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Abstract
 Curcumin is a polyphenol derived from the plant  Curcuma longa  that induces apoptotic cell death in malignant cancer 
cell lines. It has been shown previously that mitochondrial NADP  �  -dependent isocitrate dehydrogenase (IDPm) plays an 
essential role in defense against oxidative stress by supplying NADPH for antioxidant systems. This study demonstrates 
that curcumin decreased the activity of IDPm, both as a purifi ed enzyme and in cultured cells. It also shows that curcumin-
induced apoptosis in the colon cancer cell line HCT116 is signifi cantly enhanced by suppression of IDPm activity. Trans-
fection of HCT116 cells with an IDPm small interfering RNA (siRNA) markedly decreased activity of IDPm, enhancing 
cellular susceptibility to curcumin-induced apoptosis, as refl ected by DNA fragmentation, cellular redox status, mitochon-
dria dysfunction and modulation of apoptotic marker proteins. Together, these results suggest that application of curcumin 
together with IDPm siRNA may be an effective combination modality in the treatment of cancer.  

  Keywords:   Antioxidant enzyme  ,   siRNA  ,   apoptosis  ,   curcumin  ,   redox status   
  Introduction 

 Curcumin is a natural lipid-soluble yellow pigment 
extracted from turmeric ( Curcuma longa ), a rhizome 
used in India for centuries as a spice and medicinal 
agent [1]. It possesses a wide range of biological and 
pharmacological properties. These include the ability 
to promote cell shrinkage, chromatin condensation 
and oxidative DNA damage [2]. Curcumin can also 
inhibit infl ammatory processes [3] and act as an anti-
oxidant [4]. It can inhibit tumour proliferation in cell 
lines [5] and animals [6] and, importantly, it has been 
shown to induce apoptosis in a range of malignant 
cancer cell lines [7]. The potential of curcumin as a 
cancer therapeutic has been widely studied and a num-
ber of mechanistic explanations for its activity have 
been proposed [1,8]. Recently, modifi cation of thiore-
doxin reductase has been proposed as a potential 
mechanism for the anti-cancer effects of curcumin [9]. 
In this report, alkylation of cysteine and selenocysteine 
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residues of enzyme has been proposed as an inhibitory 
mechanism of curcumin. 

 Reactive oxygen species (ROS) are thought to 
regulate the processes involved in the initiation of 
apoptotic signalling [10]. To overcome lethal oxida-
tive environments, cells have evolved a series of anti-
oxidant defense systems. Despite these protective 
mechanisms, excessive production of ROS can lead 
to tissue injury and is associated with various dis-
eases, including cancer [11]. In addition, if antioxi-
dant enzymes are inactivated or down-regulated, the 
harmful effects of oxidative stress may be exacer-
bated. In this respect, a unique anti-tumour strategy 
can be envisaged that selectively induces excess oxi-
dative stress in tumour cells or preferentially dis-
rupts the antioxidative defense systems of tumour 
cells [11]. The primary defenses against ROS 
generated from mitochondria are mitochondrial 
manganese superoxide dismutase (MnSOD) [12], 
gy, College of Natural Sciences, Kyungpook National University, 
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glutathione peroxidase [13] and peroxiredoxin 3 [14]. 
Reduced glutathione (GSH) participates in cellular 
defense as a potent antioxidant, but also as a sub-
strate for mitochondrial glutathione peroxidase and 
glutathione-dependent phospholipids hydroperoxi-
dase [15]. GSH levels in mitochondria are main-
tained by NADPH-dependent glutathione reductase 
[16]. NADPH is also required for the regeneration 
of the thioredoxin system, which is essential for the 
maintenance of cellular thiol homeostasis [17]. In 
this context, mitochondrial NADPH is of funda-
mental importance in the defense against ROS. The 
isocitrate dehydrogenases (ICDHs, EC1.1.1.41 and 
EC1.1.1.42) catalyse the production of NADH or 
NADPH, from NAD  �   or NADP  �  , through the oxi-
dative decarboxylation of isocitrate, to   a  -ketoglutarate 
and require either NAD  �   or NADP  �  , producing 
NADH and NADPH, respectively [18]. We have 
shown that mitochondrial ICDH (IDPm) is involved 
in the supply of NADPH needed for GSH produc-
tion in response to mitochondrial oxidative damage 
[19]. Therefore, attenuation of IDPm activity may 
result in the perturbation of the redox homeostasis 
and it may increase the sensitivity of tumour cells to 
anti-cancer agents. 

 In the present report, we show that curcumin can 
inactivate IDPm by a mechanism likely to involve 
modifi cation of sulphydryl groups in the enzyme. We 
also report that specifi c inhibition of IDPm expres-
sion by a small interfering RNA (siRNA) led to 
enhanced curcumin-induced apoptosis in a colon 
cancer cell line. The application of IDPm siRNA as a 
sensitizer for curcumin-induced apoptotic cell death 
offers a promising therapeutic approach for the treat-
ment of cancer.   

 Materials and methods  

 Materials 

   b  -NADP  �  , isocitrate, curcumin, dithiothreitol (DTT), 
5,5 ′ -dithiobis(2-nitrobenzoic acid) (DTNB), GSH, 
N-acetylcysteine (NAC), propidium iodide (PI) and 
anti-rabbit IgG tetramethylrhodamine isothiocyanate 
(TRITC) conjugated secondary antibody were obtained 
from Sigma Chemical Co. (St. Louis, MO).  N,N ′  -
D imethy l -  N  ( i odoace t y l ) -  N ′   - (7 -n i t robenz -
2-oxa-1, 3-diazol-4-yl)ethyleneamine (IANBD), 2 ′ ,
7′  -dichlo rofl uoroscin diacetate (DCFH-DA), dihy-
drorhodamine 123 (DHR 123) and rhodamine 123 
were purchased from Molecular Probes (Eugene, 
OR). Antibodies were purchased from Santa Cruz 
(Santa Cruz, CA) and Cell Signaling (Beverly, 
MA). A peptide representing the N-terminal 16 
amino acids of mouse IDPm (ADKRIKVAKPV-
VEMPG) was used to prepare polyclonal anti-
IDPm antibodies [19].   
 Vector construction 

 For the construction of the His-tagged IDPm purifi -
cation vector pET14b-IDPm, a 1.3-kb DNA encod-
ing the IDPm gene ( IDH2 ) was amplifi ed from LNCX 
containing the cDNA insert for IDPm by polymerase 
chain reaction. In brief, the 5′  -primer oligonucleotide 
(5 ′ -GGAATTCCATATGGCTGAGAAGAGGA-
3 ’ ), which annealed to the 5′   end of  IDH2  and intro-
duced an NdeI site, and 3′  -primer oligonucleotide 
(5 ′ -CAGGATCCCTACTGCTTGCCCA-3′  ), com-
plementary to the 3 ′  terminus of  IDH2  but inserted 
as a BamHI site, were used as primers.   

 Site-directed mutagenesis and preparation 
of recombinant proteins 

 Site-directed mutagenesis was performed using the 
QuikChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA). The following mutagenic primers 
were used: 5 ′ -GCTTTGTGTGGGCT TCC AAGA
ACTATGATG-3′   for C269S and 5 ′ -GACCTGGCT
GGT TCT ATCCATGGCCTCAG-3 ′  for C379S, res-
pectively, in which the substituted serine codon is 
underlined. To prepare recombinant proteins,  E. coli  
transformed with pET14b containing the cDNA 
insert for mouse IDPm or mutant IDPm (C269S, 
C379S and C269S/C379S double mutant) constructs 
were grown and lysed and His-tagged proteins were 
purifi ed on Ni-nitrilotriacetic acid agarose as described 
previously [20].   

 Cell culture and cytotoxicity 

 Cells were grown in Dulbecco ’ s modifi ed Eagle ’ s 
medium supplemented with 10% FBS, 2 mM glu-
tamine and 100 units/ml penicillin/streptomycin in an 
incubator containing a humidifi ed atmosphere of 
95% air and 5% CO 2  at 37 ° C. Cell viability following 
treatment with different concentrations of curcumin 
was determined by trypan blue dye exclusion test.   

 Knockdown of IDPm by siRNA 

 IDPm siRNA and control (scrambled) siRNA were 
purchased from Samchully Pharm (Seoul, Korea). 
The sequences of the dsRNAs of IDPm and control 
used in the current experiments are as follows. For 
IDPm, sense and antisense siRNAs are 5 ′ -AGAC
CGACUUCGACAAGAAdTdT-3 ′  and 5 ′ -UUCUU
GUCGAAGUCGGUCUdTdT-3 ′ , respectively. For 
scrambled control, sense and antisense siRNAs 
are 5′  -CUGAUGACCUGAGUGAAUGdTdT-3′   and 
5 ′ -CAUUCACUCAGGUCAUCAGdTdT-3 ′  , 
respectively. HCT116 cells were transfected with 20 
nM oligonucleotide using Lipofectamine (Invitrogen) 
in serum-free conditions according to the manufacturer ’ s 
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protocol. After incubation for 24 h, the cells were 
washed and supplemented with fresh medium con-
taining 10% FBS.   

 Enzyme activity assays 

 IDPm (6.5  μ g) was added to 1 ml Tris buffer, pH 7.4, 
containing NADP  �   (2 mM), MgCl 2  (2 mM) and 
isocitrate (5 mM). Activity of IDPm was measured 
by the production of NADPH at 340 nm at 25 ° C. 
For the determination of IDPm activity in HCT116 
cells, the isolated mitochondrial pellets were resus-
pended in 1 �  PBS containing 0.1% Triton-X100, 
disrupted by ultrasonication (4710 Series, Cole-
Palmer, Chicago, IL) twice at 40% of maximum set-
ting for 10 s and centrifuged at 15,000 x g for 30 min. 
The supernatant was used to measure the activity of 
IDPm. The enzymatic assay of caspase-3 was mea-
sured by using the manufacturer ’ s protocol (Promega, 
Madison, WI). Briefl y, cells were suspended in a lysis 
buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 
0.1% CHAPS, 1 mM DTT and 0.1 mM EDTA) for 
10 min at 0 ° C and centrifuged at 10,000 �  g  for 10 
min at 4 ° C. The supernatant containing 100  μ g pro-
tein was incubated with reaction buffer (100 mM 
HEPES, pH 7.4, 0.5 mM PMSF, 10 mM dithiothre-
itol, 1 mM EDTA and 10% glycerol) containing cas-
pase colourimetric substrate DEVD-pNA and 
incubated for 2 h at 37 ° C. The absorbance was then 
monitored at 405 nm to determine the caspase activity.   

 IANBD labelling of IDPm 

 Purifi ed IDPm was labelled with a 15-fold molar 
excess of IANBD in a total volume of 100  μ l of buf-
fer (50 mM Tris-HCl, pH 7.4/100 mM NaCl). The 
reaction was allowed to proceed for 1 h at room tem-
perature in the dark. The labelled IDPm was analysed 
by 10% SDS-PAGE. Incorporated IANBD was visu-
alized by photographing the gel under UV light.   

 Immunoblot analysis 

 Proteins were separated on 10 – 12.5% SDS-
polyacrylamide gel, transferred to nitrocellulose mem-
branes and subsequently subjected to immunoblot 
analysis using appropriate antibodies. Proteins were 
visualized by using horseradish peroxidase-labelled 
anti-rabbit IgG and an enhanced chemiluminescence 
detection kit (Amersham Pharmacia Biotech, Buck-
inghamshire, UK).   

 Cellular redox status 

 Intracellular peroxide production was measured 
by confocal microscopy of DCFH oxidation using 
DCFH-DA as a probe. Cells were grown at 2  �  10 6  
cells per 100-mm plate containing slide glass coated 
with poly-L-lysine and maintained in the growth 
medium for 24 h. Cells were treated with 10  μ M 
DCFH-DA for 15 min and cells on the slide glass 
were washed with PBS and a cover glass was put on 
the slide glass. 2 ′ ,7 ′ -Dichlorofl uorescein (DCF) fl uo-
rescence (excitation, 488 nm; emission, 520 nm) was 
imaged by confocal microscopy. NADPH was 
measured using the enzymatic cycling method as 
described by Zerez et al. [21] and expressed as the 
ratio of NADPH to the total NADP pool. The con-
centration of total glutathione was determined by 
the rate of formation of 5-thio-2-nitrobenzoic acid at 
412 nm (  e    �  1.36  �  10 4  M  − 1 cm  − 1 ), and oxidized 
glutathione (GSSG) was measured by the DTNB-
GSSG reductase recycling assay after treating GSH 
with 2-vinylpyridine [22].   

 DNA fragmentation 

 Cells were collected by centrifugation, resuspended 
in 250  μ l 10 mM Tris and 1 mM EDTA, pH 8.0 (TE 
buffer) and incubated with one additional volume of 
lysis buffer (5 mM Tris, 20 mM EDTA and 0.5% 
Triton X-100, pH 8.0) for 30 min at 4 ° C. After lysis, 
the intact chromatin (pellet) was separated from DNA 
fragments (supernatant) by centrifugation for 15 min 
at 13,000 � g. Pellets were resuspended in 500  μ l TE 
buffer and samples were precipitated by adding 500 
 μ l 10% trichloroacetic acid at 4 ° C. Samples were 
pelleted at 4000 � g for 10 min and the supernatant 
was removed. After addition of 300  μ l 5% trichloroa-
cetic acid, samples were boiled for 15 min. DNA con-
tent was quantitated using the diphenylamine reagent. 
The percentage of fragmented DNA was calculated 
as the ratio of the DNA content in the supernatant 
to the amount in the pellet.   

 FACS 

 For analysis of cell cycle distribution, HCT116 cells 
were collected at 2000 � g for 5 min and washed once 
with cold PBS, fi xed in 70% ethanol, decant ethanol 
by centrifuge and stained with PI. Labelled nuclei 
were subjected to fl ow cytometric analysis and then 
gated on a light scatter to remove debris and the per-
centage of nuclei with a sub-G 1  content was consid-
ered apoptotic cells.   

 Mitochondrial redox status and damage 

 To determine the levels of mitochondrial ROS cells 
in PBS were incubated for 20 min at 37 ° C with 5  μ M 
DHR 123 and cells loaded with the fl uorescent probes 
were imaged with a fl uorescence microscope. Mito-
chondrial membrane permeability transition (MPT) 
was measured by the incorporation of rhodamine 123 
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dye into the mitochondria, as previously described 
[23]. Cells were exposed to curcumin and then treated 
with 5  μ M rhodamine 123 for 15 min and excited at 
488 nm with an argon laser.   

 Statistical analysis 

 The difference between two mean values was analy-
sed by Student ’ s  t -test and was considered to be sta-
tistically signifi cant when  p   �  0.05.    

 Results and discussion 

 IDPm is an essential enzyme in cellular defence against 
oxidative damage by supplying NADPH in the mito-
chondria [19]. We have shown previously that increased 
IDPm expression resulting from transfection of IDPm 
cDNA protected cells from apoptosis induced by 
various cellular conditions causing oxidative stress, 
including hyperglycaemia, heat shock and   g  -irradiation 
[24 – 26]. Conversely, inhibition of IDPm activity by 
the specifi c competitive inhibitor oxalomalate or down-
regulation of IDPm expression by antisense cDNA 
or IDPm siRNA enhanced apoptosis of cancer cells 
exposed to   g  -irradiation, tumour necrosis factor-  a   and 
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staurosporine [26 – 28]. Therefore, we hypothesized 
that suppression of IDPm expression may sensitize 
cancer cells to curcumin-induced apoptosis. 

 When IDPm was incubated with curcumin, a con-
centration- and time-dependent loss of enzyme activ-
ity was observed (Figure 1A). The inclusion of 10 mM 
DTT or 10 mM GSH during incubation blocked the 
inhibition of IDPm by 50  μ M curcumin (Figure 1B), 
suggesting that curcumin targets cysteine residues of 
IDPm. To further confi rm the reaction between 
cysteinyl thiol groups of IDPm and curcumin, IDPm 
was labelled with a sulphydryl-specifi c fl uorophore 
IANBD in the presence of curcumin. As shown in 
Figure 1C, the intensity of IANBD-labelled IDPm 
was decreased by curcumin in a concentration-
dependent manner. It has been proposed that cysteine 
residues in IDPm could be potential targets of sulp-
hydryl modifying agents [29,30]. The total number 
of cysteine residues in mammalian IDPm has been 
reported to be 8.2 – 8.8 mol/mol sub-unit [31]. In 
these cysteines, Cys 269  and Cys 379  were regulated by 
N-ethylmaleimide and the main site of modifi ed 
cysteines [29]. Cys 269  has a catalytic role, most likely 
by promoting the binding of Mn 2 �   in the presence 
of isocitrate. Cys 379  is not essential for catalysis, but 
is the binding site for NADP  �   [29]. To identify which 
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cysteine residue was involved in the inactivation of 
IDPm by curcumin, IDPm wild-type and cysteine 
mutants were treated with 50  μ M curcumin for 1 h at 
37 ° C. The activity of the C379S/C269S double mutant 
and the C379S mutant was not affected by curcumin, 
but the C269S mutant was inhibited by curcumin to 
the same degree as wild-type IDPm (Figure 1D). 
Therefore, we suggest that Cys 379  is a target for the 
inhibition of IDPm by curcumin. A concentration-
dependent inhibition of IDPm in HCT116 cells was 
observed when cells were treated with various concen-
trations of curcumin for 24 h (Figure 1E). The treat-
ment of the thiol antioxidant NAC protected the 
curcumin-induced inactivation of IDPm in HCT116 
cells (Figure 1F). In animal and human studies, cur-
cumin undergoes metabolic conjugation which gener-
ates major metabolites such as curcumin glucuronide 
and curcumin sulphate [32]. The effect of curcumin 
conjugates on the activity of enzyme containing sulp-
hydryl groups remains under investigation. 

 The knockdown of gene expression by siRNA is a 
powerful tool for the study of gene function  in vivo  [33]. 
To examine the role of IDPm in curcumin-induced 
apoptosis, we used specifi c  in vitro -transcribed siR-
NAs for knockdown of human IDPm in HCT116 
cells. This experimental protocol was effective in 
decreasing IDPm protein levels (Figure 2A). The 
IDPm enzyme activity was also decreased by IDPm 
siRNA in HCT116 cells, with and without curcumin 
treatment (Figure 2B). When cultured cancer cell 
lines, such as HeLa, HCT116 and PC3, were treated 
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diphenylamine assay. Data are presented as means  �  SD of three separate experiments;   ∗ p   �  0.01 vs control cells exposed to curcumin. 
(B) Cell cycle analysis with cellular DNA content was examined by fl ow cytometry. The sub-G 1  region (presented as  ‘ M1 ’ ) includes cells 
undergoing apoptosis. The number of each panel refers to the percentage of apoptotic cells. (C) Activation of caspase-3 in HCT116 
transfectant cells exposed to 40  μ M curcumin for 24 h. HCT116 cells were lysed and centrifuged. The supernatant was then added to 
DEVD-pNA and subjected to caspase colourimetric activity. Protease activity of caspase-3 was calculated by monitoring the absorbance 
at 405 nm. Data are presented as means  �  SD of three separate experiments.   ∗ p   �  0.01 vs control cells exposed to curcumin. 
(D) Immunoblot analysis of various apoptosis-related proteins in HCT116 transfectant cells unexposed or exposed to 40  μ M curcumin 
for 24 h. Cell extracts were subjected to 10 – 12.5% SDS-PAGE and immunoblotted with antibodies against cleaved caspase-3, cleaved 
PARP, and lamin B.   b  -Actin was run as an internal control. (E) Effect of IDPm siRNA on MPT. MPT of HCT116 transfectant cells was 
measured by the incorporation of rhodamine123 dye into the mitochondria. Fluorescence images were obtained under microscopy. (F) 
Effect of IDPm siRNA on mitochondrial ROS generation. DHR 123 was employed to detect mitochondrial ROS. Fluorescence images 
were obtained under microscopy. The averages of fl uorescence intensity were calculated as described [23]. Data are presented as means  �  
SD of three separate experiments.   ∗ p   �  0.01 vs control cells exposed to curcumin.  
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caspase-3, the main protease responsible for PARP 
and lamin B cleavage. 

 ROS are one of the major stimuli that change mito-
chondrial integrity, an effect that is refl ected by alter-
ations in MPT [35]. To determine whether IDPm 
siRNA transfection modulates the MPT upon expo-
sure to curcumin, we assessed the change in MPT 
by measuring the intensity of rhodamine 123 fl uores-
cence. In this assay, high fl uorescence indicates healthy 
mitochondria. Signifi cantly less rhodamine 123 dye 
was taken up by the mitochondria of IDPm siRNA-
transfected cells compared to control cells (Figure 
3E). In order to associate the changes in MPT with 
ROS in mitochondria, the levels of mitochondrial 
ROS in HCT116 cells were evaluated using the 
oxidant-sensitive probe DHR 123. The intensity of 
fl uorescence was markedly increased in IDPm siRNA-
transfected cells compared to that in the mitochondria 
of control cells when HCT116 cells were exposed to 
curcumin (Figure 3F). 

 In order to investigate whether the difference 
in apoptotic cell death between control and IDPm 
siRNA-transfected cells upon exposure to curcumin 
was associated with ROS formation, the levels of 
intracellular peroxides in the HCT116 cells were 
evaluated by confocal microscopy using the specifi c 
oxidation-sensitive fl uorescent probe DCFH-DA. 
When HCT116 cells were treated with 40  μ M cur-
cumin for 24 h, the increase of DCF was signifi cantly 
enhanced in IDPm siRNA-transfected cells as com-
pared to control cells (Figure 4A). NADPH, required 
for GSH generation by glutathione reductase, is an 
essential factor for the cellular defence against oxida-
tive damage. The ratio for [NADPH]/[NADP  �    �  
NADPH] was signifi cantly decreased in cells treated 
with curcumin and the decrease in this ratio was 
much more pronounced in IDPm siRNA-transfected 
cells (Figure 4B). When the cells were exposed to 
curcumin, the ratio for [GSSG]/[GSH t ] was higher 
in HCT116 cells transfected with IDPm siRNA 
compared to that of control (Figure 4C). In order to 
determine whether the observed increase in ROS 
generation and caspase-3 activation had any rele-
vance in IDPm siRNA-transfected cells exposed to 
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 Figure 4.     Cellular redox status of HCT116 transfectant cells exposed to curcumin. (A) Measurement of  in vivo  molecular oxidation. DCF 
fl uorescence was measured in HCT116 transfected cells exposed to curcumin by confocal microscope. The averages of fl uorescence 
intensity were calculated as described [23]. Data are presented as means  �  SD of three separate experiments.   ∗ p   �  0.01 vs control cells 
exposed to curcumin. (B) NADPH vs total NADP pool in HCT116 transfectant cells exposed to 40  μ M curcumin for 24 h. Data are 
presented as means  �  SD of fi ve separate experiments.   ∗ p   �  0.01 vs control cells exposed to curcumin. (C) GSSG vs total GSH pool in 
HCT116 transfectant cells. Data are presented as means  �  SD of three separate experiments.  ∗   ∗ p   �  0.05 vs control cells exposed to 
curcumin. (D) Immunoblot analysis of cleaved PARP in NAC-pretreated (10 mM, 24 h) HCT116 transfectant cells exposed to 40  μ M 
curcumin for 24 h.   b  -Actin was run as an internal control.  
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curcumin, the effect of NAC was examined. Pre-
treatment with 10 mM NAC for 24 h suppressed the 
modulation of apoptotic marker proteins in IDPm 
siRNA-transfected HCT116 cells exposed to 40  μ M 
curcumin (Figure 4D). 

 In conclusion, the present work shows that cur-
cumin can inhibit IDPm activity by modifying the 
sulphydryl group of Cys 379 . Inhibition of IDPm, 
which will affect the antioxidant defense system via 
attenuation of NADPH generation, is a potential 
mechanism contributing to the anti-tumour effects 
of curcumin. IDPm siRNA transfection was also 
effective in sensitizing HCT116 cells to curcumin-
induced apoptotic cell death, alterations in cellular 
redox status and mitochondrial dysfunction. Sensiti-
zation to curcumin-induced apoptosis by IDPm 
siRNA transfection may have signifi cance in cancer 
treatment. During consecutive chemotherapy, the 
development of resistance to apoptosis in the cancer 
cells is a major cause of treatment failure. Thus, the 
combination of curcumin and IDPm siRNA may be 
a novel modality for improving the therapeutic ratio 
of chemotherapy. 
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