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Vitamin E analogues as anticancer agents:
Lessons from studies with a-tocopheryl succinate
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The new millennium has witnessed considerable decrease in a number of previously fatal pathologies,
largely due to the advancement in molecular medicine and modern approaches to treatment. In spite
of this success, neoplastic disease remains a serious problem due to several reasons. These include an
exceedingly high variability of cancer cells even within the same type of tumour. Cancer cells, albeit
of clonal origin, mutate so that they escape established treatments, resulting in the fatal outcome of
current therapies. Moreover, there are types of cancer, such as mesotheliomas, that cannot be treated
at present. A novel group of clinically interesting anticancer drugs has been a recent focus in the lite-
rature that hold substantial promise as selective anticancer drugs. These compounds, epitomised by o-
tocopheryl succinate, comprise redox-silent analogues of vitamin E that have been shown to suppress
several types of cancer in animal models, including breast, colon and lung cancer as well as mesothe-
liomas and melanomas, while being nontoxic to normal cells and tissues. It is now proven that the
strong anticancer effect of vitamin E analogues stems from their propensity to induce selective apop-
tosis in malignant cells. The results point to the novel group of vitamin E analogues as promising
agents applicable to different types of tumours.
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1 Introduction

Neoplastic disease is a complex pathological situation with
multiple facets and with exceeding promiscuity in terms of
mutations of the relevant genes, necessary for execution of
the antitumour activity of established drugs. The clonal ori-
gin of cancer cells and their constant mutations make effi-
cient treatment of malignancies an unrelenting challenge.
On one hand, some types of cancer are being curbed, on the
other hand, others are on the increase or, even worse,
beyond treatment at this stage. Therefore, new strategies
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and approaches are needed to successfully manage the mul-
titude of neoplasias. These should also encompass one of
the most coveted features of anticancer agents: selectivity
for malignant cells.

We and others have been studying over the last five or so
years a novel group of anticancer agents that befit the above
scenario, i.e. analogues of vitamin E [1-3]. These intri-
guing compounds have been shown to be highly efficient
against a variety of malignancies, including the fatal
mesotheliomas. The most studied member of these drugs,
a-tocopheryl succinate (a-TOS), exerts its pro-apoptotic
activity by triggering a massive apoptogenic response in a
variety of cancer cells of different origin as well as by
arresting the cell cycle and inhibiting proliferation of can-
cer cells by disrupting autocrine signalling pathways. The
agent has also been shown to be highly selective for malig-
nant cells, being largely nontoxic to normal cells and tis-
sues. Thus, 0-TOS and relative compounds may represent
the long sought-after drugs of choice for treatment of multi-
ple malignancies [3].
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This review summarises our current knowledge on the
mechanism of action of vitamin E analogues, epitomised by
0-TOS, in the context of their anticancer activity. The paper
focuses on their structure—function relationship and the
major pathways that they initiate/deregulate, which then
translates into efficient inhibition of cancer. Future perspec-
tives of these intriguing compounds are suggested.

2 Structure-function relationship of vitamin E
analogues as inducers of apoptosis in
malignant cells

Figure 1 shows the major features of the nonapoptogenic a-
tocopherol (a-TOH) and the proapoptotic a-TOS [3]. Moi-
eties III and II are shared in both analogues. The Hydropho-
bic Moiety (11I) is responsible for docking the compounds
in circulating lipoproteins and in biological membranes
while the Signalling Moiety (1) modulates certain signal-
ling pathways, such as the protein phosphate 2/protein
kinase C pathway [4]. The Functional Moiety (1) differs
though: while it comprises the redox-active hydroxyl group
in 0-TOH, it is esterified with a succinyl moiety in case of
a-TOS. In the case of the latter, the succinyl moiety within
Moiety I makes the analogue redox-silent and endows it
with strong apoptogenic activity. It has now been well docu-
mented that a-TOS is highly proapoptotic towards malig-
nant cells. In fact, at least 50 types of cancer cell lines tested
thus far have shown a high level of apoptosis when chal-
lenged with a-TOS [3] except for the osteosarcoma cell line
MG63, in which a-TOS causes cell cycle arrest rather than
inducing apoptosis [5]. Importantly too, a-TOS is largely
nontoxic to normal cells [6] and tissues [7].

The eight members of the VE family (four tocopherols and
four tocotrienols) each possess a free phenol hydroxyl
group in their Functional Moiety. All of these compounds
are potent antioxidants, since they are all able to donate a
neutral hydrogen atom to an oxidant species. However,
majority of these natural vitamin E components are unable
to induce apoptosis. For this reason, most research has been
directed towards structural variations within the Functional
Moiety, with the goal of introducing apoptogenic activity
into these compounds.

Except for y-tocotrienol (y-T3H) and 6-T3H, other mem-
bers of the vitamin E family require a modification of the
hydroxyl group within the Functional Moiety in order to
display apoptogenic activity. Numerous Functional Moiety
analogues of a-TOH have been explored, and a number of
interesting structure-activity relationships have been
demonstrated [8]. The most studied Functional Moiety ana-
logues are tocopheryl monoesters of dicarboxylic acids.
These esters all bear an acidic group (pK, < 6) within this
moiety [9]. Succinylation of any member of the vitamin E
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Figure 1. Basic structural features of a-tocopherol and a-
tocopheryl succinate. Vitamin E analogues, epitomised here
by a-tocopherol and a-tocopheryl succinate, comprise three
major moieties, the Functional Moiety (1), the Signalling Moiety
() and the Hydrophobic Moiety (Ill).

family of compounds makes them apoptogenic. In the case
of v-T3H, which itself already displays proapoptotic activ-
ity, the succinate monoester has even greater activity than
the parent compound. The size and nature of the ester sub-
stituent also has significant bearing on the observed activ-
ity. Both a-TOS and a-tocopheryl maleate (a-TOM) display
significant apoptogenic activity. However, this level of
activity falls off for the glutarate analogue, and is virtually
nondetectable for 2,2-dimethyl- and 3,3-dimethylglutaryl
monoesters. Decreased water solubility or ampiphilicity
may contribute to the observed trend. Very potent apopto-
genic activity is seen for the maleyl monoesters, with a-
TOM displaying nearly 20-fold greater potency than a-TOS
[8]. Even greater apoptotic efficacy has been observed for
the isomer of a-TOM, a-tocopheryl fumarate (a-TOF)
(Neuzil et al., unpublished results). The reduced conforma-
tional flexibility within dihydrosuccinate esters may contri-
bute to this enhanced activity, but it is not known whether
that is the predominant factor. It is possible that the super-
iority of o-TOF over a-TOM is due to the lower dipole
moment of the former, since it will be buried deeper in the
lipidic membrane, thereby bringing the chargeable carbox-
ylate closer to the interphase, as suggested for other agents
[10].

Esters without acid functionality (e.g. a-TOA) or dicar-
boxylic diesters (e. g. a-TOSM) show no apoptogenic activ-
ity at all. These observations lead one to believe that a
charged group within the Functional Moiety and/or overall
amphiphilicity may play a key role in the biological effect
of these molecules. Significant activity has also been
observed for tocopheryl esters bearing Functional Moiety
that is cationic at physiological pH, with a-tocopheryl
lysine monoester being among the most striking examples

[11].

The Hydrophobic Moiety plays a crucial role in the apopto-
genic activity as well. Recent research demonstrates that
the lipid tail within the Hydrophobic Moiety is a necessary
but not sufficient structural element for the induction of
apoptosis. The removal of the lipid tail from the Hydropho-
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bic Moiety of active compounds completely wipes out their
ability to induce apoptosis. Thus, succinyl esters in which
the lipid tail is missing (e. g. Trolox succinate) are unable to
induce apoptosis [8]. However, nonphysiological concen-
trations (>1 mM) of analogues of vitamin E lacking the
Hydrophobic Moiety, as shown for Trolox, are capable of
apoptosis induction, and, notably, sensitize p53-deficient
cancer cells to established antitumour drugs by up-regulat-
ing the cell cycle check-point protein p21¥#<r! [12].

In some other cases, however, the nature of the lipid tail in
the Hydrophobic Moiety appears to override the need for
other key structural elements within the Functional Moiety.
For example, even though y-tocopherol (y-TOH) is comple-
tely nonapoptogenic, y-tocotrienol (y-T3h) (possessing a
polyunsaturated lipid tail) does display apoptogenic activity
[8, 13, 14], similarly as does 6-T3H [15]. Further modifica-
tion of the Hydrophobic Moiety in y-tocotrienol also pro-
duced interesting results. A synthetic analogue in which the
aliphatic side chain of y-tocotrienol was shortened by one
isoprenyl unit proved to be more apoptogenic than y-toco-
trienol itself. The homologue is formed by side-chain mod-
ification of y-T3H by some cells [16]. Interestingly, the
nonapoptotic a-T3H is endowed with apoptogenic activity
following its esterification [17]. Taken together, these
results suggest an interesting interplay between the Func-
tional and Hydrophobic Moieties in establishing apopto-
genic activity. The fact that y-tocotrienol is apoptogenic
with just a phenolic group in the Functional Moiety also
suggests that multiple pathways may exist through which
apoptosis is triggered by members and derivatives of the
vitamin E family.

Structural variations within the Signalling Moiety have also
been explored. Like the Hydrophobic Moiety, the Signal-
ling Moiety is a necessary but not a sufficient structural ele-
ment for apoptogenic activity. Elimination of this part from
a-TOS has been explored using phytyl succinate and oleyl
succinate, compounds that showed absolutely no apopto-
genic effect [8]. This result indicates that the proapoptotic
activity of tocopheryl dicarboxylic acid monoesters is trig-
gered by more than just simple detergent properties of the
lipid ester carboxylate. Apparently, the Signalling Moiety
enables the molecule to intervene within key signal trans-
duction pathway(s). Variation of the methyl substitution on
the aromatic ring within the tocopherol series also modu-
lates the apoptogenic activity. For example, a-TOS is more
potent than the corresponding -, y- and 6-TOS analogues.
The degree of methyl substitution is also very important in
the tocotrienol series [8].

We have recently explored the possibility that modification
of the bond between the tocopheryl head group and the side
group may also modulate the overall apoptogenic activity
of the resulting compound. Thus, we synthesised analogues
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of vitamin E with an amide bond linking the Signalling and
the Functional Moiety and found that they were signifi-
cantly more apoptogenic than their ester counterparts, with
a-tocopherylmaleyl amide (a-TAM) being some 100-fold
more efficient in induction of apoptosis in Jurkat cells [17].
A plausible explanation of the superiority of amides over
corresponding esters may be their better partitioning into
the lipidic phase, whereby more efficiently destabilising
biological membranes [17]. It was reported that the amide
analogues, such as a-TAM, are very potent inducers of
apoptosis for a variety of cancer cell lines, including the
erbB2 overexpressing breast cancer cells [18] and neuro-
blastoma cells [19].

Another possibility of a modification of the basic molecule
of a-TOS is replacement of the ester bond with an ether
bond. The resulting a-tocopheryloxybutyrate exerts at least
a comparable apoptogenic efficacy to that of a-TOS, as
shown for leukemia cell lines [20] or even more efficient,
as reported for prostate cancer cells [21]. The potential
higher efficacy of the ether analogues of a-TOS may be due
to a longer half-life in vivo, since the ester bond is subject to
esterase-dependent hydrolysis while the ether bond is resis-
tant. Another advantage of the ether analogue is that it is not
subject to hydrolysis, unlike a-TOS, when ingested orally,
and reaches the bloodstream in the form of the original
compound, while a-TOS is completely converted into the
nonapoptogenic a-TOH unless injected intravenously [22,
23]. On the other hand, the ester analogues may have a lower
secondary toxicity than the ether compounds, since the for-
mer are gradually converted into o-TOH with a potential
secondary beneficial activity [22, 23].

These results clearly show that modifications within the
structural moieties of vitamin E analogues modulate their
activity and may lead to generation of novel agents with
higher apoptotic efficacy and greater selectivity for malig-
nant cells.

3 Mitochondria as mediators of apoptogenic
activity of vitamin E analogues

Mitochondria are membrane-enclosed organelles distribu-
ted through the cytosol of most eukaryotic cells. Their main
function is the conversion of the potential energy of ‘food’
molecules into ATP. Recent research demonstrated that
mitochondria play an important role in the programmed cell
death [24], and the role of mitochondria has also been
demonstrated for apoptosis induced by vitamin E analogues

(31

Probably, the most compelling evidence for mitochondria
as major transmitters of apoptotic signalling induced by
vitamin E analogues follows from experiments in which
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mtDNA-deficient (p®) cells were found to be resistant to a-
TOS when compared to their wild-type and revertant coun-
terparts [18, 25]. It has also been observed that transfection
of cancer cells with dominant-negative (DN) caspase-9 or
caspase-9 siRNA suppressed apoptosis induced by a-TOS
[7, 19]. It has also been reported that cancer cells lacking
mtDNA (p° cells), resistant to apoptosis [26], failed to
translocate cytochrome ¢ when challenged with a-TOS,
unlike the apoptosis-sensitive parental and revertant cells,
and this resistance also included low levels of phosphatidyl
serine externalisation and caspase-3 activation [25]. Similar
resistance of p® cells has been found for other inducers of
apoptosis, such as tumour necrosis factor-o (TNF-a) [27].

The mitochondrial pro- and antiapoptotic proteins, includ-
ing bax, bcl-2 and bcl-x;, are important factors related to
mitochondrial apoptotic signalling pathways [28]. Genera-
tion of the mitochondrial permeability transition pore has
also been suggested in cells exposed to a-TOS [29]. It is
likely that this is modulated by a crosstalk between the
mitochondrial pro- and antiapoptotic proteins [25, 29].
Overexpression of bax sensitised cells to a-TOS-induced
apoptosis [25, 30], whereas overexpression of bcl-2 or bel-
x,. protected them from a-TOS; this was not observed when
truncated proteins lacking the mitochondrial-targeting ter-
minus were used [25]. Similarly, down-regulation of bcl-2
by antisense oligodoxynucleotide treatment sensitised cells
to the vitamin E analogue [6, 25]. Finally, transfection with
a gain-of-function mutant of bcl-2 protected, while a loss-
of-function mutant of the protein sensitised cancer cells: in
these mutant versions of bcl-2, serine 70 was replaced with
glutamine and alanine, respectively. This observation can
be explained by PKC-dependent phosphorylation of S70
that plays a role in mitochondrial docking of bcl-2 [31].

Mitochondria are sites of downstream mediators whose
relocalisation relays further the upstream proapoptotic sig-
nals. The downstream events following mitochondrial
destabilisation in apoptosis induced by VE analogues com-
prise mobilisation of apoptotic mediators, which includes
cytochrome c, the apoptosis-inducing factor (AIF) and
Smac/Diablo. Cytochrome c, upon cytosolic translocation,
forms a ternary complex with Apaf-1 and procaspase-9,
leading to autoactivation of the initiator caspase-9 with
ensuing activation of the effector caspase-3, -6 or -7. At this
stage, the cell enters the ‘point of no return‘, i. e. the irrever-
sible phase of the apoptotic pathway [6, 25, 29]. This path-
way is critically important in apoptosis induced by a-TOS
[3]. Smac/Diablo is an important agonist of the caspase-
dependent apoptotic signalling, since it antagonises the cas-
pase-inhibitory members of the family of inhibitors of
apoptosis proteins (IAPs), including c-IAP1, c-IAP2 and X-
IAP [32, 33]. The expression of [APs is under control of the
transcriptional factor nuclear factor-xB (NF-xB), whose
activity is inhibited by a-TOS [34-36]. Thus, cytosolic
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translocation of Smac/Diablo may promote inhibition of the
survival pathways in apoptosis induced by a-TOS, which
may maximise the apoptogenic potential in resistant cells
[18,25].

Another mitochondrial protein amplifying apoptosis in
cells exposed to VE analogues is AIF [25] that translocates
directly into the nuclei, thereby bypassing the caspase acti-
vation cascade [37]. Thus, AIF, upon translocation to the
nucleus, triggers cleavage of chromatin in a caspase-inde-
pendent manner [38]. AIF can thus avoid mutations in the
caspase-dependent signalling that can render the cancer
cell resistant to treatment and may mediate a-TOS-induced
apoptosis in cells resistant to conventional anticancer drugs
that rely solely on caspase activation.

While the events in apoptosis induced by vitamin E analo-
gues downstream of mitochondrial are relatively under-
stood, much less is known about the initial triggers. There is
evidence, however, that treatment of cells with o-TOS
causes generation of reactive oxygen species (ROS) [18,
19, 25, 39—43]. The major form of ROS generated by cells
in response to a-TOS appears to be superoxide, since addi-
tion of superoxide dismutase removed the radicals and also
inhibited apoptosis [18, 40]. Moreover, the site of superox-
ide generation as well as the target of the ROS are very
likely mitochondria, as suggested by experiments, in which
mitochondrially targeted coenzyme Q [44] suppressed radi-
cal generation and inhibited apoptosis induced by a-TOS in
cancer cells [18, 25, 45]. Also, it has been reported that a-
TOS-induced apoptosis was more pronounced in cancer
cells with low efficacy of the antioxidant machinery [41].
Generation of radicals appears to be a relatively early event
in cells as a response to vitamin E analogues, since we
observed substantial accumulation of ROS in Jurkat cells
after 1 h of a-TOS challenge.

The earliest effect observed upon exposure of cells to a-
TOS is activation of sphingomyelinase (SMase), an enzyme
that converts sphingomyelin, which is a relatively rare lipid
constituent of the plasma membrane, to the apoptogenic
ceramide [46]. Treatment of Jurkat cells resulted in activa-
tion of SMase within 15—30 min and was not suppressed by
a caspase inhibitor, suggesting a caspase-independent,
probably direct target of the vitamin E analogue [25]. It is
possible that the activation is due to a change in the plasma
membrane fluidity upon incorporation of the lipophilic a-
TOS, consistent with a recently suggested mechanism [47].
Generation of the lipid second messenger ceramide in can-
cer cells as a very early response to a-TOS may also provide
an explanation for the activation of protein phosphatase 2A
(PP2A) and the ensuing hypophosphorylation of protein
kinase C-a in cells exposed to a-TOS, since the drug does
not directly target PP2A [6]. This hypothesis is in agree-
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Figure 2. Possible upstream and downstream intrinsic apop-
totic pathways initiated by vitamin E analogues, based largely
on experiments with Jurkat cells (adapted from [25]). a-TOS
translocates to the cell, activates SMase, giving rise to the for-
mation of the lipid second message ceramide, possibly caus-
ing also destabilisation of lysosomes. These events converge
on destabilisation of the mitochondrial membrane, which is
amplified by ROS generation during this process. Mitochon-
drial membrane destabilisation, likely promoted by leakage by
lysosomal proteases, leads to cytosolic relocalisation of proa-
poptotic factors (such as cytochrome ¢, Smac/Diablo or AIF)
that can be regulated by the Bcl-2 family of proteins (including
the antiapoptotic proteins Bcl-2, Bcl-x. or Mcl-1, which can be
compromised by the proapoptotic Bax, probably mobilised to
mitochondria after cleavage of Bid to its proapoptotic form
tBid). Cytochrome c, Apaf-1 and procaspase-9 form apopto-
some, a ternary complex resulting in activation of the initiator
caspase-9 that, in turn, activates the effector caspases. Smac/
Diablo may amplify this process by suppressing the caspase-
inhibitory activity of IAP family proteins, while AIF transmits
the mitochondrial destabilisation directly to nuclear apoptotic
events, bypassing the caspase cascade.

ment with the previous finding that long-chain ceramides
are activators of PP2A [48].

An intriguing aspect of apoptosis induced by vitamin E ana-
logues is that it may also involve the role of lysosomes [49].
We have shown that a-TOS caused early lysosomal destabi-
lisation [50] and that cells made deficient in an important
lysosomal protein, cathepsin D, were relatively resistant to
the vitamin E analogue [9]. Although experiments with
fibroblasts from mucolipidosis II patients, featuring
impaired lysosomal sorting of proteins, showed resistance
to apoptosis induced by chemotherapeutic agents [51], it is
highly probable that lysosomal destabilisation is upstream
of mitochondria in apoptosis signalling triggered by vita-
min E analogues and amplifies the major, mitochondrial
pathway rather than bringing the cells to the commitment
phase in a mitochondria-independent manner [3] (Fig. 2).
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While mitochondria are essential for initiation of apoptotic
signalling by a-TOS, other analogues may exert some unre-
lated activity. This is particularly relevant to compounds
like y-T3H and 8-T3H, whose antiproliferative/proapopto-
tic effect may be mediated by mitochondria-dependent [52]
as well as independent events [15, 53, 54].

4 Deregulation of signalling pathways by
vitamin E analogues

Although mitochondria are central to apoptosis induction
by vitamin E analogues in cancer cells, presumably due to
interference of compounds like a-TOS with ubiquinone
binding on the mitochondrial complex II (Dong et al., sub-
mitted), there are other pathways modulated by these agents
that may run parallel to the major, mitochondrial apoptotic
signalling or may amplify it [25, 29, 30, 50]. The down-
stream signals originating from mitochondria are initiated
by cytosolic translocation of the mediators cytochrome c
[18, 25, 30], AIF [25] or Smac/Diablo [18, 25], all of which
may relocate as a response to exposure of cells to vitamin E
analogues, as shown primarily for a-TOS. These pathways
result in either caspase-dependent (cytochrome c) and cas-
pase-independent apoptosis (AIF) or in secondary modula-
tion of other signalling pathways (Smac/Diablo). The cyto-
chrome c- and AIF-dependent pathways were discussed in
the previous chapter, the role of Smac/Diablo is covered
below.

Of the signalling pathways modulated by vitamin E analo-
gues, some are implicated in high levels of malignancy and
resistance of cancers to established treatments. One of
them, encountered in breast cancer, stems from overexpres-
sion of erbB2, a receptor tyrosine kinase proto-oncogene.
ErbB2 is a member of the epithelial growth factor receptor
superfamily and a product of the c-neu gene [55, 56]. This
tyrosine kinase-linked transmembrane protein is overex-
pressed in >30% of primary breast cancers. The major com-
plication associated with erbB2 overexpression is linked to
spontaneous activation of Akt via the phosphatidylinositol
3-kinase pathway [57, 58]. Akt is a serine/threonine kinase
that promotes cellular survival [59]. Once activated, Akt
exerts antiapoptotic effects through phosphorylation of pro-
teins, such as Bad [60] or caspase-9 [61]. Moreover, Akt
causes activation of the transcriptional factor NF-kB [62]
that controls expression of prosurvival genes, such as mem-
bers of the [APs family [63]. In most of the nontransformed
cells, NF-xB complexes (a heterotrimer composed of p50
and p65 subunits bound to an inhibitor, [kB) are largely
cytoplasmic. Activators of NF-kB cause fast phosphoryla-
tion and ubiquitination of IkxB proteins, which are subse-
quently degraded. This liberates p65, allowing it to transfer
to the nucleus, where it triggers transcription of specific
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Figure 3. Signalling pathways involved in o-TOS-induced
apoptosis in malignant cells overexpressing the erbB2 recep-
tor tyrosine kinase suggest inhibition of the prosurvival path-
ways (adapted from [18]). a-TOS induces dissipation of the
mitochondrial inner membrane potential, and release of mito-
chondrial apoptotic proteins, such as AlF, Smac/Diablo, and
cytochrome c. In many cases, relocalisation of cytochrome ¢
leads to the formation of the apoptosome, a complex consist-
ing of cytochrome c, Apaf-1 and procaspase 9, with ensuing
activation of caspase-9, followed by activation of caspase-3.
Smac/Diablo may amplify this process by suppressing the
antiapoptotic activity of the IAP family proteins. Activated
erbB2 can activate Akt via PI3K pathway. Once activated, Akt
phosphorylates Bad, caspase-9, and inhibits apoptosis. More-
over, Akt causes activation of NF-kB, which then moves to the
nucleus and induces expression of the IAP family proteins and
Akt itself. a-TOS induces apoptosis regardless of erbB2 by
relocalisation of Smac from mitochondria to the cytosol, where
Smac binds to IAP so that caspases are ,liberated’ to execute
its apoptosis function.

genes, especially those genes involved in immune activa-
tion, cell proliferation, apoptosis and cell survival. Thus,
inhibition of NF-kB activation may be critical for ‘opening’
apoptotic pathways in resistant cells.

We showed that vitamin E analogues induced apoptosis at
comparable levels in both erbB2-low and -high mouse and
human breast cancer cells, regardless of their erbB2 statues.
One plausible mechanism is that these agents induce reloca-
lisation of Smac/Diablo from mitochondria to the cytosol
[18], where Smac/Diablo binds to IAPs so that caspase-3 is
‘free’ to execute its apoptosis function [32] (Fig. 3). In
another report, it has been shown that a-tocopheryloxybu-
tyric acid, a compound analogous to a-TOS, induced apop-
tosis in the erbB2 overexpressing human breast cancer cells
MDA-MB-453 by simultaneously inhibiting activation of
erbB2 (its phosphorylation) and activating the p38 MAP
kinase [64]. Several other papers showed modulation of the
MAP kinase pathway by vitamin E analogues as a way by
which the agents induce apoptosis. Interestingly, Kline's
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group [65] reported that extracellular signal-regulated
kinases (ERKs) and the c-Jun NH,-terminal kinase (JNK),
but not the p38 MAP kinase, were involved in a-TOS-
induced apoptosis in the human breast cancer cells MDA-
MB-435 cells, and this activated the downstream transcrip-
tion factors c-Jun and ATF-2. It is possible that this pathway
is targeted by a-TOS in the erbB2-low MDA-MB-435 cells
while the erbB2-high MDA-MB-453 cells activate their
apoptotic machinery by concerted deregulation of the
erbB2/Akt and p38 pathways when challenged with vitamin
E analogues. Activation of JNK by a-TOS has also been
shown for gastric cancer cells [66], and it may amplify the
mitochondrial apoptosis signalling pathway, as shown for
prostate cancer cells [67].

One of the intriguing targets of vitamin E analogues is the
prosurvival transcription factor NF-xB (see above). Inhibi-
tion of activation of NF-kB by a-TOS was first documented
in the context of cardiovascular disease [34]. One possibi-
lity is that the vitamin E analogues trigger apoptosis result-
ing in activation of caspase-3 that cleaves the obligatory
NF-kB subunit p65, rendering it inactive [68]. We have
shown that o-TOS initiates a ‘subapoptotic’ phenotype,
under which cells activate their effector caspase but do not
enter the commitment phase [35], probably because this
requires efficient activation of cyclin-dependent kinases
(CDK) [69]. Regardless of the precise mechanism, inhibi-
tion of NF-kB activation by vitamin E analogues is antisur-
vival, i. e. proapoptotic, and can also be implicated in adju-
vant cancer therapy, as shown for the T lymphoma Jurkat
cells, whose treatment with o-TOS sensitised them to
TRAIL-dependent killing [36].

Several reports also implicated inhibition of the cell cycle
progression as a means by which vitamin E analogues may
induce apoptosis or inhibit proliferation of cancer cells and/
or sensitise them to other anticancer drugs. Ni et al. [70]
showed that a-TOS inhibits proliferation of prostate cancer
cells by down-regulating expression of several critical
cyclins and the cognate CDK, resulting in hypophosphory-
lation of the Rb protein and a G1/S arrest. Cell cycle arrest
and apoptosis were also induced by a-TOS in osteosarcoma
cells via activation of p53 and reduced expression of the
transcription factor E2F1, critical for the G1/S transition
[71]. Exposure of osteosarcoma cells to a-TOS also pro-
moted a prolonged arrest at the S/G2 border, sensitising the
cells to methotrexate-induced apoptosis [5]. These findings
can be reconciled with an earlier report in which a-TOS
suppressed proliferation of breast cancer cells by inhibiting
the E2F1-dependent transactivation via increased binding
of cyclin A [72]. Apoptosis induction and inhibition of pro-
liferation by a-TOS have also been shown for malignant
mesothelioma cells [73], the latter paradigm being due to
selective disruption of the FGF-FGFR autocrine signalling
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loop, most likely affected by modulation in the E2F1 and
egr-1 transactivation potential [43, 74].

Thus, there is ample evidence that vitamin E analogues
affect a variety of signalling pathways that either directly
trigger apoptosis or amplify/complement other apoptotic
signalling pathways, such as those involving mitochondrial
destabilisation.

5 Anticancer activity of vitamin E analogues

Great interest has been focused on the potential use of vita-
min E analogues as anticancer drugs and adjuvants in the
past decades. This is rather logical, since vitamin E analo-
gues, redox-active micronutrients, are consumed in the reg-
ular diet and their doses can be increased by food fortifica-
tion. Importantly too, they are of general benefit and, as a
rule, do not exert secondary deleterious effects.

a-TOH exhibits the highest vitamin E bioactivity among
the eight forms of vitamin E, as shown by the rat fetal
resorption assay. a-TOH is also the form of vitamin E pre-
sent at the highest concentration in serum and in dietary
supplements. Numerous attempts have been made to find
out whether dietary vitamin E has antitumorigenic activity.
Although the best understood function of vitamin E is its
antioxidant propensity, cell culture, animal and epidemiolo-
gical studies show that certain vitamin E compounds do
exhibit antitumour properties. In the Alpha-Tocopherol,
Beta-Carotene (ATBC) Cancer Prevention trial, a-TOH
supplements lowered the incidence and mortality of pros-
tate cancer in male Finnish smokers [75], but had no signif-
icant effects on other types of tumours [76, 77]. On the
other hand, the epidemiological evidence supporting a link
between a-TOH or other forms of vitamin E and cancer is
limited, and intervention studies are scarce. Several com-
pleted studies have provided rather divergent results. At
present, the SELECT trial is under way [78]. In this trial,
the effect of supplementation with vitamin E and selenium
on pancreatic cancer is being studied in a large cohort of
elderly men from the USA and Canada. There is hope that
a-tocopherol together with selenium may suppress prostate
cancer. In support of this, a study in transgenic mice indi-
cated that selenium suppresses prostate cancer in an animal
model when combined with o-TOH [79]. Interestingly,
novel seleno-analogues of esters of vitamin E, such as a-
tocopheryl-2-phenylselenyl succinate, showed higher effect
than their parental counterparts [80].

It is now clear that structural modifications of the vitamin E
molecule change the anticancer activity of the agents, with
the recent focus on the proapoptotic effect of the various
forms and analogues of vitamin E. a-TOS, the most studied
apoptogenic vitamin E analogue, has rationally been the
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optimal choice. Several experimental studies have clearly
pointed to a-TOS as a promising anticancer agent. Many of
the established chemotherapeutic drugs (e.g. doxorubicin
and cisplatin) kill not only tumour cells but also normal
cells, resulting in serious side effects. a-TOS, however,
shows unique selectivity in killing of tumour cells, while
not harming normal cells and tissues [1, 81]. As mentioned
above, structural characteristics between o-TOH and a-
TOS are similar except for their Functional Moiety. This
relatively small change in the molecular structure greatly
alters the biological activity. While, a-TOH is a major
chain-breaking antioxidant in the lipid phase, a-TOS, a
redox-silent analogue, significantly inhibits tumour growth
via inhibition of tumour cell proliferation, blockage of cell
cycle progression, arrest of DNA synthesis as well as by
induction of apoptosis and differentiation [3, 6, 30, 50, 82].

Importantly, a-TOS has shown high levels of apoptosis
induction in a variety of cancer cell lines, including differ-
ent origin regarding the species (human, murine and avian)
and tissue type (breast, prostate, lung, stomach, ovary,
monocyte, colon and even the mesothelium) 2, 6, 7, 30, 43,
65, 66, 82—87]. Different malignant cells also show diverse
susceptibility to a-TOS. About 50% of apoptosis was
induced by a-TOS treatment at 20 pg/mL for 48 h in MDA-
MB-435 human breast cancer cells [30]. Neuzil et al. [81]
demonstrated that apoptotic rate induced by a-TOS at
50 uM for 12 h varied from 30 to 60% in different malig-
nant cells, while a-TOS at 20 pg/mL for 48 h efficiently
triggered 90% of SGC-7901 human stomach cancer cells to
undergo apoptosis [87]. In summary, a-TOS is a potent
apoptosis inducer selective for malignant cells, while lead-
ing to less than 5% apoptosis in normal cells.

Data have been published revealing that the nonantioxidant
analogues of vitamin E strongly suppress cancer cell growth
in vivo as well. Helson et al. [88] found for the first time
that intraperitoneal administration of a-TOS (50 mg/kg
body weight) markedly inhibited the growth of human neu-
roblastoma cells in athymic mice. Studies followed, demon-
strating that exposure to a-TOS efficiently reduced the inci-
dence of breast, colon or stomach cancer and melanomas.
Intraperitoneal administration of a-TOS (150 mg/kg body
weight) lowered the growth of human breast cancer, colon
carcinoma and murine melanoma cells [89—91]. In addi-
tion, a-TOS (100 mg/kg body weight) significantly
decreased the growth of human colorectal cancer xeno-
grafts [7] and increased the survival of immunocompro-
mised mice with experimental human peritoneal mesothe-
liomas [92]. a-TOS (20 mg/kg body weight) also sup-
pressed the number of tumours and their volume in ben-
zo(a)pyrene-induced forestomach carcinoma in female thy-
mus-bearing mice [87]. In addition, it has been reported
that a-TOS suppressed colon cancer metastasis into liver
and mammary tumour metastasis into lung in nude mice,
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Table 1. Effects of vitamin E analogues in selected experimental cancer models
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Animal Inoculated cell line or tumour ~ Applied dose Duration of treatment and Reference
inducer effect on tumour growth
Nude mice MDA-MB-231 human breast 150 mg - kg~'day~!in 2 weeks; 80—90% tumour [89]
cancer cells sesame oil dormancy
Nude mice B16F10 murine melanoma cells 100 mg - kg~ 'day ' in 2 weeks; 80—90% tumour [90]
sesame oil dormancy, inhibition of liver
metastases
Nude mice CT-26 colon cancer cells 100 mg - kg~ 'day 'in 2 weeks; ~75% inhibition of  [91]
20% DMSO liver metastases
Nude mice B16F10 murine melanoma cells 150 mg - kg~'day ! in 2 weeks; ~70% tumour growth [93]
sesame oil inhibition
Nude mice HCT116 human colon cancer 100 mg/kg in DMSO every third 10 days; ~75% tumour growth [6]
cells day inhibition
Nude mice HCT116 human colon cancer 50 mg/kg in DMSO every third 10 days; ~70% tumour growth [7]
cells day plus 20 pg/mouse of inhibition
hrTRAIL
Nude mice Human mesothelioma Ist-Mes2 100 mg/kg in DMSO every 21 weeks; >three-fold increase [72]
cells (peritoneal grafts) third day in survival
Nude mice Human mesothelioma Ist-Mes2 100 mg/kg in DMSO every 16 days; >90% tumour growth [43]
cells (s.c. xenografts) second day inhibition
Female Kunming mice ~ Benzo(a)pyrene-induced foresto- 20 mg/kg in corn oil twice 4 weeks; ~85% tumour growth [87]
mach tumours per week inhibition
Nude mice MDA-MB-435-FL-GFP human 36 pg/mouse of a-TEA daily 31 days; ~60% tumour growth [102]
breast cancer cells in aerosol inhibition
C57BL/6 mice 3LLD122 murine Lewis lung 200 mg/kg a-TOS in ethanol 20 days; >70% tumour growth [103]
carcinoma cell line or 200 mg/kg vesiculated 0-TOS inhibition
c-Neu mice Spontaneous breast carcinomas 15 pmol/mouse in corn oil every 2 weeks; 20—30% reduction ~ Dong et al.,
third day in original tumour size submitted
Nude mice MCF-7 human breast cancer 100 mg/kg in DMSO every third 4 weeks; >30% reductionin ~ Dong et al.,
cells day original tumour size submitted

Except for the work by Zhang et al. [102] where the vitamin E analogue was administered as aerosol, it was applied by intraperitoneal

injection in all other cases listed.

which further strengthens and extends the prospects for a-
TOS as an anticancer drug. a-TOS may also exert its antic-
ancer activity via down-regulation of vascular endothelial
growth factor [89, 93] and sensitisation of resistant cells to
other inducers of apoptosis, such as the immunological
TNF-related apoptosis-inducing ligand [7, 92].

All the results mentioned above imply that a-TOS is effec-
tive only by intraperitoneal injection, not by oral adminis-
tration, since it is efficiently hydrolysed to a-TOH when
administered orally. It is assumed that the ester link in o-
TOS is hydrolysed by nonspecific esterases in the intestinal
tract before entering the blood stream [94]. Recent progress
in this respect has been made by Kline et al. [2] who synthe-
sised a novel analogue of vitamin E, 2,5,7,8-tetramethyl-
2R-(4R,8R,12-trimethyltridecyl)-chroman-6-yloxyacetic

acid (o-TEA). In this compound, malonate is attached to the
Functional Moiety of the analogue via an ether bond that is
not hydrolysed by esterases, endowing the compound with
stability superior to its ester counterparts. It has been
reported that a-TEA exhibits similar anticancer and apopto-
genic properties as does a-TOS in human breast, prostate,
colon, lung and endometrium cancer cells and that it is
more efficient than a-TOS in apoptosis induction in human
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ovarian and cervical cancer cells and mouse mammary
tumour cells regardless of the mode of administration [84,
95]. This new vitamin E analogue plus a-TAM and a-toco-
pheryloxybutyrate mentioned above may provide a new
strategy to develop and establish the anticancer activity of
vitamin E analogues. Some of the recent studies of vitamin
E analogues in animal cancer models are presented in
Table 1.

A critical issue is the mode by which vitamin E analogues
like a-TOS are administered. It is well known that upon
ingestion and intestinal uptake, esters of vitamin E are com-
pletely cleaved to vitamin E that is then secreted in mesen-
teric lymph [94, 96]. This can be overcome by using corre-
sponding ether analogues of vitamin E, such as the ether
counterpart of a-TOS, a-tocopheryloxybutyric acid [20, 84,
95]. The ester bond within compounds like a-TOS makes
oral administration of the agent impossible and it has to be
given by intravenous injection. This mode of delivery, as
well as intraperitoneal injection, has been used for adminis-
tering of a-TOS in experimental animals. We followed the
pharmacokinetics of a-TOS after a single dose of the agent
injected intraperitoneally in a mouse and found that it
needed to be injected every 3 days so that its sufficient level
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in plasma was maintained [7]. Subsequent studies revealed
that upon hepatic uptake, a-TOS is hydrolysed to a-TOH,
which is partially resecreted into the circulation [23]. The
hepatic processing of vitamin E analogues (including
hydrolysis) by nonspecific esterases and sorting by the
selective and saturable tocopherol transfer protein, cf. [96,
97] make sure that the levels of a-TOS are maintained and
that the long-term levels of a-tocopherol do not increase
more than two- to three-fold over the baseline.

Intravenous administration of agents like o-TOS are
impractical for humans and other modes, such as transder-
mal delivery may be more useful and, also, safer [98] (Neu-
zil et al., unpublished data). Another problem that may be
encountered is the potential systemic toxicity of some ana-
logues of vitamin E. While a-TOS has been found nontoxic,
the much more apoptogenic 0-TAM causes severe neuro-
toxicity when injected into the mouse peritoneum. This can
be overcome by changing the formulation of the agent. We
have recently found that liposomal encapsulation of o-TAM
makes it nontoxic to the animals while still allowing for
cancer growth suppression (Neuzil et al., unpublished
data).

Taken together, vitamin E analogues with potent apopto-
genic activity show efficient anticancer activity in vitro and
in vivo using experimental animal models. However, it is
still unclear whether they are also effective in the case of
human cancer patients and what the mechanisms of action
under such setting would be. More data from experimental,
epidemiological and finally clinical studies are necessary
for further investigation of these intriguing and highly pro-
mising agents, so that they may be established as routine
anticancer drugs.

6 Conclusions and future perspectives

Recently, controversy concerning the use of vitamin E sup-
plements has evolved, following a publication by Miller et
al. [99], in which they suggest, based on a meta-analysis,
that large doses of vitamin E worsen the outcome of multi-
ple pathologies. This was soon followed by a paper by Ford
et al. [100] reporting on a very high percentage of popula-
tion of the USA (>10%) taking relatively large vitamin E
supplements (>400 IU per day) on long-term basis. This
publication was accompanied by an editorial in which the
year 2005 was referred to as ‘annus horribilis’ for vitamin E
[101]. While we agree with the notion that large doses of
vitamin E may (in the best case scenario) not be beneficial
at all (since the body has a very tight control of circulating
levels of vitamin E), we disagree with the term annus horri-
bilis. If 2005 was a ‘horrible year, it should refer rather to
the companies that supply the market with vitamin E sup-
plements. On the contrary though, the findings that supple-
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mentation with ‘mega-doses’ of vitamin E may be harmful
if good for normal, dietary vitamin E, and gives a strong
message that fortification of diet with high levels of vitamin
E is not at all beneficial and better be avoided.

Another important message from the above and similar
studies is that large doses of free vitamin E do not have, in
general terms, an anticancer effect. Thus, we suggest that
rather than vitamin E itself, its analogues, such as a-TOS,
may prove beneficial as anticancer agents. This premise is
based, at this stage, solely on experimental evidence from
animal studies, showing strong anticancer efficacy in all
types of cancer studied to date. The finding that a-TOS sup-
presses malignant mesotheliomas in two different experi-
mental settings in nude mice is particularly intriguing. Thus
far, very little is known about the effect of vitamin E analo-
gues on cancer in the case of human patients. One of the
problems encountered is the process of administration of
the agents. Most analogs of vitamin E with anticancer activ-
ity are hydrophobic esters that are completely hydrolysed
upon intestinal uptake. Thus, other means have to be used
to deliver the drugs to the bloodstream. The intraperitoneal
or intravenous injection used in animal experiments is not
readily applicable to humans or may cause additional bur-
den. A plausible delivery of a-TOS and other analogues of
vitamin E with anticancer activity may be achieved by
transdermal application of the drug. We are pursuing this
option in a limited perspective clinical trial with postche-
motherapy malignant mesothelioma patients. The results
will be available later this year (2006). Until first data from
such tests are obtained, vitamin E analogues remain in the
‘folder’ of promising anticancer agents that wait being,
potentially, developed into drugs efficient against multiple
malignancies.
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