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ABSTRACT The transformed monocyteymacrophage cell
line J774.2 undergoes apoptosis when treated for 48 h with
competitive inhibitors of cyclooxygenase (COX) isoenzymes 1
and 2. Many of these nonsteroid antiinf lammatory drugs
(NSAIDs), but in particular diclofenac, induce during this
time period a COX activity that coincides with a robust
induction of COX-2 protein. Induction of this activity requires
high, apoptosis-inducing concentrations of diclofenac (>100
mM). Prolonged treatment of J774.2 cells with lower doses of
diclofenac inhibits COX activity, indicating that diclofenac is
a time-dependent, pseudoirreversible inhibitor of COX-2. It is
difficult to wash out the inhibition. However, the activity
evoked by high concentrations of diclofenac has a profoundly
distinct COX active site that allows diclofenac, its inducer, to
be washed readily from its active site. The diclofenac-induced
activity also has the unusual property of being more sensitive
to inhibition by acetaminophen (IC50 5 0.1–1.0 mM) than
COX-2 induced with bacterial lipopolysaccharide. Moreover,
relative to COX-1 or COX-2, diclofenac-induced enzyme ac-
tivity shows significantly reduced sensitivity to inhibition by
diclofenac or other competitively acting nonsteroid antiin-
f lammatory drugs (NSAIDs) and the enzyme activity is
insensitive to aspirin. If the robust induction of COX-2
observed is responsible for diclofenac-induced COX enzyme
activity, it is clear that COX-2 can, therefore, exist in two
catalytically active states. A luciferase reporter–construct
that contains part of the COX-2 structure and binds into the
membrane showed that chronic diclofenac treatment of fibro-
blasts results in marked mobilization of the fusion protein.
Such a mobilization could result in enzymatically distinct
COX-2 populations in response to chronic diclofenac treat-
ment.

The cloning of cyclooxygenase-2 (COX-2) in 1991 (1–3)
explained many long-standing anomalies relating to the pre-
vious assumption of a single COX enzyme. However, not all of
the problems have been solved by the characterization of two
COX enzymes originating from different genes. One such
problem is the effect of acetaminophen, which, unlike non-
steroid antiinflammatory drugs (NSAIDs), produces analgesia
and antipyresis but has little effect on inflammation. The
existence of additional COX enzymes was therefore postulated
(4).

Acetaminophen is a weak inhibitor of COX-1 and COX-2,
which displays some selectivity toward COX enzymes from
different organs. Thus, it is a more potent inhibitor of COX
from dog and rabbit brain than that of dog spleen (4). The
activity of acetaminophen in vitro also depends on the addition
of cofactors. In the presence of glutathione and hydroquinone,
acetaminophen inhibited COX activity of bull seminal vesicle
microsomes but, in the absence of these cofactors, stimulated

that of bovine and ram seminal vesicle microsomes (5). After
the recognition of COX-1 and COX-2, by using cultured whole
cells, acetaminophen demonstrated a low inhibitory potency
for COX enzymes. Only IC30 values could be obtained against
COX-1 in bovine aortic endothelial cells and COX-2 in murine
J774.2 macrophages stimulated with bacterial lipopolysaccha-
ride (LPS), providing a COX-2yCOX-1 ratio of 7.4 (6).

Micromolar (10–100 mM) concentrations of many NSAIDs
cause apoptosis of chicken embryo fibroblasts in culture, at the
same time inducing COX-2 RNA and protein (7). In the
present study, we found that diclofenac and other NSAIDs in
murine J774.2 macrophages in culture also induce COX-2.
Furthermore, diclofenac concomitantly induces a COX whose
activity is revealed when arachidonic acid is added, after the
diclofenac inducer has been removed. This activity is more
sensitive to inhibition with acetaminophen than COX-2 in-
duced with LPS in the same cells. However, the NSAID-
induced enzyme shows decreased sensitivity to inhibition by
other NSAIDs compared with LPS-induced enzyme. Other
differences in the properties of these two enzyme activities
were also found.

MATERIALS AND METHODS

Cell Culture. Murine monocyteymacrophages (J774.2; The
European Collection of Animal Cell Culture, Salisbury, U.K.)
were grown to confluence in 96-well culture plates with
DMEM supplemented with 10% fetal calf serum and 4 mM
L-glutamine.

Measurement of Prostaglandin E2 (PGE2) from Nonapo-
ptotic Cells. J774.2 macrophages in culture were treated with
LPS at 1 mgyml for 12 h to induce COX-2. Culture medium was
then changed, the cells were washed twice in serum-free
medium, and acetaminophen (0.002–4 mM) was added for 30
min at 37°C. Arachidonic acid (30 mM) was then added, and
the cells were incubated for a further 15 min at 37°C. The
medium was removed, and a radioimmunoassay (RIA) (8) was
used to measure the formation of PGE2. Antibodies to PGE2
were obtained from Sigma. [3H]PGE2 (specific activity 185
CiymM) was obtained from Amersham. In some cases, PGE2
synthesis was normalized for total cellular protein (9). Cells
were solubilized in 0.62 N sodium hydroxide for 4 h, after
which the solution was neutralized with an equal volume of 1.0
M Tris (pH 4.8). Protein concentration was measured by biuret
assay (Bio-Rad) (9).

Induction of Apoptosis and COX-2 Activity. NSAIDs (500
mM) were administered to J774.2 murine macrophages for 48 h
(in tissue culture media containing 10% fetal calf serum) to
induce apoptosis. Cell death was measured by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay
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(10) and by trypan blue exclusion. Trypan blue solution [0.2%
trypan blue dyey0.06% potassium phosphate (dibasic)y0.8%
NaCl] was added for 2 min to the cells adhering to the plate,
after which it was gently aspirated and blue cells were counted.
Induction of cell death through apoptosis (rather than through
necrosis) was determined by visualization of nucleosomal
ladders in which DNA was isolated and electrophoresed on
agarose gels as described (7).

Induction of COX activity during the apoptotic process was
determined by aspirating the medium containing the NSAID
inducer of cell death, washing the cells twice in serum-free
DMEM, and exposing the cells to 30 mM arachidonic acid for
15 min. PGE2 produced during this incubation was measured
by RIA.

Testing of NSAID-Induced COX Activity Toward Inhibition
by NSAIDs. To test whether COX enzyme activity induced by
NSAIDs was itself sensitive to NSAID inhibition, J774.2 cells
were treated with 500 mM diclofenac to induce the enzyme
activity. Cells were then washed twice with serum-free DMEM
and exposed for 30 min to various NSAIDs at concentrations
ranging from 1 mM to 2 mM. After this NSAID preincubation,
arachidonic acid (30 mM) was added to the NSAID-containing
medium for 15 min, and PGE2 generated by the apoptotic cells
during this time was measured by RIA.

In parallel assays, J774.2 cells were treated with LPS (1
mgyml) for the last 24 of the 48 h of NSAID incubation used
to induce apoptosis and COX activity. In addition to this
treatment, J774.2 cells treated with LPS (1 mgyml) alone for
12 h were used here as a control for inhibition of COX-2.

Immunoblot (Western Blot) Analysis. LPS- or NSAID-
treated J774.2 macrophages cultured in 35-mm dishes were
washed with PBS (pH 7.4) and incubated for 10 min with 2–3
ml of extraction buffer [50 mM Trisy10 mM EDTAy1%
(volyvol) Triton X-100y1 mM phenylmethylsulfonyl f luo-
ridey50 mM pepstatin Ay0.2 mM leupeptin] while being gently
shaken. The cell extract was then boiled for 10 min with
gel-loading buffer [50 mM Trisy10% (wtyvol) SDSy10% (voly
vol) glyceroly10% 2-mercaptoethanoly2 mg of bromophenol
blue dye] in a ratio of 1:1 (volyvol). Samples were loaded onto
gradient gels (4–12% Tris glycine; Novex, British Biotechnol-
ogy, Oxford) and separated by electrophoresis. After transfer
to nitrocellulose, the blot was probed with a rabbit antibody
raised to murine COX-2 (generously provided by Merck Frosst
Labs, Pointe Claire, PQ, Canada). The blot was then incubated
with a sheep anti-rabbit IgG linked to alkaline phosphatase
conjugate, and the blot was developed with 5-bromo-4-chloro-
3-indolyl phosphateynitroblue tetrazolium.

COX-2–Luciferase Reporter Construct (pCL-H5). A re-
porter protein was constructed to track the subcellular local-
ization of COX-2 in LA-24 cells, which is a subline of murine
NIH 3T3 cells. This cell line was chosen because of the
difficulty of obtaining stable transfection of J774.2 cells. The
amino-terminal 127 aa of chicken COX-2 was appended to the
amino terminus of luciferase.

The reporter was constructed with a luciferase cDNA,
lacking the peroxisome-targeting signal-encoding sequence
(pSP-luc1NF, Promega), which was inserted into the XbaI site
of pRCyRSV (Invitrogen). This created pRSV-luc. pCL-H5
was then constructed by restricting pRSV-luc with HindIII and
BstEII and inserting a HindIII-digested fragment encoding the
first 381 nt of chicken COX-2. This region encodes the
N-terminal, hydrophobic signal peptide for membrane inser-
tion of COX-2, as well as the dimerization and membrane-
binding domains. The construct lacks the COX-2 catalytic
domain.

LA-24 cells containing this reporter protein in their mem-
branes were treated for 24 h with 0.1% ethanol vehicle, 100
mM, or 500 mM diclofenac. Luciferase in the cytosol was
measured and compared with total cellular luciferase as
described below.

Luciferase Assay. Luciferase assays were performed on
extracts from either whole cells or the cytosolic fraction by
applying the luciferase assay system (Promega) according to
the manufacturer’s protocol. In these experiments, stable
transfectants were grown to confluence. Cytosolic fractions
were isolated by lysing cells scraped in PBS with 100 strokes in
a tight-fitting Dounce homogenizer and then sonicated for
20 s. Nuclei and unbroken cells were then removed from the
homogenate by centrifugation at 5,000 3 g for 10 min. Super-
natants were then centrifuged at 100,000 3 g for 30 min, and
luciferase activity was measured in the resulting cytosolic
supernatant. Results were expressed as the percentage of
luciferase activity present in the cytosolic fraction relative to
the total luciferase activity present in the cell and have been
normalized to protein concentrations (9).

Materials. All compounds used were obtained from Sigma
unless otherwise designated.

RESULTS

Morphological Effects of NSAIDs on J774.2 Cells. Treat-
ment of J774.2 cells with any one of 10 NSAIDs for 48 h
showed that all but aspirin in doses ranging from 60 to 500 mM
caused blebbing, production of apoptotic bodies, and nucleo-
somal ladders indicative of cell death. Doses of acetaminophen
ranging from 0.5 to 2 mM were also effective inducers of cell
death.

Induction of COX-2 Protein in J774.2 Cells. Examination of
COX-1 and COX-2 protein levels showed that all NSAIDs,
except aspirin and acetaminophen, at 100–500 mM induced
COX-2 (Fig. 1). Aspirin induced some COX-2 at doses greater
than 2 mM, but acetaminophen did not induce enzyme at any
dose. Increasing concentrations of diclofenac showed dose-
dependent induction of COX-2 in cells treated with doses as
low as 125 mM (Fig. 1). This concentration is higher than those
previously found to induce COX-2 in chicken embryo fibro-
blasts, in which induction was maximal at 25–50 mM (7). By
contrast, COX-1 in both J774.2 cells and chicken embryo
fibroblasts was only marginally induced by aspirin and diclofe-
nac and was not affected by any of the other drugs (ref. 11; data
not shown).

Induction of COX Activity in J774.2 Cells. Cells were
exposed to various doses of diclofenac for 48 h, after which the
diclofenac-containing medium was removed and COX activity
was measured by exposing the cells to 30 mM arachidonic acid.

FIG. 1. Induction of COX-2 protein expression by NSAIDs. J774.2
cells were treated with LPS (1 mgyml for 12 h), vehicle, or NSAIDs (for
48 h) at the doses indicated. Cellular proteins were electrophoresed
and probed by Western blot with isoenzyme-specific anti-COX-2 sera.
COX-2 was induced 10- to 30-fold by 0.5 mM indomethacin (Ind 0.5),
0.5 mM flurbiprofen (Flur 0.5), and 0.5 mM diclofenac (Dic 0.5) but
was not detectably induced by 2 mM acetaminophen (Acet 2) and was
only marginally induced by 2 mM aspirin (Asa 2). Induction of COX-2
by diclofenac was dose dependent (compare Upper and Lower).
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At low doses (5–50 mM), this lengthy diclofenac treatment
inhibited COX activity in a dose-dependent and long-lasting
fashion; however, at higher doses (100 mM–1 mM), diclofenac
induced COX activity dose dependently (Fig. 2). This induc-
tion was strikingly obvious when COX activity was normalized
to cellular protein concentrations (Fig. 2).

Effect of Acetaminophen on LPS and Diclofenac-Induced
COX Activity. The increased COX activity in J774.2 cells
induced by NSAIDs was more sensitive to acetaminophen.
Diclofenac-induced activity in apoptotic cells was inhibited
dose dependently by acetaminophen at concentrations greater
than 0.06 mM (Fig. 3). However, under identical experimental
conditions, COX activity in LPS-treated J774.2 cells was not
appreciably inhibited by similar doses of acetaminophen (Fig.
3) as previously reported (6).

The high COX activity in J774.2 cells treated for 48 h with
diclofenac was found to be additionally elevated by exposing
the cells to LPS during the last 24 h of diclofenac treatment.
This resulted in a 4-fold induction of COX-2, but not COX-1,
protein above that obtained by diclofenac treatment alone
(data not shown), suggesting that the increased COX activity
observed was caused by elevated COX-2. In the presence of
diclofenac, LPS-induced COX-2 activity in apoptotic cells was
inhibited by acetaminophen to the same extent as the COX-2
activity induced by diclofenac alone (Fig. 4).

Effect of Other NSAIDs on Diclofenac-Induced COX-2
Activity. Diclofenac-induced activity was inhibited by diclofe-
nac itself and by other NSAIDs but at higher concentrations
than those usually needed in LPS-treated cells (Fig. 5). COX-2
in J774.2 cells was inhibited by diclofenac, f lurbiprofen, or
tolfenamic acid with IC50 values of 1, 0.1, and 0.2 mM,
respectively (6, 12). However, the COX activity in apoptotic,
diclofenac-treated cells was inhibited with IC50 values for
diclofenac, f lurbiprofen, and tolfenamic acid of 10, 230, and
220 mM, respectively, or an increase of 1–5 orders of magni-
tude. Aspirin did not inhibit the diclofenac-induced enzyme
activity (Fig. 5).

COX-2–Luciferase Reporter Construct. Subcellular local-
ization of COX-2–luciferase activity was measured with the
construct shown in Fig. 6. After treatment of LA 24 cells for
24 h with 100 or 500 mM diclofenac, a concentration-
dependent increase of the COX-2–luciferase protein was
found in the cytosol (Fig. 7); whereas, in untreated cells, only
5–15% of the COX-2–luciferase fusion protein was in the

FIG. 2. Induction of COX activity by diclofenac in J774.2 cells. F,
J774.2 cells were treated with diclofenac at the concentrations indi-
cated for 48 h. After treatment, cells were washed twice to remove drug
and then exposed to 30 mM arachidonic acid for 15 min. PGE2 released
was estimated by RIA and is expressed as ng of PGE2yml of media
times a factor of 10. Œ, Values have been recalculated as pg of
PGE2ymg of protein to normalize for the large decrease in cell number
and mass occurring at higher NSAID concentrations (200 mM or
greater).

FIG. 3. Sensitivity of diclofenac-induced COX-2 but not LPS-
induced COX-2 to inhibition by acetaminophen. F, J774.2 cells were
treated with 0.5 mM diclofenac for 48 h to induce COX-2 and
apoptosis. After this treatment, diclofenac was removed by washing,
and the cells were exposed to acetaminophen for 30 min at the doses
shown. After acetaminophen treatment, cells were exposed to 30 mM
arachidonic acid for 15 min and PGE2 released was measured as ng of
PGE2yml of media. Œ, J774.2 cells were treated with LPS (1 mgyml for
12 h) to induce COX-2. Cells were treated with acetaminophen, and
PGE2 release was measured as pg of PGE2y15 min.

FIG. 4. Augmentation of diclofenac-induced COX-2 by LPS.
J774.2 cells were treated for 48 h with 0.5 mM diclofenac (■) or
diclofenac accompanied by LPS (1 mgyml) for the last 24 h of the 48-h
period (Œ). Cells were treated for inhibition by acetaminophen as
described in Fig. 3.
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cytosol. In contrast, luciferase without COX-2 appended to its
amino terminus did not localize to membrane fractions but was
found almost entirely in the cytosol (data not shown). Treat-
ment with the vehicle, 0.1% ethanol, for 24 h also caused some
increase of COX-2–luciferase activity in the cytosol compared
with total cellular luciferase (Fig. 7).

DISCUSSION

Many NSAIDs in high concentrations induce both apoptosis
and COX-2 in chicken embryo fibroblasts and J774.2 cells in
culture. However, induction of apoptosis and induction of
COX-2 enzyme are not always linked. For example, in J774.2
cells, staurosporine or acetaminophen induce apoptosis but
not COX-2. In low concentrations, the NSAIDs are time-
dependent, pseudoirreversible inhibitors of COX-1 and

COX-2. Such drugs frequently require 5 min or more of
exposure to the enzyme to enter the narrow hydrophobic
channel of the COX active site and to occlude it. When bound,
these drugs often have such slow off-rates that their inhibition
of COX activity is essentially irreversible. Diclofenac is such a
drug (13–16).

Characteristics of NSAID-Induced COX Activity. For the
purposes of this discussion, we will assume that the mecha-
nisms by which NSAIDs induce apoptosis and COX-2 are
similar for all NSAIDs and will concentrate on diclofenac
induction. There are several features of the diclofenac-induced
COX-2 that distinguish it from the COX-2 induced in J774.2
cells by LPS.

1. Diclofenac washes out easily from its active site. This occurs
within a few minutes and suggests that this COX has a
significantly different active site than either COX-1 or COX-2.

FIG. 5. Inhibition of diclofenac-induced COX-2 by NSAIDs.
J774.2 cells were treated for 48 h with 0.5 mM diclofenac to induce
COX-2. After diclofenac was removed by washing, cells were exposed
for 30 min to diclofenac (■), f lurbiprofen (Œ), tolfenamic acid (F), and
aspirin (}) at the doses shown. Inhibition of COX activity was
measured in the presence of 30 mM arachidonic acid for 15 min as ng
of PGE2yml of media.

FIG. 6. Structure of a chicken COX-2–luciferase reporter construct. The first 381 nt of a full-length chicken COX-2 cDNA were fused in-frame
to the 59 end of a full-length firefly luciferase cDNA. As shown, the construct encoded the 17-aa, hydrophobic, N-terminal signal peptide (shaded
box) of COX-2, as well as its epidermal growth factor (EGF)-like dimerization domain (diagonal stripes) and complete membrane-binding domain
(vertical stripes).

FIG. 7. Subcellular localization of COX-2–luciferase activity. Lo-
calization of COX-2–luciferase was measured by the construct shown
in Fig. 6. LA24 cells stably transfected with the COX-2–luciferase
construct (control, C) were treated for 24 h with 0.1% ethanol vehicle
(V) or 100 mM or 500 mM diclofenac. Luciferase in the cytosol was
measured and compared with total cellular luciferase as described in
Materials and Methods.
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2. Acetaminophen is a more potent inhibitor. Of particular
interest was the inhibition of this enzyme activity by concen-
trations of acetaminophen too low to affect LPS-induced
COX-2 in nonapoptotic J774.2 cells. Mitchell et al. (6) were
able to measure only IC30 values for inhibition of LPS-induced
COX-2 in J774.2 macrophages.

It is unlikely that the biochemical basis for the acetamino-
phen sensitivity of the enzyme is simply attributable to an
increased permeability of acetaminophen into the cell. The
majority of apoptotic cells in these cultures exclude trypan blue
dye and, therefore, have intact periplasmic membranes. More-
over, homogenization of the apoptotic cells results in de-
creased rather than increased sensitivity to acetaminophen
(data not shown). We postulate that acetaminophen has a
selective inhibitory effect on the specific type of COX-2
activity found and induced in J774.2 cells undergoing apoptosis
because of NSAID treatment. This inhibition by acetamino-
phen could occur either at the COX or peroxidase active site
of the enzyme. If the enzyme activity identified in J774.2 cells
is identified in vivo, it could represent a mechanism for the
pharmacological mode of action of acetaminophen.

When J774.2 cells were treated initially with diclofenac
alone for 24 h and the incubation was continued for a further
24 h in the presence of LPS and diclofenac, the total enzyme
activity generated was higher than for treatment with diclofe-
nac alone. This enzyme activity was totally sensitive to inhi-
bition with acetaminophen.

3. Aspirin does not inhibit the diclofenac-induced variant
enzyme. This is a puzzling finding given that aspirin acetylates
both COX-1 and COX-2. Normally, aspirin acetylates a serine
in the COX active site (17). This finding of aspirin insensitivity
further confirms that the composition of the active site of this
variant enzyme has changed.

4. COX is less sensitive to inhibition by NSAIDs. Flurbiprofen
or tolfenamic acid, two of the most potent inhibitors of COX-1
and COX-2 in J774.2 cells, inhibited the diclofenac-induced
enzyme only at high concentrations. Inhibition of the enzyme
by diclofenac itself was also significantly reduced (approxi-
mately 10-fold).

Localization of NSAID-Induced COX-2 Variant. The ob-
served increase in acetaminophen-sensitive COX activity par-
alleled an increase in COX-2 protein, a phenomenon that was
consistently observed in all of our studies. We have been
unable to separate induction of the COX activity from induc-
tion of COX-2 protein, suggesting that the enzyme is a variant
of COX-2. The physical changes responsible for such a variant
are unknown but could include alterations in subcellular
localization of COX-2, protein modification, protein–protein
interactions, or redox state. We postulate that the COX-2
variant induced with NSAIDs has a different subcellular
microenvironment from COX-2 induced with cytokines or
LPS. Thus, when appended to luciferase, a COX-2–luciferase
reporter protein is detected mainly in the cytosol in diclofenac-
treated cells; whereas the reporter is localized to the nuclear
or microsomal membranes in untreated cells. This transloca-
tion of the COX-2–luciferase protein into the cytosol does not
involve the COX-2 catalytic site but reflects an action of
diclofenac on the binding of the construct to nuclear or
microsomal membranes. This translocation suggests that
chronic treatment of J774.2 cells with diclofenac results in a
mobilization of COX-2 in which the luciferase reporter has
either lost affinity for its site in the endoplasmic reticulum or
nascent COX–reporter was not translocated into the lumen of
the endoplasmic reticulum. Recently, extraluminal COX-2
subpopulations have been identified within the nucleus, asso-
ciated with nuclear matrix, and in the cytosol (18).

NSAID-Induced Apoptosis. Diclofenac induction of COX
activity occurred concomitantly with programmed cell death,
although the induction of apoptosis per se was insufficient to
induce the enzyme activity because induction of cell death by

staurosporine (data not shown) did not induce any COX-2
activity in J774.2 cells. Apoptosis induced by NSAIDs was
previously demonstrated in chicken embryo fibroblasts when
treated with any one of 17 different COX inhibitors (7). This
apoptotic response was accompanied by the generation of
nucleosome-sized ladders of DNA fragments in treated cells
and other apoptosis-associated biochemical events, such as
induction of tissue transglutaminase and inhibition by bcl-2 (7,
11). COX-2 mRNA and protein were also induced by apoptotic
NSAIDs, similar to these studies (7, 11).

The mechanism of NSAID-induced apoptosis in cultured
cell lines is currently under debate as to whether COX enzymes
are involved (19, 20). NSAIDs used in the present study inhibit
COX-1- and COX-2-mediated synthesis of PGE2 in J774.2 cells
at much lower doses than those required to produce apoptosis
and to induce this COX-2-associated enzyme activity (6). This
suggests that NSAID-mediated induction of COX-2 occurs by
some other mechanism than simple interruption of a negative
feedback loop through inhibition of PGE2 synthesis. In support
of this concept, we have found PGE2 replacement to be
ineffective at preventing NSAID induction of COX-2 in either
chicken embryo fibroblasts or J774.2 cells (data not shown).
However, we note that the activity of the diclofenac-induced
enzyme described in these studies is inhibited by NSAIDs at
concentrations that parallel their ability to induce apoptosis in
cultured cells. Hence, this low-affinity COX target for
NSAIDs may play a critical role in regulating apoptosis
induced by NSAIDs. The low-affinity COX target may be
present in many cells at significantly lower levels than the
high-affinity forms of COX-1 or COX-2.

Induction of COX Activity by NSAIDs. Until very recently,
the only known shared pharmacological action of NSAIDs was
inhibition of COX-1 and COX-2, for which the structural
mechanism of inhibition is now defined at crystallographic
resolution (21, 22). This common mode of action of NSAIDs
is true when applied to low, physiologically relevant drug
concentrations and constitutes the mechanism by which these
drugs exert their physiological antiinflammatory effects. How-
ever, in tissue culture nonphysiological concentrations of
NSAIDs can easily be administered to cells. Several labora-
tories in recent months have shown that many competitively
acting NSAIDs, at concentrations greater than 10 mM, also
bind and activate members of the peroxisome proliferator-
activated receptor (PPAR) family of steroid orphan receptors
(23–25). Aspirin does not activate these receptors (25). Sig-
nificantly, PPAR agonists appear also to induce COX-2, just
as NSAIDs do, during NSAID-induced apoptosis. For the
PPAR agonist clofibrate, this induction of COX-2 occurs at
drug doses that induce cell division, leading to the proposal
that COX-2 induction through PPAR activation is critical to
the proliferative and tumorigenic properties of PPAR agonists
(24). It is also important to note that the enzymatic properties
of COX-2 induced by PPAR receptors, although only partially
characterized at present, are distinctly different from those of
COX-2 induced by serum or other mitogens (24, 25). Specif-
ically, the PPAR-induced enzyme does not result in increased
cellular PGE2 synthesis, even though the enzyme is fully active
when external arachidonic acid is added.

J774.2 cells were found to be unusual as to the degree to
which this enzyme activity can be induced. For example, J774.1
cells derived from the same original tumor showed substan-
tially reduced induction relative to J774.2 cells, and A549 cells
were largely refractory to induction (data not shown). Hence,
cell-specific factors or signaling pathways appear to be impor-
tant to the induction of this enzyme activity.

It should be possible to design selective enzyme inhibitors
for this diclofenac-induced activity whether or not this enzyme
activity is a catalytic variant of the COX-2 enzyme or a third
COX that is coregulated with COX-2 during NSAID-induced

Pharmacology: Simmons et al. Proc. Natl. Acad. Sci. USA 96 (1999) 3279



apoptosis. Such enzyme inhibitors may be particularly effective
at inducing programmed cell death in neoplastic cells.
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