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Abstract

Oxidative stress caused by an increase in free radicals plays an important role in neuronal death. We investigated the effects of a-

tocopherol on oxidative stress-induced cytotoxicity using primary cultures of rat striatal neurons. a-Tocopherol at concentrations of 1–10 AM
significantly prevented cytotoxicity induced by superoxide radical (O2��) donor, 1,1V-dimethyl-4,4V-bipyridium dichloride (paraquat). In

contrast, a-tocopherol did not affect the cytotoxicity of hydrogen peroxide (H2O2), which enhances hydroxyl radical (�OH) formation by

metal-catalyzed Fenton reactions. a-Tocopherol significantly inhibited the cytotoxicity of nitric oxide (NO) donors, S-nitrosocysteine and 3-

morpholinosydnonimine (SIN-1). a-Tocopherol showed potent protection against cytotoxicity induced by L-buthionine-[S,R]-sulfoximine

(BSO), which causes depletion of intracellular glutathione. Moreover, a-tocopherol afforded a moderate but significant inhibition of

cytotoxicity induced by a non-specific protein kinase inhibitor, staurosporine, which is known to induce apoptosis in many types of cells

including neurons. These results suggest that a-tocopherol protects striatal neurons by the reduction of oxidative stress, presumably by

decreasing intracellular O2�� levels, and at least partly by the inhibition of apoptosis.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Neurons in the central nervous system are vulnerable to

oxidative stress caused by reactive oxygen species and nitric

oxide (NO). Those radicals may play crucial roles in neuro-

nal death during the process of neurodegenerative diseases.

Increased formation of free radicals is responsible for a

variety of neurodegenerative diseases including Alzheimer’s

disease, Parkinson’s disease, Huntington’s disease and

amyotrophic lateral sclerosis and for pathological conditions

such as ischemia and excitotoxicity (Coyle and Puttfarcken,

1993; Olanow, 1993). Free radicals are able to initiate

injurious processes of neurons such as lipid peroxidation,

oxidative alteration of proteins and DNA damage. Further-
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more, it has been suggested that apoptotic neuronal death is

involved in neurodegenerative diseases (Yuan and Yankner,

2000). Accordingly, substances which can reduce oxidative

stress and inhibit apoptosis are expected to be potential tools

in the therapy of various neurodegenerative diseases.

There has been considerable interest in the potential role

of vitamin E in the treatment of age-associated neurodege-

nerative diseases such as Alzheimer’s disease. Epidemio-

logic studies have suggested that intake of antioxidant

nutrients such as vitamin E or vitamin C is associated with

a reduced risk of developing Alzheimer’s disease (Morris et

al., 1998). A clinical trial suggested that administration of

vitamin E to patients with Alzheimer’s disease significantly

slows the progression of the disease (Sano et al., 1997).

These studies prompted us to investigate the effects of

vitamin E on neurotoxicity induced by oxidative stress in

vitro.

Vitamin E is the term for a group of tocopherols and

tocotrienols. Tocopherols and tocotrienols have the same
ed.
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basic chemical structure characterized by a long phytyl tail

attached to chromane ring. Tocopherols have a saturated,

whereas tocotrienols have an unsaturated phytyl tail, and

individual isoforms of tocopherols and tocotrienols differ in

the number and the position of the methyl groups attached

to the aromatic ring (Ricciarelli et al., 2001). Each of these

forms of vitamin E has a different biopotency. In the vitamin

E group, a-tocopherol is suggested to have the highest

biological activity (Hosomi et al., 1997; Weimann and

Weiser, 1991). In the present study, we demonstrated the

neuroprotective action of a-tocopherol on oxidative stress

by using primary cultures of rat striatal neurons.
2. Materials and methods

2.1. Materials

Eagle’s minimum essential medium (Eagle’s MEM) was

purchased from Nissui Pharmaceutical (Tokyo, Japan). Fetal

bovine serum was obtained from JRH Biosciences (Lenexa,

KS, USA.). L-Cysteine, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), glucose, glutamine,

HEPES, hydrochloric acid (HCl), NaHCO3, sodium nitrite

and a-tocopherol were from Nacalai Tesque (Kyoto, Japan).

L-Buthionine-[S,R]-sulfoximine (BSO) and 1,1V-dimethyl-

4,4V-bipyridium dichloride (paraquat) were obtained from

Sigma (St. Louis, MO, USA). Hydrogen peroxide (H2O2)

was purchased from Wako (Osaka, Japan). 3-Morpholino-

sydnonimine (SIN-1) was from Dojindo Laboratory (Kuma-

moto, Japan). 2-[2-(4-Hydroxyphenyl)-6-benzimidazoyl]-6-

(1-methyl-4-piperazyl)-benzimidazole, 3 HCl (Hoechst

33258) and staurosporine were purchased from Calbiochem

(San Diego, CA, USA). Mn(III)tetrakis(4-benzoic acid)-

porphyrin chloride (Mn-TBAP), a cell permeable super-

oxide dismutase mimetic was obtained from Cayman

Chemical (Ann Arbor, MI, USA). Cytotoxicity Detection

lactate dehydrogenase (LDH) kit was purchased from Kyo-

kuto Pharmaceutical Industrial (Tokyo, Japan).

2.2. Cell culture

Primary cultures were prepared from the anterior striatum

of fetal Wistar rats (Nihon SLC, Shizuoka, Japan) on the

17–19th days of gestation, according to the procedures

described previously (Amano et al., 1994) with slight

modifications. Briefly, the anterior striatum of fetal rats

was removed bilaterally, mechanically dissociated using

scalpel blades, and then filtered through a stainless steel

mesh. Single-cell suspensions were plated on 0.1% poly-

ethylenimine-coated 24-well plates or 2-well chamber slides

at a density of 3.5–4.0� 105 cell/cm2. Cultures were

incubated in Eagle’s MEM supplemented with 10% heat-

inactivated fetal bovine serum, glutamine (2 mM), glucose

(total 11 mM), NaHCO3 (24 mM), and HEPES (10 mM).

Cultures were maintained at 37 jC in a humidified 5% CO2
atmosphere. The animals were treated in accordance with

the guidelines of Kyoto University animal experimentation

committee, and the guidelines of the Japanese Pharmaco-

logical Society.

2.3. Drug treatment

At 3 days in vitro, cultures were incubated in a medium

containing various concentrations of paraquat, H2O2, S-

nitrosocysteine, SIN-1, or staurosporine for 24 h, or BSO

for 48 h. S-Nitrosocysteine was prepared according to the

method described previously (Kume et al., 1997). In brief,

L-cysteine and sodium nitrite were combined in equimolar

amounts and dissolved in double-distilled water. To this

solution, 10 N HCl was added to give a final normality of

0.5 N and a final S-nitrosocysteine concentration of 100

mM. a-Tocopherol or Mn-TBAP was simultaneously added

to a toxin-containing medium. After exposure of cultures to

drugs, cell viability was determined by LDH release assay

or MTT assay. In each experiment, cells on 4 wells were

used to obtain meansF S.E.M. of the cell viability. Repro-

ducibility of the results was confirmed by at least three

different sets of experiments. Data shown in figures are from

a representative set of experiments. In a pilot study, expo-

sure to a-tocopherol alone at up to 100 AM did not influence

cell viability (data not shown).

2.4. LDH release assay

Cytotoxicity was quantified by measurement of LDH

released in the medium during the exposure to drugs. LDH

release was determined using a Cytotoxicity Detection LDH

kit according to the manufacturers’ instructions. In this

colorimetric assay, h-nicotinamide adenine dinucleotide

(NAD) is reduced to NADH through the conversion of

lactate to pyruvate by LDH, and then NADH reduces

tetrazolium dyes to formazan dyes in the presence of

diaphorase. Briefly, 25 Al of culture supernatants were

mixed with 75 Al of the LDH substrate mixture in a 96-

well plate. After incubation for 1 h at room temperature, the

reaction was stopped by adding 100 Al of 1 N HCl and the

absorbance was measured at 570 nm. The background

absorbance obtained from the culture medium was sub-

tracted. Cell viability of the cultures was evaluated as

relative to the total LDH, which can be released by exposure

to 1 mM H2O2 for 24 h or 1 mM BSO for 48 h.

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay

MTT assay measures dehydrogenase activity by the

reduction of MTT tetrazolium salt to MTT formazan. The

culture medium was replaced by serum-free medium con-

taining 0.5 mg/ml MTT tetrazolium salt, and then incuba-

tion was continued for 3 h at 37jC. The medium was

aspirated, and the cells were solubilized by adding isopro-



Fig. 1. Effect of a-tocopherol on paraquat-induced cytotoxicity in rat

striatal cultures. Cytotoxicity was quantified by LDH release assay. (A)

Concentration-dependent reduction of cell viability by paraquat. Cultures

were exposed to paraquat (30–300 AM) for 24 h. *P< 0.05, **P< 0.01,

compared with sham treatment. (B) Protective effect of a-tocopherol on

paraquat-induced cytotoxicity. a-Tocopherol (0.1–10 AM) was simulta-

neously added with paraquat (200 AM) for 24 h. *P < 0.05, **P< 0.01,

compared with paraquat alone. Paraquat: 1,1V-dimethyl-4,4V-bipyridium
dichloride.

Fig. 2. Effect of a-tocopherol on H2O2-induced cytotoxicity in rat striatal

cultures. Cytotoxicity was quantified by LDH release assay. (A) Con-

centration-dependent reduction of cell viability by H2O2. Cultures were

exposed to H2O2 (10–100 AM) for 24 h. **P< 0.01, compared with sham

treatment. (B) Effect of a-tocopherol on H2O2-induced cytotoxicity. a-

Tocopherol (0.1–100 AM) was simultaneously added with H2O2 (30 AM)

for 24 h. H2O2: hydrogen peroxide.
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panol. Aliquots were transferred to a 96-well plate and the

absorbance was measured photometrically at 595 nm. The

viability of the cultures was expressed as a percentage of the

absorbance measured in non-treated cells.

2.6. Hoechst staining

To reveal the nuclear morphological changes in cultured

neurons, cells were stained with a nuclear dye Hoechst

33258. After staurosporine treatment, cultures were fixed

with neural formaldehyde for 30 min, rinsed three times

with phosphate-buffered saline, and then incubated with 1

mg/ml Hoechst 33258 for 30 min at room temperature. After

washing three times with phosphate-buffered saline, speci-

mens were dehydrated through a graded series of ethanol

(70%, 90% and 100%) and mounted with glycerol. Cells

were visualized and photographed under ultraviolet illumi-
nation using fluorescent microscopy (Leica, Wetzlar, Ger-

many).

2.7. Statistics

Values were expressed as meansF S.E.M. The statistical

significance of difference between groups was determined

by one-way analysis of variance (ANOVA) followed by

Dunnett’s test. Probability values less than 5% were con-

sidered to be significant.
3. Results

3.1. Effects of a-tocopherol on paraquat- and H2O2-induced

cytotoxicity

Superoxide radical (O2��), which has limited toxic effects

itself, can dismutate into hydrogen peroxide (H2O2). In turn,

H2O2 exerts its toxic effects mainly through the ferrous iron-



Fig. 3. Effect of a-tocopherol on S-nitrosocysteine-induced cytotoxicity in

rat striatal cultures. Cytotoxicity was quantified by LDH release assay. (A)

Concentration-dependent reduction of cell viability by S-nitrosocysteine.

Striatal cultures were exposed to S-nitrosocysteine (0.1–1 AM) for 24 h.

**P < 0.01, compared with sham treatment. (B) Protective effect of a-

tocopherol on S-nitrosocysteine-induced cytotoxicity. a-Tocopherol (0.1–

10 AM) was co-administered with S-nitrosocysteine (500 AM) for 24 h.

**P < 0.01, compared with S-nitrosocysteine alone.

Fig. 4. Effect of a-tocopherol on SIN-1-induced cytotoxicity in rat striatal

cultures. Cytotoxicity was quantified by LDH release assay. (A) Con-

centration-dependent reduction of cell viability by SIN-1. Cultures were

exposed to SIN-1 (0.1–1 mM) for 24 h. **P < 0.01, compared with sham

treatment. (B) Protective effect of a-tocopherol on SIN-1-induced

cytotoxicity. a-Tocopherol (0.1–10 AM) was simultaneously applied with

SIN-1 (400 AM) for 24 h. **P < 0.01, compared with SIN-1 alone. SIN-1:

3-morpholinosydnonimine.

F. Osakada et al. / European Journal of Pharmacology 465 (2003) 15–2218
dependent formation of the highly reactive hydroxyl radical

(�OH). In the first set of experiments, we examined the

effect of a-tocopherol on paraquat-induced cytotoxicity by

LDH release assay. Paraquat reacts with NADPH to gen-

erate paraquat radical, and it reacts with O2 to generate O2��
(Day et al., 1995; Patel et al., 1996). Exposure of the striatal

cultures to paraquat (30–300 AM) for 24 h reduced cell

viability in a concentration-dependent manner (Fig. 1A).

Coapplication of a-tocopherol (0.1–10 AM) with paraquat

for 24 h significantly attenuated paraquat-induced cytotox-

icity in a concentration-dependent manner (Fig. 1B). To

reveal the neuroprotective mechanism of a-tocopherol

against O2�� donor-induced neuronal death, we investigated

whether a-tocopherol exhibits protection against H2O2-

induced neuronal death. The viability of striatal neurons

was reduced by treatment with H2O2 (10–100 AM) for 24 h

(Fig. 2A). Coapplication of a-tocopherol (0.1–100 AM)

with H2O2 for 24 h did not prevent H2O2-induced cytotox-

icity (Fig. 2B). These results suggest that a-tocopherol
suppresses cytotoxicity induced by O2�� but not by H2O2 or

its product �OH.

3.2. Effects of a-tocopherol against NO donor-induced

cytotoxicity

O2�� can react with NO to yield peroxynitrite anion

(ONOO�), and rapid degradation of ONOO� produces

�OH (Beckman et al., 1990; Bonfoco et al., 1995; Hogg et

al., 1992; Kume et al., 1997; Lipton et al., 1993). Therefore,

we examined the effects of a-tocopherol on cytotoxicity

induced by an NO donor, S-nitrosocysteine by LDH release

assay. S-Nitrosocysteine spontaneously releases NO which

reacts with endogenous O2�� to produce ONOO� (Bonfoco et

al., 1995; Kume et al., 1997; Lipton et al., 1993). Applica-

tion of S-nitrosocysteine (0.1–1 AM) to the striatal cultures

for 24 h caused a concentration-dependent reduction in cell

viability (Fig. 3A). Simultaneous administration of a-toco-

pherol (0.1–10 AM) with S-nitrosocysteine for 24 h mark-



Fig. 6. Effect of a-tocopherol on staurosporine-induced cytotoxicity in rat

striatal cultures. Cytotoxicity was quantified by MTT assay. Striatal cultures

were exposed to staurosporine (100 nM) for 24 h. a-Tocopherol (0.1–100

AM) was simultaneously added to staurosporine-containing medium.

**P < 0.01, compared with staurosporine alone.
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edly inhibited S-nitrosocysteine-induced neuronal death

(Fig. 3B). Thus, we further investigated the effects of a-

tocopherol on a different type of NO donor, SIN-1. SIN-1

simultaneously releases NO and O2�� to generate ONOO�,

thereby resulting in the formation of �OH (Beckman et al.,

1990; Bonfoco et al., 1995; Hogg et al., 1992; Kume et al.,

1997; Lipton et al., 1993). Exposure of the striatal cultures

to SIN-1 (0.1–1 mM) for 24 h caused cell death in a

concentration-dependent manner (Fig. 4A). Coapplication

of a-tocopherol (0.1–10 AM) with SIN-1 exerted concen-

tration-dependent suppression of SIN-1-induced neuronal

death (Fig. 4B). Cytotoxicity induced by S-nitrosocysteine

and SIN-1 was also blocked by co-administration of Mn-

TBAP responsible for scavenging intracellular O2�� (data not

shown), suggesting that the suppression of intracellular O2��
levels and reduced formation of ONOO� contributes to

neuroprotection against NO cytotoxicity.

3.3. Effect of a-tocopherol on BSO-induced cytotoxicity

BSO is an irreversible inhibitor of g-glutamylcysteine

synthase, which is the rate-limiting step in glutathione

(GSH) synthesis, and causes intracellular GSH depletion

and oxidative stress (Ibi et al., 1999; Merad-Boudia et al.,

1998). Since the above results suggest that a-tocopherol

reduced oxidative stress by suppressing O2�� levels, we

decided to investigate whether a-tocopherol ameliorates

BSO-induced neurotoxicity in rat striatal cultures. Exposure

of cultures to BSO (100 AM) for 48 h reduced the survival

of striatal neurons, as determined by LDH release assay.

Simultaneous application of a-tocopherol (0.01–10 AM)

with BSO for 48 h markedly inhibited BSO-induced cyto-

toxicity (Fig. 5). a-Tocopherol at a concentration as low as

0.1 AM virtually abolished BSO-induced neurotoxicity.
Fig. 5. Protective effect of a-tocopherol on BSO-induced cytotoxicity in rat

striatal cultures. Cytotoxicity was quantified by LDH release assay. Striatal

cultures were treated with BSO (100 AM) for 48 h. a-Tocopherol (0.01–10

AM) was simultaneously added to BSO-containing medium. **P< 0.01,

compared with BSO alone. BSO: L-buthionine-[S,R]-sulfoximine.
3.4. Effect of a-tocopherol on staurosporine-induced

cytotoxicity

In the final set of experiments, we employed staurospor-

ine to examine the anti-apoptotic effect of a-tocopherol in
Fig. 7. Effect of a-tocopherol on nuclear changes induced by staurosporine

in rat striatal cultures. Cells were stained with Hoechst 33258. Photo-

micrographs (A, B and C) show sham treatment, staurosporine treatment,

and staurosporine +a-tocopherol treatment respectively. Cultures were

exposed to staurosporine (100 nM) for 24 h. a-Tocopherol (100 AM) was

simultaneously added to staurosporine-containing medium. Calibration

bar = 20 Am.
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cultured striatal neurons. Staurosporine, a broad-spectrum

protein kinase inhibitor, has been reported to induce apop-

tosis, which is accompanied by cell body shrinkage, chro-

matin condensation and DNA laddering (Honda et al.,

2001; Koh et al., 1995; Yuste et al., 2002). Consistent with

these reports, Hoechst 33258 staining revealed that treat-

ment with staurosporine (100 nM) for 24 h caused cell

death with apoptotic features such as nuclear fragmentation

and chromatin condensation in rat striatal cultures (Fig.

7A,B). LDH release assay measures the activity of the

cytoplasmic enzyme LDH in the culture medium. However,

one of the hallmarks of apoptotic death is the integrity of

the plasma membrane. Thus, internal and external mem-

branes may be preserved, and the cellular content may not

be released in the neighborhood. Therefore, staurosporine-

induced apoptosis was quantified by MTT assay, which

measures the mitochondrial reduction capacity. Application

of staurosporine (100 nM) to the striatal cultures for 24 h

reduced the cell viability. a-Tocopherol simultaneously

added with staurosporine showed significant protection

against staurosporine-induced cytotoxicity at concentrations

of 10 and 100 AM (Fig. 6). Moreover, concurrent treatment

of striatal cultures with a-tocopherol (100 AM) and staur-

osporine inhibited nuclear fragmentation and chromatin

condensation, as evaluated by Hoechst 33258 staining

(Fig. 7C).
4. Discussion

The present study demonstrated that a-tocopherol

showed neuroprotective effects in rat striatal cultures. a-

Tocopherol has been reported to reduce oxidative stress.

For example, a-tocopherol prevented free radical formation

caused by the membrane-permeant oxidant tert-butylhydro-

peroxide in human neuroblastoma SH-SY5Y cells, as

determined by the fluorescent probe 2V,7V-dichlorodihydro-
fluoresein diacetate (Amoroso et al., 1999). a-Tocopherol

provided a concentration-dependent protection against para-

quat-induced cytotoxicity but did not affect H2O2-induced

cytotoxicity. O2�� dismutates into H2O2 and then generates

�OH through the breakdown of H2O2 in the presence of

metal ions. Thus, the present results suggest that a-toco-

pherol reacts with O2�� before the formation of �OH. a-

Tocopherol may effectively scavenge O2�� rather than �OH in

the striatal cultures. The present study suggests that neuro-

protective effect of a-tocopherol is attributed to its ability to

decrease levels of O2��, although the ability of a-tocopherol

to scavenge both O2�� and �OH has been demonstrated by

electron spin resonance spectrometry (Wang and Jiao,

2000) and photometric assay (Yamaguchi et al., 2000). In

addition to direct scavenging activity, a-tocopherol may up-

regulate anti-oxidative molecules such as superoxide

dismutase, catalase and GSH, to reduce effectively

O2�� -induced cytotoxicity in rat striatal cultures (Lopez-

Torres et al., 1998).
Pretreatment with superoxide dismutase and catalase

attenuates the apoptosis caused by NO donors S-nitrosocys-

teine and SIN-1 in cultured cortical neurons (Bonfoco et al.,

1995). A cell-permeable superoxide dismutase mimetic also

prevents NO-dependent cell death in rat motor neurons

(Estevez et al., 1998). These findings suggest decreased

levels of O2�� inhibit NO cytotoxicity by attenuating ONOO�

formation. Accordingly, we tested whether a-tocopherol

prevented NO donor-induced cytotoxicity in rat striatal

cultures. a-Tocopherol significantly protected striatal cul-

tures against cytotoxicity of S-nitrosocysteine and SIN-1.

Together with the above results, it is suggested that the

neuroprotective mechanisms of a-tocopherol against NO

donor-induced cytotoxicity also involve its ability to reduce

O2�� levels. Overall, suppression of intracellular O2��, not �OH,
may constitute an important mechanism of neuroprotective

action of a-tocopherol in rat striatal cultures.

GSH is abundant in neurons and acts as a major cellular

antioxidant. Reduction of the intracellular GSH content

enhances oxidative stress and eventually results in cell death

(Ibi et al., 1999; Merad-Boudia et al., 1998). BSO inhibits

GSH synthesis and causes GSH depletion and neuronal

death. In the present study, a-tocopherol potently inhibited

BSO-induced cytotoxicity in rat cultured striatal neurons.

This suggests that a-tocopherol is very effective in prevent-

ing oxidative stress triggered by deterioration of cellular

functions to reduce reactive oxygen species levels. The

potent effect of a-tocopherol on BSO-induced neuronal

death led us to estimate that a-tocopherol possesses anti-

apoptotic action, because recent studies showed that BSO

caused apoptosis in rat mesencephalic cultures (Sawada et

al., 2000) and a neuronal cell line (Merad-Boudia et al.,

1998). Staurosporine is known to induce apoptosis in

cultured rat cortical neurons (Honda et al., 2001; Koh et

al., 1995) and human neuroblastoma cells (Yuste et al.,

2002). Therefore, we investigated the effect of a-tocopherol

on staurosporine-induced cytotoxicity in rat striatal cultures,

and found that a-tocopherol showed a moderate but sig-

nificant protective action on staurosporine-induced apopto-

sis. These results suggest that a-tocopherol at high

concentrations possesses a neuroprotective action that is

independent of its antioxidant/radical scavenging ability.

Recent studies revealed that a-tocopherol inhibited

smooth muscle cell proliferation (Boscoboinik et al.,

1991a), decreased protein kinase C (PKC) activity (Bosco-

boinik et al., 1991b), and increased phosphoprotein phos-

phatase 2A activity (Ricciarelli et al., 1998). a-Tocopherol

effects on PKC inhibition have also been reported in differ-

ent cell types, including platelets (Freedman et al., 1996),

neutrophils (Kanno et al., 1995), and monocytes (Devaraj et

al., 1996). The effect on PKC may be related to the

interference on intracellular signaling of apoptosis. More-

over, a-tocopherol prevented oxidized low-density lipopro-

tein-mediated apoptosis by decreasing InB degradation and

nuclear factor-nB activation (Li et al., 2000), and by

reducing the mitogen-activated protein kinase and Jun
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kinase cascade activation and apoptotic protein of the Bcl-2

family in addition to nuclear activities of several transcrip-

tion factors (De Nigris et al., 2000). Those findings suggest

that a non-antioxidant property of a-tocopherol is involved

in the anti-apoptotic action. The concentrations of a-toco-

pherol eliciting these non-antioxidant actions are approx-

imately 10–100 AM (Boscoboinik et al., 1991a,b; de Nigris

et al., 2000; Ricciarelli et al., 1998). Consistent with these

studies, a-tocopherol at 10–100 AM ameliorated stauro-

sporine-induced apoptosis in the present study. Therefore,

anti-apoptotic neuroprotection by a-tocopherol may be

attributable, at least partly, to a non-antioxidant property

in rat striatal cultures.

a-Tocopherol was reported to prevent h-amyloid-

induced toxicity in cultured rat hippocampal neurons

(Goodman and Mattson, 1994) and PC12 cells (Behl et

al., 1992), and glutamate-induced cytotoxicity in rat cere-

bellar granule cultures (Ciani et al., 1996) and a neuronal

cell line (Schubert et al., 1992). In addition, vitamin E

protected against impaired water maze performance result-

ing from treatment with AF64A, a cholinotoxin ethylcholine

mustard aziridinium ion that induced oxidative stress (Wort-

wein et al., 1994). The present findings provide evidence

that vitamin E may have a therapeutic significance for

neurodegenerative disease such as Alzheimer’s disease.

Since vitamin E was demonstrated to have far fewer adverse

effects, it would become a noteworthy nutrient or drug for

treatment of neurodegenerative diseases.
Acknowledgements

This study was supported in part by a Grant-in-Aid for

Scientific Research from the Japan Promotion of Science,

and a grant from the Malaysian Palm Oil Board (MPOB).
References

Amano, T., Ujihara, H., Matsubayashi, H., Sasa, M., Yokota, T., Tamura,

Y., Akaike, A., 1994. Dopamine-induced protection of striatal neurons

against kainate receptor-mediated glutamate cytotoxicity in vitro. Brain

Res. 655, 61–69.

Amoroso, S., Gioielli, A., Cataldi, M., Di Renzo, G., Annunziato, L., 1999.

In the neuronal cell line SH-SY5Y, oxidative stress-induced free radical

overproduction causes cell death without any participation of intracel-

lular Ca2 + increase. Biochim. Biophys. Acta 1452, 151–160.

Beckman, J.S., Beckman, T.W., Chen, J., Marshall, P.A., Freeman, B.A.,

1990. Apparent hydroxyl radical production by peroxynitrite: implica-

tions for endothelial injury from nitric oxide and superoxide. Proc. Natl.

Acad. Sci. U. S. A. 87, 1620–1624.

Behl, C., Davis, J., Cole, G.M., Schubert, D., 1992. Vitamin E protects

nerve cells from amyloid h protein toxicity. Biochem. Biophys. Res.

Commun. 186, 944–950.

Bonfoco, E., Krainc, D., Ankarkrona, M., Nicotera, P., Lipton, S.A., 1995.

Apoptosis and necrosis: two distinct events induced, respectively, by

mild and intense insults with N-methyl-D-aspartate or nitric oxide/

superoxide in cortical cell cultures. Proc. Natl. Acad. Sci. U. S. A. 92,

7162–7166.
Boscoboinik, D., Szewczyk, A., Hensey, C., Azzi, A., 1991a. Inhibition of

cell proliferation by a-tocopherol. Role of protein kinase C. J. Biol.

Chem. 266, 6188–6194.

Boscoboinik, D., Szewczyk, A., Azzi, A., 1991b. a-Tocopherol (vitamin E)

regulates vascular smooth muscle cell proliferation and protein kinase C

activity. Arch. Biochem. Biophys. 286, 264–269.

Ciani, E., Groneng, L., Voltattorni, M., Rolseth, V., Contestabile, A., Paul-

sen, R.E., 1996. Inhibition of free radical production or free radical

scavenging protects from the excitotoxic cell death mediated by gluta-

mate in cultures of cerebellar granule neurons. Brain Res. 728, 1–6.

Coyle, J.T., Puttfarcken, P., 1993. Oxidative stress, glutamate, and neuro-

degenerative disorders. Science 262, 689–695.

Day, B.J., Shawen, S., Liochev, S.I., Crapo, J.D., 1995. A metalloporphyrin

superoxide dismutase mimetic protects against paraquat-induced endo-

thelial cell injury, in vitro. J. Pharmacol. Exp. Ther. 275, 1227–1232.

De Nigris, F., Franconi, F., Maida, I., Palumbo, G., Anania, V., Napoli, C.,

2000. Modulation by a- and g-tocopherol and oxidized low-density

lipoprotein of apoptotic signaling in human coronary smooth muscle

cells. Biochem. Pharmacol. 9, 1477–1487.

Devaraj, S., Li, D., Jialal, I., 1996. The effects of alpha tocopherol supple-

mentation on monocyte function. Decreased lipid oxidation, interleukin

1h secretion, and monocyte adhesion to endothelium. J. Clin. Invest.

98, 756–763.

Estevez, A.G., Spear, N., Manuel, S.M., Radi, R., Henderson, C.E.,

Barbeito, L., Beckman, J.S., 1998. Nitric oxide and superoxide con-

tribute to motor neuron apoptosis induced by trophic factor depriva-

tion. J. Neurosci. 18, 923–931.

Freedman, J.E., Farhat, J.H., Loscalzo, J., Keaney Jr., J.F., 1996. a-Toco-

pherol inhibits aggregation of human platelets by a protein kinase C-

dependent mechanism. Circulation 94, 2434–2440.

Goodman, Y., Mattson, M.P., 1994. Secreted forms of h-amyloid precursor

protein protect hippocampal neurons against amyloid h-peptide-induced
oxidative injury. Exp. Neurol. 128, 1–12.

Hogg, N., Darley-Usmar, V.M., Wilson, M.T., Moncada, S., 1992. Produc-

tion of hydroxyl radicals from the simultaneous generation of super-

oxide and nitric oxide. Biochem. J. 28, 1419–1424.

Honda, K., Shimohama, S., Sawada, H., Kihara, T., Nakamizo, T., Shi-

basaki, H., Akaike, A., 2001. Nongenomic antiapoptotic signal trans-

duction by estrogen in cultured cortical neurons. J. Neurosci. Res. 64,

466–475.

Hosomi, A., Arita, M., Sato, Y., Kiyose, C., Ueda, T., Igarashi, O., Arai, H.,

Inoue, K., 1997. Affinity for alpha-tocopherol transfer protein as a

determinant of the biological activities of vitamin E analogs. FEBS

Lett. 409, 105–108.

Ibi, M., Sawada, H., Kume, T., Katsuki, H., Kaneko, S., Shimohama, S.,

Akaike, A., 1999. Depletion of intracellular glutathione increases

susceptibility to nitric oxide in mesencephalic dopaminergic neurons.

J. Neurochem. 73, 1696–1703.

Kanno, T., Utsumi, T., Kobuchi, H., Takehara, Y., Akiyama, J., Yoshioka,

T., Horton, A.A., Utsumi, K., 1995. Inhibition of stimulus-specific

neutrophil superoxide generation by alpha-tocopherol. Free Radic.

Res. 22, 431–440.

Koh, J.Y., Wie, M.B., Gwag, B.J., Sensi, S.L., Canzoniero, L.M., Demaro,

J., Csernansky, C., Choi, D.W., 1995. Staurosporine-induced neuronal

apoptosis. Exp. Neurol. 135, 153–159.

Kume, T., Kouchiyama, H., Kaneko, S., Maeda, T., Kaneko, S., Akaike, A.,

Shimohama, S., Kihara, T., Kimura, J., Wada, K., Koizumi, S., 1997.

BDNF prevents NO mediated glutamate cytotoxicity in cultured cortical

neurons. Brain Res. 756, 200–204.

Li, D., Saldeen, T., Mehta, J.L., 2000. Effects of a-tocopherol on ox-LDL-

mediated degradation of InB and apoptosis in cultured human coronary

artery endothelial cells. J. Cardiovasc. Pharmacol. 36, 297–301.

Lipton, S.A., Choi, Y.B., Pan, Z.H., Lei, S.Z., Chen, H.S., Sucher, N.J.,

Loscalzo, J., Singel, D.J., Stamler, J.S., 1993. A redox-based mecha-

nism for the neuroprotective and neurodestructive effects of nitric oxide

and related nitroso-compounds. Nature 364, 626–632.

Lopez-Torres, M., Thiele, J.J., Shindo, Y., Han, D., Packer, L., 1998. Top-



F. Osakada et al. / European Journal of Pharmacology 465 (2003) 15–2222
ical application of a-tocopherol modulates the antioxidant network and

diminishes ultraviolet-induced oxidative damage in murine skin. Br. J.

Dermatol. 138, 207–215.

Merad-Boudia, M., Nicole, A., Santiard-Baron, D., Saille, C., Ceballos-

Picot, I., 1998. Mitochondrial impairment as an early event in the

process of apoptosis induced by glutathione depletion in neuronal cells:

relevance to Parkinson’s disease. Biochem. Pharmacol. 56, 645–655.

Morris, M.C., Beckeet, L.A., Scherr, P.A., Herbert, L.E., Bennett, D.A.,

Field, T.S., Evans, D.A., 1998. Vitamin E and vitamin C supplement

use and risk of incident Alzheimer disease. Alzheimer Dis. Assoc.

Disord. 12, 121–126.

Olanow, C.W., 1993. A radical hypothesis for neurodegeneration. Trends

Neurosci. 16, 439–444.

Patel, M., Day, B.J., Crapo, J.D., Fridovich, I., McNamara, J.O., 1996.

Requirement for superoxide in excitotoxic cell death. Neuron 16,

345–355.

Ricciarelli, R., Tasinato, A., Clement, S., Ozer, N.K., Boscoboinik, D.,

Azzi, A., 1998. a-Tocopherol specifically inactivates cellular protein

kinase Ca by changing its phosphorylation state. Biochem. J. 334,

243–249.

Ricciarelli, R., Zingg, J.M., Azzi, A., 2001. Vitamin E: protective role of a

Janus molecule. FASEB J. 15, 2314–2325.

Sano, M., Ernesto, C., Thomas, R.G., Klauber, M.R., Schafer, K., Grunda-

man, M., Woodbury, P., Growdon, J., Cotman, C.W., Pfeiffer, E., Schi-

neider, L.S., Thal, L.J., 1997. A controlled trial of selegiline, alpha-

tocopherol, or both as treatment for Alzheimer’s disease. N. Engl. J.

Med. 336, 1216–1222.
Sawada, H., Ibi, M., Kihara, T., Urushitani, M., Honda, K., Nakanishi,

M., Akaike, A., Shimohama, S., 2000. Mechanisms of antiapoptotic

effects of estrogens in nigral dopaminergic neurons. FASEB J. 14,

1202–1214.

Schubert, D., Kimura, H., Maher, P., 1992. Growth factors and vitamin E

modify neuronal glutamate toxicity. Proc. Natl. Acad. Sci. U. S. A. 89,

8264–8267.

Wang, S.Y., Jiao, H., 2000. Scavenging capacity of berry crops on super-

oxide radicals, hydrogen peroxide, hydroxyl radicals, and singlet oxy-

gen. J. Agric. Food. Chem. 48, 5677–5684.

Weimann, B.J., Weiser, H., 1991. Functions of vitamin E in reproduction

and in prostacyclin and immunoglobulin synthesis in rats. Am. J. Clin.

Nutr. 53, 1056S–1060S.

Wortwein, G., Stackman, R.W., Walsh, T.J., 1994. Vitamin E prevents the

place learning deficit and the cholinergic hypofunction induced by

AF64A. Exp. Neurol. 125, 15–21.

Yamaguchi, F., Saito, M., Ariga, T., Yoshimura, Y., Nakazawa, H.,

2000. Free radical scavenging activity and antiulcer activity of gar-

cinol from Garcinia indica fruit rind. J. Agric. Food Chem. 48,

2320–2325.

Yuan, J., Yankner, B.A., 2000. Apoptosis in the nervous system. Nature

407, 802–809.

Yuste, V.J., Sanchez-Lopez, I., Sole, C., Encinas, M., Bayascas, J.R., Boix,

J., Comella, J.X., 2002. The prevention of the staurosporine-induced

apoptosis by Bcl-XL, but not by Bcl-2 or caspase inhibitors, allows the

extensive differentiation of human neuroblastoma cells. J. Neurochem.

80, 126–139.


	Introduction
	Materials and methods
	Materials
	Cell culture
	Drug treatment
	LDH release assay
	3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
	Hoechst staining
	Statistics

	Results
	Effects of alpha-tocopherol on paraquat- and H2O2-induced cytotoxicity
	Effects of alpha-tocopherol against NO donor-induced cytotoxicity
	Effect of alpha-tocopherol on BSO-induced cytotoxicity
	Effect of alpha-tocopherol on staurosporine-induced cytotoxicity

	Discussion
	Acknowledgements
	References

