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Review

Vitamin E analogues as mitochondria-targeting
compounds: From the bench to the bedside?
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Despite considerable effort focusing on designing and finding efficient anti-cancer drugs over the last
decade, little progress has been achieved, in particular in case of highly recalcitrant malignancies.
Also, since there is a trend suggesting that deaths from cancers may be more frequent than from car-
diovascular diseases, it is important to look for novel efficient and selective therapeutic approaches to
gradually start winning the battle with cancer. Redox-silent vitamin E analogues, epitomised by
a-tocopheryl succinate, give some hope in the quest for drugs with such properties. Thus far, these
agents have been successfully tested in experimental animals with different types of cancer, showing
high efficacy against malignancies including HER2-positive breast carcinomas or malignant mesothe-
liomas. Further research will provide additional, necessary data to launch clinical trials, possibly in
near future, translating into development of innovative anti-cancer drugs acting by targeting mito-
chondria selectively in cancer cells.
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1 Introduction

In the past 20 years, deaths from chronic noncommunicable
diseases have surpassed those from acute infectious dis-
eases in all regions of the world, except for Africa [1, 2].
Based on the GLOBOCAN database, there were 10.9 mil-
lion new cases of cancer in the world in the year 2002. In
the same year, 6.7 million cancer patients died and 24.6 mil-
lion patients lived with the disease [3]. Despite a great
advance in molecular medicine and understanding the intri-

cate pathways that can be utilized in fight against cancer,
the neoplastic disease remains a leading killer worldwide
and continues to be the growing global burden [4]. There-
fore, pursuing cancer control strategies is one of the major
tasks for scientists these days. In the recent period, molecu-
lar genetic evidence in favour of a direct implication of
mitochondria in oncogenesis and the use of these organelles
to combat cancer has been accumulating [5–7].

Mitochondria are unique organelles essential for life and
death of eukaryotic cells. Apart from their crucial role as a
power-plant of bioenergetics, mitochondria participate in
numerous metabolic reactions including growth, division
and apoptosis [8–11]. Mitochondrial defects have long been
speculated to play a central role in the development and pro-
gression of tumourigenesis [12–14]. More than 70 years
ago, Warburg first hypothesized that cancer cells actively
metabolize glucose via anaerobic glycolysis and produce
excessive lactate, in concomitance with the impairment in
mitochondrial respiration, which is referred to as the War-
burg effect [14, 15].

Although the exact mechanisms are not clear, an increas-
ing number of anticancer drugs are being discovered to
induce the cell demise by targeting mitochondria [16, 17].
These agents, referred to as

,

mitocans’, function as key reg-
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ulators of apoptosis by destabilizing the mitochondrial
outer membrane permeabilization (MOMP), consequently
resulting in the release of soluble apoptosis modulators [6,
10, 17, 18].

The redox-silent analogues of vitamin E belong to one of
seven groups of mitocans [18–20]. a-Tocopheryl succinate
(a-TOS), representative of these analogues, selectively
induces apoptosis in a variety of types of malignant cells
through mitochondria-dependent apoptotic signalling [21–
24]. Mitochondrial DNA-deficient cells (q0 phenotype) are
resistant to a-TOS compared with their parental cells [22,
23], indicating that mitochondria are key signalling trans-
mitters of apoptosis induced by this ester analogue of vita-
min E.

2 Preclinical anticancer activity of vitamin E
analogues – Relation to their proapoptotic
activity

Vitamin E analogues have been extensively explored as
potential anticancer drugs in the past decade. This is quite
rational, since compounds of the vitamin E group, redox-
active micronutrients, are consumed in the regular diet and
also used as food additives. Importantly, they are of general
benefit and, as a rule, do not exert secondary deleterious
effects.

It is well established that a-tocopherol (a-TOH) exhibits
the highest vitamin E bioactivity among the eight natural
forms of the vitamin, as shown by the rat foetal resorption
assay. a-TOH is also the form of vitamin E present at the
highest concentration in serum and in dietary supplements.
Although the best understood function of vitamin E is its
antioxidant activity, cell culture, animal and epidemiologi-
cal studies show that certain vitamin E-related compounds
exhibit antitumour properties. In the a-TOH, Beta-Carotene
Cancer Prevention trial, a-TOH supplements lowered the
incidence and mortality of prostate cancer in male Finnish
smokers [25], but had no significant effects on other types
of tumours [26, 27]. 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. Numerous attempts to illustrate antitumouri-
genic activity of dietary vitamin E give no conclusive
answer, since studies completed thus far have provided
rather divergent results.

Certain structural modifications of the vitamin E mole-
cule, however, may enhance the antitumour activity of the
agents, especially in the case of those which exert apopto-
genic effects (Fig. 1). a-TOS, an efficient apoptogenic ana-
logue of vitamin E, may be an optimal choice within such
group of compounds. Experimental studies have clearly
pointed to a-TOS as a promising anticancer agent. This
paper reviews the anticancer potential of vitamin E ana-
logues, in particular the prototypic a-TOS.

2.1 Selective antitumour activity of vitamin E
analogues

Many of the established chemotherapeutic agents (e.g. dox-
orubicin and cisplatin) kill not only tumour cells but also
normal cells, resulting in serious side-effects. a-TOS, how-
ever, shows unique selectivity in killing of tumour cells,
while not harming normal cells and tissues [28, 29]. a-TOS
is derived from a-TOH via substitution of the hydroxyl
group responsible for the redox activity with succinic acid
at position C6 of the chromanol ring in the Functional
Domain. This relatively small change in the molecular
structure greatly alters its biological activity. While, a-TOH
is a major chain-breaking antioxidant in the lipid phase,
a-TOS, as a redox-silent analogue, significantly inhibits
tumour progression via inhibition of tumour cell prolifera-
tion, blockage of the cell cycle, arrest of DNA synthesis as
well as by induction of differentiation and, in particular,
apoptosis [30–35].

The molecular basis underlying the selectivity of a-TOS
for malignant cells results from at least two mechanisms.
One is related to the ester structure of a-TOS: due to the
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Figure 1. Structure of pro-apoptotic analogues of vitamin E
and a-TOH.
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generally higher level of esterases in normal cells, such as
hepatocytes, colonocytes, fibroblasts or cardiomyocytes,
a-TOS is hydrolysed to produce vitamin E (a-TOH) [36].
The other reason for the cancer cell-specific toxicity of a-
TOS is associated with the inherent property of some apop-
tosis inducers, including a-TOS, to trigger programmed
cell death by initial induction of accumulation of reactive
oxygen species (ROS), which in turn cause a cascade of
subsequent reactions leading to transition into the apoptosis
commitment phase [37].

2.2 Apoptogenic properties of a-TOS

a-TOS has been proven to possess high apotogenic activity
for a variety of cancer cell lines of different origin regarding
the species (human, murine and avian) and tissue type
(breast, prostate, lung, stomach, ovary, monocyte, colon,
bone, mesothelium, etc.) [29–31, 34, 35, 38–47], whereas
equivalent amounts of a-TOH or a-tocopheryl acetic acid
(a-TOA) exert no such induction of apoptosis [39, 48, 49].
Different malignant cells also show diverse susceptibility to
a-TOS. Neuzil et al. [29] demonstrated that the level of
apoptosis induced by a-TOS (50 lM, 12 h exposure) varied
from 30 to 60% in different malignant cells. l50% apopto-
sis was induced in the MDA-MB-435 human breast cancer
cells exposed to a-TOS at 20 lg/mL for 48 h [21], and
a-TOS at 20 lg/mL for 48 h efficiently triggered l90%
apoptosis in the SGC-7901 human stomach cancer cells
[35]. In summary, a-TOS is a potent apoptosis inducer
selective for malignant cells, while inducing, in general,
less than 5% apoptosis in normal cells.

Data have been published revealing that the nonantioxi-
dant analogues of vitamin E strongly suppress cancer cell
growth in vivo as well. Helson et al. [50] found for the first
time that intraperitoneal (i.p.) administration of a-TOS
(50 mg/kg body weight) markedly inhibited the growth of
human neuroblastoma cells in athymic mice. Following
studies demonstrate that exposure to a-TOS efficiently
reduced the incidence of breast, colon, stomach and pros-
tate cancer and melanomas. Intraperitoneal administration
of a-TOS (150 mg/kg body weight) lowered the growth of
human breast cancer, colon carcinoma and murine mela-
noma cells [29, 51–53]. a-TOS (100 mg/kg body weight)
caused a significant reduction in the volume of human col-
orectal cancer xenografts [54], reduced prostate tumour
burden in BALB/c nude mice fed with soybean oil [55], and
increased survival of immunocompromised mice with
experimental human peritoneal mesotheliomas [56].
a-TOS (200 mg/kg body weight) also suppressed the num-
ber of tumours and their volume in the benzo(a)pyrene-
induced forestomach carcinoma model in female thymus-
bearing mice [57]. In addition, it has been reported that a-
TOS suppressed colon cancer metastases into the liver and
mammary tumour metastases into the lungs in nude mice
[53, 58], which further strengthens and extends the pros-

pects for a-TOS as an anticancer drug. a-TOS may also
exert its anticancer activity via down-regulation of vascular
endothelial growth factor [51, 59] and sensitization of
resistant cells to other inducers of apoptosis, such as the
immunological tumour necrosis factor (TNF)-related apop-
tosis-inducing ligand (TRAIL) [54].

Modified analogues of vitamin E can be designed to tar-
get cancer cells overexpressing certain receptors. For exam-
ple, the newly synthesized a-TOS-LTVSPWY conjugate
efficiently killed breast cancer cells with high levels of the
receptor tyrosine kinase erbB2 (HER2), such that the pep-
tide conjugate at 5 lmol reduced the initial volume of
breast carcinomas in the c-neu transgenic mouse (with
spontaneous erbB2-high tumours) by l70%, more effec-
tively than a-TOS alone at 15 lmol which suppressed the
tumour progression by l50% [60, 61]. The peptide conju-
gate induced higher level of apoptosis in erbB2-overex-
pressing cells than a-TOS, and the extent of apoptosis
induced by free a-TOS was, more-or-less, independent of
the level of erbB2 expression [60].

The results mentioned above imply that a-TOS is effec-
tive only when administered by an i.p. injection, not by oral
administration, since it is efficiently hydrolysed to a-TOH
when applied using the latter mode. It is assumed that the
ester link in a-TOS is hydrolysed by nonspecific esterases
in the intestinal tract before entering the bloodstream, rul-
ing out oral administration for application of biologically
active a-TOS [62].

2.3 Other proapoptotic analogues of vitamin E

A number of other vitamin E analogues in which modifica-
tions have been made to the functional domain also exhibit
antiproliferative and proapoptotic properties in tumour
cells. For example, an analogue of a-TOH with ether-linked
acetic acid (a-TEA) shows similar anticancer and apopto-
genic properties as does a-TOS in human breast, prostate,
colon, lung and endometrial cancer cells, as well as angio-
genic endothelial cells, and in mice xenografted with mam-
mary tumour cells [58, 63]. a-TEA is more efficient than
a-TOS in apoptosis induction in human ovarian and cervi-
cal cancer cells and in mouse mammary tumour cells in
vivo, regardless of the administration method, i.e. whether
the analogue is given by i.p. injection, by oral gavage or
incorporated in the diet [58, 63, 64]. Ether analogues of
vitamin E analogues can be administered orally, since the
ether bond is resistant to hydrolysis, endowing the analogue
with stability superior to its ester counterparts.

The amide analogues, such as a-tocopheryl maleyl amide
(a-TAM), are very potent inducers of apoptosis in a number
of cancer cell lines, including the erbB2-over-expressing
breast cancer cells [23], as well as lymphoma and neuro-
blastoma cells [65, 66]. However, a-TAM was found
extremely toxic in vivo, when injected into the peritoneum
of mice as a free compound. On the other hand, when for-
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mulated into liposomes, a-TOM efficiently suppressed
breast carcinomas while exerting no discernible general
toxicity (Neuzil et al., submitted for publication). a-Toco-
pheryl oxalate and a-tocopheryl malonate are two strong
apoptogens in vitro among a-tocopheryl esters with a termi-
nal dicarboxylic moiety, but they were shown to induce
nonselective cytotoxicity in mice inoculated with B16-F1
melanoma cells [67, 68]. a-Tocopheryloxybutyric acid (a-
TOB), a nonhydrolysable ether form of a-TOS, is also capa-
ble of suppressing proliferation and inducting apoptosis in
breast and prostate cancer cells, however this occurs to a
lower extent than with a-TOS on equimolar basis [69–71].
a-TOB has been demonstrated to efficiently reduce in
mouse lung tumours via the suppression of the ERK cas-
cade [72]. Besides analogues of a-TOH, tocotrienols dis-
play relatively strong proapoptotic and anticancer activity
in vitro and in vivo, with d-tocotrienol being the most robust
apoptogen of this group of vitamin E analogues [73, 74].

These vitamin E analogues, epitomised by the prototypic
a-TOS, may provide new strategies to develop and establish
novel anticancer agents. This is well exemplified by the
anticancer effect of the compounds in preclinical cancer
models, of which some recent ones are summarized in
Table 1.

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 under
such setting would be. More data from experimental, epide-
miological and finally clinical studies are necessary for fur-
ther investigation of these intriguing and highly promising
agents, so that they may be established as routine anticancer
drugs.
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Table 1. Effects of vitamin E analogues in selected experimental cancer models

Animal Inoculated cell line or tumour
inducer

Applied dose Duration of treatment and effect
on tumour growth

Reference

Nude mouse MDA-MB-231 human breast
cancer cells

150 mg/kg/day in sesame oil 2 wk; 80–90% tumour dormancy [51]

Nude mouse B16F10 murine melanoma cells 100 mg/kg/day in sesame oil 2 wk; 80–90% tumour dormancy,
inhibition of liver metastases

[59]

Nude mouse CT-26 colon cancer cells 100 mg/kg/day in 20% DMSO 2 wk; l75% inhibition of liver
metastasis

[53]

Nude mouse B16F10 murine melanoma cells 150 mg/kg/day in sesame oil 2 wk; l70% tumour growth
inhibition

[54]

Nude mouse HCT116 human colon cancer cells 100 mg/kg in DMSO every third
day

10 days; l75% tumour growth
inhibition

[29]

Nude mouse HCT116 human colon cancer cells 50 mg/kg in DMSO every third
day plus 20 lg/mouse of
hrTRAIL

10 days; l70% tumour growth
inhibition

[54]

Nude mouse Human mesothelioma Ist-Mes2
cells (peritoneal grafts)

100 mg/kg in DMSO every third
day

21 wk; >3-fold increase in
survival

[56]

Nude mouse Human mesothelioma Ist-Mes2
cells (s.c. xenografts)

100 mg/kg in DMSO every
second day

16 days; >90% tumour growth
inhibition

[102]

Female Kunm-
ing mouse

Benzo(a)pyrene-induced
forestomach tumours

200 mg/kg in corn oil twice per
week

4 wk; l85% tumour growth
inhibition

[57]

Nude mouse MDA-MB-435-FL-breast cancer
cells

36 lg/mouse of a-TEA daily in
aerosol

31 days; l60% tumour growth
inhibition

[103]

C57BL/6
mouse

3LLD122 murine Lewis lung carci-
noma cell line

200 mg/kg a-TOS in ethanol or
200 mg/kg vesiculated a-TOS

20 days; >70% tumour growth
inhibition

[104]

Transgenic
c-neu mouse

Spontaneous breast carcinomas 15 lmol/mouse a-TOS or 5 lmol/
mouse a-TOS-LTVSPWY in corn
oil every 3-4 days

3 wk; 50% reduction in tumour
size by 15 lmol a-TOS or 70% by
5 lmol peptide conjugate

[60]

Transgenic
c-neu mouse

Spontaneous breast carcinomas 15 lmol/mouse in corn oil every
third day

3 wk; 30% reduction in original
tumour size

[61]

Nude mouse MCF-7 human breast cancer cells 100 mg/kg in DMSO every third
day

4 wk; >30% reduction in original
tumour size

[61]

Nude mouse LNCaP human prostate cancer
cells

100 mg/kg in sesame oil every
day

2 wk of 7 wk in total; l70% reduc-
tion in original tumour size

[55]

Nude mouse 4T1 murine breast cancer cells 4 mg/mouse a-TOS or a-TEA
by i.p. every 4 days or daily oral
gavage, or 5.5 mg/mouse a-TEA
in diet

30 days; 60% reduction in tumour
size by a-TOS by i.p. or a-TEA by
both i.p. and orally; inhibition of
lung metastasis by a-TEA

[58]
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3 Mitochondrial apoptogenic pathways
targeted by vitamin E analogues

Mitochondria are membrane-enclosed organelles distrib-
uted through the cytosol of most eukaryotic cells. They con-
sist of the mitochondrial outer membrane (MOM) that
defines the entire structure and the mitochondrial inner
membrane (MIM) that envelopes the fluid-filled matrix.
Mitocans trigger tumour cell apoptosis through the mito-
chondrial pathway as a consequence of cellular damage,
also referred to as the intrinsic apoptotic pathway. The role
of mitochondria has been well documented for induction of
apoptosis by vitamin E analogues [18–22].

3.1 Initiation of mitochondrial membrane
permeabilization: The central event of
apoptosis

Various apoptotic stimuli may trigger formation of the
MOM pore (MOMP). This is a complex process that
involves numerous molecular players and may serve as a
target for anticancer drugs. During this event, the MOM
and MIM are, finally, both permeabilized, resulting in the

,

rupture’ of the MOM and the release of soluble proteins
from the intermembrane space into the cytosol. This proc-
ess is accompanied by the loss of the mitochondrial inner
trans-membrane potential (Dwm,i), depletion of the cellular
ATP pool and increase in the ROS levels that, together, con-
tribute to the cell demise. The fact that MOMP represents
or is close to the commitment point in the process of cell
death has prompted efforts to develop agents capable of
efficiently eliciting the process [6, 10, 11, 19].

It appears that the initiation of apoptotic pathways lead-
ing to mitochondria-dependent events might result from the
direct actions of a-TOS and/or via ceramide formation,
with both processes destabilizing the mitochondrial mem-
brane. The earliest event observed in response to a-TOS is
the activation of neutral sphingomyelinase (SMase), an
enzyme that converts sphingomyelin to the apoptogenic
ceramide. The activation of SMase and the formation of the
lipid second messenger ceramide occured within 15–
30 min after addition of a-TOS to Jurkat cells, and was not
suppressed by a pan-caspase inhibitor, suggesting a cas-
pase-independent process, possibly direct targeting of
SMase by the vitamin E analogue [22]. Switching on SM
metabolism can be caused by a change in the plasma mem-
brane fluidity upon incorporation of the lipophilic a-TOS
and might be consistent with a suggested mechanism for
chemotherapy-induced cell death [75].

Generation of ROS is an early event occurring in
response to vitamin E analogues. The mitochondrial respi-
ratory chain within the MIM is a major intracellular source
of ROS, which cause damage to lipids, proteins and DNA,
leading to alteration or loss of cellular function and, conse-
quently, trigger or amplify the destabilization of mitochon-

drial membrane. a-TOS is able to induce ROS accumula-
tion in many different cancer cell lines, most probably
resulting in the generation of superoxide anion radicals [22,
23, 66, 76, 77]. Substantial accumulation of ROS in Jurkat
T lymphoma cells was observed within 1 h, most likely as a
result of disrupting the electron flow within the mitochon-
drial complex II in the respiratory chain when the cells were
challenged with a-TOS [20, 78].

3.2 Apoptotic signalling downstream of
mitochondria

Although the initial apoptosis triggers have not been com-
pletely resolved, the events in apoptosis induced by vitamin
E analogues downstream of mitochondria are relatively
well understood.

During the apoptotic process induced by vitamin E ana-
logues, down-stream events of mitochondrial destabiliza-
tion comprise mobilization of apoptosis mediators, includ-
ing cytochrome c, endonuclease G, the apoptosis-inducing
factor (AIF), and Smac/Diablo. In turn, they set in motion a
series of biochemical events that mediate the execution
phase of the cell death programme resulting in the degrada-
tion of key proteins by caspases and of genomic DNA by
endonucleases.

Cytochrome c is a key player in mitochondria-dependent
apoptosis, leading to caspase activation. The soluble protein
is anchored to the MIM via its affinity to the mitochondria-
specific phospholipid cardiolipin (CL), and the binding is
disrupted upon oxidation of CL by ROS derived from the
oxidative phosphorylation complexes. Increasing evidence
suggests that ROS play a key role in promoting cytochrome
c release from the mitochondria upon exposure of cancer
cells to a-TOS, and the protein in the cytoplasm triggers
activation of the caspase cascade that ultimately leads to
apoptosis [22, 23, 76, 77]. ROS induce dissociation of cyto-
chrome c from CL by way of causing CL hydroperoxida-
tion, which lowers the affinity of the phospholipid for cyto-
chrome c, and the protein may then be released via the mito-
chondrial permeability transition (MPT)-dependent or
MPT-independent mechanisms. ROS also promote Ca2+-
dependent MPT, with swelling of the mitochondrial matrix
and rupture of the MOM [7, 8]. A recent report suggested
MPT-independent mechanisms involving the voltage-
dependent anion channel in the MOM or an oligomeric
form of Bax [79].

Upon cytosolic translocation, cytochrome c complexes
with the adaptor protein Apaf-1 and procaspase-9 form the
so-called apoptosome, triggering the activation of the initia-
tor caspase-9 with ensuing activation of the effector cas-
pase-3, -6 or -7. At this stage, the cell enters the commit-
ment phase, an irreversible stage of the apoptotic signalling
cascade [80]. Mitochondrial permeabilization is therefore
recognized as a crucial checkpoint in the programmed cell
death of both normal and cancer cells. It is now clear that
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this particular pathway is critically important in a-TOS-
induced apoptosis in a variety of cancer cells [22, 23, 33,
81].

Smac/Diablo is an important agonist of the caspase-
dependent apoptotic signalling, since it antagonizes the cas-
pase-inhibitory members of the family of inhibitors of
apoptosis proteins (IAPs) [82]. The expression of IAPs is
under the control of the transcriptional factor nuclear fac-
tor-jB (NF-jB), whose activity is depressed by a-TOS [83,
84]. Thus, cytosolic relocalization of Smac/Diablo from
mitochondria may promote inhibition of the survival path-
ways in apoptosis induced by a-TOS, which might maxi-
mize the apoptogenic potential in resistant cells [23].

Another mitochondrial apoptogenic protein is AIF. Expo-
sure to a-TOS leads to the direct translocation of AIF from
mitochondria into the nuclei, thereby bypassing the caspase
cascade. Once in the nucleus, AIF triggers cleavage of chro-
matin in a caspase-independent manner [22]. In this way,
AIF can bypass mutations in the caspase-dependent signal-
ling or situations where IAPs are overexpressed, and may
mediate a-TOS-induced apoptosis in cells resistant to con-
ventional anticancer drugs that rely solely on caspase acti-
vation [30].

The mitochondrial pro and antiapoptotic proteins,
including Bax, Bak, Bcl-2, Mcl-1 and Bcl-xL, are important
modulators related to apoptotic signalling pathway, regulat-
ing formation of a megachannel across the MOM [85].
Generation of the MPT pore and translocation of Bax from
the cytosol to the mitochondria have also been suggested
upon exposure of cancer cells to a-TOS. This process is
likely modulated by a balance between the Bcl-2 family pro
and antiapoptotic proteins [22, 86]. Overexpression of Bax
results in sensitization of cells to a-TOS-induced apoptosis,
and Bcl-2 plays a crucial role in stabilizing mitochondria
against such damage, whereas knocking down of Bax with
antisense oligodeoxynucleotide (ODN) or siRNA or over-
expression of Bcl-2 or Bcl-xL protected the cells from a-
TOS-induced MPT and apoptosis [21, 22, 24, 66]. Like-
wise, down-regulation of Bcl-2 with antisense ODN ren-
dered the cells more susceptible to the analogue [32]. Also,
a-TOS was able to disrupt the binding of Bak BH3 peptide
to Bcl-xL and Bcl-2 in line with its potential role in antipro-
liferation, suggesting that the effects of a-TOS on apoptosis
were partially mediated through the inhibition of Bcl-xL

function by disrupting its heterodimerization with the
MOM channel-forming protein Bak [24].

Convincing evidence for mitochondria as major conduc-
tors of apoptotic signalling by vitamin E analogues follows
from experiments in which the q0 cybrids deficient in
mtDNA were found resistant to a-TOS when compared to
their wild-type and revertant counterparts [22, 23]. Cancer
cells devoid of mtDNA failed to translocate cytochrome c
in response to a-TOS challenge, unlike the apoptosis-sensi-
tive parental and revertant cells, and also showed decreased
apoptotic effects [22]. Similar resistance of q0 cells has

been found for other inducers of apoptosis, including TNFa

[87].
Collectively, mitochondria are the critical intracellular

organelles that relay the initial apoptotic signals down-
stream to the apoptosis commitment stage. It needs to be
noted, though, that other organelles may also be involved in
apoptosis induced by vitamin E analogues, such as lyso-
somes [33, 88].

4 Nonmitochondrial signalling involved in
apoptosis induced by vitamin E analogues

In addition to the major intrinsic pathways, extrinsic, non-
mitochondrial or cytoplasmic signalling pathways have
also been implicated to play a role in apoptosis induced by
vitamin E analogues in many types of tumour cells. The
extrinsic signalling pathways comprise a number of media-
tors, and it has been recently established that death receptor,
mitogen-activated protein kinase (MAPK), protein kinase
C (PKC) and NF-jB signalling pathways are all related to
a-TOS-triggered apoptosis [29, 34, 48, 84].

4.1 Activation of death receptor (DR) by vitamin E
analogues

Activation of the extrinsic cell death pathway is initiated by
ligation of DRs, which include Fas, the TNF receptor, and
the TRAIL receptor 1 (DR4) and TRAIL receptor 2 (DR5).
DRs are constitutively expressed on the surface of mamma-
lian cells, and both the Fas and TRAIL systems are effective
for cancer immune surveillance. Impaired apoptotic signal-
ling pathways endow some types of malignant cells with
resistance to DR-mediated apoptosis, and such tumours are
difficult to treat [89]. It has been reported that a-TOS-medi-
ated apoptosis involves DR signalling. For example, the
Fas-resistant breast cancer cells were sensitized by a-TOS
via mobilization of the cytosolic Fas protein to the cell sur-
face [40, 90]. In a separate study, expression of Fas, the Fas-
associated death domain (FADD), and caspase-8 was
enhanced after a-TOS treatment in gastric cancer cells,
whereas Fas antisense ODN inhibited expression of FADD
and caspase-8 activity [91].

TRAIL has attracted attention as a selective immunologi-
cal apoptogen with anticancer activity. Tumour cells escape
from TRAIL-modulated killing when the balance between
DRs and the nonapoptogenic decoy receptors is altered, and
expression of the latter predominates. Combination of
TRAIL with chemotherapeutics or radiation resulted in a
synergistic apoptotic response proceeding via caspase-acti-
vating signals. a-TOS showed a synergistic proapoptotic
activity with TRAIL both in vitro and in experimental colon
cancer [54]. a-TOS also sensitized to TRAIL the resistant
malignant mesothelioma (MM) and osteosarcoma (OS)
cells. Combination of a-TOS and TRAIL resulted in
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enhanced apoptosis in a caspase- and p53-dependent man-
ner [22, 92], and a-TOS elevated expression of DR4 and
DR5 without modulation of expression of the decoy recep-
tors in MM cells [56, 92]. a-TOS also enhanced the sensi-
tivity of Jurkat T lymphoma cells to apoptosis induced by
TRAIL by suppression of NF-jB activation [84]. Thus, VE
analogues may play a role in adjuvant therapy of DR-resist-
ant cancers. These analogues can also be used alone,
because they are expected to sensitize cancer cells to endog-
enous immunological inducers of apoptosis by cells of the
immune system, thereby potentiating the natural tumour
surveillance.

4.2 Involvement of MAPK pathway in vitamin E
analogues-modulated apoptosis

The importance of MAPKs in the control of cellular
responses to the environment and in the regulation of gene
expression, cell growth, and apoptosis has made them a pri-
ority for research related to many disorders [93]. The c-Jun
N-terminal kinase (JNK) was originally identified as the
major kinase responsible for the phosphorylation of c-jun,
leading to increased activity of the AP-1 transcription fac-
tor. JNK-regulated transcription factors contribute to the
modulation of gene expression in response to multiple cel-
lular stimuli, including stress events, growth factors, and
cytokines [94]. Kline's group first reported a role of JNK
and c-jun in a-TOS-induced apoptosis. The vitamin E ana-
logue up-regulated c-jun expression in different types of
cancer cells [95–97]. a-TOS-triggered apoptosis induced a
prolonged increase in c-jun expression, and AP-1 transacti-
vation, and transfection of dominant-negative c-jun reduced
a-TOS-mediated apoptosis. It was subsequently demon-
strated that a-TOS enhanced ERK1/2 and JNK activity but
not the p38 kinase activity [34, 48].

Three upstream components of the JNK cascade, apopto-
sis signal-regulating kinase 1, growth arrest DNA damage-
inducible 45b and stress-activated protein kinase/ERK kin-
ase-1 were all induced, and the protein expression of phos-
pho-JNK was also noticeably increased by a-TOS in pros-
tate cancer cells [81]. In addition, JNK and c-jun were
important in a-TOS-induced apoptosis in SGC-7901 gastric
cancer cells. Dominant-negative JNK significantly reduced
c-jun expression and apoptosis triggered by a-TOS [39,
98]. On the other hand, a-TOS stimulated early activation
of ERK1/2 and then reduced the ERK activity concomitant
with the activation of PKC in HL60 cells. Blockage of ERK
activity, however, showed no significant effects on a-TOS-
triggered apoptosis [41]. Conversely, it was reported that a-
TOS and a-TOB inhibited ERK phosphorylation and acti-
vated p38 in breast cancer cells [71]. The discrepancy in the
role of ERK activity may result from differences in treat-
ment time in that ERK can be rapidly and transiently
induced by a-TOS, but longer exposures may lead to sup-
pression of ERK activation. There is overwhelming evi-

dence that the JNK cascade is an important modulator of
apoptosis induced by a-TOS. However, it is not clear at this
stage how this signalling pathway is linked to destabiliza-
tion of mitochondria by the VE analogue.

4.3 The role of PKC in a-TOS-triggered apoptosis

PKC, a multigene family of phospholipid-dependent serine/
threonine protein kinases, is involved in modulation of
divergent biological functions. PKC is normally present in
an inactive form. Binding of cofactors to the regulatory
domain induces conformational changes that result in acti-
vation of the enzyme, which is usually associated with
membrane translocation [99]. Treatment of Jurkat cells
with a-TOS caused a decrease in PKC activity by activation
of protein phosphatase 2A, leading to hypophosphorylation
of PKCa and decreased phosphorylation of Bcl-2 on Ser70.
Phorbol-12-myristate-13-acetate, a PKC activator, effi-
ciently protected the cells from apoptosis induced by a-
TOS, indicating an inhibitory role of PKC in the regulation
of apoptosis [29].

PKC isozymes can also be activated by proteolytic sep-
aration of the regulatory and the catalytic domain. Several
members of the PKC family have now been identified as
substrates for caspases. During apoptosis, activation of cas-
pases results in the cleavage of PKC isozymes, followed by
PKC activation [100]. It was shown that a-TOS induced
apoptosis via activation of PKCbII and promoted PKCa

membrane translocation, concomitant with a decline in the
ERK activity [41]. The differences in the effects of a-TOS
on PKC in relation to apoptosis might be due to the pres-
ence of specific PKC isozymes in cells of different origin,
resulting in different or even opposing effects on the out-
come of apoptosis.

4.4 Role of NF-jB in apoptosis induced by vitamin
E analogues

Activation of the multicomplex transcription factor NF-jB
is crucial for a wide variety of cellular responses. In nonsti-
mulated cells, NF-jB is sequestered in the cytoplasm by the
inhibitory jB (IjB). Upon activation by a number of stim-
uli, the IjB protein is rapidly degraded, allowing transloca-
tion of NF-jB into the nucleus and binding to cognate-
response elements. In addition to its fundamental role in
regulation of the immune and inflammatory responses,
NF-jB also exerts antiapoptotic activities. Thus, NF-jB
activation stimulated by TNFa was inhibited by a-TOS in
Jurkat and proliferating endothelial cells [32, 83, 101], pos-
sibly sensitizing them to apoptosis induction.

Because activation of NF-jB is negatively associated
with apoptosis induced by TRAIL in multiple cancer cells,
agents that inhibit NF-jB activation may convert TRAIL-
resistant to -sensitive cells. TRAIL may transiently activate
NF-jB, thereby delaying the onset of apoptosis. a-TOS has
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the capacity to overcome such resistance by suppressing
TRAIL-stimulated NF-jB activation by modulating the
degradation of IjB, sensitizing cells to TRAIL [84].

Although there are a number of signalling pathways
involved in apoptosis induced by vitamin E analogues,
mitochondria are the major target. The various pathways
are probably triggered via the initial effect of vitamin E ana-
logues on mitochondria and may contribute to the main,
intrinsic apoptogenic pathway, thereby maximizing the out-
come, which is efficient elimination of a malignant cell.
Figure 2 shows some of the possible signalling pathways
mediated by vitamin E analogues.

Current knowledge of complex signalling pathways that
control apoptosis in the different tumour types will be help-
ful for further understanding the molecular mechanism by
which compounds like a-TOS exert their anticancer activ-
ity, and will promote preclinical or clinical trials using
different types of tumours, some being resistant to therapy
due to known mutations in genes necessary for eliciting
efficient killing of the malignant cells.

5 Conclusion

The above evidence suggests that vitamin E analogues, epit-
omized by a-TOS, as a novel group of mitocans, are effi-
cient anticancer agents with great promise for future clini-
cal applications, and supports the intriguing idea of mito-
chondria as a potent target for cancer therapy.

The progress concerning our understanding of the central
place of mitochondria as a regulator of cell death and of its
role in the carcinogenesis has launched the search for new
opportunities for therapeutic intervention. The compounds
capable of inducing MOMP will withstand clinical evalua-

tion in the future. Mitochondria will, if any, be expected to
be used as biomarkers for early detection of cancer, or as
unique cellular targets for novel and selective anticancer
agents. Therefore, it can be envisaged that mitocans, anti-
cancer agents that act by destabilizing mitochondria, will
become drugs of choice in our quest against, in some cases
thus far untreatable, neoplastic pathologies.

The authors have declared no conflict of interest.

6 References

[1] Beaglehole, R., Yach, D., Globalisation and the prevention
and control of noncommunicable disease: The neglected
chronic disease of adults, Lancet 2003, 362, 903 –908.

[2] Sener, S. F., Grey, N., The global burden of cancer, J. Surg.
Oncol. 2005, 92, 1–3.

[3] World Health Organization, The World Health Report 2002,
World Health Organization, Geneva 2002.

[4] Parkin, D. M., Bray, F., Ferlay, J., Pisani, P., Global cancer sta-
tistics, 2002, CA Cancer J. Clin. 2005, 55, 74–108.

[5] Morisaki, T., Katano, M., Mitochondria-targeting therapeutic
strategies for overcoming chemoresistance and progression
of cancer, Curr. Med. Chem. 2003, 10, 2517–2521.

[6] Alirol, E., Martinou, J. C., Mitochondria and cancer: Is there
a morphological connection? Oncogene 2006, 25, 4706 –
4716.

[7] Kakkar, P., Singh, B. K., Mitochondria: A hub of redox activ-
ities and cellular distress control, Mol. Cell. Biochem. 2007,
305, 235–253.

[8] Papa, S., Skulachev, V. P., Reactive oxygen species, mito-
chondria, apoptosis and aging, Mol. Cell. Biochem. 1997,
174, 305–319.

[9] Green, D. R., Reed, J. C., Mitochondria and apoptosis, Sci-
ence 1998, 281, 1309–1312.

136

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 2. Vitamin E analogues-
mediated signaling pathways.



Mol. Nutr. Food Res. 2009, 53, 129 –139

[10] Pinkoski, M. J., Waterhouse, N. J., Green, D. R., Mitochon-
dria, apoptosis and autoimmunity, Curr. Dir. Autoimmun.
2006, 9, 55–73.

[11] Horobin, R. W., Trapp, S., Weissig, V., Mitochondriotropics:
A review of their mode of action, and their applications for
drug and DNA delivery to mammalian mitochondria, J. Con-
trol. Release 2007, 121, 125 –136.

[12] Newmeyer, D. D., Ferguson-Miller, S., Mitochondria: Releas-
ing power for life and unleashing the machineries of death,
Cell 2003, 112, 481 –490.

[13] Detmer, S. A., Chan, D. C., Functions and dysfunctions of
mitochondrial dynamics, Nat. Rev. Mol. Cell. Biol. 2007, 8,
870–879.

[14] Wallace, D. C., Mitochondria and cancer: Warburg addressed,
Cold Spring Harb. Symp. Quant. Biol. 2005, 70, 363 –374.

[15] Warburg, O., Wind, F., Negelin, E., The metabolism of tumors
in the body, J. Gen. Physiol. 1927, 8, 519 –530.

[16] Armstrong, J. S., Mitochondrial medicine: Pharmacological
targeting of mitochondria in disease, Br. J. Pharmacol. 2007,
151, 1154–1165.

[17] Galluzzi, L., Larochette, N., Zamzami, N., Kroemer, G.,
Mitochondria as therapeutic targets for cancer chemotherapy,
Oncogene 2006, 25, 4812–4830.

[18] Neuzil, J., Wang, X. F., Dong, L. F., Low, P. et al., Molecular
mechanism of

,

mitocan’-induced apoptosis in cancer cells
epitomizes the multiple roles of reactive oxygen species and
Bcl-2 family proteins, FEBS Lett. 2006, 580, 5125 –5129.

[19] Neuzil, J., Tomasetti, M., Zhao, Y., Dong, L. F. et al., Vitamin
E analogs, a novel group of “mitocans,” as anticancer agents:
The importance of being redox-silent, Mol. Pharmacol.
2007, 71, 1185 –1199.

[20] Neuzil, J., Dyason, J. C., Freeman, R., Dong, L. F. et al., Mito-
cans as anti-cancer agents targeting mitochondria: Lessons
from studies with vitamin E analogues, inhibitors of complex
II, J. Bioenerg. Biomembr. 2007, 39, 65 –72.

[21] Yu, W., Sanders, B. G., Kline, K., RRR-a-Tocopheryl succi-
nate-induced apoptosis of human breast cancer cells involves
Bax translocation to mitochondria, Cancer Res. 2003, 63,
2483–2491.

[22] Weber, T., Dalen, H., Andera, L., N�gre-Salvayre, A. et al.,
Mitochondria play a central role in apoptosis induced by a-
tocopheryl succinate, an agent with anticancer activity, Com-
parison with receptor-mediated proapoptotic signaling, Bio-
chemistry 2003, 42, 4277 –4291.

[23] Wang, X. F., Witting, P. K., Salvatore, B. A., Neuzil, J., a-
Tocopheryl succinate induces apoptosis in HER2/erbB2-
overexpressing breast cancer cells by signalling via the mito-
chondrial pathway, Biochem. Biophys. Res. Commun. 2005,
326, 282–289.

[24] Shiau, C. W., Huang, J. W., Wang, D. S., Weng, J. R. et al., a-
Tocopheryl succinate induces apoptosis in prostate cancer
cells in part through inhibition of Bcl-xL/Bcl-2 function, J.
Biol. Chem. 2006, 281, 11819–11825.

[25] Woodson, K., Tangrea, J. A., Barrett, M. J., Virtamo, J. et al.,
Serum a-tocopherol and subsequent risk of lung cancer
among male smokers, J. Natl. Cancer Inst. 1999, 91, 1738 –
1743.

[26] Rautalahti, M. T., Virtamo, J. R., Taylor, P. R., Heinonen, O.
P. et al., The effects of supplementation with a-tocopherol
and b-carotene on the incidence and mortality of carcinoma
of the pancreas in a randomized, controlled trial, Cancer
1999, 86, 37–42.

[27] Malila, N., Taylor, P. R., Virtanen, M. J., Korhonen, P. I. et al.,
Effects of a-tocopherol and b-carotene supplementation on
gastric cancer incidence in male smokers (ATBC Study, Fin-
land), Cancer Causes Control 2002, 13, 617 –623.

[28] Prasad, K. N., Kumar, B., Yan, W. D., Hanson, A. J., Cole,
W. C., a-Tocopheryl succinate, the most effective form of
vitamin E for adjuvant cancer treatment: A review, J. Am.
Coll. Nutr. 2003, 22, 108 –117.

[29] Neuzil, J., Weber, T., Schr�der, A., Lu, M. et al., Induction of
apoptosis in cancer cells by a-tocopheryl succinate: Molecu-
lar pathways and structural requirements, FASEB J. 2001, 15,
403–415.

[30] Neuzil, J., Tomasetti, M., Mellick, A. S., Alleva, R. et al.,
Vitamin E analogues: A new class of inducers of apoptosis
with selective anti-cancer effects, Curr. Cancer Drug Targets
2004, 4, 355–372.

[31] You, H., Yu, W., Sanders, B. G., Kline, K., RRR-a-tocopheryl
succinate induces MDA-MB-435 and MCF-7 human breast
cancer cells to undergo differentiation, Cell Grouth Differ.
2001, 12, 471–480.

[32] Neuzil, J., Schr�der, A., von Hundelshausen, P., Zernecke, A.
et al., Inhibition of inflammatory endothelial responses by a
pathway involving caspase activation and p65 cleavage, Bio-
chemistry 2001, 40, 4686 –4692.

[33] Neuzil, J., Svensson, I., Weber, T., Weber, C. et al., a-Toco-
pheryl succinate-induced apoptosis in Jurkat T cells involves
caspase-3 activation, and both lysosomal and mitochondrial
destabilization, FEBS Lett. 1999, 445, 295–300.

[34] Yu, W., Liao, Q. Y., Hantash, F. M., Sanders, B. G. et al., Acti-
vation of extracellular signal-regulated kinase and c-Jun-
NH2-terminal kinase but not p38 mitogen-activated protein
kinases is required for RRR-a-tocopheryl succinate-induced
apoptosis of human breast cancer cells, Cancer Res. 2001,
61, 6569–6576.

[35] Wu, K., Zhao, Y., Liu, B. H., Li, Y. et al., RRR-a-tocopheryl
succinate inhibits human gastric cancer SGC-7901 cell
growth by inducing apoptosis and DNA synthesis arrest,
World J. Gastroenterol. 2002, 8, 26 –30.

[36] Fariss, M. W., Nicholls-Grzemski, F. A., Tirmenstein, M. A.,
Zhang, J. G., Enhanced antioxidant and cytoprotective abil-
ities of vitamin E succinate is associated with a rapid uptake
advantage in rat hepatocytes and mitochondria, Free Radic.
Biol. Med. 2001, 31, 530 –541.

[37] Alleva, R., Tomasetti, M., Andera, L., Gellert, N. et al., Coen-
zyme Q blocks chemical but not receptor-mediated apoptosis
by increasing mitochondrial antioxidant protection. FEBS
Lett. 2001, 503, 46–50.

[38] Wu, Y., Zu, K., Ni, J., Yeh, S. et al., Cellular and molecular
effects of a-tocopheryl-oxybutyrate: Lessons for the design
of vitamin E analog for cancer prevention, Anticancer Res.
2004, 24, 3795 –3802.

[39] Wu, K., Zhao, Y., Li, G. C., Yu, W. P., c-Jun N-terminal kinase
is required for vitamin E succinate-induced apoptosis in
human gastric cancer cells, World J. Gastroenterol. 2004, 10,
1110–1114.

[40] Yu, W., Israel, K., Liao, Q. Y., Aldaz, C. M. et al., Vitamin E
succinate (VES) induces Fas sensitivity in human breast can-
cer cells: Role for Mr 43,000 Fas in VES-triggered apoptosis,
Cancer Res. 1999, 59, 953–961.

[41] Bang, O. S., Park, J. H., Kang, S. S., Activation of PKC but
not of ERK is required for vitamin E succinate-induced apop-
tosis of HL-60 cells, Biochem. Biophys. Res. Commun. 2001,
288, 789–797.

137

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Y. Zhao et al. Mol. Nutr. Food Res. 2009, 53, 129 –139

[42] Anderson, K., Simmons-Menchaca, M., Lawson, K. A.,
Atkinson, J. et al., Differential response of human ovarian
cancer cells to induction of apoptosis by vitamin E succinate
and vitamin E analogue, a-TEA, Cancer Res. 2004, 64,
4263–4269.

[43] Kline, K., Yu, W., Sanders, B. G., Vitamin E and breast can-
cer, J. Nutr. 2004, 134, 3458S–3462S.

[44] Hrzenjak, A., Reicher, H., Wintersperger, A., Steinecker-
Frohnwieser, B. et al., Inhibition of lung carcinoma cell
growth by high density lipoprotein-associated a-tocopheryl-
succinate, Cell Mol. Life Sci. 2004, 61, 1520–1531.

[45] Schindler, R., Mentlein, R., Flavonoids and vitamin E reduce
the release of the angiogenic peptide vascular endothelial
growth factor from human tumor cells, J. Nutr. 2006, 136,
1477–1482.

[46] Alleva, R., Benassi, M. S., Pazzaglia, L., Tomasetti, M. et al.,
a-Tocopheryl succinate alters cell cycle distribution sensitis-
ing human osteosarcoma cells to methotrexate-induced apop-
tosis, Cancer Lett. 2006, 232, 226–235.

[47] Ni, J., Pang, S. T., Yeh, S., Differential retention of vitamin E
is correlated with its transporter gene expression and growth
inhibition efficacy in prostate cancer cells, Prostate 2007, 67,
463–471.

[48] Zhao, Y., Zhao, X., Yang, B., Neuzil, J. et al., a-Tocopheryl
succinate-induced apoptosis in human gastric cancer cells is
modulated by ERK1/2 and c-Jun N-terminal kinase in a
biphasic manner, Cancer Lett. 2007, 247, 345–352.

[49] Lee, E., Choi, M. K., Youk, H. J., Kim, C. H. et al., 5-(4-chlor-
ophenyl)-1-(4-methoxyphenyl)-3-trifluoromethylpyrazole
acts in a reactive oxygen species-dependent manner to sup-
press human lung cancer growth, J. Cancer Res. Clin. Oncol.
2006, 132, 223 –233.

[50] Helson, L., Verma, M., Helson, C., in: Prasad, K. N. (Ed.),
Modulation and Mediation of Cancer by Vitamins. Karger,
Basel 1983, pp. 258 –265.

[51] Malafa, M. P., Neitzel, L. T., Vitamin E succinate promotes
breast cancer tumor dormancy, J. Surg. Res. 2000, 93, 163 –
170.

[52] Malafa, M. P., Fokum, F. D., Mowlavi, A., Abusief, M. et al.,
Vitamin E inhibits melanoma growth in mice, Surgery 2002,
131, 85–91.

[53] Barnett, K. T., Fokum, F. D., Malafa, M. P., Vitamin E succi-
nate inhibits colon cancer liver metastases, J. Surg. Res. 2002,
106, 292–298.

[54] Weber, T., Lu, M., Andera, L., Lahm, H. et al., Vitamin E suc-
cinate is a potent novel anti-neoplastic agent with high tumor
selectivity and cooperativity with tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL, Apo2L) in vivo,
Clin. Cancer Res. 2002, 8, 863 –869.

[55] Basu, A., Grossie, B., Bennett, M., Mills, N. et al., a-Toco-
pheryl succinate (a-TOS) modulates human prostate LNCaP
xenograft growth and gene expression in BALB/c nude mice
fed two levels of dietary soybean oil, Eur. J. Nutr. 2007, 46,
34–43.

[56] Tomasetti, M., Rippo, M. R., Alleva, R., Moretti, S. et al., a-
Tocopheryl succinate and TRAIL selectively synergise in
apoptosis induction in human malignant mesothelioma cells,
Br. J. Cancer 2004, 90, 1644–1653.

[57] Wu, K., Shan, Y. J., Zhao, Y., Yu, J. W. et al., Inhibitory effects
of RRR-a-tocopheryl succinate on bezo(a)pyrene (B(a)P)-
induced forestomach carcinogenesis in female mice, World J.
Gastroenterol. 2001, 7, 60–64.

[58] Lawson, K. A., Anderson, K., Simmons-Menchaca, M.,
Atkinson, J. et al., Comparison of vitamin E derivatives a-
TEA and VES in reduction of mouse mammary tumor burden
and metastasis, Exp. Biol. Med. 2004, 229, 954–963.

[59] Malafa, M. P., Fokum, F. D., Smith, L., Louis, A., Inhibition
of angiogenesis and promotion of melanoma dormancy by
vitamin E succinate, Ann. Surg. Oncol. 2002, 85, 1023 –
1032.

[60] Wang, X. F., Birringer, M., Dong, L. F., Veprek, P. et al., A
peptide conjugate of vitamin E succinate targets breast cancer
cells with high ErbB2 expression, Cancer Res. 2007, 67,
3337–3344.

[61] Dong, L. F., Swettenham, E., Eliasson, J., Wang, X. F. et al.,
Vitamin E analogues inhibit angiogenesis by selective induc-
tion of apoptosis in proliferating endothelial cells: The role of
oxidative stress, Cancer Res. 2007, 67, 11906 –11913.

[62] Borel, P., Pasquier, B., Armand, M., Tyssandier, V. et al.,
Processing of vitamin A and E in the human gastrointestinal
tract, Am. J. Physiol. 2001, 280, G95 –G103.

[63] Jia, L., Yu, W., Wang, P., Sanders, B. G., Kline, K., In vivo
and in vitro studies of anicancer actions of alpha-TEA for
human prostate cancer cells, Prostate 2008, 68, 849 –860.

[64] Hahn, T., Szabo, L., Gold, M., Ramanathapuram, L. et al.,
Dietary administration of the proapoptotic vitamin E ana-
logue a-tocopheryloxyacetic acid inhibits metastatic murine
breast cancer, Cancer Res. 2006, 66, 9374–9378.

[65] Tomic-Vatic, A., EyTina, J. H., Chapmann, J. M., Mahdavian,
E. et al., Vitamin E amides, a new class of vitamin E ana-
logues with enhanced proapoptotic activity, Int. J. Cancer
2005, 117, 118 –193.

[66] Swettenham, E., Witting, P. K., Salvatore, B. A., Neuzil, J., a-
Tocopheryl succinate selectively induces apoptosis in neuro-
blastoma cells: Potential therapy of malignancies of the nerv-
ous system? J. Neurochem. 2005, 94, 1448–1456.

[67] Kogure, K., Hama, S., Kisaki, M., Takemasa, H. et al., Struc-
tural characteristic of terminal dicarboxylic moiety required
for apoptogenic activity of a-tocopheryl esters, Biochim. Bio-
phys. Acta 2004, 1672, 93–99.

[68] Kogure, K., Manabe, S., Suzuki, I., Tokumura, A. et al., Cyto-
toxicity of a-tocopheryl succinate, malonate and oxalate in
normal and cancer cells in vitro and their anti-cancer effects
on mouse melanoma in vivo, J. Nutr. Sci. Vitaminol. 2005, 51,
392–397.

[69] Wu, Y., Zu, K., Ni, J., Yeh, S. et al., Cellular and molecular
effects of a-tocopheryloxybutyrate: Lessons for the design of
vitamin E analog for cancer prevention, Anticancer Res.
2004, 24, 3795 –3802.

[70] Chang, E., Ni, J., Yin, Y., Lin, C. C. et al., Alpha-vitamin E
derivative, RRR-a-tocopheryloxybutyric acid inhibits the
proliferation of prostate cancer cells, Asian J. Androl. 2007,
9, 31 –39.

[71] Akazawa, A., Nishikawa, K., Suzuki, K., Asano, R. et al.,
Induction of apoptosis in a human breast cancer cell overex-
pressing ErbB-2 receptor by a-tocopheryloxybutyric acid,
Jpn. J. Pharmacol. 2002, 89, 417–421.

[72] Yano, T., Yajima, S., Hagiwara, K., Kumadaki, I. et al., Vita-
min E inhibits cell proliferation and the activation of extracel-
lular signal-regulated kinase during the promotion phase of
lung tumorigenesis irrespective of antioxidative effect, Carci-
nogenesis 2000, 21, 2129–2133.

[73] He, L., Mo, H., Hadisusilo, S., Qureshi, A. A. et al., Isopre-
noids suppress the growth of murine B16 melanomas in vitro
and in vivo, J. Nutr. 1997, 127, 668 –674.

138

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2009, 53, 129 –139

[74] Wada, S., Satomi, Y., Murakoshi, M., Noguchi, N. et al.,
Tumor suppressive effects of tocotrienol in vivo and in vitro,
Cancer Lett. 2005, 229, 181 –191.

[75] Dimanche-Boitrel, M. T., Meurette, O., Rebillard, A., Lacour,
S., Role of early plasma membrane events in chemotherapy-
induced cell death, Drug Resist. Update 2005, 8, 5–14.

[76] Ottino, P., Duncan, J. R., Effect of a-tocopherol succinate on
free radical and lipid peroxidation levels in BL6 melanoma
cells, Free Radic. Biol. Med. 1997, 22, 1145 –1151.

[77] Kogure, K., Hama, S., Manabe, S., Tokumura, A., Fukuzawa,
K., High cytotoxicity of a-tocopheryl hemisuccinate to can-
cer cells is due to failure of their antioxidative defense sys-
tems, Cancer Lett. 2002, 186, 151–156.

[78] Dong, L. F., Low, P., Dyason, J., Wang, X. F. et al., a-Toco-
pheryl succinate induces apoptosis by targeting ubiquinone-
binding sites in mitochondrial respiratory complex II. Onco-
gene 2008, 27, 4324 –4335.

[79] Petrosillo, G., Ruggiero, F. M., Paradies, G., Role of reactive
oxygen species and cardiolipin in the release of cytochrome c
from mitochondria, FASEB J. 2003, 17, 2202–2208.

[80] Garrido, C., Galluzzi, L., Brunet, M., Puig, P. E. et al., Mech-
anisms of cytochrome c release from mitochondria, Cell
Death Differ. 2006, 13, 1423–1433.

[81] Zu, K., Hawthorn, L., Ip, C., Up-regulation of c-Jun-NH2-kin-
ase pathway contributes to the induction of mitochondria-
mediated apoptosis by a-tocopheryl succinate in human pros-
tate cancer cells, Mol. Cancer Ther. 2005, 4, 43–50.

[82] Du, C., Fang, M., Li, Y., Li, L., Wang, X, Smac, a mitochon-
drial protein that promotes cytochrome c-dependent caspase
activation by eliminating IAP inhibition, Cell 2000, 102, 33–
42.

[83] Erl, W., Weber, C., Wardemann, C., Weber, P. C., a-Toco-
pheryl succinate inhibits monocytic cell adhesion to endothe-
lial cells by suppressing NF-jB mobilization, Am. J. Physiol.
1997, 273, H634 –640.

[84] Dalen, H., Neuzil, J., a-Tocopheryl succinate sensitises T
lymphoma cells to TRAIL killing by suppressing NF-jB acti-
vation, Br. J. Cancer 2003, 88, 153–158.

[85] Cory, S., Huang, D. C., Adams, J. M., The Bcl-2 family: Roles
in cell survival and oncogenesis, Oncogene 2003, 22, 8590 –
8607.

[86] Yamamoto, S., Tamai, H., Ishisaka, R., Kanno, T. I. et al.,
Mechanism of a-tocopheryl succinate-induced apoptosis of
promyelocytic leukemia cells, Free Radic. Res. 2000, 33,
407–418.

[87] Higuchi, M., Aggarwal, B. B., Yeh, E. T., Activation of
CPP32-like protease in tumor necrosis factor-induced apop-
tosis is dependent on mitochondrial function, J. Clin. Invest.
1997, 99, 1751 –1758.

[88] Neuzil, J., Zhao, M., Ostermann, G., Sticha, M. et al., a-Toco-
pheryl succinate, an agent with in vivo anti-tumour activity,
induces apoptosis by causing lysosomal instability, Biochem.
J. 2002, 362, 709 –715.

[89] O’Connell, J., Bennett, M. W., Nally, K., Houston, A. et al.,
Altered mechanisms of apoptosis in colon cancer: Fas resist-
ance and counterattack in the tumor-immune conflict, Ann.
N. Y. Acad. Sci. 2000, 910, 178 –192.

[90] Turley, J. M., Fu, T., Ruscetti, F. W., Mikovits, J. A. et al.,
Vitamin E succinate induces Fas-mediated apoptosis in estro-
gen receptor-negative human breast cancer cells, Cancer Res.
1997, 57, 881–890.

[91] Wu, K., Li, Y., Zhao, Y., Shan, Y. J. et al., Roles of Fas sig-
nalling pathway in vitamin E succinate-induced apoptosis in
human gastric cancer SGC-7901 cells, World J. Gastroen-
terol. 2002, 8, 982–986.

[92] Tomasetti, M., Andera, L., Alleva, R., Borghi, B. et al., a-
Tocopheryl succinate induces DR4 and DR5 expression by a
p53-dependent route: Implication for sensitisation of resist-
ant cancer cells to TRAIL apoptosis, FEBS Lett. 2006, 580,
1925 –1931.

[93] Pearson, G., Robinson, F., Gibson, B. T., Xu, B. E. et al.,
Mitogen-activated protein (MAP) kinase pathways: Regula-
tion and physiological functions, Endocr. Rev. 2001, 22,
153–183.

[94] Nishina, H., Wada, T., Katada, T., Physiological roles of
SAPK/JNK signalling pathway, J. Biochem. 2004, 136,
123–126.

[95] Qian, M., Sanders, B. G., Kline, K., RRR-a-Tocopheryl suc-
cinate induces apoptosis in avian retrovirus-transformed
lymphoid cells, Nutr. Cancer 1996, 25, 9–26.

[96] Yu, W., Sanders, B. G., Kline, K., RRR-a-Tocopheryl succi-
nate inhibits EL4 thymic lymphoma cell growth by inducing
apoptosis and DNA synthesis arrest, Nutr. Cancer 1997, 27,
92–101.

[97] Yu, W., Simmons-Menchaca, M., You, H., Brown, P. et al.,
RRR-a-Tocopheryl succinate induction of prolonged activa-
tion of c-jun amino-terminal kinase and c-jun during induc-
tion of apoptosis in human MDA-MB-435 breast cancer
cells, Mol. Carcinog. 1998, 22, 247–257.

[98] Zhao, Y., Wu, K., Xia, W., Shan, Y. J. et al., The effects of
vitamin E succinate on the expression of c-jun gene and pro-
tein in human gastric cancer SGC-7901 cells, World J. Gas-
troenterol. 2002, 8, 782–786.

[99] Basu, A., Involvement of protein kinase C-delta in DNA
damage-induced apoptosis, J. Cell Mol. Med. 2003, 7, 341 –
350.

[100] Endo, K., Oki, E., Biedermann, V., Kojima, H. et al., Proteo-
lytic cleavage and activation of protein kinase C-l by cas-
pase-3 in the apoptotic response of cells to 1-beta-D-arabi-
nofuranosylcytosine and other genotoxic agents, J. Biol.
Chem. 2000, 275, 18476 –18481.

[101] Suzuki, Y. J., Packer, L., Inhibition of NF-jB DNA binding
activity by a-tocopheryl succinate, Biochem. Mol. Biol. Int.
1993, 31, 693–700.

[102] Stapelberg, M., Gellert, N., Swettenham, E., Tomasetti, M.
et al., a-Tocopheryl succinate inhibits malignant mesothe-
lioma by disruption of the FGF autocrine signaling loop:
Mechanism and the role of oxidative stress, J. Biol. Chem.
2005, 280, 25369–25376.

[103] Zhang, S., Lawson, K. A., Simmons-Menchaca, M., Atkin-
son, J. et al., Vitamin E analog a-TEA and celecoxib alone
and together reduce human MDA-MB-435-FL-GFP breast
cancer burden and metastasis in nude mice, Breast Cancer
Res. Treat. 2004, 87, 111–121.

[104] Ramanathapuram, L. V., Hahn, T., Graner, M. W., Katsanis,
M., Akporiaye, E. T., Vesiculated a-tocopheryl succinate
enhances the anti-tumor effect of dendritic cell vaccines,
Cancer Immunol. Immunother. 2006, 55, 166 –177.

139

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


