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Induction of Apoptosis in Rheumatoid Synovial Fibroblasts
by Celecoxib, but Not by Other

Selective Cyclooxygenase 2 Inhibitors

Natsuko Kusunoki,1 Ryuta Yamazaki,2 and Shinichi Kawai1

Objective. Selective cyclooxygenase 2 (COX-2) in-
hibitors are now being used as antiinflammatory agents
that cause fewer gastrointestinal complications, com-
pared with other antiinflammatory drugs, in patients
with rheumatoid arthritis (RA). This study was under-
taken to investigate whether selective COX-2 inhibitors
could induce apoptosis of RA synovial fibroblasts
(RASFs).

Methods. RASFs were exposed to selective
COX-2 inhibitors, i.e., celecoxib, etodolac, meloxicam,
nimesulide, N-[2-(cyclohexyloxyl)-4-nitrophenyl]-
methanesulfonamide, and rofecoxib, under various con-
ditions. Cell proliferation and cell viability were as-
sessed by incorporation of 5-bromo-2�-deoxyuridine and
by the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium monosodium salt assay,
respectively. Apoptosis was detected by identifying DNA
fragmentation. Activation of peroxisome proliferator–
activated receptor � (PPAR�) was measured by the
luciferase reporter gene assay with a PPAR response
element–driven luciferase reporter plasmid and a
PPAR� expression plasmid.

Results. Celecoxib strongly inhibited the prolifer-
ation of RASFs, whereas other selective COX-2 inhibi-
tors had little or no effect. In addition, celecoxib reduced

the viability of RASFs by induction of apoptosis, in a
concentration-dependent manner. This action was abol-
ished by addition of caspase inhibitors. Interleukin-1�
had a weak enhancing effect on celecoxib-induced apo-
ptosis in RASFs. In contrast, other selective COX-2
inhibitors at concentrations up to 100 �M did not
induce apoptosis of RASFs. Indomethacin, a nonselec-
tive COX inhibitor, activated PPAR� transcription,
while celecoxib did not.

Conclusion. Celecoxib suppressed the prolifera-
tion of RASFs by COX-2–independent and PPAR�-
independent induction of apoptosis. Although the mech-
anism involved remains unclear, celecoxib may have not
only antiinflammatory activity, but also a disease-
modifying effect on rheumatoid synovial proliferation.

Nonsteroidal antiinflammatory drugs (NSAIDs)
have both therapeutic and toxic effects that are medi-
ated by their ability to reduce prostaglandin biosynthesis
(1) through inhibition of cyclooxygenase (COX) or
prostaglandin G/H synthase (2). Several studies have
shown that COX has 2 isoenzymes (3,4), which differ
with respect to their basal expression, tissue localization,
and induction during inflammation (5). The existence of
2 COX isoenzymes with differing characteristics may
help to explain differences in the pharmacologic profiles
of various NSAIDs and may also have important clinical
consequences. COX-1 is constitutively expressed by var-
ious cells, whereas COX-2 is an inducible enzyme and is
found predominantly at sites of inflammation. It has
been proposed that the inhibition of COX-1 in gastric
mucosal cells and the resultant decrease of prostaglan-
din (PG) synthesis leads to weakening of local mucosal
protective mechanisms and accounts for the significant
gastrointestinal (GI) toxicity of NSAIDs (6). COX-2
shows an increase in activity with the onset of inflam-
mation that leads to increased production of PGs, so it
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should theoretically be a better therapeutic target than
COX-1.

The recently developed selective COX-2 inhibi-
tors (coxibs) are now being used as antiinflammatory
agents to treat patients with rheumatoid arthritis (RA)
and/or osteoarthritis (OA), and are associated with a
lower incidence of GI complications compared with
conventional NSAIDs. Two large-scale clinical trials of
celecoxib (7) and rofecoxib (8) have provided evidence
that these coxibs can reduce the incidence of severe
upper GI toxicity in patients with RA and/or OA.

It is generally accepted that NSAIDs regulate
inflammation via the inhibition of COX-2, but some
novel mechanisms of action have recently been dis-
cussed. Jiang et al (9) found that activation of peroxi-
some proliferator–activated receptor � (PPAR�), a nu-
clear transcription factor, inhibited the production of
cytokines in human monocytes. They reported that
several PPAR� ligands, including NSAIDs such as indo-
methacin, could activate this receptor. We recently
found that several NSAIDs, such as indomethacin, di-
clofenac, and oxaprozin, induced apoptosis of RA syno-
vial fibroblasts (RASFs) in association with PPAR�
activation (10). In contrast, results reported by Yin et al
(11) suggest that aspirin and salicylate may suppress
inflammation not only by inhibition of COX, but also by
inhibition of inhibitor of nuclear factor �B kinase � in
Jurkat cells. These findings suggest the existence of
other mechanisms besides COX inhibition for the anti-
rheumatic activity of NSAIDs.

RA is characterized by extensive inflammation
and proliferation of the synovium in various joints.
Nishioka et al (12) have suggested that stimulation of
proliferation by tumor necrosis factor � and induction of
apoptosis by Fas ligand play an important role in regu-
lating the growth of rheumatoid synovial tissue. Al-
though NSAIDs (even selective COX-2 inhibitors) are
generally considered to have little disease-modifying
effect in RA, some NSAIDs have been reported to
suppress the proliferation of RASFs (10) and cancer
cells (13,14) by induction of apoptosis. Selective COX-2
inhibitors are relatively safe drugs, even at higher doses.
Accordingly, we investigated whether selective COX-2
inhibitors could cause apoptosis of RASFs.

MATERIALS AND METHODS

Chemicals. RPMI 1640 medium, penicillin/
streptomycin solution, fetal bovine serum (FBS), and 0.25%
trypsin/EDTA were purchased from Gibco BRL (Gaithers-
burg, MD). Celecoxib (15) and rofecoxib (16) were synthesized

using previously reported methods (17). We also obtained
celecoxib from Pharmacia K. K. (Tokyo, Japan); this was used
in the experiments presented in Figures 2–6. Similar data were
obtained in studies using the celecoxib obtained from Pharma-
cia K. K. and the celecoxib that we synthesized. The purity of
these celecoxib preparations was analyzed by high-
performance liquid chromatography (1100 series; Agilent, Palo
Alto, CA) using a Supelcosil LC-DP column (250 � 4.6 mm
internal diameter; Sigma, St. Louis, MO) packed with 5
�m–diameter particles as the stationary phase and a mobile
phase of 20 mM potassium phosphate (pH 3.0)/methanol/
acetonitrile (6/3/1) at a flow rate of 1.15 ml/minute and a
temperature of 60°C with ultraviolet detection at 215 nm. The
retention times of the synthesized and the Pharmacia-obtained
celecoxib preparations were identical (25 minutes), and their
purities were 99.95% and 99.94%, respectively.

Etodolac was obtained from Wyeth Lederle Japan
(Tokyo, Japan), meloxicam from Nippon Boehringer In-
gelheim (Osaka, Japan), troglitazone from Sankyo (Tokyo,
Japan), and indomethacin from Sigma. N-[2-(cyclohexyloxyl)-4-
nitrophenyl]-methanesulfonamide (NS-398) and nimesulide
were purchased from Cayman Chemical (Ann Arbor, MI);
NSAIDs and troglitazone were dissolved in DMSO to make
stock solutions. Z-DEVD-FMK (a caspase 3 inhibitor) and
Z-IETD-FMK (a caspase 8 inhibitor) were purchased from
R&D Systems (Minneapolis, MN). Z-VAD-FMK (a caspase
3/7 inhibitor) was purchased from Promega (Madison, WI).
Interleukin-1� (IL-1�) was purchased from Genzyme (Cam-
bridge, MA). All other chemicals were purchased from Wako
(Osaka, Japan).

Culture of human RASFs. RASFs were prepared from
synovial tissue as described previously (18). The synovial tissue
specimens were obtained during total knee replacement sur-
gery in patients with RA that fulfilled the revised criteria of the
American College of Rheumatology (formerly, the American
Rheumatism Association) (19). The protocol for this study was
approved by the St. Marianna University Ethics Committee,
and all patients gave written consent to the use of their tissue
for this research. Synovial tissue was digested for 2 hours with
0.2% (weight/volume) bacterial collagenase (Immuno-
Biological Laboratories, Gunma, Japan) and then was sus-
pended in RPMI 1640 with 10% (volume/volume) FBS, 100
units/ml penicillin, and 100 �g/ml streptomycin. The cells were
incubated at 37°C in 5% CO2 for several days, after which
nonadherent cells were removed. Fibroblast-like adherent cells
from the first or second passage were used as RASFs.

Assay of PGE2 production. RASFs were plated in
24-well plastic plates (1 � 105 cells/well) and cultured for 24
hours. After washing with phosphate buffered saline (9.57 mM,
pH 7.35–7.65), the cells were incubated for 1 hour at 37°C with
various concentrations of celecoxib, etodolac, meloxicam,
nimesulide, NS-398, or rofecoxib in RPMI 1640 containing 1%
(v/v) FBS in an atmosphere of 5% CO2 (final DMSO concen-
tration 0.1%). Then, 3 �M arachidonic acid (Cayman Chemi-
cal) was added to each well. After incubation for 30 minutes,
the culture medium was harvested using a syringe and filtered
with a 0.22-�m filter (Millipore, Bedford, MA). The PGE2
concentration in the medium was measured using an enzyme-
linked immunosorbent assay (ELISA) kit according to the
instructions of the manufacturer (Cayman Chemical). Each
measurement was done in triplicate.
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Cell proliferation. The proliferation of RASFs was
estimated from the incorporation of 5-bromo-2�-deoxyuridine
(BrdU). Cells (1 � 104/well) were incubated in 96-well plastic
plates with the test drugs in RPMI 1640 containing 1% (v/v)
FBS for 24 hours at 37°C in an atmosphere of 5% CO2 (final
DMSO concentration 0.1%). After incubation, BrdU (10 �M)
was added to the culture medium, and then the cells were
incubated for another 18 hours. Subsequently, the cells were
fixed and BrdU incorporation was determined with a Cell
Proliferation ELISA Kit according to the instructions of the
manufacturer (Roche Diagnostics, Mannheim, Germany).
Each measurement was done in triplicate, and the results are
presented as percentages relative to the value determined with
untreated control cultures.

Cell viability. RASFs (2 � 104/well) were incubated at
37°C in 96-well plastic plates with test drugs in RPMI 1640
containing 1% (v/v) FBS in an atmosphere of 5% CO2 (final
DMSO concentration 0.1%). After 24–96 hours, cell viability
was assessed by measuring mitochondrial NADH-dependent
dehydrogenase activity with a Cell Counting Kit (Dojindo
Molecular Technologies, Kumamoto, Japan) using a sulfo-
nated tetrazolium salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-1)
(20). Each measurement was done in triplicate, and the results
are presented as percentages relative to the value determined
with untreated control cultures.

DNA fragmentation. DNA fragmentation was detected
by ELISA and by the TUNEL assay. RASFs were plated in
96-well plastic plates (2 � 104 cells/well) and cultured for 24

hours. The cells were then incubated for a further 24 hours at
37°C with test drugs in RPMI 1640 containing 1% FBS (final
DMSO concentration 0.1%). After incubation, DNA fragmen-
tation was measured using a Cell Death Detection ELISAPLUS

kit (21) (Roche Diagnostics). Each measurement was done in
triplicate, and the results are presented as the fold induction
compared with untreated control cultures.

RASFs (2.5 � 104 cells/well) were incubated in 8-well
chamber slides (Iwaki, Chiba, Japan) for 24 hours at 37°C with
the test drugs in RPMI 1640 containing 1% FBS (final DMSO
concentration 0.1%). Morphologic changes of the cells were
observed under a microscope (BX51; Olympus, Nagano, Ja-
pan), after which the cells were fixed with 4% neutral buffered
formalin for 10 minutes at room temperature. Subsequently,
apoptotic synovial cells were identified with the TUNEL assay,
using an Apoptosis in situ Detection Kit according to the
instructions of the manufacturer (Wako). Sections were coun-
terstained with methyl green (Wako) before observation.

PPAR� activation. A luciferase reporter plasmid, con-
taining 4 copies of the PPAR response element (PPRE) of the
acyl–coenzyme A oxidase gene promoter (22) at the Nhe I
restriction site in the firefly luciferase expression vector
PGV-P2 (Toyo, Tokyo, Japan), was used to measure PPAR�
activation (10). RASFs (6 � 104/well) were seeded into 24-well
culture plates in RPMI 1640 containing 10% (v/v) FBS. After
culture for 24 hours at 37°C in an atmosphere of 5% CO2, the
cells were cotransfected with the reporter plasmid (0.1 �g/

Figure 1. Effect of selective cyclooxygenase 2 (COX-2) inhibitors on
prostaglandin E2 (PGE2) production by rheumatoid arthritis synovial
fibroblasts. Cells were incubated for 1 hour at 37°C with various
concentrations of each selective COX-2 inhibitor (open bars � 0.01
�M; dotted bars � 0.1 �M; hatched bars � 1 �M; solid bars � 10 �M).
Arachidonic acid (3 �M) was then added and incubation was contin-
ued for another 30 minutes, after which the PGE2 level in the culture
medium was measured by enzyme immunoassay. Representative re-
sults from 3 independent experiments are shown; values are the
mean � SD from triplicate cultures. The PGE2 level in the control
cultures was 12.3 � 1.3 ng/ml. NS-398 � N-[2-(cyclohexyloxyl)-4-
nitrophenyl]-methanesulfonamide.

Figure 2. Effects of selective COX-2 inhibitors on proliferation of
rheumatoid arthritis synovial fibroblasts. Cells were incubated for 24
hours with each inhibitor (at 3, 10, 30, 40, and 100 �M). Cell
proliferation was then estimated from the incorporation of 5-bromo-
2�-deoxyuridine. Representative results from 4 independent experi-
ments are shown; values are the mean � SD from triplicate cultures.
F � celecoxib; E � etodolac; Œ � meloxicam; ‚ � nimesulide; } �
rofecoxib; { � NS-398. See Figure 1 for definitions.
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well), a PPAR� expression plasmid containing mouse PPAR�2
complementary DNA (23) at the Hind III and Xba I restriction
sites in the expression vector pRc/CMV (0.1 �g/well; Invitro-
gen, Groningen, The Netherlands), and an internal control
plasmid (pRL-SV40) (0.01 �g/well; Promega), using Effectene
Transfection Reagent (12 �g/ml) according to the instructions
of the manufacturer (Qiagen, Hilden, Germany).

Incubation was continued for a further 24 hours at
37°C in an atmosphere of 5% CO2, and then the transfection
mixture was replaced by RPMI 1640 containing 1% (v/v) FBS
with or without one of the test drugs. After an additional
incubation for 18 hours at 37°C in an atmosphere of 5% CO2,
luciferase activity was determined using the Dual-Luciferase
Reporter Assay System (Promega) and a TD-20/20 luminom-
eter, according to the instructions of the manufacturer (Turner
Designs, Sunnyvale, CA). Each measurement was done in
triplicate, and firefly luciferase activity was normalized to
Renilla luciferase activity.

RESULTS

Effect of selective COX-2 inhibitors on PGE2

production by RASFs. We investigated the effect of
selective COX-2 inhibitors on PGE2 production by
synovial fibroblasts from patients with RA. As shown in
Figure 1, the selective COX-2 inhibitors caused suppres-
sion of PGE2 production stimulated by the addition of 3
�M arachidonic acid, and the suppression was concen-
tration dependent.

Proliferation of RASFs. To determine whether
selective COX-2 inhibitors had an antiproliferative ef-
fect on RASFs, we examined the effect of these drugs on
cell proliferation (DNA synthesis) by measuring the
incorporation of BrdU (Figure 2). Celecoxib suppressed
the proliferation of RASFs in a concentration-
dependent manner and strongly inhibited cell prolifera-
tion, while etodolac, meloxicam, nimesulide, and NS-398
had some inhibitory effect at higher concentrations.
Rofecoxib at concentrations up to 100 �M had no effect
on cell proliferation.

Viability of RASFs. Since some selective COX-2
inhibitors suppressed the proliferation of RASFs, we
next evaluated the effect of these drugs on cell viability,
using the WST-1 assay. Celecoxib reduced cell viability
in a concentration-dependent manner (Figure 3). In
contrast, etodolac, meloxicam, nimesulide, NS-398, and
rofecoxib at concentrations up to 100 �M had little
effect on cell viability.

Since the incubation time can also influence cell
viability, we examined the effect of celecoxib and rofe-
coxib (at 30 �M) on the viability of RASFs after

Figure 3. Effects of selective COX-2 inhibitors on viability of rheu-
matoid arthritis synovial fibroblasts. Cells were incubated for 24 hours
with each inhibitor (at 3, 10, 30, 40, and 100 �M). Viability was then
measured by the WST-1 assay. Representative results from 4 indepen-
dent experiments are shown; values are the mean � SD from triplicate
cultures. F � celecoxib; E � etodolac; Œ � meloxicam; ‚ �
nimesulide; } � rofecoxib; { � NS-398. See Figure 1 for definitions.

Figure 4. Effects of selective COX-2 inhibitors on DNA fragmenta-
tion in rheumatoid arthritis synovial fibroblasts. Cells were incubated
for 24 hours with each inhibitor (at 3, 10, 30, 40, and 100 �M). DNA
fragments in the cytoplasm were then measured by enzyme immuno-
assay. The fold induction of DNA fragmentation is shown relative to
the control value (untreated cells). Representative results from 4
independent experiments are shown; values are the mean � SD from
triplicate cultures. F � celecoxib; E � etodolac; Œ � meloxicam; ‚ �
nimesulide; } � rofecoxib; { � NS-398. See Figure 1 for definitions.
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incubation for 96 hours. Cell viability was reduced to
21% after incubation with celecoxib, versus 98% after
incubation with rofecoxib.

Apoptosis of RASFs. To determine whether the
decrease in RASF viability was caused by apoptosis, we
examined the effect of selective COX-2 inhibitors on
DNA fragmentation, a hallmark of apoptosis, using a
quantitative ELISA that specifically detected cyto-
plasmic histone–associated DNA fragments, mononu-
cleosomes, and oligonucleosomes. As shown in Figure 4,
celecoxib induced DNA fragmentation, with the peak
effect occurring with a concentration of 40 �M. With
celecoxib at 100 �M, DNA fragments were released into
the culture medium (data not shown), indicating that the
cells had undergone secondary (type 2) necrosis, which
usually occurs after apoptosis during in vitro experi-
ments. In contrast, the other selective COX-2 inhibitors
did not induce DNA fragmentation at any concentra-
tion. To investigate whether the caspase cascade partic-
ipated in the induction of apoptosis by celecoxib, we
examined DNA fragmentation after RASFs were cul-
tured in the presence of celecoxib with or without
caspase inhibitors. The proapoptotic effect of celecoxib

(40 �M) was abolished by addition of caspase 3, caspase
8, or caspase 3/7 inhibitors (Figure 5). The effect of
IL-1� on celecoxib-induced DNA fragmentation was
also determined. As shown in Figure 6, addition of IL-1�
(1 ng/ml) to RASF cultures caused slight enhancement
of celecoxib-induced apoptosis.

To confirm the proapoptotic effect of celecoxib,
cell morphology was examined and the TUNEL assay
was applied. Morphologic changes of RASFs are shown
in Figure 7. Cells treated with celecoxib became
rounder, exhibited shrinkage, and became separated
from adjacent cells. As shown in Figure 8, TUNEL-
positive cells, accounting for 38% of the total cells
present, were observed after incubation for 24 hours
with 40 �M celecoxib. In contrast, TUNEL staining was
negative when RASFs were incubated with the other
selective COX-2 inhibitors (100 �M) and was also
negative in untreated cells. These results suggested that
celecoxib caused a decrease of RASF proliferation by
inducing apoptosis.

Effect of NSAIDs on PPAR� activation in
RASFs. To explore whether PPAR� activation was
involved in the apoptotic effect of celecoxib, we per-
formed a luciferase reporter gene assay in which RASFs

Figure 5. Effects of caspase inhibitors on celecoxib-induced
DNA fragmentation in rheumatoid arthritis synovial fibroblasts. Cells
were incubated with celecoxib (40 �M) and each caspase inhibitor
(Z-DEVD-FMK [a caspase 3 inhibitor], Z-IETD-FMK [a caspase 8
inhibitor], and Z-VAD-FMK [a caspase-3/7 inhibitor]) for 24 hours at
the indicated concentrations, after which DNA fragments in the
cytoplasm were measured by enzyme immunoassay. The fold induction
of DNA fragmentation is shown relative to the control value (untreat-
ed cells). Representative results from 2 independent experiments are
shown; values are the mean and SD from triplicate cultures.

Figure 6. Effect of interleukin-1� (IL-1�) on celecoxib-induced apo-
ptosis in rheumatoid arthritis synovial fibroblasts. Cells were incubated
for 24 hours with or without IL-1� (1 ng/ml), after which celecoxib (40
�M) or rofecoxib (100 �M) was added and DNA fragments in the
cytoplasm were measured by enzyme immunoassay. The fold induction
of DNA fragmentation is shown relative to the control value (untreat-
ed cells). Representative results from 2 independent experiments are
shown; values are the mean � SD from triplicate cultures. F �
celecoxib alone; E � celecoxib and IL-1�; } � rofecoxib alone; { �
rofecoxib and IL-1�.
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were cotransfected with a PPRE-driven luciferase re-
porter plasmid and a PPAR� expression plasmid. As
shown in Figure 9, PPAR� ligands (troglitazone and
indomethacin) induced significant PPRE-driven lucif-
erase activity in this system. In contrast, celecoxib and
NS-398 had no effect on PPAR� activity.

DISCUSSION

This is the first report on the induction of apo-
ptosis in RASFs by celecoxib. It has previously been

suggested that both COX-1 and COX-2 are expressed by
human RASFs, and de novo synthesis of COX-2 protein
has been observed in RASFs even without addition of
stimulants (18,24). In addition, the expression of COX-2
messenger RNA and protein is enhanced by proinflam-
matory cytokines such as IL-1� and tumor necrosis
factor � (18). All 6 selective COX-2 inhibitors that we
studied (celecoxib, etodolac, meloxicam, nimesulide,
NS-398, and rofecoxib) caused a �90% decrease in
PGE2 production at a concentration of 10 �M, which
was sufficient to almost completely inhibit COX-2. How-
ever, only celecoxib induced the apoptosis of RASFs.

Figure 7. Morphologic changes in rheumatoid arthritis synovial fibro-
blasts. Cells were incubated for 24 hours a, without any COX-2
inhibitors or with b, celecoxib (40 �M), c, etodolac (100 �M), d,
meloxicam (100 �M), e, nimesulide (100 �M), f, NS-398 (100 �M), or
g, rofecoxib (100 �M). See Figure 1 for definitions. (Magnification �
200.)

Figure 8. Detection of apoptosis in rheumatoid arthritis synovial
fibroblasts, by the TUNEL assay. Cells were incubated for 24 hours a,
without any COX-2 inhibitors or with b, celecoxib (40 �M), c, etodolac
(100 �M), d, meloxicam (100 �M), e, nimesulide (100 �M), f, NS-398
(100 �M), or g, rofecoxib (100 �M). Apoptotic cells exhibiting TUNEL
staining are brown; normal cells counterstained with methyl green are
blue. See Figure 1 for definitions. (Magnification � 200.)
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These results indicate that the induction of apoptosis by
celecoxib was not associated with inhibition of COX-2 or
suppression of PG production in RASFs.

This study also showed that induction of DNA
fragmentation in RASFs by celecoxib was abolished
after the addition of inhibitors of caspase 3, caspase 8, or
caspase 3/7. It has been reported that regulatory mech-
anisms for apoptosis are involved in formation of the
death-inducing signaling complex, especially at the level
of caspase 8 activation (25). Accordingly, the caspase
cascade may play an important role in the induction of
apoptosis of RASFs by celecoxib.

Stimulation by IL-1� had a weak enhancing
effect on celecoxib-induced apoptosis of RASFs. Tsuboi
et al (26) reported that IL-1� inhibited Fas antigen
expression at the posttranscriptional level in RASFs and

protected these cells from Fas antigen–mediated apo-
ptosis. However, we found that celecoxib-induced apo-
ptosis was slightly enhanced by the addition of IL-1�.
These different responses to IL-1� might be explained
by differences in the inducer of apoptosis, i.e., anti-Fas
antibody versus celecoxib.

PPAR� is expressed by human RASFs, and spe-
cific ligands for this receptor (troglitazone and 15-deoxy-
�12,14–PGJ2) have been shown to inhibit the growth of
these cells by inducing apoptosis (10,27). Activation of
PPAR� in monocytes is enhanced by some NSAIDs,
such as indomethacin, fenoprofen, and ibuprofen (9),
while this receptor is activated in pre-adipocytes by
indomethacin, fenoprofen, ibuprofen, and flufenamic
acid (28). We recently found that induction of apoptosis
in RASFs by some NSAIDs, such as indomethacin,
diclofenac, and oxaprozin, was associated with PPAR�
activation (10). Therefore, we examined whether selec-
tive COX-2 inhibitors could activate this receptor in
RASFs. Celecoxib and NS-398 did not activate PPAR�,
whereas indomethacin and troglitazone did, as demon-
strated in the luciferase reporter gene assay.

A recent clinical study showed that celecoxib
could reduce the number of polyps in patients with
familial adenomatous polyposis (29). It was reported
that disruption of the COX-2 gene in the Apc�716

knockout mouse, an animal model of human familial
polyposis, reduced the number and size of intestinal
polyps (30). Treating Apc�716 knockout mice with selec-
tive COX-2 inhibitors also reduced the number of polyps
(30,31). Recently, Sonoshita et al (32) reported that
homozygous deletion of the gene encoding EP2, a cell
surface receptor for PGE2, caused a reduction in the
number and size of intestinal polyps in Apc�716 knockout
mice. Although the inhibition of polyp formation in
these mice was incomplete even after COX-2 gene
knockout, these findings suggest that PGE2, a terminal
product of arachidonic acid metabolism via COX-2, may
play a key role in the progression of colon tumor
proliferation.

In fact, 6 selective COX-2 inhibitors, celecoxib
(33), etodolac (34), meloxicam (35), nimesulide (36),
NS-398 (37), and rofecoxib (31), have demonstrated an
in vivo antitumor effect in animal models of colon
tumor. The association of apoptosis with the antitumor
effect was not reported, and this effect of selective
COX-2 inhibitors might be explained, at least in part, by
indirect mechanisms such as an anti-angiogenic action
due to COX-2 inhibition (38,39). However, it has been
reported that celecoxib has a proapoptotic effect on
cancer cells by COX-2–independent mechanisms, such

Figure 9. Effect of selective COX-2 inhibitors on activation of perox-
isome proliferator–activated receptor � (PPAR�) in rheumatoid ar-
thritis synovial fibroblasts. Cells were cotransfected with a PPAR
response element–driven luciferase reporter plasmid, a PPAR� ex-
pression plasmid, and an internal control plasmid. Transfected cells
were then treated with known PPAR� ligands or selective COX-2
inhibitors, and luciferase activity was determined as described in
Materials and Methods. The fold activation of PPAR� is shown
relative to the control value (untreated cells). Representative results
from 3 independent experiments are shown; values are the mean �
SEM from triplicate cultures. F � celecoxib; { � NS-398; � �
troglitazone; � � indomethacin. See Figure 1 for other definitions.
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as cell cycle arrest (40), blockade of Akt activation (13),
and inhibition of basic fibroblast growth factor (41). As
discussed above, celecoxib inhibits the proliferation of
RASFs and induces apoptosis of these cells through
COX-2–independent and PPAR�-independent mecha-
nisms.

Although the significance of such a COX-2–
independent mechanism for the induction of apoptosis
in RASFs remains to be studied, this unique action of
celecoxib implies a disease-modifying effect in RA. In
the present study, we found that celecoxib suppressed
the proliferation of RASFs and induced apoptosis at
relatively high concentrations (10–30 �M) when com-
pared with the optimal concentration for COX-2 inhibi-
tion (Figure 1). The mean maximum plasma concentra-
tion of celecoxib in healthy volunteers was reported to
be 1.4, 2.5, and 7.7 �M after single doses of 100, 400, and
800 mg, respectively (42). Therefore, this possible
disease-modifying effect of celecoxib could hardly be
expected to occur with standard oral administration.
However, it might become possible to achieve such an
effect if the drug is administered directly into the
synovial space or via a new delivery system. Otherwise, a
novel compound that induces apoptosis at clinically
achievable concentrations by mimicking the action of
celecoxib may possibly be of therapeutic value in RA.
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