angiogenesis, and DNA damage. The poor bioavailability of the tocotrienols is a major
limiting factor for their clinical use as radioprotectants and radiomitigators [66]. In this regard, the
development of the tocoflexols represents a promising approach [25].

Low doses of ionizing radiation in medical treatments and occupational exposure results in high
risk for cardiovascular diseases [108]. Long distance space missions are associated with exposure
to galactic cosmic rays and solar particle events that can increase the risk for cataract, cancers, and
cardiovascular diseases [109–111]. Because of their effectiveness and low toxicity, the tocols may
prove to be effective to protect against low-dose radiation, but further research is required to establish
their potential.
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Abstract: The relationship between α-tocopherol, a known antioxidant, and polyunsaturated
fatty acid (PUFA) oxidation, has not been directly investigated in the primate brain. This study
characterized the membrane distribution of α-tocopherol in brain regions and investigated the
association between membrane α-tocopherol and PUFA content, as well as brain PUFA oxidation
products. Nuclear, myelin, mitochondrial, and neuronal membranes were isolated using a density
gradient from the prefrontal cortex (PFC), cerebellum (CER), striatum (ST), and hippocampus (HC)
of adult rhesus monkeys (n = 9), fed a stock diet containing vitamin E (α-, γ-tocopherol intake:
~0.7 μmol/kg body weight/day, ~5 μmol/kg body weight/day, respectively). α-tocopherol, PUFAs,
and PUFA oxidation products were measured using high performance liquid chromatography
(HPLC), gas chromatography (GC) and liquid chromatography-gas chromatography/mass
spectrometry (LC-GC/MS) respectively. α-Tocopherol (ng/mg protein) was highest in nuclear
membranes (p < 0.05) for all regions except HC. In PFC and ST, arachidonic acid (AA, μg/mg
protein) had a similar membrane distribution to α-tocopherol. Total α-tocopherol concentrations were
inversely associated with AA oxidation products (isoprostanes) (p < 0.05), but not docosahexaenoic
acid oxidation products (neuroprostanes). This study reports novel data on α-tocopherol
accumulation in primate brain regions and membranes and provides evidence that α-tocopherol
and AA are similarly distributed in PFC and ST membranes, which may reflect a protective effect of
α-tocopherol against AA oxidation.

Keywords: α-tocopherol; brain; membranes; arachidonic acid; isoprostanes; rhesus monkey

1. Introduction

Vitamin E is an essential, fat-soluble nutrient, obtained from nuts, oils, and green leafy
vegetables [1]. Vitamin E has eight structural isomers: 4 (α-, β-, γ- and δ-)tocopherols and 4 (α-, β-, γ-
and δ-)tocotrienols; however, mammals preferentially take up and use α-tocopherol [2,3]. α-Tocopherol
is crucial for proper brain function, and deficiency can result in a number of neurologic symptoms,
such as ataxia, peripheral neuropathy, myopathy, and retinopathy, which can be reversed with
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supplementation [1]. Although deficiency is rare, there is considerable evidence linking lower
α-tocopherol intake levels with cognitive decline and neurodegenerative disease. Epidemiological
studies have reported that lower tocopherol intake is associated with poorer cognitive function,
compared to individuals with higher intakes [4], and reduced levels of α-tocopherol in plasma [5,6]
and cerebrospinal fluid [7,8] have been reported in patients with mild cognitive impairment and
Alzheimer’s Disease (AD), the most common form of dementia. Post-mortem brain concentrations of
α-tocopherol have also been shown to be positively related to cognitive test scores in a centenarian
population [6].

The brain is one of the most metabolically active organs in the body, which causes the production
of reactive oxygen species (ROS). As a result, it is highly susceptible to ROS attacks on lipid,
protein, and DNA [9]. This susceptibility is accentuated by the high concentrations of polyunsaturated
fatty acids (PUFA) found in brain cell membranes. Enhanced oxidative stress is thought to contribute
to the pathogenesis of cognitive impairment and dementia [10]. α-Tocopherol’s function as a lipid
antioxidant may underlie its association with cognition. Therefore, it is possible that α-tocopherol
maintains the integrity of cell membranes through inhibiting oxidation of PUFAs [11], particularly
arachidonic acid (AA) and docosahexaenoic acid (DHA), the two major PUFAs found in the brain [12],
and thereby combats the cell damage and neurodegeneration underlying cognitive impairment.
In addition, emerging evidence indicates this vitamin may also possess non-antioxidant functions,
including the regulation of gene expression [13,14]. In vitro and ex vivo studies have reported that
treatment with α-tocopherol can down-regulate the expression of pro-inflammatory genes [15,16] and
modulate the expression of several cell signaling and cell cycle genes [15–18]. Thus, the mechanism of
action underlying the inverse association between α-tocopherol and cognitive impairment/dementia
in humans is of considerable interest.

It is well established that α-tocopherol accumulates within membranes [19], and its subcellular
distribution has been investigated in rat brains [20,21]. However, its distribution among different
types of membranes and its direct association with membrane PUFA content and brain PUFA
oxidation products have not been determined in primates. Determining the subcellular localization
of α-tocopherol in brain tissue may provide insight into understanding its potential function(s).
The objective of the present study was to determine the distribution of α-tocopherol in membranes from
different brain regions and to characterize the relationship between membrane-specific α-tocopherol,
membrane PUFA content, and brain PUFA oxidation products (isoprostanes [IsoP] and neuroprostanes
[NP]) in primates. This study was performed in rhesus monkeys because they are a well-accepted
model for human brain physiology [22].

2. Materials and Methods

2.1. Animals and Diet

Rhesus monkey (Macaca mulatta) brains, analyzed in the present study, were from a subgroup
of a larger parent study sample, which investigated the effect of lutein supplementation on lutein
accumulation in brain regions and membranes of primates [23]. Our study samples included serum
and brain tissue from 6 female and 3 male adult monkeys (mean age: 11.7 ± 3.3 years; mean body
weight: 7.87 ± 2.24 kg) that were obtained through the Oregon National Primate Research Center
(ONPRC) (Beaverton, Oregon) Tissue Distribution Program; animals were not euthanized specifically
for this study, but were euthanized for other projects or for veterinary reasons. All animals had
consumed a standard stock diet (Monkey Diet Jumbo 5037, Lab Diet, St. Louis, MO, USA) at least twice
a day, along with daily supplements of a variety of fruits and vegetables. The stock diet was measured
for vitamin E (α- and γ-tocopherol), using previously reported methods [24]. The n-6 PUFA content of
the diet was predominantly linoleic acid (1.7% of ration), with less than 0.01% of each ration being
arachidonic acid (AA). The n-3 PUFA content was 0.13% of ration, mainly contributed by linolenic acid
(0.10% of ration), but also containing DHA (~0.01% of ration). Our previous study [23] also included
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tissue from 4 monkeys receiving lutein supplementation, but these animals were not included in the
current study, due to potential confounding effects on measures of oxidation.

The study was in compliance with all institutional and federal regulations on the use of laboratory
animals as well as the Guide for the Care and Use of Laboratory Animals [25]. Procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of Oregon Health and
Science University (Protocol IS00003766). Professional care was provided by the ONPRC Division
of Comparative Medicine and all animals were observed at least twice a day by trained veterinary
technicians. In addition to rotating dietary supplements of fruits and vegetables, animals were
provided with environmental enrichments, including a changing variety of toys. Euthanasia was
conducted by a veterinary pathologist; animals were sedated with ketamine, and then deeply
anesthetized with sodium pentobarbital, according to the Guidelines of the American Veterinary
Medical Association. IACUC approval from Tufts University was also obtained for biological sample
receipt, storage, and analysis.

2.2. Serum and Brain Collection

Fasting blood was drawn from the saphenous vein at the time of euthanasia. Because the monkeys
were not euthanized exclusively for this study, blood samples were not collected in every case but
were available for 7 out of 9 animals. Blood was processed for serum (1000× g, 10 min, 4 ◦C) and then
stored at −80 ◦C prior to analysis.

Brains were removed immediately after euthanasia and the prefrontal cortex (PFC), cerebellum
(CER), striatum (ST), and hippocampus (HC) were dissected from the right and left hemispheres.
The regions consisted of both gray and white matter but excluded major white matter tracts.
The dissected regions were immediately placed on dry ice and then stored at −80 ◦C. The right
and left hemispheres of each region were pooled, pulverized in liquid nitrogen, aliquoted, and stored
at −80 ◦C.

2.3. Preparation of Brain Membranes

Nuclear, myelin, mitochondrial, and neuronal plasma membranes were isolated from the
PFC, CER, ST, and HC, using differential centrifugation with a Ficoll density gradient [26,27].
Pulverized brain samples were homogenized in aqueous buffer (10 mM hydroxyethyl
piperazineethanesulfonic acid (HEPES), 0.25 mM ethylenediaminetetraacetic acid EDTA, 0.32 M
sucrose, pH 7.2), containing protease inhibitors (cOmpleteTM protease inhibitor cocktail, Roche,
Basel, Switzerland). The homogenates were subsequently subjected to low-speed centrifugation
(1000× g, 4 ◦C) to isolate the crude nuclear membrane pellet. The resulting supernatant was removed
to a new tube and the protocol was repeated with the pellet. Supernatant from the second low-speed
centrifugation was combined with the first. The combined supernatants were then centrifuged
(17,000× g, 4 ◦C) to obtain the “crude membrane pellet”, containing myelin, mitochondrial, and
neuronal plasma membranes. The crude membrane pellet was re-homogenized in buffer containing
protease inhibitors but no sucrose (10 mM HEPES, 0.25 mM EDTA, pH 7.2) and was applied to a Ficoll
density gradient (consisting of 14% and 7% Ficoll solutions). The homogenate was then subjected
to high-speed centrifugation (87,000× g, 4 ◦C), to separate myelin, mitochondrial, and neuronal
plasma membranes. All membranes, including the crude nuclear membrane, were purified via
centrifugation at 17,000× g, 4 ◦C. Pure membranes were aliquoted and stored at −80 ◦C for tocopherol
and fatty acid analyses. Membrane recovery was 76 ± 1%, as determined by measuring the sum of
α-tocopherol levels in all membranes and supernatants and comparing this to total α-tocopherol in
each brain region.

2.4. α-Tocopherol Extraction from Brain Regions, Membranes, and Serum

The process for the extraction of α- and γ-tocopherol from brain regions and membranes was
adapted from Park et al. [28] and has been previously described in detail [29]. Briefly, after the additions
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of an internal standard (echinenone) and antioxidant (sodium ascorbate), samples were saponified
with 5% sodium hydroxide and α-tocopherol was extracted using hexane. Extracts were then injected
into a reverse-phase HPLC system to separate and quantify α- and γ-tocopherol.

Both α- and γ-tocopherol were extracted and analyzed from serum, using a previously published
Folch method [30]. The lower limit of detection was 2.7 pmol, and the interassay coefficient of variation
(CV) was 4%. Concentrations are expressed as ng/mg protein.

2.5. Fatty Acid Extraction and Protein Determination in Brain Regions and Membranes

Lipids were extracted overnight from homogenates of brain regions and membranes using a
modified Folch method [31]. Fatty acids were analyzed using an established gas chromatography
method [32]. Peaks of interest were identified by comparison with authentic fatty acid standards
(Nu-Chek Prep, Inc., Elysian, MN, USA) and expressed as μg/mg protein and mole percent (%).
The interassay CV ranged from 0.5 to 4.3% for fatty acids present at levels >5% of total fatty acids
(TFAs), 1.8–10.1% for fatty acids present at levels between 1–5% TFAs, and 9.8–25.1% for fatty acids
present at levels <1% TFAs. For the present analysis, we focused on the content of total PUFA, total n-6,
total n-3, AA, and DHA.

Delipidated brain tissue and membranes from the overnight lipid extraction were digested in 1N
sodium hydroxide for the determination of protein, using the bicinchoninic acid (BCA) assay, as per
the manufacturer’s instructions (Pierce Inc., Rockford, IL, USA). Brain regions and membranes were
digested for 8 and 5 days, respectively.

2.6. PUFA Oxidation Determination in Brain Tissue

Total NP and IsoP, formed from the oxidation of DHA and AA, respectively, were extracted from
the PFC, CER and ST, and quantified using published methods [33,34] with modifications. Due to the
small size of HC, the amount of tissue from this region was insufficient for analysis. Briefly, lipids
were extracted from homogenized brain samples using the Folch method. The lipid extract was then
saponified to release esterified NP and IsoP. Neutral lipids were removed from the resulting mixture,
using hexane, and samples were acidified to pH 3 to protonate NP and IsoP carboxylic acid groups.
An internal standard, [2H4] 15-F2t-IsoP (Cayman Chemicals, Ann Arbor, MI, USA), was added prior
to extraction with ethyl acetate. NP and IsoP were then derivatized to form pentafluorobenzyl (PFB)
esters and subjected to HPLC (Agilent 1050, Santa Clara, CA, USA), using the method described by
Walter et al. [33]. NP and IsoP fractions were collected, converted to trimethylsilyl ether derivatives,
and quantified using GC/MS [33]. Selective ion monitoring was used for analysis at m/z 593 for NP,
m/z 569 for IsoP and m/z 573 for the internal standard, [2H4] 15-F2t-IsoP. The inter-assay CV was 10%.

2.7. Statistical Analysis

α- and γ-tocopherol and fatty acid data are expressed as mean ± standard deviation. A one-way
analysis of variance (ANOVA) with Tukey’s honest significant difference (HSD) was performed to
determine differences in tocopherol concentrations across brain regions. Due to significant differences
in brain region tocopherol concentrations (p < 0.05), membrane data from each region was analyzed
separately. A one-way ANOVA with Tukey’s HSD was performed for α- and γ-tocopherol as well
as PUFAs (total, n-6, n-3, AA, and DHA), to determine their membrane distributions within each
region. Pearson correlations were performed to determine whether region and membrane-specific
α-tocopherol, membrane PUFAs, and brain region PUFA oxidation products were related, adjusting
for age. We considered r = 0.30–0.49 to be a weak correlation, r = 0.50–0.69, a moderate correlation and
r = 0.70–0.99 a strong correlation [35]. All analyses were performed using Statistical Analysis Software,
SAS 9.4, with significance set at the 0.05 level.
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3. Results

3.1. Tocopherol Concentrations in Rhesus Monkey Stock Diet and Serum

Tocopherol concentrations in the monkey diet and serum are presented in Table 1. In the
stock diet, γ-tocopherol concentrations were ~7.5 times greater than the α-tocopherol content.
The average amount of α-tocopherol consumed from the stock diet was ~2 mg/day or 0.70 μmol/kg
body weight, while average γ-tocopherol intakes were ~16 mg/day or 5.3 μmol/kg body
weight. Conversely, concentrations of α-tocopherol in serum were ~8 times greater than
γ-tocopherol concentrations.

Table 1. Tocopherol Concentrations (mean ± SD) in Monkey Stock Diet * and Serum (n = 7).

α-Tocopherol γ-Tocopherol

Stock Diet (μmol/kg) 23 ± 1.2 171 ± 34
Serum (μmol/L) 20.8 ± 8.3 2.5 ± 0.6

* Sample run in triplicate.

3.2. Distribution of α-Tocopherol in Brain Regions and Membranes of Adult Rhesus Monkeys

The α-tocopherol contents in the PFC, CER, ST, and HC of rhesus monkeys are presented in
Figure 1. Concentrations of α-tocopherol were significantly lower in the PFC, CER and ST than
in HC (p = 0.02), and also significantly lower in the CER than in the ST (p < 0.05). α-Tocopherol
concentrations did not significantly differ between the ST and PFC. Concentrations of γ-tocopherol
in the HC were significantly greater than in all other regions (p < 0.05, Figure S1). As in serum,
α-tocopherol concentrations were 7–10 times greater than γ-tocopherol concentrations in the brain
regions (Figure S2).

Figure 1. α-Tocopherol concentrations (ng/mg protein, mean ± SD) in different regions of the brain
from adult rhesus macaques (n = 9). Asterisks indicate significant differences between brain regions
according to one-way analysis of variance (ANOVA) followed by Tukey’s honest significance difference
(HSD) test; * p < 0.05, ** p < 0.01, *** p < 0.001.

Membrane concentrations of α-tocopherol in the PFC, CER, ST, and HC of rhesus monkeys are
presented in Figure 2A–D. The distribution of α-tocopherol among membrane types differed in a
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region-specific manner. In the PFC, α-tocopherol concentrations were significantly greater in nuclear
membranes than in mitochondrial membranes (p < 0.05). In the CER, α-tocopherol concentrations
were significantly greater in nuclear membranes than in all other membranes, and significantly
greater in myelin than in mitochondrial membranes (p < 0.05). In the ST, α-tocopherol was again
significantly greater in nuclear membranes than in all other membrane types (p < 0.05). In the HC,
however, there were no significant differences in α-tocopherol concentrations across membrane types.
Membrane concentrations of γ-tocopherol in brain regions were considerably lower than α-tocopherol
(Figure S3A–D), and there were no significant differences among membrane types in the PFC and
HC. However, in the CER and ST, γ-tocopherol concentrations were significantly greater in nuclear
membranes than in all other membrane types (p ≤ 0.02).

Figure 2. Membrane α-tocopherol concentrations (ng/mg protein, mean ± SD) in the (A) prefrontal
cortex; (B) cerebellum; (C) striatum; and (D) hippocampus of adult rhesus macaques (n = 9).
Asterisks indicate significant differences between brain regions according to one-way analysis of
variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test; * p < 0.05, ** p < 0.01,
*** p < 0.001. Nuclear: nuclear membrane; myelin: myelin membranes; Neuronal: neuronal plasma
membrane; Mito: mitochondrial membranes.

3.3. Distribution of Membrane PUFAs in Different Brain Regions of Adult Rhesus Macaques

Membrane concentrations of total PUFA, n-6, n-3, AA, and DHA in the PFC, CER, ST, and HC of
rhesus monkeys are presented in Table 2. In the PFC and ST, AA and total n-6 PUFA concentrations
were highest in nuclear membranes, intermediate in myelin and neuronal membranes, and lowest in
mitochondrial membranes (p < 0.05). However, in the CER, AA was similar among all membranes,
except mitochondrial membranes, where concentrations were lower than in all other membrane
fractions. In the HC, mean values were highest in myelin and nuclear membranes, followed by
neuronal and mitochondrial membranes (p < 0.05).
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Table 2. Membrane polyunsaturated fatty acid concentration (μg/mg protein, mean ± SD) in the
prefrontal cortex, cerebellum, striatum, and hippocampus of adult rhesus macaques (n = 9).

Region Nuclear Myelin Neuronal Mitochondrial

Prefrontal
Cortex

Arachidonic Acid 123.5 ± 30.0 a 99.3 ± 30.5 b 96.44 ± 20.0 b 28.0 ± 16.3 c

PUFA n-6 291.7 ± 77.5 a 204.9 ± 48.9 b 201.6 ± 63.5 b 49.2 ± 27.6 c

Docosahexaenoic acid 151.9 ± 37.2 a 180.6 ± 48.9 a 175.8 ± 54.8 a 35.3 ± 19.2 b

PUFA n-3 164.2 ± 44.6 a 187.6 ± 51.7 a 182.9 ± 56.8 a 36.2 ± 19.8 b

Total PUFA 455.9 ± 120.6 a 392.4 ± 99.9 a 384.5 ± 120.1 a 85.4 ± 47.1 b

Cerebellum

Arachidonic Acid 91.4 ± 19.1 a 84.4 ± 32.8 a 95.9 ± 20.4 a 15.1 ± 5.8 b

PUFAn-6 213.0 ± 40.2 a 166.1 ± 59.3 b 187.6 ± 38.0 a,b 30.3 ± 11.4 c

Docosahexaenoic acid 136.0 ± 26.5 a 178.2 ± 59.9 b 199.8 ± 39.7 b 27.8 ± 10.2 c

PUFA n-3 148.8 ± 30.0 a 185.9 ± 63.3 b 207.3 ± 40.9 b 28.7 ± 10.5 c

Total PUFA 361.8 ± 69.4 a 352.0 ± 121.4 a 394.9 ± 76.7 a 59.0 ± 21.9 b

Striatum

Arachidonic Acid 221.5 ± 65.4 a 156.2 ± 20.5 b 143.9 ± 26.5 b 30.5 ± 13.3 c

PUFA n-6 525.2 ± 177.7 a 315.5 ± 46.4 b 289.0 ± 47.6 b 52.9 ± 22.1 c

Docosahexaenoic acid 196.9 ± 36.1 a 257.7 ± 35.0 b 201.0 ± 37.2 a 37.3 ± 17.4 c

PUFA n-3 224.0 ± 43.9 a 268.7 ± 36.7 b 211.7 ± 38.5 a 38.4 ± 17.8 c

Total PUFA 749.2 ± 217.5 a 584.2 ± 81.6 b 500.7 ± 85.1 c 91.4 ± 39.6 d

Hippocampus

Arachidonic Acid 208.0 ± 54.6 a,b 247.1 ± 119.7 a 170.6 ± 50.4 b 21.6 ± 6.6 c

PUFA n-6 452.0 ± 126.0 a 519.7 ± 226.7 a 340.0 ± 104.9 b 37.0 ± 10.9 c

Docosahexaenoic acid 144.2 ± 40.9 a 325.2 ± 118.7 b 201.5 ± 63.4 c 16.7 ± 5.5 d

PUFA n-3 191.6 ± 54.2 a 347.7 ± 127.5 b 219.4 ± 69.7 a 18.2 ± 5.5 c

Total PUFA 643.6 ± 177.5 a,b 867.5 ± 351.2 a 559.5 ± 173.8 b 55.2 ± 16.1 c

Means with different superscripts (a, b, c, d) in each row are significantly different, according to one-way analysis of
variance (ANOVA) followed by Tukey’s honest significance difference (HSD) test (p < 0.05). PUFA: polyunsaturated
fatty acids.

In the PFC, DHA, n-3 PUFAs, and the total PUFA concentration were lowest in mitochondrial
membranes (p < 0.05), but did not differ in the other membranes. In the CER, DHA and n-3 PUFAs
were highest in neuronal membranes and myelin, followed by nuclear membranes, and lowest in
mitochondrial membranes (p < 0.05). In this region, the total PUFA content was lowest in mitochondrial
membranes compared to the other membranes (p < 0.05). In both the ST and HC, PUFA n-3 and DHA
were highest in myelin membranes, intermediate in neuronal and nuclear membranes, and lowest
in mitochondrial membranes (p < 0.05). In the ST, total PUFA concentrations differed across all
membranes (nuclear > myelin > neuronal > mitochondrial, p < 0.05). In the HC, total PUFAs were
highest in myelin, intermediate in neuronal and nuclear membranes, and lowest in mitochondrial
membranes (p < 0.05).

While the absolute concentration of fatty acids provides a measurement of the amount of each
fatty acid, independent of other fatty acids, mole % data measures the relative importance of a fatty
acid against the total fatty acid concentration. Thus, the membrane distribution of fatty acids differs,
depending on whether fatty acids are expressed as mole % or μg/mg protein. Membrane fatty acid
profiles among brain regions, expressed as mole %, are reported in the supplementary material
(Tables S1–S4). Briefly, in the PFC, CER and ST, the mole % AA was highest in mitochondrial
membranes, intermediate in neuronal and myelin membranes, and lowest in nuclear membranes
(Tables S1–S3, p < 0.05). In the PFC, DHA was distributed similarly to AA among membranes (Table S1,
p < 0.05). In the CER, the mole % DHA was highest in mitochondrial membranes, followed by neuronal
membranes, followed by myelin membranes, and lowest in nuclear membranes (Table S2, p < 0.05).
In the ST, the mole % DHA was highest in mitochondrial and myelin membranes, intermediate in
neuronal membranes, and lowest in nuclear membranes (Table S3, p < 0.05). In the HC, the mole % AA
was highest in mitochondrial membranes, but did not differ among the other membranes (Table S4,
p < 0.05). The mole % DHA in this region was lowest in nuclear membranes but did not differ among
other membrane types (p < 0.05).
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3.4. Relationship between Membrane α-Tocopherol and PUFA Concentrations in Brain Regions

The association between the membrane-specific α-tocopherol and PUFA concentrations in the PFC,
CER, ST, and HC is presented in Table 3. In all regions, except the HC, α-tocopherol concentrations
were positively associated with all PUFA concentrations—including AA, DHA, n-6 and n-3 PUFA and
total PUFA—in nuclear membranes (p < 0.05), with the single exception of DHA in the CER. No other
significant associations were observed in the CER. In the PFC, α-tocopherol concentrations were also
associated with all PUFAs in neuronal plasma membranes (p < 0.05). In the ST, α-tocopherol was
significantly associated with all PUFAs in all membrane types (p < 0.05). In the HC, α-tocopherol was
associated with all PUFAs in myelin, but only DHA and total PUFA n–3 in mitochondrial membranes
(p < 0.05). No significant associations were observed in nuclear and neuronal plasma membranes from
this region.

Table 3. Partial correlations between membrane α-tocopherol (ng/mg protein) and PUFA
concentrations (μg/mg protein) from different brain regions of rhesus macaques (n = 9).

Region Nuclear Myelin Neuronal Mitochondrial

Prefrontal
Cortex

Arachidonic acid 0.68 ** 0.69 ** 0.78 ** –
PUFA n-6 0.70 ** 0.61 0.82 ** –

Docosahexaenoic acid 0.70 ** 0.55 0.94 *** –
PUFA n-3 0.71 ** 0.54 0.94 *** –

Total PUFA 0.71 ** 0.58 0.91 *** –

Cerebellum

Arachidonic acid 0.78 ** 0.43 0.52 0.53
PUFA n-6 0.85 *** 0.47 0.58 0.57

Docosahexaenoic acid 0.61 0.40 0.63 0.56
PUFA n-3 0.70 ** 0.41 0.62 0.56

Total PUFA 0.76 ** 0.44 0.60 0.57

Striatum

Arachidonic acid 0.89 *** 0.81 ** 0.86 *** 0.80 **
PUFA n-6 0.81 ** 0.76 ** 0.84 *** 0.75 **

Docosahexaenoic acid 0.89 *** 0.81 ** 0.80 ** 0.80 **
PUFA n-3 0.91 *** 0.80 ** 0.79 ** 0.79 **

Total PUFA 0.85 *** 0.79 ** 0.83 ** 0.77 **

Hippocampus

Arachidonic acid 0.60 0.71 ** 0.48 0.61
PUFA n-6 0.64 0.79 ** 0.50 0.58

Docosahexaenoic acid 0.61 0.70 ** 0.57 0.79 **
PUFA n-3 0.67 0.70 ** 0.56 0.77 **

Total PUFA 0.66 0.76 ** 0.53 0.66

Values are partial correlation coefficients (r values) adjusted for age; ** p < 0.05, *** p < 0.01. –: r values below 0.40
are not shown.

3.5. Relationship between Membrane α-Tocopherol and PUFA Oxidation Products in Brain Regions

Concentrations of DHA oxidation products (NP) and AA oxidation products (IsoP) among the
PFC, CER, and ST are presented in Figure 3. NP and IsoP were significantly lower in the CER
compared to both the PFC and ST (p < 0.01). The ratio of IsoP/NP was also significantly lower in the
CER, compared to the other two regions (p < 0.05). NP, IsoP, and the ratio of IsoP/NP did not differ
between the PFC and ST.

The cross-sectional relationship between region and membrane-specific α-tocopherol
concentrations and brain PUFA oxidation products in the PFC, CER, and ST is presented in
Table 4. NP concentrations (pg/μg DHA), measured in whole tissue, were not significantly
associated with α-tocopherol concentrations (ng/μg DHA) in any membrane type or brain region.
Similarly, IsoP concentrations (pg/μg AA) were not associated with α-tocopherol (ng/μg AA) in
any individual membrane type. However, AA oxidation products were inversely associated with
concentrations of α-tocopherol in whole tissue, in both the PFC and ST (p < 0.05). PUFA oxidation
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products were not associated with γ-tocopherol concentrations in any membrane or region
(data not shown).

Figure 3. Neuroprostane (NP) and isoprostane (IsoP) concentrations (ng/mg protein) in the prefrontal
cortex (PFC), cerebellum (CER), and striatum (ST) of adult rhesus macaques (n = 9). Asterisks indicate
significant differences between brain regions according to one-way ANOVA followed by Tukey’s HSD
test; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 4. Partial correlations between membrane α-tocopherol and neuroprostanes and isoprostanes
from different brain regions of rhesus macaques (n = 9).

Total Nuclear Myelin Neuronal Mitochondrial

Neuroprostanes

Prefrontal Cortex −0.66 * – – – –
Cerebellum – – – – –

Striatum −0.43 −0.62 * – – –

Isoprostanes

Prefrontal Cortex −0.74 ** −0.47 – – –
Cerebellum – −0.66 * – – −0.61 *

Striatum −0.73 ** – −0.64 * -0.50 –

Values are partial correlation coefficients (r values) adjusted for age; ** p < 0.05, * p < 0.1. –: r values below 0.40 are
not shown.

4. Discussion

This study is the first to report the distribution of α-tocopherol and γ-tocopherol in multiple
subcellular membrane types (nuclear, myelin, neuronal, and mitochondrial) for multiple brain
regions in the primate brain. We also directly investigated the relationship between membrane
α-tocopherol concentration and both membrane PUFA content and brain PUFA oxidation. We report
that α-tocopherol was differentially distributed among the membranes, with the highest concentrations
found in nuclear membranes for all regions tested, except the HC. In the PFC and ST, AA and total n-6
PUFA distribution among membrane types were similar to that of α-tocopherol, and total α-tocopherol
concentrations in these regions were inversely related to AA oxidation products.

4.1. α-Tocopherol Distribution in Brain Regions of Adult Rhesus Monkeys

Although no other studies have reported on the concentration of α-tocopherol in monkey brain
regions, our results are similar to α-tocopherol concentrations reported in different regions of the adult
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human brain [6,36], but slightly greater than those reported for human infants [37] and rats [20]. In the
current study, the CER had the lowest α-tocopherol concentrations among the brain regions analyzed.
This is consistent with previous findings in brain tissue from human adults and centenarians [6,36] as
well as rats [20]. In the rat brain, researchers have also observed that the uptake of α-tocopherol is
greatest in the CER, despite this region having the lowest steady-state amounts of α-tocopherol,
suggesting a more rapid turnover of α-tocopherol in the CER, compared to other regions [20].
Alternatively, this observation in primates may be due to differences in α-tocopherol transfer
protein (α-TTP) and/or tocopherol-associated protein (TAP) expression among brain regions [38,39].
In human infants, there were no differences in α-tocopherol concentrations across brain regions
tested [37], suggesting that α-tocopherol distribution in the brain might differ across the lifespan.
However, that study did not analyze the CER. Future studies investigating the mechanisms underlying
the differential distribution of α-tocopherol across the brain tissue of adult primates are warranted.

Our detection of γ-tocopherol at significantly lower concentrations than α-tocopherol is also
consistent with findings from studies in human brain tissue [36,37], but differs from rodent studies,
in which only α-tocopherol has been detected [20,40]. The distribution pattern of γ-tocopherol among
brain regions and membrane fractions was similar to that of α-tocopherol, indicating that tocopherol
delivery to brain regions may depend on both serum levels and brain region-specific factors.

4.2. Accumulation of α-Tocopherol in Brain Membranes of Adult Rhesus Monkeys

The distribution of α-tocopherol among membrane types differed in a region-specific manner.
However, α-tocopherol concentrations were generally greater in nuclear membranes, compared to
other membranes, in each region, except for the HC. The enrichment of α-tocopherol in nuclear
membranes suggests that α-tocopherol may play a role in nuclear-associated functions in the
brain. This role may be particularly important in the ST and CER, where preferential accumulation
of α-tocopherol in the nuclear membrane was most apparent. Accumulating evidence from a
number of in vitro and ex vivo studies indicates that α-tocopherol can modulate the expression
of cell signaling, cell cycle regulation, and pro-inflammatory genes [15–18,41]. In mice and
rats, dietary and supplemental α-tocopherol or the combination of α- and γ-tocopherol has been
shown to modulate the expression of genes involved in apoptosis, lipid biosynthesis, adenosine
triphosphate (ATP) biosynthesis, and immune/inflammatory responses in the aging brain [42,43].
Additionally, the expression of genes encoding synaptic proteins, protein kinase C family members,
and myelin proteins were decreased in transgenic mice deficient in α-TTP [44]. These results may
have important implications for the potential role of α-tocopherol in protecting against cognitive
impairment and dementia, given that microarray studies have demonstrated that dysregulation of
genes involved in inflammation, synaptic signaling, and neuronal apoptosis alter brain cell function
and contribute to the pathogenesis of these conditions [45–47]. Future studies investigating the effect
of α-tocopherol enrichment in nuclear membranes and changes in gene expression in the primate brain
are needed to gain a better understanding of why α-tocopherol may accumulate in this membrane.

Membrane α-tocopherol and PUFA concentrations were found to be positively associated with
one another, particularly in the PFC and ST, and to a lesser extent in the CER and HC. This finding is
consistent with previous studies, which demonstrated that α-tocopherol accumulates in PUFA-rich
membrane domains [48,49]. No significant relationship was observed between α-tocopherol and
brain PUFA oxidation products in individual membrane fractions. However, concentrations of
both DHA and AA oxidation products (as measured by NP and IsoP, respectively), as well as the
relative amount of AA oxidation products to DHA oxidation products (IsoP/NP ratio) were lower
in the CER compared to other brain regions, similar to α-tocopherol. Additionally, α-tocopherol
concentrations in whole tissue were inversely associated with AA oxidation products (IsoP) in both
the PFC and ST. These are the only two brain regions where concentrations of both α-tocopherol
and AA were highest in nuclear membranes, intermediate in myelin and neuronal membranes,
and lowest in mitochondrial membranes. In contrast, α-tocopherol concentrations were not
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correlated with DHA oxidation products, as measured by NP levels. These results suggest that
(1) α-tocopherol may accumulate in regions with higher PUFA oxidation, particularly AA oxidation
relative to DHA oxidation; and (2) α-tocopherol concentrations within these regions of relative
higher accumulation may be associated with lower AA oxidation. This is consistent with previous
rodent studies, which demonstrated that supplementation with α-tocopherol is more effective at
decreasing AA oxidation than DHA oxidation [50,51]. Taken together, our findings indicate that,
although α-tocopherol accumulates in membranes, rich in both n-6 and n-3 PUFAs, it may be
associated with preferentially protecting AA from oxidative damage. Our observation that only
concentrations of α-tocopherol in whole tissue were associated with AA oxidation suggests that
the free-radical scavenging function of this nutrient may not be specific to a particular membrane
type. Therefore, the contribution of total α-tocopherol concentrations within regions may have the
strongest relationship to total AA oxidation in brain regions compared to individual membranes.
However, only whole tissue concentrations of AA and DHA oxidation products were determined
in these studies as it is currently not feasible to measure membrane-specific concentrations, due to
limitations in methodology. Therefore, the relationship between α-tocopherol and PUFA oxidation
products within each membrane type remains unknown. Our α-tocopherol result differs from our
previous findings that membrane-specific concentrations of the antioxidant, lutein, are associated with
total DHA oxidation products, but not total AA oxidation products in rhesus monkey brains [23].
One limitation of both studies is that neither accounts for the potential synergistic effects of other
antioxidants present in the brain and their influence on DHA and AA oxidation. Therefore, future
studies measuring a more comprehensive profile of antioxidants in the brain and their associations
with PUFA oxidation, are needed. Another limitation of this study is the small sample size. Our results
need to be replicated in a larger sample population. However, our study provides an important first
step in characterizing previously unknown relationships between membrane-associated antioxidants
and PUFA oxidation in the primate brain and can guide future investigations into the antioxidant
functions of α- and γ-tocopherol in the brain.

Our findings support an antioxidant-associated function of α-tocopherol towards AA, but we
cannot rule out the possibility that non-antioxidant functions underlie the association between these
two nutrients. Previous studies have demonstrated that α-tocopherol can significantly inhibit the
activity of phospholipase A2 [41,52], which is primarily responsible for cleavage and release of AA
from membrane phospholipids. Therefore, it is possible that the similarity in membrane distribution
between α-tocopherol and AA may reflect not only a role of α-tocopherol in inhibiting AA oxidation,
but also a role in the modulation of AA cleavage and release from membranes. Future studies,
investigating the relationship between membrane α-tocopherol levels and phospholipase A2 activity
in regions of the primate brain, are needed, to better understand the contribution of this potential
mechanism to the overall function of α-tocopherol in the primate brain.

5. Conclusions

In conclusion, we found that dietary α-tocopherol was higher in the HC than in the PFC,
CER or ST in the non-human primate brain. Within membrane types, α-tocopherol showed
preferential accumulation in nuclear membranes compared to other membrane types, except in
the HC. We speculate that this observation may be indicative of a role of α-tocopherol in nuclear
functions in brain cells. Additionally, we observed that α-tocopherol is positively related to PUFA
concentrations in membranes, but only concentrations of AA were distributed similarly to α-tocopherol
among membrane types. Finally, whole tissue, but not membrane, α-tocopherol concentrations were
significantly associated with AA oxidation products, in both the PFC and ST. Thus, correlations between
α-tocopherol and PUFA concentrations may be associated with a protective role of α-tocopherol against
AA oxidation, but may also reflect a role of α-tocopherol in inhibiting AA release from membrane
phospholipids. Collectively, our study provides insight into the accumulation of dietary α-tocopherol
in the primate brain, which may have important implications regarding its functions in this tissue.

145

Bo
ok
s

M
DP
I



Antioxidants 2017, 6, 97

Supplementary Materials: The following are available online at www.mdpi.com/2076-3921/6/4/97/s1,
Figure S1. Mean γ-tocopherol concentrations (ng/mg protein, ±SD) in different regions of the brain from
adult rhesus macaques (n = 9), Figure S2. Mean (±SD) ratio of α-tocopherol/γ-tocopherol in different regions of
the brain from adult rhesus macaques (n = 9). Figure S3. Membrane γ-tocopherol concentrations (ng/mg protein,
mean ± SD) in (A) prefrontal cortex (B) cerebellum (C) striatum (D) hippocampus of adult rhesus macaques
(n = 9), Table S1. Mean (±SD) mole percent fatty acids in prefrontal cortex membranes of adult rhesus macaques
(n = 9), Table S2. Mean (±SD) mole percent fatty acids in cerebellar membranes of adult rhesus macaques (n = 9),
Table S3. Mean (±SD) mole percent fatty acids in striatal membranes of adult rhesus macaques (n = 9), Table S4.
Mean (±SD) mole percent fatty acids in hippocampal membranes of adult rhesus macaques (n = 9).
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