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Cadmium ions have a high affinity for thiol groups. Therefore, they may disturb many cellular functions.
We recently reported that cytosolic NADP*-dependent isocitrate dehydrogenase (IDPc) functions as an
antioxidant enzyme to supply NADPH, a major source of reducing equivalents to the cytosol. Cadmium
decreased the activity of IDPc both as a purified enzyme and in cultured cells. In the present study, we
demonstrate that the knockdown of IDPc expression in HEK293 cells greatly enhances apoptosis induced
by cadmium. Transfection of HEK293 cells with an IDPc small interfering RNA significantly decreased the
activity of IDPc and enhanced cellular susceptibility to cadmium-induced apoptosis as indicated by the
morphological evidence of apoptosis, DNA fragmentation and condensation, cellular redox status,
mitochondria redox status and function, and the modulation of apoptotic marker proteins. Taken

together, our results suggest that suppressing the expression of IDPc enhances cadmium-induced
apoptosis of HEK293 cells by increasing disruption of the cellular redox status.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Cadmium (Cd?*) is a metal frequently used in various industrial
activities and a ubiquitous environmental contaminant present in
tobacco smoke and food [1]. This metal is toxic to hepatic,
cardiovascular, respiratory, immune and renal systems [2]. It has
been demonstrated that cadmium toxicity is associated with
increased production of reactive oxygen species (ROS) [3]. Since
the potential role of ROS have been proposed as mediators for
apoptotic cell death, the involvement of oxidative stress in
cadmium-induced apoptosis was suggested [4]. Previous studies
have shown that cadmium can induce apoptosis of many tissues in
vivo and in vitro [5]. In addition, cadmium ions have a high affinity
to thiol groups and easily form cadmium-thiol complexes [6].
Since thiol groups are usually involved in the function of many
enzymes, structure proteins and receptors, the cadmium-thiol
complexes possibly disturb many functions of cells [7].

Isocitrate dehydrogenase (ICDH) enzymes catalyze the oxida-
tive decarboxylation of isocitrate to a-ketoglutarate [8]. In
mammals, the family of ICDHs is classified on the basis of their
cofactor and intracellular localization: cytosolic NADP*-dependent
ICDH (IDPc) encoded by IDH1 gene, mitochondrial NADP*-
dependent ICDH (IDPm) encoded by IDH2 gene, and mitochondrial
NAD*-dependent ICDH encoded by IDH3 gene [9]. In addition to
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different subcellular localization, two NADP*-dependent isoen-
zymes exhibit differences in chromosomal loci and gene sequences
[10,11], and different tissue-specific expression [12]. IDPc is
responsible for production of NADPH in cytoplasm. NADPH is an
essential reducing equivalent for the maintenance of antioxidant
glutathione in its reduced state and for the activity of NADPH-
dependent thioredoxin system, which plays an important role in
the antioxidant system [13,14]. It is also required in maintaining
the antioxidant catalase in its active form [15].

The present investigation was undertaken to study the
inhibitory effect of cadmium on the IDPc activity. In addition,
the role of IDPc in cellular defense against cadmium-induced
apoptosis was evaluated with HEK293 cells transfected with IDPc
small interfering RNA (siRNA). The data indicate that the
cadmium-mediated down-regulation of IDPc may result in the
perturbation of cellular antioxidant mechanisms and may enhance
the cadmium-induced cell apoptosis.

2. Materials and methods
2.1. Materials

Isocitrate, 3-NADP*, NADPH, cadmium chloride (CdCl;), GSH,
GSSG, dithiothreitol (DTT), xylenol orange, 5,5'-dithiobis(2-nitro-
benzoic acid) (DTNB), N-acetylcysteine (NAC), L-buthionine-(S,R)-
sulfoximine (BSO), anti-rabbit IgG fluorescein isothiocyanate (FITC)
conjugated secondary antibody, and propidium iodide (PI) were
purchased from Sigma Chemical Co. (St. Louis, MO). 7-Amino-4-


mailto:parkjw@knu.ac.kr
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2009.11.014

S.W. Shin et al./Biochemical Pharmacology 79 (2010) 1072-1080 1073

chloromethylcoumarin (CellTracker™ blue CMAC), 5,5',6,6'-tetra-
chloro-1,1’,3,3'-tetraethylbenzimidazole carbocyanine iodide (JC-
1), dihydrorhodamine 123, Rhodamine 123, dihydroethidium
(DHE), and 2’,7'-dichlorofluorescein diacetate (DCFH-DA) were
purchased from Molecular Probes (Eugene, OR). Antibodies were
purchased from Santa Cruz (Santa Cruz, CA) and Cell Signaling
(Beverly, MA). Ac-Asp-Glu-Val-Asp-pNA (Ac-DEVD-pNA) was
obtained from Calbiochem (La Jolla, CA). Recombinant mouse IDPc
was prepared as previously described [16]. A purified mouse IDPc
was used to prepare polyclonal anti-IDPc antibodies in rabbits.

2.2. Cell culture

HEK293, a human embryonic kidney cell line, were cultured at
37 °Cin a humidified atmosphere containing 5% CO,, in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS, 2 mM
glutamine, and 100 units/ml penicillin/streptomycin.

2.3. Site-directed mutagenesis and preparation of recombinant
proteins

Site-directed mutagenesis was performed using the Quik-
Change site-directed mutagenesis kit (Stratagene, La Jolla, CA). The
following mutagenic primers were used: 5'-GCTTCATCTGGGC-
CAGTAAAAACTATG-3' for C269S and 5-GGACTTGGCTGCTAGCAT-
TAAAGGTTTAC-3' for C379S, respectively, in which the substituted
serine codon is underlined. To prepare recombinant proteins, E. coli
transformed with pET-22b(+) vector containing the cDNA insert for
human IDPc or mutant IDPc (C269S and C379S) constructs was
grown and lysed, and His-tagged proteins were purified on nickel-
nitrilotriacetic acid agarose as described previously [16].

2.4. Knockdown of IDPc by siRNA

IDPc siRNA and control (scrambled) siRNA were purchased from
Samchully Pham (Seoul, Korea). The sequences of the dsRNAs of
IDPc and control used in the current experiments are as follows. For
IDPc, sense and antisense IDPc siRNA are 5'-GGACUUGGCUGC-
UUGCAUUATAT-3’ and 5-AAUGCAAGCAGCCAAGUCCATAT-3'. For
scrambled control, sense and antisense siRNAs are 5'-CUGAUGAC-
CUGAGUGAAUGATAT-3’ and 5'-CAUUCACUCAGGUCAUCAGATAT-
3’, respectively. HEK293 cells were transfected with 40 nM
oligonucleotide by using Lipofectamine RNAi MAX (Invitrogen) in
serum-free conditions according to the manufacturer’s protocol.
After incubation for 4 h, the cells were washed and supplemented
with fresh medium containing 10% FBS.

2.5. Enzyme assays

IDPc (5 g) or cytosolic fraction of cells was added to 1 ml of
40 mM Tris buffer, pH 7.4 containing NADP* (2 mM), MgCl,
(2 mM), and isocitrate (5 mM). Activity of IDPc was determined by
the production of NADPH at 340 nm at 25 °C. Caspase-3 activity
was determined with the colorimetric agent Ac-DEVD-pNA
(caspase-3 substrate) as described previously [17]. Grx1 activity
was determined as described previously [18].

2.6. Immunocytochemistry

Cells were seeded on 60 mm dishes to a density of 40-60% 1 day
before transfection of siRNA. After transfection of scrambled or
IDPc siRNA, cells were incubated for 2 days, and then cells were
fixed with 4% formaldehyde at room temperature for 20 min. The
IDPc level in HEK293 cells was determined with anti-IDPc antibody
(1:200 dilution) and anti-human IgG-FITC (excitation, 488 nm;
emission, 520 nm) conjugate (1:500 dilution) as a secondary

antibody, and then fluorescence was observed using a fluorescence
microscope.

2.7. RT-PCR analysis of IDPc

RNA was isolated using the RNeasy kit (Qiagen) according to the
manufacturer’s instruction. The cDNA template was then amplified
by quantitative RT-PCR using the following specific primers: IDPc,
5’-GCT TCA TCT GGG CCA GTA AAA ACT ATG-3' (forward) and 5'-
GTA AAC CTT TAA TGC TAG CAG CCA AGT CC-3’ (reverse); and
actin, 5'-TCT ACA ATG AGC TGC GTG TG-3' (forward) and 5'-ATC
TCC TTC TGC ATC CTG TC-3' (reverse). The amplified DNA products
were resolved on a 1% nondenaturing agarose gel, which was
stained with ethidium bromide.

2.8. Cellular redox status

NADPH was measured using the enzymatic cycling method as
described by Zerez et al. [19] and expressed as the ratio of NADPH
to the total NADP pool. Intracellular ROS generation was measured
using the oxidant-sensitive fluorescent probe DCFH-DA with
fluorescence microscopy. Intracellular peroxide concentrations
were also determined using a ferric sensitive dye, xylenol orange,
as described [20]. Superoxide anion production was measured
using the fluorescent probe DHE with a fluorescence microscope
[20]. Intracellular GSH levels were determined by using a GSH-
sensitive fluorescence dye CMAC. HEK293 cells (1 x 10° cells/ml)
were incubated with 5 uM CMAC cell tracker for 30 min. The
images of CMAC cell tracker fluorescence by GSH was analyzed
by the Zeiss Axiovert 200 inverted microscope at fluorescence
DAPI region (excitation, 351 nm; emission, 380 nm) [21]. The
concentration of total glutathione was determined by the rate of
formation of 5-thio-2-nitrobenzoic acid at 412 nm (¢=1.36 x
10*M'cm™ '), and GSSG was measured by the DTNB-GSSG
reductase recycling assay after treating GSH with 2-vinylpyridine
[22].

2.9. FACS

Apoptotic cells were analyzed by flow cytometry using PIL.
Labeled nuclei were subjected to flow cytometric analysis and then
gated on light scatter to remove debris, and the percentage of
nuclei with a sub-G; content was considered apoptotic cells.

2.10. DNA fragmentation assay

Oligonucleosomal DNA fragmentation was identified by aga-
rose gel electrophoresis [17]. DNA fragmentation was also
determined using the diphenylamine assay [23].

2.11. Mitochondrial redox status and damage

The fluorescent probe JC-1 was used to estimate mitochondrial
membrane potential. JC-1 (10 wM) was added to the cells and then
incubated at 37 °C for 30 min. The ratio of the intensity of green
fluorescent monomers to the intensity of aggregates of JC-1 is
directly related to mitochondrial membrane potential [24].
Mitochondrial membrane permeability transition (MPT) was
measured by the incorporation of rhodamine 123 dye into the
mitochondria, as previously described [20]. Cells were treated with
5 wM rhodamine for 15 min and excited at 488 nm with an argon
laser. The levels of mitochondrial hydrogen peroxide were
determined with the oxidant-sensitive fluorescent probe DHR
123 with fluorescent microscope [20]. Cells were incubated for
20 min at 37°C with 5uM DHR123 and cells loaded with
fluorescent probes were imaged with a fluorescence microscope.
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2.12. Cellular fractionation

To analyze the subcellular distribution of cytochrome c and
apoptosis-inducing factor (AIF), cells were fractionated into
cytosolic and membrane-bound fractions using low concentra-
tions of digitonin, which selectively permeabilizes the plasma
membrane to release the cytosol [25]. Cells were extracted with
digitonin in sucrose buffer (250 mM sucrose, 75 mM NaCl, 1 mM
NaH,PO,4, 8 mM NaHPO,4, 1 mM PMSF, 5 wg/ml leupeptin, 21 pg/
ml aprotinin, 12.5 pg/ml digitonin) to collect the cytosol. Cells
were centrifuged at 10,000 x g for 5 min, and the supernatants
were immunoblotted with antibodies against cytochrome ¢ and
AIF.

2.13. Western blot analysis

Proteins were resolved on a 10-12.5% SDS-polyacrylamide gel.
Following electrophoretic transfer of proteins onto nitrocellulose
membranes, the proteins were subsequently hybridized with
primary antibody (1:2000 dilution) and followed with a horse-
radish peroxidase-conjugated second antibody (1:2000 dilution).
Finally, the protein bands were visualized using the enhanced
chemiluminescence detection kit (Amersham Pharmacia Bio-
tech).

2.14. Quantitation of relative fluorescence

The averages of fluorescence intensity from fluorescence
images were calculated as described [26].
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2.15. Statistical analysis

The difference between two mean values was analyzed by
Student’s t-test and was considered to be statistically significant
when p < 0.05.

3. Results
3.1. Inactivation of IDPc by cadmium

Fig. 1A and B shows that cadmium inhibits IDPc activity in a
time- and concentration-dependent manner, reaching 60%
inhibition at 50 wM after 1 hincubation. One possible mechanism
for the inhibition of IDPc by cadmium could be the oxidation of
reactive sulfhydryl groups present on IDPc. We tested this
hypothesis using thiols such as DTT and GSH. The inhibition of
IDPc by cadmium was completely protected by both DTT and GSH
(Fig. 1C). To evaluate the protective effect of different substrates
on the inhibition of IDPc by cadmium, IDPc was pre-incubated
with either NADP" or isocitrate/MgCl, for 1h. Following the
removal of excess substrate using a Centricon filter unit (10 kDa
cutoff), IDPc samples were treated further with various concen-
trations of cadmium for 1 h. The addition of isocitrate/MgCl,
completely protected IDPc from inactivation, while NADP* did not
exhibit a protective effect against the cadmium-induced inhibi-
tion of IDPc (Fig. 1D). To determine which cysteine residue is a
target for cadmium, IDPc wild-type and cysteine mutants were
treated with various concentrations of cadmium for 1 h at 37 °C.
The remaining activity of the C269S mutant was not significantly
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Fig. 1. Inactivation of IDPc by cadmium. (A) Time-dependent inactivation of IDPc by cadmium. IDPc was incubated with 50 M cadmium (closed circles) or without cadmium
(open circles) at 37 °C and an aliquot of the incubation mixture was taken at indicated times, and then the remaining activity was determined. Data are presented as
means + S.D. of five separate experiments. (B) Concentration-dependent inactivation of IDPc by cadmium. IDPc was incubated with 0-100 M cadmium at 37 °C for 1 h. The
remaining activity was determined. Data are presented as means =+ S.D. of five separate experiments. (C) IDPc was incubated with 50 WM cadmium in the absence or in the presence
of 2 mM GSH or 10 mM DTT. Data are presented as means =+ S.D. of five separate experiments. (D) Effect of substrates on the inactivation of IDPc by cadmium. IDPc was pre-treated
with buffer alone (triangles), 1 mM NADP" (closed circles) or isocitrate (4 mM)-Mg?* (2 mM) (open circles) for 1 h at 37 °C. After excess substrates were removed by a Centricon filter
unit IDPc samples were further treated with various concentrations of cadmium for 1 h. Data are presented as means + S.D. of five separate experiments. (E) Identification of target
cysteine residue on IDPc. Wild-type and mutant IDPc proteins were treated with various concentrations of cadmium for 1 h at 37 °C, and the remaining activity was determined.
Activities are given as a percentage of the control value. Data are presented as means + S.D. of five separate experiments. (F) Inactivation of IDPc in cadmium-treated HEK293 cells.
HEK293 cells were incubated with various concentrations of cadmium for 8 h at 37 °C and the activity of IDPc was determined. Data are presented as means + S.D. of five separate

experiments.
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Fig. 2. Knockdown of IDPc by siRNA in HEK293 cells. (A) HEK293 cells were transfected with scrambled siRNA (Scr) or IDPc siRNA. After 48 h, the transfected cells were
disrupted by sonication, and then the activity, mRNA levels and protein levels of IDPc were determined. Data are presented as means + S.D. of three separate experiments.
*p < 0.01 versus scrambled siRNA-transfected cells. (B) Immunochemical detection of IDPc in HEK293 cells. The transfected cells were stained with anti-IDPc antibody and anti-
human IgG FITC conjugate as a secondary antibody. Fluorescence images were observed under microscopy. (C) NADPH versus total NADP pool in HEK293 transfectant cells. Data are
presented as means + S.D. of three separate experiments. *p < 0.01 versus scrambled siRNA-transfected cells. (D) Viability of transfectant cells exposed to cadmium. After IDPc
siRNA- (closed circles) or control scrambled siRNA-transfected (open circles) HEK293 cells were exposed to various concentrations of cadmium for 24 h at 37 °C, viability of cells was
determined by MTT assay. Data are presented as means + S.D. of three separate experiments. *p < 0.01 versus IDPc siRNA-transfected cells exposed to cadmium.

affected by cadmium, whereas the C378S mutant was inhibited in
a manner similar to IDPc wild-type (Fig. 1E). Taken together, we
propose that Cys?®° is a target for the inhibition of IDPc by
cadmium. To test whether cellular IDPc was inactivated, HEK293
cells were treated with cadmium (0-100 M) for 8 h. We found
that cell-derived IDPc activity was lost in a dose-dependent
manner (Fig. 1F).

3.2. Knockdown of cellular IDPc by siRNA

siRNA methodologies are rapidly being established, with
promising results in the inhibition of specific gene expression in
mammalian cells [27]. To test whether an in vitro-transcribed
siRNA specific for the mRNA of human IDPc displayed knockdown
activity, we assayed the activity and expression of the IDPc mRNA
and protein in HEK293 cells transiently transfected with IDPc
siRNA. The siRNA-transfected HEK293 cells exhibited significantly
reduced IDPc mRNA and protein expression levels when compared
with that of control cells transfected with a scrambled siRNA
(Fig. 2A). In addition, we used immunocytochemistry to confirm
the specific loss of the IDPc protein upon transfection with the
siRNA (Fig. 2B). The ratio for [NADPH]/[NADP* + NADPH] was
significantly decreased in IDPc siRNA-transfected cells compared
to control cells (Fig. 2C). When cultured HEK293 cells were treated
with various concentrations of cadmium, we observed concentra-
tion-dependent loss of cell viability. However, HEK293 cells
transfected with the IDPc siRNA were significantly more sensitive
to cadmium than control cells transfected with the scrambled
siRNA (Fig. 2D).

3.3. Role of IDPc siRNA in apoptosis induced by cadmium

We also evaluated the effects of transfection of the IDPc siRNA
on the cellular features of cadmium-induced apoptosis. To observe
the morphological characteristics of apoptosis, we exposed
HEK293 cells to 20 uM cadmium for 8 h, stained them with
Hoechst 33452, and examined them by fluorescence microscopy.
Control cells showed an even distribution of the fluorescent stain
and round homogenous nuclei. In contrast, the number of
apoptotic cells increased in the IDPc siRNA-transfected cells
exposed to cadmium and displayed a reduction in cell volume,
bright staining and condensed fragmented nuclei (Fig. 3A). To
determine the possible involvement of the IDPc siRNA in the
regulation of the cell cycle, we analyzed the effect of the IDPc siRNA
on HEK293 cells exposed to cadmium by flow cytometry. When
HEK293 cells were exposed to 20 uM cadmium for 8 h, the sub-G;
fraction of the cells increased markedly in IDPc siRNA-transfected
cells compared to the control cells. Cadmium-induced apoptosis in
HEK293 cells was determined by the measurement of DNA ladder
formation using agarose gel electrophoresis. DNA fragmentation
was further confirmed by the diphenylamine assay and we found
that DNA fragmentation was enhanced in IDPc siRNA-transfected
HEK293 cells compared to control cells upon exposure to cadmium
(Fig. 3C and D). We also evaluated the effect of the attenuated
expression of IDPc on the modulation of apoptotic marker proteins
in HEK293 cells. Caspase-3 activation in HEK293 cells was assessed
by caspase colorimetric assay and by immunoblot analysis.
Caspase-3 activity increased markedly in IDPc siRNA-transfected
HEK293 cells compared to control cells upon exposure to



1076
(A) Ser IDPc siRNA
Cd . .
+ . .
Cd
+ - 4+ - ScrsiRNA
IDPc siRNA

(B
C

d
+

p—

% DNA fragmentation T

—

S.W. Shin et al./Biochemical Pharmacology 79 (2010) 1072-1080

) Scr IDPc  siRNA
g
5 MI=377%| ] M1=4.77%
&4 84
o [y
S84 384
24 2
. - 200 400 600
FL2A
2. -}
< M1=2489%| = MI=49.73%
22 8]
is % m
a8 38
2 2
° ° L] 0 m“no 600
30r1 %*
20
10 f
0
+ = 1 = Scr siRNA
- + = +  IDPcsiRNA
= = + + Cd

Fig. 3. Cadmium-induced apoptosis in IDPc siRNA transfectant HEK293 cells. (A) HEK293 cells were treated with 20 M cadmium for 8 h. Cadmium-mediated morphologic
changes were examined by Hoechst 33452 staining and observed under fluorescence microscope. (B) Cell cycle analysis with cellular DNA content was examined by flow
cytometry. The sub-G, region (presented as ‘M1’) includes cells undergoing apoptosis. The number of each panel refers to the percentage of apoptotic cells. (C) Agarose gel
electrophoresis of nuclear DNA fragments of HEK293 transfectant cells exposed to 20 wM cadmium for 8 h. (D) DNA fragmentation was determined using a diphenylamine
assay. Data are presented as means =+ S.D. of three separate experiments. *p < 0.01 versus scrambled siRNA-transfected cells exposed to cadmium.

cadmium. As shown in Fig. 4A, cleavage of procaspase-3, induced
by cadmium, was more pronounced in IDPc siRNA-transfected
cells. The cleaved products of PARP and lamin B, which indicate the
imminent induction of apoptosis, increased markedly in IDPc
siRNA-transfected cells, compared to control cells upon exposure
to cadmium (Fig. 4B). Taken together, our results indicate that
cadmium induces cleavage of procaspase-3 to the active form of
caspase-3, which induces the degradation of PARP and lamin B.
Next, we used immunoblot analysis to evaluate the abundance of
Bcl-2, an antiapoptotic protein, and of Bax, a proapoptotic protein,
in order to determine the role played by the mitochondrial
apoptotic pathway in the cadmium-induced apoptosis of HEK293
cells. Upon exposure to cadmium the abundance of Bcl-2 decreased
whereas that of Bax increased markedly in IDPc siRNA-transfected
cells compared to control cells (Fig. 4B). It has been reported that
the expression of stress proteins such as heat shock proteins and
metallothionein are induced in response to cadmium exposure
[28]. HSP 70 increased higher in IDPc siRNA-transfected cells
compared to control cells. As shown in Fig. 4C, the abundance of
cytochrome c, a proapoptotic protein, and AIF in the cytosol of
HEK293 cells was significantly increased in IDPc siRNA-transfected
cells, compared to control cells, when exposed to cadmium. The
decreased level of cytochrome c in the mitochondrial fraction and
the increased level of AIF in the nuclear fraction of IDPc siRNA-
transfected cells exposed to cadmium were also observed. The
activation of JNK has been implicated in the induction of apoptosis,
whereas the activation of ERK and Akt has been considered as a
sign of cellular survival [29]. To evaluate the effect of IDPc siRNA on
the cadmium-mediated signaling pathway, we examined the
activation of MAPKs by Western blot analysis. We found that the
level of phospho-]NK increased, but the levels of phospho-ERK and

phospho-Akt decreased in HEK293 cells transfected with IDPc
siRNA to upon exposure to cadmium (Fig. 4D). The time course of
ERK activation differed from those observed to control cells and
IDPc siRNA-transfected cells. The time course of ERK activation in
the presence of cadmium showed a significant increase of pERK
after 30 min of treatment in IDPc siRNA-transfected cells whereas
ERK activation was observed after 2 h in control cells. At any rate,
the level of pERK was lower in IDPc siRNA-transfected cells
compared to control cells, when cells were exposed to cadmium for
8 h.

3.4. Role of IDPc siRNA in redox status

We hypothesized that the knockdown of IDPc expression in
HEK293 cells would decrease cellular reducing potential and
increase ROS formation, which in turn, induce apoptosis. Cellular
ROS levels were measured using the fluorescent probe DCFH-DA
and DHE. As shown in Fig. 5A and B, there was a greater increase of
DCF and DHE fluorescence in IDPc siRNA-transfected cells than in
control cells upon exposure to cadmium. We also observed
significantly higher intracellular levels of peroxides, as measured
by xylenol orange, in IDPc siRNA-transfected HEK293 cells exposed
to cadmium, compared to control cells (Fig. 5C). When cellular GSH
levels were measured using the GSH-sensitive fluorescent dye
CMAC, the CMAC fluorescence in IDPc siRNA-transfected HEK293
cells exposed to cadmium decreased significantly compared to
control cells (Fig. 5D). In addition, the ratio of [GSSG]/[GSH,], which
may reflect the efficiency of GSH turnover, was significantly higher
in cadmium-exposed HEK293 cells transfected with IDPc siRNA,
than in control cells (Fig. 5E). When intracellular GSH was further
depleted by BSO, a specific inhibitor of +y-glutamylcysteine
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scrambled siRNA-transfected cells exposed to cadmium. (B) Immunoblot analysis of apoptotic marker proteins in HEK293 transfectant cells exposed to cadmium. Cell extracts were
subjected to 10-12.5% SDS-PAGE and immunoblotted with antibodies against cleaved caspase-3, PARP, cleaved PARP, lamin B, Bcl-X;, Bax, Bid and HSP70. 3-Actin was used as an
internal control. (C) Immunoblot analysis of AIF and cytochrome c in cytosolic (Cy), mitochondrial (Mi) and nuclear (Nu) fractions of HEK293 transfectant cells exposed to cadmium.
(D) Immunoblot analysis of MAPKs in HEK293 transfectant cells exposed to cadmium. Cell extracts were subjected to 10-12.5% SDS-PAGE and immunoblotted with antibodies

against JNK, pJNK, ERK, pERK, Akt and pAkt.

synthetase, the apoptotic susceptibility of IDPc siRNA-transfected
HEK293 cells exposed to cadmium was markedly enhanced
(Fig. 6A). In contrast, pretreatment with the thiol oxidant NAC
suppressed the cadmium-induced increase in DCF fluorescence
and the modulation of apoptotic marker proteins in HEK293 cells
transfected with IDPc siRNA (Fig. 6B and C). It has been reported
that cytosolic Grx (Grx1) plays a vital role in sulfhydryl
homeostasis and cell survival [30]. When we examined Grx1
activity in HEK293 cells exposed to cadmium, the inhibition of
Grx1 was significantly more pronounced in IDPc siRNA-transfected
cells compared with control cells, indicating that IDPc plays a
protective role with respect to Grx1 (Fig. 6D). Taken together, these
results indicate that decrease in the activity of IDPc, due to the
siRNA enhances cadmium-induced apoptosis through the disrup-
tion of cellular redox status.

3.5. Role of IDPc siRNA in cadmium-induced mitochondrial damage

ROS are one of the major stimuli that affect mitochondrial
integrity and function in apoptosis [31]. We examined the changes

in the mitochondrial membrane potential and the MPT using the
fluorescent probes JC-1 and rhodamine 123, respectively. Cadmi-
um-induced disruption of the mitochondrial membrane potential
and MPT was more pronounced in IDPc siRNA-transfected cells
than in control cells (Fig. 7A and B). To determine whether
modulation of the mitochondrial integrity was accompanied by
changes in mitochondrial ROS, we evaluated the levels of
mitochondrial hydrogen peroxide in HEK293 cells using a confocal
microscope and the oxidant-sensitive probe DHR 123. As shown in
Fig. 7C, the intensity of fluorescence was significantly higher in
IDPc siRNA-transfected cells compared to control cells when
HEK293 cells were exposed to cadmium.

4. Discussion

Cells have developed an effective and complex mechanism in
order to cope with oxidative stress. These cellular defense
mechanisms involve antioxidant enzymes, such as SOD, catalase
and peroxidases [32]. In addition to using antioxidant enzymes to
sequester ROS, low-mass-antioxidants play an essential role, both
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Fig. 5. Cellular redox status of IDPc siRNA transfectant HEK293 cells exposed to 20 uM cadmium for 8 h. (A) Measurement of in vivo molecular oxidation. DCF fluorescence
was measured in HEK293 transfectant cells exposed to cadmium by fluorescence microscope. (B) Fluorescence image of DHE loaded cells was obtained under laser confocal
microscopy. (C) Production of peroxides in HEK293 cells was determined by the method described under Materials and methods. Data are presented as means + S.D. of five
separate experiments. (D) To determine the total GSH levels fluorescence image of CMAC-loaded cells was obtained under microscopy. (E) Ratio of GSSG versus total GSH pool in
IDPc siRNA transfectant cells. Data are presented as means =+ S.D. of five separate experiments. (A, B and D) The averages of fluorescence intensity were calculated as described [26].
Data are presented as means =+ S.D. of three separate experiments. (A-E) *p < 0.01 versus scrambled siRNA-transfected cells exposed to cadmium.

directly and indirectly, in maintaining the cellular redox status.
The reducing equivalent NADPH is required for the essential
components of antioxidant systems such as GSH turnover, NADPH-
dependent thioredoxin systems and the maintenance of catalase
activity [13-15]. Although glucose 6-phosphate dehydrogenase
(G6PDH), a key enzyme in the pentose phosphate pathway, has
long been regarded as the major enzyme involved in generating
cytosolic NADPH, we recently reported that IDPc also helps to
supply NADPH in the cytosol [33]. Furthermore, it has been shown
that IDPc of rat liver has an approximately 20-fold higher specific
activity than G6PDH [34]. Since antioxidant enzymes normally act
in concert, it is likely that the suppression of IDPc activity
exacerbates the ROS-mediated cellular responses. Recently, we
reported that IDPm, the mitochondrial counterpart of IDPc, is
inactivated by cadmium and that the down-regulation of IDPm
expression by an antisense cDNA enhanced cadmium-induced
apoptosis [35].

In the present study, we demonstrate that cadmium can inhibit
IDPc activity both as a purified enzyme and in cultured cells. In
contrast, it has been shown that low concentrations of Cd?*
increase the expression of G6PDH [36]. Furthermore, it has been
demonstrated that G6PDH activity in ovarian extracts was not
diminished in response to treatment with 1 mM Cd?* [37]. The
major mechanism by which cadmium suppresses IDPc activity
appears to be the direct action of cadmium on IDPc itself. In
addition, it is possible that cadmium could inhibit IDPc activity via
the generation of free radicals. As Cd?" is not a redox-active metal,
it has been proposed that it may induce ROS generation indirectly
by inducing the release of redox-active metals such as Cu?* and
Fe" from proteins [38]. The in vitro inhibition of cadmium by IDPc
was protected by reducing agents such as DTT and GSH. These
findings strongly suggest that a thiol redox mechanism may be
involved in the inhibitory effect of cadmium on IDPc. It has been
shown previously that cadmium oxidizes sulfhydryl groups

present in proteins [7]. Thus, it is possible that cadmium could
inhibit IDPc activity by interacting with redox-active cysteine
residue(s) on the enzyme. The importance of sulfhydryl groups for
IDPc activity was confirmed by previous data, which demonstrated
that thiol-modifying agents, such as ROS, reactive nitrogen species
and lipid peroxidation products, abolished IDPc activity in vitro
[16,39-41]. Since the addition of the substrate isocitrate-Mg?*
prevented the inactivation of IDPc, we conclude that cadmium
binding sites are likely to include a cysteine residue near the
isocitrate-Mg?* binding site. Site-directed mutagenesis results
revealed that Cys?®°, a residue that presumably resides in the
isocitrate-Mg?* binding site, is a target for cadmium.

Our results show that transfecting HEK293 cells with IDPc
siRNA sensitized the cells to cadmium-induced apoptosis. Apopto-
sis was characterized by chromatin condensation, DNA fragmen-
tation, the modulation of mitochondrial integrity and the
modulation of apoptotic marker proteins. Since cadmium may
trigger cell death by caspase-dependent and/or-independent
mechanisms, depending on cell type [42], we investigated the
role of caspase-3 in cadmium-induced apoptosis. Our results show
that cadmium significantly increased the proteolytic cleavage of
procaspase-3 and PARP in IDPc siRNA-transfected HEK293 cells.
Pretreatment of cells with the antioxidant NAC almost completely
blocked the increase in cleaved caspase-3 and PARP, induced by
cadmium in IDPc siRNA-transfected HEK293 cells. This result
suggested that the enhancement of ROS generation in cells
exposed to cadmium is associated with the activation of the
caspase-3 signaling pathway, which contributes to cell death. Bid,
a BH3 domain-containing proapoptotic Bcl-2 family member, can
be cleaved by caspase-8. The Bid carboxyl-terminal fragment,
resulting from this cleavage event, translocates to the mitochon-
dria to induce the release of cytochrome c, which is 500 times more
numerous than Bax [43]. In the present study, the significant
decrease in the proform of the Bid protein indicates that Bid



S.W. Shin et al./Biochemical Pharmacology 79 (2010) 1072-1080 1079
(A) Cd
+ - 4+ = 4+ = SersiRNA
- + - 4+ =~ + IDPcsiRNA
- - - - 4+ + BSO 100 r
£
Cleaved PARP —» - - g %0y
&
Lamin B —b- e e e — - Eﬁ 60 1
— = 40f
BelxL. — [ 0y | &
= 20
: =
Bractin —| s a—" - —— -
(B) 2s0 (C) Cd
CR. + = 4+ = 4 = ScrsiRNA (D) 120
§ 2 - 4+ - 4+ - 4+ IDPcsiRNA = 100
¢ - - - - NAC £
5 150 + + 5 w0
= ‘ o 60
v 100 Cleaved PARP —» — — g
g %* = 40
o 20
oL aim "
BelxL—>-|mn o o = = = 0 25 50 75 100
- + + Cd
Cd (nM)
- - +  NAC B-actin —| (1D 9 W =0 W W

Fig. 6. ROS-mediated mechanism of cadmium-induced apoptosis in HEK293 transfectant cells exposed to cadmium. (A) HEK293 transfectant cells were pre-treated with
1 mM BSO for 12 h, and then cells were exposed to 20 wM cadmium for 8 h. Modulation of apoptotic marker proteins was evaluated by imunoblotting analysis (left). The
cellular levels of GSH in HEK293 cells exposed to cadmium in the absence and presence of BSO were determined (right). Data are presented as means + S.D. of three separate
experiments. (B) IDPc siRNA-transfected HEK293 cells pre-incubated for 2 h in the presence or absence of 5 mM NAC were treated with 20 wM cadmium for 8 h. The averages of
fluorescence intensity were calculated as described [26]. Data are presented as means + S.D. of three separate experiments. Open and shaded bars represent HEK293 cells
transfected with scrambed siRNA and IDPc siRNA, respectively. *p < 0.01 versus cells exposed to cadmium in the absence of NAC. (C) Immunoblot analysis of apoptotic marker
proteins in cadmium-exposed HEK293 transfectant cells in the presence or absence of NAC. (D) Protective effect of IDPc on cadmium-induced Grx1 inactivation. Activities of Grx1 in
IDPc siRNA transfectant HEK293 cells exposed to various concentrations of cadmium for 12 h were determined. Data are presented as means of three separate experiments.

cleavage is markedly increased in IDPc siRNA-transfected cells
exposed to cadmium. While another Bcl-2 family member, Bax,
promotes cytochrome c release, Bcl-2 and Bcl-X; counteract the
effect of Bax and inhibit the release of cytochrome c [44]. In our
study, the reduction of IDPc activity in IDPc siRNA-transfected cells
enhanced the cadmium-induced decrease in Bcl-X; and increase in
Bax. In addition, immunoblotting demonstrated that the translo-
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cation of AIF into the nucleus, a mitochondrial protein to be
involved in caspase-independent pathway, was significantly
enhanced in IDPc siRNA-transfected cells exposed to cadmium.
Taken together, these results indicate that the suppression of IDPc
expression by the siRNA shifts the cellular redox status to a pro-
oxidant state and subsequently enhances the apoptotic pathway in
HEK293 cells exposed to cadmium.
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