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The neuroprotective effect of mitochondrial isocitrate de-
hydrogenase (IDPm), an enzyme involved in the reduc-
tion of NADPþ to NADPH and the supply of glutathione
(GSH) in mitochondria, was examined using SH-SY5Y
cells overexpressing IDPm (S1). S1 cells showed higher
NADPH and GSH levels than vector transfectant (V) cells
and were more resistant to staurosporine-induced cell
death than controls. Staurosporine-induced cytochrome
c release, caspase-3 activation, and production of reac-
tive oxygen species (ROS) were significantly attenuated
in S1 cells as compared to V cells and reduced by anti-
oxidants, trolox and GSH-ethyl ester (GSH-EE). Stauro-
sporine-induced the release of Mcl-1 from mitochondria
that formed a complex with Bim. Mcl-1 was then
cleaved to a shortened form in a caspase-3 dependent
manner; its release was attenuated far more in S1 than
in V cells after staurosporine treatment. Finally, the stau-
rosporine-induced decrease in mitochondrial membrane
potential (Dwm) was correlated with the time of mito-
chondrial Mcl-1 release; the loss of Dwm was attenuated
significantly in S1 cells as compared to that in V cells.
These results suggest that the neuroprotective effect of
IDPm may result from increases in NADPH and GSH lev-
els in the mitochondria. This, in turn, inhibits mitochon-
drial ROS production after cytochrome c release, which
seems to be mediated through Mcl-1 release.
VVC 2006 Wiley-Liss, Inc.
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Glutathione (GSH) depletion resulting from oxida-
tive stress contributes to neuronal cell death and patho-
logic processes in neurodegenerative diseases including
Parkinson’s disease (PD) and Alzheimer’s disease (AD) as
well as normal aging (Sian et al., 1994; Bains and Shaw,
1997; Schulz et al., 2000; Woltjer et al., 2005). An early
and highly selective decrease in GSH in the substantia
nigra is present in PD (Sofic et al., 1992); low levels of
GSH lead to the degeneration of cultured dopaminergic
neurons (Canals et al., 2003; Hsu et al., 2005). After

brain focal ischemia in rats, cell death and the degree of
infarction is closely associated with the degree of mito-
chondrial glutathione loss throughout the brain region
affected (Anderson and Sims, 2002). In a related manner,
it was reported that GSH protects neurons from the tox-
icity of 6-hydroxydopamine (6-OHDA) and 1-methyl-
4-phenylpyridinium ion (MPPþ) and from apoptosis
induced by dopamine (Spina et al., 1992; Gabby et al.,
1996).

GSH is a well-known antioxidant usually present as
the most abundant, low-molecular-mass thiol in most
organisms; it plays an important role in cells by remov-
ing oxidants formed in cells under steady state or oxida-
tive environments (Griffith and Meister, 1985). GSH
helps maintain cysteinyl-thiol (R-CH2-SH) groups of
proteins in a reduced state; this is often necessary for
their functional integrity (Inoue, 1989). In mitochondria,
superoxide anions produced intrinsically by leakage of
electrons during uncoupled aerobic respiration are
reduced rapidly to H2O2 by manganese superoxide dis-
mutase. GSH, in tandem with the enzymes GSH peroxi-
dase and GSSG reductase, serves to detoxify H2O2 to
water and molecular oxygen. Furthermore, mitochon-
drial GSH peroxidase might contribute to metabolizing
H2O2 because catalase, which metabolizes H2O2, is
absent in the mitochondria of most animal cells
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(Esworthy et al., 1997). Therefore, the reduced GSH
required for the activity of mitochondrial GSH peroxi-
dase, remains as a defense for metabolizing H2O2

through GSH redox. In this regard, glutathione should
be reduced to GSH by glutathione reductase, which uses
the reducing potential of NADPH. A recent report
shows that the NADPH required for the production of
GSH in the mitochondria is produced by mitochondrial
isocitrate dehydrogenase (IDPm) (Jo et al., 2001),
whereas the NADPH is generated by the pentose phos-
phate pathway in the cytoplasm (Gaetani et al., 1989).

The isocitrate dehydrogenases (ICDHs) catalyze
oxidative decarboxylation of isocitrate into a-ketogluta-
rate and require either NADþ or NADPþ as coenzyme
yielding NADH and NADPH, respectively. NADPH is
an essential reducing equivalent for the regeneration of
GSH by glutathione reductase and for the activity of the
NADPH-dependent thioredoxin system (Deneke and
Fanburg, 1989). In mammals, three classes of ICDH iso-
enzymes exist: mitochondrial NADþ-dependent ICDH,
mitochondrial NADPþ-dependent ICDH (IDPm), and
cytosolic NADPþ-dependent ICDH (Plaut and Gabriel,
1983). The IDPm gene was cloned recently and the
authors suggested that it might provide NADPH as an
electron donor for GSH regeneration in mitochondria
(Jo et al., 2001). In this regard, increased mitochondrial
GSH, possibly provided by IDPm, has exhibited a pro-
tective function against H2O2-mediated apoptosis in
mouse fibroblast NIH3T3 cells (Jo et al., 2001).

The functional role of IDPm has not been exam-
ined in the nervous system. We investigated the role of
IDPm in staurosporine-induced cell death in the SH-
SY5Y, human neuroblastoma cell line. For this study,
IDPm was overexpressed in SH-SY5Y cells, and we
examined its neuroprotective effect and signaling mecha-
nisms. Our results showed that cells overexpressing
IDPm were more resistant to staurosporine-induced oxi-
dative stress by inhibiting mitochondrial production of
ROS after cytochrome c release. Furthermore, we found
that mitochondrial cytochrome c release seemed to be
mediated by Mcl-1, which formed a complex with Bim
and was released from mitochondria after staurosporine
treatment.

MATERIALS AND METHODS

Materials

Materials for cell culture were obtained from Gibco
(Rockville, MD). All other chemicals such as 3-[4,5-dime-
thylthiazol- 2-yl]-2,5-diphenyl tetrazolium bromide (MTT),
staurosporin, nicotinamide, NADPH, GSH, and trypan blue
were purchased from Sigma (St. Louis, MO) unless specified.

Cell Culture and Construction of Recombinant Cell
Lines

Human neuroblastoma cell line, SH-SY5Y cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 100 U/ml penicillin, 100 lg/ml streptomycin

and 10% (v/v) fetal bovine serum (FBS) at 378C in a humidi-
fied atmosphere under 5% CO2. The recombinant plasmids
containing mouse IDPm cDNA (1,679 bp) ligated into an
LNCX-retroviral vector (from Dr. Huh at Kyungbook
National University, Korea) or control LNCX-vector plasmids
were transfected into SH-SY5Y cells (1 3 107 cells/100 mm
dish) using Lipofectamine 2000 (Gibco) according to the man-
ufacturer’s protocol. Two days later, cells were transferred to
100-mm dishes in DMEM with 10% FBS and 0.5 mg/ml of
G418 (Gibco). After several weeks, individual clones were
lifted and tested for expression of the transgene.

Cellular Fractionation of Mitochondrial and Cytosolic
Components

After drug treatment, cells (1 3 107 cells/100 mm dish)
were washed with PBS, and MS buffer (225 mM mannitol,
25 mM sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.4, 1 lg/
ml pepstatin, 2.5 lg/ml leupeptin, 2 lg/ml aprotinin, and 1
mM PMSF) was added directly to the dishes. Cells were har-
vested by scraping with a rubber policeman and homogenized
with a Dounce homogenizer. Cell homogenates were centri-
fuged at 250 3 g for 10 min at 48C to remove the unbroken
cells and nuclear particles, and the supernatants were further
centrifuged at 8,500 3 g for 20 min (mitochondrial pellets).
After transfer to a new tube, the supernatant was further cen-
trifuged at 100,000 3 g for 1 hr at 48C and used as the cyto-
plasmic fraction (S-100). Depending on subsequent experi-
ments, pellets were resuspended in different solutions or in a
lysis buffer A (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 0.5
mM EDTA, 10% glycerol, 10 mM Na2P2O7, 10 mM NaF, 1
mM Na3VO4, 1% NP-40, 1 lg/ml aprotinin, 10 lg/ml leu-
peptin, and 1 mM PMSF). For whole cell extraction, lysis
buffer A was added directly to the culture plate and harvested.
Protein concentration was determined using the Bradford
assay (Bio-Rad, Hercules, CA) or a Micro-BCA assay kit
(Pierce, Rockford, IL).

Measurement of IDPm Enzyme Activity, NADPH,
and GSH

IDPm enzyme activity was determined by the method
of Jo et al. (2001). Mitochondrial pellets were resuspended in
PBS containing 0.1% Triton X-100, disrupted by sonication
at 40% of the maximum setting with 1 sec interval for 10 sec,
and centrifuged at 15,000 3 g for 30 min at 48C. The super-
natants were used to measure mitochondrial IDPm enzyme
activity. IDPm activity was measured by the production of
NADPH at 340 nm at 258C using a Versamax microplate
reader (Molecular Devices Corp., Sunnyvale, CA). One unit
of IDPm activity was defined as the amount of enzyme cata-
lyzing the production of 1 lmol of NADPH/min. NADPH
was determined by the method of Bhamre et al. (2000). Cells
were washed in ice-cold PBS, and harvested by immediately
adding 0.1 ml of 0.1 N NaOH. After boiling, cell lysates
were neutralized to pH 8.0 with Tris/EDTA, and stabilized
with 10 mM nicotinamide. Aliquots of each cell lysate (20 ul)
were assayed in triplicate in a microplate spectrophotometer
according to the cycling procedure described by Wagner and
Scott (1994). NADPH and NADPþ standards were used in
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the range of 0.0024–0.012 nmol. NADPH was expressed as
pmol of NADPH per mg of protein. The GSH level was ana-
lyzed by using a GSH assay kit (Calbiochem, San Diego, CA)
according to the manufacturer’s instructions.

Measurement of Cell Viability

Cytotoxicity induced by staurosporin was determined
by trypan blue exclusion and lactate dehydrogenase (LDH)
assay (Krohn et al., 1998; Nomura et al., 1999). For trypan
blue exclusion and LDH assay, cells (1 3 105) were seeded in
24-well plates. After staurosporin treatment, cells were har-
vested after trypsinization, and washed with PBS. After cen-
trifugation at 250 3 g for 5 min, the pellets were resuspended
and incubated in DMEM with 0.1% trypan blue for at least
5 min. Cells were observed and counted using a hemocytome-
ter. To measure the release of LDH into the media 24 hr after
staurosporin treatment, 100 ll of media was used according to
the manufacturer’s instruction (Sigma).

DNA Fragmentation and DAPI Staining

For DNA fragmentation analyses, cells exposed to staur-
osporin for 12 hr were lysed with buffer (10 mM Tris-Cl, pH
7.6, 20 mM EDTA, 0.5% Triton X-100, 20 lg/ml RNase)
followed by phenol extraction and precipitation by 2 volumes
of ethanol as described by Nomura et al. (1999). To analyze
the degree of DNA fragmentation, DNA samples were
resolved on 2% agarose gel containing ethidium bromide, and
visualized and photographed under UV illumination using a
Chem Imager 4400 (Alpha Innotech Co., San Leandro, CA).
For DAPI staining, cells were grown on glass coverslips coated
with poly-d-lysine (50 lg/ml). Twelve hours after stauro-
sporin treatment, cells were fixed at 48C in fixation buffer
(4% paraformaldehyde in PBS, pH 7.4) for 30 min, and then
rinsed with PBS. Cells were incubated with 1 lg/ml of DAPI
in PBS for 10 min, and rinsed three times in PBS and
mounted. Cells were observed, and photographed with an
Olympus microscope with software accompanying the Cool
SNAP camera (Roper Scientific, Tucson, AZ).

Caspase-3 Activity

Caspase-3 enzyme activity was measured by using a cas-
pase-3 assay kit (Chemicon, Temecula, CA). Twelve hours af-
ter staurosporin treatment, cells (1 3 105) were harvested,
lysed with a lysis buffer. The homogenate was centrifuged at
25,000 3 g for 10 min at 48C. The protein concentration was
determined by the Micro-BCA assay method. The cell lysate
(50 lg of protein in 50 ll) and reaction buffer (100 ll, 50 mM
HEPES, pH 7.5, 100 mM NaCl, 1.0 mM EDTA, 10 mM
dithiothreitol, 0.1% CHAPS, 10% glycerol) were added to
each well and incubated for 10 min at 378C before adding the
substrate (50 lM zDEVD-AFC). The fluorescence (excitation
at 400 nm and emission at 505 nm) was measured for 1 hr
using a K2 multi-frequency phase fluorometer (ISS Inc.,
Champaign, IL). The specific activity was calculated relative
to a standard curve using recombinant caspase-3 (Upstate Bio-
technology, Lake Placid, NY). Experiments were carried out
three times to ensure reproducibility.

RNA Isolation and RT-PCR

Total RNA isolation from cultured cells and cDNA
synthesis were carried out as described previously (Lee et al.,
2004). A 20 ll PCR reaction contained 2 ll first strand
cDNA, 0.6 U AmpliTaq polymerase (Perkin-Elmer), 10 mM
Tris-HCl, pH 8.3, 50 mM KCl, 2.5 mM MgCl2, 250 lM
dNTP, and 10 pmol of each specific primer. Samples were
subjected to 30 cycles of 958C for 1 min, 558C for 1 min,
and 728C for 2 min on a thermocycler (Perkin-Elmer). PCR
primers used are as follows: for IDPm, 50-GTGCRCGGACC-
TCGCAAGCTTGG-30 (sense), and 50-GAGTAGTGTCCA-
CCGATATCGGTTG-30 (antisense). For internal control, b-
actin, 50-ATTTGGCACCACACTTTCTACA-30 (sense), 50-
TCACGCACGATTTCCCTCTCAG-30 (antisense). To ensure
reproducibility, three independent experiments were carried out.

Immunoprecipitation and Western Blot Analysis

For Western blot, cytoplasmic (50 lg) or mitochondrial
proteins (10 lg) were separated by 12–15% SDS-PAGE, and
transferred onto nitrocellulose membranes. The membranes
were blocked with 5% fat-free skim milk in Tris-buffered sa-
line containing 0.1% Tween (TBS-T) for 1 hr at room tem-
perature, and then incubated overnight at 48C with primary
antibody diluted in blocking solution. After washing, mem-
branes were then processed with HRP-conjugated anti-rabbit
or anti-mouse secondary antibodies. Immunoreactive bands
were visualized by chemiluminescence using Supersignal
(Pierce). Experiments were repeated three times to ensure
reproducibility. For immunoprecipitation, mitochondrial pro-
tein (300 lg) was used. Before immunoprecipitation, protein
samples were incubated with 30 ll of protein G Sepharose
(50% slurry; Amersham Bioscience, Piscataway, NJ) for 1 hr
at 48C, and these mixed samples were centrifuged at 12,000 3
g for 1 min to remove nonspecific binding proteins. The su-
pernatant was incubated with 2 lg of anti-Bad, Bak, Bax,
Bid, and Bim antibodies and 30 ll of protein G Sepharose at
48C overnight. The negative control was prepared with pro-
tein G Sepharose without antibody. After incubation, beads
were washed five times with 0.5 ml of lysis buffer A before
boiling in Laemmli sample buffer. The protein samples were
immunoblotted as described in the Western blot analysis. The
antibodies used for Western blot and coimmunoprecipitation
analyses were: rabbit polyclonal antibodies against Bad, Bak,
Bax, Bcl-2, Bid, Bim, cytochrome c, Mcl-1 (Santa Cruz Bio-
technology, Santa Cruz, CA; 1:500 dilution), and caspase-9,
caspase-3 (Cell Signaling, Beverly, CA; 1:1,000 dilution);
mouse monoclonal antibodies against Mcl-1 (Pharmingen, San
Jose, CA), b-actin (Sigma, 1:2,000 dilution), and cytochrome
oxidase IV (Molecular Probe, Eugene, OR; 1:1,000 dilution).

Measurement of ROS Generation

The production of ROS was measured fluorometrically
using dichlorodihydrofluorescein diacetate (DCF-DA) and
dihydro rhodamine 123 (DHR) (Molecular Probe). After
staurosporin treatment, DCF-DA and DHR (10 lM, final
concentration) were added to cells. Cells were then washed
three times with pre-warmed Locke’s buffer (154 mM NaCl,
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5.6 mM KCl, 2.3 mM CaCl2, 1 mM MgCl2, 3.6 mM
NaHCO3, 5 mM HEPES, 20 mM glucose, pH 7.4) (Ahle-
meyer and Krieglstein, 2000). Fluorescence was quantified
using a fluorescence plate reader at 488 nm excitation and
510 nm emission wavelength using a Victor3 Multilabel Plate
Reader (Perkin-Elmer). The results were expressed as arbitrary
fluorescence units related to lg protein. Cellular fluorescence
was imaged using an Olympus fluorescence microscope with
software accompanying the Cool SNAP camera.

Measurement of Mitochondrial Membrane
Potential (Dwm)

The mitochondrial membrane potential (Dwm) in iso-
lated mitochondria and intact cells was measured using the
fluorescent probe rhodamine 123 (Rh123, Molecular Probe)
with a slight modification as described previously (Ehrenberg
et al., 1988; Tay et al., 2005). Rh123 is a lipophilic cation
that accumulates in the negatively-charged mitochondrial
membrane driven by a Dwm, and the changes in membrane
potential are determined by changes in total fluorescence in-
tensity. Mitochondria were isolated from control SH-SY5Y
cells as described previously in Materials and Methods; isolated
mitochondria (1 mg/ml protein) were incubated with 100 nM
of staurosporine in MS buffer supplemented with 10 mM suc-
cinate. After washing, mitochondria were incubated in MS
buffer containing Rh123 (50 nM) for 25 min at 258C. Mito-
chondria were centrifuged at 8,000 3 g for 10 min at 48C
and washed twice with MS buffer to remove unincorporated
Rh123. After sonication, fluorescence was measured using a
Victor3 Multilabel Plate Reader (Perkin-Elmer) with excita-
tion at 485 nm and emission at 535 nm. For measuring the
change of Dwm in intact cell, cells were equilibrated with the
Rh123 (10 lM) for 30 min at 378C before the experiment.
Then cells were washed three times with pre-warmed Locke’s
solution before the addition of staurosporine (100 nM). The
changes of Dwm during staurosporine treatment were meas-
ured using a Victor3 Multilabel Plate Reader.

Statistical Analysis

Data are presented as mean 6 SD values. All data were
evaluated for statistical significance using Student’s paired t-
test. In all analyses, a P-value of <0.05 was considered statisti-
cally significant.

RESULTS

Stable Transfection of IDPm Constructs

To investigate the protective role of IDPm in SH-
SY5Y cells, recombinant plasmid DNA was transfected
into the cells using Lipofectamine 2000, and stable trans-
fectants for LNCX- vector alone or for LNCX-IDPm
were isolated in G418-selective media. After selection,
stable transfectants were screened to select clones show-
ing the highest expression of IDPm by RT-PCR and
enzyme activity assay; two clones, namely S1 and S2,
were obtained. S1 and S2 cells showed marked IDPm
mRNA expression whereas V cells showed very little or
no IDPm transcripts (Fig. 1A). IDPm expression was also
assessed by measuring isocitrate dehydrogenase enzyme

activity. As shown in Figure 1B, IDPm activities were
nine- and five-fold higher in S1 and S2 cells, respec-
tively, as compared to V cells. Those S1 cells that
showed the highest expressions of both mRNA and en-
zymatic activity were used for subsequent experiments.
Mitochondrial NADPH (44.5 6 2.2 pmol/mg) and
GSH (6.8 6 0.8 nmol/mg) levels in S1 cells were also
significantly higher than those in V cells (NADPH, 27.2
6 7.6 2 pmol/mg; GSH, 4.8 6 0.2 nmol/mg) (Fig.
1C). However, total cellular levels of NADPH (180.0 6
8.3 pmol/mg) and GSH (26.0 6 0.1 nmol/mg) in S1
cells were not significantly higher than those in V cells
(NADPH, 178.9 6 6.6 pmol/mg; GSH, 26.9 6 1.5 nmol/
mg). All recombinant cells used in this study showed the
same morphological phenotype and cell division rate,
when compared to normal cells.

Fig. 1. Expression of IDPm in SH-SY5Y cells. SH-SY5Y cells were
transfected with LNCX- vector alone (V cells), or LNCX-sense
IDPm (S1, S2 cells), targeted to the mitochondria. A: Overexpres-
sion of IDPm was examined by RT-PCR, using specific primers for
IDPm. Note that S1 and S2 recombinant cells show significant
increase in IDPm mRNA expression whereas V cells showed little or
no expression. b-actin was used as an internal control. B: Overex-
pression of IDPm was examined by IDPm activity assay. Mitochon-
drial homogenates (100 lg) were used for determining IDPm activity
as described in the Materials and Methods. Note that IDPm activity
was significantly higher in S1 and S2 than in V cells. Data are
expressed as mean 6 SD from three independent experiments.
**P < 0.01 vs. V cells. C: The levels of NADPH and GSH in cells
(total) and mitochondria were determined in V and S1 cells. The rel-
ative percentages were obtained by referring these values to those of
vector control (V, 100%). Note that the level of mitochondrial
NADPH in S1 cells (44.5 6 2.2 pmol/mg) was shown to be 1.7-
fold higher than in V cells (27.2 6 7.6 pmol/mg), whereas the total
cellular level of NADPH showed no significant difference between
S1 (180.0 6 8.3 pmol/mg) and V (178.9 6 6.6 pmol/mg) cells. Note
that the level of mitochondrial GSH in S1 cells (6.8 6 0.8 nmol/mg)
was shown to be 1.4-fold higher than in V cells (4.8 6 0.2 nmol/mg),
whereas the total cellular level of GSH showed no significant differ-
ence between S1 (26.0 6 0.1 nmol/mg) and V (26.9 6 1.5 nmol/
mg) cells. Data are expressed as a percentage relative to V cell values
and represent the mean 6 SD of three independent experiments.
**P < 0.01 vs. V cells.
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Protective Role of IDPm in Staurosporine-
Induced Apoptosis

It is well known that staurosporine induces apoptotic
cell death in SH-SY5Y (Bertrand et al., 1994). To examine
the protective role of IDPm, cells were treated with 100 nM
staurosporine for 24 hr, and cell viability was examined by
trypan blue exclusion assay and LDH assay. Trypan blue

exclusion was significantly higher in S1 cells as compared
to V cells (Fig. 2A). As shown in Figure 2B, LDH release
from S1 cells was also significantly lower than from V cells.
MTT assay further confirmed the protective effect of
IDPm against staurosporine in S1 cells (data not shown).
The specific patterns of DNA fragmentation by DAPI
staining and agarose gel electrophoresis 12 hr after stauro-

Fig. 2. Effect of overexpressed IDPm on staurosporine-induced apo-
ptotic cell death. A: Cell viability was measured by the trypan blue
exclusion method. Cells were seeded on 24-well plates at 1 3 105

cells per well. Twenty-four hours after staurosporine (100 nM) treat-
ment, the numbers of cells excluding or being stained for trypan blue
were counted using a hemocytometer. The percentage survival was
obtained by referring these values to those of the DMSO treatment
control (con). Note that survival of S1 cells was significantly higher
than for V cells. **P < 0.01 vs. V cells. B: Cell viability was exam-
ined by measuring LDH released into media. Cells were seeded on
24-well plates at 1 3 105 cells per well. Twenty-four hours after
staurosporine (100 nM) treatment, LDH released was measured
according to manufacturer’s protocol. Note that survival of S1 cells
was significantly higher than for V cells. The percentage of survival
was obtained by referring these values to those of the LNCX-vector
control. **P < 0.01 vs. V cells. C: Nuclei were stained with DAPI.
Cells were seeded on poly-D-lysine (50 lg/ml)-coated coverslips, and
12 hr after staurosporine treatment, DAPI-stained nuclei were
observed using a fluorescent microscope equipped with CCD camera
(Cool SNAP). Arrows indicate chromatin condensation and fragmen-
tation typical of apoptosis. Note that S1 cells showed fewer apoptotic
cells than did V cells. Scale bar ¼ 10 lm. D: DNA laddering was

detected in 2% agarose gels. Twelve hours after staurosporine treat-
ment, DNA was obtained as described in the Materials and Methods.
Note that DNA laddering was less evident in S1 cells than in V cells.
The gel represents four independent experiments. E: Western blot
analyses of cytochrome c, capase-9, and caspase-3 in V and S1 cells.
At different times (0, 3, 6, and 12 hr) after staurosporine treatment,
S-100 proteins were subjected to Western blot analysis as described
in the Materials and Methods. Note that cytochrome c release into
cytoplasm increased after staurosporine treatment, however, the
release was attenuated more in S1 than in V cells. Cleavage of cas-
pase-9 and -3 into active forms (caspase-9, 35 kDa; caspase-3, 17, 19
kDa) after staurosporine treatment was also alleviated more in S1 cells
than in V cells. b-actin was used as an internal control. F: Caspase-3
activity was measured in V and S1 cells treated with 100 nM of stau-
rosporine for 12 hr. Activity was quantified by monitoring the cleav-
age of the fluorogenic substrate DEVD-AFC (50 lM) as described in
the Materials and Methods. Note that caspase-3 activation was signif-
icantly mitigated in S1 cells (2.88 6 0.43) when compared to V cells
(8.5 6 1.3) after staurosporine treatment. Activities are represented as
increases in AFC fluorescence per min per microgram of protein.
Data represent mean value 6 SD of three independent experiments.
**P < 0.01 vs. V cells.
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sporine treatment were examined to further characterize
the neuroprotective effect of IDPm. When cells were
treated with staurosporine, the numbers of condensed and
fragmented nuclei were fewer in S1 cells than in V cells
(Fig. 2C). S1 cells also showed less DNA fragmentation
than did V cells in agarose gel electrophoresis (Fig. 2D).

Effects of IDPm on Cytochrome c Release
and Caspase Activation

Mitochondria-generated GSH and proteins with
similar functions such as phospholipid hydroperoxide
glutathione peroxidase (PHGPx) are known to inhibit
oxidative stress-induced cytochrome c release from mi-

Fig. 3. Effects of overexpressed IDPm on staurosporine-induced GSH
depletion and ROS production. A: Staurosporine treatment decreased
total cellular GSH. After staurosporine treatment, cells (1 3 107) were
harvested and total cell extracts were obtained as described in the Mate-
rials and Methods. Note that the levels of total cellular GSH in both V
and S1 cells decreased significantly after staurosporine treatment. **P <
0.05 vs. 0 hr. B: Mitochondrial GSH contents in V and S1 cells were
measured after staurosporine treatment. Mitochondria (3 3 107 cells)
were isolated as described in the Materials and Methods and used for
GSH measurement. Note that the mitochondrial GSH levels decreased
significantly in both V and S1 cells 12 hr after staurosporine treatment,
however, the percent decrease was smaller in S1 cells (50%) than in V
cells (65%). Data represent the mean 6 SD of three independent experi-
ments. **P < 0.05 vs. 0 hr. C: Intracellular ROS was measured using
DCF-DA fluorescence dye. Cells were plated on 24-well plates (1 3
105 cells per well). After staurosporine (100 nM) treatment, cells were
treated with 10 lM of DCF-DA for 30 min, and oxidized dichloro-
fluorescein was measured using a fluorometer. The intensity of DCF-

DA was expressed as an arbitrary fluorescence unit relative to lg of pro-
tein. Note that ROS levels in V cells were significantly higher than in
S1 cells after staurosporine treatment. Data represent the mean 6 SD of
three independent experiments. **P < 0.01 vs. V cells. D: Photomicro-
graphs of DCF-DA fluorescence were taken 1 hr after staurosporine
treatment using a fluorescent microscope equipped with CCD camera
(Cool SNAP). Note that the intensity of DCF-DA fluorescence was
higher in V than in S1 cells. Scale bar ¼ 10 lm. E: Intracellular ROS
was measured using DHR fluorescence dye. DHR (10 lM) was used
in the same procedures as described above and expressed as an arbitrary
fluorescence unit relative to lg of protein. Note that mitochondrial
ROS levels in V cells were significantly higher than in S1 cells after
staurosporine treatment. Data represent the mean 6 SD of three inde-
pendent experiments. **P < 0.01 vs. V cells. F: Photomicrographs of
DHR fluorescence were taken 1 hr after staurosporine treatment. Note
that the intensity of DHR fluorescence in mitochondria was higher in
V than in S1 cells. Scale bar ¼ 10 lm.
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tochondria (Nomura et al., 1999; Drake et al., 2003).
The effect of overexpressing IDPm on cytochrome c
release from mitochondria after staurosporine treatment
was investigated because S1 cells showed an increase in
mitochondrial GSH level (Fig. 1C). As shown in Figure
2E, cytochrome c release from mitochondria increased
up to 12 hr after staurosporine treatment. However,
cytochrome c release was markedly attenuated in S1 cells
when compared to that in V cells at 3, 6, and 12 hr after
staurosporine treatment. Figure 2E also showed that
staurosporine treatment increased activation of caspase-9
and caspase-3. However, the active forms of caspase-9
(35 kDa) and caspase-3 (17, 19 kDa) were markedly
reduced in S1 as compared to levels in V cells over the
treatment intervals (Fig. 2E). Inhibition of caspase-3 acti-
vation by overexpressing IDPm was also confirmed by
measuring caspase-3 activity 12 hr after staurosporine
treatment. As shown in Figure 2F, caspase-3 activity was

significantly reduced by more than 60% in S1 cells when
compared to that in V cells.

Effect of IDPm on ROS Production and GSH
Depletion After Staurosporine

Because staurosporine treatment decreases cellular
glutathione redox ratio (GSH/GSH þ GSSG) by reduc-
ing GSH level, (Ahlemeyer and Krieglstein, 2000; Barra-
china et al., 2002), we investigated the effect of overex-
pressing IDPm on cellular as well as mitochondrial GSH
level after staurosporine treatment. As shown in Figure
3A, the total cellular GSH level in both V and S1 cells
decreased significantly after staurosporine treatment,
although the total cellular NADPH level was not
changed (data not shown). Although mitochondrial GSH
levels also decreased in both V and S1 cells 12 hr after
staurosporine treatment, the percentage decrease was

Fig. 4. Effects of antioxidants on LDH release, caspase-3 activation
and ROS production after staurosporine treatment. A: Cells were
pre-treated with trolox (1 lM) or GSH-EE (1 mM) for 1 hr. Stauro-
sporine (100 nM) was treated for 24 hr and media were used for
LDH assay. Note that GSH-EE and trolox significantly inhibited
LDH release compared to staurosporine treated control. B: Cells
were pre-treated with GSH-EE (0.2, 1, 5 mM) for 1 hr before stau-
rosporine treatment and ROS production was measured using DCF-

DA. ROS production was attenuated significantly by GSH-EE on
dose dependent manner. C,D: Cells were pre-treated with trolox (1
lM) or GSH-EE (1 mM) for 1 hr, cellular extract after staurosporine
treatment (12 hr) was subjected to Western blot and activity assay of
caspase-3 using DEVD-AFC (50 lM). Note that the level of activity
(D) and active forms (C: 17, 19 kDa) of caspase-3 was significantly
attenuated by antioxidant treatment. b-actin was used as an internal
control. *P < 0.05, **P < 0.01 vs. staurosporine alone.
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smaller in S1 cells (50%) than in V cells (65%) (Fig. 3B).
The production of ROS after staurosporine treatment
was examined using the ROS specific fluorescence dyes,
DCF-DA and DHR, that are reactive mainly with cyto-
plasmic (Keller et al., 1998) and with mitochondrial
ROS (Mattson et al., 1997), respectively. As shown in
Figure 3C and E, ROS levels peaked at 12 hr in both V
and S1 cells after staurosporine treatment, although both
cytoplasmic and mitochondrial ROS levels were signifi-
cantly lower in S1 as compared to V cells. Representa-
tive images of cells stained with DCF-DA and DHR are
shown in Figure 3D and F.

Effects of Antioxidants on Cell Death, Caspase-3
Activation, and ROS Production After
Staurosporine Treatment

To examine whether GSH depletion and increased
ROS production after staurosporine treatment instigate
cell death of SH-SY5Y, we examined the protective
effects of two antioxidants, trolox, a vitamin E deriva-
tive, and GSH-ethyl ester (EE; a cell permeable form of
GSH) on cell viability after staurosporine treatment. As
shown in Figure 4A, LDH release was decreased signifi-
cantly when cells were pre-treated with trolox (1 lM)
or GSH-EE (1 mM) 1 hr before staurosporine treatment.

Fig. 5. Release and cleavage of Mcl-1 by staurosporine treatment. A:
Cells were treated with staurosporine for indicated time points, S-
100 (50 lg) and mitochondrial (10 lg) proteins were subjected to
Western blot analyses using antibodies against anti-apoptotic proteins
of the Bcl-2 family (Bcl-2, Bcl-xL and Mcl-1) and pro-apoptotic pro-
teins of the Bcl-2 family (Bad, Bak, Bax, Bid, and BimEL). Note that
Mcl-1, as shown in both S-100 and mitochondrial fractions, was
modulated after staurosporine treatment whereas other proteins of the
Bcl-2 family showed no change after drug treatment. The asterisks
indicate cross reactive bands. COX IV was used as a mitochondrial
internal control. B: Mitochondria prepared from SH-SY5Y cells
were incubated with staurosporine (100 nM) for indicated times (0,
10, 20, 30, and 60 min) and supernatant and pellet were subjected to
Western analyses. Note that Mcl-1 were released into supernatant
appeared 10 min after staurosporine treatment and followed by cyto-
chrome c release into supernatant 20 min after treatment, whereas
the levels of Mcl-1 and cytochrome c in pellet were decreased after

treatment. However, the release of other proteins of the Bcl-2 family
into supernatant was not observed. Sup, supernatant; Cyto c, cyto-
chrome c. C: Cells were pre-treated with antioxidants, trolox (1 lM)
and GSH-EE (1 mM) for 1 hr before staurosporine treatment. After
12 hr, S-100 and mitochondrial fractions were prepared and sub-
jected to Western blot analyses. Note that Mcl-1 and cytochrome c
releases from mitochondria were inhibited by GSH-EE or trolox.
The cleavage product (Mcl-1C, 27 kDa) of Mcl-1 in S-100 was also
reduced by antioxidant treatments. D: S-100 (50 lg) and mitochon-
drial proteins (10 lg) prepared from V and S1 cells after staurosporine
treatment were subjected to Western blot analyses. Note that the
level of mitochondrial Mcl-1 was much lower in V cells than in S1
cells 12 hr after staurosporine treatment whereas the levels of Bcl-2
and Bcl-xL showed no difference between V and S1 cells after drug
treatment. The level of cleavage product of Mcl-1 (Mcl-1C) in V
cells was also higher than in S1 cells. The gel represents three inde-
pendent experiments.
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ROS production was also inhibited significantly when
cells were pretreated with antioxidants before staurospor-
ine treatment (Fig. 4B). Furthermore, caspase-3 activa-
tion after staurosporine treatment was attenuated by tro-
lox or GSH-EE treatment (Fig. 4D). The inhibition of
caspase-3 activity by the antioxidants was further con-
firmed by Western blot analysis (Fig. 4C).

Release and Cleavage of Mcl-1 by
Staurosporine Treatment

It has been reported that modulation of anti-apo-
ptotic and pro-apoptotic Bcl-2 family members are
involved in cytochrome c release (Gross et al., 1999),
although the exact mechanism(s) has not been elucidated.
To investigate the possible mechanisms involved in cyto-
chrome c release mediated by staurosporine-induced oxi-
dative stress, we examined modulation in the expression
of the Bcl-2 family of proteins in SH-SY5Y cells after
staurosporine treatment. As shown in Figure 5A, among
the proteins in the Bcl-2 family, only Mcl-1 was modu-
lated after staurosporine treatment. Mcl-1 (Mcl-1L, 40 kDa)
levels decreased progressively in mitochondrial fractions
either 3, 6, 12 hr after staurosporine treatment whereas
the level of the cleaved form (Mcl-1C, 27 kDa) increased
in the S-100 fraction (Fig. 5A). By contrast, the level of
other anti- and pro-apoptotic members of the Bcl-2 fam-
ily were not changed in either the mitochondrial or S-
100 fractions after staurosporine treatment (Fig. 5A). To
investigate the release of Mcl-1 from mitochondria and
its involvement in cytochrome c release, mitochondrial
organelles were treated with staurosporine, and both
cytochrome c and Mcl-1 release from mitochondria were
examined. As shown in Figure 5B, Mcl-1L release after
staurosporine treatment from mitochondria into superna-
tant was evident by 10 min and followed by cytochrome
c release observed at 20 min. The levels of both Mcl-1L
and cytochrome c in pellets (mitochondria) were
decreased after drug treatment (Fig. 5B). However, other
members of the Bcl-2 family were neither released into
supernatant nor did their levels change in pellets after
staurosporine treatment (Fig. 5B). When SH-SY5Y cells
were pre-treated with the antioxidants, trolox (1 lM) or
GSH-EE (1 mM) before staurosporine treatment, Mcl-1L
and cytochrome c levels in the mitochondrial fraction
were higher than those in cells treated with staurosporine
alone (Fig. 5C). By contrast, the level of the cleaved
product of Mcl-1 (Mcl-1C) in the S-100 fraction was
lower in trolox- or GSH-EE-treated cells than in cells
treated with staurosporine alone (Fig. 5C). Next, the
effect of overexpressing IDPm on mitochondrial Mcl-1
after staurosporine treatment was examined. As shown in
Figure 5D, the level of mitochondrial Mcl-1L in S1 cells
was higher than in V cells 12 hr after staurosporine treat-
ment, whereas the level of cleavage product (Mcl-1C) in
S-100 was lower in S1 cells than in V cells (Fig. 5D).

Caspase-3 Dependent Mcl-1 Cleavage

Because Mcl-1 is known to be cleaved by caspase-
3 (Weng et al., 2005), the effect of caspase-3 inhibitor

on Mcl-1 cleavage was investigated to confirm whether
the cleaved product of Mcl-1 appearing after staurospor-
ine treatment was caspase-3 dependent. SH-SY5Y cells
were pre-treated with zVAD-FMK, a caspase-3 inhibi-
tor, and S-100 and mitochondrial fractions were pre-
pared 12 hr after staurosporine treatment. As shown in
Figure 6A, zVAD-FMK (1–50 lM) inhibited caspase-3
activity in a dose-dependent manner. The cleavage
product of Mcl-1 (Mcl-1C, 27 kDa) in S-100 fraction
was also decreased by the caspase-3 inhibitor in a dose-
dependent manner whereas no cleaved product of Mcl-1
was observed in the mitochondrial fraction (Fig. 6B). To
confirm the above result, whole cell extracts were pre-
pared from SH-SY5Y cells treated with staurosporine.
The extracts prepared from SY5Y cells without stauro-
sporine treatment were also treated with recombinant
caspase-3 enzyme. The cleavage product of Mcl-1 was
then examined. As shown in Figure 6C, the cleavage
product of Mcl-1 (Mcl-1C) was observed in both
extracts treated with staurosporine at 6 and 12 hr and
with 0.5 and 1 U of caspase-3 enzyme.

Interaction of Mcl-1 with Bim

Mcl-1 is known to complex with such pro-apopto-
tic proteins of the Bcl-2 family as Bim; cleavage of Mcl-
1 by caspase increases its complex with Bim leading to
inhibition of its anti-apoptotic function (Herrant et al.,
2004). Using coimmunoprecipitation analyses, we exam-
ined if pro-apoptotic Bcl-2 molecules formed complexes
with Mcl-1 in mitochondria. As shown in Figure 7A,
only Bim, one of the BH-3 pro-apoptotic proteins,
formed a complex with Mcl-1 in mitochondria. When
S1 and V cells were treated with staurosporine, the level
of mitochondrial Bim protein showed no difference
between V and S1 cells (Fig. 7B). However, when V
and S1 cells were treated with staurosporine, the level of
the Mcl-1/Bim complex in S1 cells was higher than in
V cells (Fig. 7C). Bim is known to induce loss of mito-
chondrial membrane potential (Dwm) and cytochrome c
release (Sugiyama et al., 2002). To determine the rela-
tion between the loss of Dwm and cytochrome c release,
the membrane potential of mitochondria treated with
staurosporine (100 nM) at the time points indicated was
measured using the fluorescent dye rhodamine 123
(Rh123) that accumulates in mitochondria in a Dwm-de-
pendent manner. As shown in Figure 8A, Rh123 uptake
was decreased in isolated mitochondria by staurosporine
treatment, which indicates loss of Dwm, whereas the
DMSO-treated control showed no change in Rh123
uptake. Moreover, the loss of Dwm in intact cell was sig-
nificantly attenuated in S1 cells when compared to that
in V cells after staurosporine treatment (Fig. 8B).

DISCUSSION

We examined the role of mitochondrial IDPm in
protection from neurotoxicity that seems to be linked to
oxidative stress and to mitochondrial cytochrome c-
mediated apoptosis in SH-SY5Y cells. This study first
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addressed the importance of IDPm, particularly in mito-
chondria, to the susceptibility of neuronal cells to stauro-
sporine-induced oxidative stress. Our data showed that
S1 cells overexpressing IDPm showed more resistance to
oxidative stress by attenuation of ROS production than
did V cells. After staurosporine treatment, the decrease
in mitochondrial GSH was smaller in S1 cells than in V
cells. An exogenous supply of anti-oxidant, trolox, and
GSH-EE, significantly inhibited apoptotic cell death
induced by staurosporine. These observations suggest
that IDPm plays a neuroprotective role by increasing the
mitochondrial GSH pool, which then acts as an antioxi-
dant against staurosporine-induced ROS. Thus, our
results are in agreement with a recent report by Jo et al.
(2001), which showed that in the mitochondria, IDPm,
as a major producer of NADPH, is required for the
regeneration of GSH and exerts a protective effect
against H2O2-mediated oxidative stress in NIH3T3 cells.
A report by Shin et al. (2004) also showed that IDPm
plays an important protective role in apoptosis of
HEK293 cells induced by a high concentration of glu-
cose. It has been known that cytochrome c is released
after mitochondrial damage by staurosporine and cyto-
chrome c-mediated apoptosome formation with caspase-
9 and Apaf-1 is a major operant factor in staurosporine-

induced apoptosis in SH-SY5Y cells (McGinnis et al.,
1999; Lopez and Ferrer, 2000).

Staurosporine is known as a broad kinase inhibitor.
Staurosporine is also known to generate nitric oxide
(NO) after intracellular calcium increase in PC 12 cells
(Kruman et al., 1998) and mitochondrial superoxide
anion after caspase-1 mediated cytochrome c release in
hippocampal cultures (Krohn et al., 1998). However,
several reports indicate that staurosporine treatment does
not activate caspase-1 in SH-SY5Y cells (Nath et al.,
1996; Bijur et al., 2000). Furthermore, as our prelimi-
nary results showed that NO was not produced during
the 24 hr after staurosporine treatment (data not shown),
we suggest that ROS produced by staurosporine in SH-
SY5Y cells may not be mediated by caspase-1 and is
unrelated to reactive nitrogen species (RNS) such as
NO. In our system, ROS produced by staurosporine
treatment seemed to induce the release of mitochondrial
cytochrome c, as evidenced by inhibition of cytochrome
c release by treatment with the antioxidants trolox or
GSH-EE. Furthermore, cytochrome c release induced
by staurosporine was attenuated more significantly in S1
cells overexpressing IDPm than in V cells, which sug-
gests that IDPm inhibits cytochrome c release by
increasing the level of GSH in the mitochondria. Thus,

Fig. 6. Caspase-3 dependent Mcl-1 cleavage. A: SY5Y Cells were
treated with a specific caspase-3 inhibitor, zVAD-FMK for 1 hr
before staurosporine (100 nM) treatment. After 12 hr, cells were har-
vested and specific caspase-3 activity was measured using 50 lM of
DEVD-AFC. Note that caspase-3 activity was inhibited by zVAD-
FMK in a dose dependent manner. B: SY5Y cells were treated with
1–50 lM of zVAD-FMK for 1 hr before staurosporine treatment.
After 12 hr, S-100 and mitochondrial proteins prepared as described
in the Materials and Methods were subject to Western analyses. Note
that the level of cleaved product of Mcl-1 (Mcl-1C, 27 kDa) in S-
100 extracts was decreased by the caspase-3 inhibitor in a dose-de-

pendent manner, whereas no cleaved product of Mcl-1 was observed
in the mitochondrial fraction. C: Whole cell extracts were prepared
from SH-SY5Y cells treated with staurosporine as described in the
Materials and Methods (lane 1–4). The extracts prepared from SY5Y
cells without staurosporine treatment were also treated with recombi-
nant caspase-3 enzyme (lane 5–7). The cleavage product of Mcl-1 in
both preparations was examined by Western blot analysis. Note that
the cleavage product of Mcl-1 (Mcl-1C) was observed in the extracts
treated with staurosporine and with caspase-3 enzyme. Gel represents
three independent experiments.
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our results are consistent with the fact that mitochondrial
GSH is known to inhibit oxidative stress-induced cyto-
chrome c release from mitochondria (Drake et al.,
2003).

In vivo, GSH is produced by the liver, transported
in the blood and can cross the blood-brain barrier
(Kannan et al., 1992). A cell line model could be more
susceptible to lack of GSH whereas this limitation may
not affect the mitochondrial pool of GSH. However,

the effect of GSH depletion on neuronal viability has
been widely studied in several experimental models of
neurodegenerative diseases in vivo and in vitro. For
example, GSH depletion is the first indicator of oxida-

Fig. 8. The attenuation of the loss of mitochondrial membrane
potential (Dwm) in S1 cells. A: Mitochondria isolated from SH-SY5Y
cells were treated with staurosporine (100 nM). Mitochondrial mem-
brane potential (Dwm) was measured based on the rhodamine 123
(Rh123, 50 nM) uptake over 30 min at room temperature. Note
that Rh123 uptake by the mitochondria was decreased after stauro-
sporine treatment. Dashed line: control (0.1% DMSO), solid line:
staurosporine. B: Cells were pre-equilibrated with Rh123 (10 lM)
and washed three times with Locke’s solution. Then cells were
treated with staurosporine (100 nM) and the fluorescence was mea-
sured 10 min after staurosporine treatment. Note that more Rh123
was retained significantly in S1 cells when compared to that in V
cells after staurosporine treatment. Data represent mean 6 SD of
three independent experiments. *P < 0.05 vs. V cells.

Fig. 7. Interaction of Mcl-1 with Bim. A: Mitochondrial proteins
(300 lg) from normal cells were immunoprecipitated with antibodies
against pro-apoptotic proteins of the Bcl-2 family (Bad, Bak, Bax, Bid,
and Bim), and the precipitated proteins were subjected to Western
blot analysis using Mcl-1 antibody. Note that only Bim formed a com-
plex with Mcl-1 protein in mitochondria, whereas Bad, Bak, Bax, and
Bid did not. The gel represents three independent experiments. IP,
immunoprecipitation with antibodies against pro-apoptotic proteins of
the Bcl-2 family; WB, Western blotting using Mcl-1 antibody. (�)
and (þ) denote IgG alone and range of cell extract, respectively. B:
Mitochondrial proteins (10 lg) from V and S1 cells after staurosporine
treatment for 12 hr were subjected to Western blot using Bim anti-
body. Note that the level of mitochondrial Bim protein showed no
difference in V and S1 cells. WB, Western blotting using Bim anti-
body. C: Mitochondrial proteins (300 lg) from the V and S1 cells
12 hr after staurosporine treatment were immunoprecipitated with
Bim antibody, and the precipitated proteins were subjected to Western
blot analysis with Mcl-1 antibody. Note that the level of Mcl-1/Bim
complex was higher in S1 cells than in V cells. The gel represents
three independent experiments. IP, immunoprecipitation with Bim
antibody; WB, Western blotting using Mcl-1 antibody.
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tive stress during PD; the magnitude of GSH depletion
seems to parallel the severity of the disease and occurs
before other hallmarks of the disease including decreased
activity of mitochondrial complex I (Sian et al., 1994;
Jha et al., 2000). Also, the depletion of mitochondrial
GSH by ethacrynic acid (EA) treatment in the CNS
produces higher level of ROS leading to cell death,
whereas depletion of the cytosolic GSH pool due to
buthionine sulfoximine (BSO) treatment does not (Sey-
fried et al., 1999; Roychowdhury et al., 2003). Thus, it
seems that the depletion of mitochondrial GSH increases
oxidative stress in pathologic conditions and in some
case induces further ROS accumulation leading to cell
death. Our study also showed that staurosporine treat-
ment induced apoptotic cell death in SH-SY5Y cells and
increased ROS production, which was significantly atte-
nuated by overexpressing IDPm or by pretreatment with
the antioxidants, trolox, or GSH-EE before drug treat-
ment, thereby inhibiting apoptotic cell death. Therefore,
these results indicate that staurosporine-induced toxicity
was mediated by GSH depletion followed by ROS pro-
duction in mitochondria, leading to apoptotic cell death.
Furthermore, GSH produced in association with IDPm
activity can be considered as an important therapeutic
target molecule for the various neurologic disorders
mediated by GSH depletion after oxidative stress.

Previous reports have shown that the balance
between the pro- and anti-apoptotic members of the
Bcl-2 family determines the mitochondrial response to
apoptotic stimuli (Adams and Cory, 2001). Anti-apopto-
tic proteins such as Bcl-2, Bcl-xL, and Mcl-1 protect mi-
tochondrial integrity, whereas the pro-apoptotic mem-
bers of the family promote the release of apoptogenic
proteins such as cytochrome c from the mitochondria. It
has also been suggested that Bcl-2 can modulate sensitiv-
ity to oxidative stress through the regulation of GSH
content (Gendron et al., 2001) although the exact mech-
anism(s) of its action is not known. However, our results
showed that only Mcl-1 was modulated after staurospor-
ine treatment, whereas other anti-apoptotic proteins of
the Bcl-2 family such as Bcl-2 and Bcl-xL were not
changed in SH-SY5Y cells. Mcl-1 was released from the
mitochondria by staurosporine treatment, which was
attenuated by exogenous antioxidants such as trolox and
GSH-EE. Furthermore, staurosporine treatment induced
cytochrome c release from mitochondria followed by
the release of Mcl-1. These observations thus suggest
that Mcl-1 is released by staurosporine-induced ROS
and that Mcl-1 release from mitochondria may be
involved in the release of mitochondrial cytochrome c
into cytoplasm after staurosporine treatment.

Mcl-1 is an anti-apoptotic member of the Bcl-2
protein family, a critical regulator of apoptosis in normal
and malignant cells (Michels et al., 2005). Mcl-1 has also
been known to have a short half-life, and to be regulated
post-translationally by phosphorylation (Inoshita et al.,
2002; Michels et al., 2005) and ubiquitination after pro-
teasome-mediated degradation (Nijhawan et al., 2003;
Zhong et al., 2005). Nijhawan et al. (2003) reported

that the elimination of cytosolic inhibitors such as Mcl-1
and Bcl-xL is required for the release of mitochondrial
cytochrome c and subsequent caspase activation. Our
results showed that when mitochondrial organelles were
treated with staurosporine, Mcl-1 was gradually released
from mitochondria, whereas the level of Mcl-1 in super-
natant increased. However, other members of the Bcl-2
family were not released from mitochondria by stauro-
sporine treatment. Furthermore, the phosphorylation and
degradation of Mcl-1 did not likely occur because the
total amount of cellular Mcl-1 did not seem to be
changed 12 hr after staurosporine treatment. It has been
reported that Mcl-1 can complex with the pro-apoptotic
members of the Bcl-2 family of proteins such as Bim,
Bak, and t-Bid (Herrant et al., 2004; Weng et al., 2005;
Willis et al., 2005). Cleavage of Mcl-1 by caspase modi-
fies its subcellular localization and increases its association
with Bim, leading to inhibition of its anti-apoptotic
function (Herrant et al., 2004). Our study showed that
Mcl-1 released from mitochondria by staurosporine
treatment was cleaved to a shortened form in a caspase-3
dependent manner, and its release was attenuated far
more in S1 than in V cells after staurosporine treatment.
Cleavage of Mcl-1 by caspase-3 yields two specific frag-
ments with molecular masses of 27 and 19 kDa by tu-
mor necrosis factor-related apoptosis-inducing ligand,
which becomes pro-apoptotic in Jurkat cells (Herrant
et al., 2004). Only the Mcl-1 cleavage product of 27 kDa
produced by caspase-3 was observed in this study. Whe-
ther it is pro-apoptotic is yet to be determined. Further-
more, intact Mcl-1 formed a complex with Bim in mito-
chondria and the level of the complex in S1 was higher
than in V cells after staurosporine treatment.

Release of cytochrome c from mitochondria is
considered to be a key initial step in the apoptotic pro-
cess. Although the manner of release and precise mecha-
nisms regulating cytochrome c release remain unknown,
it has been suggested that cytochrome c release is medi-
ated by the mitochondrial outer membrane permeabili-
zation through the action of proapoptotic factors such as
Bax/Bak pore opening (Korsmeyer et al., 2000; Pagliari
et al., 2005), the oligomerization of the VDAC (Zalk
et al., 2005), or through the dissipation of the membrane
potential through VDAC/ANT interaction (Sade et al.,
2004). Bim is also known to induce loss of mitochon-
drial membrane potential (Dwm) and cytochrome c
release (Sugiyama et al., 2002). We showed that Rh123
uptake was decreased by staurosporine treatment, which
indicates loss of Dwm. In considering the decrease of the
Dwm and the attenuation of the loss of Dwm in S1 cells
as compared to that of V cells after staurosporine treat-
ment (Fig. 8), our data suggest that the release of Mcl-1
by staurosporine may result in an increase in the pool of
free Bim molecules, which might be involved in the loss
of the mitochondrial Dwm, leading to cytochrome c
release from mitochondria. The direct evidence for
involvement of Bim in the loss of Dwm and the interac-
tion with the VDAC was not determined and will have
to await future studies. These observations lead us to
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hypothesize that Mcl-1 release may facilitate the pro-ap-
optotic activity of Bim, leading to cytochrome c release
from mitochondria and the anti-apoptotic activity of
IDPm may result from maintaining the Mcl-1/Bim
complex, thereby inhibiting Mcl-1 release from mito-
chondria after staurosporine treatment.

In mammalian mitochondria, there are two classes
of isocitrate dehydrogenase (ICDH), NADþ-dependent
ICDH (IDH) and NADPþ-dependent ICDH (IDPm).
IDH is known to participate in the oxidative decarbox-
ylation of isocitrate in the citric acid cycle (Cupp and
McAlister-Henn, 1991) and IDPm activity is modulated
through enzymatic glutathionylation and deglutathiony-
lation during oxidative stress (Kil and Park, 2005). The
function of IDPm in the nervous system is not known.
IDPm is highly expressed in heart, skeletal muscle, and
liver but exists in relatively low levels in brain (Jo et al.,
2001). Such tissue specific expression may explain why
each tissue such as brain and heart may have a different
susceptibility to oxidative stress. Although the role of
IDPm in the nervous system has not yet been elucidated,
brain may be more susceptible to oxidative stress fol-
lowed by GSH depletion. Moreover, GSH depletion in
PD, aging, and ischemic injury have been correlated
with the severity of symptoms (Sofic et al., 1992; Bains
and Shaw, 1997; Anderson and Sims, 2002). The IDPm-
mediated production of mitochondrial NADPH may be
particularly important in neural tissues that are more highly
susceptible to oxidative stress. Nevertheless, the present
study is the first to show a protective role for IDPm in
neuronal cells. Our results also suggest that the preserva-
tion of the intact mitochondria and redox status, through
supplementation of GSH via IDPm, might protect neu-
ronal cells against mitochondrial damage mediated by
oxidative stress. The protein IDPm may provide a thera-
peutic site of opportunity for preventing neuronal cell
death occurring in neurodegenerative diseases and after
injury.
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