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Mitochondria are the major organelles that produce
reactive oxygen species (ROS) and the main target of
ROS-induced damage as observed in various pathologi-
cal states including aging. Production of NADPH re-
quired for the regeneration of glutathione in the mito-
chondria is critical for scavenging mitochondrial ROS
through glutathione reductase and peroxidase systems.
We investigated the role of mitochondrial NADP*-de-
pendent isocitrate dehydrogenase (IDPm) in controlling
the mitochondrial redox balance and subsequent cellu-
lar defense against oxidative damage. We demonstrate
in this report that IDPm is induced by ROS and that
decreased expression of IDPm markedly elevates the
ROS generation, DNA fragmentation, lipid peroxida-
tion, and concurrent mitochondrial damage with a sig-
nificant reduction in ATP level. Conversely, overpro-
duction of IDPm protein efficiently protected the cells
from ROS-induced damage. The protective role of IDPm
against oxidative damage may be attributed to in-
creased levels of a reducing equivalent, NADPH, needed
for regeneration of glutathione in the mitochondria.
Our results strongly indicate that IDPm is a major
NADPH producer in the mitochondria and thus plays a
key role in cellular defense against oxidative stress-in-
duced damage.

Cell damage induced by oxidative stress and reactive oxygen
species (ROS)! has been implicated in several human diseases
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including aging, alcohol-mediated organ damage, neurodegen-
erative diseases, many types of cancers, cardiovascular dis-
eases, and UV-mediated skin disorders (1). As one of the major
sources of ROS (2), mitochondria are highly susceptible to
oxidative damage. ROS can damage mitochondrial enzymes
directly (3), and they can cause mutation in mitochondrial
DNAs (4). At the same time, ROS can change the mitochondrial
transmembrane potential (Aym), which is indicative of mito-
chondrial membrane integrity (5) and precedes cell death in-
duced by various toxic compounds and cytokines (6).

Recent reports indicate that mitochondrial ROS cause apo-
ptosis (7, 8) by activating various apoptotic effectors such as
cytochrome c¢ release, procaspase-2, procaspase-9, procas-
pase-3, and latent apoptosis-inducing factor, which is released
from the mitochondria during apoptosis (9—11). Another report
also suggested that mitochondrial ROS directly caused apopto-
sis of T cells (12). It was also reported that tumor necrosis
factor o causes a rapid production of mitochondrial ROS (13)
and that ceramide, an apoptotic stimulus, also plays a crucial
role in tumor necrosis factor a-induced mitochondrial ROS
generation (14). Furthermore, several other investigators dem-
onstrated that ROS are involved in the signaling pathway of
certain growth factors (15) and cytokines (16). In addition,
mitochondrial ROS, under hypoxic conditions, activate the
transcription of the genes for glycolytic enzymes as well as
erythropoietin and vascular endothelial growth factor by up-
regulating a transcriptional factor, hypoxia-inducible factor 1
(17), suggesting that mitochondrial ROS mediate cross-talk
between the nucleus and the mitochondria. These reports sug-
gest an important role of ROS in the regulation of cellular
homeostasis including cell death and signal transduction path-
way after treatments with various agents or growth factors.

During aerobic respiration to generate ATP in mitochondria,
leakage of electrons frequently produces mitochondrial super-
oxide anions that are rapidly reduced to H,O, by manganese
superoxide dismutase. Because catalase, which metabolizes
H,0,, is absent in the mitochondria of most animal cells (18),
mitochondrial glutathione peroxidase plays a key role in me-
tabolizing H,O,. Therefore, reduced glutathione (GSH), an ef-
ficient antioxidant and free radical scavenger by itself and
required for the activity of mitochondrial glutathione peroxi-
dase, becomes the best defense available against the potential
toxicity of H,O, in the mitochondria. Nevertheless, GSH is
known to be synthesized in the cytosol and transported into the
mitochondria (19) through rapid exchange of GSH between the
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cytosol and mitochondria (20). In contrast, oxidized glutathione
disulfide (GSSG) in the mitochondria cannot be exported into
the cytosol (21) for reconversion into GSH. These facts under-
score the importance of mitochondrial NADPH as a necessary
reducing equivalent for the regeneration of GSH from GSSG by
the activity of mitochondrial glutathione reductase.

Until now, glucose-6-phosphate dehydrogenase (Glu-6-P de-
hydrogenase) was regarded as the major source of cellular
NADPH because it reduces cellular oxidative stress by increas-
ing the GSH concentration (22). Because Glu-6-P dehydrogen-
ase is absent in the mitochondria, the mechanism for maintain-
ing the mitochondrial NADPH pool, crucial to the control of
mitochondrial redox balance, remains to be elucidated.

In mammals, three classes of isocitrate dehydrogenase (ICDH)
isoenzymes exist: mitochondrial NAD"-dependent ICDH (IDH),
mitochondrial NADP"-dependent ICDH (IDPm) and cytosolic
NADP*-dependent ICDH (IDPc) (23). Among the eukaryotic
ICDH isoenzymes, IDH has been assumed to play a major role in
the oxidative decarboxylation of isocitrate in the tricarboxylic
acid cycle (24). However, the exact roles of IDPm and IDPc, which
catalyze decarboxylation of isocitrate into a-ketoglutarate with
concurrent production of NADPH in the mitochondria and cy-
tosol, respectively, have not been elucidated.

We have reported previously the isolation and molecular char-
acterization of cDNA clones for bovine IDPm (25) and other IDH
subunits (26). In this study, we investigated the potential role of
IDPm in the defense against ROS-induced oxidative damage and
cell death. Our study was performed by overproducing the coding
region of a cDNA for mouse IDPm followed by measurement of
cell death and various indicators of oxidative stress. Reduced
expression of IDPm by transfecting the antisense ¢cDNA in-
creased spontaneous production of ROS and lipid peroxidation
accompanied by significantly more mitochondrial injury com-
pared with the control cells transfected with vector alone. In
contrast, increased expression of IDPm derived from the sense
cDNA effectively prevented or reduced ROS-related damage. Our
results further provide evidence that ROS-inducible IDPm is a
major producer of mitochondrial NADPH, subsequently leading
to an increased mitochondrial GSH pool needed for the defense
against ROS-mediated oxidative injury.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Construction of Cell Lines—Bovine IDPm
cDNA (25) was used as a probe to screen mouse IDPm ¢cDNA from a
A-ZAP II cDNA library of NITH3TS3 cells (Stratagene). The largest IDPm
cDNA was initially subcloned into the EcoRI site of pPGEM7 (Promega).
The resultant DNA was digested by Apal, blunt-ended, and then di-
gested further by either HindIII or Clal before the IDPm ¢cDNA was
ligated into a LNCX-retroviral vector (27) in a sense or antisense
orientation, respectively. In the LNCX-retroviral vector, expression of
sense or antisense IDPm ¢cDNA was directed by the cytomegalovirus
promoter. The respective two recombinant IDPm DNA constructs or
LNCX-vector alone was transfected into the BOSC23 retroviral pack-
aging cells (28) by the calcium phosphate method. The retrovirus par-
ticles were separated from the packaging cells by filtration through a
sterile filter (0.4-um diameter) and used to transfect into NTH3T3 cells.
Stable NIH3T3 transformants were identified in the presence of G418.
NIH3T3 cells were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) fetal bovine serum (Hyclone Laboratories)
and 10 pg/ml gentamycin at 37 °C in an incubator under 5% CO,.

Antibody Preparation and Immunoblot Analysis—To prepare IDPm
polyclonal antibody, a peptide representing the N-terminal 16 amino
acids of mouse IDPm (ADKRIKVAKPVVEMDG) was synthesized with
a peptide synthesizer (Excell, Milligene Bioresearch) and purified ac-
cording to the protocol suggested by the manufacturer. The purified
peptide (5 mg) was conjugated by rabbit serum albumin (1 mg) using a
kit (Imject, Pierce Chemical Co.) and used to prepare polyclonal anti-
peptide antibodies in rabbit. The mitochondrial homogenates from cul-
tured cells were separated on 10% SDS-polyacrylamide gel, transferred
to nitrocellulose membranes (Schleicher & Shuell), and subsequently
subjected to immunoblot analysis using anti-peptide antibodies. Immu-
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noreactive antigen was then recognized by using horseradish peroxi-
dase-labeled anti-rabbit IgG and an enhanced chemiluminescence de-
tection kit (Amersham Pharmacia Biotech).

Northern Blot Analysis—Total RNAs from cultured cells were pre-
pared using RNAzol (Tel-Test Inc., Friendswood, TX) according to the
manufacturer’s protocol. Total RNA from cultured cells was separated
by electrophoresis on 0.66 M formamide, 1% agarose gels, transferred to
GeneScreen membranes, and hybridized with *?P-labeled mouse IDPm
c¢DNA as a probe. A membrane for human or mouse multiple tissue
Northern blot (CLONTECH) was hybridized with *2?P-labeled DNA
probe. Hybridization and subsequent procedures were the same as
those described previously (26).

Measurement of Enzyme Activities—Mitochondrial pellets (25) pre-
pared from cultured cells were resuspended in 1 X phosphate-buffered
saline containing 0.1% Triton X-100, disrupted by sonication (4710
series, Cole-Palmer) twice at 40% of the maximum setting for 10 s, and
centrifuged at 15,000 X g for 30 min. The supernatants were used to
measure the activities of several mitochondrial enzymes. Activities of
IDH and IDPm were measured by the production of NADH (26) and
NADPH (29), respectively, at 340 nm at 25 °C. 1 unit of IDPm activity
is defined as the amount of enzyme catalyzing the production of 1 umol
of NADPH/min. Activities for manganese superoxide dismutase, mito-
chondrial glutathione reductase, and mitochondrial glutathione perox-
idase were determined by published methods (30, 31). Activities for
Glu-6-P dehydrogenase and catalase were analyzed by the methods
described (22, 32).

Measurement of Cell Viability and DNA Fragmentation—Cells (2 X
10%) were grown until 80% confluence in 96-well plates, and cell viabil-
ity after treatment with H,O, was assessed by 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide (MTT) assay (33). After the cells
were treated for 48 h with various concentrations of H,0,, 50 ul of MTT
(2 mg/ml, Sigma) solution was added and incubated for another 4 h at
37 °C. The MTT solution was discarded by aspiration, and the resulting
formazan product converted by the viable cells was dissolved in 150 ul
of dimethyl sulfoxide. The absorbance at 540 nm with a 620 nm refer-
ence was read with an enzyme-linked immunosorbent assay plate
reader. Cell viability was expressed as a percentage of untreated control
cells. For analyses of DNA fragmentation, cells exposed to different
concentrations of H,O, for 1 h were lysed in NTE buffer, pH 8.0 (100 mMm
NaCl, 10 mm Tris, 1 mMm EDTA) containing 1% SDS and proteinase K
(0.2 mg/ml). DNA extraction and purification were performed by the
method described by Bernhard et al. (34). To analyze the degree of DNA
fragmentation, 5 ug of each DNA sample was resolved on 1% agarose
gel and visualized under UV illumination.

Calculation of Peroxides—Total peroxide concentrations were calcu-
lated by the rate of oxidation of ferrous (Fe®") to ferric ion (Fe®") (35).
Cells (2 X 10°) were either untreated or pretreated with 0.1 mm H,0,, for
1 h. Cell extracts were incubated with the reaction mixture (0.1 mm
xylenol orange, 0.25 mM ammonium ferrous sulfate, 100 mwm sorbitol, and
25 mm H,SO,) at 22 °C for 30 min prior to measurement of the absorbance
at 560 nm. H,O, (0-5 uM) was used to produce a standard curve.

Measurement of ROS—Cells (1 X 10°) were grown on poly-L-lysine-
coated slide glasses and untreated or treated with 1.0 mm H,0, for 5
min. Intracellular ROS generation was monitored by the fluorescence
produced from 2',7'-dichlorofluorescein (DCF) after oxidation of 10 um
dichlorodihydrofluorescein diacetate (Molecular Probes, Eugene, OR)
(36). Images of DCF fluorescence (excitation, 488 nm; emission, 520 nm)
were acquired using a laser confocal scanning microscope (DM/R-TCS,
Leica) coupled to a microscope (Leitz DM RBE). To measure the fluo-
rescence intensity, 20 cells from each image were picked randomly, and
their averages of fluorescence intensity were calculated as described
(15). For FACS analyses, cells (2 X 10°) were pretreated with 5 um
dichlorodihydrofluorescein diacetate and followed by exposure to 30 um
C,-ceramide (N-acetyl-D-sphingosine, Sigma) for 15 min. Measure-
ments of DCF fluorescence in trypsin-treated cells were made at least
10,000 events/test using a FACS Calibar flow cytometer (Becton Dick-
inson) with a fluorescein isothiocyanate filter. For measuring lipid
peroxidation, cells (2 X 10%) were either untreated or pretreated with
0.1 mm H,O, for 1 h and analyzed by measuring of the concentration of
malondialdehyde (MDA).

Measurement of Lipid Peroxidation—The concentration of MDA in
different cells was measured by a spectrophotometric assay (37). Cells
(2 X 10°) were either untreated or pretreated with 0.1 mm H,O,, for 1 h.
Then cell extracts (500 ul) were mixed with 1 ml of thiobarbituric
acid-trichloroacetic acid-HCI solution (0.375% thiobarbituric acid, tri-
chloroacetic acid in 0.25 N HCI, pH 2.0) and heated at 100 °C for 15 min.
The absorbance of thiobarbituric acid-reactive substance was deter-
mined at 535 nm.
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Transmission Electron Microscopy—Cells grown to 80% confluence
were either untreated or pretreated with 0.1 mm H,O, for 2 h, rinsed
twice with phosphate-buffered saline, pH 7.3, and centrifuged at 50 X
g for 5 min. Cell pellets were fixed immediately in 2.5% (v/v) glutaral-
dehyde in 0.1 M phosphate buffer for 2 h at 4 °C. Cells were postfixed in
1% osmium tetroxide for 30 min, washed with water, and then subjected
to a dehydration procedure using graded ethanol series. For preparing
the specimen, cells were embedded in Epon 812 (Electron Microscopy
Sciences, Fort Washington, PA), and two random areas were cut and
processed. The sections (60—70 nm) were cut with an ultramicrotome
(Soya MT-7000), transferred to copper grids, and stained with uranyl
acetate and lead citrate. At least 40 cells of each sample were examined
and photographed using Hitachi H-7100 transmission electron micro-
scope (Hitachi Co., Japan) at 75 kV.

Measurement of ATP Level—Intracellular ATP levels were deter-
mined by using luciferin-luciferase (38). Cells (5 X 10) either untreated
or treated with 0.1 mm H,O, for 2 h were collected by centrifugation,
resuspended in 250 ul of extraction solution (10 mm KH,PO,, 4 mMm
MgSO,, pH 7.4), heated at 98 °C for 4 min, and placed on ice. For ATP
measurement, an aliquot of a 50-ul sample was added to 100 ul of
reaction solution (50 mm NaAsO,, 20 mm MgSO,, pH 7.4) containing
800 g of luciferin/luciferase (Sigma). Light emission was quantified in
a Turner Designs TD 20/20 luminometer (Stratec Biomedical Systems,
Germany). For all experiments, ATP standard curves were run and
were linear in the range of 5-2500 nM. Concentrations of ATP stock
solution were calculated from spectrophotometric absorbance at 259 nm
using an extinction coefficient of 15,400.

Measurement of NADPH and GSH—NADPH values were deter-
mined by the method of Zerez et al. (39) and expressed as the ratio of
NADPH to the total NADP pool [NADPH]/[NADP"* + NADPH]. The
GSH level was analyzed by producing of 5-thio-2-nitrobenzoate at 412
nm (e= 1.36 X 10* M ! cm™!) by the method described previously (40).
Total GSH level was measured in 0.1 M potassium phosphate buffer (pH 7.0)
containing 1 mm EDTA, 0.2 mg of NADPH, 30 ug of 5,5'-dithio-bis(2-nitro-
benzoic acid), and 0.12 unit of glutathione reductase (Sigma). The GSSG
level was measured as the same as total the GSH level after treatment with
1 wl of 2-vinylpyridine and 3 pl of triethanolamine for 1 h (41).

RESULTS

Isolation and Characterization of Mouse IDPm c¢cDNA—To
isolate cDNAs for mouse IDPm, a cDNA library of NIH3T3 cells
(Stratagene) was screened with the cDNA for bovine IDPm (25)
as a probe. 11 positive ¢cDNA clones for mouse IDPm were
isolated from about two million phage plaques screened. From
these clones, one clone with the largest DNA insert (1.7 kilo-
base pairs) was purified, subcloned into plasmid pGEM7(+),
and its nucleotide sequence was determined. Mouse IDPm
cDNA was 1,679 base pairs long (data not shown) with an open
reading frame (1,356 base pairs) for the entire protein coding
region of IDPm (Fig. 1). Structural analysis of the pig (42),
bovine, and mouse IDPm (25) revealed that the precursor
mouse IDPm protein contains 452 amino acids (50,934 Da), and
the complete protein consists of 413 amino acids (46,575 Da)
with the first 39 amino acids as the mitochondrial signal pep-
tide. The deduced protein sequence of mouse IDPm showed
94.5 and 95% identity to that of bovine and porcine IDPm,
respectively. However, the mitochondrial leader sequence of
the mouse IDPm was quite different from the previously re-
ported mouse IDPm (mNADP-IDH) (43). The mNADP-IDH
contained an extremely long mitochondrial leader peptide (111
amino acids), and its mature protein sequence (412 amino
acids) was 1 amino acid shorter than that of our clone for mouse
IDPm. In addition, 11 amino acids in its mature protein se-
quence are different from that of our mouse IDPm (Fig. 1).

Tissue-specific Expression of IDPm—To investigate the ex-
pression pattern of IDPm in different human and mouse tis-
sues, Northern analyses were performed. One major IDPm
transcript (2.2 kilobase pairs) was observed in both human and
mouse tissues and expressed in a tissue-specific manner (Fig.
2A). The levels of IDPm expressed in human and mouse tissues
were highest in heart, one of the most O,-consuming tissues,
whereas liver and kidney contained considerable levels of
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mNADP-IDH MOKLVYMOLWIQLGSERGCGRAWPGEHLSSWRRGVDLGDRRRGLLSRFLS  -62
MIDPm = ===========- MAGYLRAVSSMAGYLRAVESLCRASGSARTWAPAALTV -12
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BIDPm PNLOQEQPRRHYADKRIKVAKEVVEMDEDEMTRI IWQFT mmxnpmw 39
PIDPm - - - - RAAARHYADQRIKVAKPVVEMDGDEMTRI IWQFIKEKLILE 39
mNADP-IDH PSWPEQPRRHYAEKRIKVEKPVVEMDGDEMTRI IWQFIKEKLIL 39
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BIDPm BY
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BIDPm ﬁgndnﬂ PRLV?MKPIMGRHA}IEDQ 139
PIDPmM ICKNIPRLVPGWTKPITIG GEQ 139
MNADP - IDH i s:em:pnwmm"xpi'rrti DQ 139
MIDFm YEATDFVVDRAGTFKLVPTPKDGESAKEWEVYNFPAGGUGMEMYNTDEST 1389
BIDPm ¥ mmmrwmmsc PKEWEVYNFPAGGVGMGMYNTDEST = 189
PIDPM eg’rgwmg FKIVFTPKDESGPKOWEVYNFPAGGVEMEMYNIDEST 189
mNADP-IDH YKAT mmsuwwmasanmuww GOVGMGMYNTDESI 189
MIDPm sm*nﬂscmys IOKEWPLYLSTENTILKAYDGRFEDIFQEIFDEHYRIDE 239
BIDPm SEFAHSCFOYAIQKEWPLYMSTENTILKAYDGRFEDIFQRIFERHYKTIEF 230
PIDEmM saﬁmcﬁQnmmﬁﬁtﬁLmTﬂﬁ'nmmgmmlmm FEKHYKTDE 239
mNADF-I0H SGFAHSCFOYS IOKKWPLYLSTENTILKAYDGRFKDIFQEIFDKHYKIDF 239
MIDEFm DRNKIWYEHRLIDDMVAQVEKS SGEFVWACKNYDEDVOSDILAQGRGETE 289
BIDPm DKHEIWYEHRLIDDMVAQVLESSGEFVWACKYDGDVOSDILAQGEGELE 2489
PIDPM DKYKIWYEHRLIDDMVADVLKSSCEFVWACKNYDGDVQSDILAQGFGELG 280
MNADP-IDH DRNKIWYEHRLIDDMVAQVLKSSGGFVWACKNYDGDVOSDILASRFGELG 289
MIDEm LMTSVLVCEPDGKTIEAEAMHGTVIRHYREHOKGRPTSTNPIASIFANTRG 339
BIDFm LMTEVLVCPDGKT nHATVIRHYREHQKORPTSTNPIASIFAWTRG 339
FIDPmM LMTSVLVCPDGKTIEAEARHGTVIREYREHQKGRPTSTNPIASIFANTRG 339
mNADP-IDH LMTSVLVCPDEKTIEAENAHGTVIRHYREHOKGRPTSTKGIASIFAWTRG 339
MIDPm LEHRGKLDGNQULIRFAQTLEEVCVOTVESGAMTEDLAGCIHELENVELN 343
BIDEm LEHRGKLDGNODLIRFAQTLERVCVETVESGAMTHDLAGCTHGLENVKLY 389
PIDPM LEHRGKLDGNODLIRFAQTLEKVCVETVESGAMTKDLAGCTHGLSNVKLN 389
mNADP-IDH LEHRGKLDGNODLIRFAQTREKVCVQTVE- -GRMTKDLAGCIHGLSNVKLN 338
MIDEm EHFLNTTDFLDTIKSNLDRALGEQ 413

BIDEm EHFLNTSDFLDTIKSNLDRALGOQ 413

PIDPm EHFLNTSDFLDTIKSNLDRALGRY 412

mMNADP-IDH EHFLNTTDFLDTIKSHLDRALGED 413

Fic. 1. Comparison of deduced amino acid sequences for
IDPm from different species. The putative N terminus of mature
IDPm protein is indicated by an arrow. Identical amino acid residues
among four IDPm sequences are indicated by shaded boxes. MIDPm,
BIDPm, and PIDPm represent IDPm from mouse, cow (25), and pig
(42), respectively. mNADP-IDH represents the previously reported
mouse IDPm (43). Amino acids that are different between mouse IDPm
and mNADP-IDH are indicated by bold letters. An asterisk indicates an
amino acid lacking in mNADP-IDH.

IDPm transcript but significantly less than that in heart. In
contrast, other tissues including brain and lung, which are
vulnerable to oxidative injury, contained very low levels of
IDPm message. Interestingly, the levels of IDPm expression in
human and mouse skeletal muscles were strikingly different.
Stable Transfection of IDPm Constructs—To investigate the
role of IDPm directly, two different transformants for each
recombinant IDPm construct were isolated after stable trans-
fection of the sense IDPm (S1 and S2) and antisense IDPm
(AS1 and AS2) or LNCX-vector alone (control) (Fig. 2B). Chro-
mosomal integration of the transfected IDPm constructs was
confirmed by polymerase chain reaction (data not shown). The
level of IDPm transcript (2.2 kilobase pairs) in control cells was
very low (Fig. 2C). S1 cells contained much less viral IDPm
transcript (2.8 kilobase pairs) than S2 cells. Both AS1 and AS2
cells contained substantially less IDPm transcript than S1 cells
(Fig. 20). S1 and S2 cells exhibited 52.6 = 5.1 and 66.7 = 5.5
units of IDPm activities, respectively. These values are 3.5- and
4.5-fold higher, respectively, than that of control cells with the
vector alone. In contrast, AS1 and AS2 cells exhibited 39 and
47% less IDPm activities, respectively, compared with that of
control (Table I). To demonstrate any differences in ROS-me-
diated damage between cells with sense or antisense IDPm, we
intentionally chose to use S1 and AS1 cells as a comparison
pair because of less difference in IDPm activity in this pair
than in the paired S2 and AS2 cells. Immunoblot analysis using
anti-IDPm antibody further confirmed the increased expres-
sion of IDPm in S1 cells compared with the control cells and
AS1 cells that contained significantly less expression of IDPm
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Fic. 2. Expression of IDPm in various tissues and cultured cells. Panel A, tissue-specific expression of IDPm transcript in various human
and mouse tissues. A membrane for human or mouse multiple tissue Northern blot was used to study the expression of the IDPm message. Each
membrane was then hybridized with 3?P-labeled mouse IDPm cDNA (upper panel) or actin cDNA (lower panel). Panel B, structures of the
recombinant retroviral DNA constructs. IDPm constructs designed to express viral vector alone (LNCX) and IDPm construct in sense (LNCX-sense
IDPm) or antisense (LNCX-antisense IDPm) direction under the cytomegalovirus (CMV) promoter are shown. LTR, long terminal repeat. Panel
C, expression of IDPm in different cells with stable transfection of IDPm constructs. Total RNAs (15 pg/lane) from cells expressing LNCX-vector
alone (C, control cells), LNCX-sense IDPm (S1 and S2 cells), and LNCX-antisense IDPm (AS1 and AS2 cells) were subjected to Northern blot
analysis. V and I represent retroviral and intrinsic IDPm mRNAs, respectively. Ethidium bromide staining of a typical gel is shown at the bottom.
Panel D, immunoblot analysis of IDPm protein. Mitochondrial homogenates (20 pg/lane) from different cells were separated on 10% SDS-
polyacrylamide gel, transferred to nitrocellulose membrane, and then subjected to immunoblot analysis using anti-peptide polyclonal antibody.

TABLE I
Antioxidant enzyme activities in NIH3T3 transfectant cells
Values represent means = S.D. of three independent experiments. mGPx, mitochondrial glutathione peroxidase; mGRd, mitochondrial
glutathione reductase; Mn-SOD, manganese superoxide dismutase; G6PD, Glu-6-P dehydrogenase.

Cell lines IDPm®? mGPx®? mGRd*¢ Mn-SOD*¢ IDH*® G6PD>? Catalase®?
Vector 149+ 1.1 415+ 1.3 711 =04 1.50 £ 0.1 6.07 = 1.4 457 + 2.4 3.5 +0.2
S1 (sense IDPm) 52.6 £ 5.1 38.6 £ 0.1 7.30 £0.1 1.48 = 0.1 6.16 = 0.8 452+ 15 3402

(66.7 = 5.5)°
AS1 (antisense IDPm) 91=*15 39.1 £ 2.0 7.12 £ 0.1 1.50 = 0.1 6.03 £ 0.1 448 =15 3.6 0.3
(7.9 = 0.6

“ Enzyme activities measured from mitochondrial fractions.

® Enzyme activity represents units/g protein.

¢ Enzyme activity represents units/mg protein.

< Enzyme activities measured from total cell lysates.

¢ IDPm activities for S2 and AS2 cells are indicated in parentheses.

protein (Fig. 2D). However, immunoreactive IDPm was not control and AS1 cells survived, respectively, in the presence of
detected in the cytosol of S1, AS1, or control cells (data not 1.0 mm H,O,. A similar pattern of cell viability was also noticed
shown). Activities of mitochondrial IDH and other major anti- when these cells were exposed to 25 uMm menadione, a redox
oxidant enzymes such as mitochondrial glutathione peroxi- cycling agent, for 48 h (data not shown). In accordance with cell
dase, mitochondrial glutathione reductase, and manganese su- viability, S1 cells with increased IDPm protein became more
peroxide dismutase, were all similar in each group comparable resistant to oxidative damage with less DNA fragmentation
to the control (Table I). In addition, there was less difference in  compared with the control and AS1 cells (Fig. 3B). The opposite
Glu-6-P dehydrogenase and catalase activities in the cell ly- was true in AS1 cells, which, with little amounts of IDPm
sates of S1, AS1, and control cells, suggesting that transfection protein, became more sensitive to ROS treatment with more
of IDPm c¢DNAs did not affect the activities of other enzymes DNA fragmentation than the control and S1 cells.
involved in antioxidation. To verify the protective mechanism of IDPm against cell
Pretranslational Induction of IDPm by ROS and Inverse death induced by oxidative stress, we studied the time-depend-
Relationship between IDPm Activity and ROS-induced Dam- ent changes in IDPm activity, protein, and its mRNA expres-
age—To study the relationship between IDPm activity and sion. For this particular study, untransfected NIH3T3 cells
ROS-induced damage, cells were exposed to different concen- were exposed to 0.2 mm H,0, for 1 h prior to determination of
trations of H,O, for 48 h prior to measurement of cell viability. ~IDPm levels because treatment with 0.1 mm H,0, for 1 h did
As shown in Fig. 3A, S1 cells were more resistant to H,O,- not increase the IDPm level in NIH3T3 cells (data not shown).
mediated oxidative damage than control and AS1 cells. More As shown in Fig. 3C, IDPm activity was increased in a time-
than 88% of S1 cells survived, whereas about 63 and 30% for ~dependent manner with a peak activity (2.3-fold) observed at
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FiG. 3. Effect of transduced IDPm on cell viability and induction of IDPm by ROS. Panel A, effect of IDPm on cell viability upon H,O,
treatment. Three different cells (2 X 10*well) were grown in 96-well plates and then exposed to different concentrations of H,O, for 48 h as
indicated prior to measurement of cell viability in triplicates. S1, control, and AS cells are indicated by open circles, closed rectangles, and closed
circles, respectively. Each value represents the mean *= S.E. from three independent experiments. Panel B, IDPm can protect ROS-induced DNA
fragmentation. Control, S1, and AS1 cells were exposed to different concentrations of H,O, for 1 h, and the degree of ROS-induced DNA
fragmentation was analyzed by 1% agarose gel electrophoresis. Panel C, IDPm activity is induced by ROS. Untransfected NIH3T3 cells (2 X 10°)
were exposed to 0.2 mM H,O, for 1 h and then incubated for different times as indicated in fresh medium without H,O,. Relative activity was
calculated by comparing the IDPm activity at each time point after exposure to H,O, with that of unexposed cells. Each value represents the
mean * S.D. from three separate experiments. Panel D, pretranslational induction of IDPm by ROS. Mitochondrial homogenates (20 pg/lane) of
untransfected NIH3T3 cells at each time point before and after exposure to 0.2 mm H,O, were separated on 10% SDS-polyacrylamide gel,
transferred to nitrocellulose membrane, and then subjected to immunoblot analysis using anti-peptide polyclonal antibody (upper panel). Total
RNAs (20 pg/lane) of untransfected NIH3T3 cells before and at each time point after a 1-h exposure to H,O, were subjected to Northern blot
analysis with using the 3?P-labeled probe of mouse IDPm ¢cDNA or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA (lower panel).

3 h post-treatment. The IDPm activity returned to control level
at 5 h after exposure to 0.2 mm H,0, (Fig. 3C). In contrast,
IDPm activity in human acute myeloid leukemia HL60 cells
was also increased in a time-dependent manner by the treat-
ment of 0.1 mm Hy,O, for 1 h. At 2 h post-treatment, IDPm
activity reached its peak (1.9-fold increased) and returned to
control level at 6 h after exposure to 0.1 mm H,0, (data not
shown). The increased IDPm activity in both mouse fibroblasts
and human myeloid cells by H,O, may imply a possible phys-
iological role of IDPm in defense against oxidative damage. The
elevation of IDPm activity in untransfected NIH3T3 cells was
accompanied by corresponding increases in its protein and
mRNA levels (Fig. 3D), suggesting a pretranslational induction
mechanism, similar to the elevation of catalase under stressful
conditions (44).

To investigate the role of IDPm in cellular defense against
oxidative damage, we also determined the level of intracellular
peroxides in different cells before and after treatment with 0.1
mMm H,0,, where cell injury was minimal, as shown in Fig. 3A.
In the absence of 0.1 mM H,0,, the peroxide level in S1 cells
was decreased by 28% compared with that in control cells,
whereas it was increased by 35% in AS1 cells (Fig. 4A). The
prominent inverse relationship between the levels of trans-
duced IDPm and intracellular peroxides was observed in the
presence of 0.1 mm H,0,. The level of peroxide in AS1 cells was
increased 2.6-fold compared with that of S1 cells in the pres-
ence of 0.1 mm H,0,.

The effect of IDPm on ROS production was demonstrated
further by the relative intensity of DCF (36). DCF fluorescence
intensity, in the absence of exogenous H,0, (1 mm for a 5-min
treatment), increased markedly in AS1 cells but decreased
significantly in S1 cells compared with the control cells (Fig.
4B). Similarly, the fluorescence intensity markedly was in-
creased in AS1 and control cells, whereas it was increased
slightly in S1 cells after treatment with 1 mm H,0, (Fig. 40).

It has been shown that C,-ceramide mediates tumor necrosis
factor-induced ROS generation in mitochondria (14) as well as
induces cytochrome c release from mitochondria directly (45).
Therefore, we tested whether IDPm can protect intracellular
ROS generation induced by C,-ceramide. As shown in Fig. 4D,
DCF fluorescence in AS1 cells was increased markedly after
C,-ceramide treatment, whereas S1 and control cells exhibited
slight increases in DCF fluorescence. These results, taken to-
gether the data in Fig. 3, indicate that intracellular ROS pro-
duction and concomitant cell death rate are inversely related to
the levels of transduced IDPm protein, thus supporting a pro-
tective role of IDPm against ROS-induced cell death.

Effect of IDPm on Lipid Peroxidation—It is well established
that oxidative stress in various cells usually leads to accumu-
lation of potent, cytotoxic lipid peroxides such as MDA (46). We
therefore studied the effect of IDPm on the accumulation of
MDA as an indicator of lipid peroxidation. The level of MDA in
AS1 cells was higher than in control or S1 cells in the absence
and presence of 0.1 mm H,0,, (Fig. 4E). For instance, treatment
of AS1 cells with 0.1 mm H,0, increased the level of MDA
1.6-fold more than in S1 cells. However, the MDA level in S1
cells did not change even after H,O, treatment. These results
provide direct evidence that IDPm is involved in regulating the
level of lipid peroxides caused by oxidative stress.

Protective Role of IDPm in Mitochondrial Damage Induced
by Oxidative Stress—Mitochondrial damage is very important
in cell death (9). Therefore we investigated further the protec-
tive role of IDPm in oxidative stress-induced mitochondrial
damage. As shown in Fig. 5, in S1 and control cells, normal
shapes of mitochondrial cristae were observed, whereas abnor-
mal or substantially damaged mitochondrial cristae were evi-
dent in AS1 cells even in the absence of exogenous H,O,. More
prominent changes in mitochondrial morphologies were ob-
served in the cells treated with 0.1 mm H,0, In S1 cells,
mitochondria contained normal cristae, despite a slightly swol-
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Fic. 4. Effects of IDPm on peroxide level and ROS generation. Panel A, effect of IDPm on cellular peroxide generation. Production of total
peroxides in S1, control, and AS1 cells was determined by the method described under “Experimental Procedures.” Open and shaded bars represent
the levels of total peroxides produced in the transfected cells untreated and treated with 0.1 mm H,O, for 1 h, respectively. Panel B, DCF
fluorescence in transfected cells. Typical patterns of DCF fluorescence are presented for transfected cells untreated or treated with 1 mm H,O, for
5 min. Fluorescent images were obtained under laser confocal microscopy from three separate experiments. Panel C, relative intensity of DCF
fluorescence in transfected cells. Open and shaded bars represent the relative intensity of DCF fluorescence produced in the cells untreated and
treated with 1 mm H,O, for 5 min, respectively. Each value represents the mean = S.D. 20 cells from each image were picked randomly, and the
averages of their fluorescence intensity were calculated as described under “Experimental Procedures.” Panel D, effect of IDPm on C, -ceramide-
induced ROS production. Cells were treated with 30 uM C,-ceramide for 15 min and subjected to FACS analyses. CA— and CA+ denote the absence
and presence of C, -ceramide treatment, respectively. Panel E, the levels of MDA in transfected cells were determined in triplicates. Open and
shaded bars represent the level of MDA accumulated in the cells untreated or treated with 0.1 mm H,O,, respectively. Each value represents the

mean * S.D. from three separate experiments.

Fic. 5. Effect of transduced IDPm on
mitochondrial ultrastructure. Cells
transfected with different DNA vectors were
untreated or treated with 0.1 mm H,0, for
2 h, and their mitochondrial structures were
then examined under transmission electron
microscopy. Arrows in AS1 cells indicate
dirty debris or remnants of cristae. The scale
bar represents 1 um.

len and pale matrix. In contrast, abnormal mitochondrial
shapes were noticed in control and AS1 cells. In control cells,
small remnants of cristae with considerable swelling were ev-
ident. Mitochondria of AS1 cells were extremely swollen and
frequently lacked typical cristae but contained vesicular rem-
nants and severely collapsed membranes. These results sug-
gest that reduced expression of IDPm most likely leads to
increased mitochondrial injury, whereas elevated IDPm pro-
tects mitochondria from oxidative damage.

Effect of IDPm on Intracellular ATP Level—Mitochondrial
injury is often followed by the depletion of intracellular ATP
level. As shown in Fig. 6, AS1 cells contained ~30% less ATP
level than those of S1 and control cells without H,O, treat-
ment. The reduction in the ATP level after 0.1 mm H,O,
treatment was more prominent than in the absence of H,0,
treatment; for instance, the ATP level was decreased only by

S1

13% in S1 cells, whereas it was reduced by 78 and 61% in AS1
and control cells, respectively, after H,O, treatment, suggest-
ing a protective role of IDPm against the loss of intracellular
ATP levels. These data in Figs. 5 and 6 are consistent with the
role of IDPm in preventing the loss of mitochondrial membrane
integrity (5), which was measured by the uptake of rhodamine
123 in this laboratory (data not shown).

Role of IDPm in Regulating Mitochondrial Redox Balance for
GSH Recycling—To investigate a potential mechanism by
which IDPm protects cells from oxidative injury, we measured
the cellular levels of NADPH and GSH. In S1 cells, the ratio for
mitochondrial [NADPH]/[NADP" + NADPH] was 0.98 *+ 0.06,
whereas that of control cells and AS1 cells was 0.71 = 0.08 and
0.51 = 0.09, respectively (Fig. 7A). In other words, more
NADPH is present in the mitochondria of S1 cells than in
control and AS1 cells. However, the ratio for the cytosolic
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H,0,, respectively. Each value represents the mean = S.D. from three
separate experiments.
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Fic. 7. Effect of transduced IDPm on the levels of mitochon-
drial NADPH and GSH. Panel A, ratios of NADPH versus total NADP
pool. Open and shaded bars represent the NADPH ratios in the cytosol
and mitochondria of transfected cells, respectively. Panel B, ratios of
GSSG versus total GSH pool. Open and shaded bars represent the
GSSG ratios in the cytosol and mitochondria of transfected cells, re-
spectively. Each value represents the mean *= S.D. from three inde-
pendent experiments.

[NADPHJ/[INADP* + NADPH] in all three cells was between
0.52 + 0.08 and 0. 49 = 0.06. These data show that transfected
IDPm in S1 and transfected antisense IDPm in AS1 cells did
not alter the cytosolic NADPH level and that IDPm is, there-
fore, the major factor that influences the production of mito-
chondrial NADPH.

In mitochondria, removal of H,O, is catalyzed primarily by
mitochondrial glutathione peroxidase at the expense of the
reduced GSH, producing the oxidized glutathione, GSSG.
Therefore NADPH, required for GSH regeneration by mito-
chondrial glutathione peroxidase, is a critical factor for the
mitochondrial defense against oxidative damage. The ratio for
mitochondrial [GSSGI/[GSSG + GSH] in S1 cells was 0.148 =
0.009, whereas that of control and AS1 cells was 0.270 = 0.035
and 0.420 = 0.007, respectively (Fig. 7B). These data establish
that more reduced GSH exists in the mitochondria of S1 cells
than in control and AS1 cells. However, the cytoplasmic ratio of
[GSSGJ/[GSH + GSSG] in S1, control, and AS1 cells was al-
most comparable. These results confirm that increased IDPm
activity only contributes to enhancement of the mitochondrial
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production of a reducing equivalent, NADPH, which, in turn,
increases the level of mitochondrial GSH.

DISCUSSION

The presence of a distinct gene for IDPm has been demon-
strated by the biochemical characterization, chromosomal lo-
cation, and molecular cloning and sequence analyses of IDPm
genes in different species (26, 47—49). Deduced IDPm proteins
in various species including human IDPm (GenBank accession
number X69433) share highly conserved sequences. The func-
tion of IDPm has been proposed either to catalyze the decar-
boxylation of isocitrate into a-ketoglutarate in the tricarboxylic
acid cycle or to mediate the reversal reaction for the production
of isocitrate from glutamic acid needed for gluconeogenesis
(50). However, these hypotheses could not be proven because
yeast NAD*-dependent IDH is a key enzyme in the tricarbox-
ylic acid cycle, and IDPm could not replace the functional role
of IDH (51). In addition, the level of IDPm expressed in the
liver is so low that it may not be involved in hepatic gluconeo-
genesis. Therefore, the biological role of IDPm has been un-
clear. The results presented in this report provide direct evi-
dence that IDPm is a key enzyme in cellular defense against
oxidative damage by supplying NADPH in the mitochondria,
needed for the regeneration of mitochondrial GSH or thiore-
doxin. Elevation of mitochondrial NADPH and GSH by IDPm
in turn suppressed the oxidative stress and concomitant ROS-
mediated damage.

It is well established that mitochondrial dysfunction is di-
rectly and indirectly involved in a variety of pathological states
caused by genetic mutations as well as exogenous compounds
or agents. Potential benefits of IDPm and subsequent elevation
of mitochondrial NADPH and GSH against oxidative damage
could be explained by the following facts. First, catalase, a
major enzyme for breakdown of H,0,, is absent in the mito-
chondria of mammalian cells (18). Second, mitochondrial GSH
becomes critically important against ROS-mediated damage
because it not only functions as a potent antioxidant but is also
required for the activities of mitochondrial glutathione perox-
idase and mitochondrial phospholipid hydroperoxide glutathi-
one peroxidase (52), which removes mitochondrial peroxides.
Third, depletion of mitochondrial, but not cytosolic, GSH po-
tentiated the oxidative cell death after treatment with tert-
butyl hydroperoxide (53). Fourth, GSH, not synthesized in mi-
tochondria, must be synthesized in the cytosol and transported
into mitochondria by a specific transporter (19, 54). Fifth, the
oxidized GSSG is not retransported into the cytosol for its
reduction to GSH (21). Sixth, NADPH is a major source of
reducing equivalents and cofactor for mitochondrial thiore-
doxin peroxidase family/peroxiredoxin family including per-
oxiredoxin IIl/protein SP-22 (55-57) and peroxiredoxin
V/AOEB166 (58). Finally, NADPH can prevent the formation of
tocopheroxyl radical derived from the oxidation of vitamin E at
mitochondrial membranes (59). All of these facts underscore a
key role of mitochondrial GSH against ROS-induced injury and
suggest a possible mechanism to regenerate GSH from GSSG
by supplying NADPH within the mitochondria, independent
from the cytosolic NADPH producer (22). Therefore, any mito-
chondrial NADPH producer, if present, becomes critically im-
portant for cellular defense against ROS-mediated damage.

In this study, we investigated the potential role of IDPm in
cellular defense, based on reasons stated above and our previ-
ous results that the Escherichia coli mutant lacking NADP*-
specific ICDH is very sensitive to radiation-induced oxidative

2S.-H. Jo, M.-K. Son, H.-J. Koh, S.-M. Lee, I.-H. Song, Y.-O. Kim,
Y. S. Lee, K.-S. Jeong, W. B. Kim, J.-W. Park, B. J. Song, and T.-L. Huh,
unpublished data.
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damage (60). To achieve our goal, we prepared cells with stable
transfection of IDPm constructs in the sense (S1 cells) or anti-
sense (AS1 cells) direction. Under our experimental conditions
without apparent changes in the activities of other enzymes
involved in antioxidation, cell viability showed a wide varia-
tion, depending on the levels of transduced IDPm. A clear
inverse relationship was observed between the amount of
IDPm expressed in target cells and their cell death rate, DNA
fragmentation, the levels of intracellular ROS generation in-
duced by H,0, and C,-ceramide, lipid peroxidation, and mito-
chondrial damage with loss of intracellular ATP levels. In
addition, the protective role of IDPm against oxidative injury
was directly supported by the pretranslational induction of
IDPm under a high concentration of ROS and the relative
levels of mitochondrial NADPH and GSH in three different
IDPm transfectant cells. Furthermore, our data suggest that
cytosolic NADPH does not play a role because of the little
change in its level in the three different cells. Higher levels of
mitochondrial NADPH and GSH in S1 cells conferred greater
resistance to oxidative injury than in control or AS1 cells,
supporting the inverse relationship between the levels of mito-
chondrial NADPH, GSH, and the rate of cell death. These
results not only establish a protective role of IDPm in ROS-
mediated oxidative damage but also address the unresolved
question about the major source of the mitochondrial NADPH
needed for GSH regeneration.

Northern analysis revealed that IDPm transcript is ex-
pressed in a tissue-specific manner. In contrast to heart tissue,
brain contains very little IDPm transcript, consistent with the
earlier reports that IDPm activity is very low in the brain
tissues (43, 61). The tissue-specific expression and different
IDPm activities may explain why each tissue such as brain and
heart may have a different susceptibility to oxidative organ
damage. The following factors, which may be related to IDPm
expression, may also contribute to the differential susceptibil-
ity of each tissue to ROS-mediated damage. First, GSH in rat
brain mitochondria is oxidized more easily than in liver (62).
Second, brain is one of the most vulnerable organs to oxidative
stress and ischemic injury (63). Third, NADPH is produced at
different rates in certain tissues, indicating a possibility of
differential protection or injury in a tissue-specific manner (64,
65). Therefore, our results of tissue-specific expression of IDPm
transcript suggest that certain tissues with higher levels of
IDPm may be more resistant to oxidative damage than those
tissues with lower level of IDPm expressed. However, our re-
sults raise an important question about a major protective
mechanism against ROS-mediated damage in brain and lung,
although IDPm along with malic enzyme and nicotinamide
nucleotide transhydrogease has recently been reported to con-
tribute to the regeneration of mitochondrial NADPH required
for the reduction of GSH in rat forebrain mitochondria (66).
Thus, this question remains to be answered.

It is known that some of the key enzymes involved in anti-
oxidant defense are elevated under stressful conditions in a
compensatory manner. These enzymes include catalase, man-
ganese superoxide dismutase, and glutathione peroxidase (44).
These genes are elevated through activation of a transcription
factor, nuclear factor-«B, activated upon exposure to ROS (67).
The results shown in this study clearly establish that levels of
IDPm activity, protein, and mRNA transcript are elevated
under stressful conditions, possibly in a compensatory mecha-
nism against elevated ROS. Although we do not know the
mechanism of the pretranslational activation of the IDPm gene
because of a lack of knowledge on its 5'-promoter region, it is
tempting to speculate that the IDPm gene may also be acti-
vated through the activation of nuclear factor-«B. Alterna-
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tively, the 5'-promoter region of the IDPm gene may contain
the so-called “antioxidative responsive element” sequence,
which is also responsive to exogenous stressors (68).

Our results, taken together, indicate that IDPm is a major
component in regulating mitochondrial redox balance by pro-
viding the NADPH. Furthermore, we, for the first time, dem-
onstrated that IDPm-mediated NADPH production is critically
important for cellular defense against oxidative stress-induced
cell death by increasing the mitochondrial GSH concentration.
In this regard, potential roles of IDPm could be expanded to the
therapeutic application for various ROS-mediated cellular ho-
meostasis and diseases including ischemic injuries and aging
process possibly through blockade of ROS production and pre-
vention of ROS-mediated specific mutations on the main con-
trol region for replication of the mitochondrial genome (69),
respectively.
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