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Lipopolysaccharide Modulates Cyclooxygenase-2
Transcriptionally and Posttranscriptionally in Human
Macrophages Independently from Endogenous
IL-1 b and TNF-a1

Miriam Barrios-Rodiles, Gabrielle Tiraloche, and Kris Chadee2

The pathogenesis of septicemia can be triggered by LPS, a potent stimulus for PG synthesis. The enzyme cyclooxygenase (COX)
is a rate-limiting step in PG production. COX exists as two isoforms: COX-1, which is constitutively expressed in most cell types,
and COX-2, which is inducible by LPS and cytokines in a variety of cells. In this study we determined the role of the proinflam-
matory cytokines IL-1b and TNF-a released by LPS-stimulated U937 human macrophages in the regulation of COX-2. Macro-
phages exposed to LPS showed a rapid and sustained expression of COX-2 mRNA and protein for up to 48 h, whereas PGE2

production was notably enhanced only after 12 h. LPS increasedCOX-2 gene transcription and activation of the transcription
factor NF-kB in a transient manner. LPS-treated macrophages produced high levels of TNF-a and moderate amounts of IL-1b
protein. However, neutralizing Abs against these cytokines had no effect on COX-2 mRNA and protein expression, nor did they
affect the stability of COX-2 mRNA. Interestingly, in the presence of LPS or exogenous IL-1b, COX-2 transcripts were stabilized,
and actinomycin D inhibited their degradation. Only when LPS or IL-1b was removed did COX-2 mRNA decay with at1/2 of >5
h. In contrast, dexamethasone promoted a faster decay of the LPS-induced COX-2 transcripts (t1/2 5 2.5 h). These results clearly
demonstrate that LPS can regulate COX-2 at both transcriptional and posttranscriptional levels independently from endogenous
IL-1 b and TNF-a in human macrophages. The Journal of Immunology,1999, 163: 963–969.

L ipopolysaccharide is the triggering factor for multiple or-
gan system failure and death during septic shock. How-
ever, the observed systemic effects are caused by the

host’s endogenous cytokines, mainly TNF-a and IL-1b, and im-
portant secondary mediators such as PGs and platelet-activating
factor (1). PGs are lipid mediators involved in vasodilation, pain,
and fever (2, 3). A major source of PGs during sepsis are macro-
phages (1).After stimulation with LPS, these cells secrete PGs
(mainly PGE2) and proinflammatory cytokines, which, in turn, act in
an autocrine or paracrine manner to regulate the host response (4).

A rate-limiting step in the synthesis of PGs is the enzyme cy-
clooxygenase (COX).3 To date, two isoforms of this enzyme have
been described: COX-1, which is constitutively expressed in most
human tissues (5), and COX-2, whose expression is readily in-
duced by inflammatory stimuli such as LPS and cytokines in a
variety of cells (6, 7). Interestingly, COX-2 is regulated by cyto-
kines in a rather cell type-specific manner. IL-1 is a potent stimulus

for the induction of COX-2 expression in human endothelial cells,
human synovial fibroblasts, and rat mesangial cells (8–10). In con-
trast, TNF-a stimulates COX-2 mRNA expression in mouse os-
teoblasts and bovine endothelial cells (11, 12), but has no effect by
itself on human monocytes (13). IFN-g, the main macrophage-
activating cytokine (14), can potentiate the effect of LPS on
COX-2 expression in mouse macrophages (15), but has no effect
on COX activity when simultaneously administered with LPS to
human monocytes (16). Furthermore, we have reported that IFN-g

down-regulates COX-2 expression induced by IL-1b in human
macrophages (17).

The induction of COX-2 expression by IL-1 occurs at the tran-
scriptional level (8, 17, 18). However, this cytokine also has the
ability to stabilize COX-2 transcripts by a still poorly understood
mechanism (19, 20). The transcriptional regulation of COX-2 by
IL-1b in human cells and by TNF-a in murine osteoblasts involves
activation of the transcription factor NF-kB (11, 18, 21). Recent
studies have shown that NF-kB is also involved in the induction of
COX-2 expression in response to LPS in human and mouse mac-
rophages (22, 23), indicating a transcriptional mechanism for this
potent stimulus. LPS-treated macrophages release the proinflam-
matory cytokines IL-1b and TNF-a. However, the roles these
proinflammatory cytokines play in the regulation of COX-2 are not
known. We hypothesized that these cytokines may participate in an
autocrine manner in the induction or maintenance of COX-2 ex-
pression in human macrophages.

To test this hypothesis, we determined the effect of neutralizing
polyclonal Abs against IL-1b and TNF-a on COX-2 expression in
LPS-stimulated macrophages. LPS inducedCOX-2gene transcrip-
tion in a transient manner and stabilized the mRNA. In the pres-
ence of neutralizing Abs against IL-1b and TNF-a there was no
effect on COX-2 mRNA and protein expression, and the stability
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of COX-2 mRNA was unaffected. These results clearly demon-
strate that LPS can trigger COX-2 mRNA and protein expression
and maintain high production of PGs by macrophages without the
influence of the released proinflammatory cytokines, IL-1b and
TNF-a.

Materials and Methods
Reagents

LPS (from Escherichia coli,serotype 0111, 4% phenol extract), phorbol
12-myristate 13-acetate (PMA), dexamethasone (DEX), 3-(4,5-dimethyl-
thiazol-2-yl-)2,5-di-phenyltetrazolium bromide (MTT), and 2,29-azino-
bis(3-ethylbenz-thiazoline-6-sulfonic acid) diammonium salt (ABTS) were
purchased from Sigma (St. Louis, MO). Actinomycin D (AD) was obtained
from Life Technologies (Burlington, Canada). Recombinant human IL-1b
and TNF-a, goat anti-human IL-1b, goat anti-human TNF-a, rabbit anti-
human IL-1b, and normal goat IgG Abs were purchased from R&D Sys-
tems (Minneapolis, MN). Rabbit anti-human TNF-a Ab was purchased
from Endogen (Woburn, MA). RPMI 1640 withL-glutamine was obtained
from Life Technologies and was completed with 100 U/ml of penicillin,
100 mg/ml streptomycin sulfate, 20 mM HEPES (Sigma), and 10% heat-
inactivated FCS (HyClone, Logan, UT).

Cell culture

The human macrophage cell line U937 was grown in complete RPMI 1640.
Cells were kept at 37°C in 5% CO2-95% air and harvested at the log phase
of growth. To differentiate the cells into adherent macrophages, they were
adjusted to 13 106 cells/ml and incubated in 24-well plates (13 106

cells/well) for 3 days in the presence of 10 nM PMA. Macrophages were
made quiescent in fresh complete RPMI without PMA for 24 h before
stimulation with LPS or cytokines. Cell viability was determined by the
3-(4,5-dimethyl-thiazol-2-yl-)2,5-di-phenyltetrazolium bromide (MTT)
method (24) and was 90% after 12 h of incubation with AD (10mg/ml).

Northern blot and immunoblot analyses

The quantification of COX-2 and COX-1 mRNA was performed by North-
ern blot analysis as previously described (17), using actin as a housekeep-
ing gene to normalize the values obtained for COX-2. The expression of
COX-2 and COX-1 proteins was assessed by immunoblot as previously
reported (17), using polyclonal Abs prepared against the complete ovine
COX-1 and COX-2 proteins. The Abs were gifts from Dr. G. O’Neill
(Merck Frosst, Kirkland, Canada).

Nuclear run-on assays

The protocol was previously described (17). Briefly, the cells (53 107)
were lysed, and the nuclear pellets were obtained by centrifugation. The
nuclei were resuspended in 100ml of storage buffer and frozen in liquid
nitrogen until used. The nascent chains of newly synthesized mRNA were
elongated in vitro and labeled with [a-32P]UTP. The radiolabeled RNA
was then extracted with Trizol (Life Technologies) and hybridized onto
nitrocellulose membranes containing the following linearized plasmids:
pcDNACOX-1, pcDNACOX-2, pBA-1, pcDNA1Amp, and pBR322. The
latter two plasmids were the controls without the COX and actin fragments,
respectively. The membranes were prehybridized for 3 h and then hybrid-
ized for 48 h; both steps were conducted at 65°C. The membranes were
exposed for autoradiography for 15 days. The films were scanned, and
densitometric analysis was performed as previously reported (17).

EMSAs

The protocol for nuclear protein extraction was as described previously
(25) with the modifications reported by Zhang et al. (26). For the DNA-
protein binding reaction, nuclear extracts (10mg) were incubated for 30
min at room temperature with 1–2 ng (200,000–600,000 cpm) of32P-
labeled double-stranded oligonucleotides in a binding buffer (20ml final
volume) containing 10 mM Tris-HCl (pH 7.4), 40 mM NaCl, 1 mM EDTA,
1 mM 2-ME, 0.1% Nonidet P-40, 4% glycerol, 1mg/ml BSA, and 0.2
mg/ml poly(dI/dC) (Pharmacia Biotech, Piscataway, NJ). For cold compe-
tition binding assays, the nuclear extracts were first incubated with a 10- or
50-fold excess of unlabeled double-stranded oligonucleotides for 20 min,
followed by the addition of the radiolabeled oligonucleotides, and incu-
bated for 30 min more at room temperature. Reactions were stopped with
5 ml of loading buffer (25 mM Tris-HCl (pH 7.5), 50% glycerol, and
bromophenol blue). Samples were subjected to electrophoresis in 5% poly-
acrylamide gels in 0.253 Tris-borate/EDTA (TBE) buffer at 150 V for 2 h
at 4°C. Gels were pre-electrophoresed for 1 h at 140 V. The synthetic

single-stranded oligonucleotides (Life Technologies) were annealed by
boiling the complementary oligonucleotides for 10 min in a buffer con-
taining 10 mM Tris-HCl (pH 7.5) and 50 mM NaCl, and were cooled to
room temperature overnight. The sequences of the oligonucleotides used
were as previously described (18), and the consensus sequences for NF-kB
are underlined: distal (upstream) NF-kB site forward, 59-GGA GAG GGG
ATT CCC TGC GCC-39; distal NF-kB site reverse, 59-CAG GGA ATC
CCC TCT CCC GCC G-39; proximal NF-kB site forward, 59-AGT GGG
GAC TAC CCC CTC TGC TCC-39; and proximal (downstream) NF-kB
site reverse, 59-CAG AGG GGG TAG TCC CCA CTC TCC T-39. Once
annealed, the double-stranded oligonucleotides were labeled by filling the
overhangs with [32P]GTP (.3000 Ci/mmol; ICN, Costa Mesa, CA) and 2
U of Klenow polymerase (Life Technologies) in a low salt buffer (50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM DTT, and 50mg/ml BSA) plus
a mixture of dATP, dCTP, and dTTP.

ELISA for IL-1b and TNF-a determination

The amounts of IL-1b and TNF-a released in the supernatants of stimu-
lated and nonstimulated macrophages were measured by ELISA as previ-
ously described (27) with minor modifications. We used 3% BSA in PBS
to block the nonspecific binding sites and 1% BSA in PBS to dilute the Abs
instead of FCS in PBS. The standard curves were prepared with twofold
dilutions of rIL-1b (4–500 pg/ml) or TNF-a (8–1000 pg/ml) in 3% BSA-
PBS. The supernatants were diluted 1:3 in 3% BSA-PBS for the TNF-a
determination, whereas undiluted supernatants were used to quantify IL-1b.

PGE2 production

PGE2 production was measured by enzyme immunoassay (Cayman Chem-
icals, Ann Arbor, MI) after different times of incubation with LPS.

Results
Kinetics of COX-2 mRNA and protein expression induced by
LPS in human macrophages

We and others (7, 17) have shown that IL-1b can stimulate a
sustained accumulation of COX-2 mRNA for up to 12 h. To de-
termine whether LPS can induce a similar expression of COX-2
mRNA, we investigated the kinetics of COX-2 mRNA and protein
expression in human macrophages stimulated with LPS for differ-
ent times. LPS induced a time-dependent increase in COX-2
mRNA levels (Fig. 1A). COX-2 transcripts were detected as early
as 2 h, peaked at 6–12 h, and started to decline slightly after 24 h.
Detectable levels of COX-2 protein appeared after 4–6 h and re-
mained stable up to 24 h (Fig. 1B). Regardless of conditions,
COX-1 protein remained stable throughout the incubation period
(Fig. 1B) and correlated with the levels of COX-1 mRNA (Fig.
1A). The amounts of PGE2 released in the supernatants of stimu-
lated cells were 395 and 760 pg/ml after 12 and 24 h, respectively,
whereas nonstimulated cells released 280 pg/ml after 6 h. These
results indicate that LPS is a potent stimulus for the induction and
sustained expression of COX-2 mRNA and protein and for PGE2

production by human macrophages.

The stimulation of COX-2 gene transcription by LPS is transient

Nuclear run-on analysis was performed to determine whether the
sustained expression of COX-2 mRNA induced by LPS was the
result of a steady increase in gene transcription. Macrophages were
exposed to LPS for 1 or 12 h, and newly synthesized mRNA chains
were radiolabeled and hybridized to specific probes as described in
Materials and Methods. As shown in Fig. 2A, LPS caused a 5.4-
fold increase in the transcription rate of theCOX-2gene after 1 h,
which returned to basal levels after 12 h of stimulation. In contrast,
the transcription rate ofCOX-1remained unaltered following LPS
treatment. To determine whether the transcriptional induction cor-
related with the activation of the transcription factor NF-kB,
EMSA was performed using the distal (upstream) NF-kB sequence
in the COX-2promoter as a probe (18). A DNA-protein complex
was formed by the nuclear protein extracts of cells treated with
LPS for 1 h, but disappeared by 12 h of incubation. The complex
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was specific, as its formation was inhibited by preincubation of the
nuclear extracts with a 10- or 50-fold excess of unlabeled NF-kB
probe (Fig. 2B). Under these conditions we did not observe any
DNA-protein complex when the proximal NF-kB sequence was
used as a probe (data not shown). These data indicate that the
induction of COX-2 gene transcription by LPS is rapid but tran-
sient and correlates with the activation of the transcription factor
NF-kB.

IL-1b and TNF-a production by LPS-stimulated human
macrophages

The kinetics of IL-1b and TNF-a protein released were deter-
mined by ELISA on the supernatants of macrophages stimulated
with LPS for different times. TNF-a was secreted early (400 pg/ml
after 2 h; data not shown), reached maximum levels by 6 h, and
remained high even after 48 h (Table I). In contrast, IL-1b in-
creased significantly only after 12 h and continued to accumulate
for up to 48 h. These results indicated that in response to LPS,
U937 human macrophages release proinflammatory cytokines
(IL-1b and TNF-a) in a similar fashion as blood-derived mono-
cytes (27). Based on the kinetics of the release of these cytokines,
it is unlikely that they participate in the early transcriptional acti-
vation of COX-2. However, they may play a role in the mainte-
nance of high COX-2 levels following LPS stimulation.

IL-1b does not affect COX-2 mRNA or protein expression
induced by LPS

Exogenous IL-1b stimulates a dose- and time-dependent increase
in COX-2 mRNA and protein expression in human macrophages
(17). To determine whether IL-1b released by LPS-stimulated
macrophages could have an autocrine effect on the expression of
COX-2 mRNA, the following experiment was performed. Macro-
phages were stimulated for different times with LPS (6, 12, and
24 h) or with IL-1b (only for 12 h) in the presence or the absence
of neutralizing anti-IL-1b Abs. As shown in Fig. 3A, neutralizing

FIGURE 1. Expression of COX-2 mRNA and protein in macrophages
stimulated with LPS.A, PMA-differentiated U937 macrophages were
treated with 100 ng/ml of LPS for 2–24 h. Total RNA was isolated to
perform Northern blot analysis using specific cDNA probes forCOX-2,
COX-1,and b-actin. The densitometric units in the histogram reflect the
quantitative levels of COX-2 normalized to the constant levels of actin.
Lane designations are identical for the blots and histogram.B, Whole ly-
sates of U937 cells (13 105) treated as described inA were subjected to
immunoblot analysis using polyclonal Abs against purified ovine COX-2
and COX-1 proteins (std.; purified ovine proteins). Figures are represen-
tative of three independent experiments with similar results.

FIGURE 2. The transcriptional activation ofCOX-2gene by LPS is tran-
sient.A, Nuclear run-on analysis was performed on macrophages exposed to
medium (1 h) or to 100 ng/ml of LPS (1h and 12 h). Nuclei were isolated, and
nascent RNA strands were elongated and radiolabeled in vitro. The labeled
RNA was hybridized to specific cDNA probes (COX-2, COX-1,andb-actin)
fixed on nitrocellulose membranes. Full-length plasmids without the probes
were also blotted on the membranes to evaluate background hybridization. The
numbers under each lane represent the ratio between the densitometric values
of COX-2and actin (COX-2/actin) and are the measure of the relative level of
transcription. The figure represents results from two independent experiments.
B, EMSA for the distal NF-kB probe was performed with nuclear extracts of
cells treated with medium only (lane 2) or stimulated with 100 ng/ml of LPS
for 1 h (lane 3) or 12 h (lane 4). Specificity of binding was determined from
cell extracts treated with LPS for 1 h bycompetition using a 10-fold (103) or
50-fold (503) excess of unlabeled distal probe (lanes 5and6). Lane 1con-
tained no nuclear extracts. Results are representative of three independent
experiments.
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Abs to IL-1b did not affect COX-2 mRNA expression induced by
LPS regardless of the time of stimulation. In contrast, the neutral-
izing Abs inhibited the expression of COX-2 induced by IL-1b
after 12 h. As expected, the control Ab (normal goat IgG) had no
effect on either LPS- or IL-1b-induced COX-2 mRNA expression.
Similar results were observed when the levels of COX-2 protein
were evaluated by immunoblot (Fig. 3B). These data clearly sug-
gest that endogenous IL-1b does not contribute to the maintenance
of the steady state levels of COX-2 mRNA induced by LPS.

Endogenous TNF-a does not participate in the expression of
COX-2 induced by LPS

We next determined whether endogenous TNF-a secreted by LPS-
stimulated cells could contribute to the expression of COX-2. Mac-

rophages were treated with LPS for 12, 24, and 48 h in the pres-
ence or the absence of neutralizing Abs against TNF-a. As shown
in Fig. 4, Abs against TNF-a did not alter COX-2 mRNA expres-
sion regardless of the time examined. Even when the cells were
exposed to LPS and anti-TNF-a Abs for shorter periods (1 and
3 h), the expression of COX-2 mRNA induced by LPS was not
affected (data not shown). In contrast to IL-1b, exogenous TNF-a
(up to 50 ng/ml) did not stimulate COX-2 mRNA expression in
human macrophages. Taken together, these results suggest that the
proinflammatory cytokines IL-1b and TNF-a secreted in response
to LPS stimulation do not play a costimulatory role in the main-
tenance of COX-2 mRNA.

LPS stabilizes COX-2 mRNA

We and others have shown that IL-1b can increase the rate of
transcription of theCOX-2gene (17, 18). Moreover, IL-1b stabi-
lizes the transcripts, inhibiting their rapid turnover by an unclear
mechanism (19, 20). The data in Fig. 4 clearly show that COX-2
mRNA levels were elevated after 24 and 48 h of LPS stimulation
even though the transcription rate declined to basal levels by 12 h
(Fig. 2). Accordingly, we investigated whether LPS can regulate
COX-2 expression at the posttranscriptional level. To determine
the stability of LPS-induced COX-2 mRNA, macrophages were
stimulated with LPS for 12 h followed by the addition of AD, and
the fate of the COX-2 mRNA was evaluated at different times. In
a second group of cells, LPS was removed from the cell medium
after 12-h stimulation, AD was added or not, and the levels of
COX-2 mRNA were evaluated thereafter. As shown in Fig. 5A,
only when LPS was removed during the chase period and in the
absence of AD did the levels of COX-2 mRNA decrease rapidly
and significantly over time. Fig. 5Bshows similar results from
experiments in which macrophages were stimulated with IL-1b for
12 h. The half-lives of the COX-2 transcripts following the re-
moval of LPS and IL-1b were 5.04 and 5.30 h, respectively. These
results suggest that LPS can stabilize COX-2 mRNA and that ac-
tive transcription is necessary for its decay.

Table I. IL-1b and TNF-a production by macrophages stimulated
with LPS

Time (h) IL-1b (pg/ml)a TNF-a (pg/ml)a

0 ,4 ,8
6 ,4 1737.66 528.9*

12 50.66 10.4* 1618.56 186.3*
24 116.56 23.5* 1380.46 257.8*
48 180.56 49.7* 1824.56 142.1*

a Values are expressed as the mean6 SE from triplicates of three independent
experiments. Macrophages were stimulated with 100 ng/ml of LPS for different times,
and the supernatants were analyzed by ELISA.

p, p , 0.01 when compared to control values by the Studentt test.

FIGURE 3. Inhibition of endogenous IL-1b does not alter COX-2 ex-
pression.A, U937 macrophages were stimulated with 100 ng/ml of LPS for
6, 12, or 24 h in the presence or the absence of neutralizing anti-IL-1b Abs
(10 mg/ml). The specificity of the Abs was confirmed by inhibition of
IL-1b-induced COX-2 mRNA expression after 12 h. Normal goat IgG (10
mg/ml) was used as a control (c) for the effect of the Abs. Northern blot
analysis was performed from total RNA as described.B, Immunoblot anal-
ysis was performed on samples fromA. Similar results were obtained from
four independent experiments.

FIGURE 4. Neutralization of endogenous TNF-a has no effect on
COX-2 mRNA expression. Macrophages were treated with LPS (100 ng/
ml) for 12, 24, or 48 h in the presence or the absence of neutralizing
anti-TNF-a Abs (10mg/ml). As a control for the Abs, cells were incubated
with LPS in the presence of 10mg/ml of normal goat IgG (c). COX-2
mRNA expression was evaluated by Northern blot as described. The figure
represents results from three independent experiments.
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Endogenous IL-1b and TNF-a do not affect the stability of
COX-2 mRNA

To assess whether the proinflammatory cytokines IL-1b and TNF-a
released by LPS-stimulated cells can modulate the stability of the
COX-2 transcripts, macrophages were exposed to LPS for 12 h fol-
lowed by the addition of neutralizing Abs against the cytokines. As
shown in Fig. 6, the presence of the Abs during the chase period (up
to 8 h) did not affect the stability of COX-2 transcripts, clearly indi-
cating that endogenous IL-1b and TNF-a do not participate in the
posttranscriptional regulation of COX-2 by LPS.

DEX promotes the rapid decay of LPS-induced COX-2 mRNA

Recent evidence indicates that DEX can inhibit COX-2 expression
at the transcriptional level (22), but also increases the turnover rate
of the COX-2 transcripts induced by IL-1b (28). To determine
whether DEX could promote the decay of COX-2 mRNA induced
by LPS, macrophages were stimulated for 12 h followed by the
addition of DEX or DEX plus AD, and the levels of COX-2
mRNA were evaluated by Northern blot. Fig. 7 shows that COX-2
transcripts were rapidly degraded in the presence of DEX, whereas

their level remained high throughout the chase period in the absence
of DEX or in the presence of DEX plus AD. The half-life of LPS-
induced COX-2 transcripts was 2.5 h. These results indicate that DEX
promotes the rapid decay of the stable COX-2 transcripts induced by
LPS and that such an effect depends on active transcription.

Discussion
PGs are important mediators released during septic shock; PGI2 is
a vasodilator that can contribute to hypotension, and PGE2 plays a
prominent role in fever and pain. LPS is a potent stimulus for the
synthesis of high levels of PGs, which occurs through the induc-
tion of the enzyme COX-2. In this study we investigated the role
of the proinflammatory cytokines TNF-a and IL-1b released by
LPS-stimulated human macrophages on the expression of COX-2.
We found that neutralizing Abs against TNF-a and IL-1b did not
block the induction or the prolonged expression of COX-2 mRNA

FIGURE 5. LPS and IL-1b stabilize COX-2 mRNA.A,Cells were stim-
ulated with LPS (100 ng/ml) for 12 h and then treated or not with 10mg/ml
of AD for 2–8 more h (Chasing time). In another group of cells, LPS was
removed after 12 h of stimulation (wsh) and replaced with fresh medium,
then AD (10mg/ml) was added or not during the chase period. Thet1/2

(50% stability) after LPS removal was 5.04 h (r2 5 0.9197).B, Macro-
phages stimulated for 12 h with 10 ng/ml of IL-1b were then treated sim-
ilarly as inA, except that the length of the chase period with or without AD
was 2–12 h. Thet1/2 of the transcripts after IL-1b removal was 5.30 h (r2 5
0.9470). Total RNA was isolated at each time point, and COX-2 mRNA
levels were analyzed by Northern blot. The half-life of the transcripts was
calculated by regression analysis. Results represent the average of three
independent experiments.

FIGURE 6. Endogenous IL-1b and TNF-a do not contribute to LPS-in-
duced stabilization of COX-2 mRNA. Macrophages were treated with 100
ng/ml of LPS for 12 h, and then neutralizing anti-IL-1b (10 mg/ml) plus anti-
TNF-a (10 mg/ml) Abs were added or not (Abs); goat IgG (20mg/ml) was
used as a control (cAb). The cells were harvested at the times indicated after
the additions to evaluate the levels of COX-2 mRNA by Northern blot. The
data represent the average of two independent experiments.

FIGURE 7. DEX promotes the rapid decay of COX-2 mRNA induced
by LPS. Macrophages were stimulated with 100 ng/ml of LPS for 12 h and
then DEX (1mM) or DEX (1 mM) plus AD (10 mg/ml) was added or not
(CONTROL) for 2–8 h during the chase period. Thet1/2 of COX-2 mRNA
in the presence of DEX was 2.5 h (r2 5 0.9053). Northern blot analysis was
performed to evaluate the levels of COX-2 mRNA after addition of DEX
or AD. Only the blots corresponding to COX-2 are shown in thetop panels.
Results represent the average of three independent experiments.
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and protein after LPS stimulation. Furthermore, LPS transiently
activatedCOX-2gene transcription and stabilized the COX-2 tran-
scripts. Interestingly, COX-2 mRNA decay was inhibited by AD,
but was promoted by DEX. Removal of LPS from the medium also
promoted the degradation of COX-2 mRNA with a similar turn-
over rate as IL-1b-induced transcripts.

We have previously shown that LPS can stimulate the expres-
sion of COX-2 mRNA in U937 human macrophages (17, 29). In
the present report we showed a sustained expression of COX-2
mRNA even after 48 h. Likewise, the COX-2 protein was detected
after 6 h, and high levels were still observed after 24 h (Fig. 1A)
and 48 h (data not shown). However, high PGE2 levels were not
observed until 12 and 24 h. The lag period between the presence
of the protein and the product may reflect the lack of substrate
availability or a downstream enzyme. This may be due to a delayed
expression of either the cytosolic PLA2 (30, 31) or the putative
inducible PGE2 synthase, respectively (30, 32).

The presence of polyclonal Abs against TNF-a and IL-1b had
no effect on the expression levels of COX-2 mRNA and protein in
LPS-stimulated cells. This is in contrast with other studies that
have shown that neutralizing Abs against TNF-a and IL-1b can
significantly inhibit COX activity measured by the production of
6-oxo-PGF2a in bovine endothelial cells (12). In that system
TNF-a played a major role in the induction of COX-2 after LPS
stimulation. Moreover, exogenous TNF-a enhanced COX activity.
In contrast to IL-1b, TNF-a alone did not induce COX-2 expres-
sion in our study. Even though large quantities of TNF-a were
produced by U937 macrophages following LPS stimulation, there
was no apparent participation of this cytokine in COX-2 induction
or in the maintenance of the high mRNA levels. Thus, these results
indicate that proinflammatory cytokines can exert distinct and spe-
cific effects on different cell types. For example, TNF-a stimulates
COX-2 expression in human mesothelial cells (33) and synovial
fibroblasts (34), while it has no effect on human macrophages (29)
and monocytes (13) unless used at very high concentrations (35).
This difference in species and cell type may be derived from the
diversity in the sequences of the promoter region of theCOX-2
gene and the class and number of receptors expressed on the cells.
Similarly, the lack of effect of neutralizing Abs against IL-1b on
COX-2 mRNA levels also indicated that endogenous IL-1b does
not play a role in the regulation of COX-2. Although exogenous
IL-1b easily induces COX-2 expression in our system (17), the lag
time for IL-1b release may hamper the contribution of this cyto-
kine to the rapid transcriptional activation by LPS. Likewise, the
amount of endogenous IL-1b released in response to LPS may not
be high enough to participate in the induction of COX-2 mRNA or
protein expression. We have found that a concentration of at least
100–500 pg/ml of IL-1b is necessary to induce detectable levels of
COX-2 mRNA. Moreover, we did not observe a significant syn-
ergistic effect when the macrophages were treated simultaneously
with LPS plus IL-1b (our unpublished observations).

At present we cannot rule out the participation of other endog-
enous cytokines in COX-2 regulation. Recent evidence suggests
that endogenous GM-CSF is involved in LPS-stimulated COX-2
protein expression in human monocytes (36). This effect occurs
through the delayed activation of STAT5 (90 min). Although en-
dogenous GM-CSF may be playing a role in the maintenance of
high levels of COX-2 mRNA or protein, our run-on assays clearly
indicated that LPS promptly activates the transcription of the
COX-2gene within 60 min. This was consistent with the activation
of NF-kB as shown by EMSA after 1 h of LPSstimulation (Fig.
2B). The involvement of two NF-kB motifs present in theCOX-2
promoter, after LPS or IL-1b stimulation, has been reported in
mouse macrophages (23), human pulmonary cells (18), and U937

human macrophages (22). In previous studies, the presence of p50
and p65 NF-kB proteins in the complexes was shown by supershift
assays (18, 22). Inoue and Tanabe (22) observed a DNA-protein
complex using the proximal NF-kB motif as a probe; interestingly,
we did not detect any complex using that same probe. A likely
explanation for this is the different binding affinities of the p50/p65
NF-kB heterodimer for the two DNA motifs (18). The involve-
ment of othercis-elements, such as NF for IL-6 expression and
cAMP response element sites, in the regulation of the human
COX-2gene by LPS has also been reported (37). The contribution
of other endogenous cytokines to LPS-induced COX-2 expression
and the transcription factors involved requires further investigation.

The nuclear run-on assays indicated that LPS exerts a rapid but
transient transcriptional activation of theCOX-2 gene. The high
levels of COX-2 transcripts observed after 48 h of stimulation,
however, also suggested a posttranscriptional modulation.COX-2
was discovered as an immediate-early gene that can be induced
rapidly and transiently by serum and mitogens (38, 39). Moreover,
the 39-UTR of COX-2 mRNA has 22 copies of the pentamer
AUUUA (40), which is considered to be involved in the instability
of mRNA for some cytokines and oncogenes (41, 42). Despite
these findings, several reports have demonstrated that IL-1 can
stabilize COX-2 transcripts (8, 17, 19). Our results indicated that
LPS is able to stabilize COX-2 mRNA in a similar manner as
IL-1b. We also presented evidence showing that endogenous
IL-1b and TNF-a released after LPS stimulation did not contribute
to the stabilization of COX-2 transcripts. The addition of AD,
which in other systems allows determination of the mRNA turn-
over rate, inhibited the degradation of COX-2 transcripts induced
by LPS or IL-1b. Only when the stimuli were removed did the
levels of COX-2 mRNA decline. A potential explanation for this
phenomenon is that both LPS and IL-1b induce the expression or
activation of labile molecule(s) involved in COX-2 mRNA stabi-
lization. When the stimulus is removed, this unstable molecule(s)
is degraded or inactivated, and therefore, COX-2 mRNA is also
degraded, probably by a short-lived but constitutively transcribed
RNase. However, following removal of the stimulus in the pres-
ence of AD, the basal transcription of the RNase is inhibited, and
consequently, the degradation of COX-2 transcripts is suppressed.
This hypothesis is consistent with evidence indicating the existence of
proteins that bind to the 39-UTR and have the potential ability to
stabilize different mRNAs (43–45). This is supported by the identi-
fication of stabilizingciselements in the 39-UTR (20) and of cytosolic
proteins that bind to COX-2 mRNA after IL-1b stimulation (19).
These elements may be acting in concert to prolong the half-life of the
transcripts. The inhibition of COX-2 mRNA decay by AD is not spe-
cific for our system, because a similar effect has been observed for the
urokinase-type plasminogen activator and GM-CSF transcripts, al-
though no mechanism has been proposed for it (46, 47).

In contrast to the stabilizing effect of LPS or IL-1b, DEX may
be responsible for the induction or activation of RNases or other
proteins that mediate COX-2 mRNA turnover. The destabilizing
effect of DEX on IL-1b-induced COX-2 transcripts has been pre-
viously shown (28). Interestingly, the half-life of the 4.6-kb
COX-2 mRNA isoform in the presence of DEX is;3 times
shorter in lung fibroblasts (28) than in IL-1b or LPS-stimulated
macrophages (Ref. 17 and this report). Although we have no ex-
planation for this, the machinery for mRNA degradation may be
differentially expressed depending on the cell type. Recently, it has
been reported that the faster degradation of COX-2 transcripts in-
duced by DEX in epithelial cells depends on active transcription and
translation, and involves shortening of the COX-2 poly(A) tail (48).

In summary, we have demonstrated that LPS can regulate the
COX-2gene by transcriptional and posttranscriptional mechanisms
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in human macrophages. First, we showed that the proinflammatory
cytokines IL-1b and TNF-a produced by LPS-stimulated cells did
not contribute to either the maintenance or the stability of COX-2
mRNA. Second, LPS promoted the transcription of theCOX-2
gene and the stability of COX-2 mRNA in a similar manner as
IL-1b. Finally, active transcription in the cells or the presence of
DEX was required for the fast degradation of COX-2 mRNA. Elu-
cidation of the molecular mechanisms underlying the regulation of
COX-2 at both transcriptional and posttranscriptional levels may
open new avenues in the design of more specific strategies for the
treatment of inflammatory diseases.
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