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Abstract

The effect of the depletion or oxidation of cellular GSH on cytotoxicity of MG132 was assessed. Viability loss and decrease in GSH
contents in small cell lung cancer (SCLC) cells treated with MG132 was attenuated by caspase inhibitors (z-IETD.fmk, z-LEHD.fmk and
z-DQMD.fmk). Thiol compounds (N-acetylcysteine and N-(2-mercaptopropionyl)glycine) and free radical scavengers reduced MG132-
induced cell death. Antioxidants, including N-acetylcysteine, inhibited the MG132-induced nuclear damage, loss in mitochondrial
transmembrane potential, cytosolic accumulation of cytochrome c¢ and caspase-3 activation. Depletion of GSH due to buthionine
sulfoxime did not affect the cell viability loss, ROS formation and GSH depletion due to MG132 in SCLC cells. A thiol oxidant
monochloramine, p-chloromercuribenzoate and N-ethylmaleiamide also did not affect cytotoxicity of MG132. The results suggest that the
toxicity of MG132 on SCLC cells is mediated by activation of caspase-8, -9 and -3. Removal of free radicals and recovery of GSH contents
may attenuate MG132-induced apoptotic cell death. Nevertheless, depletion or oxidation of cellular GSH may not affect toxicity of

MG132.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Enhanced oxidative stress and defects in mitochondrial
function are involved in the induction of necrotic or
apoptotic cell death [1]. The membrane permeability tran-
sition of mitochondria is recognized as a central event in
the course of toxic and oxidative forms of cell injury [2,3].
Opening of the mitochondrial permeability transition pore
causes a depolarization of the transmembrane potential,
releases of Ca®" and cytochrome ¢ and loss of oxidative

Abbreviations: SCLC, small cell lung cancer; carboxy-PTIO, 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; DCFH,-
DA, 2/,7'-dichlorofluorescin diacetate; DCF, 2’,7’-dichlorofluorescin;
DiOCg(3), 3,3'-dihexyloxacarbocyanine iodide; MPG, N-(2-mercaptopro-
pionyl)glycine; GSH, glutathione; GSSG, oxidized glutathione; MTT, 1,
3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyl-tetrazolium bromide
; z-DQMD.fmk, z-Asp-(OMe)-GIn-Met-Asp(OMe) fluoromethyl ketone;
z-IETD.fmk, z-Ile-Glu-(O-ME)-Thr-Asp(O-Me) fluoromethyl ketone; z-
LEHD.fmk, z-Leu-Glu-(O-ME)-His-Asp(O-Me) fluoromethyl ketone;
ROS, reactive oxygen species
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phosphorylation, which results in loss of cell viability. The
ubiquitin/proteasome pathway, responsible for mediating
the majority of intracellular proteolysis, plays a crucial role
in the regulation of many normal cellular processes,
including the cell cycle, differentiation and apoptosis
[4-6]. Apoptosis in cancer cells is closely connected with
the activity of ubiquitin/proteasome pathway [7,8]. Protea-
some inhibitors have been shown to induce apoptotic cell
death through formation of ROS [9,10].

The ROS formation and GSH depletion due to toxic
substances may cause mitochondrial dysfunction, leading
to cell viability loss [1,11]. The mitochondrial membrane
permeability could be affected by the redox state of dithiols
[12]. The redox state of cellular GSH is an important
modulatory element in the protein ubiquitination pathway
[13]. The ROS formation and GSH depletion due to
proteasome inhibitors may cause mitochondrial dysfunc-
tion and subsequent cytochrome c release, which leads to
cell viability loss [10,14]. N-Acetylcysteine, a thiol com-
pound, is demonstrated to reduce the proteasome inhibitor-
induced apoptotic cell death [10,15,16]. Nevertheless, it
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is uncertain whether cytotoxicity of proteasome inhibitor
is modulated by the depletion or oxidation of cellular
GSH.

MG132 is a peptide aldehyde, which effectively blocks
the proteolytic activity of 26S proteasome complex,
behaving as a potent inhibitor of the chymotryptic-like
activity [17]. MG132 causes apoptotic cell death through
formation of ROS [18,19]. However, the effect of GSH
depletion against mitochondrial damage due to MG132
has not been clarified. The purpose of the present study
was to explore the influence of the depletion or oxidation
of cellular GSH against the toxicity of MG132 on SCLC
cells in relation to the mitochondrial membrane perme-
ability and apoptotic cell death. We examined the effects
of L-buthionine sulfoximine (a selective inhibitor of
v-glutamylcysteine synthetase), monochloramine (a thiol
oxidant), p-chloromercuribenzoate (an inhibitor of cell
surface thiol groups) and N-ethylmaleiamide (an inhibitor
of cell surface and cytosol thiol groups) on cytotoxicity of
MG132.

2. Materials and methods
2.1. Materials

z-DQMD.fmk and z-IETD.fmk were purchased from
Calbiochem-Novabiochem Co., TiterTACS™  colori-
metric apoptosis detection kit was from Trevigen, Inc.,
Quantikine™ M human cytochrome ¢ assay kit was from
R&D systems and ApoAlert™ CPP32/Caspase-3 assay kit
was from CLONTECH Laboratories Inc. MG132, N-acet-
ylcysteine, MPG, carboxy-PTIO, z-LEHD.fmk, H33258,
DiOC¢(3), DCFH,-DA, MTT and other chemicals were
purchased from Sigma-Aldrich Inc.

2.2. Preparation of monochloramine

NH,Cl was prepared freshly on the day of use by the
NaOCl-induced oxidation of ammonium chloride [20].
One volume of NaOCl was mixed with 4 vol. of 20 mM
NH4CI in 10 mM K,HPO, buffer, pH 8.0 at 4 °C. The
concentration of NH,Cl was determined using a molar
extinction coefficient of 42.9 at 242 nm.

2.3. Culture of small lung cancer cells

The human small cell lung cancer cells (SCLC, NCI-
H889) were obtained from the Korean cell line bank. SCLC
cells were maintained in RPMI supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin in 5% CO, atmo-
sphere at 37 °C. The culture medium was changed every 3
days, and the cells were subcultured about once a week.
Cells (1 x 107) were plated on polystyrene 60 x 15 mm
cell culture dishes 48—72 h before experiments. Cells were

washed with RPMI containing 1% FBS and replated onto
96-well plates at a density of 4 x 10* cells per well in a
volume of 200 pl (or varying numbers of cells/ml in 24-
well plates). Cells were treated with MG132 in RPMI
containing 1% FBS for 24 h at 37 °C.

2.4. Cell viability assay

Cell viability was measured by using the MTT assay,
which is based on the conversion of MTT to formazan
crystals by mitochondrial dehydrogenases [21]. SCLC
cells (4 x 10% were treated with MG132 for 24 h at
37 °C, and then were incubated with 10 pl of 10 mg/ml
MTT solution for 2h at 37 °C. Culture medium was
removed, and dimethyl sulfoxide was added to each well
to dissolve the formazan. Absorbance was measured at
570 nm using a microplate reader (Molecular Devices Co.,
Spectra MAX 340). Cell viability was expressed as a
percentage of the value in control cultures.

2.5. Morphological observation of nuclear change

SCLC cells (1 x 10° cells/ml) were treated with
MG132 for 24 h at 37 °C, and the nuclear morphological
change was assessed using Hoechst dye 33258 [22]. SCLC
cells were incubated with 1 pg/ml Hoechst 33258 for 3 min
at room temperature, and nuclei were visualized using an
Olympus Microscope with a WU excitation filter.

2.6. Measurement of apoptosis in cells

Apoptosis was assessed by measuring the DNA frag-
mentation, which occurs following the activation of endo-
nucleases. SCLC cells (1 x 10° cells/ml) were treated with
MG132 for 24 h at 37 °C. Cells were washed with phos-
phate buffered saline (PBS) and fixed with formaldehyde
solution. Nucleotide (ANTP) was incorporated at the 3'-
ends of DNA fragments using terminal deoxynucleotidyl
transferase (TdT). This nucleotide was detected using a
horseradish-peroxidase and TACS-Sapphire according to
TiterTACS protocol. Data were expressed as absorbance at
450 nm.

2.7. Flow cytometric measurement of mitochondrial
transmembrane potential

Changes in the mitochondrial transmembrane potential
during the MG132-induced apoptosis in SCLC cells were
quantified by flow cytometry with the cationic lipophilic
dye DiOCg(3) [23]. Cells (1 x 10° ml™") were treated
with MG132 for 4 h at 37 °C. DiOCg(3) (40 nM) was
added to the medium, and incubation was performed
for 15 min at 37 °C. After centrifugation at 1500 x g
for 5 min, the supernatants were removed, and the pellets
were resuspended in PBS containing 0.5 mM EDTA. For
analysis, a FACScan cytofluorometer (Becton Dickinson)
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with argon laser excitation at 501 nm was used to assess
10,000 cells from each sample.

2.8. Measurement of cytochrome c release

The release of cytochrome ¢ from mitochondria into the
cytosol was assessed by using a solid phase ELISA kit for
the detection of human cytochrome c¢. SCLC cells (5 x
10° ml™') were harvested by centrifugation at 800 x g for
10 min, washed twice with PBS and resuspended in solu-
tion (in mM): 250 sucrose, 20 HEPES-KOH (pH 7.5), 10
KCl, 1.5 MgCl,, 1 EDTA, 1 EGTA, 0.5 dithiothreitol and
0.1 phenylmethylsulfonylfluoride. Cells were further
homogenized by successive passages through a 26-G
hypodermic needle. The homogenates were centrifuged
at 100,000 x g for 30 min, and the supernatant was used for
analysis of cytochrome c. Supernatants were added into the
96-well microplates that contain cytochrome ¢ conjugate
and are coated with monoclonal antibody specific for
human cytochrome c. Absorbance of samples was mea-
sured at 450 nm in a microplate reader. A standard curve
was constructed by adding diluted solutions of cytochrome
c standard, handled like samples, to the microplates coated
with monoclonal antibody. The amount was expressed as
nanograms/ml by reference to the standard curve.

2.9. Measurement of caspase-3 activity

Apoptosis in SCLC cells was assessed by measuring the
activity of caspase-3, an apoptotic factor [24]. Cells (2 X
10° cells/ml) were treated with MG132 for 24 h at 37 °C,
and the caspase-3 activation was determined as described
in user’s manual of the ApoAlert'™ CPP32/Caspase-3
assay kit. The supernatant obtained by centrifugation of
lysed cells was added to the reaction mixture containing
dithiothreitol and caspase-3 substrate (N-acetyl-Asp-Glu-
Val-Asp-p-nitroanilide) and was incubated for 1 hat 37 °C.
Absorbance of the chromophore p-nitroanilide produced
was measured at 405 nm. The standard curves were
obtained from absorbance of the p-nitroanilide standard
reagent diluted with cell lysis buffer (up to 20 nM). One
unit of the enzyme was defined as the activity producing
1 nmol of chromophore p-nitroanilide.

2.10. Measurement of intracellular ROS formation

The dye DCFH,-DA, which is oxidized to fluorescent
DCF by hydroperoxides, was used to measure relative
levels of cellular peroxides [25]. SCLC cells (4 X 10%
were treated with MG132 for 24 h at 37 °C, washed and
suspended in FBS-free RPMI. Cells were incubated with
50 uM dye for 30 min at 37 °C and washed with RPMI.
The cell suspensions were centrifuged at 412 x g for
10 min, and medium was removed. Cells were lysed
with 1% Triton X-100, and fluorescence was measured
at an excitation wavelength of 485 nm and an emission

wavelength of 530 nm using a fluorescence microplate
reader (SPECTRAFLUOR, TECAN).

2.11. Measurement of total glutathione

The total glutathione (reduced form GSH plus oxidized
form GSSG) was determined using glutathione reductase
[26]. SCLC cells (4 x 10%) were treated with MG132 for
24 h at 37 °C, centrifuged at 412 x g for 10 min in a
microplate centrifuge, and medium was removed. Cells
were lysed with 2% 5-sulfosalicylic acid (100 pl) and then
incubated in 100 pl of the reaction mixture containing
22 mM sodium EDTA, 600 uM NADPH, 12 mM 5,5'-
dithio-bis-(2-nitrobenzoic acid) and 105 mM NaH,PO,,
pH 7.5 at 37 °C Glutathione reductase (20 ul, 100 U/ml)
was added, and the mixture further incubated for 10 min.
Absorbance was measured at 412 nm using a microplate
reader. The standard curve was obtained from absorbance
of the diluted commercial GSH incubated in the mixture as
in samples.

2.12. Measurement of oxidized glutathione

SCLC cells (4 x 10%) were treated with MG132 for 24 h
at 37 °C, 5-sulfosalicylic acid added to dissolve cells and
centrifuged at 412 x g for 10 min. The supernatants were
used for analysis of GSSG [27]. Supernatants (100 pl) were
reacted with 40 pl of 40 mM N-ethylmaleimide for 30 min
at room temperature, and to this mixture 0.86 ml of 0.1N
NaOH was added. This mixture (100 pl) was mixed with
1.8 ml of 0.1N NaOH solution and then were reacted with
100 pl of o-phthalaldehyde (final concentration, 500 pg)
for 15 min at room temperature. The amounts of GSSG
were measured at an excitation wavelength of 350 nm and
an emission wavelength of 420 nm using a fluorescence
microplate reader. The standard curve was obtained from
absorbance of the diluted commercial GSSG incubated in
the mixture as in samples.

2.13. Statistical analysis

Data are expressed as means + S.E.M. Data were ana-
lysed using one-way ANOVA. When significance was
detected, post hoc comparisons between the different
groups was made using Duncan’s test for multiple com-
parisons. A probability less than 0.05 was considered to be
statistically significant.

3. Results

3.1. Cell death and decrease in GSH contents due to
MGI32

Human SCLC cells treated with 15 uM MG132 for 24 h
showed cell death and decrease in the GSH contents by 60
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Fig. 1. Cell death and decrease in GSH contents due to MG132. SCLC
cells were treated with 15 pM MG132 in the presence of caspase inhibitors
[40 uM of z-IETD.fmk (IETD), z-LEHD.fmk (LEHD) and z-DQMD.fmk
(DQMD)] or various antioxidants [l mM N-acetylcysteine (NAC), 1 mM
MPG, 100 pM melatonin, 50 uM rutin and 25 pM carboxy-PTIO (PTIO)]
for 24 h at 37 °C. After the treatment, cell viability (A) and total GSH
contents (B) were determined. Data represent means = S.EM. (N = 6),
TP < 0.05 compared with control (percentage of control); and *P < 0.05
compared with MG132 alone.

and 59%, respectively (Fig. 1). MG132-induced cell death
was inhibited by z-IETD.fmk (a cell permeable inhibitor of
caspase-8), z-LEHD.fmk (a cell permeable inhibitor of
caspase-9) or z-DQMD.fmk (a cell permeable inhibitor of
caspase-3) (each 40 pM). Treatment with 1 mM thiol
compounds (N-acetylcysteine and MPG), 100 uM melato-
nin (a scavenger of reactive oxygen and nitrogen species),
50 uM rutin (the scavenger of nitric oxide and inhibitor of
lipid peroxidation) and 25 pM carboxy-PTIO (a scavenger
of nitric oxide) decreased MG132-induced cell death
(Fig. 1A). Decrease in cellular GSH levels has been shown
to increase the sensitivity of cells to damaging effect of
various oxidants [11]. Like the effect on cell death, the
specific caspase inhibitors (z-IETD.fmk, z-LEHD.fmk and
z-DQMD.fmk) and antioxidants (N-acetylcysteine, mela-
tonin, rutin and carboxy-PTIO) interfered with the
decrease in GSH contents due MG132 (Fig. 1B).

The inhibitory effect of antioxidants suggests that cyto-
toxicity of MG132 is mediated by oxidative stress. We
investigated changes in the ROS formation and GSH
contents with time in SCLC cells treated with MG132.
The production of ROS within cells was determined by
monitoring conversion of DCFH,-DA to DCF. SCLC cells
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Fig. 2. Change in ROS formation and GSH depletion with time in cells
treated with MG132. SCLC cells were treated with 15 uM MG132 for the
stated times at 37 °C, and then the ROS formed and GSH contents were
determined. The values are expressed as arbitrary units of fluorescence in
ROS formation and nmol in GSH contents. Data represent means £+ S.E.M.
(N = 6), "P < 0.05 compared with control.

treated with MG132 exhibited a maximum increase in DCF
fluorescence at a 4 h-exposure and then showed a low
steady level up to 24 h (Fig. 2). Meanwhile, the significant
decrease in the GSH contents was detected at a 2 h post
addition of MMC (Fig. 2).

3.2. Effect of N-acetylcysteine on MG132-induced
nuclear damage

To assess the inhibitory effect of N-acetylcysteine
against cytotoxicity of MG132 further, we examined its
effect on the nuclear morphological changes observed in
the MG132-treated cells. Nuclear staining with Hoechst
33258 demonstrated that control SCLC cells had regular
and round-shaped nuclei. In contrast, the condensation and
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Fig. 3. MG132-induced nuclear damage. SCLC cells were treated with
15 pM MG132 in the presence of 1 mM N-acetylcysteine (NAC) for 24 h
at 37 °C. In the experiment A, cells were observed by fluorescence
microscopy after nuclei staining with Hoechst 33258. Figure represents
microscopic morphology of the control cells (a), cells treated with MG132
alone (b), cells treated with MG132 and N-acetylcysteine (c) and cells
treated with N-acetylcysteine alone (d). a—d are representative of four
different experiments. In the experiment B, the 3’ ends of DNA fragments
were detected as described in Section 2. Data are expressed as absorbance
and represent means = S.E.M. (N = 6), TP < 0.05 compared with control;
and "P < 0.05 compared with MG132 alone.



J.H. Bang et al./Biochemical Pharmacology 68 (2004) 659-666

fragmentation of nuclei, characteristic of apoptotic cells,
were evident in SCLC cells treated with 15 uM MG132
for 24 h at 37 °C (Fig. 3A). N-Acetylcysteine (1 mM)
decreased the MGI132-induced nuclear damage, while
the nuclear morphology in cells exposed to 1 mM N-
acetylcysteine alone was similar to that in the control cells.

During the process of apoptosis, DNA fragmentation
is caused by activation of endonucleases. To clarify further
the protective effect on nuclear damage, we assessed
the fragmented DNA by measuring the binding of dANTP
to the 3’-ends of DNA fragments and detected it by using
quantitative colorimetric assay. SCLC cells (1 x 10’ cells/
ml) were treated with 15 uM MG132 in the presence of
N-acetylcysteine for 24 h at 37 °C. Control cells show
0.224 £0.012 of absorbance (N = 6). Treatment of
15 uM MG132 for 24 h caused about 2.5-fold increase
in absorbance (Fig. 3B). N-Acetylcysteine (1 mM)
depressed the MG132-induced increase in absorbance,
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while absorbance in cells treated with 1 mM N-acetylcys-
teine alone was not significantly different from that in
control cells.

3.3. Mitochondrial membrane potential loss, cytochrome
¢ release and caspase-3 activation due to MG132

By investigating the effect on the mitochondrial mem-
brane permeability we assessed the cytotoxic effect of
MG132. Opening of the mitochondrial membrane perme-
ability transition pore as an early phenomenon in apoptotic
cell death causes a release of cytochrome ¢ from mito-
chondria into the cytosol, leading to the activation of
caspases [3]. Changes in the mitochondrial transmembrane
potential in SCLC cells treated with MG132 were quanti-
fied by flow cytometry using the cationic lipophilic dye
DiOC¢(3). Exposure of SCLC cells to 15 uM MG132
for 4h at 37 °C increased the percentage of cells with
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Fig. 4. Loss of the mitochondrial transmembrane potential, release of cytochrome ¢ and activation of caspase-3 due to MG132. SCLC cells were treated with
15 uM MG132 in the presence of various antioxidants [1 mM N-acetylcysteine (NAC), | mM MPG, 100 uM melatonin, 50 uM rutin and 1 mM ascorbate]. In
the assay of the mitochondrial transmembrane potential (A), SCLC cells were treated with MG132 for 4 h at 37 °C, and then mixtures were treated with
40 nM DiOCg(3). In the assay of cytochrome c¢ release (B), SCLC cells were treated with MG132 for 4 h at 37 °C, and in the assay of caspase-3 activity (C),
cells were treated with MG132 for 24 h. Data represent means + S.E.M. of (N = 4-6), TP < 0.05 compared with control; and *P < 0.05 compared with

MG132 alone.
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Fig. 5. Effect of GSH depletion on cytotoxicity of MG132. SCLC cells
were treated with 500 pM L-buthionine sulfoximine (BSO) for 24 h at
37 °C, and then in this mixture, cells treated with 15 uM MG132 for 6 h at
37 °C. Data represented the percentage of cell viability (A), units in
caspase-3 activity (B), arbitrary units of fluorescence in ROS formation
(C), and nmol in GSH contents (D). Data represent means &+ S.E.M.
(N =6), P <0.05 compared with control; and *P < 0.05, compared with
MG132 alone.

depolarized mitochondria (characterized by low values of
the transmembrane potential). One millimolar N-acetyl-
cysteine depressed the MG132-induced increase in depo-
larized cells, while the transmembrane potential in the
presence of N-acetylcysteine alone was similar to that in
control (Fig. 4A).

MG132-induced cell death was assessed by measuring a
release of cytochrome c into the cytosol and subsequent
activation of caspase-3. Treatment of SCLC cells with
15 uM MG132 for 4 h increased the level of cytochrome
¢ in the cytosol significantly (Fig. 4B). Control cells had a
caspase-3 activity of 0.82 + 0.06 U in 2 x 10° cells, while
treatment with 15 tM MG132 for 24 h increased caspase-3
activity to 2.31 U (Fig. 4C). The addition of 1 mM N-
acetylcysteine, 1 mM MPG, 100 uM melatonin, 50 uM
rutin and 1 mM ascorbate significantly inhibited the
release of cytochrome ¢ and caspase-3 activation due to
MG132.

3.4. Effect of the depletion or oxidation of
cellular GSH on cytotoxicity of MG132

We investigated the effect of the GSH depletion on the
cytotoxicity of MGI132. SCLC cells were treated with
500 pM vr-buthionine sulfoximine, a specific inhibitor of

v-glutamylcysteine synthetase, for 24 h, and then cells
were treated with 15 pM MG132 for 6 h. L-Buthionine
sulfoximine for a 30 h-treatment decreased the GSH con-
tents in SCLC cells by 55% (Fig. 5D). However, this
treatment did not significantly induce the formation of
ROS, caspase-3 activation and cell death (Fig. SA—C). The
decrease in GSH contents due to MG132 plus L-buthionine
sulfoximine was less than the sum of the each effect of
MG132 and L-buthionine sulfoximine. As expected from
the results, L-buthionine sulfoximine did not enhance the
MG132-induced ROS formation, activation of caspase-3
and cell death (Fig. 5A-C).

Drops in the reduced GSH in cells increase the toxicity
of toxic substances, including anticancer drugs [11,28].
The present study examined the effect of oxidizing agent
and inhibitor of thiol groups on cytotoxicity of MG132.
Monochloramine (NH,Cl, a thiol oxidant) caused signifi-
cant cell death and induced formation of GSSG in SCLC
cells in a dose-dependent manner (Fig. 6A and B). Never-
theless, NH,Cl at 50 and 100 uM did not enhance cyto-
toxicity of MG132, and the MG132 plus NH,Cl-induced
cell death and formation of GSSG was similar to MG132
alone. Cytotoxicity of MG132 in the presence of 200 uM
NH,CI was less than the sum of the each effect of MG132
and NH,Cl. Like NH,Cl, 5 pM of p-chloromercuribenzo-
ate (an inhibitor of cell surface thiol groups) and N-
ethylmaleiamide (an inhibitor of cell surface and cytosol
thiol groups) showed a cytotoxic effect on SCLC cells
(Fig. 6C). p-Chloromercuribenzoate and N-ethylmaleia-
mide did not affect MG132-induced cell death. Cell death
due to MG132 in the presence of p-chloromercuribenzoate
or N-ethylmaleiamide was less than the sum of the each
effect of both compounds.

4. Discussion

Apoptotic cell death is suggested to be mediated by
interaction of ligand with cell surface CD95 receptor,
leading to the activation of caspase-8, by mitochondrial
dysfunction, results in the release of cytochrome ¢ and
subsequent activation of caspase-9 and -3 [1,24]. A sig-
nificant cytotoxic effect of MG132 on SCLC cells was
demonstrated by using the MTT assay and by observing
nuclear morphological changes and increase in DNA frag-
ments. The condensation and fragmentation of nuclei
(Fig. 3) and a significant increase in caspase-3 activity
(Fig. 4) were evidence for apoptotic death in SCLC cells
following exposure to MG132. The inhibitory effect of
specific caspase inhibitors (z-DQMD.fmk, z-IETD.fmk
and z-LEHD.fmk) suggests that the MG132-induced apop-
totic cell death and depletion of GSH in SCLC cells are
mediated by both activation of caspase-8 and mitochon-
drial damage, leading to the activation of caspase-9 and -3.

Loss of the mitochondrial membrane potential causes
the release of cytochrome ¢ from mitochondria to the
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Fig. 6. Effect of the oxidant or inhibitors of thiol groups on MG132-induced cell death. In the experiments A and B, SCLC cells were treated with 15 pM
MG132 in the presence of NH,Cl (MCA, 50-200 uM) for 4 h at 37 °C. In the experiment C, SCLC cells were treated with MG132 in the presence of p-
chloromercuribenzoate (PCMB) or N-ethylmaleiamide (NEM) (5 uM each) for 24 h at 37 °C. Data represent means = S.E.M. (N = 6-10), TP < 0.05

compared with control; and *P < 0.05 compared with MG132 alone.

cytosol, followed by the activation of caspase-3 that is
involved in apoptotic cell death [3]. However, some antic-
ancer drugs cause apoptosis without the cytosolic accu-
mulation of cytochrome ¢ [29]. We therefore performed
this study to clarify whether the toxicity of MG132 on
SCLC cells is mediated by change in the mitochondrial
membrane permeability and subsequent release of cyto-
chrome c. The present results suggest that the loss of the
mitochondrial membrane potential due to MG132 causes
the release of cytochrome c into the cytosol, which results
in activation of caspase-9 and -3. This process may elicit
apoptotic cell death. The inhibitory effect of thiol com-
pounds, melatonin, rutin and carboxy-PTIO suggests that
MG132 causes viability loss in SCLC cells through the
formation of reactive oxygen and nitrogen species and the
depletion or oxidation of GSH.

GSH effectively defends cells against ROS and regulates
the redox state of many cellular substances [11]. Depletion
of mitochondrial GSH has been demonstrated to increase
ROS formation [1]. The oxidation of both GSH and
NAD(P)H of mitochondria due to oxidative stress has
been suggested to induce the mitochondrial membrane
permeability transition [12]. Drops in GSH levels and
concomitant increase in ROS are found during the gluta-
mate-induced apoptotic process in the immortalized hip-
pocampal cell line, HT22 cell [30]. As the previous report,

the present result shows that the GSH contents in SCLC
cells treated with MG132 correlated with cell viability loss.
The present result suggests that the initial drops of GSH
contents due to MG132 may induce increase in the pro-
duction of ROS.

GSH is known as the main antioxidant system in cells,
therefore loss of reduced GSH levels may increase the
sensitivity of cells to the damaging effect of toxic sub-
stances [11]. The toxicity of anti-cancer drugs may largely
depend on the intracellular level of reduced GSH. Deple-
tion of GSH due to L-buthionine-(S,R)-sulfoximine
increases the toxicity of etoposide on K562 human ery-
throleukemia cells [31] and that of cisplatin on U-937
human promonocytic cells [28]. Mitochondrial dysfunc-
tion and cell death due to proteasome inhibitors are
reduced by thiol compounds [16,18]. However, the effect
of GSH depletion on cytotoxicity of proteasome inhibitors
has not been elucidated. The aim of this study was there-
fore performed to explore whether the cytotoxic effect of
MG132 is affected by the depletion or oxidation of cellular
GSH. The present results show that despite the depletory
effect on the GSH contents, L-buthionine sulfoximine did
not enhance the effect of MG132 on the ROS formation,
caspase-3 activation and cell death in SCLC cells. Rather,
cytotoxicity of MG132 in the presence of L-buthionine
sulfoximine was less than the sum of the each effect. Like
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no effect of GSH depletion, thiol oxidant NH,Cl and
inhibitors of cell thiol groups (p-chloromercuribenzoate
and N-ethylmaleiamide) did not affect cytotoxicity of
MG132 on SCLC cells. The results suggest that the
depletion or oxidation of intracellular GSH and the inhibi-
tion of surface and cytosol thiol groups do not affect the
toxicity of MG132 on SCLC cells.

In conclusion, the results show that MG132 may cause
cell death in SCLC cells by inducing the mitochondrial
damage, leading to caspase-3 activation, and by activation of
caspase-8. The toxicity of MG132 on SCLC cells appears to
be prevented by the recovery of GSH contents. Nevertheless,
the depletion or oxidation of cellular GSH and the inhibition
of thiol groups in cells not appear to affect the toxicity.
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