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Many actions of the proinflammatory cytokines tumor necrosis factor (TNF) and interleukin-1 (IL-1) on gene
expression are mediated by the transcription factor NF-kB. Activation of NF-«kB by TNF and IL-1 is initiated
by the phosphorylation of the inhibitory subunit, IkB, which targets IkB for degradation and leads to the release of
active NF-kB. The nonsteroidal anti-inflammatory drug sodium salicylate (NaSal) interferes with TNF-in-
duced NF-kB activation by inhibiting phosphorylation and subsequent degradation of the IkBa protein. Recent
evidence indicated that NaSal activates the p38 mitogen-activated protein kinase (MAPK), raising the possibility
that inhibition of NF-kB activation by NaSal is mediated by p38 MAPK. We now show that inhibition of TNF-
induced IkBa phosphorylation and degradation by NaSal is prevented by treatment of cells with SB203580, a
highly specific p38 MAPK inhibitor. Both p38 activation and inhibition of TNF-induced IkBa degradation were
seen after only 30 s to 1 min of NaSal treatment. Induction of p38 MAPK activation and inhibition of TNF-
induced IkBa degradation were demonstrated with pharmacologically achievable doses of NaSal. These find-
ings provide evidence for a role of NaSal-induced p38 MAPK activation in the inhibition of TNF signaling and
suggest a possible role for the p38 MAPK in the anti-inflammatory actions of salicylates. In addition, these results
implicate the p38 MAPK as a possible negative regulator of TNF signaling that leads to NF-kB activation.

Mitogen-activated protein kinases (MAPKSs) are proline-di-
rected serine-threonine kinases that have important functions
as mediators of cellular responses to a variety of extracellular
stimuli (10, 34, 45). Three major subfamilies of structurally
related MAPKs have been identified in mammalian cells: the
extracellular signal-regulated kinases (ERKSs), the c-Jun N-ter-
minal kinases/stress-activated protein kinases (JNK/SAPKs),
and the p38 kinases. Members of all three MAPK subfamilies
are activated by upstream dual specificity kinases (MAPK ki-
nases, or MKKs) which produce a simultaneous phosphoryla-
tion on threonine and tyrosine residues that are separated by
one other amino acid. MAPK kinases, in turn, are activated by
a family of serine-threonine kinases termed MAPK kinase
kinases, or MEKKSs. ERKs are characteristically activated by
various growth factors and by phorbol esters. Members of the
JNK/SAPK and p38 MAPK subfamilies are strongly activated
in response to stress stimuli such as UV radiation, heat shock,
and hyperosmolarity (27, 36, 43). JNK/SAPKs and p38s are
also characteristically activated by the major proinflammatory
cytokines tumor necrosis factor (TNF) and interleukin-1 (IL-
1). The specificity of activating stimuli for the three subfamilies
of MAPKSs is not absolute; for instance, TNF and IL-1 are
known to activate ERKs in many cell lines, and some growth
factors can produce a weak activation of the JINK/SAPKs and
p38 kinases (35, 46, 48, 53, 54). Whereas ERKs are character-
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istically associated with cell proliferation and protection from
apoptosis, JNK/SAPKSs and p38 kinases can promote apoptosis
in many systems (17, 23, 24, 59). Ten isoforms of INK/SAPKs
(19) and four isoforms of p38 kinases (13, 21, 26, 28, 30) have
been identified in mammalian cells. Among the identified sub-
strates of MAPKSs are a variety of transcription factors that
become activated upon their phosphorylation (10, 34, 45, 56).

TNF and IL-1 are potent activators of gene expression, and
many actions of these cytokines, including those that charac-
teristically occur during inflammation, can be ascribed to their
ability to activate the transcription factor NF-kB (2-4). In most
vertebrate cells, NF-kB proteins are present in a latent form,
sequestered in the cytoplasm by members of the IkB family of
inhibitory proteins. The two major forms of IkB are IkBa and
IkBB (39). The release of active NF-«kB proteins from the in-
active complex and their translocation to the nucleus are ini-
tiated by site-specific phosphorylation of serine residues on
IkB proteins (serines 32 and 36 on IkBa and serines 19 and 23
on IkBpR), which provides a signal for the ubiquitination and
degradation of IkB proteins by a proteasome-dependent path-
way. The pathway leading to TNF-induced IkBa phosphoryla-
tion has been recently elucidated. Cross-linking of the p55
TNF receptor (TNF-RI) by its ligand leads to the association
of several intracellular adapter proteins with the death domain
region of TNF-RI (20). One of the proteins present in the
complex, termed TRAF2, then interacts with, and activates, a
kinase termed NIK (NF-kB-inducing kinase), a member of the
MAPK kinase kinase family (33). NIK in turn produces phos-
phorylation and activation of a kinase termed CHUK (12) or
IKK-a, the enzyme capable of phosphorylating serines 32 and
36 on IkBa (44). CHUK/IKK-a may also be responsible for
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phosphorylating IkB@, which provides an alternative route of
TNF-induced NF-«B activation in some types of cells (44).

We have recently demonstrated the activation of p38 MAPK
in cells after their treatment with sodium salicylate (NaSal), a
nonsteroidal anti-inflammatory drug (NSAID) (47). To learn
about the possible functional significance of NaSal-induced
p38 kinase activation, we recently examined the effect of the
pyridinyl imidazole compound SB203580, a selective p38
MAPK inhibitor (14, 29), on NaSal-induced apoptosis in cul-
tured normal human diploid fibroblasts (47). Treatment with
SB203580 protected human fibroblasts from programmed cell
death, indicating that p38 MAPK activation was essential for
NaSal-induced apoptosis in this cell system. The latter finding
raised the possibility that p38 MAPK played a role in some
other actions produced by NaSal or other NSAIDs. One re-
cently discovered, extensively documented action of NaSal and
its acetylated form, aspirin, is the inhibition of NF-kB activa-
tion (7, 9, 15, 16, 18, 25, 40, 42). In TNF-treated cells, NaSal
was shown to inhibit NF-kB activation by preventing IkBa
phosphorylation and subsequent IkBa degradation, but the
pathway responsible for this inhibitory action has not been
elucidated (25, 42). In the present study, we demonstrate that
p38 kinase activation is required for the inhibitory action of
NaSal on TNF-induced IkBa phosphorylation and degrada-
tion. Our findings shed light on the pathway whereby NaSal
inhibits TNF signaling leading to NF-kB activation. In addi-
tion, these results suggest that TNF-induced p38 kinase acti-
vation may exert a negative regulatory influence on the process
of NF-kB activation by this cytokine.

MATERIALS AND METHODS

Cell culture. COS-1 African green monkey kidney cells were cultured at 37°C
in the presence of 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS). Before use in experiments, COS-1 cells were
serum starved for 18 h in DMEM with 0.5% FBS. HT-29 human colon adeno-
carcinoma cells were cultured in DMEM with 8% FBS and before use in exper-
iments were serum starved for 24 h in DMEM with 0.25% FBS.

Materials. The rabbit polyclonal anti-IkBa antibody was purchased from
Santa Cruz Biotechnology. The rabbit polyclonal anti-phospho-IkBa, anti-phos-
pho-p38 MAPK, and anti-p38 MAPK antibodies were obtained from New En-
gland Biolabs. The anti-phospho-IkBa antibody is specific for phosphorylated
serine 32 of IkBa, and the anti-phospho-p38 antibody is specific for phosphor-
ylated tyrosine 182 of p38 MAPK. Antibody specific for IkBB was purchased
from Santa Cruz Biotechnology. Recombinant human TNF-«a was supplied by
Masafumi Tsujimoto, Suntory Institute for Biomedical Research, Osaka, Japan.
Recombinant human IL-la was obtained from the National Cancer Institute,
Bethesda, Md. NaSal was purchased from Sigma and dissolved in distilled water.
The p38 MAPK inhibitor SB203580 (29) was kindly supplied by John C. Lee and
Peter Young (SmithKline Beecham, King of Prussia, Pa.) and was solubilized in
dimethyl sulfoxide. Control experiments demonstrated that treatment with the
same concentration of dimethyl sulfoxide alone had no effect on the ability of
NaSal to inhibit TNF-induced IkBa phosphorylation and degradation. At the
concentration used (10 uM), SB203580 did not inhibit INK/SAPK activity in an
in vitro kinase assay using glutathione S-transferase—c-Jun as the substrate (data
not shown).

Immunoblotting. Western blot analysis was performed essentially as described
previously (47, 48). Briefly, whole-cell lysates were generated by using a buffer
consisting of 1% Nonidet P-40, 50 mM HEPES (pH 7.5), 100 mM NaCl, 2 mM
EDTA, 1 mM pyrophosphate, 10 mM sodium orthovanadate, 1 mM phenylmeth-
ylsulfonyl fluoride, and 100 mM sodium fluoride. Equal amounts of lysates were
subjected to sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and
then transferred to Immobilon-P membranes (Millipore) in transfer buffer (25
mM Tris, 192 mM glycine, 20% [vol/vol] methanol). Membranes were first rinsed
in Tris-buffered saline (TBS; 10 mM Tris [pH 7.4], 150 mM NaCl) and then
blocked overnight at room temperature in TBS-5% bovine serum albumin
(BSA). The anti-IkBa antibody was used at a dilution of 1:200 in TBS-5% BSA.
The anti-phospho-IkBa, anti-phospho-p38 MAPK, anti-p38 MAPK, and anti-
IkBB antibodies were each used at a dilution of 1:1,000 in TBS-5% BSA.
Antibody-antigen complexes were detected with the aid of horseradish peroxi-
dase-conjugated protein A or horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (Bio-Rad) and a chemiluminescent substrate development
kit (Kirkegaard & Perry Laboratories). For IkBa blots, equal loading was ascer-
tained by the presence of an ~70-kDa nonspecific band recognized by the
anti-IkBa antibody (not shown).

INHIBITION OF NF-kB ACTIVATION BY SODIUM SALICYLATE 79

A NaSal
[ CEE i 1
ESsEE_ESss5EE

EEEE EEEE
5-—va°—£0va‘°—2

f

NaSal

5 min
15 min
30 min
1hr

5 min
15 min
30 min
1hr

g 8
SRR <

FIG. 1. NaSal inhibits TNF-induced IkBa phosphorylation and degradation.
(A) COS-1 cells were either treated for 1 h with NaSal (20 mM) or left untreated.
They were then either left unstimulated (Ctrl) or stimulated for the indicated
times with TNF (20 ng/ml). Lysates were blotted with antibodies against IkBa
(top panel) or with antibodies to phosphorylated IkBa (pIkB-a; bottom panel).
(B) COS-1 cells were treated as described above, and lysates were blotted with
an anti-IkBa antibody.

RESULTS

NaSal strongly inhibits TNF-induced, but not IL-1-induced,
IkBa phosphorylation and degradation. To analyze the effect
of NaSal on the TNF-induced degradation of IkBa, COS-1
cells were treated for different time periods with TNF alone or
with TNF in the presence of NaSal (Fig. 1A, upper panel).
Treatment with TNF for 5 min resulted in the appearance of a
slower-migrating IkBa band, corresponding to the phosphor-
ylated form of IkBa (6, 38, 49). Disappearance of the IkBa
protein, as a consequence of its proteolytic degradation (6, 38,
49), was apparent at 10 and 15 min after TNF addition. In
agreement with earlier reports (25, 42), treatment with NaSal
completely inhibited TNF-induced degradation of IkBa. Ap-
pearance of the phosphorylated form of IkBa, visualized with
the aid of an antibody specific for phospho-IkBa, peaked at 5
min after TNF addition and was inhibited in the presence of
NaSal (Fig. 1A, lower panel). Thus, in agreement with earlier
findings (25, 42), our results indicate that NaSal inhibits IkBa
degradation by interfering with IkBa phosphorylation, which is
required for targeting IkBa for degradation by the ubiquitin-
proteasome pathway (41). Figure 1B shows that in the absence
of NaSal, IkBa protein begins to reappear in COS-1 cells by 30
min following TNF addition, and by 1 h after the onset of TNF
treatment the levels approached those seen in untreated con-
trol cells. No change in the levels of IkBa protein was seen in
NaSal-treated cells at any of the examined time periods after
TNF addition.

Our earlier studies indicated that NaSal produced a selective
inhibition of TNF-induced signaling, as evidenced by the fact
that NaSal suppressed the activation of ERK and JNK MAPKs
by TNF much more strongly than the activation of the same
kinases by other cytokines or growth factors (47, 48). There-
fore, we compared the effects of NaSal on IkBa degradation
induced by TNF and by IL-1 (Fig. 2). IkBa degradation in-
duced by TNF was completely inhibited, whereas IkBa degra-
dation elicited by treatment with IL-1 was much less affected.
The selectivity of NaSal’s inhibitory action on TNF-induced
IkBa degradation is supported by the finding that prior treat-
ment of cells with NaSal and TNF did not prevent the ability of
IL-1 to induce IkBa degradation, as shown in the last lane of
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FIG. 2. Selective inhibition of TNF-induced IkBa degradation by NaSal.
COS-1 cells were preincubated for 1 h in the presence (+) or absence (—) of
NaSal (20 mM). They were then left untreated (Ctrl) or treated with TNF (20
ng/ml) or IL-1 (4 ng/ml) for 15 min. In the last two lanes, an initial 15-min TNF
treatment was immediately followed by a 15-min IL-1 treatment. Lysates were
blotted with anti-IkBa antibody.

¥

Fig. 2. The latter finding shows that treatment with NaSal and
TNF does not render IkBa refractory to phosphorylation by
the IL-1-triggered pathway.

The inhibitory action of NaSal on TNF-induced IxkBa phos-
phorylation and degradation is prevented by selective inhibi-
tion of p38 MAPK activity. We have recently demonstrated
that NaSal treatment of normal human fibroblasts or COS-1
cells leads to an activation of the p38 MAPK and that NaSal-
induced p38 MAPK activation is required for apoptosis in-
duced by NaSal in human fibroblasts (47). In view of the
demonstrated inverse relationship between apoptosis and
NF-«B activity (5, 32, 52, 55), we considered the possibility that
p38 promotes NaSal-induced apoptosis by inhibiting NF-«B
function. To determine whether NaSal-induced inhibition of
IkBa phosphorylation and degradation was mediated by p38,
we used a highly specific p38 kinase inhibitor, the pyridinyl
imidazole compound SB203580 (14, 29, 58, 60). The ability of
NaSal to inhibit TNF-induced Ik Ba phosphorylation was large-
ly prevented in both COS-1 and HT-29 cells that were treated
with SB203580 before their exposure to TNF (Fig. 3A, upper
panel). In both types of cells, a 5-min treatment with TNF
induced the appearance of the phosphorylated form of IkBa
(lane 2), which was inhibited by the addition of NaSal (lane 4).
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FIG. 3. Inhibition of TNF-induced IkBa phosphorylation and degradation by
NasSal is prevented by SB203580. (A) COS-1 and HT-29 cells were preincubated
for 1.5 h in the presence (+) or absence (—) of SB203580 (10 uM). The cells
were then incubated for 1 h in the presence or absence of NaSal (20 mM) and
subsequently incubated for 5 min in the presence or absence of TNF (20 ng/ml).
Lysates were blotted with antibodies against phosphorylated IkBa (pIkB-o; top
panel) and with antibodies to IkBa (bottom panel). (B) COS-1 and HT-29 cells
were treated as described above except that the duration of TNF treatment was
15 min instead of 5 min. Lysates were blotted with anti-IkBa antibody.
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FIG. 4. Kinetics of inhibition of IkBa degradation and of p38 MAPK acti-
vation by NaSal. (A) COS-1 cells were either left untreated (—) or treated for the
indicated times with NaSal (20 mM) and then stimulated for 15 min with TNF
(20 ng/ml). Lysates were blotted with anti-IkBa antibody. (B) COS-1 cells were
treated for the indicated times with NaSal (20 mM) alone, lysed, and blotted with
anti-phospho-p38 MAPK antibody (pp38; top panel) and with anti-p38 MAPK
antibody (p38; bottom panel).

Whereas treatment of cells with SB203580 in the absence of
NaSal did not affect TNF-induced IkBa phosphorylation (lane
6), the inhibitory activity of NaSal on IkBa phosphorylation
was largely prevented when cells were treated with SB203580
before their exposure to NaSal and TNF (lane 8). In a similar
type of experiment, we also examined the effect of SB203580
on the ability of NaSal to inhibit TNF-induced IkBa degrada-
tion (Fig. 3B). A 15-min treatment of either COS-1 or HT-29
cells with TNF led to the disappearance of the IkBa band from
the cell extracts, indicating that IkBa had been intracellularly
degraded (lane 2). This TNF-induced IkBa degradation was
inhibited by treatment with NaSal (lane 4). Whereas SB203580
did not affect TNF-induced IkBa degradation in the absence of
NaSal (lane 6), treatment with the p38 kinase inhibitor signif-
icantly prevented the ability of NaSal to suppress TNF-induced
IkBa degradation (lane 8). Similar results were obtained when
we examined the effect of SB203580 on the ability of NaSal to
inhibit IkBB degradation (50). Treatment with NaSal blocked
TNF-induced degradation of IkBB in HT-29 cells, and this
blockage was prevented upon treatment with SB203580 (data
not shown).

Induction of p38 MAPK by NaSal correlates with the inhib-
itory action on TNF-induced IkBa phosphorylation and deg-
radation. The finding that inhibition of TNF-induced IkBa
phosphorylation and degradation by NaSal was prevented in
the presence of SB203580 strongly suggested that the earlier
demonstrated induction of p38 MAPK activation by NaSal
(47) plays a role in this process. To further analyze the role of
p38, we compared the kinetics of the inhibition of TNF-in-
duced IkBa phosphorylation with the kinetics of p38 activation
by NaSal. COS-1 cells were treated with NaSal for periods
ranging from 30 s to 1 h before their exposure to TNF, and the
extent of IkBa degradation was determined at 15 min after
TNF addition (Fig. 4A). Treatment with NaSal for 30 s was
sufficient to produce a detectable inhibition of IkBa degrada-
tion, although the degree of inhibition increased with longer
periods of NaSal pretreatment. An analysis of the kinetics of
p38 activation (determined by the appearance of a band spe-
cifically recognized by antibody to phosphorylated p38) re-
vealed that phospho-p38 was detectable within 30 s and
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FIG. 5. Inhibition of IkBa degradation and induction of p38 MAPK activa-
tion by different doses of NaSal. (A) COS-1 cells were treated for 15 min with the
indicated doses of NaSal and then left unstimulated (—) or stimulated (+) for 15
min with TNF (20 ng/ml). Lysates were blotted with anti-IkBa antibody. (B)
COS-1 cells were treated for 15 min with the indicated doses of NaSal alone,
lysed, and blotted with anti-phospho-p38 MAPK antibody (pp38; top panel) and
with anti-p38 MAPK antibody (p38; bottom panel).

reached a plateau at 5 min after NaSal addition (Fig. 4B). We
(reference 47 and data not shown) and others (43) have shown
that p38 phosphorylation correlates with kinase activity. Thus,
p38 activation by NaSal is extremely rapid, as is the establish-
ment of the inhibitory action of NaSal on IkBa degradation.

To further analyze the correlation between p38 MAPK ac-
tivation and the inhibition of TNF-induced IkBa phosphory-
lation and degradation by NaSal, we examined the abilities of
different doses of NaSal to inhibit TNF-induced IkBa degra-
dation and to activate p38 MAPK. A very strong inhibition of
TNF-induced IkBa degradation was seen in COS-1 cells with
20 and 10 mM NaSal, while 5 mM produced a strong, and 2
mM NaSal produced a slight, inhibition (Fig. 5A). Similarly,
although 20 mM NaSal was required for an optimal activation
of p38 (as measured by the appearance of phospho-p38), 2 mM
was sufficient to produce a detectable activation. Thus, the
dose responses of p38 activation and inhibition of IkBa phos-
phorylation and degradation by NaSal are very similar. Taken
together, these findings support the conclusion that p38 acti-
vation by NaSal, either alone or in conjunction with some other
action, is responsible for the inhibition of TNF-induced IkBa
phosphorylation and subsequent degradation.

NaSal activates p38 MAPK more rapidly than TNF. TNF
itself is known to be a potent activator of p38 MAPK (31, 43),
raising the question of what the role of TNF-induced p38
activation is in the process of IkBa phosphorylation and
degradation. If p38 activation leads to an inhibition of IkBa
phosphorylation, how is TNF able to induce both IkBa phos-
phorylation and p38 activation? To resolve this paradox, we
compared the kinetics of p38 activation in COS-1 cells treated
with either TNF or NaSal (Fig. 6). An increase in p38 phos-
phorylation was detected 5 min after TNF addition, whereas
incubation of cells in the presence of TNF for 1 or 2 min did
not result in a demonstrable p38 activation. In contrast, a
marked activation of p38 was demonstrable within 1 min of
NaSal addition. The same results were obtained when the
kinetics of TNF- and NaSal-induced p38 activation were com-
pared in HT-29 cells (data not shown). Other experiments
showed that p38 activation in NaSal-treated cells remained
strong for at least 8 h (data not shown). The fact that it takes
about 5 min for TNF to produce p38 MAPK activation may
explain why p38 activation by TNF fails to prevent TNF-in-

INHIBITION OF NF-«kB ACTIVATION BY SODIUM SALICYLATE 81

duced IkBa phosphorylation and degradation. Since IkB-a
phosphorylation also peaks at about 5 min after TNF addition
(Fig. 1), TNF-induced p38 activation probably does not occur
early enough to prevent IkBa phosphorylation and its subse-
quent degradation leading to NF-kB activation.

DISCUSSION

The inhibition of NF-«kB activation by NaSal and aspirin has
been widely documented in a variety of cell systems (16, 18, 25,
42). NaSal was shown to inhibit the phosphorylation of IkBa
that precedes IkBa degradation by the ubiquitin-proteasome
pathway and leads to the release of activated NF-«kB (25, 42).
However, the pathway responsible for the inhibition of IkBa
phosphorylation by NaSal has not been elucidated. A recent
study from our laboratory showed that treatment of cells with
NaSal results in p38 MAPK activation, as demonstrated in a
direct kinase assay with glutathione S-transferase—~ATF2 as the
substrate and by a demonstration of increased p38 phosphor-
ylation (47). The latter demonstration raised the possibility
that p38 MAPK activation by NaSal may play a role in some of
the anti-inflammatory actions of NaSal, including its inhibition
of TNF-induced IkBa phosphorylation and subsequent degra-
dation. The present study provides evidence that p38 MAPK
activity is required for the inhibitory action of NaSal on TNF-
induced IkBa phosphorylation and degradation, based on
the demonstration that treatment of cells with a highly se-
lective p38 kinase inhibitor, the pyridinyl imidazole com-
pound SB203580, prevented the ability of NaSal to suppress
both the phosphorylation and degradation of IkBa induced by
TNF (Fig. 3). SB203580 binds with a high affinity to p38 near
the ATP binding site, thus rendering p38 inactive (60). At the
concentration of 10 wM used in our experiments, SB203580
fails to affect other kinases, including other MAPKs in intact
cells (14, 58). To further substantiate the conclusion that p38
activation by NaSal is required for the inhibitory action of
NaSal on TNF-induced IkBa phosphorylation, we also com-
pared the kinetics (Fig. 4) and the dose response (Fig. 5) of p38
activation and of the inhibition of TNF-induced IkBa phos-
phorylation and degradation by NaSal. The results of the latter
experiments show that p38 activation by NaSal correlates with
its inhibitory activity on TNF-induced IkBa phosphorylation
and subsequent degradation.

NaSal was much less effective in inhibiting IL-1-induced
IkBa degradation than IkBa degradation induced by TNF
(Fig. 2). Earlier, we showed that in normal human fibroblasts,
NaSal strongly inhibited ERK and JNK/SAPK activation by
TNF but was much less effective in inhibiting activation of
these MAPKs by other agents, e.g., epidermal growth factor or
IL-1 (47, 48). Thus, our earlier and present findings support
the notion that a principal target of NaSal action is an early
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FIG. 6. Kinetics of p38 MAPK activation by NaSal and TNF. COS-1 cells
were either left untreated (Ctrl) or treated for the indicated times with TNF (20
ng/ml) or NaSal (20 mM). Lysates were blotted with anti-phospho-p38 MAPK
antibody (pp38; top panel) and with anti-p38 MAPK antibody (p38; bottom
panel).
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event in TNF-triggered signaling that leads to IkBa phosphor-
ylation as well as to ERK and JNK/SAPK activation. Among
the possible targets are TRAF2, a signaling protein implicated
in both NF-kB and JNK/SAPK activation by TNF (20, 32,
44), and RIP, found to be essential for TNF-induced NF-«B
activation (51). Others, however, have reported that NaSal
efficiently inhibited NF-kB activation induced by bacterial
lipopolysaccharide (40), insulin (7), human immunodeficiency
virus Tat protein (15), or respiratory syncytial virus infection
(9), suggesting that at least under some circumstances, the
inhibitory effect of NaSal is not specific for TNF-induced
NF-kB activation.

Although our experiments demonstrate that p38 MAPK is
required for the inhibitory effect on TNF-induced IkBa phos-
phorylation, it is not known whether p38 activation is sufficient
for the establishment of the inhibition or whether some other
NaSal-induced action is also necessary. Many stimuli that lead
to p38 kinase activation also result in the activation of the
JNK/SAPK subfamily of MAPKs (43). In fact, we have seen
that treatment with NaSal leads to an activation of INK/SAPK
in both COS-1 and HT-29 cells (data not shown). Thus, we
cannot rule out the possibility that activation of both p38 and
JNK/SAPK is required for NaSal-induced inhibition of TNF-
induced IkBa phosphorylation and degradation. Alternatively,
it might be possible that some other unknown function acti-
vated by NaSal, together with p38 activation, is required for the
inhibitory action.

Actions of NSAIDs may be divided into two categories:
those that are mediated by inhibition of prostaglandin biosyn-
thesis and those that are independent of effects on prostaglan-
din synthesis (57). For a number of reasons, the activation of
p38 by NaSal very likely falls within the latter category. First,
unlike other NSAIDs, NaSal is known to be a weak inhibitor of
both cyclooxygenase isoforms (COX1 and COX2) and, hence,
of prostaglandin synthesis (37). Even more importantly, our
demonstration that p38 kinase activation was evident within
30 s to 1 min of NaSal addition (Fig. 4 and 6) makes it very
unlikely that this action was secondary to an inhibition of
prostaglandin synthesis.

Recent evidence indicates the existence of four distinct iso-
forms of p38 MAPK, termed p38«, p38B, p38y/SAPK3, and
p383/SAPK4 (13, 21, 26, 28, 30). The four isoforms are similar
in size (360 to 372 amino acids in length), show about 60 to
75% sequence homology, and are all activated by TNF, IL-
1, UV radiation, and hyperosmolar medium, but they differ
in substrate specificity and in susceptibility to inhibition by
SB203580. Since one study found that p38« and p38p, but not
p38y and p383, were inhibited by SB203580 (26), it seems less
likely that either the vy or the & isoform is responsible for the
inhibition of IkBa phosphorylation by NaSal. Availability of
expression vectors encoding the individual tagged p38 isoforms
should make it possible to test directly which of the four iso-
forms can be activated by NaSal and which is able to inhibit
IkBa phosphorylation.

Since TNF itself potently activates p38 MAPK (31, 43) as
well as inducing IkBa phosphorylation, our finding that p38
mediates the inhibition of the latter process at first seemed
difficult to reconcile. However, a careful comparison of the
kinetics of p38 activation and IkBa phosphorylation in TNF-
treated cells may help to explain these seemingly paradoxical
observations. Both IkBa phosphorylation (Fig. 1) and p38 ac-
tivation (Fig. 6) are first demonstrable at about 5 min after the
exposure of cells to TNF. Thus, p38 activation by TNF prob-
ably occurs too late to prevent IkBa phosphorylation. On the
other hand, our findings raise the distinct possibility that TNF-
induced p38 activation plays a negative autoregulatory role in
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the process of IkBa phosphorylation and degradation. It is
known that TNF-induced IkBa degradation is quite transient
and that the IkBa protein rapidly reappears even when cells
are kept in the continuous presence of TNF (6, 49). In both
TNF-treated COS-1 cells (Fig. 1B) and HT-29 cells (data not
shown), reappearance of IkBa was apparent as soon as 30 min
after TNF addition. IkBa reappearance is the result of rapid
IkBa resynthesis, a process that is promoted by the NF-«B
transcription factor (39). In view of our findings, it is plausible
that another factor aiding in the rapid reappearance of IkBa is
p38 activation by TNF, which may serve to prevent IkBa phos-
phorylation and resulting degradation of the newly synthesized
IkBa protein.

There is evidence that under some circumstances, p38
MAPK activation promotes apoptosis (22, 24, 47, 59). There
is also extensive evidence showing that NF-«kB activation
suppresses apoptosis, most likely because NF-kB promotes
the synthesis of proteins that can protect cells from apopto-
sis (5, 32, 52, 55). Our findings suggest that the propensity of
p38 MAPK to promote apoptosis could be at least partly due
to the inhibition of NF-«B activation by p38. However, other
factors are likely to be involved in these processes because,
in two different cell systems, we and others were unable to
demonstrate a significant protection from TNF-induced ap-
optosis by incubating cells in the presence of the p38 kinase
inhibitor SB203580 (8, 47).

Earlier we demonstrated that SB203580 inhibits apoptosis
induced by NaSal in cultured diploid human fibroblasts, indi-
cating that p38 activation by NaSal was essential for this pro-
cess (47). Based on this earlier work, we concluded that the
activation of p38 MAPK and the resulting induction of apo-
ptosis may be important in the widely demonstrated antineo-
plastic actions of aspirin and other NSAIDs. Our present find-
ings suggest that p38 activation and the resulting inhibition of
TNF-induced NF-kB activation are of some significance in the
anti-inflammatory actions of NSAIDs. To inhibit NF-«kB acti-
vation and NF-kB-mediated actions in cultured cells, many
investigators relied on high doses of NaSal (usually 20 mM)
that are unlikely to be achievable systemically in the intact
organism without producing severe toxic side effects (11).
However, concentrations of salicylates that are locally available
may be increased in the mildly acidic environments that prevail
at inflammatory sites (1, 57). Moreover, our present study
shows that a significant activation of p38 kinase and inhibition
of IkBa phosphorylation and degradation can be achieved with
2 to 5 mM NaSal (Fig. 5), which is a dose range achievable
upon systemic administration of salicylates during anti-inflam-
matory therapy (1). These findings support the notion that the
observations reported in the present study are relevant to some
of the anti-inflammatory actions of NSAIDs in the intact or-
ganism.
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