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Superoxide is responsible for apoptosis in rat vascular smooth muscle
cells induced by a-tocopheryl hemisuccinate
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Abstract

We investigated the mechanism of cell toxicity of c-tocopheryl hemisuccinate (TS). TS concentration- and time-dependently induced the
lactate dehydrogenase release and DNA fragmentation of rat vascular smooth muscle cells (VSMC). Exogenous addition of superoxide
dismutase, but not catalase, significantly inhibited the cell toxicity of TS. The NADPH-dependent oxidase activity of VSMC was stimulated
by TS treatment. The cell toxicity of TS was inhibited by NADPH oxidase inhibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride.
Consequently, TS-induced apoptosis of VSMC was suggested to be caused by exogenous O, generated via the oxidase system activated with

TS. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

o-Tocopherol hemisuccinate (TS), an amphiphilic suc-
cinyl ester of a-tocopherol (T), has been reported to have
various biological activities such as inhibition of acetyl-
choline esterase [1], prevention of function of the tran-
scriptional factor nuclear factor kappa B [2-5], and sup-
pression of the growth of various cancer cells [6-10].
Previously, as it has been found that TS induced apoptosis
in various cell lines such as human breast cancer cells,
neuroblastoma cells and lymphoblastoid cells [11-21], apo-
ptosis has been considered to be responsible for the cell
toxicity of TS. In the process of TS-induced apoptosis, TS
activated the expressions of genes of several proteins such
as c-jun, transforming growth factor-B [11-17,19]. Re-
cently, it was reported that TS-mediated apoptosis in-
volves Fas signaling [14,16,19]. Yu et al. suggested that
TS converts Fas-resistant human cancer cells to a Fas-
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sensitive phenotype by translocation of cytosolic M,
43000 Fas to the membrane [16,19]. Furthermore, it was
also reported that the dysfunction of mitochondria and
activation of caspase cascades were caused in the process
of TS-induced apoptosis [17,20]. However, the trigger
event of TS-induced apoptosis is still unclear. In this
study, to obtain further information about the cell toxicity
of TS, we examined the effect of TS on rat vascular
smooth muscle cells (VSMC).

2. Materials and methods
2.1. Materials

o-Tocopheryl hemisuccinate (TS) and superoxide dis-
mutase (SOD) were purchased from Sigma Chemical Co.
(St. Louis, MO). a-Tocopherol (T) was kindly provided by
Eisai Co. (Tokyo, Japan). Other reagents were of the high-
est grade commercially available.

2.2. Treatment of VSMC with TS

Vascular smooth muscle cells (VSMC) were isolated
from rat thoracic aorta using the proteases elastase and
collagenase as described previously [22]. The VSMC
(1.0x 106 cells) were seeded into 35-mm dishes, and were
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cultured for 24 h in Dulbecco’s modified Eagle’s medium
with 10% fetal calf serum in a CO;-incubator at 37°C with
CO; in humidified air. Then, the medium containing se-
rum was removed, and the cells were washed with phos-
phate-buffered saline (PBS). Next, 1 ml of the medium
containing various concentrations of TS without serum
was added into the dishes. After certain periods, the cells
were subjected to various assays.

2.3. Assay of lactate dehydrogenase released into the
culture medium

Release of lactate dehydrogenase (LDH) from cells into
the culture medium was measured as LDH activity. As
LDH catalyzes the reduction of pyruvic acid to lactic
acid using NADH, LDH activity can be measured as
change of absorbance at 340 nm of NADH. LDH activity
in the culture medium was measured as follows. The cul-
ture medium was collected in a 1.5-ml sample tube, and
centrifuged at 5000 X g for 1 min at 4°C and the super-
natant was used as the sample. Measurement of LDH
activity was started by the addition of 0.15 ml of the
sample solution to 1.35 ml of phosphate buffer (pH 7.2)
containing 0.1 mM NADH and 1 mM pyruvic acid, and
the absorbance change at 340 nm was monitored with time
in a Shimazu UV-1600 spectrophotometer. The percentage
release of LDH into the culture medium was estimated by
comparison of the initial velocity of absorbance change of
the sample solution with that of a whole cell lysate.

2.4. DNA fragmentation assay

DNA fragmentation was determined by extraction of
DNA followed by electrophoresis. Cells in three dishes
(10° cells per 35-mm dish) were collected in a 1.5-ml sam-
ple tube, and centrifuged at 2000 X g for 5 min. The super-
natant was removed and 40 ul of extraction solution con-
taining 192 mM Na,HPO4 and 4 mM citric acid was
added for extraction of DNA. The mixture was incubated
for 1 h at room temperature, then the extracted DNA
solution was collected by centrifugation at 2000Xg for
5 min. Then 3 pl of 10 mg/ml RNase A and 3 ul of
0.25% Triton X-100 were added to the extract, and the
mixture was incubated at 37°C for 1 h. After addition of
3 ul of 10 mg/ml proteinase K, the extract was reincubated
at 50°C for 30 min. DNA was precipitated by the addition
of 20 ul of 5 M NaCl and 100 ul of isopropanol. The
DNA solution was electrophoresed in 2% agarose gel con-
taining ethidium bromide and photographed under UV
light.

2.5. Measurement of O, generation
Superoxide generation by NADPH-dependent oxidase

of cultured VSMC was measured as the reduction of cy-
tochrome ¢ [23]. VSMC pretreated with TS were removed

from dishes after addition of trypsin, and the cell suspen-
sion (1.0x10° cells/ml) was added to PBS containing
50 uM cytochrome c. Then, superoxide generation was
started by addition of NADPH (final concentration 100
uM), and change of absorbance at 550 nm was monitored
at 37°C with stirring.

2.6. Analysis of the amount of TS transferred to the cells

The amounts of TS transferred to the cells and remain-
ing in the culture medium were quantified by HPLC as
follows. After the addition of TS, the culture medium and
the cells were collected at various incubation periods.
Then lipids were extracted from them by the method of
Bligh and Dyer [24]. Lipid extracts were dried under N,
and redissolved in methanol. The extracted samples were
subjected to HPLC using a column of Mightysil Si60
(150x4.5 mm, Kanto Chemical, Tokyo) monitored at
286 nm corresponding to Amax of TS. The solvent system
used was methanol/water (99:1, v/v).

3. Results

We examined the cytotoxic effect of a-tocopheryl hemi-
succinate (TS) on cultured rat vascular smooth muscle
cells (VSMC). Fig. 1 shows the time courses of lactate
dehydrogenase (LDH) release from VSMC treated with
different concentrations of TS. TS induced slowly the
LDH release in a concentration-dependent manner; on
96 h treatment, 50 uM TS caused about 60% release of
total LDH. TS also caused DNA fragmentation, which is
known as a typical apoptotic event, concentration- and
time-dependently (Fig. 2). These results suggest that apo-
ptosis participates in the cytotoxic effect of TS on VSMC.
In addition, a-tocopherol (T) and/or succinic acid did not
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Fig. 1. TS-induced LDH release of VSMC into culture medium. Values
are mean*S.D. (n=3).
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Fig. 2. TS-induced DNA fragmentation of VSMC. Extracted DNA of
VSMC treated with (A) various concentrations of TS for 48 h and
(B) with 50 pM TS for various periods was analyzed by agarose-gel
electrophoresis.

cause LDH release or DNA fragmentation of VSMC
(data not shown), indicating that TS itself caused apopto-
sis.

Next, we examined the effect of various reagents (100
uM T, 500 units/ml superoxide dismutase (SOD), 500
units/ml catalase (Cat) and 100 uM sodium ascorbate
(AsA)) on the cell toxicity induced with 50 uM TS. As
shown in Fig. 3, the TS-induced LDH release and DNA
fragmentation of VSMC were inhibited by exogenous ad-
dition of SOD, but not by Cat and AsA. While these in-
hibitions were partially, we confirmed that a higher con-
centration of SOD (2000 units/ml) completely inhibited
DNA fragmentation (data not shown). These results indi-
cate that O;, but not H,O,, would participate in the TS
toxicity. Furthermore, we found that the coexistence of T
inhibited the toxic effect of TS.

NADPH oxidase is well known to be an O, generating
system in various cells [25]. Fig. 4A shows the effect of TS
treatment on NADPH-dependent oxidase activity of
VSMC. In the control VSMC just after removal of serum,
addition of NADPH (final concentration 100 uM) caused
a small, but significant increase in the absorbance at
550 nm due to reduction of cytochrome c¢. This may be
explained by increased permeability of exogenously added
NADPH through the cell membrane, which would be
caused with the trypsin treatment in the cell preparation.
The rate of the cytochrome ¢ reduction remained constant
for 48 h in control cells. However, in cells treated with
50 uM TS, the rates of NADPH-dependent reduction of
cytochrome ¢ were significantly higher than those of con-
trol cells even at 12 h after the treatment (Fig. 4). It should
be mentioned that this increase in NADPH-dependent

cytochrome ¢ reduction preceded the DNA fragmentation
induced by TS shown in Fig. 2. The absorbance change of
cytochrome c in TS-treated VSMC was inhibited by addi-
tion of diphenyleneiodonium (DPI) or 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF), which are specific in-
hibitors of flavin-containing oxidases such as NADPH oxi-
dase [26,27], although the inhibitions were not complete.
This result indicates that the absorbance change should be
due to O; exogenously generated by NADPH-dependent
flavin-containing oxidase system (Fig. 5), although we
could not exclude completely the possibility that O, gen-
erated by intracellular NAPDH-dependent oxidase under
our experimental conditions. The absorbance change was
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Fig. 3. Effects of T, SOD, Cat and AsA on TS-induced (A) LDH re-
lease and (B) DNA fragmentation of VSMC. The concentrations of T,
SOD, Cat and AsA were 100 uM, 500 units/ml, 500 units/ml and 100
uM, respectively. DNA was extracted from VSMC 48 h after 50 pM
TS-treatment. *P < 0.01. Values are mean£S.D. (n=3).
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Fig. 4. TS-induced NADPH-dependent reduction of cytochrome ¢ (A),
and its inhibition by DPI, AEBSF and SOD. (A) @, 50 uM TS-treated
cells; O, untreated control cells; Cyt.c, cytochrome c. Reduction of cy-
tochrome ¢ was started by the addition of 100 uM NADPH to VSMC
suspension. *P < 0.05. The values are mean*S.D. (n=3). (B) Effect of
500 units/ml SOD (4), 40 uM DPI (m) and 400 uM AEBSF (a) were
examined on the cytochrome ¢ reduction enhanced by the treatment
with 50 uM TS for 24 h.

also inhibited by addition of SOD (Fig. 4), suggesting
exogenous O; generation by the NADPH-dependent oxi-
dase in VSMC.

We further examined the effect of the NADPH oxidase
inhibitor AEBSF on the TS cytotoxicity. The coexistence
of 200 uM AEBSF inhibited the LDH release and DNA
fragmentation induced with 50 uM TS (Fig. 5), although
the inhibition was not complete. AEBSF itself showed an
apoptotic effect on VSMC at the concentration more
than 200 uM (data not shown), and therefore we could
not confirm the complete inhibition of TS-induced apopto-
sis.

We analyzed the transfer of TS in the culture medium to

the cells by using HPLC. As shown in Fig. 6, TS contents
in the cells increased biphasically with increase in the in-
cubation 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. Finally, TS trans-
ferred completely to the cells 12h after the addition. In
addition, no T was detected in the cells and culture me-
dium throughout the incubation, indicating TS was not
hydrolyzed in our experimental conditions. Furthermore,
exogenous additions of 50 uM T or 500 units/ml SOD did
not affect the transfer of TS to the cells (data not shown).
These results rule out the possibility that the cytoprotec-
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Fig. 5. Effect of AEBSF on TS-induced (A) LDH release and (B) DNA
fragmentation of VSMC. The concentrations of TS and AEBSF were 50
and 200 uM, respectively. DNA was extracted from VSMC 48 h after
TS treatment. *P <0.01. Values are mean = S.D. (n=23).
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Fig. 6. Time-dependent transfer of TS from culture medium to VSMC.
TS contents in the medium (@) and cells (W) were quantified by using
HPLC. The concentration of TS in the culture medium at time 0 was
50 uM. Values are mean*S.D. (n=3).

tion observed with the addition of exogenous T and SOD
are related to preventing TS cellular uptake and thus at-
tenuating intracellular TS concentrations and its ability to
induce cell death.

4. Discussion

In this study using VSMC, we found that TS showed
the apoptotic effects consistent with previous reports on
other cells [11-21]. The concentration of TS needed for
induction of apoptosis of VSMC was almost the same as
those in Jurkat T cells and HL-60 cells, but the time for its
induction in VSMC (Fig. 2) was much longer than those
in the cell lines [17,20]. The almost of TS added in the
culture medium transferred to VSMC without its hydro-
lysis to T (Fig. 6). Similar findings on human acute mono-
cytic leukemia cells were reported by Nakamura et al. [5].
Our results indicate that the transferred TS itself is respon-
sible for the cell toxicity, although it is unclear whether the
TS were taken up into the inside of cell or stayed at the
membrane surface.

Kline and coworkers reported that coexistence of T in-
hibited TS-induced apoptosis in various cells such as EL4
T Iymphoma cells [12,15]. In this study, we also confirmed
that the coexistence of 100 uM T inhibited LDH release
and DNA fragmentation induced with 50 uM TS (Fig. 3),
suggesting that the mechanism of TS-induced apoptosis of
VSMC is the same as those of various cell lines, although
the mechanism of the inhibitory effect of T is still unclear.

Our results showed that exogenous addition of SOD
inhibited TS-induced LDH release and DNA fragmenta-
tion (Fig. 3). Thus, O, generated on the outside of the
cells seemed to be responsible for cell toxicity of TS,
although it has generally been believed that O, produc-

tion by activated NADPH oxidase in VSMC occurs
mainly intracellular [28]. There are some reports that oxy-
gen radicals generated by NADPH oxidase contribute to
apoptosis in various cells such as sympathetic neurons and
human leukemia cells [29,30]. Recently, Marumo et al. [31]
reported that in human VSMC, DPI-inhibitable exoge-
nous O, generation was observed by treatment with plate-
let-derived growth factor. In addition, O’Donnell and Azzi
[23] reported that exogenous O, generation was caused by
the addition of NADPH in human fibroblasts. Consistent
with these previous reports, NADPH-dependent O, gen-
eration was increased in TS-treated VSMC, and we found
that the increase was inhibited by DPI and AEBSF (Fig.
4). Furthermore, in this study, AEBSF was found to in-
hibit significantly TS-induced LDH release and DNA frag-
mentation (Fig. 5). These results suggested that the exog-
enous O generation by NADPH-dependent oxidase is
responsible for the TS-induced cell toxicity.

There have been many reports about the mechanism of
TS-induced apoptosis [11-21]. However, since almost of
all these reports were about the apoptotic cascade inside
the cytoplasm, there is no information about the trigger of
apoptosis induced by TS. In this study, we found for the
first time the trigger event of TS-induced apoptosis in rat
VSMC, i.e., exogenous O, generation via oxidase systems
including NADPH-dependent oxidase activated by TS, is
responsible for the apoptosis in VSMC. Activation of
NADPH oxidase in neutrophils has been suggested to be
associated with the influx of Ca’" into cytoplasm from
extracellular space [32,33]. Recently, Yamamoto et al.
[20] reported that TS increased transiently the intracellular
concentration of Ca’™ of promyelocytic leukemia cells
HL-60. From these findings, we supposed that TS might
activate the NADPH-dependent oxidase due to an in-
crease in the intracellular Ca?* level. The mechanisms of
the TS-induced activation of O; generation and of O -
dependent apoptosis in VSMC are unclear. More detailed
studies are in progress to clarify the TS-induced apoptosis
in our laboratory.
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