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Cholesteryl-hemisuccinate-induced apoptosis of promyelocytic leukemia
HL-60 cells through a cyclosporin A-insensitive mechanism
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Abstract

We reported previously that a-tocopheryl-succinate (VES) induced apoptosis of cultured human promyelocytic leukemia cells (HL-60)
(Free Radic Res 2000;33:407-18). We have now studied the effect of cholesteryl-hemisuccinate (CS) on the fate of HL-60 cells to clarify
whether CS has an effect similar to that of VES. CS inhibited the growth of HL-60 cells without differentiation to granulocytes and
induced DNA fragmentation and ladder formation. CS inhibited the phosphorylation of pleckstrin homology domain-containing protein
kinase B (Akt) and initiated the activation of a caspase cascade. CS triggered the reaction leading to the cleavage of Bid and also released
cytochrome ¢ (Cyt. ¢) from mitochondria. In addition, CS induced mitochondrial membrane depolarization and translocation of Bax to
mitochondria in HL-60 cells. However, CS did not induce an increase in the concentration of intracellular calcium ions in HL-60 cells. The
membrane depolarization, Cyt. ¢ release, and DNA fragmentation were inhibited by z-VAD-fluoromethylketone (z-VAD-fmk), a pan-
caspase inhibitor, but not by cyclosporin A, an inhibitor of membrane permeability transition. These results suggested that CS-induced
apoptosis of HL-60 cells might be caused by inhibiting Akt phosphorylation following cleavage of Bid through caspase-8 activation and

subsequently via an Apaf complex—caspase cascade pathway.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Recently, the possible role of apoptosis in the pathogen-
esis of a wide array of diseases has been highlighted. The
modulation of this pivotal process has become an emerging
new concept in the treatment of malignant disorders. Thus,
the selective induction of apoptosis of target cells is
important for treating patients with cancer.
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Abbreviations: Akt, pleckstrin homology domain-containing protein
kinase B; [Ca”]i, intracellular concentration of Ca2+; CS, cholesteryl-
hemisuccinate; CsA, cyclosporin A; Cyt. ¢, ferricytochrome c¢; JC-1,
5,5',6,6'-tetrachloro-1,1’,3,3-tetraethylbenzinidazol carbocyanine iodide;
KRP, Krebs-Ringer-phosphate buffer; MPT, membrane permeability
transition; pCPT-cAMP, 8-(4-chlorophenylthio)adenosine 3':5'-cyclic
monophosphate; PKC, protein kinase C; ROS, reactive oxygen species;
VES, a-tocopheryl-succinate; z-VAD-fmk, z-Val-Ala-Asp(OMe) fluoro-
methylketone.

Succinate esters of cholesterol and a-tocopherol interact
with intracellular and membrane lipids and affect enzyme
activities, such as ATPase [1]. These effects were observed
with intact VES and CS, but not with a-tocopherol, choles-
terol, or succinate. It has been reported that succinate esters
of a-tocopherol selectively inhibit cancer cell proliferation,
but no adverse effect on the growth of murine normal bone
marrow cells was observed [2-7]. In a previous study, we
found that VES induced apoptosis of promyelocytic leuke-
mia cells (HL-60) in a way that involved the mitochondrial
MPT pathway [4]. These results suggested that CS might
also induce a selective apoptosis of HL-60 cells.

Accumulated evidence shows that apoptosis is a cellular
death process involving the sequential activation of a series
of caspases and an endonuclease. Mitochondria have been
shown to play a key role in apoptosis induction. However,
the sequence of changes that occur in mitochondria in the
initial steps of apoptosis has not been elucidated clearly.
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One of the important events is the opening of the MPT
pore, a CsA-sensitive mitochondrial channel [8—10]. In this
context, it has been suggested that regulation of the MPT
pore may play a role in intracellular calcium homeostasis
in a variety of forms of cell death [11,12].

Based on these experimental findings, we have investi-
gated the effect of CS on HL-60 cells and analyzed the
mechanism of CS-induced apoptosis of the cells. Here we
show that CS induced the apoptosis of HL-60 cells through
suppression of Akt phosphorylation [13,14] following
cleavage of Bid and subsequently by initiating apoptosis
through the activation of a caspase cascade in a CsA-
insensitive mechanism.

2. Materials and methods
2.1. Chemicals

CS, VES, Cyt. ¢, JC-1, ribonuclease (RNase) A, protei-
nase K, and pCPT-cAMP were obtained from the Sigma
Chemical Co. Monoclonal antibody against Cyt. ¢ was
purchased from PharMingen, antibodies against Bcl-2,
Bax, and Bid from Santa Cruz Biotechnology, and
antibody against phospho-Akt from Cell Signaling Tech-
nology (New England Biolabs, Ltd.). Fluorogenic tetra-
peptide substrates, such as acetyl-Tyr-Val-Ala-Asp-MCA
(Ac-YVAD-MCA) for caspase-1, acetyl-Asp-Glu-Val-Asp-
MCA (Ac-DEVD-MCA) for caspase-3, acetyl-Val-Glu-Ile-
Asp-MCA (Ac-VEID-MCA) for caspase-6, acetyl-Ile-Glu-
Thr-Asp-MCA (Ac-IETD-MCA) for caspase 8 and acetyl-
Leu-Glu-His-Asp-MCA (Ac-LEHD-MCA) for caspase-9, a
pan-caspase inhibitor, z-VAD-fmk, and an inhibitor of
caspase-8, Ac-ITED-CHO, were obtained from the Peptide
Institute. MitoSensor (ApoAlert™) was purchased from
Clontech. All other chemicals were of analytical grade
and were obtained from Nacalai Tesque.

2.2. Cell line

HL-60 cells were maintained at 0.2 to 1 x 10%/mL in
RPMI-1640 medium (Sigma Chemical Co.) supplemented
with 10% heat-inactivated fetal bovine serum (Life Tech-
nologies Inc.), 100 U/mL of penicillin, and 100 pg/mL
of streptomycin. Cells were grown in a humidified incu-
bator at 37° under 5% CO,/95% air and used for assays
during the exponential growth phase. Cells were routinely
counted to maintain a low population density, and their
viability was assayed by the trypan blue exclusion method
[15].

2.3. Treatment of cells with cholesterol and CS
HL-60 cells (8 x 10°) were generally suspended in

2 mL of RPMI-1640 medium containing 10% fetal bovine
serum and various reagents and then incubated in a CO,

incubator. Before adding the reagents, preincubation was
normally performed for at least 1hr. Cultures were
initiated at a density of 1.5 x 103 cells/mL in the presence
or absence of 50 uM cholesterol or its derivatives, which
were dissolved in ethanol and added to the medium [15].
Cyclosporin A, z-VAD-fmk, and Ac-ITED-CHO were
dissolved in DMSO.

2.4. Evaluation of differentiated cells

After 24 hr of incubation with cholesterol or CS, cells
were centrifuged onto a glass slide by a cytospin system
(Kubota Inc.). Differentiation of HL-60 cells to granulo-
cytes was evaluated by staining for nonspecific esterase
activity [16]. On each slide, at least 200 cells were counted
under a light microscope.

2.5. Discrimination of apoptotic cells by
flow cytometry and sorting

Flow cytometric analyses of apoptotic cells and the cell
cycle were carried out as previously described [17]. Briefly,
HL-60 cells (2 x 10°) were fixed in 200 pL of 70% ethanol
at 4° for 4 hr, and then were incubated in 40 mL of
phosphate-citrate buffer (pH 7.5) at room temperature
for 30 min. Following treatment with 0.1 pg/mL of RNase
A in 100 pL of PBS at 37° for 30 min, the cells were
stained with 50 pg/mL of propidium iodide in 1 mL of PBS
at 37° for 30 min in the dark. Analytic flow cytometric
measurements were performed using a FACScan flow
cytometer with argon laser excitation at 488 nm (Becton
Dickinson), and fluoresence (FL2;DNA) was detected
through a 564-606 nm band pass filter. Twenty thousand
cells were analyzed in each sample.

2.6. Subcellular fraction for Cyt. ¢ assay

After harvesting HL-60 cells, they were suspended in
50 pL of ice-cold buffer A [250 mM sucrose, 20 mM
HEPES buffer (pH 7.5), 10 mM KCI, 1.5 mM MgCl,,
1 mM EGTA, 1 mM dithiothreitol, and 0.1 mM phenyl-
methylsulfonyl fluoride] (1 x 107 cells) and homogenized
in a Teflon homogenizer. The homogenate was centrifuged
at 750 g for 3 min at 4°. The supernatant was then cen-
trifuged at 10,000 g for 15 min at 4°. The resulting pellet
(mitochondrial fraction) was resuspended in buffer A. The
supernatant was further centrifuged at 100,000 g for
60 min at 4°. The final supernatant represented the cyto-
solic fraction. Aliquots of 50 pL. were used for western blot
analysis of Cyt. ¢ [18].

2.7. Measurement of [Ca’"];
Values of [Ca”]i were calculated from changes in the

fluorescence intensity of Fura-2-loaded HL-60 cells. Load-
ing of Fura-2 and the calibration of Fura-2-Ca’*" as a
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function of [Ca>"]; were carried out essentially as described
previously [4,19]. Briefly, HL-60 cells (1 x 107/mL) were
incubated in KRP containing 10 mM glucose and 5 uM
Fura-2 AM for 1 hr at 37°. The incubated cells were washed
twice with KRP solution, resuspended in glucose containing
KRP, and kept on ice until used. Excitation and emission
wavelengths used were 340 and 500 nm, respectively. The
fluorescence intensity of Fura-2-loaded HL-60 cells
(5 x 10°/mL) in KRP containing glucose was measured
with a calcium analyzer (Jasco CAF 110) at 37° and
calculated by the method of Grynkiewicz et al. [20].

2.8. Assay of mitochondrial membrane
potential in HL-60 cells

HL-60 cells (2 x 10°/mL) were incubated with medium
alone or with 50 uM CS for various periods, and the
mitochondrial membrane potential in the cells was mea-
sured by the method of Salvioli et al. [21]. The cells were
washed with PBS, stained with 2 ng/mL of JC-1 for 15 min
at room temperature in PBS, and analyzed using a FACS-
can flow cytometer (Becton Dickinson).

HL-60 cells were incubated on an 8-well culture slide
(0.8 x 10°/well) for the analysis of the mitochondrial mem-
brane potential after staining with MitoSensor (ApoAlert™,
Clontech) for 15 min at room temperature. After incubation
in culture medium containing 50 pM CS for various periods,
the cells were washed with culture medium, and stained with
MitoSensor for 20 min at 37°. The stained cells were
observed by fluorescence microscopy.

2.9. Analysis of DNA fragmentation

The extent of DNA fragmentation was determined
spectrophotometrically by the diphenylamine method
[15]. After incubation with cholesterol or CS, cells were
lysed in 200 pL of lysis buffer [10 mM Tris—HCI buffer
(pH 7.4), 10 mM EDTA, and 0.5% Triton X-100] at 4° for
10 min. The lysate was centrifuged at 13,000 g at 4° for
20 min to separate intact and fragmented chromatin. Both
the pellet and the supernatant were precipitated by 6%
perchloric acid at 4° for 30 min. The precipitates were
sedimented further at 13,000 g for 20 min at 4°. The DNA
specimens were heated at 70° for 20 min in 50 pL of 6%
perchloric acid, and were mixed with 100 pL of 1.5%
diphenylamine solution containing 1.5% sulfuric acid
and 0.01% acetaldehyde in acetic acid. After overnight
incubation at 30° in the dark, they were measured spectro-
photometrically at 600 nm, and the percentage of DNA
fragmentation was calculated. DNA fragmentation was
also detected by agarose gel electrophoresis [22]. The
lysate (fragmented DNA fraction) was treated with
400 pg/mL of RNase A at 37° for 1 hr and 400 pg/mL
of proteinase K at 37° for 1 hr. The fragmented DNA
samples were extracted with an equal volume of phenol/
chloroform/isoamyl alcohol. The fragmented DNA in the

aqueous phase was then electrophoresed at 100 V through
a 2% agarose gel containing 0.1 mg/mL of ethidium
bromide in TBE buffer [90 mM Tris-borate buffer (pH
8.3), containing 2 mM EDTA]. DNA bands were visua-
lized under ultraviolet illumination and photographed on
Polaroid 667 film.

2.10. Western blot analysis

Cell lysates were prepared as described elsewhere [22].
Cells (2 x 10°) were dissolved in SDS-sample buffer
[125 mM Tris—HCI (pH 6.8), 4% SDS, 10% 2-mercap-
toethanol, 20% glycerol, and 0.002% bromophenol blue]
and boiled at 100° for 5 min. The samples were then
subjected to SDS-PAGE. Proteins in the gel were trans-
ferred onto an Immobilon filter (Millipore Co.), and then
incubated with primary antibody (1:1000 dilution for Cyt.
¢ and phospho-Akt, Bcl-2 and Bax; 1:500 dilution for Bid)
and finally with horseradish peroxide-linked second anti-
body (1:2000 dilution for Cyt. ¢; 1:50,000 for Bid, Bcl-2,
and Bax) and analyzed using an ECL plus kit (Amersham).
Protein concentration was determined by the method of
Bradford [23] using bovine serum albumin as a standard.

2.11. Assay for caspase activity

Caspase activity was determined as described previously
[22] in 20 mM HEPES buffer (pH 7.5) containing 0.1 M
NaCl and 5 mM dithiothreitol at 37° using a 10 pM con-
centration of either Ac-YVAD-MCA, Ac-DEVD-MCA,
Ac-VEID-MCA, Ac-IETD-MCA, or Ac-LEHD-MCA for
caspase-1, -3, -6, -8, and -9, respectively. One unit of the
enzyme is defined as the amount of enzyme required for the
hydrolysis of 1 pmol substrate per 1 hr.

3. Results

3.1. Effect of CS on the proliferation and
differentiation of HL-60 cells

Under standard conditions, HL-60 cells showed a nor-
mal growth pattern with a doubling time of about 24 hr.
The presence of CS inhibited the growth of HL-60 cells in a
concentration- and time-dependent manner (Fig. 1A). Cell
growth was inhibited completely by CS at concentrations
higher than 50 puM at 24 hr. However, no differentiation to
granulocytes of HL-60 cells following treatment with CS
was observed even at concentrations of more than 50 pM
(Fig. 1B).

3.2. Relation between cell cycle and
DNA fragmentation after CS

Cells were quantitated by flow cytometry at various
times after treatment with 30 pM CS to confirm the state
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Fig. 1. Effect of CS on growth and morphology of HL-60 cells. (A) Cells were exposed to 0 (- - -), 25 (O), 50 (@), 75 (1), and 100 (¢) uM CS under the
experimental conditions described in Section 2. At the indicated times, the number of viable cells was determined by the trypan blue exclusion test.
Experiments were performed at least three times with similar results. (B) HL-60 cells were incubated with 50 uM CS for 24 hr (I), and the percentage of cells
showing fragmented nuclei (II) was calculated. Values are means = SD derived from three separate experiments.

of apoptosis and cell arrest of the treated cells. The number
of apoptotic cells increased 24 and 48 hr after treatment
with 30 pM CS without arrest in any phase of the cell cycle
(Fig. 2).

3.3. Effect of CS on DNA fragmentation and ladder
formation and its sensitivity to CsA and z-VAD-fmk

Incubation of HL-60 cells with CS induced fragmenta-
tion of cellular DNA in a time- and concentration-depen-
dent manner (Fig. 3A and B). Kinetic analysis revealed
that DNA fragmentation became apparent at 636 hr after
incubation with 50 uM CS (Fig. 3A). DNA ladder for-
mation induced by treatment with CS at a concentration
of 50 pM was also observed on agarose gel electrophor-
esis (Fig. 3C). Ladder formation was started at 6 hr by
50 uM CS and increased in parallel with DNA fragmen-
tation for 24 hr. In contrast, neither cholesterol nor suc-
cinate at a concentration of 50 uM showed appreciable
effects on DNA ladder formation in these cells (data not
shown).

Since MPT and caspases play crucial roles in the process
of apoptosis, we investigated the effects of z-VAD-fmk, a
pan-caspase inhibitor [24], and CsA, an inhibitor of MPT,
on CS-induced apoptosis of HL-60 cells. DNA fragmenta-
tion induced by CS was strongly suppressed by pretreating
cells with 75 pM z-VAD-fmk for 1 hr (Fig. 3D). However,
the CS-induced DNA fragmentation was increased further
by pretreating cells with 1 pM CsA (Fig. 3D). The results
indicate that CS-induced DNA fragmentation was insen-
sitive to classic MPT but dependent upon the activation of a
caspase cascade [10,25].

3.4. Caspase activation of HL-60 cells by CS

Since CS-induced apoptosis was inhibited by z-VAD-
fmk, we also examined the effect of CS on the activation of
caspase-1, -3, -6, -8, and -9 in HL-60 cells using specific
synthetic substrates for each caspase. CS activated various
types of caspase-like proteases, such as caspase-3, -6, -8,
and -9, but not caspase-1. Cellular activities of caspases
markedly increased after incubation for 12 hr with 50 pM
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Fig. 2. Changes in DNA content of HL-60 cells treated with CS. Untreated HL-60 cells (A) and following treatment with 30 uM CS for 12 (B), 24 (C), and
48 (D) hr. CS-treated cells were fixed in 200 pL of 70% ethanol at 4° for longer than 4 hr, and suspended in phosphate-citrate buffer and maintained at room

temperature for 30 min prior to propidium iodide staining.
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Fig. 3. DNA fragmentation of CS-treated HL-60 cells and its sensitivity to z-VAD-fmk and CsA. (A) Cells were incubated in the presence of 50 uM CS (@)
or 50 pM cholesterol (O) at 37°. At the indicated times, fragmented DNA in the cultured cells was determined by the diphenylamine method. (B) The effect
of various concentrations of CS (@) on fragmentation of DNA was also observed. The cells (1.5 x 10°) were incubated with various concentrations of CS for
24 hr. Values are means = SD derived from three separate experiments. (C) DNA ladder formation after treatment with 50 pM CS was detected by gel
electrophoresis (2% agarose). Lanes 1, 2, 3, 4, 5, and 6 are molecular size markers, control cells at 24 hr, and cells treated with 50 uM CS for 6, 12, 18, and
24 hr, respectively. Experiments were carried out at least three times with similar results. (D) Cells were preincubated in the presence or absence of 75 pM z-
VAD-fmk or 1 uM CsA for 1 hr and subsequently with or without 100 pM CS for 9 hr. DNA fragmentation was determined by the diphenylamine method.
Values are means + SD derived from three separate experiments.

CS and reached a maximum at 24 hr (Fig. 4A). Activation by 3.5. Cyt. c release from mitochondria of HL-60 cells by

CS, while pronounced for caspase-3 and -6, was much less CS and its sensitivity to z-VAD-fmk
for caspase-8 and -9 (Fig. 4B). The results obtained in these
experiments suggest that a cascade of caspase proteases may Since CS activated caspase-9, Cyt. ¢ might possibly be
be involved in CS-induced apoptosis of HL-60 cells. released from the mitochondria into the cytosol [9]. As
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Fig. 4. Effect of CS on the activities of various caspases. (A) Cells were incubated with 50 uM CS, and time-dependent changes in the activity of caspase-3
(O) and -6 (&) were determined as described in the text. (B) The effect of 50 pM CS on the activity of caspase-1 (A), -8 (@), and -9 (@) was also
determined. Cell extracts (50 uL) were incubated with 10 pM fluorogenic peptide substrates at 37° for 1 hr. Values are means + SD derived from three
separate experiments.
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Fig. 5. Effect of CS on the distribution of Cyt. ¢ in cells and its sensitivity to z-VAD-fmk. (A) Cells were treated with 50 uM CS for 24 hr. (B) Cells were
preincubated in the presence or absence of 100 uM z-VAD-fmk for 1 hr and subsequently with or without 100 pM CS for 18 hr. Cyt. ¢ in mitochondrial and
cytosolic fractions was detected by western blotting. Experiments were carried out at least three times with similar results.

suspected, a significant fraction of the mitochondrial Cyt. ¢
was released into the cytosol by treatment with CS
(Fig. 5A). The amounts of Cyt. ¢ released by CS increased
with the time of CS treatment (data not shown). Further-
more, Cyt. ¢ release was suppressed by z-VAD-fmk
(Fig. 5B) but increased by CsA (data not shown). These
results suggested that the Cyt. ¢ release from mitochondria
might occur through a caspase-dependent pathway but not
through the classic MPT pathway [10] and that the released
Cyt. ¢ might play an important role in CS-induced apop-
tosis of HL-60 cells.

3.6. Cleavage of Bid in HL-60 cells by CS and its
sensitivity to caspase inhibitors

Bid cleaved by caspase-8 has been shown to directly
trigger the release of Cyt. ¢ from mitochondria [26-28],
which is suppressed by Bcl-2. Thus, an apoptotic signal
initiated by CS might be relayed from the cell surface to the
mitochondria in a manner that is similar to that described
for receptor-mediated apoptosis [27]. Due to this observa-
tion, we studied the effect of CS on cellular levels of
cleaved Bid. Western blot analysis revealed that Bid was
present as a 22 kDa protein in intact HL-60 cells. Incuba-
tion of cells with CS resulted in the formation of 16 and
15 kDa fragments from Bid (Fig. 6A). The generation of
truncated Bid (tBid) was suppressed by z-VAD-fmk and a
caspase-8 inhibitor, Ac-ITED-CHO (Fig. 6B). These
results showed that cleaved products of Bid in CS-treated
HL-60 cells might also be involved in the mechanism of
Cyt. c release in cells.

3.7. Changes in mitochondrial membrane potential in
HL-60 cells induced by CS

It has been shown that Cyt. ¢ is released from mitochon-
dria into the cytosol by opening of the MPT pore, and it has
been postulated that pore opening plays a role in cellular
events leading to apoptosis of certain types of cells [9]. For
these reasons, the effect of CS on mitochondrial membrane
potential in intact HL-60 cells was examined by staining
with MitoSensor and following up with FACScan analysis of
JC-1 fluorescence. CS induced depolarization of the mito-
chondrial membrane potential in a time- and concentration-
dependent manner (data not shown). The reddish fluores-
cence of the cell mitochondria, stained with MitoSensor,
was changed to the green fluorescence of the cytosol during
the incubation with 50 pM CS, indicating depolarization of
the membrane (Fig. 7A). The depolarization of HL-60 cells
by CS was confirmed by a FACScan technique; after treat-
ment of HL-60 cells with 50 uM CS for 6, 12, and 24 hr, the
intensity of JC-1 fluorescence was also decreased in a time-
dependent manner (Fig. 7A). The depolarization was inhib-
ited by z-VAD-fmk but was stimulated further by CsA
(Fig. 7B). Furthermore, the beginning of DNA fragmenta-
tion induced by CS was faster than depolarization.

3.8. Effect of CS on the expression and distribution of
Bcl-2 and Bax

The MPT of mitochondria has an important role in the
cell, and the Bcl-2 family of proteins has a regulatory role
in MPT pore opening. Thus, the effect of CS on the
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Fig. 6. Effect of CS on the processing of Bid and its sensitivity to z-VAD-fmk and Ac-ITED-CHO. (A) Cells were incubated in the presence or absence of
50 uM CS for 6, 12, 18, and 24 hr. (B) Cells were preincubated in the presence or absence of 75 pM z-VAD-fmk or Ac-ITED-CHO for 1 hr and subsequently
with or without 100 pM CS for 18 hr. As a control for protein loading, a western blot analysis of actin was also carried out. Cell lysates (50 uL) were analyzed
by immunoblotting. Experiments were carried out at least three times with similar results. 22 kDa, pro-Bid; 15 kDa, truncated Bid.
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Fig. 7. Effect of CS on mitochondrial membrane potential in HL-60 cells and its sensitivity to z-VAD-fmk and CsA. (A) Cells were incubated in the presence
of 50 uM CS for the indicated number of hours. Measurement by flow cytometry took placed at 0, 6, 12, and 24 hr. (B) Cells were preincubated in the
presence or absence of 75 uM z-VAD-fmk or 1 pM CsA or 100 uM pCPT-cAMP for 1 hr and subsequently with or without 100 pM CS for 9 hr. After
treatment, cells were stained with MitoSensor or JC-1 in PBS. % Gated = the percentage of depolarized cells. Cells stained with MitoSensor were observed
under fluorescence microscopy. Similar results were obtained in three separate experiments.

distribution and expression of Bcl-2 and Bax in HL-60 cells
was examined. Expression of both proteins was unaffected
after treatment with CS for 12—24 hr. However, an increased
amount of Bax but not of Bcl-2 in the mitochondrial fraction
was observed after treatment with 50 uyM CS for 12 hr
(Fig. 8). This result indicates that an increased amount of
Bax might induce Cyt. c release after treatment with CS.

3.9. Changes in [Ca®"]; of HL-60 cells induced by CS
It has been shown that Ca>" may induce MPT in the

presence of inorganic phosphate, which in turn induces the
release of Cyt. ¢, thereby initiating apoptosis. Therefore,

apoptosis initiated by Ca®" and changes of [Ca®"]; in HL-
60 cells following treatment with CS were monitored as
changes in Fura-2 fluorescence intensity. [Ca*"]; in HL-60
cells was not changed by the addition of CS at a concen-
tration of 100 uM (Fig. 9), or even at a concentration of
150 uM (data not shown). The effect of CS was completely
different from that of VES.

3.10. Effect of cAMP on the CS-induced DNA
fragmentation of HL-60 cells

Since on the basis of recent studies it was proposed that
phospho-Akt has an important role in the activation of
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Fig. 8. Effect of CS on the distribution of Bcl-2 and Bax in mitochondrial and cytosolic fractions. Experimental conditions were as described in Fig. 6.
Distribution of Bcl-2 and Bax in mitochondrial and cytosolic fractions was detected by western blotting at 12 hr in the presence or absence of 50 pM CS.
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Fig. 9. Effect of CS on the Ca®" status in HL-60 cells. HL-60 cells (1 x 107/mL) were loaded with 5 uM Fura-2 in KRP solution containing 10 mM glucose
at 37°. The fluorescence intensity of Fura-2-loaded cells was monitored by a calcium analyzer (Jasco CAF 110) at 37°. Then, at the indicated times, 1 mM
CaCl, and 100 pM CS (A) or VES (B) were added to the medium, and the change in fluorescence intensity was monitored. Experiments were carried out at

least three times with similar results.

caspase-8 [13,14], the effect of pCPT-cAMP on CS-
induced DNA fragmentation was examined. The CS-
induced DNA fragmentation was suppressed completely
by preincubation of the cells with cAMP (Fig. 10). Further-
more, CS-induced depolarization of mitochondria was
suppressed by pCPT-cAMP (Fig. 7B). These results indi-
cate that CS might inhibit the phosphorylation of Akt and
stimulate the activation of caspase-8.
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Fig. 10. Suppression of CS-induced DNA fragmentation of HL-60 cells by
cAMP. Experimental conditions were the same as described in Fig. 3. Cells
were preincubated for 1 hr with 100 uM pCPT-cAMP before the addition
of 50 uM CS for 18 hr. Values are means £ SD derived from three separate
experiments.
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Fig. 11. Suppression of phospho-Akt content in HL-60 cells by CS.
Experimental conditions were the same as described in Fig. 3. At various
times after treatment with 50 uM CS, phospho-Akt in HL-60 cells was
detected by western blot analysis with anti-phospho-Akt antibody. Similar
results were obtained in three separate experiments.

3.11. Inhibition of phospho-Akt in HL-60 cells by CS

To gain further insight into the regulation of caspase-8
by Akt, the effect of CS on the phosphorylation of Akt was
examined by western blotting using an anti-phospho-Akt
antibody. The amount of phosphorylated Akt in HL-60
cells was decreased by treatment with 50 uM CS in a time-
dependent manner (Fig. 11). The rate of decrease in
phospho-Akt was paralleled by an increase in DNA frag-
mentation after treatment of the cells with CS.

4. Discussion

The findings of the present study clearly demonstrate
that CS, but not cholesterol and succinate, inhibits cell



K. Yamada et al./Biochemical Pharmacology 65 (2003) 339-348 347

growth, modulates mitochondrial functions, releases Cyt. ¢
into the cytosol, and activates caspase-3, thereby inducing
apoptosis of HL-60 cells. Kinetic analysis revealed that an
increase in tBid as well as an increased distribution of Bax
in mitochondria might enhance the release of Cyt. ¢ into
the cytosol. These results suggest that CS induced apop-
tosis of HL-60 cells by modulating mitochondrial mem-
brane functions, thereby activating the caspase cascade
pathway via mitochondrial Cyt. ¢ release, which may be
induced by caspase-8-cleaved Bid and by increased Bax in
mitochondria. In these studies, new data were obtained to
support the involvement of this pathway in HL-60 cell
apoptosis. The validity of caspase-8-dependent formation
of tBid was established by its sensitivity to z-VAD-fmk and
Ac-ITED-CHO. Depolarization of the intracellular mito-
chondrial membrane potential was also suppressed by z-
VAD-fmk but was stimulated significantly by CsA. The
classic MPT is dependent upon the [Ca?'];, is energy
dependent, and is accompanied by mitochondrial swelling
and depolarization [10]. On the contrary, it has been
reported recently that the nonclassic MPT, which is insen-
sitive to CsA, occurs without swelling and depolarization
of the mitochondria [29]. Thus, CS induced the nonclassic
type of MPT and such depolarization might be a result of
caspase activation although this does not initiate Cyt. ¢
release [30]. Furthermore, recent studies have indicated the
regulation of caspase-8 activity through Akt [13,14]. In this
study, we found that CS inhibited the phosphorylation of
Akt and that membrane permeable cAMP, pCPT-cAMP,
strongly suppressed the CS-induced DNA fragmentation.
Similar results were also obtained using VES (data not
shown). These results indicate that the inhibition of the
phosphorylation of Akt might act as an initial step in the
apoptosis pathway induced by CS and VES.

The [Ca*"]; is an important factor in the initiation of the
signal for apoptosis in cells [11,12]. However, in contrast to
the transiently increased [Ca®"]; induced by VES [4], no
such change was observed with CS. In this context, pre-
liminary experiments showed that a-tocopherol is unable
to mobilize Ca®". These results suggest that the [Ca®'];
might not have the ability to regulate the signal for
apoptosis by CS. Furthermore, the MPT of isolated mito-
chondria and Cyt. ¢ distribution were not affected by CS at
a concentration of 100 uM (data not shown). These results
suggest that CS may not directly trigger the release of Cyt.
¢ from mitochondria into the cytosol as observed with
VES.

It has been shown that apoptosis occurs spontaneously in
freshly isolated human neutrophils. This spontaneous
apoptosis was associated with translocation of Bax to
the mitochondria and subsequent caspase-3 activation,
but not with changes in the expression of Bax [31]. In
this study, we also found that CS-induced apoptosis of HL-
60 cells was associated with translocation of Bax to the
mitochondria and activation of caspase-3 without trigger-
ing differentiation of the cells to granulocytes. Thus, this

mechanism of apoptosis might exist in both spontaneous
granulocyte apoptosis and CS-induced apoptosis of HL-60
cells.

The proapoptotic activity of VES appears to involve
inhibition of PKCa, since phorbol myristate acetate (PMA)
prevented apoptosis triggered by VES [2]. The molecular
mechanism of inhibition of PKCa by VES may depend on
increased protein phosphatase 2A (PP2A) as well as o-
tocopherol as reported by Azzi and coworkers [32,33]. On
the contrary, PKC might not be involved in CS-induced
apoptosis since PMA has no effect on CS-induced apop-
tosis of HL-60 cells (data not shown). These results
indicate that PKC and PP2A may not play a critical role
in the mechanism of CS-induced apoptosis.

Another possible mechanism of CS-induced apoptosis is
the modulation of Fas signaling [6] and increased AP-1
activity by the activation of c-Jun amino-terminal kinase
and c-Jun [34-36]. VES also readily associates with lipo-
proteins in vitro and in vivo, which act as efficient VES
carriers, thereby reducing cell proliferation rates and
increasing apoptosis in some cancer cells [5]. Preliminary
experiments in this laboratory showed that CS-induced
apoptosis was not inhibited by cycloheximide and actino-
mycin D (data not shown). Thus, no such mechanism
appears to be involved in CS-induced apoptosis.

From these results, the following pathway of apoptosis
induced by CS was considered to be a possibility. CS
suppressed Akt activity thereby activating caspase-8,
which stimulated the generation of tBid and induced the
release of Cyt. ¢ independent of the classic MPT mechan-
ism. Cyt. ¢ release was also stimulated in association with
increases in Bax during apoptosis.
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