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Abstract

Studies on chemoprevention of cancer are generating increasing interest. The anti-neoplastic effect of nonsteroidal anti-inflammatory drugs
(NSAIDs) involves cyclooxygenase (COX)-dependent and COX-independent mechanisms. Evidence suggests that mitogen-activated protein
kinases (MAPKs) may mediate apoptotic signaling induced by anti-neoplastic agents. While many reports have revealed the existence of MAPK
activation in apoptosis induced by various stimuli, the signaling transduction pathways used by NSAIDs to trigger apoptosis in human renal cell
carcinoma (RCC) remain largely unknown. Treatment of RCC 786-O cells with indomethacin resulted in growth regression and apoptosis.
Caspase-dependent apoptosis was evidenced by the detection of enzymatic activities of caspase-3, caspase-6, and caspase-9 and suppression of
toxicity using a caspase inhibitor. Indomethacin treatment was associated with increased expression of glucose-regulated protein 78 (GRP78) and
C/EBP homologus protein (CHOP) and activation of ATF-6, characteristics of endoplasmic reticulum stress. In addition, the concomitant
induction of peroxisome proliferator-activated receptor (PPAR), especially PPAR-R, was apparent in treated cells. Western blotting revealed the
activation of extracellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun N-terminal kinase (JNK) with indomethacin treatment. Selective
inhibitors of ERK, p38 MAPK, and JNK suppressed the induction of GRP78, CHOP, and PPAR-p3, attenuated indomethacin-induced cytotoxicity
and reduced increased caspase activity. LY294002, a phosphoinositide-3 kinase (PI3K)/AKT inhibitor, and Trolox, an antioxidant, suppressed
indomethacin-induced cytotoxicity and caspase activation. Furthermore, Trolox attenuated indomethacin-induced increased phosphorylation in
ERK, p38 MAPK, JNK, and AKT. In conclusion, our findings establish a mechanistic link between the oxidative stress, PI3K/AKT pathway,
MAPK pathway and indomethacin-induced cellular alterations and apoptosis in 786-O cells.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclooxygenase (COX), including COX-1 and COX-2, is
the rate-limiting enzyme for the production of eicosanoids. In
contrast to the constitutively low level expression of COX-1 in
most tissues, COX-2 is absent from most normal tissues but is
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expressed in response to a diverse spectrum of stimuli,
including tumor promoters. In particular, the association
between COX-2 overexpression and clinico-pathological para-
meters of aggressiveness and poor outcome has been docu-
mented in the vast majority of human cancers (Eberhart et al.,
1994; Dubois et al., 1998; Fosslien, 2000). Specifically,
overexpression of COX-2 is able to cause cell transformation
and induce tumorigenesis in transgenic animals (Liu et al.,
2001, 2005). These biological functions of COX-2 imply that it
is worth investigating as a potential target for prevention and
treatment of human cancers.
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Nonsteroidal anti-inflammatory drugs (NSAIDs), a class of
compounds that block eicosanoid production through the
inhibition of COX activity, are frequently used in the treatment
of diseases because of their analgesic and anti-inflammatory
activities (Dubois et al., 1998). Currently, NSAIDs have an
emerging utility as chemotherapeutics for the prevention and
treatment of cancers. Epidemiological observations suggest that
long-term NSAID usage is associated with a reduced incidence
of certain cancers (Marnett, 1992; Duperron and Castonguay,
1997; Bakhle, 2001). Experimental evidence has indicated the
chemopreventive and therapeutic effects of COX-2 inhibition in
COX-2 overexpressed cells such as hepatocellular carcinoma
and colon carcinoma (Martin et al., 2005; Kern et al., 2006).
However, the chemopreventive and anti-tumorigenic activities
of NSAIDs have also been observed in COX-2-deficient cells
(Hanif et al., 1996). It remains unclear how NSAIDs exert their
anti-neoplastic effects, but apoptotic induction is one of the
possible mechanisms.

Selective (inhibition of COX-2) and non-selective (inhibition
of COX-1 and COX-2) NSAIDs, including indomethacin, have
been shown to exert apoptotic effects in a variety of cells.
Apoptotic induction by NSAIDs is demonstrated in esophageal
cancer cells, liver cancer cells, colon cancer cells, lung cancer
cells, oral cancer cells, and bladder cancer cells dependently of
COX-2 or independently of COX-2 through induction of
phosphatase and tensin homologue deleted from chromosome
ten (PTEN), p53, C/EBP homologus protein (CHOP), peroxi-
some proliferator-activated receptor gamma (PPAR-vy), or
p75™™ tumor suppressor protein (Souza et al., 2000; Wick
et al., 2002; Ho et al., 2003; Saito et al., 2003; Chu et al., 2004,
Khwaja et al., 2004; Tsutsumi et al., 2004; Martin et al., 2005;
Kern et al., 2006). Investigations of the signal transduction
pathways responsible for such apoptotic mediator induction
leading to cell survival or apoptosis have focused on the mitogen-
activated protein kinase (MAPK) and AKT/protein kinase B
pathway. Intracellular, MAPKs and AKT are the major oxidative
stress-sensitive signal transduction pathways (Shi et al., 2003;
Carvalho et al., 2004). It has been recognized that the activation
of the p38 MAPK or c-Jun N-terminal kinase (JNK) pathway is
involved in stress stimuli-induced apoptosis, whereas extracel-
lular signal-regulated kinase (ERK) and AKT have been shown
to protect cells from apoptosis (Xia et al., 1995; Datta etal., 1997
Garrington and Johnson, 1999; Panka et al., 2001). Evidence
suggests that the activation of JNK may mediate apoptotic
signaling induced by indomethacin in leukemic cells (Zhang
et al., 2003).

The actions of NSAIDs against cancers are largely achieved
by the induction of apoptosis. However, the action mechanisms
of NSAIDs vary and depend on cell types and environmental
situations. In human renal cell carcinoma (RCC), an elevated
expression of COX-2 is detected in several RCC cell lines
(Chen et al., 2004). The expression of COX-2 in RCC is found
to correlate with tumor proliferation and angiogenesis (Miyata
et al., 2003). While many reports have revealed the existence of
MAPK and AKT signaling molecules in apoptosis induced by
various stimuli, the signaling transduction pathways used by
NSAIDs to trigger apoptosis in human RCC, including the

potential role of MAPKs and AKT and their mutual interaction,
remain largely unknown. In this study, we tried to determine
whether MAPKs and AKT are activated during indomethacin-
induced RCC apoptosis and, if this proved to be the case, to
identify the role of such activation and the potential downstream
effectors.

2. Materials and methods
2.1. Cell culture

Human RCC cell line, 786-O (ATCC CRL1932), were
cultured in Dulbecco’s modified Eagle’s medium (Gibco Life
Technologies) supplemented with 10% fetal bovine serum (Gibco
Life Technologies), 100 U/ml penicillin (Gibco Life Technolo-
gies) and 100 pg/ml streptomycin (Gibco Life Technologies), and
were maintained in a humidified incubator with 5% CO,.

2.2. Cell viability

Cell viability was assessed by the measurement of formazan
production after the addition of 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazoli-
um, inner salt (MTS, Promega, Madison, WI, USA). The
number of surviving cells after treatment was determined by
measurement of the A49o nm of the dissolved formazan product
after the addition of MTS for 1 h according to the manufac-
turer’s instructions.

2.3. Flow cytometry assay

The cell cycle distribution was analyzed by flow cytometry
(Chen and Liao, 2002). Briefly, cells were trypsinized, washed
with PBS, and fixed in 80% ethanol. They were then washed
with PBS, incubated with 100 pg/ml RNase at 37 °C for 30 min,
stained with propidium iodide (50 pg/ml), and analyzed on a
FACScan flow cytometer. The percentage of cells in different
phases of the cell cycle was analyzed using Cell-FIT software.

2.4. DNA agarose gel electrophoresis

DNA gel electrophoresis was performed as previously
reported (Chang et al., 2005). Briefly, cells were lysed in
0.5% Triton X-100, 5 mM Tris—HCI (pH 7.4), and 20 mM
EDTA at 4 °C for 30 min. After centrifugation, the supernatants
were extracted with phenol/chloroform and precipitated in
ethanol. The resultant DNA (10 pg) was separated on a 1.5%
agarose gel and stained with ethidium bromide.

2.5. Western blot

Cells were washed twice with PBS and harvested in Laemmli
SDS sample buffer. The protein concentration in the supernatant
was determined by Bradford assay (Bio-Rad, Richmond, CA).
Protein extracts were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
phoretically transferred to polyvinylidene difluoride membranes
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(Amersham Pharmacia Biotech). Membranes were first incu-
bated with 5% nonfat milk in PBS for 1 h at room temperature to
reduce nonspecific binding. Membranes were washed with PBS
containing 0.1% Tween-20 (PBST), and then incubated for 1 h at
room temperature with the indicated antibodies including
caspase-3 (1:1000, Santa Cruz Biotechnology), calnexin
(1:3000, Santa Cruz Biotechnology), heat shock protein 70
(HSP70) (1:2000, Zymed), protein disulfide isomerase (PDI)
(1:1000, Santa Cruz Biotechnology), glucose-regulated protein
94 (GRP94) (1:1000, Santa Cruz Biotechnology), GRP78
(1:1000, Santa Cruz Biotechnology), CHOP (1:1000, Sigma),
ATF-6 (1:1000, Abcam), PPAR-a (1:1000, Santa Cruz Biotech-
nology), PPAR-R (1:1000, Santa Cruz Biotechnology), PPAR-y
(1:1000, Santa Cruz Biotechnology), phosphorylated and non-
phosphorylated forms of ERK, JNK, p38 (1:2000, Santa Cruz
Biotechnology), AKT (1:2000, Cell Signaling), and B-tubulin
(1:2000, Promega). After the membranes were washed again
with PBST buffer, a 1:10,000 (v/v) dilution of horseradish
peroxidase-labeled IgG was added at room temperature for 1 h.
The blots were developed using enhanced chemiluminescence
western blotting reagents (Amersham Pharmacia Biotech).

2.6. Caspase activity assay
Caspase activity assay was carried out using a fluorometric

protease assay kit following the instructions provided by the
manufacturer (BioVision). In brief, cells were homogenized on

ice with kit-provided lysis buffer. An aliquot of 50 pl of
supernatants was incubated with an equal volume of the
reaction buffer containing fluorogenic peptide substrate at 37 °C
for 1-2 h. Enzymatic release of free fluorogenic moiety was
measured by a fluorometer.

2.7. Statistical analysis

Data are expressed as mean+S.E.M. For comparisons, the
statistical significance between means was determined using
one-way analysis of variance (ANOVA) followed by Dunnett’s
t-test. A level of P<0.05 was considered statistically
significant.

3. Results
3.1. Indomethacin reduced cell viability in 786-O cells

The expression of COX-2 in 786-O cells was successfully
detected by western blotting and immunocytochemistry (data
not shown). Initially, we examined the effect of indomethacin, a
non-selective COX inhibitor, on the viability of 786-O cells by
measuring the reduction of MTS. After 24 h of exposure,
indomethacin began to decrease cell viability significantly when
the concentration was increased to 100 pM (Fig. 1A). On the
other hand, 200 pM of indomethacin remarkably reduced cell
viability at 16 h after exposure and the viability continuously
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Fig. 1. Effects of indomethacin on cell growth. 786-O cells were treated with various concentrations of indomethacin for 24 h (A) or 786-O cells were treated with
200 pM indomethacin over time (B). Cell viability was determined by MTS reduction assay. Values are expressed as a percentage of each control. *P<0.05, **P<0.01
vs. control, n=5. Representative images of phase contrast were obtained 24 h after treatment (C). Scale bar=60 pm.
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Fig. 2. Effects of indomethacin on cell apoptosis. 786-O cells were treated with various concentrations of indomethacin for 16 h. The cells were harvested and
processed by flow-cytometric analysis. FL2A represents the intensity of propidium iodide (A). Cells were harvested and processed to assess DNA fragmentation (B).
Protein extracts were isolated and subjected to western blot analysis with antibody against caspase-3 (D). 786-O cells were treated with 200 uM indomethacin, Z-VAD-
FMK (1 and 10 uM), or in combination for 24 h. Cell viability was determined by MTS reduction assay. Values are expressed as a percentage of each control.

*P<0.05, **P<0.01 vs. indomethacin alone, n=5.

decreased over time (Fig. 1B). Furthermore, cell morphology
was observed with a light microscope after treatment with
indomethacin. The 786-O cells treated with indomethacin
showed distinctive morphological changes, including cellular
rounding, shrinkage, and membrane blebbing, and separation
from neighboring cells (Fig. 1C). The findings indicate that
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Fig. 3. Effects of indomethacin on caspase activity. 786-O cells were treated with
various concentrations of indomethacin for 16 h. Protein extracts were isolated
and subjected to fluorogenic protease assay. The assayed caspases included
caspase-3, caspase-0, caspase-8, caspase-9, and caspase-12. The activity of each
control was defined as 1. **P<0.01 vs. each control, n=5.

indomethacin concentration- and time-dependently reduced cell
viability in 786-O cells.

3.2. Indomethacin-induced apoptosis in 786-O cells

To understand the mechanism by which indomethacin
caused viability loss in 786-O cells, several experiments were
carried out involving apoptosis. First, the occurrence of cell
apoptosis was analyzed by flow cytometry. Control cells
showed normal distribution in fluorescent peaks. Exposure to
indomethacin disrupted the normal distribution and generated a
prominent new peak, representing the subGl peak. The
percentage of this subGl peak in controlled and non-toxic
(50 uM of indomethacin) cells was 1.3+0.8% and 1.9+0.6%,
respectively, and shifted to 21.2+4.5% in damaged cells
(200 uM of indomethacin) (Fig. 2A). DNAs extracted from
control and non-damaged (50 pM of indomethacin) cells were
found to be intact whereas, in injured cells (200 pM of
indomethacin), a characteristic internucleosomal ladder
appeared (Fig. 2B). Pharmacological results revealed that
indomethacin-induced cytotoxicity was remarkably reduced
by a non-selective caspase inhibitor Z-VAD-FMK (Fig. 2C).
The proteolytic cleavage and generation of the cleaved product
of caspase-3 was found in indomethacin-induced apoptotic cells
(Fig. 2D). To further elucidate whether caspase family proteases
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Fig. 4. Effects of indomethacin on ER-related proteins expression. 786-O cells
were treated with various concentrations of indomethacin for 16 h. Protein
extracts were isolated and subjected to western blot analysis with antibodies
against calnexin, HSP70, PDI, GRP94, GRP78, CHOP, ATF-6, and B-tubulin.
One of four independent experiments is shown.

are activated in the indomethacin-induced apoptotic process,
their proteolytic activities were measured. Elevated caspase-3,
caspase-6, and caspase-9 activities were detected in indometh-
acin-treated cells. However, in the same treated cells, changes in
caspase-8 and caspase-12 activity were not found (Fig. 3).
Taken together, our findings indicate that the viability loss of
786-O cells caused by indomethacin was associated with
caspase-related apoptotic injury.

3.3. Indomethacin-induced endoplasmic reticulum stress in
786-0 cells

Endoplasmic reticulum is an interesting organelle which
plays diverse roles either in the initiation or inhibition of
apoptotic processes (Tsutsumi et al., 2004; Yamazaki et al.,
20006). Generally, cells respond to endoplasmic reticulum stress
by increasing the expression of genes encoding endoplasmic
reticulum molecular chaperones and activating endoplasmic
reticulum-related signaling molecules. To gain further insight
into the potential involvement of endoplasmic reticulum stress
in indomethacin-induced apoptosis, we analyzed the expression
of several molecular chaperones and pro-apoptotic transcription
factors. Western blotting revealed that the expressions of
calnexin, HSP70, PDI, and GRP94 were not changed by
indomethacin (Fig. 4). Remarkably, indomethacin-induced
elevated expression of the chaperone protein GRP78 and pro-
apoptotic protein CHOP (Fig. 4). In addition, in controlled cells,

an endoplasmic reticulum transmembrane form of sensing
protein ATF-6 was detected, but the processed and active form
was not detected. Indomethacin treatment decreased the
accumulation of the transmembrane form of ATF-6, but
generated the active form, indicating the activation of ATF-6
(Fig. 4). These results indicate that indomethacin treatment
initiated endoplasmic reticulum stress involving the induction
of a chaperone protein and pro-apoptotic proteins.

3.4. Indomethacin-induced PPAR expression in 786-O cells

PPARs function as critical regulators of diverse cellular
processes including cell growth, differentiation, and inflamma-
tion (Schoonjans et al., 1997). Increasing evidence has also
revealed their involvement in cell apoptosis (Lehmann et al.,
1997; Wick et al., 2002). To explore whether activation of
PPARs is involved in the mechanism by which indomethacin
induces apoptosis, pharmacologically active agents of PPARs
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Fig. 5. Roles of PPARs in indomethacin-induced cytotoxicity. 786-O cells were
treated with 200 pM indomethacin, WY 14643, GW501516, or PGJ,, or 200 uM
indomethacin plus GW9662 for 24 h. Cell viability was determined by MTS
reduction assay. Values are expressed as a percentage of each control. **P<0.01
vs. control and #P<0.01 vs. indomethacin alone, n=5 (A). 786-O cells were
treated with various concentrations of indomethacin for 16 h. Protein extracts
were isolated and subjected to western blot analysis with antibodies against
PPAR-a, PPAR-B, PPAR-y and PB-tubulin. One of four independent experi-
ments is shown (B). 786-O cells were treated with various concentrations of
PGJ, for 16 h. Protein extracts were isolated and subjected to western blot
analysis with antibodies against PPAR-a, PPAR-p, PPAR-y and 3-tubulin. One
of three independent experiments is shown (C).
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were used. Incubation with the synthetic PPAR-a agonist, [[4-
chloro-6-[(2,3-dimethylphenyl)amino]-2-pyrimidinyl]thio]
acetic acid (WY 14643, Tocris) (Issemann and Green, 1990), did
not affect 786-0 cell viability. In contrast, when incubated with
a selective PPAR-B/6 agonist, 2-methyl-4-((4-methyl-2-(4-
trifluoromethylphenyl)-1,3-thiazol-5-yl)-methylsulfanyl)phe-
noxy-acetic acid (GW501516, Calbiochem) (Oliver et al.,
2001), or the natural PPAR-vy agonist, 15-deoxy-delta 12,14-
prostaglandin J2 (PGJ,) (Forman et al., 1995), a decrease in
786-0 cell viability was observed. 2-Chloro-5-nitro-N-phenyl-
benzamide (GW9662, Sigma), a selective and irreversible
PPAR-vy antagonist (Clay et al., 2002), partially protected 786-
O cells from indomethacin-induced cell death (Fig. 5A). To
further investigate the contribution of PPARs to indomethacin-
induced loss in viability, the expression of PPAR proteins was
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Fig. 7. Roles of MAPKSs in indomethacin-induced gene induction. 786-O cells
were treated with medium or 200 uM indomethacin alone, or 200 puM
indomethacin in combination with U0126 (20 uM), SB203580 (20 pM), or
SP600125 (20 pM) for 16 h. Protein extracts were isolated and subjected to
western blot analysis with antibodies against GRP78, CHOP, PPAR-(, and {3-
tubulin. One of four independent experiments is shown.

assessed. The expression of PPAR-a in 786-O cells was hardly
affected by indomethacin. In contrast, a higher concentration of
indomethacin treatment upregulated the protein expression of
PPAR-B and PPAR-y by 6.7+1.9 fold and 2.44+0.9 fold,
respectively (Fig. 5B). The effect of PGJ, on PPARs protein
expression was unexpected. PGJ, treatment increased PPAR-
expression (3.8+1.1 fold) but slightly reduced PPAR-y
expression (0.64+0.09 fold). The expression of PPAR-a was
not changed by PGJ, (Fig. 5C). These findings indicate that
PPARs, especially PPAR-p and PPAR-y, might be key
determinants in indomethacin-induced 786-O cell death.

3.5. Indomethacin-induced MAPK activation in 786-0 cells

To examine whether MAPKs play roles in indomethacin-
induced 786-O cell death, we determined cytotoxicity in the
presence of MAPK inhibitors and activators. Treatment of 786-O
cells with 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]
butadiene (U0126, Tocris) (an inhibitor of ERK); 4-[5-(4-
fluorophenyl)-2-[4-(methylsulfonyl)phenyl]-1H-imidazol-4-yl]
pyridine (SB203580, Tocris) (an inhibitor of p38 MAPK); or
anthra(1,9-cd)pyrazol-6(2H)-one 1,9-pyrazoloanthrone
(SP600125, Tocris) (an inhibitor of JNK), led to a decrease in
indomethacin-induced viability loss (Fig. 6A). In contrast,
anisomycin, an activator of MAPKs (Chang et al., 2005),
exacerbated indomethacin-induced cell death (Fig. 6A). Pharma-
cological findings have revealed that the suppression of MAPK
activities including ERK, p38 MAPK, and JNK protects cells
against indomethacin-induced toxicity, indicating the activation
of MAPKSs by indomethacin. To parallel these observations, the
changes in MAPK phosphorylation were determined by western
blotting to correlate their activities. As shown in Fig. 6B,
indomethacin concentration-dependently induced an increase in
ERK, p38 MAPK, and JNK phosphorylation.
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Our experiments using specific MAPK inhibitors suggest downstream effectors of MAPKSs that mediate indomethacin-
that the activation of MAPKs is critical to indomethacin- induced cell death, we next sought to verify whether the
induced 786-0 cell death (Fig. 6A). To delineate the potential ~ induction of GRP78, CHOP, and PPAR-{ by indomethacin was
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determined by MTS reduction assay. Values are expressed as a percentage of
each non-treated control. **P<0.01 vs. indomethacin alone, n=5 (A). 786-O
cells were treated with medium or 200 pM indomethacin alone, or 200 pM
indomethacin in combination with various concentrations of Trolox for 16 h.
Protein extracts were isolated and subjected to fluorogenic protease assay. The
assayed caspases included caspase-3, caspase-6, caspase-8, caspase-9, and
caspase-12. The activity of each control (0 uM of indomethacin) was defined as
1. #P<0.05 and **P<0.01 vs. each indomethacin control alone, n=5 (B).

under the control of MAPKs. Western blotting revealed that
indomethacin-induced GRP78 protein expression was attenu-
ated by U0126 (24+5.6% of the indomethacin control),
SB203580 (37+6.6% of the indomethacin control), and
SP600125 (19£5.9% of the indomethacin control) (Fig. 7).
Similar suppression of CHOP protein expression was also
apparent in U0126 (41£4.6% of the indomethacin control),
SB203580 (38+5.6% of the indomethacin control), and
SP600125 (34+7.1% of the indomethacin control) (Fig. 7).
Regarding the expression of PPAR-B, SB203580 (18+6.6% of
the indomethacin control) and SP600125 (21£6.1% of the
indomethacin control) ameliorated its induction, whereas
indomethacin-induced PPAR-{ protein expression was not
affected by U0126 (98+7.1% of the indomethacin control)
(Fig. 7). We also delineated the correlation between MAPK and
indomethacin-induced caspase activation. Inactivation of ERK,
p38 MAPK, and JNK by pharmacological inhibitors suppressed
indomethacin-induced caspase activities. On the other hand,

anisomycin further increased indomethacin-induced caspase
activation (Fig. 8). These findings indicate that MAPKs might
sense and amplify intracellular signaling of indomethacin
through similar or distinct downstream effectors.

3.6. Indomethacin-induced AKT activation in 786-0 cells

To elicit the effect of phosphoinositide-3 kinase (PI3K)/AKT
in indomethacin-induced cytotoxicity, pharmacological inhibi-
tor was used. Twenty micromolars of 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one hydrochloride (LY294002,
Tocris), a PI3K/AKT inhibitor, attenuated indomethacin-
induced cytotoxicity, whereas no cytoprotective effect was
found at a higher concentration of LY294002 (Fig. 9A). Western
blotting revealed that indomethacin increased AKT phosphor-
ylation (Fig. 9B). Cytoprotective concentration of LY294002
also decreased indomethacin-induced caspase-3, caspase-6, and
caspase-9 activities. In contrast, a non-protective concentration
of LY294002 was shown to have no effect on these caspase
activities. Interestingly, a higher concentration of LY294002
slightly increased caspase-8 activity (Fig. 9C). These findings
indicate that the effect of LY294002 on indomethacin-induced
786-0 cell changes varies with the concentration.
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Fig. 11. Effects of pharmacological inhibitors on indomethacin-induced
alterations. 786-0 cells were treated with medium or 200 uM indomethacin
alone, or 200 pM indomethacin in combination with U0126 (20 pM), SB203580
(20 uM), SP600125 (20 uM), LY294002 (20 pM), or Trolox (500 uM) for 2 h.
Protein extracts were isolated and subjected to western blot analysis with
antibodies against phospho- and total-ERK, p38, JNK, and AKT, and p-tubulin.
One of four independent experiments is shown.
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3.7. Antioxidants reduced indomethacin-induced cytotoxicity

It has been reported that reactive oxygen species are involved
in the initiation of apoptosis (Kusuhara et al., 1999). In this
study, we found that the antioxidant 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox, Tocris) sup-
pressed indomethacin-induced cytotoxicity (Fig. 10A) and
caspase activities (Fig. 10B), indicating the involvement of
reactive oxygen species in indomethacin-induced apoptosis.
The abovementioned findings suggest that indomethacin might
induce ERK, p38 MAPK, JNK, and AKT phosphorylation
leading to the initiation of apoptosis. A cytoprotective
concentration of Trolox significantly reduced indomethacin-
induced increased phosphorylation in ERK (29+5.4% of the
indomethacin control), p38 MAPK (24+6.6% of the indometh-
acin control), JNK (21+6.0% of the indomethacin control), and
AKT (31+6.9% of the indomethacin control) (Fig. 11). These
findings suggest that reactive oxygen species might lie upstream
from these signaling molecules to transduce indomethacin’s
signals. Western blotting data further revealed that inhibition of
PI3K/AKT attenuated indomethacin-induced increased phos-
phorylation in ERK (39+6.3% of the indomethacin control),
p38 MAPK (31+6.2% of the indomethacin control), and JNK
(29+7.3% of the indomethacin control) (Fig. 11). On the other
hand, increased phosphorylation of AKT by indomethacin was
downregulated in the presence of U0126 (41+5.1% of the
indomethacin control), SP600125 (32+6.9% of the indometh-
acin control), or SB203580 (43+5.6% of the indomethacin
control) (Fig. 11). Taken together, the results suggest that a
mutual interaction between MAPKs and AKT exists in the
transmission of signals following indomethacin treatment in
786-0 cells.

4. Discussion

In this study, we demonstrated that indomethacin-induced
cell apoptosis in 786-O cells. However, the selective COX-2
inhibitor NS-398 failed to induce apoptosis (data not shown),
suggesting that additional targets distinct from COX mediate
indomethacin induction of apoptosis in 786-O cells. Our data
suggest that the signaling molecules including reactive oxygen
species, the MAPK family and AKT are important regulators of
cell viability in 786-O cells and may be a possible COX-
independent target for indomethacin. Cellular molecules such as
GRP78, CHOP, and PPAR-p are potential downstream effectors
of MAPKs in mediating indomethacin-transduced signals in
cell survival.

Cells respond to endoplasmic reticulum stress by activating a
self-protective mechanism, involving induction of molecular
chaperones and initiating downstream signaling processes to
survive endoplasmic reticulum stress conditions. If these
adaptive responses are not sufficient to relieve cells from
endoplasmic reticulum stress, cells undergo apoptosis to destroy
the endoplasmic reticulum stress-damaged cells themselves
(Momoi, 2004; Shen et al., 2004). In this study, the cleavage and
activation of ATF-6 and induced expression of CHOP were
found in indomethacin-treated cells (Fig. 4). Although the

mechanism 1is still unclear, CHOP has been shown to be
involved in the regulation of apoptosis associated with
endoplasmic reticulum stress (Zinszner et al., 1998; Yoshida
et al., 2000). Thus, a CHOP-dependent mechanism might play a
role in indomethacin-induced 786-O cell apoptosis. Another
family of endoplasmic reticulum stress sensing molecules is
molecular chaperone proteins. Among the analyzed chaperones,
an increase in GRP78, a characteristic chaperone of the
endoplasmic reticulum, was detected (Fig. 4). As an endoplas-
mic reticulum-resident molecular chaperone and the final
product of the unfolded protein response (UPR), GRP78 is
involved in the folding of unfolded proteins and also acts as an
apoptotic regulator. Evidence shows that GRP78 might prevent
endoplasmic reticulum stress-induced cell death, partly through
caspase-12 sequestration, an endoplasmic reticulum stress-
related apoptotic caspase (Nakagawa et al., 2000). In our study,
the caspase-12 activity remained unchanged in treated cells
(Fig. 3), implying the adaptive and protective effects of induced
GRP78. Taken together, our findings indicate the importance
and involvement of the endoplasmic reticulum organelle in
indomethacin-induced 786-O cell apoptosis.

In searching for further cytotoxic characteristics, we found
that indomethacin increased protein expression markedly in
PPAR-p and slightly in PPAR-+y, but was ineffective in PPAR-«
(Fig. 5B). The PPAR family comprises three closely related gene
products, PPAR-a, PPAR-(3/0, and PPAR-v (Schoonjans et al.,
1997). Evidence suggests that, in addition to their physiological
functions, activation of PPAR-a provides an anti-apoptotic
mechanism (Roberts et al., 1998) but activation of PPAR-y
promotes apoptosis (Lehmann et al., 1997; Wick et al., 2002). In
contrast to this, although PPAR-{3/6 is ubiquitously expressed,
its functional significance is currently unknown (Lemberger et
al., 1996). Correlating the induction of PPAR-p/6 and PPAR-y
with indomethacin-induced cytotoxicity, the results of pharma-
cologically active compounds were in accordance with the
conclusion that both induced PPAR-p/6 and PPAR-y were
strongly associated with cytotoxicity in 786-O cells (Fig. 5A).
Unexpectedly, PGJ, stimulation slightly reduced endogenous
PPAR-vy expression but significantly induced PPAR-p expres-
sion (Fig. 5C). The coincident induction of PPAR-p was
paralleled with the onset of PGJ,-induced 786-O cell cytotoxi-
city (Fig. 5A and C). This regulation of PPAR expression by
PGJ, was also documented in HT-29 colon cancer cells (Chen
and Tseng, 2005). Our findings together with those of other
reports reveal the potential contribution of PPAR-p in apoptosis.

MAPKs can be activated by a variety of intrinsic and
extrinsic stimuli and recent data suggests that they may mediate
apoptotic signaling induced by anti-neoplastic agents (Fan and
Chambers, 2001). Our results show that indomethacin-induced
activation of MAPKs (Fig. 6B). The experiments using specific
inhibitors or activators for MAPKs strongly suggest that
activation of ERK, p38 MAPK, and JNK were critical in
mediating indomethacin-induced apoptotic changes (Figs. 6A
and 8). Activation of ERK is generally related to growth
stimulating actions of many growth factors. However, recent
research indicates that growth inhibition can also result from
ERK activation (Tsukada et al., 2001; Lahlou et al., 2003).
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Accordingly, MAPKs might function in either a pro-apoptotic
or anti-apoptotic capacity. Signal transduction pathways convey
signals into the cell nucleus in order to initiate a program of
gene expression that is characteristic for particular stimuli.
Related studies and our results demonstrate that GRP78, CHOP,
and PPAR-P are among the candidate genes (Zinszner et al.,
1998; Yoshida et al., 2000). Evidence has revealed that the
activation of MAPKSs is involved in the rapid induction of
GRP78 and CHOP (Wang and Ron, 1996; Chen et al., 1998). In
this study, the increased expression of GRP78 and CHOP after
indomethacin treatment was significantly suppressed by U0126,
SB203580, and SP600125 (Fig. 7), indicating that the activation
of ERK, p38 MAPK, and JNK controlled their expression in
indomethacin-treated 786-O cells. Similar regulatory pathways
showed that the induction of PPAR-{3 was under the control of
p38 MAPK and JNK. In contrast to this, the induction of PPAR-
P was independent of the activation of ERK (Fig. 7). Taken
together, these results demonstrate that cell type, state of
activation, and cellular context might be key determinants in the
regulation of apoptosis by MAPKs.

In analyzing AKT, similar pharmacological protection, protein
phosphorylation, and caspase activity downregulation were
observed. However, the protective effect of inhibitors was lost
when the concentration was increased (Fig. 9). Evidence suggests
that inhibition of caspase-8 activation is one of the anti-apoptotic
effects of AKT (Panka et al., 2001). In this study, we detected an
elevation of caspase-8 activity in inhibitor-treated non-protective
cells (Fig. 9C), indicating an association between high AKT
phosphorylation and low caspase-8 activity. Significantly, a
protective concentration of LY294002 attenuated indomethacin-
induced increased phosphorylation of ERK, p38 MAPK, and
JNK (Fig. 11). On the other hand, individual inhibitors of ERK,
p38 MAPK, and JNK also reduced indomethacin-induced
increased phosphorylation of AKT (Fig. 11). Therefore, the
outcome of elevated AKT in indomethacin-treated 786-O cells
can be separated into two consequences: induction of MAPK
phosphorylation leading to cytotoxicity and inhibition of caspase-
8 activation to restrain apoptosis. Mutual amplification between
MAPKSs and AKT might be the key determinant of indomethacin-
induced apoptosis.

We found that the antioxidant Trolox remarkably suppressed
increased phosphorylation of ERK, p38 MAPK, JNK, and AKT
(Fig. 11), effectively decreased caspase activation (Fig. 10B),
and protected the cells from death (Fig. 10A), indicating the
involvement of reactive oxygen species in indomethacin-
induced apoptosis. That is, indomethacin-induced apoptosis
appears to be closely associated with oxidative stress. In our
experiments, the specific sources of reactive oxygen species
generation were not characterized. Evidence indicates that an
alternate mechanism of action of NSAIDs involves inhibition of
oxidative phosphorylation and disruption of mitochondrial
energy metabolism (Mahmud et al., 1996; Jacob et al., 2001).
This uncoupling of mitochondrial respiration might lead to the
generation of reactive oxygen species. However, whether the
uncoupling of oxidative phosphorylation is responsible for
indomethacin-induced oxidative stress and apoptosis in 786-O
cells remains further investigation.

In this study, the potential contribution of PTEN, Bcl-2, p53,
and cell cycle proteins was not addressed. Instead, we focused
on the elucidation of related signaling molecules in response to
indomethacin treatment in 786-O cells. In conclusion, based on
pharmacological and biochemical studies, we provided evi-
dence of a possible pathway of apoptosis induced by
indomethacin in 786-O cells. The generation of reactive oxygen
species is a crucial event and lies upstream from the signaling
molecules including ERK, p38 MAPK, JNK, and AKT. Mutual
activation occurs between AKT and MAPKSs. Cytotoxicity is
associated closely with CHOP and PPAR- expression and
caspase activation. Both gene induction and caspase activation
are directly or indirectly under the control of MAPKs. These
findings establish a mechanistic link between the reactive
oxygen species, MAPK pathway, AKT pathway, and indometh-
acin-induced cellular alterations and apoptosis. It should be
noted that the concentration of indomethacin required to
decrease cell viability and induce apoptosis greatly exceeded
the clinically therapeutic concentration (<10 puM). Therefore,
the therapeutic implication of indomethacin in chemoprevention
should be paid more concerns and merits further investigation.
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