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ABSTRACT

Acetylsalicylic acid (aspirin) is a cyclooxygenase (COX) inhibi-
tor, yet some of its therapeutic effects are thought to derive
from mechanisms unrelated to prostaglandin synthesis inhibi-
tion. In human intestinal myofibroblasts, aspirin, at therapeutic
doses, had the unexpected effect of inducing prolonged COX-2
expression. This induction was especially pronounced when
cells were treated with interleukin-1« (IL-1) plus aspirin for 24 h.
Sodium salicylate, a poor COX inhibitor, likewise enhanced
IL-1-mediated COX-2 gene expression whereas 5-aminosali-
cylic acid (5-ASA) or indomethacin had no effect. The COX-2
transcriptional rate, measured by nuclear runoff analysis and
heterogeneous nuclear RNA reverse transcription-polymerase
chain reaction, was only modestly elevated by aspirin treat-
ment. In contrast, aspirin treatment dramatically stabilized the
COX-2 message. The COX-2 mRNA half-life in IL-1 treated cells

was 1 h and was increased in excess of 5 h in IL-1 + aspirin-
treated cells. Phosphorylation of p38 MAPK was enhanced in
aspirin-treated cells (but not in cells treated with 5-ASA or
indomethacin) for up to 24 h after treatment. Inhibition of p38
activity negated aspirin-mediated COX-2 mRNA stabilization
and the resultant increase in COX-2 mRNA and protein levels.
The modest transcriptional response seen in aspirin treated
cells was also abolished by p38 inhibition. We conclude that
aspirin enhances COX-2 expression via sustained activation of
p38, which results in prolonged stabilization of the COX-2
message and a slightly elevated transcription rate. Aspirin also
enhanced steady-state mRNA levels of other IL-1 modulated
genes (IL-1B, IL-6, groa, and TNF ) that are likewise regulated
at the level of message stability via p38 activation.

Acetylsalicylic acid, commonly called aspirin, is the most
widely used nonsteroidal anti-inflammatory drug (NSAID) in
the world. Aspirin is effective in the treatment of pain, fever,
and inflammation and also for prophylaxis against coronary
artery disease and cancer (Vane et al., 1998). Aspirin’s ther-
apeutic benefit in many cases derives from its ability to
inhibit cyclooxygenase (COX) enzymatic activity, resulting in
decreased production of prostaglandins. In vivo, however,
aspirin is rapidly deacetylated to form salicylate and, al-
though salicylate is a poor inhibitor of COX activity, both
salicylic acid and aspirin are potent anti-inflammatory
agents. Furthermore, the optimal therapeutic dose for aspi-
rin in the treatment of chronic inflammation is much higher
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than that required to inhibit cyclooxygenase activity (Rains-
ford, 1984; Brooks et al., 1986; Furst et al., 1987). Several
non—prostaglandin-related effects of aspirin and salicylate
have been described. These effects include inhibition of
NF-kB mobilization (Kopp and Ghosh, 1994; Yin et al., 1998),
activation or inhibition of MAPK/SAPK signaling (Sch-
wenger et al., 1997, 1998, 1999), and others (Pillinger et al.,
1998; Cronstein et al., 1999; Marnett and DuBois, 2002).
One major effect of the proinflammatory cytokine IL-1 is
activation of the local synthesis and release of eicosanoids
through the cyclooxygenase (COX) pathway (Dinarello, 1996;
Vane et al., 1998). At least two isoforms of COX exist in
humans, each encoded by separate unlinked loci. They share
similar catalytic properties (e.g., K., V.. catalytic prod-
ucts), but each has a distinct biological function (Turini and
DuBois, 2002). COX-1 is constitutively expressed in many
cell types, whereas COX-2 expression is more restricted and

ABBREVIATIONS: NSAID, nonsteroidal anti-inflammatory drug; COX, cyclooxygenase; NF-«B, nuclear factor xB; MAPK, mitogen-activated
protein kinase; SAPK, stress-activated protein kinase; IL-1, interleukin-1«; IMF, intestinal myofibroblast; PG, prostaglandin; TNF«, tumor necrosis
factor a; 5-ASA, 5-aminosalicylic acid; SB-203580, 4-(4-fluorophenyl)-2-(4-methylsulfinyl phenyl)-5-(4-pyridyl)-1H-imidazole; DRB, 5,6-dichloro-
1-B-p-ribofuranosylbenzimidazole; hnRNA, heterogeneous nuclear RNA; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent

assay; p-p38, phosphorylated p38; ASA, acetylsalicylic acid (aspirin).

470

GTOZ ‘9 YdLe |\ Uo Seuinor 134SV e Bio'seulno isdse wireyd jow wodj papeojumod


http://molpharm.aspetjournals.org/

frequently only observed after stimulation of cells with mi-
togens or proinflammatory cytokines (Vane et al., 1998;
Turini and DuBois, 2002).

We have previously characterized signaling pathways re-
sponsible for IL-1-mediated induction of COX-2 gene expres-
sion in human intestinal myofibroblasts (Mifflin et al., 2002;
Di Mari et al., 2003). Intestinal myofibroblasts (IMFs) mod-
ulate responses of epithelial cells and immune and nonim-
mune cells of the lamina propria through elaboration of
growth factors, cytokines, and lipid mediators such as pros-
taglandins (PGs) (Powell et al., 1999). IMF's are also likely to
be important in the progression of colorectal cancer because
they express COX-2 early in the process (Shattuck-Brandt et
al., 2000; Adegboyega et al., 2001; Sonoshita et al., 2002), and
IMF activation is observed in premalignant colorectal polyps
(Adegboyega et al., 2002).

Herein we report that aspirin and sodium salicylate have
the unexpected effect of inducing COX-2 gene expression in
human IMFs. The induction is especially pronounced in cells
treated with the combination of NSAID plus IL-1. The main
mechanism whereby this occurs is aspirin-mediated en-
hancement of p38 MAPK activity, which leads to a dramatic
stabilization of the COX-2 message. Aspirin likewise en-
hanced expression of proinflammatory cytokines and chemo-
kines (IL-1B, IL-6, groa, and TNF«) that are likewise regu-
lated at the level of message stability via p38 activation.
Another salicylate derivative, 5-aminosalicylate (5-ASA), did
not affect this pathway, which may be one reason why 5-ASA
is therapeutic for the treatment of chronic intestinal inflam-
mation and other salicylates are not.

Materials and Methods

Materials. Recombinant human IL-1a was purchased from R&D
Systems (Minneapolis, MN). The following were purchased from
Sigma (St. Louis, MO): acetylsalicylic acid (aspirin), 5-aminosalicylic
acid, sodium salicylate, and indomethacin. The compound
SB-203580 was purchased from BIOMOL (Plymouth Meeting, PA).
The COX-2 polyclonal antibody was purchased from Cayman Chem-
ical (Ann Arbor, MI). Antibodies recognizing phosphorylated (phos-
pho-Thr180/Tyr182) and total p38 were purchased from Cell Signal-
ing Technologies (Beverly MA). The transcriptional inhibitor 5,6-
dichloro-1-B-pD-ribofuranosylbenzimidazole (DRB) was purchased
from Calbiochem (San Diego, CA). The monoclonal antibody to
a-smooth muscle actin (clone 1A4) was purchased from Sigma.

Cell Culture. The human intestinal myofibroblast isolate 18Co
was obtained from the American Type Culture Collection (Manassas,
VA) and maintained as described previously (Valentich et al., 1997;
Mifflin et al., 2002). Cells were cultured in Eagle’s minimum essen-
tial medium supplemented with 10% NuSerum (BD Biosciences,
Bedford, MA) at 37°C in a humidified incubator containing 5% CO,
in air. For experiments, cells between passage 10 and 15 were used
at confluence.

RNA Isolation and Northern Blot Analysis. Total RNA was
isolated using the Ultraspec RNA Isolation Reagent (Biotecx Labo-
ratories, Inc., Houston, TX). Northern blotting and hybridizations
were performed as described previously (Hinterleitner et al., 1996).
Gene-specific mRNA levels were detected and quantified using film-
less autoradiographic analysis (PerkinElmer Life and Analytical
Sciences, Boston, MA). Slight variations in signal strength resulting
from differences in the amount of total RNA loaded in each well were
corrected by normalization to 28S or 18S rRNA levels using digitized
images of the membranes after transfer. The COX-2-specific probe
was a 1.8-kilobase fragment of the human COX-2 ¢cDNA provided by
Dr. Timothy Hla (University of Connecticut, Farmington, CT). The
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IL-1B, IL-6, and groa-specific probes were gel-purified PCR frag-
ments spanning nucleotides 631 to 1290 of the human IL-18 cDNA
(GenBank accession number X02532), nucleotides 306 to 904 of the
human IL-6 ¢cDNA (GenBank accession number M14584), and nu-
cleotides 105 to 690 of the human groa ¢cDNA (GenBank accession
number J03561).

Western Blot Analysis. Western blot analyses were performed
as described previously (Mifflin et al., 2002). Chemiluminescent de-
tection was performed using a chemiluminescence detection kit (Am-
ersham Biosciences, Piscataway, NJ) according to the supplier’s rec-
ommendations.

Nuclear Runoff Analysis. Nuclear runoff analyses were per-
formed as described previously (Mifflin et al., 2002). Relative tran-
scription levels were determined using filmless autoradiographic
analysis (PerkinElmer Life and Analytical Sciences).

COX-2 Transcription Rate Using hnRNA RT-PCR. We devel-
oped an alternate method of assessing the COX-2 transcription rate
based on the assay described by Elferink and Reiners (1996). Based
on the fact that nascent, unspliced nuclear RNA [heterogeneous
nuclear RNA (hnRNA)] is rapidly spliced to generate mature mRNA,
quantitation of unspliced COX-2 transcripts is used as an indicator of
the COX-2 transcriptional rate. Total RNA samples, extracted as
above, were treated with DNase (Promega, Madison, WI) and re-
verse-transcribed using oligonucleotide primers specific for introns
within the human COX-2 gene to generate hncDNA. These samples
were then subjected to amplification by PCR using intron-specific
primer pairs to generate products traversing COX-2 exons. For each
reverse transcription reaction, a mock reaction was carried out in
which the reverse transcriptase was left out to control for potential
contamination by genomic DNA. The reverse transcription and PCR
primers used were as follows (numbering based upon GenBank ac-
cession number D28235). Amplification across exon #6: COX2GEN
L6020, 5'-AGTTTTCATTTACCACA-3' (RT primer); COX2GENU5468,
5'-TTTCATCATTTTCTAGGTGGACTTAA-3' (sense PCR); and COX2
GENL5597, 5'-TAAAATATGGGTATAAGCGGTAATAA-3' (antisense
PCR). Amplification across exon #9: COX2GENL7472, 5'-GCTCACGC-
CTGTAATCC-3" (RT primer); COX2GENU6942, 5'-AGCTGAATA-
CAAACAGTAAATATGCCTAA-3' (sense PCR); and COX2GENL7218,
5-AGGGCGGCTCCATCTCGAAAA-3’ (antisense PCR).

PCR reactions were performed in the presence of [52P]dCTP (1.0
nCi/20-ul reaction, to facilitate quantitation by filmless autoradio-
graphic analysis) and fractionated in 6% acrylamide gels in Tris-
borate buffer. It was empirically determined that 25 cycles of ampli-
fication were within the linear quantitative range for this assay and
this number was used throughout.

RT-PCR Analysis of TNFa mRNA. TNFa mRNA was detected
using commercially supplied primers for human TNFa (R&D Sys-
tems) to amplify cDNA prepared from treated cells as directed by the
supplier. Included in each reaction were primers for the constitu-
tively expressed heme oxygenase 2 (spanning nucleotides 273 to 764
of the human HO-2 ¢cDNA, GenBank accession number S34389) as
an internal control.

ELISA Assay for TNFa Secretion. TNFa secretion was moni-
tored using a commercially available enzyme-linked immunosorbent
assay (ELISA; limit of detection, ~15 pg/ml; R&D Systems). Conflu-
ent monolayers were treated for 24 h as indicated in the legend to
Fig. 7. Culture medium was removed, cleared by centrifugation, and
assayed for TNFa levels.

Data Analysis. All experiments were repeated a minimum of
three times with similar results. Where appropriate, data were ex-
pressed as the mean + S.E. Statistical analysis was performed using
Student’s ¢ test using a P value of 0.05 as statistically significant. In
all cases in which comparative data are presented, the autoradio-
graphic images originated from the same exposure of the same gel; in
some cases, for clarity of presentation, lanes containing samples not
germane to this study were removed.

GTOZ ‘9 YdLe |\ Uo Seuinor 134SV e Bio'seulno isdse wireyd jow wodj papeojumod


http://molpharm.aspetjournals.org/

472 Mifflin et al.

Results

Synergistic Induction of COX-2 Expression by IL-1 +
Aspirin. Therapeutic doses of salicylates for the treatment of
chronic inflammation, such as rheumatoid arthritis, are re-
alized when serum levels are in the 1 to 5 mM range (Rains-
ford, 1984; Brooks et al., 1986; Furst et al., 1987). Figure 1A
demonstrates COX-2 mRNA levels in cells cultured 4 and
24 h in the absence or presence of IL-1 (500 pg/ml), aspirin
(5.0 mM), indomethacin (20 uM), or IL-1 plus aspirin or
indomethacin. At the earlier time point, aspirin moderately
enhanced (1.5-fold) COX-2 mRNA levels above those seen in
control or IL-1-treated cells, but this trend was not statisti-
cally significant (P > 0.2; n = 4). However, COX-2 mRNA
levels were significantly higher in aspirin-treated cells after
24 h. Aspirin treatment resulted in 6.4-fold higher (P <
0.001; n = 7) COX-2 mRNA levels over untreated cells and
aspirin augmented IL-1-induced COX-2 mRNA levels by 4.8-
fold (P < 0.001; n = 9). Indomethacin, at a dose that inhibits
PGE, synthesis by >97% in these cells (20 uM), had no effect
upon basal or IL-1-induced COX-2 mRNA levels (Fig. 1A).
The inability of indomethacin to affect COX-2 mRNA levels
argues against the possibility that PGE, or other COX-de-
rived eicosanoids act in a negative feedback loop to down-
regulate IL-1-mediated COX-2 induction. Figure 1B demon-
strates COX-2 mRNA levels in IMFs after 24 h in the
presence of IL-1 plus increasing concentrations (10 uM to 5.0
mM) of aspirin. The inclusion of IL-1 results in a more sen-
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Fig. 1. Synergistic induction of COX-2 mRNA and protein levels by IL-1
plus aspirin. Confluent 18Co monolayers were incubated for the indicated
time in the presence of either IL-1 (500 pg/ml), ASA (5.0 mM), or, as
indicated in B, indomethacin (Indo; 20 uM), sodium salicylate (Na-Sal;
0.5 or 5.0 mM), 5-ASA (5.0 mM) or combinations thereof. Control cells
received 1.0% ethanol as a solvent control. Cells were then harvested for
isolation of either total RNA or protein. A, COX-2 mRNA levels. Total
RNA was subjected to Northern analysis using a COX-2—specific cDNA
probe. Below is an inverse image of the 28S rRNA bands on the mem-
brane before hybridization, demonstrating equivalent loading and trans-
fer. B, dose-response for aspirin-mediated COX-2 induction. Cells were
incubated for 24 h in the presence of IL-1 (500 pg/ml) plus the indicated
concentration of aspirin. Total RNA was subjected to Northern analysis
using a COX-2—specific cDNA probe. Below is an inverse image of the 28S
rRNA bands on the membrane before hybridization, demonstrating
equivalent loading and transfer. C, effect of other salicylates. Total RNA
was subjected to Northern analysis using a COX-2—specific cDNA probe.
Below is an inverse image of the 18S rRNA bands on the membrane
before hybridization, demonstrating equivalent loading and transfer. D,
COX-2 protein levels after 24 h of IL-1 and aspirin treatment. Total
protein (25 ug) was subjected to Western analysis using an antibody
specific for COX-2 as described under Materials and Methods. The result-
ant blot was then stripped and reanalyzed for total p38 protein levels to
ensure equivalent loading.

sitive assay because slight increases over the IL-1 baseline
are easier to detect. Dose response analyses, such as the one
presented in Fig. 1B, indicate that aspirin enhances IL-1-
mediated COX-2 induction over the 1.0 to 5.0 mM range.
Higher aspirin concentrations were not included in this study
because of signs of toxicity in cells treated 24 to 48 h with
aspirin at levels =10 mM. The effect of other salicylates upon
IL-1-mediated COX-2 induction is shown in Fig. 1C. Sodium
salicylate (Na-Sal) likewise enhanced COX-2 mRNA levels
when included at 5.0 mM, yet it had little or no effect at the
0.5 mM dose. 5-ASA (5.0 mM) did not enhance COX-2 expres-
sion. The observed aspirin-mediated COX-2 mRNA induction
was also reflected at the protein level as judged by Western
blotting of extracts prepared 24 h after treatment (Fig. 1D).
In experiments not shown, sodium salicylate (5.0 mM) like-
wise increased COX-2 protein levels.

Effect of Aspirin upon COX-2 Transcription. Experi-
ments were conducted to determine whether aspirin regu-
lates COX-2 expression at the transcriptional level. A nuclear
runoff analysis of the COX-2 transcriptional rate 4 h after
IL-1 (500 pg/ml), aspirin (5.0 mM), or IL-1 plus aspirin treat-
ment is shown in Fig. 2A. The results of several such exper-
iments, summarized graphically in Fig. 2A, indicate a slight
increment in the COX-2 transcriptional rate in aspirin-
treated cells (2.2 = 1.2-fold; n = 3). This trend was not
statistically significant (P > 0.05), perhaps because of the
inherent insensitivity of the runoff assay. The IL-1-mediated
COX-2 transcriptional rate was not significantly enhanced by
aspirin inclusion (18.9 *= 2.84-fold versus 18.4 *= 9.01-fold;
n = 5) as measured by nuclear runoff analysis (Fig. 2A).

We developed a more sensitive assay to measure the tran-
scription rate of the endogenous COX-2 gene to determine
whether aspirin has any significant transcriptional effect on
its own. To this end, we adopted the assay of Elferink and
Reiner (1996), which measures the level of nascent, unspliced
transcripts (hnRNA) from a particular gene using an RT-
PCR approach that employs intron-specific reverse transcrip-
tion and PCR primers. Figure 2B shows the results of one
such assay in which COX-2 hnRNA levels were determined
in IMFs cultured 4 h in the presence or absence of IL-1,
aspirin, or both. Using this assay, IL-1 increased the COX-2
transcriptional rate 16 + 6.3-fold (n = 5, P > 0.002) over the
level observed in untreated cells. This result agrees well with
the runoff data presented in Fig. 2A and published by us
previously (Mifflin et al., 2002). Aspirin treatment increased
the COX-2 transcription rate 2.6 = 0.33-fold (n = 5, P >
0.005) relative to untreated cells. The augmentation of IL-1—
induced COX-2 transcription by aspirin using this assay was
only 1.2-fold (n = 5, P = 0.04), similar to that observed in the
runoff analyses. To demonstrate that the hnRNA amplifica-
tion assay is linear with respect to input hncDNA, 2-fold
serial dilutions of hncDNA prepared from IL-1 treated IMF's
were analyzed, and the resultant data are plotted in Fig. 2C.
The data plotted in Fig. 2C had an R? value of 0.87.

Effect of Aspirin upon COX-2 Message Stability.
Given the modest effect of aspirin upon COX-2 transcription
compared with its effect upon steady-state mRNA levels, we
examined whether aspirin influenced COX-2 mRNA stabil-
ity. Cultures were pretreated 4 h with IL-I or IL-1 plus
aspirin and then placed in serum-free medium containing the
RNA polymerase II transcriptional inhibitor DRB (50 uM)
with or without aspirin. Cultures were then harvested 2, 4,
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and 6 h later for determination of COX-2 mRNA levels by
Northern blotting. In these experiments, the COX-2 message
half-life in IL-1 treated cells, as judged by decay in the
presence of DRB, was approximately 1 h (Fig. 3) (Mifflin et
al., 2002). This half-life was dramatically extended to a pe-
riod exceeding 5 h in the presence of aspirin. The COX-2
message is stabilized by p38 MAPK activation in human
IMFs (Mifflin et al., 2002) and other cell types (Ridley et al.,
1998; Lasa et al., 2000, 2001). We have previously demon-
strated that p38 inhibition reduces the COX-2 message half-
life in IL-1-treated cells to only 20 min (Mifflin et al., 2002).
To determine whether p38 plays a role in the observed aspi-
rin-mediated COX-2 message stabilization, COX-2 mRNA
decay was measured in the presence of aspirin plus the p38
inhibitor SB-203580 (20 uM). As shown in Fig. 3, the p38

Aspirin-Mediated COX-2 Message Stabilization =~ 473

inhibitor negated aspirin-mediated COX-2 message stabili-
zation.

Effect of Aspirin upon p38 Activation. We determined
whether aspirin treatment activates p38 by monitoring phos-
phorylated p38 (P-p38) levels in cells treated with IL-1 or
IL-1 plus aspirin by Western blotting. Within the first hour of
treatment, aspirin had little effect upon basal and IL-1-
induced P-p38 levels (Fig. 4A). However, a gradual time-
dependent increase in P-p38 levels was observed at later time
points (2—24 h) in aspirin-treated cells. In cells treated with
IL-1, aspirin seemed to retard the decay of IL-1-induced
P-p38 levels, which remained elevated after 24 h (Fig. 4, A
and D), analogous to what was observed with COX-2 mRNA
levels (Fig. 1A).

If aspirin-mediated p38 activation is responsible for the
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Fig. 2. COX-2 Transcription rate after IL-1, aspirin, and IL-1 + aspirin treatment. A, nuclear runoff analysis. Confluent 18Co monolayers were
incubated in the presence of IL-1 (500 pg/ml), aspirin (5.0 mM), or IL-1 plus aspirin. After 4 h, nuclei were isolated and nuclear runoff analysis was
performed as described under Materials and Methods. MCP-1, macrophage chemotactic protein 1; actin, B actin; vector-plasmid Bluescript SK~
without insert, used to calculate background hybridization. The graph summarizes the results obtained from analysis of at least three independent
determinations for each treatment. B, hncDNA amplification. Confluent 18Co monolayers were incubated in the presence of IL-1 (500 pg/ml), aspirin
(5.0 mM), or IL-1 plus aspirin. After 4 h, total RNA was extracted, and relative COX-2 hnRNA levels were determined as described under Materials
and Methods. A representative experiment is shown using the primers spanning exon 6 (COX2GENU5468/COX2GENL5597) and exon 9
(COX2GENU6942/COX2GENL7218) along with mock reactions that included RNA but no reverse transcriptase (RT). The graph summarizes the
results obtained from analysis of five independent determinations for each treatment. C, linearity of the hncDNA assay with respect to input hcDNA.
Two-fold serial dilutions of total hncDNA, synthesized from IMF's treated for 4 h with IL-1, were subjected to PCR analysis as described under
Materials and Methods using the primers spanning exon 6. The signal strength was quantitated and results are shown in the graph below.
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observed induction of COX-2 expression, then NSAIDs that
did not induce COX-2 expression should not induce p38 phos-
phorylation. As shown in Fig. 4, indomethacin (20 uM) and
5-ASA (5.0 mM), alone (Fig. 4B) or in combination with IL-1
(Fig. 4C), had no significant effect upon p38 phosphorylation
compared with aspirin-treated cells (presented graphically in
Fig. 5D).

Effect of p38 Inhibition upon Aspirin-Mediated
COX-2 Induction. If aspirin induces COX-2 expression via
p38 activation, then p38 inhibition should retard this pro-
cess. As shown in Fig. 5, aspirin-mediated induction of
COX-2 expression was potently suppressed in the presence of
the specific p38 inhibitor SB-203580 (20 uM) at the mRNA
(Fig. 5A) and protein (Fig. 5B) levels. The degree of repres-
sion at each stage was similar (81-97% inhibition), indicating
an inhibition at the level of steady-state mRNA. As shown in
Fig. 5, and by others (Guan et al., 1997; Dean et al., 1999;
Mifflin et al., 2002), SB-203580 also inhibits IL-1-mediated
induction of COX-2 expression. In these experiments, aspirin
consistently elevated IL-1-induced COX-2 message and pro-
tein levels approximately 2- to 5-fold in the presence of SB-
203580. This observed increment is possibly caused by in-
complete inhibition of p38 activity or to decay of the inhibitor
over the 24-h course of incubation.

Effect of p38 Inhibition upon COX-2 Transcription.
To determine the consequence of aspirin-mediated p38 acti-
vation upon COX-2 transcription, hnRNA amplification was
performed to determine the relative transcription rate in
cells treated with SB-203580. As shown in Fig. 6, SB-203580
(20 uM) inhibited the IL-1 or aspirin-induced transcription
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Fig. 3. Effect of aspirin upon COX-2 message stability. Confluent 18Co
cultures were incubated for 4 h in the presence of IL-1 (500 pg/ml) or IL-1
plus aspirin (5.0 mM). Cells were then placed in serum-free medium
containing the RNA polymerase II transcriptional inhibitor DRB (50 uM),
DRB plus aspirin (5.0 mM), or DRB plus aspirin plus the p38 inhibitor
SB-203580 (20 uM). Cultures were then frozen at the indicated times (in
hours) for determination of COX-2 mRNA levels by Northern blotting.
Note the shorter time scale for COX-2 message decay in the presence of
the p38 inhibitor. Shown above are images from a representative exper-
iment. Also shown are digitized photographs of the membranes showing
equivalent levels of 28S ribosomal RNA before hybridization. Bottom,
relative COX-2 mRNA levels (normalized to 28S rRNA) as a function of
the time spent in the presence of each inhibitor.

rate by 51 = 18.3% (n = 4; P < 0.05) and 93 = 1.2% (n = 4;
P < 0.01), respectively when assayed 4 h after treatment.
The COX-2 transcriptional rate in cells treated with both
IL-1 and aspirin was inhibited by 82 = 7.0% (n = 4; P < 0.02)
in the presence of the p38 inhibitor. Thus, the transcriptional
as well as post-transcriptional effects of aspirin upon COX-2
expression are attributable to p38 activation.

Synergistic Induction of Proinflammatory Cyto-
kines and Chemokines by Aspirin in Combination
with IL-1. Given that p38 activation leads to mRNA stabi-
lization for a number of genes in addition to COX-2 (Frevel et
al., 2003), we hypothesized that aspirin would also enhance
IL-1-mediated induction of mRNAs containing AU-rich sta-
bility control elements. Preliminary microarray studies indi-
cated that this is indeed the case and the results from a
selected panel of genes are presented in Fig. 7. Northern
analyses of mRNA levels for IL-18, IL-6, and the chemokine
groa after 24 h in the presence of IL-1, aspirin, or both are
shown in Fig. 7A. For each gene shown, aspirin dramatically
enhanced the IL-1-mediated increase in steady-state mRNA
levels. Figure 7B is an RT-PCR analysis of TNFa mRNA
levels after 24 h in the presence of IL-1, with and without
aspirin or 5-ASA. At this time point, TNFa mRNA was only
detected in cells treated with the combination of IL-1 plus
aspirin. TNFa accumulation in the culture medium of cells
treated as in Fig. 7B was analyzed by ELISA (Fig. 7C).
Appreciable TNFa accumulation was only seen in cells
treated with both IL-1 and aspirin. In experiments not
shown, TNFa message was transiently detected in IL-1-
treated cells 4 to 8 h after treatment, yet significant TNFa
secretion into the culture supernatant was not observed (Fig.
7C). Thus, aspirin synergizes with IL-1 to induce steady-
state mRNA levels for a number of genes important in in-
flammation.

Discussion

We have demonstrated the ability of aspirin and sodium
salicylate to induce COX-2 expression in a cultured human
IMF isolate, 18Co. The observed effect is especially pro-
nounced when combined with IL-1 resulting in a synergistic
induction of COX-2 mRNA and protein. Our results demon-
strate that aspirin induces COX-2 expression via prolonged
activation of p38, which results in a dramatic stabilization of
the COX-2 message. Nuclear runoff and hnRNA RT-PCR
analyses demonstrated a minor transcriptional component,
but the kinetics of COX-2 mRNA and protein accumulation,
combined with mRNA degradation experiments, strongly
suggest that the primary mechanism underlying the ob-
served synergistic induction is at the level of COX-2 mRNA
stability. We also found that aspirin synergizes with IL-1 to
enhance steady-state mRNA levels for other proinflamma-
tory mediators that also contain AU-rich stability control
elements within their mRNAs.

The mechanism by which aspirin prolongs COX-2 expres-
sion is apparently unrelated to COX inhibition because so-
dium salicylate, a poor COX inhibitor, also enhanced expres-
sion (Fig. 1C), and indomethacin, a potent COX inhibitor,
had no effect upon steady-state COX-2 mRNA levels (Fig.
1A). Davies et al. (1997) have reported aspirin-mediated
COX-2 induction in vivo. In that study, aspirin (250 mg/kg)
administration to rats resulted in marked expression of
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COX-2 mRNA and protein in the gastric lamina propria,
precisely where gastric myofibroblasts are located. Indo-
methacin (20 mg/kg) had only a minor affect on COX-2 ex-
pression. The latter result further supports our hypothesis
that salicylate-mediated COX-2 induction is not simply the
consequence of COX inhibition because indomethacin is an
effective COX inhibitor.

In contrast to our results, Wu and colleagues have demon-
strated inhibition of COX-2 gene expression by aspirin and
sodium salicylate, at doses ranging from 10 uM to 1.0 mM, in
human endothelial cells, macrophages, and fibroblasts (Xu et
al., 1999; Cieslik et al., 2002). In their studies, COX-2 tran-
scription was depressed 4 h after aspirin treatment and the
mechanism of salicylate-mediated inhibition was via inhibi-
tion of C/EBP binding to the COX-2 promoter. We saw no
such effect of salicylates upon COX-2 transcription in IL-1-
treated human IMF's, perhaps because in these cells, C/EBPS
binding activity is very low and does not increase upon stim-
ulation with IL-1 (Mifflin et al., 2002).

Our results also differ from those of Faour et al. (2001),
who demonstrated that in human synovial fibroblasts, IL-13
drives COX-2 expression primarily via COX-2—-derived PGE,
and that NSAIDs abrogate IL-1-mediated COX-2 induction.
They demonstrate that PGE,, acting via EP4 receptors, ac-
tivates p38, resulting in COX-2 message stabilization. They

A 05 1 2 4

Aspirin-Mediated COX-2 Message Stabilization = 475

further demonstrate that in their cells, IL-1B-mediated
COX-2 induction occurs primarily at the post-transcriptional
level, with only a minor (2-fold) transcriptional component
(Faour et al., 2001). These results highlight the striking
heterogeneity in mechanisms of COX-2 regulation in differ-
ent cell types. In our studies, inhibition of PGE, synthesis by
indomethacin had little effect upon COX-2 expression (Fig.
1A) and p38 phosphorylation (Fig. 5B). Furthermore, IL-1
treatment leads to dramatic COX-2 transcriptional activa-
tion in IMFs when transcription of the endogenous gene is
assayed (Fig. 2) (Mifflin et al., 2002).

We should also note that salicylates can affect gene tran-
scription by inhibiting NF-«B activation (Kopp and Ghosh,
1994, Yin et al., 1998), which would lead to decreased tran-
scription of the COX-2 gene. We did not see such an effect
because the dose of aspirin used in our studies is below the 10
to 20 mM range of salicylate necessary to inhibit IxB degra-
dation; in experiments not shown, 5.0 mM aspirin did not
inhibit IL-1-mediated induction of NF-«B binding activity.

Schwenger and colleagues have carefully studied the effect
of salicylates on MAPK/SAPK activation. Their studies have
demonstrated that 2.0 to 20 mM salicylate causes increased
p38 phosphorylation and activity within 5 min in human
foreskin fibroblasts and macrophages (Schwenger et al.,
1997, 1998). While aspirin slightly enhanced p38 phosphor-
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Fig. 4. Effect of IL-1 and aspirin upon p38 phosphorylation. Confluent 18Co monolayers were incubated for the indicated time periods in the presence
of IL-1 (500 pg/ml), aspirin (5.0 mM), or both (A), IL-1 (500 pg/ml), indomethacin (Indo; 20 uM), or 5-ASA (5.0 mM) (B), or IL-1 in combination with
either indomethacin or 5-ASA (C). Agents were delivered in serum-free medium. Cells were harvested and Western analysis was performed to

determine levels of phosphorylated p38 (phospho-p38) and total p38 as described under Materials and Methods. D, densitometric data graphically

depicting the p-p38/p38 ratio after each treatment as a function of time. *, p < 0.05 relative to samples not containing ASA.
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ylation after 30 min in our studies, aspirin-induced p38 phos-
phorylation was more evident at later time points and con-
tinued for at least 24 h after treatment. Perhaps this is
attributable to the lower dose of aspirin used in our studies,
a higher level of basal p38 phosphorylation in our cells, or to
slight differences in signal transduction pathways among
different cell types. Schwenger et al. (1997, 1998) did point
out, however, that increased p38 phosphorylation was ob-
served as long as 8 h after salicylate treatment.

The time course of phospho-p38 accumulation in our stud-
ies suggests that aspirin might inhibit the phosphatase ac-
tivity or activities that restore p38 activity to resting levels.
For example, aspirin did not significantly enhance IL-1-
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Fig. 5. Effect of p38 inhibition upon IL-1 and aspirin-mediated COX-2
induction. Confluent 18Co monolayers were incubated 24 h in the pres-
ence of either IL-1 (500 pg/ml), aspirin (5.0 mM), or both, with or without
the p38 inhibitor SB-203580 (20 uM). Cells were then harvested and
COX-2 mRNA (A) and protein (B) levels were determined by Northern
and Western blotting, respectively, as described under Materials and
Methods. Also shown in A is an inverse image of the 18S rRNA on the
membrane before hybridization, demonstrating equivalent loading and
transfer. B, the blot was stripped and reprobed with an antibody specific
for a-smooth muscle actin (SMA) demonstrating equivalent loading and
transfer. Below each panel is shown the percentage inhibition of COX-2
message or protein levels, with S.D. in parentheses, as quantitated by
phosphorimager or densitometric analysis, respectively.
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Fig. 6. Effect of p38 inhibition upon COX-2 transcription. Confluent 18Co
monolayers were incubated in the presence of IL-1 (500 pg/ml), aspirin
(5.0 mM), or IL-1 plus aspirin with or without the p38 inhibitor SB-
203580 (20 uM). After 4 h, total RNA was extracted and relative COX-2
hnRNA levels were determined as described under Materials and Meth-
ods along with mock reactions, which included RNA but no reverse
transcriptase (RT) using the primers spanning exon 9. The graph sum-
marizes the results obtained from analysis of four independent determi-
nations for each treatment. Below each panel is shown the percentage
inhibition of COX-2 transcription rate, with S.D. in parentheses.

mediated p38 phosphorylation (Fig. 4), yet the decay of the
phosphorylated state was retarded in the presence of aspirin.
Phosphatase inhibition has been shown to induce COX-2
expression in other cell types with kinetics similar to those
seen with aspirin (Mahboubi et al., 1997; Miller et al., 1998).
Alternatively, the rapid p38 phosphorylation observed by
Schwenger and colleagues suggests that salicylates affect
kinase activities responsible for p38 phosphorylation. Al-
though the possibilities are not mutually exclusive, future
studies will be needed to determine how salicylates modulate
p38 activity.

Presently, we can only speculate about the in vivo biolog-
ical significance of the data presented. In the context of
inflammation, it is interesting that although high-dose aspi-
rin inhibits PG synthesis, it also leads to elevated COX-2
protein levels. Cessation of therapy could potentially lead to
a burst of COX activity, resulting in a transient increase in
PGs, thromboxanes, and prostacyclin. In the case of aspirin,
increased levels of acetylated COX-2 throughout the treat-
ment regimen would result in synthesis of bioactive 15-epi-
lipoxins (Serhan, 1997; Vane et al., 1998). It is also very
likely that salicylates would affect the expression of other
genes subject to p38 regulation (Fig. 7) (Frevel et al., 2003).
Of the salicylates surveyed, the only drug that did not affect
COX expression is 5-ASA, a mainstay in the treatment of
inflammatory bowel disease. 5-ASA inhibits COX activity,
and serum and mucosal PG levels decline after 5-ASA treat-
ment (Stenson and MacDermott, 1991). Patients with inflam-
matory bowel disease treated with other COX inhibitors like-
wise experience reduction in serum and mucosal PG levels,
yet their clinical condition does not improve (Stenson and
MacDermott, 1991) and can even be exacerbated (Evans et
al., 1997). One explanation for this is that in addition to
inhibition of PG synthesis, lipoxygenase inhibition by 5-ASA
is the major benefit of this drug, distinguishing it from other
NSAIDs (Sharon and Stenson, 1985). An alternate explana-
tion suggested by this study is that nontherapeutic salicy-
lates, via their ability to activate MAPK/SAPK pathways,
may affect expression of other genes that exacerbate inflam-
mation.
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Fig. 7. Synergistic induction of other proinflammatory cytokine and
chemokine mRNA and protein levels by IL-1 plus aspirin. A, IL-13, IL-6,
and groa mRNA levels. Confluent 18Co monolayers were incubated 24 h
in the presence of either IL-1 (500 pg/ml), aspirin (5.0 mM), or both, and
total RNA was analyzed by Northern blotting using specific probes for
either IL-1p3, IL-6, or groa. In the experiments shown, the same blot was
used for both the IL-1 and -6 determinations. Below each is an inverse
image of the 18S rRNA on the membranes before hybridization, demon-
strating equivalent loading and transfer. B, TNFa mRNA detection. RNA
samples isolated from cells treated as in A, with additional 5-ASA (5.0
mM) treatments were analyzed for the presence of TNFa mRNA using
RT-PCR analysis. Also included in each reaction were primers for the
constitutively expressed heme oxygenase 2 (HO2). Shown is an inverse
image of a representative ethidium bromide-stained agarose gel demon-
strating the presence of the constitutive 512 nucleotides of HO2 product
in all lanes and the 414 nucleotide TNFa product only in the IL-1 plus
ASA lane. C, TNFa secretion. Medium from confluent 18Co monolayers
cultured 24 h in the presence of either IL-1 (500 pg/ml), ASA (5.0 mM),
5-ASA (5.0 mM), or combinations thereof were analyzed for TNFa levels
by ELISA (limit of detection, ~15 pg/ml). The results from three separate
experiments, each done in triplicate, are shown. Significant TNF« release
was observed only in cells treated with the combination of IL-1 + ASA
(735 = 86 pg/ml).
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