MOLECULAR TARGETS IN SIGNALING PATHWAYS
MEDIATING ANTI-TUMOR EFFECTS OF NON-STEROIDAL
ANTI-INFLAMMATORY DRUGS (NSAIDs)

Daniel Hwang, Pennington Biomedical Research Center, Louisiana
State University, Baton Rouge, Louisiana, 70808, U.S.A.

Many epidemiological studies have revealed that the use of aspirin or other non-steroidal anti-inflammatory
drugs (NSAIDs) can reduce the risk of colon cancer. Since the well-documented pharmacological action
of aspirin and other NSAIDs is the inhibition of cyclooxygenase [COX, the rate-limiting enzyme in
prostaglandin (PG) biosynthesis], it has been inferred that the beneficial effect of NSAIDs may be
mediated through the inhibition of PG biosynthesis. However, experimental evidence to support this
hypothesis has not been conclusively demonstrated. Several lines of experimental observations imply that
the beneficial effects of NSAIDs may be mediated through both COX-dependent and COX-independent
pathways.

Results from recent studies demonstrated that NSAIDs can induce the expression of the inducible form of
COX (COX-2) in epithelial cells (Meade et al., J Biol Chem 274:8328, 1999). Previously (J Biol Chem
275:28173, 2000), we demonstrated that some NSAIDs show two opposing effects on COX-2 expression; it
induces the expression of COX-2 in the colon cancer cell line (HT-29) and macrophage cell line (RAW
264.7) in the absence of other inducers of COX-2 expression; conversely, it inhibits TNFo- or
lipopolysaccharide (LPS)-induced COX-2 expression in HT-29 and RAW 264.7 cells, respectively. The
relative magnitude of NSAID-induced COX-2 expression and inhibition of cytokine-induced COX-2 by
NSAIDs varies with types of cells. NSAIDs do not activate NFxB. Thus, unlike cytokine- or LPS-induced
COX-2 expression, NSAIDs- induced COX-2 expression is not mediated through activation of NF«B.
NSAIDs that inhibit cytokine- or LPS-induced COX-2 expression also inhibit NFkB activation. These
results suggest that the inhibition of cytokine or LPS-induced COX-2 expression is mediated at least in part
through the suppression of NFxB activation which is one of major signaling pathways leading to COX-2
expression.

NSAIDs that inhibit LPS-induced COX-2 expression also inhibit expression of other inflammatory marker
gene products such as iNOS and IL-1a in macrophages. These results suggest that NSAIDs inhibit not only
downstream signaling pathways and target gene expression derived from the activation of pro-inflammatory
cytokine receptors, but also the expression pro-inflammatory marker gene products in response to initial
inflammatory stimuli.

Macrophages, important components of stromal cells in tumor tissues, can release cytokines, which in turn
stimulate tumor cells and other stromal cells to induce the expression of COX-2. Our results suggest that
NSAIDs can inhibit both the production of cytokines by macrophages, and the induction of COX-2 by tumor
cells in response to the cytokines. These effects may represent a novel mechanism by which NSAIDs exert
their anti-inflammatory and possible anti-neo-plastic effects. These results suggest that the pharmacological
effects of NSAIDs are mediated through not only the inhibition of COX enzyme activity but also the
suppression of the expression of COX-2 and other pro-inflammatory marker gene products.

{Supported by NIH Grants DK-41868 and CA-75613, USDA Grant 9700918, and AICR Grant 98A0978]
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The efficacy of non-steroidal anti-inflammatory drugs
(NSAIDs) is considered to be a result of their inhibitory
effect on cyclooxygenase (COX) activity. Here, we report
that flufenamic acid shows two opposing effects on
COX-2 expression; it induces COX-2 expression in the
colon cancer cell line (HT-29) and macrophage cell line
(RAW 264.7); conversely, it inhibits tumor necrosis fac-
tor a (TNFa)- or lipopolysaccharide (LPS)-induced
COX-2 expression. This inhibition correlates with the
suppression of TNFa- or LPS-induced NF«B activation
by flufenamic acid. The inhibitor of extracellular signal-
regulated protein kinase, p38, or NFxB does not affect
the NSAID-induced COX-2 expression. These results sug-
gest that the NSAID-induced COX-2 expression is not
mediated through activation of NFxB and mitogen-acti-
vated protein kinases. An activator of peroxisome pro-
liferator-activated receptor y, 15-deoxy-A'%'‘.prostag-
landin J,, also induces COX-2 expression and inhibits
TNFa-induced NFxB activation and COX-2 expression.
Flufenamic acid and 15-deoxy-A!?!4.prostaglandin J,
also inhibit LPS-induced expression of inducible form of
nitric-oxide synthase and interleukin-1e in RAW 264.7
cells. Together, these results indicate that the NSAIDs
inhibit mitogen-induced COX-2 expression while they
induce COX-2 expression. Furthermore, the results sug-
gest that the anti-inflammatory effects of flufenamic
acid and some other NSAIDs are due to their inhibitory
action on the mitogen-induced expression of COX-2 and
downstream markers of inflammation in addition to
their inhibitory effect on COX enzyme activity.

Many epidemiological studies have revealed that the use of
aspirin or other non-steroidal anti-inflammatory drugs
(NSAIDs)! can reduce the risk of colon cancer. Since the well
documented pharmacological action of aspirin and other
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NSAIDs is the inhibition of cyclooxygenase (COX, the rate-
limiting enzyme in prostaglandin biosynthesis), it can be in-
ferred that the beneficial effect of NSAIDs may be mediated
through the inhibition of prostaglandin biosynthesis. However,
experimental evidence to support this hypothesis has not been
conclusively demonstrated. Several lines of experimental ob-
servations imply that the beneficial effects of NSAIDs may be
mediated through both COX-dependent and COX-independent
pathways.

Two isoforms of COX have been identified: constitutively
expressed COX-1 (1-5) and mitogen-inducible COX-2 (6-11).
Evidence supporting the hypothesis that the beneficial effect of
NSAIDs in reducing the risk of colon cancer is mediated by the
inhibition of COX activity includes the fact that cross-breeding
of APC27'¢ knockout mice with COX-2 knockout mice, or the
administration of the COX-2 specific inhibitor to APC*"*®
knockouts, resulted in a dramatic reduction in the numbers
and size of the intestinal polyps (12). In addition, it has been
demonstrated that the overexpression of COX-2 in intestinal
epithelial cells leads to enhanced tumorigenic phenotypes, met-
astatic potential, and angiogenesis (13-15).

It has been shown that NSAIDs have pharmacological effects
other than the inhibition of COX activity. Sodium salicylate
and aspirin were shown to inhibit the transcription factor
NF«B (16). NSAIDs can also activate peroxisome proliferator-
activated receptors (PPAR) a and v, and induce differentiation
of pre-adipocytes to adipoeytes (17). Results from recent studies
by Meade et al. (18) demonstrated that various NSAIDs, as
PPAR activators, induce the expression of COX-2 in epithelial
cells. However, Xu et al. (19) showed that aspirin and sodium
salicylate suppress COX-2 expression induced by IL-1 in endo-
thelial cells. In addition, the activation of PPARa by Wy 14643
leads to the inhibition of IL-1-induced COX-2 expression in
smooth muscle cells (20).

To clarify these seemingly opposing results, we studied the
effects of NSAIDs on COX-2 expression in the presence or
absence of a known inducer of COX-2 expression. COX-2 ex-
pression is induced by various mitogenic stimuli in different
cell types (7, 9, 11, 22). The cis-acting NF«B element is present
in the 5'-flanking regions of COX-2 genes of different species
(23, 24). Results from our previous studies demonstrated that
the activation of NF«B is required to induce the expression of
COX-2 in the lipopolysaccharide (LPS)-stimulated macrophage
cell line (25). The activation of mitogen-activated protein ki-
nases (MAPKs, ERK-1 and -2, and p38) alone is not sufficient
to induce the expression of COX-2, but the inhibition of ERK-1
and -2 or p38 results in partial suppression of COX-2 expres-
ston (25). Pro-inflammatory cytokines, such as TNFa and IL-1,

say; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; FBS,
fetal bovine serum; TPCK, N-tosyl-1-phenylalanine ketone.
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also activate NFxB and MAPKs, and induce the expression of
COX-2 in many cell types (26, 27).

Thus, we investigated signaling pathways through which
NSAIDs modulate the expression of COX-2 in a colon tumor cell
line (HT-29) treated with TNFa and a macrophage-like cell line
(RAW 264.7) stimulated by LPS. If NSAIDs can modulate
mitogen-induced expression of COX-2 in addition to inhibiting
the enzyme activity of COX, this may represent a new mecha-
nism of anti-inflammatory and anti-neoplastic actions of
NSAIDs.

EXPERIMENTAL PROCEDURES

Reagents—Polyclonal antibodies for COX-1 and COX-2 were pre-
pared and characterized as described previously (28, 29). Polyclonal
antibodies for I«Be, iNOS, and IL-1a were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and polyclonal antibody for 8-actin was
from Sigma. Goat anti-mouse and donkey anti-rabbit immunoglobulin
G (IgG) antibodies conjugated to horseradish peroxidase were pur-
chased from Amersham Pharmacia Biotech. Enhanced chemilumines-
cence (ECL) Western blotting detection r ts were purchased from
Amersham Pharmacia Biotech. Polyvinylidene difluoride transfer
membrane was purchased from Millipore (Bedford, MA). PD98059,
SB203580, and piroxicam were from Calbiochem (La Jolla, CA). NS-398
and flurbiprofen were purchased from Cayman Co. (Ann Arbor, MI).
G. A. Piazza (Cell Pathways, Inc., Aurora, CO) provided sulindac sul-
fide. All other NSAIDs were purchased from Sigma and reconstituted in
Me,SO unless otherwise specified. 3-[4,5-Dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (thiazol blue) reagent was purchased from
Sigma and reconstituted in PBS to give 5 ug/ml and then filter-steril-
ized. N-Tosyl-1-phenylalanine ketone (TPCK) was purchased from
Sigma.

Cell Culture—HT-29 cells (a human colon adenocarcinoma cell line,
ATCC HTB-38) or RAW 264.7 cells (a murine macrophage-like cell line,
ATCC TIB-71) were cultured in Dulbecco’s modified Eagle’s medium
containing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Inter-
gen) and 100 units/m] penicillin and 100 pg/ml streptomycin (Life
Technologies, Inc.) at 37 °C in a 5% CO,/air environment. Cells (2 X
10°%) were plated in 60-mm dishes (Falcon) and cultured for an addi-
tional 18 h to allow the number of cells to approximately double. Cells
were maintained in the serum-poor (0.25% FBS) medium for another
18 h prier to the treatment with indicated reagents.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Im-
munoblotting—These were performed essentially the same as described
previously (25, 30, 31).

Preparation of Nuclear Extracts—Cells (4 x 10°) were plated in
100-mm dishes and cultured in medium containing 0.25% FBS for 18 h.
Fifteen minutes after the TNFa stimulation with or without various
NSAIDs, cells were scraped in ice-cold PBS, pelleted, and washed with
PBS one more time. Pellets were resuspended in 400 ul of buffer A (10
mm Tris-HCl, pH 7.8, 5 mm MgCl,, 10 mMm KCl, 0.3 mM EGTA, 0.3 m
sucrose, 10 mM B-glycerophosphate, 1 mM phenylmethylsulfony! fluo-
ride, 0.5 mM dithiothreitol, 0.5% (v/v) Nonidet P-40, 1 ug/ml leupeptin)
and incubated on ice for 20 min. Nuclei were pelleted by centrifugation
at 7,200 X g for 10 min at 4 °C, followed by washing with buffer A.
Nuclei were resuspended in 100 ul of high salt buffer B (20 mm Tris-
HC), pH 7.8, 5 mm MgCl,, 320 mm KC), 0.2 mm EGTA, 0.5 mu dithio-
threitol, 1 pug/ml aprotinin, 1 ug/ml leupeptin) and incubated on ice for
15 min. After centrifugation at 13,500 X g for 15 min at 4 °C, the
supernatants were kept at —70 °C until analyzed. The protein content
of the supernatant was determined by the Bradford method.

Electrophoretic Mobility Shift Assay (EMSA)—A double-stranded ol-
igonucleotide containing a tandem repeat of the consensus sequence for
the NF«B binding site was used: 5'-GATCCAAGGGGACTTTCCATG-
GATCCAAGGGGACTTTCCATG-3’, 3'-GTTCCCCTGAAAGGTACCT-
AGGTTCCCCGAAAGGTACCTAG-5'. Five nanograms of double-
stranded oligonucleotide were end-labeled in polynucleotide kinase
buffer (60 mm Tris-HCI, pH 7.5, 10 mmM MgCl,, 15 mm B-mercaptoeth-
anol, 0.33 uM ATP) using T4 polynucleotide kinase in the presence of
100 uCi of [y-*2P]ATP. The labeled oligonucleotides were purified by
G-50 Sephadex® spin columns. Five micrograms of nuclear extract were
mixed with incubation buffer (10 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1
mM dithiothreitol, 1 mm EDTA, 4% (v/v) glycerol, 0.08 mg/m] sonicated
salmon sperm DNA) and incubated at 4 °C for 15 min. The labeled
oligonucleotides (40,000~100,000 cpm) were added to the preincubated
mixture and the incubation continued at room temperature for 20 min.
Reaction mixtures were run on a 6% non-denaturing polyacrylamide gel
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at 150 V until the front dye reached 2-3 cm of the bottom of the gel.
Following completion of running, the gel was transferred to blotter
paper and dried under vacuum. The dried gel was placed in the Phos-
phorlmager screen and exposed overnight.

Luciferase Reporter Gene Assay—Cells were plated in six-well plates
(4 X 10° cells/well) and transfected with the reporter gene plasmids
using SuperFect transfect reagent (Quiagen, Valencia, CA) according to
the manufacturer’s instruction. HT-29 cells or RAW 264.7 cells were
transfected with 2.5 ug of NFxB response element-driven pGL2 lucif-
erase reporter plasmid, and 0.5 ug of HSP70-lacZ as an internal control
(kindly provided by Robert L. Modlin, UCLA, Los Angeles, CA). For
COX-2 promoter assay, 2.5 pg of murine COX-2 gene promoter (nt-
1,017/+93)-driven pGL2 luciferase reporter plasmid (gift from David
Dewitt, Michigan State University, East Lansing, MI) was used. After
3 h, the medium was changed and further incubated for 6 h. The cells
were further incubated in medium containing 0.25% FBS for an addi-
tional 15 h. The cells were treated with flufenamic acid alone or a
combination of flufenamic acid with TNFa (50 ng/ml, Sigma) or LPS in
the serum-poor (0.25% FBS) medium. The luciferase activity was de-
termined using the Luciferase Assay System (Promega, Madison, WI)
according to the manufacturer’s recommended protocol. Luciferase ac-
tivity was normalized to the internal control plasmid HSP70-lacZ by
measuring p-galactosidase activity.

Ligand Binding Assay for PPARy—HT-29 cells or RAW 264.7 cells
were transfected with 1 pg of the chimeric receptor expression con-
struct, pcDNA3-hPPARY/GAL4 containing the ligand binding domain
of hPPARy and the yeast GAL4 transcription factor DNA binding
domain. Ligand binding activity was measured by co-transfecting 1.5
ug of the reporter gene construct, pUAS(5x)-tk-luc, which contains five
copies of GAL4 response element (kindly provided by Joel Berger,
Merck Research Laboratory), and 0.5 ug of HSP70-lacZ as an internal
control. After 3 h, the medium was changed and further incubated for
6 h. The cells were further incubated in the serum-poor (0.25% FBS)
medium for an additional 15 h. The medium was removed and fresh
medium containing various NSAIDs or 1 M of 15-deoxy-A'%4.prostag-
landin J, (15d-PGJ,) was added to each well and incubated for another
24 h. The luciferase activity was determined as described above.

Determination of Cell Viability—HT-29 cells or RAW 264.7 cells
(2.5 X 104 cells/well) were plated in 96-well plates. After treatment with
flufenamic acid for 11 h, 20 ul of 3-[4,5-dimethylthiazol-2-yl]-2,6-diphe-
nyltetrazolium bromide solution (5 pug/ml) were added to each well and
incubated for additional 4 h. Insoluble formazan precipitates formed in
the medium were solubilized with 100 ul of 10% SDS, 0.01 ¥ HCl solution.
Optical density at 595 nm was measured using Bio-Rad plate reader.

RESULTS

NSAIDs, Flufenamic Acid, and Sulindac Sulfide Inhibit
TNFa-induced NFxB Activation: This Inhibition Leads to the
Suppression of COX-2 Expression—Among various NSAIDs
tested, flufenamic acid and sulindac sulfide were the most
potent inhibitors of TNFa-induced NF«B activation deter-
mined by IxBa degradation in HT-29 cells (data not shown).
Thus, we investigated these two NSAIDs in this report.

Pretreatment of HT-29 cells with flufenamic acid shows a
biphasic effect on TNFa-induced COX-2 expression: enhance-
ment at concentrations below 200 uM but inhibition at concen-
trations above 200 um (Fig. 1A). However, flufenamic acid
suppressed the TNFa-induced activation of NF«B in a dose-de-
pendent fashion without showing the biphasic effect as demon-
strated by both EMSA and NF«B reporter gene assay (Fig. 1, B
and C). Flufenamic acid at concentrations up to 200 um does
not affect viability of HT-29 and RAW 264.7 cells as determined
by 3-l4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bro-
mide assay (data not shown). However, flufenamic acid induces
cell death at concentrations above 200 uM. Thus, only adherent
cells were harvested and analyzed by Western blot analysis for
the cells treated with flufenamic acid at concentrations above
200 pm.

Similar to flufenamic acid, sulindac sulfide inhibits TNFa-
induced COX-2 expression and this inhibition correlates with
the suppression of TNFa-induced NF«B activation by sulindac
sulfide (Fig. 2, A and B). In addition, TNFa-induced COX-2
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Fic. 1. Inhibitory effects of flufenamic acid on TNFa-induced
COX-2 expression and NF«B activation in HT-29 cells. Cells main-
tained in the serum-poor medium were treated with flufenamic acid
(Flu) for 3 h and then stimulated with TNFa (20 ng/ml) in the presence
of flufenamic acid. A, after 8 h, cell lysates were analyzed by COX-2 and
B-actin immunoblot. B, after 15 min, nuclear extracts were analyzed by
EMSA for NF«B. C, cells were transfected with NF«B response ele-
ment-driven pGL2 luciferase reporter plasmid and HSP70-lacZ as an
internal control. Transfected cells were pretreated with flufenamic acid
for 3 h and then treated with a combination of flufenamic acid and
TNFa (50 ng/ml) for 6 h. The luciferase activity was measured using the
luciferase assay system. Values are mean + S.E. (n = 3). *, significantly
different from the vehiele control (TNFa alone) (p < 0.05). The figures
are representative data from more than three different analyses.

expression is suppressed by the inhibitor of NFxB (data not
shown). These results suggest that the inhibition of TNFa-
induced COX-2 expression by flufenamic acid or sulindac sul-
fide is at least in part due to its inhibitory effect on TNFa-
induced NF«B activation.

Flufenamic Acid in the Absence of Other COX-2 Inducers in
the Medium Induces the Expression of COX-2 in HT-29 Cells:
This Induction Was Not Inhibited by the Inhibitors of MAPKs
or NFxB—Next, to determine whether enhancement of TNFa-
induced COX-2 expression by flufenamic acid at concentrations
below 200 uM (Fig. 1A) is due to COX-2 expression induced by
flufenamic acid itself, cells were treated with flufenamic acid
alone in the absence of other COX-2 inducers. Flufenamic acid
alone induces COX-2 expression in a dose-dependent fashion
(Fig. 3A). This induction was not inhibited by the pretreatment
of cells with SB203580, a specific inhibitor of p38, or a mixture
of inhibitors, PD98059 and TPCK, for MEK1 and NF«B, re-
spectively (Fig. 3, B and C). Sulindac sulfide also induces
COX-2 in the serum-poor medium and this induction was not
inhibited by inhibitors of MAPKs or NF«B (Fig. 4, A-C). Flufe-
namic acid and other NSAIDs alone do not induce the degra-
dation of IxBa (data not shown). Flufenamic acid and other
NSAIDs do not affect COX-1 expression in HT-29 cells (data
not shown). These results suggest that the expression of COX-2
induced by NSAIDs such as flufenamic acid or sulindac sulfide
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Fic. 2. Inhibitory effects of sulindac sulfide on TNFa-induced
COX-2 expression (A) and activation of NF«B (B). Cells main-
tained in serum-poor medium were treated with sulindac sulfide (Si) for
3 h and then stimulated with TNFa (20 ng/ml) in the presence of
sulindac sulfide. EMSA for NFkB and COX-2 immunoblot analyses
were performed as described in Fig. 1.
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Fic. 3. COX-2 expression induced by flufi acid (Flu) in
HT-29 cells is not inhibited by the inhibitor of p38 (SB203580) or
the mixture of the inhibitors of NFxB (TPCK) and MEKI1
(PD98059). A, cells maintained in the serum-poor medium were
treated with flufenamic acid for 8 h. Cells were pretreated with
SB203580 (2.5 uM) (B) or a combination of TPCK (15 uM) and PD98059
(10 M) (C) for 3 h and then further treated with flufenamic acid in the
presence of inhibitors for 8 h. Cell lysates were analyzed by COX-2 and
B-actin immunoblot. The panels are representative immunoblots from
more than three different analyses.

is not mediated through the activation of MAPKs and NF«kB
signaling pathway.

Results from recent studies demonstrated that some NSAIDs
including flufenamic acid can bind and activate PPARy and
PPARa (17) and induce the expression of COX-2 in epithelial
cells and fibroblasts (18, 32). Our immunoblot analyses dem-
onstrated that PPARvy, but not PPARq, was detected in HT-29
cells (data not shown). Thus, we determined the effects of
another known activator of PPARy on COX-2 expression in
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Fic. 4. COX-2 expression induced by sulindac sulfide (Si) in
HT-28 cells is not inhibited by the inhibitor of p38 (SB203580) or
the mixture of the inhibitors of NFxB (TPCK) and MEK1
(PD98059). Cells in serum-poor medium were treated and analyzed as
described in Fig. 3. The panels are representative immunoblots from
more than three different analyses.

HT-29 cells. Results show that, similar to flufenamic acid,
other known PPARY activators troglitazone, indomethacin, and
15d-PGJ; induce COX-2 expression (Fig. 5). In addition, pre-
treatment with 15d-PGJ, results in the inhibition of TNFa-
induced [xBa degradation and COX-2 expression (Fig. 6, A and
B). However, indomethacin, although it induces COX-2 expres-
sion, does not inhibit TNFa-induced COX-2 expression (data
not shown).

To determine whether NSAIDs bind PPARy, HT-29 cells
were transfected with the chimeric receptor expression con-
struct, pcDNA3-hPPARY/GAL4 and the reporter gene con-
struct, pUAS(5x)-tk-luc as described elsewhere (33). Treatment
of HT-29 cells with flufenamic acid, sulindac sulfide, or 15d-
PGJ, resulted in a significantly increased ligand binding activ-
ity to hPPARy (Fig. 7A). The same pattern of results was shown
in RAW 264.7 cells (Fig. 7B). These results imply that flufe-
namic acid- and sulindac sulfide-induced COX-2 expression is
mediated through the activation of PPARy both in HT-29 cells
and RAW 264.7 cells.

Flufenamic Acid Induces COX-2 Expression and Also Inhib-
its the LPS-induced Activation of NF«xB and COX-2 Expression
in the Murine Macrophage-like Cell Line (RAW 264.7)—We
next determined in a cell type other than HT-29 cells whether
flufenamic acid induces COX-2 expression and also inhibits
activation of NF«xB and COX-2 expression induced by mitogenic
stimulation. Pretreatment of RAW 264.7 cells with flufenamic
acid leads to a dose-dependent inhibition of LPS-stimulated
transcriptional activity of COX-2 promoter and NF«B reporter
genes (Fig. 8, A and C, respectively).

Flufenamic acid, in the absence of other inducers of COX-2
expression, enhances transcriptional activity of COX-2 promot-
er-reporter gene in RAW 264.7 cells (Fig. 8B). However, flufe-
namic acid alone does not affect the basal promoter activity of
NF«B (Fig. 8D), indicating that flufenamic-induced COX-2 ex-
pression is not mediated through the activation of NF«B. This
result corroborates with the results, obtained by Western blot
analyses of endogenous COX-2 protein in HT-29 cells (Fig. 3),
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Fic. 5. Induction of COX-2 expression by activators of PPARY.
A, troglitazone (T'G); B, indomethacin (Indo); C, 15d-PGJ,. Cells were
treated with troglitazone, indomethacin, or 15d-PGJ,, and then COX-2
and B-actin immunoblot were performed as described in Fig. 3.
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FIG. 6. Inhibitory effects of the PPARy activator, 15d-PGJ, on
the TNFa-induced degradation of I«Ba and COX-2 expression in
HT-29 cells. A, cells maintained in serum-poor medium were treated
with 15d-PGJ, for 3 h and then stimulated with TNFa (20 ng/m)) for 15
min in the presence of 15d-PGdJ,. Cell lysates were analyzed by IxBa
immunoblot. B, cells were treated with 15d-PGJ, for 3 h and then
stimulated with TNFa (20 ng/ml) for 8 h in the presence of 15d-PGJ,.
Cell lysates were analyzed by COX-2 and p-actin immunoblot. The
panels are representative immunoblots from more than three different
analyses.

demonstrating that the inhibitor of NFxB does not suppress
flufenamic-induced COX-2 expression.

Flufenamic Acid and 15d-PGJ, Inhibit the LPS-induced Ex-
pression of Other Pro-inflammatory Marker Gene Products
Such as iNOS and IL-1a in RAW 264.7 Cells—Pretreatment of
RAW 264.7 cells with flufenamic acid or 15d-PGJ, leads to a
dose-dependent inhibition of LPS-induced expression of iNOS
and IL-la as determined by Western blot analyses (Fig. 9, A
and B). These results suggest that NSAIDs, which inhibit mi-
togen-induced activation of NF«xB, can suppress the expression
of many genes whose induetion is mediated in part through
activation of NF«B.

DISCUSSION

Our results demonstrate that NSAIDs have two opposing
effects on COX-2 expression; NSAIDs inhibit cytokine-induced
COX-2 expression, while NSAIDs alone can induce COX-2 ex-
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pression, Results from promoter-reporter assays demonstrate
that flufenamic acid inhibits LPS-induced COX-2 expression
and NF«B activation in RAW 264.7 cells (Fig. 8, A and C),
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FiG. 7. Ligand binding activity of various NSAIDs for PPARy
in HT-29 and RAW 264.7 cells. A, HT-29 cells were transfected with
the chimeric receptor expression construct, pcDNA3-hPPARy/GAL4
containing the ligand binding domain of hPPARy and the yeast GAL4
transcription factor DNA binding domain. Ligand binding activity was
measured by co-transfectmg the reporter gene construct pUAS(5x)-tk-
lue, which contains five copies of GALA resp t. Transfected
cells were treated with 100 uM of sulindac sulfide (Si), salicylic acid
(Sa), acetaminophen (Ac), flufenamic acid (Flu), NS398 (NS), or 1 um
15d-PGJ, (PGJ,). Veh, vehicle. B, RAW 264.7 cells were transfected
with the same plasmids as above. The transfected cells were treated
with 50 uM sulindac sulfide, flufenamic acid, and 100 uM salicylic acid,
acetaminophen, NS398, or 1 uM 15d-PGJ,. Luciferase activity was
determined as described in Fig. 1. The panels are representative data
from more than three different assays. Values are mean * S.E. (n = 3).
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whereas it induces COX-2 expression in the absence of LPS
(Fig. 8B). The concentrations of flufenamic acid required to
inhibit LPS-induced COX-2 expression and to induce COX-2
expression are in a similar range. Thus, the magnitude of the
inhibition of LPS-induced COX-2 expression by flufenamic acid
might have been even greater if there was no simulianeous
induction of COX-2. In HT-29 cells, enhancement of INFa-
induced COX-2 expression by flufenamic acid at 200 uMm or
lower is likely due to the fact that the additive induction of
COX-2 expression by flufenamic acid is greater than its inhib-
itory effect on TNFa-induced COX-2 expression at thege con-
centrations. However, the inhibitory effect of flufenamic acid
on TNFa-induced COX-2 expression at higher concentrations
may far exceed the additive induction of COX-2 expression by
flufenamic acid. Flufenamic acid does not cause cell death at
concentrations up to 200 uM; however, it induces cell death at
concentrations above 200 uM. It has been well documented that
activation of NF«xB suppresses apoptotic signals in many cell
types (36--39); conversely, inhibition of NF«B can induce apop-
tosis. Thus, it is likely that induction of apoptosis and inhibi-
tion of TNFa-induced COX-2 expression by flufenamic acid are
mediated through a common signaling pathway, i.e. inhibition
of NF«B.

Flufenamic acid does not have an opposing effect on NF«B
activation. In both cell types, pretreatment with flufenamic
acid leads to a dose-dependent inhibition of TNFa- or LPS-
induced NF«B activation. Flufenamic acid alone does not cause
NF«B activation.

Many NSAIDs bind and activate PPARs and some PPAR
activators have been shown to inhibit NFxB activity (17, 20).
TNFa-induced COX-2 expression in HT-29 cells was inhibited
by flufenamic acid, sulindac sulfide, or 15d-PGJ,, all of which
bind PPARYy (Fig. 7). However, indomethacin, a known activa-
tor of PPARY, does not inhibit TNFa-induced COX-2 expression
and NF«B activation (data not shown). It was previously shown
that, unlike sulindac sulfide, indomethacin does not inhibit IxB
kinase (40, 41). Recently, it was demonstrated that not all
PPAR activators inhibit NF«B activation (21) and cytokine
production in macrophages (42). Together, these results sug-
gest that the inhibition of TNFa-induced COX-2 expression or
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Fic. 9. Inhibitory effects of flufenamic acid (Fiu) and 154-PGJ,
on LPS-induced expressions of iNOS and IL-1« in RAW 264.7
cells. Cells maintained in serum-poor medium were treated with flufe-
namic acid (A) or 15d-PGJ, (B) for 3 h and then stimulated with LPS
(0.1 pg/ml) in the medium containing flufenamic acid or 15d-PGJ, for
8 h. Cell lysates were analyzed by iNOS, IL-1a or -actin immunoblot.
The panels are representative immunoblots from more than three dif-
ferent analyses.

NF«B activation by flufenamic acid is not mediated through
the activation of PPARs. Furthermore, these results suggest
that NSAIDs such as indomethacin, which do not inhibit mito-
gen-induced activation of NF«B, are unable to inhibit the mi-
togen-induced COX-2 expression.

The molecular target through which flufenamic acid inhibits
TNFa- or LPS-induced NF«B activation is not known. Recent
studies have demonstrated that aspirin and sodium salicylate
suppress NF«B activation by inhibition of IxB kinase B (16, 40,
43). Another study has demonstrated that 15d-PGJ, inhibits
NF«B by a covalent modification of a cysteine residue within its
activation loop of IxB kinase B (21). This irreversible modifica-
tion is rendered by the formation of Michael adducts between a
reactive a,B-unsaturated carbonyl group in the cyclopentane
ring of 15d-PGJ, and cellular nucleophiles such as compounds
containing free SH group. Salicylate and flufenamic acid do not
appear to possess such a reactive group for nucleophilic attack
in their structure. Thus, the mode of action in inhibiting NFxB
by flufenamic acid is likely different from that of 15d-PGJ,.

The flufenamic acid- or sulindac sulfide-induced COX-2 ex-
pression was not affected by either the inhibitor of p38 or by
inhibitors of NFkB and MEK1 (Figs. 3 and 4). These results
indicate that, unlike the TNFa-induced COX-2 expression, the
NSAID-induced COX-2 expression is mediated through signal-
ing pathways that do not require the activation of MAPKs and
NF«B. Some NSAIDs and 15d-PGJ,, which are known to acti-
vate PPARY, induce COX-2 expression in the absence of other
inducers of COX-2 expression (Figs. 3-5). Aspirin and sadium
salicylate which do not activate PPARs (17) were unable to
induce COX-2 expression (data not shown). Together, these
results suggest, but do not prove, that flufenamic acid- and
sulindac sulfide-induced COX-2 expression is mediated
through the activation of PPARy. The pharmacological signif-
icance of the induction of COX-2 expression by NSAIDs is not
known. Since NSAIDs inhibit the activity of COX-2 expressed
in tissues in response to NSAIDs, the inhibitory effect of
NSAIDs on cytokine-induced COX-2 expression would be a
more important net effect.

It has been a prevailing belief that the efficacy of NSAIDs is
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due to their inhibitory effect on COX activity. However, the
therapeutic benefit of NSAIDs is observed at plasma concen-
trations substantially higher than these required to inhibit
COX (34). Emerging evidence now suggests that NSAIDs can
also exert their anti-inflammatory and possible anti-tumor ef-
fects through COX-independent pathways (35). Our results
demonstrating that NSAIDs inhibit TNFa-induced activation
of NFkB signaling pathways suggest that NSAIDs can inhibit
the cellular responses to pro-inflammatory cytokines by inhib-
iting the downstream signaling pathways derived from the
activation of cytokine receptors. Furthermore, flufenamic acid
inhibits not only COX-2 expression (Fig. 8) but also the expres-
sion of other inflammatory marker gene products such as iNOS
and IL-1a induced by LPS in RAW 264.7 cells (Fig. 9). These
results suggest that NSAIDs inhibit not only downstream sig-
naling pathways derived from the activation of pro-inflamma-
tory cytokine receptors, but also the expression of pro-inflam-
matory marker gene products in response to inflammatory
stimuli.

Macrophages, important components of stromal cells in tu-
mor tissues, can release cytokines, which in turn stimulate
tumor cells and other stromal cells to induce the expression of
COX-2. Our results suggest that NSAIDs can inhibit both the
production of cytokines by macrophages, and the induction of
COX-2 by tumor cells in response to the cytokines. These ef-
fects may represent an additional mechanism by which
NSAIDs exert their anti-inflammatory and possible anti-neo-
plastic effects.

In summary, our results presented here suggest that the
pharmacological effects of NSAIDs are mediated not only
through the inhibition of COX activity but also the modulation
of the expression of COX-2 and other pro-inflammatory marker
gene products.
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