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ABSTRACT. TRAIL is a member of the tumor necrosis factor family and engages apoptosis via recruitment and rapid activation of caspase-
8. This study investigated the effect of carbonyl cyanide m-chlorophenylhydrazone (CCCP), a classic uncoupler of oxidative phospho-
rylation, on TRAIL-induced apoptosis in SNU-638 cells derived from human gastric cancer cells. It was found that treatment with CCCP
followed by incubation with TRAIL markedly enhanced apoptosis by 2 fold compared with treatment with TRAIL alone. This effect
was accompanied by reduction in mitochondrial transmembrane potential and generation of reactive oxygen species. This sensitization
was inhibited by N-acetyl-l-cysteine, which restored the mitochondrial transmembrane potential and reduced reactive oxygen species gen-
eration. Treatment with N-acetyl-L-cysteine also inhibited expression of apoptotic proteins such as Bax and Smac and abrogated caspase-
8 activation. Moreover, treatment with N-acetyl-L-cysteine prior to induction with TRAIL increased expression of the anti-apoptotic Bcl-
2 protein. These data indicate that CCCP enhanced TRAIL-induced apoptosis by dissipation of mitochondrial transmembrane potential
and reactive oxygen species, suggesting that treatment with CCCP combined with that with TRAIL can be an efficient method to induce

death of tumor cells, particularly cells that are resistant to TRAIL-induced apoptosis.

KEY WORDS: caspase, CCCP, reactive oxygen species, TRAIL.

J. Vet. Med. Sci. 70(6): 537542, 2008

Apoptosis is a tightly regulated cell death program that
plays a key role in a variety of biological processes. Unlike
necrosis, apoptosis is a fundamental biochemical process
that involves selective and controlled elimination of cells in
multicellular organisms during normal cellular differentia-
tion and development [5, 20, 24]. Apoptosis is characterized
by membrane blebbing, nuclear fragmentation and forma-
tion of apoptosomes and is involved in tissue homeostasis,
aging, various pathological processes and irreversible cell
injury [9, 20]. Regulation of apoptosis occurs through
extrinsic and intrinsic pathways. The extrinsic pathway is
engaged through the so-called death receptors on the cell
surface [2, 3, 15]. Mitochondria play an important role in the
intrinsic pathway. Misregulation or failure of apoptosis can
result in development of cancer, and resistance to antitumor
treatment might be due to the insensitivity of cancer cells to
induction of apoptosis. Therefore, apoptosis is a mechanism
that needs to be exploited when developing new chemother-
apies for cancer.

Carbonyl cyanide m-chlorophenylhydrazone (CCCP) is a
protonophore that renders the mitochondrial inner mem-
brane permeable to protons and causes dissipation of the
proton gradient across the inner mitochondrial membrane.
CCCP also causes uncoupling of mitochondria, which
means that transfer of electrons through the electron transfer
chain is no longer linked to production of adenosine triphos-
phate due to loss of the electrochemical gradient. CCCP-
induced apoptosis has been reported in many cell lines,
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including Jurkat-neo, the FL5.12 cell line, HL-60 and
ST486 [4, 13, 14, 17]. However, some studies have reported
that CCCP alone does not induce apoptosis [7, 8, 12].
TRAIL (tumor necrosis factor-related apoptosis-inducing
ligand) is a recently identified member of the TNF family
that also activates the cognate receptor molecules through a
trimerization process that is similar to other members of the
TNF family [19, 23]. TRAIL has unique selectivity for trig-
gering apoptosis in tumor cells by engaging apoptosis via
recruitment and rapid activation of caspase-8 and might be
less active against normal cells. However, the role of reac-
tive oxygen species (ROS) in TRAIL-induced apoptosis is
unclear. Recent preclinical studies have demonstrated that
repeated systemic administration of the recombinant TRAIL
protein effectively limits tumor growth without serious side
effects [6, 22]. Therefore, TRAIL has attracted consider-
able attention as a promising cancer treatment.
Mitochondria play an important role in the intrinsic path-
way of apoptosis by transmitting the cell death signals to the
cytosol, which leads to activation of caspases. A number of
changes in mitochondria occur after activation of the apop-
totic signals, such as a loss of mitochondrial membrane
potential (AWm), generation of ROS, opening of the perme-
ability transition pore and release of apoptotic factors into
the cytosol [10, 16]. In this study, we examined the effect of
mitochondrial uncoupling on TRAIL-induced apoptosis in
SNU-638 cells. The results showed that this uncoupling
effect enhanced TRAIL-induced apoptosis in SNU-638
cells by loss AYm and ROS generation and subsequently
release apoptotic factors from the mitochondria. Therefore,
we report that loss of AYm and ROS generation regulates
enhancement of TRAIL-induced apoptosis by CCCP.
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MATERIALS AND METHODS

Cell culture and reagents: SNU-638 (human gastric can-
cer) cells were obtained from the Korea Cell Line Bank
(Seoul, Korea) and were maintained in RPMI 1640 culture
medium supplemented with 10% (v/v) fetal bovine serum
and antibiotics (100 U/m/ penicillin and 100 pg/m! strepto-
mycin). The cell cultures were incubated in an atmosphere
containing 5% CO, at 37°C. The CCCP was dissolved in
dimethylsulfoxide at a concentration of 20 mM and was
used at a final concentration of 5-80 #M. CCCP and N-
acetyl-L-cysteine (NAC) were purchased from the Sigma
Chemical Co. (St. Louis, MO, U.S.A.), and 2°, 7’-Dichlo-
rofluorescin diacetate and 5,5°,6,6’-tetrachloro-1,1",3,3’-
tetraethylbenzimidazol-carbocyanine iodide were pur-
chased from Molecular Probes (Eugene, OR, U.S.A.).

Cell viability test: The SNU-638 cells were plated at 1.0 x
10* cells in a 12-well plate and incubated at 37°C for 24 hr.
The cells were pretreated with different doses (0, 5, 10, 20,
40, and 80 M) of CCCP for 6 hrs and subsequently treated
with recombinant TRAIL protein [21] for 3 hr. After treat-
ment with CCCP (20 M) for different periods of time (0, 1,
3, 6 and 12 hr), the recombinant TRAIL protein (100 ng/m/)
was added to the culture media and incubated for another 3
hr. The cells were also treated with NAC (1 mM) for 1 hr,
and this was followed by CCCP (20 uM) for 6 hr and
TRAIL (100 ng/m/) for an additional 3 hr. The cell morphol-
ogy was photographed using a camera attached to an optical
microscope, and the cell viability was determined using the
crystal violet staining method, as described elsewhere [18].

Evaluation of mitochondrial transmembrane potential
(A¥m): The level of mitochondrial energization was deter-
mined using a lipophilic cation, 5,5°,6,6’-Tetrachloro-
1,17,3,3’-tetracthylbenzimidazol-carbocyanine iodide. This
method is based on the ability of a fluorescent probe to enter
mitochondria selectively and reversibly change its color
from green to orange with increasing mitochondrial poten-
tial. Briefly, the cells were treated with NAC (1 mM), CCCP
(20 uM) and TRAIL (100 ng/m/) for the indicated time and
manner. The cells were then collected by centrifugation,
washed twice with phosphate-buffered saline (PBS) and
resuspended in 500 m/ PBS containing 5,5’,6,6’-Tetra-
chloro-1,1",3,3’-tetraecthylbenzimidazol-carbocyanine
iodide at a concentration of 10 mM. After incubation for 30
min at 37°C, the cells were photographed using a fluoro-
scope.

Determination of ROS: The non-fluorescent probe 2°,7°-
Dichlorofluorescein diacetate, which converts to highly flu-
orescent 2°,7’-dichlorofluorescein after a reaction with
ROS, was used to monitor the production of ROS. Briefly,
after treatment, the media was collected in a 96-well micro-
plate, and diluted 2’,7’-Dichlorofluorescein diacetate at a
concentration of 10 M was added to each well. After incu-
bation for 30 min at 37°C, the fluorescence was determined
using a fluorescence plate reader (SpectraMax M2, Molecu-
lar Devices, Sunnyvale, CA, U.S.A.) at an excitation and
emission wavelength of 490 nm and 525 nm, respectively.

Western blot assay: Whole cell lysates were prepared by
harvesting the cells, washing them in cold PBS, resuspend-
ing them in a lysis buffer [25 mM Hepes (pH 7.4), 100 mM
EDTA, 5 mM MgCl,, 0.1 mM Dithiothreitol, and protease
inhibitor cocktails (Roche Diagnostics, Mannheim, Ger-
many) and subjecting then to sonication. The proteins (30
pg/ml) were separated on a 12 to 15% SDS gel and trans-
ferred to a nitrocellulose membrane. After incubation with
primary and secondary antibodies, the membranes were
developed by enhanced chemiluminescence. Protein expres-
sion was tested using antibodies against human caspase-8
and Bax (both from BD Pharmingen, San Diego, CA,
U.S.A.) and Bc¢l-2 and Smac (both from Santa Cruz Biotech,
Santa Cruz, CA, U.S.A)).

RESULTS

Enhancement of TRAIL-induced apoptosis by CCCP
treatment: To examine the effect of CCCP on TRAIL-
induced cell death in SNU-638 cell, human gastric cancer
cells were treated with the indicated doses and times and
then with the TRAIL protein for an additional 3 hr. As
shown in Fig. 1, CCCP enhanced TRAIL-induced apoptosis
in a dose- and time-dependent manner. TRAIL alone
induced only 20% cell death, while CCCP markedly
enhanced the TRAIL effect for different concentrations and
different time periods (Figs. 1A and 1B). Although the
enhanced effect of CCCP was less at low concentrations (5
and 10 xM), CCCP at 20 uM enhanced TRAIL-induced
apoptosis by 60% compared with treatment with TRAIL
alone. The level of cell death was increased by almost three-
to four-fold with higher doses (Fig. 1A). The cell morphol-
ogy also supported the enhanced effect of CCCP and
showed that CCCP treatment at all doses increased the num-
ber of apoptotic cells compared with that of CCCP and
TRAIL alone (Fig. 1C). In regard to the different time peri-
ods, TRAIL-induced apoptosis was enhanced 2- to 3-fold
after treatment with CCCP for 6 and 12 hr, respectively (Fig.
1B). These results showed that treatment with CCCP sensi-
tized the SNU-638 cells to TRAIL-induced apoptosis and
suggest that treatment with CCCP enhances the effect of
TRAIL in a time- and dose-dependent manner in SNU-638
cells.

CCCP-induced loss of A¥Ym and ROS production
enhanced TRAIL-induced apoptosis in the SNU-638 cell
line: To determine if dissipation of A¥m and generation of
ROS are responsible for the enhanced effect of CCCP on
TRAIL-induced apoptosis in SNU-638 cells, we used NAC
as an ROS scavenger. The cells were treated with NAC for
1 hr before a 6-hour CCCP treatment and were subsequently
treated with TRAIL for an additional 3 hr. Figure 2A clearly
shows that the NAC treatment inhibited the enhanced effect
of CCCP on TRAIL induced apoptosis. CCCP enhanced the
TRAIL effect and reduced the cell viability by 70% com-
pared with that of the negative control, while NAC treat-
ment restored the cell viability to 70% (Fig. 2A). In order to
elucidate the mechanism involved in the enhanced apoptotic
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effect of the CCCP treatment, AYm was measured using the
5,57,6,6’f-Tetrachloro-1,1°,3,3’-tetracthylbenzimidazol-car-
bocyanine iodide probe, as described in materials and meth-
ods. The photomicrographs indicate that the CCCP
treatment and combined treatment with CCCP and TRAIL
caused significant dissipation of A¥Ym compared with that
of the negative control (Fig. 2B). When the mitochondrial
transmembrane potential is high, 5,5°,6,6’-Tetrachloro-
1,1°,3,3’-tetracthylbenzimidazol-carbocyanine iodide dye
produced an aggregate and red fluorescence; green fluores-
cence is produced when AWm is low. The fluoroscopic
results presented in Fig. 2B show green fluorescence in cells
treated with CCCP and the combined treatment with CCCP
and TRAIL protein, indicating lower A¥m values. In con-
trast, the negative control cells and cells treated with TRAIL
alone showed red fluorescence, indicating high AWm val-
ues. Treatment with NAC restored A¥m values lowered by
treatment with CCCP (Fig. 2B), indicating that NAC might
be involved in inhibiting the dissipation of A¥m by treat-
ment with CCCP. In order to test the role of ROS in TRAIL-
induced apoptosis, ROS generation in the presence of CCCP
was examined using 2’,7’-Dichlorofluorescein fluores-
cence. CCCP alone induced ROS generation compared with
the control and TRAIL alone. On the other hand, the cells
treated with CCCP and then TRAIL showed an increase in
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Fig. 1. CCCP enhances TRAIL-induced apoptosis in a dose-

and time-dependent manner.(A) SNU-638 cells plated on a
12-well plate were treated with CCCP (6 hr) at the indicated
concentrations followed by TRAIL (100 ng/m/) treatment for
an additional 3 hr. Cell viability was determined by crystal
violet staining method. Viability of control cells was set at
100%, and viability relative to the control was presented. The
experiments were performed in triplicate, at least twice. The
bar indicates the standard error. (B) SNU-638 cells were
treated with CCCP (20 pM) for the indicated time periods
and then with or without TRAIL (100 ng/m/) protein for 3 hr.
Cell viability was determined as described above. (C) Cell
morphology under the conditions described in A was photo-
graphed (x 200).

ROS generation (Fig. 2C). Conversely, the NAC treatment
blocked generation of ROS in the cells treated with CCCP
alone and CCCP with TRAIL and prevented the enhancing
effect of CCCP on TRAIL-induced apoptosis by restoring
cell viability (Figs. 2A and 2C). Thus, all together, these
data suggest that CCCP enhanced TRAIL-induced apopto-
sis by reducing AYm and ROS generation.

Antioxidant NAC regulates the expression levels of Bax,
Smac, Bcl-2 and active caspase-8 proteins: The expression
levels of Bax, Smac, caspase-8 and anti-apoptotic protein
Bcl-2 were examined in order to gain some insight into the
apoptotic proteins involved. As shown in Fig. 3, the CCCP
treatment with TRAIL increased activation of the Bax and
Smac proteins. CCCP alone also induced activation of these
proteins, but to a lesser extent than the combined CCCP and
TRAIL treatment. The NAC treatment abrogated the activa-
tion of these mitochondrial related proteins, which corre-
sponds to the results concerning AYm and ROS generation
(Figs. 2B and 2C). This suggests that NAC inhibits dissipa-
tion of A¥m and ROS generation and thereby prevents acti-
vation of these apoptotic proteins.

The CCCP treatment also enhanced the TRAIL-induced
activation of caspase-8, which is dependent on ROS genera-
tion. The cells treated with CCCP alone expressed Bcl-2,
and NAC treatment reexpressed Bcl-2 protein in CCCP and
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Loss of A¥m and ROS generation regulate the enhanced effect of CCCP on TRAIL-induced apoptosis. (A) SNU-638 cells plated

on a 12-well plate were treated with CCCP (20 M) for 6 hr and then incubated with or without recombinant TRAIL protein (100 ng/
m/) for an additional 3 hr. NAC (1 mM) was added 1 hr before CCCP treatment. Cell viability was determined by crystal violet staining
method. Viability of control cells was set at 100%, and viability relative to the control was presented. The experiments were performed
in triplicate, at least twice. (B) SNU-638 cells plated on a 6-well plate were treated with NAC (1 mM) for 1 hr before CCCP (20 M)
treatment for 2 hr and then incubated with or without recombinant TRAIL protein (100 ng/m/) for an additional 1 hr. The A¥m was
determined using a 5,5’,6,6’-Tetrachloro-1,1°,3,3’-tetracthylbenzimidazol-carbocyanine iodide (5 #M) probe. The cells were photo-
graphed using a fluoroscope. (C) SNU-638 cells were treated as detailed in A, and ROS generation was measured in media using a flu-
orescent dye, 2°,7’-Dichlorofluorescein diacetate (10 #M). The ROS level was measured using spectrofluorometer after incubation for

30 min.

TRAIL treated cells, which corresponds to the cell viability
results (Fig. 2A). Thus, CCCP enhanced TRAIL-induced
apoptosis by lowering AWYm and ROS generation and
thereby activating the Bax and Smac proteins.

DISCUSSION

The effects of CCCP treatment on TRAIL-induced apop-
tosis in solid tumors have yet to be clearly defined. It has
been reported that CCCP sensitizes tumor cell lines to
TRAIL-induced apoptosis by enhancing caspase-8 and Bax
activation and inducing the release of cytochrome-c and
Smac into the cytosol [7, 8]. Therefore, we examined the
effect of CCCP on TRAIL-induced cell death in SNU-638
cells, a human gastric cancer cell line. CCCP treatment sen-
sitized the SNU-638 cells to TRAIL-induced apoptosis.
Thus, like the leukemia and human colon carcinoma cell
lines, CCCP enhances TRAIL-induced apoptosis in SNU-
638 cells [7, 8]. There are conflicting reports concerning
apoptosis induction by CCCP alone in a variety of cell lines.
For example, CCCP alone does not induce apoptosis in
human osteosarcoma cell lines [11] and SKW6 cells [12],

while it does induce apoptosis in FL5.12 and Jurkat cells [4].
Here, we found that CCCP alone had a low apoptotic effect
on the SNU-638 cell line. Moreover, CCCP was found to
enhance the apoptosis-inducing ability of Fas/APO-1/CD95
signaling in Jurkat and CEM cells without causing apoptotic
changes [12]. In the present study, we also found that CCCP
enhanced TRAIL-induced apoptosis in a SNU-638 cell line
without inducing apoptosis.

CCCP sensitizes leukemia cell lines to TRAIL-induced
apoptosis via the intrinsic apoptotic pathway, i.e, by enhanc-
ing the conformational changes in Bax, release of cyto-
chrome-c and activation of caspase-3 [7]. Furthermore,
generation of ROS by CCCP has been found to be responsi-
ble for regulating TRAIL-induced apoptosis in human colon
carcinoma cell lines [8]. This study also examined the role
of AYm and ROS generation on the enhanced effect of
CCCP on TRAIL-induced apoptosis. Interestingly, NAC, an
antioxidant, restored AWm after the CCCP and TRAIL treat-
ment, which indicates possible involvement of NAC in
inhibiting the dissipation of A¥m induced by treatment with
CCCP and TRAIL. NAC also inhibited the dissipation of
A¥m induced by CCCP alone. Therefore, this is the first
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Fig. 3.  Effect of CCCP treatment on TRAIL-induced activation
of caspases and release of Bax and Smac. SNU-638 cells were
treated with CCCP (20 #M) for 2 hr and then incubated with or
without recombinant TRAIL protein (100 ng/m/) for an addi
tional 1 hr. NAC (1 mM) was added 1 hr before CCCP treat-
ment. Whole cell lysates were prepared and protein sample (40
ug/ml) were separated on SDS gel and analyzed for apoptotic
protein, such as caspase-8, Bax, Smac and Bcl-2, by western
blotting analysis.

time report showing that NAC, a specific ROS scavenger,
might be involved in preventing the CCCP-induced dissipa-
tion of the AWYm. In the case of human colon carcinoma
cells, combined treatment with CCCP and TRAIL abrogated
the production of ROS because of complete loss of mito-
chondrial transmembrane potential. In contrast, in this
study, CCCP and TRAIL treatment increased generation of
ROS by reducing A¥m.

Since CCCP is a mitochondrial poison, it causes reduc-
tion A¥Ym and thereby causes release of apoptotic proteins
that lead to apoptosis. Our data suggests that CCCP treat-
ment led to reduction in A¥Ym and thereby caused release of
apoptotic proteins such as Bax, Smac and activated caspase-
8. Activation of caspase-8, Bax and Smac proteins were
found to be ROS-dependent. NAC treatment abrogated ROS
generation, reduction of A¥Ym and activation of these pro-
teins. Inhibition of change in A¥m by treatment with NAC
suggests that CCCP enhances the effect of TRAIL by first
altering AWm, thereby leading to generation of ROS and
expression of apoptotic protein. Furthermore, NAC treat-
ment induced expression of Bcl-2 protein, which is an anti-
apoptotic protein. It was reported that Bcl-2 overexpression
protects tumor cells from CCCP induced apoptosis but does
not prevent depolarization of mitochondrial transmembrane
potential [1]. Similarly, in this study, we found that cells
treated with CCCP alone expressed Bcl-2, which indicates
that overexpression of Bcl-2 protected the cells from CCCP-
induced apoptosis but it did not prevent depolarization of
A¥m. Moreover, NAC treatment induced expression of the

Bcl-2 protein in CCCP and TRAIL-treated cells. These data
suggest that CCCP induced dissipation of A¥Ym and led to
ROS generation and ultimately apoptosis. Herein, we also
report that although NAC is an antioxidant, it first inhibits
changes in AWm and thereby inhibits enhacement of the
effect CCCP on TRAIL-induced apoptosis.

In conclusion, CCCP enhanced TRAIL-induced apopto-
sis in a time and dose dependent manner by dissipation of
A¥m and ROS generation. Therefore, combined CCCP and
TRAIL treatment might be useful in cancer therapy, partic-
ularly for TRAIL resistant cells. In addition, uncoupling
with CCCP can be used as a successful chemotherapeutic
tool for ligand tumor therapy using TRAIL.
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