
Vitamin E (α�tocopherol) is a well�known lipid�sol�

uble antioxidant. Recently, unlike the redox�active α�

tocopherol (α�T), the redox�inactive α�tocopheryl succi�

nate (TS), an amphiphilic succinyl ester of α�T (see Fig.

1) has attracted much attention [1]. TS is a naturally

occurring compound first isolated from a green barley

extract that stimulates release of prolactin and growth

hormone from pituitary cells in vitro [2]. Later, various

biological activities of TS such as inactivation of tran�

scriptional factor nuclear factor κB (NF�κB) [3�6], sup�

pression of the cell growth [7�13], induction of apoptosis

[14�30], promotion of differentiation [31�33], and cell

cycle arrest [10, 13] were reported. In this communica�

tion, we review our current understanding of the molecu�

lar basis for the effects of TS implicated in our recent

findings about it [34�37]: 1) TS enhanced NO production

by increasing inducible NO synthase (iNOS) in vascular

smooth muscle cells (VSMC) under atherosclerosis�like

conditions [34]; 2) TS induced apoptosis, which is asso�

ciated with increase in O2
– generation by NADPH�oxi�

dase [35]; 3) cancer cells are more susceptible than nor�

mal cells to TS�induced apoptosis, possibly due to low�

ered antioxidative defense systems [36]; 4) TS inhibited

the growth of melanoma in hairless mice in vivo and pro�

longed their survival time [37].
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Abstract—Tocopheryl succinate (TS), a succinyl ester of α�tocopherol (α�T), has been reported to have various biological

activities. In this communication, we review the current findings about TS including our recent studies of its effects on nitric

oxide (NO) and superoxide (O2
–) generations implicated in cancer and atherosclerosis. First, we investigated the effect of TS

on NO production in vascular smooth muscle cells (VSMC) under atherosclerosis�like conditions using lipopolysaccharide

(LPS) and interferon�γ (IFN). TS enhanced LPS/IFN�dependent NO production, but α�T itself did not. The enhancement

by TS of NO production was inhibited by α�T but not by antioxidants such as ascorbic acid and 2[3]�t�butyl�4�hydroxy�

anisole (BHA). TS enhanced the amount of protein kinase Cα (PKCα) in VSMC, and PKC inhibitors inhibited TS�

enhanced NO production, suggesting that the enhancing effect of TS on NO production is caused by up�regulation of PKC.

Second, we found that TS induced apoptosis in VSMC associated with increase in O2
– generation via NADPH�dependent

oxidase. We further observed that a mouse breast cancer cell line C127I was more susceptible for TS�induced apoptosis than

a mouse breast normal cell line NmuMG, and that superoxide dismutase, α�T, and BHA inhibited TS�caused morphologi�

cal cell damage in C127I. From these results, O2
– itself and/or other reactive oxygen species are assumed to associate with

TS�induced cell toxicity, and antioxidative defense systems are supposed to be lowered in cancer cells. Finally, we found that

intravenous injection of TS vesicles completely inhibited the growth of melanoma cells B16�F1 inoculated on the back of

hairless mice and enhanced their survival time.
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ENHANCEMENT BY α�TOCOPHERYL 

SUCCINATE OF NITRIC OXIDE PRODUCTION

INDUCED BY LIPOPOLYSACCHARIDE 

AND INTERFERON�γ IN RAT VASCULAR

SMOOTH MUSCLE CELLS

In VSMC, NO is known to play a critical role in

vasodilatory function and atherosclerosis processes [38],

and inducible NO production in the VSMC system has

been well studied [39]. In atherosclerotic plaque,

cytokines such as tumor necrosis factor�α (TNF�α) and

interleukin�1 (IL�1) secreted from macrophages and

foam cells have been implicated in the pathogenetic

events [40]. On the other hand, since these cytokines are

responsible for iNOS expression through NF�κB activa�

tion, they are supposed to elicit the NO�dependent

vasodilation to improve the decreased blood flow in the

vascular lesions. As TS was recently reported to induce

NO production and iNOS expression in U937 human

monoblasts through activation of NF�κB [41], we inves�

tigated in the VSMC system in detail for the effect of TS

on NO production to obtain useful information about its

Fig. 1. Structures of α�tocopherol (α�T) and its derivatives—α�tocopheryl succinate (TS), α�tocopheryl acetate (TA), and α�tocopheryl

nicotinate (TN).
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therapeutic possibilities on vascular diseases like athero�

sclerosis. To investigate the enhancing effect of TS on NO

production under atherosclerosis�like conditions, we

used the system containing lipopolysaccharide (LPS)

known as a stimulant of iNOS expression through similar

signaling cascade to these cytokines [40, 42]. Interferon�

γ (IFN), which was also reported to be secreted from T�

cells in the lesions of atherosclerosis, was further used

together with LPS to strengthen LPS function.

Transfer of TS from Culture Medium to VSMC

Prior to the main experiments, we investigated the

transfer of TS (50 µM) from the culture medium to the

cells using HPLC [35]. As shown in Fig. 2, TS contents in

the cells increased biphasically with increase in the incu�

bation period. The cellular contents of TS increased at

first immediately up to about 60% just after addition of

TS to culture medium and then gradually. Most of the TS

treated was observed in the cell fraction 12 h after the

addition, but its hydrolysis product, α�T, was not

observed both in cultured medium and cells, indicating

that TS was not hydrolyzed under our experimental con�

ditions.

TS Enhances NO Production Induced 
by LPS and IFN in VSMC

A typical condition of NO production in our experi�

ments was as follows [34]. The VSMC (1·106 cells) isolat�

ed from rat were cultured for 24 h in medium with 10%

fetal calf serum and further cultured for 24 h in medium

containing TS without serum. Then LPS and IFN were

added at final concentrations of 10 µg/ml and 100 U/ml,

respectively, and after incubation for 48 h, cells were sub�

jected to various assays. In the absence of LPS/IFN,

10 µM TS alone did not induce NO production, although

Kim et al. [41] reported that TS itself induced NO pro�

duction. In the presence of LPS/IFN, however, TS

enhanced NO production about 2�fold that induced by

LPS/IFN alone. Furthermore, TS enhanced the expres�

sion of LPS/IFN�induced iNOS protein measured by

western blotting, as well as NO production. Accordingly,

we concluded that the enhancing effect of TS on

LPS/IFN�induced NO production is caused by enhance�

ment of iNOS protein induction.

LPS and IFN have been reported to stimulate NO

production through independent signal pathways. The

former stimulates cells by activating NF�κB and the latter

by the interferon regulatory factor�1 (IRF�1) [42�45].

Next, we examined which signal pathway of LPS or IFN

was stimulated with TS. The enhancing effect of TS was

not observed in the presence of IFN alone even at a high

concentration. However, the enhancing effect increased

with increase in the concentration of LPS alone but was

relatively low compare with that in the presence of both

LPS and IFN. These results suggest that TS participates

in the pathway stimulated with LPS, and IFN is necessary

for expansion of the TS effect.

α�T and its derivatives α�tocopheryl acetate (TA)

and α�tocopheryl nicotinate (TN) (see Fig. 1), even at

50 µM, did not enhance the LPS/IFN�induced NO pro�

duction in VSMC in contrast to TS. However, they low�

ered the TS�enhanced NO generation and iNOS expres�

sion induced by LPS/IFN. Antioxidants such as butylhy�

droxyanisole (BHA) and ascorbic acid (AsA) did not

affect the TS�enhanced NO production, indicating that

active oxygens and/or free radicals do not participate in

the TS effect, and that the lowering effect of α�T is not

mediated by its antioxidative reaction.

Implication of Protein Kinase for TS�Enhanced
LPS/IFN�Induced NO Production in VSMC

Since TS was suggested to affect mainly the signal

pathway stimulated with LPS, we examined the effects of

inhibitors of PKA and PKC on TS�enhanced NO pro�

duction [34]. The PKA inhibitors KT�5720 and H8 had

no effect, but the PKC inhibitors Ro31�2880 and

GF109203X significantly inhibited NO production in the

combination system of 10 µM TS with LPS/IFN,

although they did not affect apparently LPS/IFN�

induced NO production in the system without TS.

Addition of 10 µM TS to the LPS/IFN�system enhanced

the amount of PKCα, but no change of PKCβ involved

with and without TS was observed in the LPS/IFN treat�

Fig. 2. Time�dependent α�tocopheryl succinate (TS) transfer

from culture medium to vascular smooth muscle cells [35]. TS

contents in the medium (1) and cells (2) were quantified using

HPLC. The concentration of TS in the culture medium at 0

time was 50 µM. Values are means ± SD (n = 3).
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ed cells. The amounts of other proteins related with the

LPS�stimulated signal pathway, such as TRAF6 and

MyD88, were not affected by the addition of TS. These

results suggested that TS induced up�regulation of PKCα.

This suggestion was supported by the findings that

enhancements by TS of NO production and iNOS

expression were inhibited by α�T, which was reported to

decrease PKCα activity through activation of protein

phosphatase�2A (PP2A) in smooth muscle cells [46�48].

From these results, we proposed the molecular mecha�

nism in Fig. 3 of TS�enhanced NO generation by iNOS,

expression of which was increased via increase in PKC in

VSMC under the atherosclerotic inflammatory condi�

tion.

It is interesting that α�T and TS, having very similar

structure, showed opposite effects on PKC in our study,

although Neuzil et al. [1, 23, 24] reported inhibition by

both TS and α�T of PKC activity through PP2A activa�

Fig. 3. Molecular mechanism of TS�enhanced NO production under atherosclerosis�like conditions using LPS and IFN [34]. White arrows

indicate quantitative increase by TS. VSMC, vascular smooth muscle cells; PLC, phospholipase C; PKC, protein kinase C; PKC�P, acti�

vated protein kinase C; IFN, interferon�γ; R, receptor; IFN�R, interferon receptor; IRF�1, interferon regulating factor�1.
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tion. From the recent reports that TS induced apoptosis

by causing lysosomal membrane instability [49], and that

α�T prevented the injurious effects and changes of signal�

ing molecule functions through membrane alterations

induced by bioactive phospholipids [50, 51], it was sup�

posed that an amphiphilic TS with negatively charged ter�

minal carboxyl moiety alters the membrane structure and

the consequent up�regulation of PKC, and α�T stabilizes

the TS�mediated membrane disruption.

SUPEROXIDE IS RESPONSIBLE FOR APOPTOSIS

INDUCED BY α�TOCOPHERYL SUCCINATE

It has been found that TS induces apoptosis in various

cell lines such as human breast cancer cells, neuroblas�

toma cells, and lymphoblastoid cells [12, 14�27]. Multiple

signaling pathways have been suggested to play a role in

the TS�induced apoptosis. These may involve transform�

ing growth factor�β (TGF�β), PKC, Fas, and the mito�

gen�activated protein kinase (MAPK) signalings [12, 14�

19, 21, 26�30]. Furthermore, it was also reported that the

dysfunction of mitochondria, lysosomal instability, and

activation of caspase cascades were caused in the process

of TS�induced apoptosis [19, 22, 23, 27, 49]. However, the

trigger event of TS�induced apoptosis is still obscure. In

this study, we examined the effect of TS on rat VSMC to

obtain further information about the cell toxicity of TS.

Cytotoxic and Apoptotic Effects of TS 
on Cultured VSMC

The VSMC (1·106 cells) isolated from rat were cul�

tured for 24 h in medium with 10% fetal calf serum, and

further cultured in medium containing TS without serum

for 48�96 h. Lactate dehydrogenase (LDH) release from

VSMC, which is a typical parameter of cell toxicity, was

slowly induced by TS in a concentration�dependent man�

ner; on 96 h treatment, 50 µM TS caused about 60%

release of total LDH [35]. TS also concentration� and

time�dependently caused DNA fragmentation, which is

known as a typical apoptotic event. The TS�induced LDH

release and DNA fragmentation of VSMC were inhibited

by exogenous addition of superoxide dismutase (SOD),

but not by catalase, indicating that O2
–, but not H2O2,

would play an important role in the TS toxicity. α�T also

inhibited the cytotoxic effect of TS but AsA did not.

Increased O2
– Generation by NADPH�oxidase 

Is Responsible for TS�Induced Apoptosis

NADPH oxidase is well known to be an O2
– generating

system in various cells [52]. And O2
– generated by NADPH

oxidase is reported to contribute to apoptosis in various cells

such as sympathetic neurons and human leukemia cells [53,

54]. Exogenous addition of NADPH in TS�treated VSMC

caused significant increase in O2
– generation measured by

the cytochrome c reduction method. The reduction of

cytochrome c was inhibited by SOD. Addition of

diphenyleneiodonium (DPI) or 4�(2�aminoethyl)�ben�

zenesulfonyl fluoride (AEBSF), which are specific

inhibitors of flavin�containing oxidases such as NADPH

oxidase, also inhibited the reduction of cytochrome c,

although the inhibitions were not complete [35]. The coex�

istence of AEBSF also inhibited the LDH release and DNA

fragmentation induced with TS. These results suggest that

the exogenous O2
– generation via NADPH�dependent

flavin�containing oxidase system is responsible for the TS�

induced cell toxicity. Figure 4 shows the multiple signaling

pathways that play a role in the TS�induced apoptosis.

APOPTOTIC AND ANTICANCER EFFECTS 

OF α�TOCOPHERYL SUCCINATE

Cancer Cells Are More Susceptible
to TS�Induced Cytotoxicity Than Normal Cells

Neuzil et al. reported that TS showed higher cell tox�

icity toward various cancer cells than normal cells [23, 24,

55]. However, the molecular mechanism of high suscepti�

bility of cancer cells to TS�induced toxicity is unclear.

Since TS induced apoptosis in VSMC is associated with

increase in O2
– generation via NADPH�oxidase as above

mentioned, we investigated whether activation of O2
– gen�

eration is also a trigger feature of TS�induced apoptosis in

other cell systems, especially cancer cells, and why the

toxicity of TS is high in cancer cells [36]. We used two cell

lines derived from the same species of animal and tissue, a

mouse breast cell lines NmuMG and a mouse breast can�

cer cell line C127I, and compared their susceptibility to

TS. In cancer cells, the concentration of TS required for

apoptosis was 50 µM, but in normal cells, a higher con�

centration (over 100 µM) was required. Exogenous addi�

tion of SOD (2000 units/ml) inhibited TS�induced apop�

tosis and increased survival of C127I cells, but catalase

(2000 units/ml) did not. Microscopic images indicated

that 50 µM TS�caused morphological C127I cell damage

was prevented by addition of 50 µM α�T, 50 µM butylhy�

droxyanisole (BHA), and SOD. These results suggest that

O2
– itself and reactive oxygen species derived from O2

–

and/or free radicals are associated with TS toxicity, and

the high susceptibility of cancer cells to TS toxicity is due

to failure of their antioxidative defense systems.

Anticancer Effect of TS

We and others have shown that TS is a potent induc�

er of apoptosis in a multitude of malignant cells while it
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appears largely nontoxic towards normal cells in vitro [7,

12, 19, 23, 24, 36, 55]. We proposed that one possible

cause was due to failure of antioxidative defense systems

of cancer cells [36] as described above. Neuzil [1] postu�

lated that because apoptosis induced by TS, an agent

with low pK value, is more efficient at low pH [49], TS

preferentially kills tumor cells, as tumore interstitium is

acidic but that of normal tissues features neutral pH [53],

and that protonated (uncharged) TS can freely diffuse

into cancer cells, while deprotonated (charged) TS

would not be readily taken up by cells of normal tissues

characterized by neutral pH. Recently, it was reported

that intraperitoneal administration of TS inhibited the

growth of human colon cancer cells HCT116, human

breast cancer cells MDA�MB�231, and mouse

melanoma cells B16�F10 inoculated into nude mice in

vivo [11, 55, 57]. The proportion of apoptotic cells in

tumors of mice treated with TS is significantly higher

than that of mice treated without TS in vivo [55, 57], sug�

gesting that the inhibitory effect of TS reported on the

growth of cancer cells in vivo is due to the induction of

apoptosis in tumors.

In this study, because the reported intraperitoneal (i.p.)

administration of TS dissolved in an organic solvent is not a

general therapeutic procedure for humans, we attempted

intravenous (i.v.) administration of TS vesicles, which could

be useful for efficient delivery to tumor tissue with vigorous

angiogenesis like liposomes [58], and investigate the pre�

venting effect of TS on growth of mouse melanoma cells

B16�F1 inoculated on the back of hairless mice [37].

Figure 5a shows the preventive effect of i.v. adminis�

tration of TS (TS�vesicle i.v.) and i.p. administration of

TS dissolved in dimethyl sulfoxide (TS i.p.) on growth of

mouse melanoma cells B16�F1 inoculated on the back of

hairless mice. TS�vesicle i.v. almost completely prevented

tumor growth in all mice even at day 28, although the

administration was stopped on day 19. The percentage

inhibition of tumor growth in the TS�vesicle i.v. group

was about 85%. On the other hand, the inhibiting effect in

the TS i.p. group was not complete, i.e., it significantly

Fig. 4. Molecular mechanism of TS�triggered apoptosis via the TGF�β, Fas, and JNK/MAPK signaling pathways and the mitochondrial

membrane permeability transition pathway. White and black arrows indicate TS�induced increases in amount and activity, respectively.

TGF�β, transforming growth factor β; PKC, protein kinase C; PP2A, protein phosphatase 2A; cyt c, cytochrome c; Fas�L, Fas�ligand;

JNK, c�Jun�end kinase; c�Jun, transcription factor; MAPK, mitogen�activated protein kinase; Apaf, apoptotic proteinase�activating fac�

tor.
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prevented tumor growth in half of the mice, but did not

have a preventive effect in the other half. It is unclear why

TS i.p. did not affect all the mice in the same way.

Possibly, this was due to a difference in delivery efficiency

of TS to the tumor on each administration.

Figure 5b shows the percentage survival of tumor�

inoculated mice treated with and without TS. The per�

centage of TS�untreated control mice decreased from day

42, and on day 65, all mice in the control group were

dead. The decrease of the survival in the TS i.p. group

started a little earlier than that in the control group, and

the mean survival time in the TS i.p. group was 44.5 days,

which was also shorter than that (50.3 days) in the control

group, although tumor growth of half the mice in the TS

i.p. group was prevented almost completely. However, the

survival time of mice in the TS�vesicle i.v. group was elon�

gated about 1.4�fold (68.4 days) from the control group.

Accordingly, administration of TS�vesicle i.v. not only

prevented growth of the tumor, but also prolonged the life

of tumor�inoculated mice.

We suppose that the prevention of tumor growth is

caused by apoptosis induced by TS, but the life�prolong�

ing effect of TS�vesicle i.v. is due to another mechanism.

In vivo experiments reported previously [11, 55, 57] were

performed using nude mice which lacked a thymus, but in

this study we used hairless mice with a thymus. Therefore,

the difference in the life prolonging effect of TS might be

caused by the difference in the animals examined. TS was

reported to activate CD4+ T�helper cells [59], which are

known to play an important role in the immune response

against tumors [60]. As TS was observed in thymus of

mice treated with TS�vesicle i.v. in this study, it is sup�

posed that TS in thymus is responsible for the life�pro�

longing effect due to activation of the T cell immune sys�

tem in the thymus. Consequently, it is suggested that TS�

vesicles are a good new type of anticancer agent, and our

findings are useful for therapeutic studies of TS.
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