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a-Tocopherol prevents apoptosis of vascular endothelial cells via
a mechanism exceeding that of mere antioxidation
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Abstract

a-Tocopherol has been reported to exert an anti-atherogenesis effect. We attempted to clarify the effect of a-tocopherol—both as an
antioxidant and as a nonantioxidant—on apoptosis induced by oxidized low-density lipoprotein (LDL) or oxysterols. Oxidized LDL and
oxysterols induced necrosis and/or apoptosis of vascular endothelial cells. The induction of apoptosis was associated with increased caspase-
3 activity and the generation of intracellular reactive oxygen species, both the effects of which were attenuated by a-tocopherol. Apoptosis
was also decreased by B-tocopherol or intracellular radical scavengers, but these suppressive effects were less than those of a-tocopherol.
Neither B-tocopherol nor the scavengers had pronounced effect on caspase-3 activity, but each of them decreased the generation of reactive
oxygen species to the same extent as a-tocopherol. Our study suggests that a-Toc protects against apoptosis not only by scavenging reactive

oxygen species, but also by inhibiting caspase activity, which means that its activity may exceed that of a mere antioxidant.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxidized low-density lipoproteins (LDLs) are thought to
play a key role of triggering molecules in the earliest steps of
atherosclerosis (Steinberg et al., 1989), i.e., the expression of
adhesion molecules on endothelial cells (Kume et al., 1992),
the decrease in the production of endothelial cell-derived
relaxing factor (Mangin et al., 1993), the transformation of
macrophages and smooth muscle cells to foamy cells (Hen-
riksen et al., 1981) and the proliferation and migration of
vascular cell surface (Auge et al., 1996). The end result of
these steps is the growth of atherosclerotic plaque and the
propensity of the diseased vessel toward vasospasm. Recent
studies have shown that oxidized LDL is cytotoxic not only
to smooth muscle cells or macrophages, but also to vascular
endothelial cells (Naito et al., 1993, 1994; Reid et al.,1993).
Injury of smooth muscle cells and endothelial cells leads to
two distinct types of cell death: apoptosis and necrosis.
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Oxidized LDLs or their constituent oxysterols have been
also reported to induce apoptosis in both these cell types,
and to activate the suicide pathway leading to apoptosis of
endothelial cells (Chien-Cheng et al., 2001; Claudio et al.,
1996; Dayuan et al., 2000; Jovinge et al., 1997).

Recently, it has been shown that the signal transduction
leading to apoptosis is characterized by a complex array of
biochemical pathways in which caspase, a member of the
interleukin-1p-converting enzyme-like protease family,
appears to play a central role (Enari et al., 1996; Nicholson
et al., 1995). Further, the generation of reactive oxygen
species has been demonstrated to be involved in mediating
apoptosis via activation of the cell death program in
numerous cell lines (Jacobson, 1996; Li et al., 1997;
Sugiyama et al., 1996).

Vitamin E, a lipid-soluble vitamin, is a chain-breaking
tissue antioxidant (Burton and Ingold, 1989) that is present in
all cell membranes in low concentrations, and is reported to
be an anti-atherogenic agent (Janero, 1989). a-Tocopherol is
believed to have a cytoprotective effect, which is attributed
to its ability to prevent leukocyte-endothelial interactions
(Terasawa et al., 2000; Yoshida et al., 1999, 2000), and to act
as a scavenger of highly reactive oxygen radicals in various
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pathophysiological processes (Chow, 1991; Kagan, 1989;
Kaneko et al., 1991; Packer and Lamdvik, 1991; Urano and
Matsumoto, 1989). Nonetheless, the mechanism of its action
has not been rigorously demonstrated.

The aim of the present study was to investigate which
components induce endothelial cell injury leading to which
types of cell death, i.e., apoptosis or necrosis, and to identify
the mechanism of the protective effect of a-tocopherol,
which acts as an antioxidant or a “nonantioxidant”, against
cell injury induced by oxidized LDLs or their components.

2. Material and method
2.1. Preparation of LDL

Isolation of human LDL (d=1.019-1.063) was per-
formed as previously described in detail (Noguchi et al.,
1993). The LDL was sterilized through a 0.45- and a 0.22-
mm filter, and had a protein concentration of approximately
2 mg/ml. It consisted of more than 95% apolipoprotein B
and less than 5 pg/ml endotoxin. Oxidatively modified LDL
was obtained by incubation of native LDL with 10 uM
CuSOy at 37 °C for 3 h. The extent of oxidation of the LDL
preparations was measured using a Determinor LPO (lipid
peroxide) assay kit (Kyowa Medex, Tokyo, Japan). The
extent of oxidation of preparations used in these experi-
ments was as follows: native LDL, 0.277 + 0.104; oxidized
LDL, 100—200 nM hydroperoxide/mg protein.

2.2. Endothelial cell culture

Human umbilical vein endothelial cells were isolated and
harvested by collagenase treatment of umbilical cords
according to established procedures (Jaffe et al., 1973).
Endothelial cells were plated in gelatin-coated tissue-culture
flasks (Nunc, Roskilde, Denmark) with Medium 199
(GIBCO, Great Island, NY) containing 10% heat-inactivated
fetal bovine serum (GIBCO), 2 mM L-glutamine (GIBCO),
10 U/ml heparin (Mochida Pharmaceutical, Tokyo, Japan),
2.4 mg/ml thymidine (Sigma, St. Louis, MO), antibiotics
(penicillin G/streptomycin/fungizon) (GIBCO) and 100 pg/
ml endothelial cell growth supplement, a mitogen (Biolog-
ical Technologies, Stoughton, MA). Endothelial cells were
incubated at 37 °C in a humidified atmosphere with 5% CO,
and expanded by brief trypsinization (0.025% trypsin in
phosphate-buffered saline). Cells passaged two to three times
were plated on 35-mm culture dishes or 96-well plates coated
with gelatin (0.1%), and used when subconfluent.

2.3. Reagents

p-a-tocopherol and p-p-tocopherol (Eisai, Tokyo, Japan)
were diluted with ethanol to a concentration of 100 mg/ml
and stored at 4 °C. 7-Ketocholesterol (5-cholesten-3{3-ol-
one), 7p-hydroxycholesterol (5-cholesten-3 3, 73-diol), lyso-

phosphatidylcholine, Hochest33342 dye, propidium iodide
and 2-phenyl-1,2-benzisoselenazol-3[2H]-one (ebselen)
were purchased from Sigma. Mn(Il) tetrakis (1-methyl-4-
pyridyl) porphyrin pentachloride (Mn-TMPyP) was pur-
chased from Cayman Chemical (Ann Arbor, MI). 5 (and
6)-carboxy-2',7-dichlorofluorescin diacetate (¢cDCFH-DA)
was purchased from Molecular Probes (Eugene, OR).

2.4. Measurement of cell injury

2.4.1. Trypan blue dye exclusion assay and modified MTT
assay

After incubation of endothelial cells with various con-
centrations of the reagents—i.e., native LDL, oxidized LDL,
7-ketocholesterol, 73-hydroxycholesterol or lysophosphati-
dylcholine—with or without tocopherols for 24—72 h at 37
°C, endothelial cell injury was assessed by Trypan blue dye
exclusion assay and by modified 3-(4,5-dimethyl-thiazole-2-
yl)-2,5-diphenyl tetrozolium bromide (MTT) assay (Cell
Counting Kit, Dojindo, Kumamoto, Japan), as recently
described (Ishiyama et al., 1993; Paull et al., 1994), to
determine whether cells were dead or alive. In the case of
the Trypan blue dye exclusion assay, cells in 35-mm dishes
were detached by trypsinization, then collected and sus-
pended in 500 pl of medium containing trypan blue. Dead
cells were counted with a chamber. In the modified MTT
assay, 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium, monosodium salt, was added in
96-well plates and then incubated in a CO, incubator for 2
h. The plates were read at 450 nm in a Microplate Reader
(MPR-AA41, Tosoh, Tokyo) to quantify the number of living
cells.

2.4.2. Hochest33342—propidium iodide double staining
The morphology of cell death, i.e., apoptosis or necrosis,
was determined by fluorescent-microscopical findings after
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Fig. 1. Time course and dose dependency of cytotoxicity in human
umbilical vein endothelial cells induced by oxidized LDL, examined with
Trypan blue exclusion dye. After incubation of endothelial cells with
various concentrations of native LDL or oxidized LDL for 24—72 h at 37
°C, vascular endothelial cell injury was assessed by Trypan blue dye
exclusion assay. Data are shown as a percentage of the result for
unstimulated cells.
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Fig. 2. Time course and dose dependency of cytotoxicity in human umbilical vein endothelial cells induced by 7-ketocholesterol, 73-hydrooxycholesterol or
lysophosphatidylcholine, as examined with Trypan blue exclusion dye. After incubation of endothelial cells with various concentrations of 7-ketocholesterol,
7B-hydrooxycholesterol or lysophosphatidylcholine for 24—72 h at 37 °C, vascular endothelial cell injury was assessed by Trypan blue dye exclusion assay.

Data are shown as a percentage of the result for unstimulated cells.

labeling with Hochest33342 and propidium iodide as pre-
viously described (Nakajima et al., 1995). Endothelial cells
harvested from 35-mm dishes were treated with a different
concentration of native LDL, oxidized LDL, 7-ketocholes-
terol, 7p-hydroxycholesterol or lysophosphatidylcholine.
After 24-h incubation (37 °C, 5% CO,), cells were treated
with 10 pg/ml of Hochest33342 dye for 15 min and then
with 10 pg/ml of propidium iodide for 10 min. After
washing and centrifugation at 300 X g, the collected pellet
was resuspended in Hanks’ Balanced Salt Solution and
examined. The morphological findings were recorded by a
color camera mounted on a fluorescence microscope with
the illumination filter in 100 microscopic fields, and then the
extent of apoptosis was analyzed. Experiments were done at
least three times in triplicate.
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2.4.3. Measurement of DNA fragmentation

DNA fragmentation was analyzed as described previ-
ously (Haendeler et al., 1996a,b) using a cell death detection
assay kit (Boehringer-Mannheim Biochemicals, Mannheim,
Germany). Subconfluent monolayers of endothelial cells on
96-well plates were treated with various concentrations of
native LDL, oxidized LDL, 7-ketocholesterol, 7p3-hydrox-
ycholesterol or lysophosphatidylcholine, with or without
tocopherols. After 24 h of treatment (37 °C, 5% CO,),
plates were washed and the medium was aspirated. The
centrifuged (200 X g, 10 min) cells were resuspended in 200
ul lysis buffer for 30 min. After centrifugation (200 X g, 10
min), the supernatants containing the cytoplasmic fractions
were pipetted into streptavidin-coated microtiter wells. A
mixture of anti-histone—biotin and anti-DNA-peroxidase
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Fig. 3. Changes in DNA fragmentation in human umbilical vein endothelial cells induced by oxidized LDL, 7-ketocholesterol and 7R-hydrooxycholesterol at
various concentrations. Endothelial cells were exposed to oxidized LDL, 7-ketocholesterol and 7p-hydrooxycholesterol at various concentrations for 24 h.
Subsequently, the amount of DNA fragmentation was measured with a Cell Death Detection Kit. Data are shown as a percentage relative to the result for
unstimulated cells and expressed as the means + SE of three experiments performed in triplicate. #P<0.01 vs. unstimulated endothelial cells.



32 M. Uemura et al. / European Journal of Pharmacology 456 (2002) 29-37

[[] reactive oxygen species
# caspase-3 activity

#
# 1

N B Y

b
t
s
3*

8
=

:
.

mean fluorescence intensity
(% of unstimulated group)

50+

=

oxidized LDL.  7-ketocholestrol 7 p-hydroxycholestrol

Fig. 4. Elevation of intracellular reactive oxygen species and activation of
caspase-3 elicited by oxidized LDL (10 pM), 7-ketocholesterol (50 uM) or
7B-hydrooxycholesterol (50 pM). Reactive oxygen species were measured
after a 3-h stimulation, using cDCFH-DA. Activation of caspase-3 after
stimulation for 6 h was investigated by caspase-3 fluorometric assay. Data
are shown as a percentage of the result for unstimulated cells, expressed as
means + SE of three experiments performed in triplicate. #P<0.01 vs. each
unstimulated endothelial cells.

was subsequently added and incubated for 2 h. Then 2,2-
azino-di-[3-ethylbenzthiazoline sulfonate] was added as a
substrate. The plates were read at 450 nm in a Microplate
reader (MPR-A4I; Tosoh) to quantify the amount of DNA
fragmentation. Experiments were done at least three times in
triplicate.

2.5. Measurement of caspase-3 activity

Subconfluent endothelial cells monolayers seeded in 35-
mm culture dishes were treated with various concentrations
of oxidized LDL, 7-ketocholesterol or 7R3-hydroxycholes-
terol with or without tocopherols, ebselen or Mn-TMPyP.
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After 6 h of incubation (37 °C, 5% CO,), the cells
collected by detachment and centrifugation (200 X g, 10
min) were suspended in a lysis buffer and incubated on ice
for 10 min. caspase-3 activity was detected by measure-
ment of the proteolytic cleavage of the fluorogenic sub-
strate, 7-amino-4trifluoromethyl-coumarin (AFC)-DEVD,
using a fluorometric assay kit (Bio Source International,
Camarillo, CA) and a Microplate reader (Bio-Rad Labo-
ratories, Hercules, CA) with excitation at 405 nm and
emission at 505 nm. Experiments were done at least three
times in triplicate.

2.6. Measurement of intracellular reactive oxygen species
production

It has been reported that the intracellular level of reactive
oxygen species is parallel to the fluorescence intensity
measured with cDCFH-DA (LeBel et al., 1992). This probe
is a stable nonpolar compound that readily diffuses across
the cell membrane and is enzymatically hydrolyzed by
intracellular esterases to nonfluorescent DCFH, then trapped
and oxidized to a highly fluorescent compound (DCF) when
hydrogen peroxide or low-molecular-weight peroxides are
present in the cells. Endothelial cells were seeded and
cultured in 96-well plates and then treated with oxidized
LDL, 7-ketocholesterol or 7p-hydroxycholesterol, with or
without tocopherols, ebselen or Mn-TMPyP. After 3-h
incubation, endothelial cells were loaded with 50 uM
cDCFH-DA dissolved in dimethyl sulfoxide for 30 min
(37 °C, 5% CO,) in the dark. After removal of residual
cDCFH-DA, the fluorescence intensity of DCF was meas-
ured with a microplate reader (Bio-Rad Laboratories) with
excitation at 485 nm and emission at 530 nm. Experiments
were done at least three times in triplicate.
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Fig. 5. Effect of Mn-TMPyP (5 uM) and ebselen (20 uM) on DNA fragmentation, reactive oxygen species production or the caspase-3 activity in human
umbilical vein endothelial cells stimulated by oxidized LDL (10 pM), 7-ketocholesterol (50 uM) or 7p-hydrooxycholesterol (50 pM). (A) DNA fragmentation
stimulated by various reagents for 24 h was measured with a Cell Death Detection Kit. (B) Intracellular reactive oxygen species production stimulated by
various reagents for 6 h was measured according to fluorescence intensity using cDCFH-DA. (C) Caspase-3 activity stimulated by various reagents for 3 h was
investigated by caspase-3 fluorometric assay. Data are shown as a percentage of the result for each control (stimulated) group, expressed as means + SE of three

experiments performed in triplicate. #P <0.01 vs. stimulated control.
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2.7. Statistical analysis

Results are presented as the means + S.E.M. Data were
analyzed using analysis of variance (ANOVA) followed by
Scheffe’s test. Level of P<0.05 was considered to indicate
statistical significance.

3. Results

3.1. Oxidized LDLs or their components induced vascular
endothelial cell injury, resulting in necrosis or apoptosis

Oxidized LDL, 7-ketocholesterol, 73-hydroxycholesterol
and lysophosphatidylcholine, but not native LDL, induced
vascular endothelial cell injury in a time- and dose-depend-
ent manner, as measured by Trypan blue exclusion dye test
(Figs. 1 and 2). The type of cell injury leading to death, i.e.,
apoptosis or necrosis induced by oxidized LDL, 7-ketocho-
lesterol, 7p3-hydroxycholesterol or lysophosphatidylcholine,
was detected by double-staining with Hochest33342 and
propidium iodide, or by DNA fragmentation detection
assay. Low concentrations of oxidized LDL (1-10 pg/ml),
7-ketocholesterol and 7R-hydroxycholesterol (25—-50 uM)
induced cell shrinkage, chromatin condensation and frag-
mentation, as detected by staining with Hochest33342 and
propidium iodide (photograph not shown) with apoptotic
features, whereas higher oxidized LDL (100 pg/ml), 7-
ketocholesterol and 7p-hydroxycholesterol (100 uM) con-
centrations led to necrosis. The DNA fragmentation detec-
tion assay after 24 h of incubation revealed the following:
(a) cells exposed to lower doses (<10 pg/ml) of oxidized
LDL underwent dose-dependent apoptosis, which reached
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Fig. 6. Concentration-dependent effect of a-tocopherol on the protection of
human umbilical vein endothelial cells against injury induced by oxidized
LDL. Endothelial cells were incubated with a-tocopherol at various
concentrations for 24 h. After washing endothelial cells to remove o-
tocopherol, endothelial cells were stimulated with oxidized LDL at a final
concentration of 100 uM for 24 h. Subsequently, after removal of oxidized
LDL, cell injury was measured with a Cell Counting Kit. Data are shown as
a percentage relative to the result for control group without o-Toc
preincubation and expressed as the means £ SE of three experiments
performed in triplicate.
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Fig. 7. Effect of a-tocopherol on human umbilical vein endothelial cell injury
induced by oxidized LDL, 7-ketocholesterol, 7@3-hydrooxycholesterol or
lysophosphatidylcholine. Endothelial cells were incubated with a-tocopherol
at a final concentration of 100 uM for 24 h. After washing endothelial cells to
remove a-tocopherol, endothelial cells were stimulated with various
concentrations of reagents for 24 h. Subsequently, after removal of these
stimulants, (A) living cells were counted with a Cell Counting Kit. (B) DNA
fragmentation was measured with a Cell Death Detection Kit. Data are shown
as a percentage of the result for unstimulated cells and expressed as
the means + SE of three experiments performed in triplicate. *P<0.01 vs.
unstimulated endothelial cell, #P<0.05 vs. Endothelial cell preincubated
without a-tocopherol before exposure to the same concentration of each
stimulant.

180 £ 6.85% at the dose of 10 pg/ml; (b) exposure to lower
doses (<50 uM) of 7-ketocholesterol and 7p-hydroxycho-
lesterol also induced apoptosis in a dose-dependent manner,
with a maximum of 229.3 & 14.8% in 50 uM of 7-ketocho-
lesterol and 186.5 + 6.5% in 50 uM of 7B-hydroxycholes-
terol; whereas (c) exposure to higher doses of oxidized LDL
(50 pg/ml), 7-ketocholesterol (100 pM) or 7p-hydroxycho-
lesterol (100 uM) decreased the rate of apoptosis (Fig. 3).
Lysophosphatidylcholine induced necrosis rather than apop-
tosis at all concentrations used in each assay (data not
shown).
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3.2. Participation of caspase-3 or intracellular reactive
oxygen species in oxidized LDL- or oxysterol-induced
apoptosis

To investigate the pathway of apoptosis under stimula-
tion of oxidized LDL, 7-ketocholesterol, 7p3-hydroxycho-
lesterol, caspase-3 activity and intracellular reactive oxygen
species were measured. Caspase-3 activity induced by
incubation with a low dose of oxidized LDL (10 pg/ml)
for 6 h, determined by a fluorometric assay kit, was
elevated to 207.4 &+ 20.2% compared with that in untreated
endothelial cells. Such activity was also increased to
213.9 £ 31.3% by 7-ketocholesterol (50 uM) treatment,
and to 194.7 & 13.7% by 7R-hydroxycholesterol (50 uM)
treatment, as shown in Fig. 4. Next, the production of
intracellular reactive oxygen species was evaluated using
fluorescent molecules of cDCFH-DA. The mean fluorescent
intensity after 3 h of exposure to oxidized LDL (10 pg/ml)
was elevated to 203.3 £9.5% compared with that in
untreated endothelial cells. 7-ketocholesterol (50 uM) treat-
ment also increased the intensity to 235.4 + 18.3%, and
7pR-hydroxycholesterol (50 uM) treatment increased it to
178.7 £ 4.1% (Fig. 4).

3.3. Relationship between caspase-3 and intracellular
reactive oxygen species on oxidized LDL- or oxysterol-
induced apoptosis

Oxidized LDL, 7-ketocholesterol and 7R-hydroxycholes-
terol significantly increased the activity of caspase-3 and
intracellular reactive oxygen species, resulting in apoptosis,
as previously described. The relationship between these
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signal transduction pathways and apoptosis induced by ox-
idized LDL or the oxysterols was also investigated. The in-
tracellular reactive oxygen species scavengers Mn-TMPyP (5
uM), which is reported to scavenge intracellular superoxide
anion, and ebselen (20 uM), which is thought to scavenge
intracellular hydrogen peroxide, decreased apoptosis elicited
from exposure to oxidized LDL, 7-ketocholesterol or 7p3-
hydroxycholesterol (Fig. 5A). Next, the production of intra-
cellular reactive oxygen species stimulated by oxidized LDL
or the oxysterols was reduced by Mn-TMPyP (5§ uM) and
ebselen (20 uM) (Fig. 5B), whereas these scavengers did not
attenuate the activation of caspase-3 by oxidized LDL or the
oxysterols (Fig. 5C).

3.4. Protective effect of a-tocopherol on oxidized LDL- or
oxysterol-induced vascular endothelial cell injury

Pretreatment of endothelial cells with a-tocopherol for
24 h decreased oxidized LDL (100 pg/ml))-induced injury
in a concentration-dependent manner, as measured with the
Cell Counting Kit (Fig. 6). Therefore, in the subsequent
experiments, we used a-tocopherol in a concentration of
100 uM with 0.05% ethanol, which caused no injury to
endothelial cells. 7-ketocholesterol- or 7p-hydroxycholes-
terol- (but not lysophosphatidylcholine) induced endothe-
lial cell injury was significantly attenuated by 24 h of
pretreatment with 100 pM of a-tocopherol (Fig. 7A). The
increased apoptosis induced with a low dose of the sti-
mulants, oxidized LDL (10 pg/ml), 7-ketocholesterol (50
uM) or 7p-hydroxycholesterol (50 uM) was also signifi-
cantly reduced by pretreatment with a-tocopherol (100
uM) (Fig. 7B).
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Fig. 8. Effect of pretreatment with a-tocopherol (100 uM) or B-tocopherol (100 pM) on DNA fragmentation, reactive oxygen species production and the
caspase-3 activity in human umbilical vein endothelial cell stimulated by oxidized LDL (10 uM), 7-ketocholesterol (50 uM) or 73-hydrooxycholesterol (50
uM). (A) DNA fragmentation stimulated by various reagents for 24 h was measured with a Cell Death Detection Kit. (B) Intracellular reactive oxygen species
stimulated by various reagents for 3 h was measured according to fluorescence intensity using cDCFH-DA. (C) Caspase-3 activity stimulated by various
reagents for 3 h was investigated by caspase-3 fluorometric assay. Data are shown as a percentage of the result for each control (stimulated) group, expressed as
the means + SE of three experiments performed in triplicate. #2<0.01 vs. stimulated control. *P<0.01 vs. p-tocopherol pretreatment.
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3.5. Protective mechanism of a-tocopherol against oxidized
LDL- or oxysterol-induced apoptosis

The effect of a-tocopherol on the activation of caspase-
3 or the production of intracellular reactive oxygen species
in response to exposure to oxidized LDL, 7-ketocholes-
terol or 7p-hydroxycholesterol, which participate in the
apoptotic pathway, was investigated. Pretreatment for 24 h
with a-tocopherol (100 pM) significantly reduced the
increase in both caspase-3 activity and intracellular reac-
tive oxygen species induced by oxidized LDL (10 pg/ml),
7-ketocholesterol (50 uM) or 7R-hydroxycholesterol (50
pM) (Fig. 8B and C). Next, to investigate the mechanisms
of a-tocopherol for protection against apoptosis, we used
B-tocopherol, which is one form of tocopherol homo-
logues but has an antioxidative action as strong as that
of a-tocopherol. Apoptosis induced by oxidized LDL (10
pg/ml), 7-ketocholesterol (50 uM) or 7p-hydroxycholes-
terol (50 uM) was not as greatly suppressed by pretreat-
ment with B-tocopherol (100 pM) as by pretreatment with
a-tocopherol (Fig. 8A). The increase in caspase-3 activity
stimulated by oxysterols was slightly suppressed, but that
stimulated by oxidized LDL, was not suppressed by (-
tocopherol (100 uM) (Fig. 8C). The fluorescent intensity
of cDCFH-DA, which was a response to the increase of
intracellular reactive oxygen species elicited by oxidized
LDL or oxysterols, was significantly inhibited by p-
tocopherol (100 uM) (Fig. 8B).

4. Discussion

It has been reported that both oxidized LDL and its
constituent oxysterols induce apoptosis (Dimmeler et al.,
1997; Kenji et al., 1997; Miyashita et al., 1997). The present
results also indicate that oxidized LDL or its components, 7-
ketocholesterol and 7p-hydroxycholesterol, induce cell
death in a dose- and time-dependent manner, with the
mechanism of cell death being apoptosis at lower concen-
trations of these compounds and necrosis at higher concen-
trations. Lysophosphatidylcholine, which is also one of the
major components of oxidized LDL, is regarded as a
triggering molecule for atherogenesis, and has been reported
to induce the expression of adhesion molecules on ECs
(Kume et al., 1992) and growth factors (Kume and Gim-
brone, 1994), resulting in necrosis, but not apoptosis, at all
concentrations used in the present study. Thus, the main
components of oxidized LDL that induce apoptosis may be
regarded as the oxysterols, 7-ketocholesterol and 7{-
hydroxycholesterol.

It has been reported that apoptosis occurs through
activation of the ICE family, the caspase cascade (Enari
et al., 1996; Nicholson et al., 1995), and production of
reactive oxygen species (Chien-Cheng et al., 2001; Jacob-
son, 1996; Li et al, 1997; Sugiyama et al., 1996) in
various cell lines. It has also been reported that oxidative

stress induces activation of caspase-3, resulting in apop-
tosis (Hampton, 1996), which may indicate that there are
some interactions between reactive oxygen species and
caspase in the apoptotic pathway. In this study as well, we
showed that oxidized LDL- or oxysterol-induced apoptosis
in human umbilical vein endothelial cells occurred through
the activation of caspase-3 or the production of intra-
cellular reactive oxygen species (Fig. 4). In addition, the
intracellular radical scavengers Mn-TMPyP, which directly
scavenges intracellular superoxide anion (Faulkner et al.,
1994), and ebselen, which indirectly scavenges intracellu-
lar hydrogen peroxide, reduced apoptosis and intracellular
reactive oxygen species elicited in response to exposure to
oxidized LDL or oxysterols, whereas these scavengers did
not attenuate the activation of caspase-3 (Fig. 5). These
findings mean that oxidative stress by oxidized LDL or
oxysterols stimulated the generation of intracellular reac-
tive oxygen species (superoxide anion and hydrogen
peroxide) and the activation of the caspase cascade, which
independently led to apoptosis through each pathway.
Recent reports have indicated that mitochondrial function,
including the release of cytochrome c, is important for the
activation of the caspase cascade for apoptosis (Liu, 1996;
Reed, 1997). We will also need to investigate the partic-
ipation of cytochrome c in oxidized LDL- or oxysterol-
induced apoptotic pathways.

a-Tocopherol is known to be a strong antioxidant and
to exert various cytoprotective effects (Azzi et al., 2001;
Sylvester et al., 2001; Terasawa et al., 2000; Yoshida et al.,
1999, 2000), although +y-tocopherol has recently been
reported to show protective effects against oxidized LDL
(Li et al., 1999). In this study, we showed that a-toco-
pherol attenuates necrosis or apoptosis in vascular endo-
thelial cells induced by oxidized LDL or oxysterols (Fig.
7), and that it also decreases the generation of intracellular
reactive oxygen species and the activation of caspase-3
(Fig. 8). We next investigated whether these effects of a-
tocopherol occurred via an antioxidative or nonantioxida-
tive action. For this purpose, we used R-tocopherol, which
is one form of tocopherol homologues and which is
regarded to have an antioxidative action as strong as that
of a-tocopherol. Although B-tocopherol reduced the pro-
duction of reactive oxygen species to the same extent as «-
tocopherol, it did not attenuate apoptosis or the activation
of caspase-3 more than «-tocopherol (Fig. 8). These
observations suggest that a-tocopherol acted to reduce
the activation of both apoptotic pathways not only as an
antioxidant but as a nonantioxidant.

In summary, we can conclude that the cytotoxic effect of
oxidized LDL, 7-ketocholesterol, and 7p-hydroxycholes-
terol on vascular endothelial cells leads to necrosis at a
high dose or to apoptosis at a low dose, and one of the
mechanisms leading to apoptosis is the generation of intra-
cellular reactive oxygen species and the activation of the
caspase cascade, which are independent mechanisms. In
these processes, a-tocopherol plays a role in attenuating the
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cytotoxicity of apoptosis via a mechanism exceeding that of
mere antioxidative effects, which may also contribute to the
prevention of atherogenesis.
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