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The expression of inducible nitric oxide synthase (iNOS) and the production of nitric oxide (NO) are
important host defense mechanisms against pathogens in mononuclear phagocytes. The objectives of this study
were to examine the roles of mitogen-activated protein kinases (MAPKs) and transcription factors (nuclear
factor-�B [NF-�B] and activating protein 1 [AP-1]) in peptidoglycan (PGN)-induced iNOS expression and NO
production in macrophages. PGN is a cell wall component of Gram-positive bacteria that stimulates inflam-
matory responses both ex vivo and in vivo. PGN stimulates the activation of all three classes of MAPKs,
extracellular signal-related kinase (ERK), c-Jun N-terminal kinase (JNK), and p38mapk in macrophages, albeit
with differential activation kinetics. Using a selective inhibitor of JNK (SP600125) and JNK1/2 small inter-
fering RNA (siRNA) knocked-down macrophages, it was observed that PGN-induced iNOS and NO expression
is significantly inhibited. This suggested that JNK MAPK plays an essential role in PGN-induced iNOS
expression and NO production. In contrast, inhibition of the ERK pathway using PD98059 dose dependently
enhanced PGN-induced iNOS expression and NO production. PGN-induced ERK activation was attenuated in
ERK1/2 siRNA knocked-down macrophages; however, NO and iNOS expression were significantly enhanced.
An electrophoretic mobility shift assay showed that SP600125 inhibited PGN-induced NF-�B and AP-1
activation, whereas inhibition of the ERK pathway enhanced NF-�B activation, but with no effect on AP-1.
These results indicate that the JNK MAPK positively regulate PGN-induced iNOS and NO expression by
activating NF-�B and AP-1 transcription factors, whereas the ERK pathway plays a negative regulatory role
via affecting NF-�B activity.

Sepsis represents a major challenge to the healthcare sys-
tem, affecting about 751,000 people, causing �215,000 deaths,
and costing nearly $17 billion annually in the United States
(35). According to a recent report, the incidence of sepsis is
rising at an astonishing annual rate of �8.7%, despite substan-
tial prevention efforts and advancements in treatment (35, 49).
Gram-positive bacteria have become the predominant organ-
isms in sepsis cases since 1987 and accounted for �52% of all
cases of sepsis in 2000 (35). Staphylococcus aureus is a leading
cause of nosocomial pneumonia and wound infections and is
one of the bacteria most commonly isolated from patients with
sepsis (35, 49). Peptidoglycan (PGN), the main cell wall com-
ponent of Gram-positive bacteria, activates host cells through
the pattern recognition receptors Toll-like receptor 2 (TLR2)
and CD14 and induces the expression of more than 120 genes
in human monocytes (23, 43, 51). PGN has been reported to
stimulate a variety of signal transduction elements such as
MyD88, TRAF, protein tyrosine kinases, protein kinase C�,
and mitogen-activated protein kinases (MAPKs) in macro-
phages and induces the production of inflammatory cytokines

and nitric oxide (5, 8, 19, 48, 50, 51). However, the roles of
MAPKs in PGN-induced activation of macrophages are still
not well defined. The MAPKs constitute an important group of
serine/threonine signaling kinases that modulate the phosphor-
ylation and therefore the activation status of transcription fac-
tors, linking transmembrane signaling with gene induction in
the nucleus. MAPKs are signaling molecules that play impor-
tant roles in inflammatory processes. At least three MAPK
cascades have been well described: extracellular signal-regu-
lated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK)/
stress-activated protein kinase (15, 29, 42), and PGN has been
reported to activate all three pathways (19). However, the
physiological relevance of such MAPK signaling to macro-
phage function remains unclear.

Activated macrophages release oxygen and nitrogen radicals
that are important bactericidal and cytostatic molecules (33,
38). However, massive production of these mediators can exert
detrimental effects in the organism, as occurs during septic
shock or persistent local inflammatory processes (7, 39). For
this reason, the study of the mechanism of action of anti-
inflammatory cytokines and drugs has constituted a subject of
current interest (7, 27, 28, 31). It is well known that inducible
nitric oxide synthase (iNOS) expression is regulated mainly at
the transcription level due to the activation of several tran-
scription factors that bind to the promoter region of the iNOS
gene, such as nuclear factor-�B (NF-�B), activating protein 1
(AP-1), STAT1, and IRF-1 (32–34, 52, 54, 55). Several data
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point to NF-�B activation as a critical event in the expression
of iNOS (16, 46, 55), and most studies focused on the analysis
of anti-inflammatory mechanisms have suggested a prominent
role for the inhibition of this transcription factor in their mode
of action (2, 3).

The present investigations were undertaken to define the
regulatory role of different MAPKs, in iNOS expression and
nitric oxide (NO) production in mouse peritoneal macro-
phages activated with PGN from S. aureus in vitro. Our data
support the hypothesis that while activation of all three sub-
families of MAPKs occurs in macrophages stimulated with
PGN, the activation of JNK MAPK, which in turn activates
NF-�B and AP-1, is necessary for iNOS and NO expression.
Inhibition of ERK MAPK by PD98059 or small interfering
RNA (siRNA) knockdown of ERK1/2 in macrophages results
in an upregulation of PGN-induced iNOS expression, mainly
through a mechanism that involves an enhanced activation of
NF-�B versus macrophages treated with PGN alone.

MATERIALS AND METHODS

Mice. Inbred strains of BALB/c mice of either sex at 8 to 10 weeks of age were
used for obtaining peritoneal macrophages.

Cell culture and reagents. Macrophage monolayers were generated as de-
scribed previously (45). Macrophages were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, penicillin (100 U/ml), streptomycin
(100 U/ml), and gentamicin (20 �g/ml) in a CO2 incubator (5% CO2). RPMI
1640 medium, PGN (Staphylococcus aureus, catalog no. 77140), TRI-reagent,
lipopolysaccharide (LPS), gamma interferon, and most of the other reagents
were obtained from Sigma-Aldrich Chemicals, St. Louis, MO. Fetal calf serum
was purchased from Gibco, Invitrogen, NY. MEK1 inhibitor, PD98059 (catalog
no. 513000); p38mapk inhibitor, SB202190 (catalog no. 559388); JNK inhibitor,
SP600125 (catalog no. 420119) were purchased from Calbiochem, La Jolla, CA.
Anti-NOS2 (sc-7271), anti-p-JNK (sc-12882), anti-p-ERK (sc-16982), anti-p-p38
(sc-17852), anti-p38 (sc-7972), anti-ERK2 (sc-153), anti-JNK2 (sc-7345), anti-
actin (sc-1615), and all secondary antibodies and ECL reagent were purchased
from Santa Cruz Biotechnology, Santa Cruz, CA. The one-step real-time reverse
transcription-PCR (RT-PCR) kit was from Qiagen, Hilden, Germany, and the
mouse primers for real-time PCR were purchased from Eurofins MWG Operon,
Ebersberg, Germany. All of the reagents were endotoxin-free as determined by
the Limulus lysate assay (sensitivity limit, 0.1 ng/ml).

Inhibitor studies. Macrophage monolayers were cultured in serum-free me-
dium in 24-well culture plates (106 cells/well) with SP600125 (10, 30, and 50 �M),
PD98059 (10, 30, and 50 �M), or SB202190 (10 �M) or a vehicle control
(dimethyl sulfoxide at a concentration of 0.1%) for 30 min. The monolayers were
then washed twice with warm incomplete medium, followed by further culture in
complete medium in the presence or absence of PGN in a CO2 incubator for 6
or 18 h. All inhibitors were used at the generally recommended concentrations
(14). After inhibitor treatment, cell death was checked by using an MTT [3(4,
5)-dimethylthiazol-2, 5-diphenyltetrazolium bromide] assay (36).

Gene knockdown studies. Macrophage monolayers were cultured overnight in
complete medium and transfected with a JNK1/JNK2 or ERK1/ERK2 siRNA
cocktail or with scrambled siRNA (Ambion, Austin, TX) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA). siRNA Lipofectamine 2000 complexes were
prepared according to the manufacturer’s instructions using 25 �M siRNA and
1 �l of Lipofectamine 2000. The final siRNA concentration was 20 nM. Trans-
fection was performed for 5 h. After 5 h, medium containing siRNA-Lipo-
fectamine 2000 complex was removed and replaced by RPMI supplemented with
10% fetal calf serum. The medium was changed 24 h after transfection and, after
an additional 48 h, the macrophages were stimulated with PGN for 30 min and
18 h, and the supernatant and cell lysate were used for NO detection and
immunoblotting, respectively.

Real-time RT-PCR analysis. Total RNA was isolated from the macrophages
by using TRI-reagent according to supplier’s instructions. Real-time RT-PCR
was done by using a single-step real-time RT-PCR kit in Bio-Rad iQ5 real-time
PCR machine (Bio-Rad Laboratories, Hercules, CA) according to the SYBR
green detection protocol. The following gene specific primers were used to
amplify genes: GAPDH, forward (TGA CCA CAG TCC ATG CCA TC) and
reverse (GAC GGA CAC ATT GGG GGT AG); and iNOS, forward (ACA

TCG ACC CGT CCA CAG TAT) and reverse (CAG AGG GGT AGG CTT
GTC TC). The primers were designed using Beacon Designer software.

RT was performed for 30 min at 50°C, and then reverse transcriptase was
inactivated at 95°C for 15 min. Amplification was performed with cycling con-
ditions of 94°C for 15 s, 56°C for 30 s, and 72°C for 30 s for 35 cycles. After the
amplification protocol was complete, the PCR product was subjected to melting-
curve analysis using Bio-Rad iQ5 software. Comparative cycle threshold method
(the ��CT method) was used for relative quantitation of the gene expression
(30). The CT values were calculated by software automatically after completion
of a run. The ��CT was calculated using the formula: ��CT � (CT GOI �
CT HG)experimental sample � (CT GOI � CT HG)control sample, where GOI is the gene
of interest, and HG is the housekeeping gene.

The fold increase in gene expression was determined by using the formula: fold
expression � 2���CT.

Measurement of nitrite production. The concentration of nitrite, the stable
end product of NO, was determined on the basis of the Griess reaction (17).
Nitrite content was quantified by extrapolation from the sodium nitrite standard
curve in each experiment.

Electrophoretic mobility shift assay (EMSA). Biotin-end-labeled single-
stranded oligonucleotide probes (Metabion, Martinsried, Germany) were an-
nealed by heating equimolar amounts of complementary strands to 95°C for 5
min in annealing buffer (10 mM Tris-HCl [pH 7.5], 0.1 M NaCl, 1 mM EDTA)
and slowly cooling the reaction mixture to room temperature. Macrophages were
pretreated with or without SP600125 or PD98059 for 30 min and then treated
with PGN (10 �g/ml) for 1 h. Nuclear proteins were isolated by using an
NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo Scientific,
Rockford, IL). For the binding reaction and detection, LightShift Chemilumi-
nescent EMSA and a Chemiluminescent nucleic acid detection module (both
from Thermo Scientific), respectively, were used. Briefly, 40 fmol of labeled
probe was incubated with nuclear extract (�5 �g of protein) in a total volume of
20 �l for 20 min at room temperature with 1	 binding buffer. To prevent
nonspecific binding of nuclear proteins, 100 ng of poly(dI-dC) was added, and
the specificity of retarded bands was confirmed by including a 100	 excess of
unlabeled oligonucleotides. Protein-DNA complexes were separated from un-
bound DNA by using 6% (wt/vol) native PAGE and run in 0.5	 Tris-borate-
EDTA. The sequences of the probes were as follows: NF-�B probe, 5
-biotin-
AGTTGAGGGGACTTTCCCAGGC-3
; and AP-1 probe, 5
-biotin-CGCTTG
ATGACTCAGCCGGAA-3
.

Densitometric analysis was carried out using GeneTools software from Syn-
gene, a Division of Synoptics, Ltd., United Kingdom. The densities of each band
are represented as raw volume.

Western blot analysis. The macrophage monolayers were washed with ice-cold
phosphate-buffered saline containing 1 mM Na3VO4, lysed in 15 �l/cm2 of lysis
buffer (20 mM Tris-HCl [pH 8], 137 mM NaCl, 10% glycerol [vol/vol], 1% Triton
X-100 [vol/vol], 1 mM Na3VO4, 2 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 20 mM leupeptin, 0.15 U of aprotinin/ml) for 20 min at 4°C. The lysates
were centrifuged at 15,000 	 g for 20 min, and the supernatants were separated
on 10% sodium dodecyl sulfate (SDS)–polyacrylamide gels. The separated pro-
teins (40 �g/lane) were transferred to a nitrocellulose membrane (1 h at 100 V)
by using a Bio-Rad Mini Transblotter, and each membrane was blocked with 5%
serum for 2 h at room temperature, followed by incubation with primary anti-
body for 1 h at room temperature and then with horseradish peroxidase-labeled
secondary antibody for 1 h at room temperature. The blot was developed using
ECL reagent. To monitor equal loading of protein, Western blot analysis with
antibody directed against actin was performed.

Statistical analysis. Results are expressed as means � the standard deviations
(SD) of triplicate determinations. The statistical significance was determined by
using a Student t test (P � 0.05).

RESULTS

MAPKs are activated by PGN. We have previously reported
that activation of macrophages with PGN from S. aureus leads
to iNOS expression at both the mRNA and the catalytic levels
(5). To explore that the PGN-induced iNOS expression is me-
diated through MAPK activation, the role of three MAPKs in
PGN-induced signal transduction was investigated by detecting
their dually phosphorylated (Thr/Tyr) forms by Western blot-
ting. The phosphorylation of ERK and p38mapk were detected
early at 5 min and reached a maximum at 30 min of PGN (10
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�g/ml) treatment, whereas JNK phosphorylation started at 15
min and reached a peak at 30 min. p38mapk and JNK returned
to near basal levels at 2 h after adding PGN (Fig. 1). In
contrast, the phosphorylation of ERK was sustained, although
slight decreases in phospho-ERK levels were observed after
2 h with PGN stimulation (Fig. 1). These results demonstrate
that PGN induces early phosphorylation of ERK and p38,
whereas JNK phosphorylation occurs later.

Activation of JNK MAPK is required for NO production
and iNOS expression in response to PGN. To further under-
stand the mechanism of PGN-induced iNOS and NO ex-
pression, the role of JNK was investigated by using a selec-
tive inhibitor, SP600125 (4). Macrophages were pretreated

with a different concentration of JNK inhibitor, SP600125,
for 30 min and then incubated with PGN for 30 min, 6 h, and
18 h. After 30 min as shown in Fig. 2A, SP600125 dose
dependently inhibited the PGN induced phosphorylation of
c-Jun. SP600125 strongly inhibited PGN induced NO accu-
mulation in a concentration-dependent fashion (Fig. 2B). At
10 �M SP600125, there was ca. 20% inhibition of NO ac-
cumulation, and with 30 and 50 �M SP600125 there was 58
and 89% inhibition, respectively, in macrophages treated
with PGN for 18 h. Polymyxin B (10 �g/ml) markedly atten-
uated LPS (10 �g/ml) but not PGN-induced iNOS/NO pro-
duction (see Fig. S1 in the supplemental material). It was
further observed that there is an 18-fold increase in the
expression of iNOS mRNA in macrophages activated with
PGN for 6 h. However, macrophages pretreated with 10, 30,
or 50 �M SP600125 and then incubated for 6 h with PGN
showed 12.6-, 4.4-, and 2.78-fold-increased expression of
iNOS mRNA, respectively (Fig. 2C). To determine whether
this inhibition also occurred at the level of iNOS protein
expression, macrophages were similarly pretreated with
SP600125 before PGN treatment for 18 h, and whole-cell
lysates were separated by SDS-PAGE and immunoblotted
with iNOS polyclonal antibody. Significant inhibition in the
expression of iNOS was observed at 30 �M SP600125, which
was completely inhibited at 50 �M (Fig. 2D). No inhibition
in PGN-induced NO production was observed in macro-
phages pretreated with different concentrations of the

FIG. 1. Activation (phosphorylation) of JNK, ERK, and p38
MAPKs on PGN treatment. Mouse peritoneal macrophages were
treated with PGN (10 �g/ml) for 0, 5, 15, 30, 60, or 120 min. Macro-
phages were lysed, and the lysates were analyzed by immunoblotting
with antibodies to phospho-JNK, phospho-ERK, and phospho-p38.
The total p38 in each sample was used to ensure equal protein loading.

FIG. 2. Inhibition of JNK MAPK by SP600125 inhibits PGN-induced iNOS expression and NO production. Mouse peritoneal macrophages
were cultured with or without various concentrations of SP600125 (10, 30, or 50 �M) for 30 min, washed, and then treated with PGN (10 �g/ml)
for 30 min, 6 h, or 18 h. (A) After 30 min, the phosphorylation of c-Jun was determined by immunoblotting in cell lysates with an antibody against
phospho c-Jun or c-Jun. (B) After 18 h, NO production in culture supernatants of mouse peritoneal macrophages was evaluated by using the Griess
reagent assay. Each bar represents the standard error of three independent experiments. *, P � 0.05 compared to PGN. (C) After 6 h, RNA was
isolated and checked for iNOS transcripts by real-time RT-PCR. Each bar represents the fold expression relative to untreated macrophages. The
data represent the means � the SD of three independent experiments. #, P � 0.01 compared to control macrophages. (D) After 18 h, macrophages
were lysed, and lysates were immunoblotted with a polyclonal anti-iNOS antibody. The same blot was reprobed with anti-actin antibody to
demonstrate equal protein loading.
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p38mapk inhibitor SB202190 (10, 30, or 50 �M) (see Fig. S2
in the supplemental material).

Effects of JNK1 and JNK2 siRNA on PGN-induced JNK
activation and iNOS-NO expression in macrophages. To fur-
ther confirm the role of JNK MAPK in PGN-induced iNOS
and NO expression in macrophages, JNK1 and JNK2 siRNA
knocked-down macrophages were used. The molecular masses
46 and 54 kDa represent JNK1 and JNK2 isoforms (25). JNK1
and JNK2 siRNAs attenuated the expression of JNK1 (46-
kDa) and JNK2 (54-kDa) protein in PGN-treated macro-
phages (Fig. 3A). Significant inhibition of PGN induced JNK
and c-Jun phosphorylation were observed in JNK1/2 knocked-
down macrophages compared to scramble siRNA (Scr) (Fig.
3A and B). PGN-induced iNOS and NO expression were fur-
ther investigated in JNK1/2 knocked-down macrophages. Fig-
ure 3C and D shows that PGN-induced NO production and
iNOS expression are significantly inhibited in JNK1/2 knocked-
down macrophages compared to scrambled siRNA.

PGN-induced expression of iNOS and NO is inhibited by
the ERK pathway. To determine the role of the ERK pathway
in the regulation of iNOS and NO expression, PD98059, a
pharmacologic inhibitor of MEK1, the upstream kinase of p42

and p44 ERK, was used (18). Figure 4A shows that PD98059
dose dependently suppressed the PGN induced phosphoryla-
tion of ERK1/2. Macrophages were pretreated with different
doses of PD98059 (10, 30, and 50 �M) for 30 min and then
further incubated with PGN for 18 h. As demonstrated in Fig.
4B, Inhibition of the ERK pathway with PD98059 (at 30 or 50
�M) further augmented PGN-induced NO production in a
dose-dependent manner. To determine whether PD98059 was
inherently capable of inducing NO production, macrophages
were pretreated with 50 �M PD98059 and then further acti-
vated with LPS (10 �g/ml) or IFN-
 (100 U/ml). No increase in
NO production was observed in macrophages treated with
IFN-
, while LPS treatment resulted in enhanced iNOS ex-
pression and NO production (see Fig. S3 in the supplemental
material).

It was further observed that macrophages treated with PGN
showed significantly increased transcription and translation of
iNOS at 6 and 18 h, respectively. Macrophages treated with
PGN showed an 18-fold increase in the expression of iNOS
mRNA. In contrast, macrophages pretreated for 30 min with
10, 30, or 50 �M PD98059 and then activated with PGN
showed 16.33-, 24.45-, and 42.42-fold-increased expression of

FIG. 3. Knockdown of JNK1/2 by siRNA inhibits PGN-induced iNOS expression and NO production. Mouse peritoneal macrophages were
transfected with JNK1 and JNK2 siRNA (JNK) or scrambled siRNA (Scr). (A) After 36 h of transfection, Macrophages were stimulated with PGN
(10 �g/ml) for 30 min, and cell lysates were immunoblotted with antibodies against phospho-JNK (p-p46 and p-p54) and JNK2. The lower panel
shows the densitometry analysis of phospho-JNK bands. (B) Macrophages were stimulated with PGN for 30 min, and cell lysates were immuno-
blotted with anti-phospho c-Jun and c-Jun antibody. (C) After 36 h of transfection, macrophages were stimulated with PGN (10 �g/ml) for 18 h,
and the NO in culture supernatants was evaluated by using a Griess reagent assay. Each bar represents the standard error of three independent
experiments. *, P � 0.05 compared to scramble siRNA. (D) Macrophages were similarly stimulated with PGN for 18 h, followed by immuno-
blotting of cell lysates with anti-iNOS polyclonal antibody. The same blot was reprobed with anti-actin antibody to demonstrate equal protein
loading.
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iNOS mRNA, respectively (Fig. 4C). As shown in Fig. 4D, a
similar increase in iNOS protein expression was observed with
ERK pathway inhibition compared to that seen with PGN
stimulation alone. Significant augmentations of iNOS protein
was observed with 30 and 50 �M PD98059. These results
demonstrate that the activation of ERK pathway negatively
regulates PGN-induced iNOS expression and NO production.
It was also observed in immunoblotting analyses that PD98059
does not inhibit PGN-induced phosphorylation of JNK and
p38 (see Fig. S4 in the supplemental material).

Effects of ERK1 and ERK2 siRNA on PGN-induced ERK
activation and iNOS-NO production in macrophages. To fur-
ther confirm the negative regulatory role of ERK in iNOS
expression and NO production, ERK1 and ERK2 knocked-
down macrophages were used. The molecular masses of 44 and
42 kDa represent the ERK1 and ERK2 isoforms (6). The
PGN-induced expression of both ERK1/2 and phosphorylated
ERK1/2 is attenuated in ERK1/2 knocked-down macrophages
compared to scrambled siRNA (Fig. 5A). As shown in Fig. 5B
and C, ERK1/2 knocked-down macrophages showed enhanced
PGN-induced NO production and iNOS protein expression
compared to scramble siRNA.

Role of JNK and ERK MAPKs in PGN-induced NF-�B and
AP-1 activation. The iNOS gene contains DNA-protein inter-
action sites for the transcription factors AP-1 and NF-�B (34).
To determine whether JNK and ERK MAPKs are involved in
the PGN-mediated activation of these transcription factors in
mouse peritoneal macrophages, EMSAs were performed. Nu-
clear extracts were isolated from macrophages pretreated with
PD98059 (50 �M) and SP600125 (50 �M) for 30 min and

further incubated with PGN for 1 h. Using NF-�B and AP-1
consensus sequence oligonucleotides, we observed that PGN
induces increased NF-�B and AP-1 binding activity. Pretreat-
ment with the JNK inhibitor SP600125 (50 �M) reduced
NF-�B activation (compare lanes 2 and 3 in Fig. 6A) and AP-1
activation (compare lane 2 and 3 in Fig. 6B) at 1 h, whereas
PD98059 (50 �M) further enhanced NF-�B activation (com-
pare lanes 2 and 5 in Fig. 6A) but had no effect on the AP-1
DNA-binding ability (compare lanes 2 and 4 in Fig. 6B). These
experiments thus demonstrate that both NF-�B and AP-1 tran-
scription factors are activated in PGN-treated murine macro-
phages and that SP600125 suppresses NF-�B and AP-1 acti-
vation. In contrast, PD98059 enhances PGN-induced NF-�B
activity.

DISCUSSION

The signaling mechanisms and trans-acting factors that me-
diate the induction of iNOS expression during stimulation with
PGN have not been very well documented. We have previously
reported the role of protein tyrosine kinase, PKC� and NF-�B
in PGN (S. aureus)-induced iNOS expression and NO produc-
tion in macrophages (5). In the present study, the role of
MAPKs and transactivating molecules (NF-�B and AP-1) in
PGN-induced iNOS expression and NO production have been
investigated. This is probably the first time that evidence for
the involvement of the JNK MAPK pathway in iNOS and NO
expression in PGN-treated macrophages, independent of
p38mapk, has been reported, whereas the ERK pathway plays a
negative regulatory role. Utilization of particular signaling

FIG. 4. Inhibition of MEK1-ERK by PD98059 augmented iNOS expression and NO production induced by PGN. Mouse peritoneal macro-
phages were treated with or without various concentrations of PD98059 (10, 30, or 50 �M) for 30 min, washed, and then further treated with PGN
(10 �g/ml) for 30 min, 6 h, or 18 h. (A) After 30 min, the phosphorylation of ERK was determined by immunoblotting cell lysates with antibody
specific for a phospho-ERK (p-p42 and p-p44). The bottom panel shows an immunoblot with an antibody to ERK2. (B) After 18 h, the NO
production in culture supernatants of mouse peritoneal macrophages was evaluated by using a Griess reagent assay. Each bar represents the
standard error of three independent experiments. *, P � 0.05 compared to PGN. (C) After 6 h, the RNA was isolated and checked for iNOS
transcripts by real-time RT-PCR. Each bar represents the fold expression relative to untreated macrophages. The data represent the means � the
SD of three independent experiments. #, P � 0.01 compared to control macrophages. (D) After 18 h, the macrophages were lysed, and cell lysates
were immunoblotted with a polyclonal anti-iNOS antibody. The same blot was reprobed with anti-actin antibody to demonstrate equal protein
loading.
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pathways in regulating cellular function or inducing gene ex-
pression appears to be dependent on, among other factors, the
type of stimulus and cell examined. In this regard, augmenting,
inhibitory, and neutral roles for the MAPKs have been re-

ported in signaling gene expression, including that for iNOS.
For example, JNK MAPK was shown to be necessary for iNOS
induction by interleukin-1� (IL-1�) in rat glomerular mesan-
gial cells (22), by tumor necrosis factor alpha (TNF-�) in

FIG. 5. Knockdown of ERK1/2 augmented PGN-induced iNOS expression and NO production. Macrophages were transfected with ERK1 and
ERK2 siRNA (ERK) or scrambled siRNA (Scr). After 36 h of transfection, macrophages were stimulated with PGN (10 �g/ml) for 30 min.
(A) Phosphorylated ERK and total ERK protein were detected by immunoblotting with antibody specific for phospho-ERK (p-p42 and p-p44) or
ERK2. The lower panel shows the densitometry analysis of phospho-ERK bands. (B) After 36 h of transfection, macrophages were stimulated with
PGN (10 �g/ml) for 18 h, and the NO in the culture supernatant was evaluated by Griess reagent assay. Each bar represents the standard error
of three independent experiments. *, P � 0.05 compared to scramble siRNA. (C) After 18 h, PGN-treated macrophages were lysed, and the cell
lysates were immunoblotted with anti-iNOS polyclonal antibody. The same blot was reprobed with anti-actin antibody to demonstrate equal protein
loading.

FIG. 6. Inhibition of JNK MAPK abolished the activation of NF-�B and AP-1, whereas ERK pathway inhibition enhanced PGN-induced
activation of NF-�B. An EMSA was performed with nuclear proteins isolated from murine macrophages pretreated for 30 min with or without
specific inhibitors of MAPKs ERK (PD98059; 50 �M) and JNK (SP600125; 50 �M) and then further stimulated with PGN for 1 h. (A) Biotin-
labeled NF-�B oligonucleotides probes were incubated in the presence of nuclear extract. (B) Biotin-labeled AP-1 oligonucleotides probes were
incubated in the presence of nuclear extract. The data are representative of three independent experiments. The lower panel shows the
densitometry analysis of the EMSA bands.
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macrophages (10), and by IFN-
 plus TNF-� in mouse mac-
rophages (11). In contrast, JNK has been shown to play a
neutral role in iNOS induction by TNF-� plus IL-1� in astro-
cytes (13) and by IFN-
 plus LPS in glioma cells (40).

We report here a simultaneous activation of ERK, p38, and
JNK MAPKs by PGN. The PGN-induced activation of ERK
can be observed as early as 5 min of treatment, with sustained,
though slightly decreased, activation for up to 2 h thereafter. In
contrast, p38 or JNK MAPK rapidly attenuated after the initial
peak at 30 min. Inhibition of the ERK or JNK signaling path-
way by specific inhibitors or siRNAs had distinct effects on
PGN-induced iNOS expression and NO production in mouse
peritoneal macrophages. The present study showed that
SP600125 dose dependently inhibited PGN-induced c-Jun
phosphorylation, iNOS expression, and NO production in
mouse peritoneal macrophages. This observation was con-
firmed by using JNK1/2 siRNA knocked-down macrophages in
which PGN-induced iNOS expression and NO production was
significantly inhibited. These results indicate that a positive
signaling pathway for iNOS expression induced by PGN in
mouse macrophages is mediated through JNK MAPK. These
data are in concord with the findings of others who have re-
ported that the treatment of Sertoli epithelial cells with
SP600125 completely inhibited IL-1�-induced iNOS expres-
sion and NO production in a dose-dependent manner (26). In
addition, JNK MAPK also appears to play a positive regulatory
role in transducing the LPS-mediated induction of iNOS in
murine macrophages and murine skeletal muscle cells (21, 47).
To better understand the PGN signaling, MAPK involvement
in activation of NF-�B and AP-1 transcription factors that
regulate the expression of the iNOS gene was investigated.
JNK and ERK MAPKs are able to independently and syner-
gistically activate or increase the expression of a number of
transcription factors, including c-Fos, c-Jun, NF-�B, activating
transcription factor 2, the Ets family, serum response factor,
and CREB (41). Our data on PGN-induced activation of
NF-�B and AP-1 is in accordance with the previous reports
(24, 50). Sinke et al. and Chen et al. (12, 44) reported that the
JNK inhibitor SP600125 inhibited induced iNOS expression,
with concomitant inhibition in NF-�B and AP-1 activation in
astrocytes and murine macrophages, respectively. The obser-
vations of these researchers are consistent with our data here
suggesting that JNK MAPK plays a key role in the PGN-
stimulated induction of iNOS in macrophages through activa-
tion of NF-�B and AP-1 binding to the iNOS promoter.

Several studies have shown that different MAPKs may have
opposing effects on gene expression. More specifically, activa-
tion of the p38 and JNK MAPKs with simultaneous inhibition
of the ERK MAPK was found to be critical for apoptosis in
PC-12 pheochromocytoma cells stimulated with nerve growth
factor (53). In another study, the p38 MAPK was shown to
enhance the accumulation of IL-12 mRNA, whereas ERK
MAPK inhibited IL-12 transcription in murine macrophages
stimulated with LPS (20). We observed here that inhibition of
MEK1-ERK pathway with PD98059 suppresses ERK1/2 acti-
vation and increases PGN-induced iNOS expression and NO
production in mouse peritoneal macrophages. PD98059 also
enhanced LPS-induced NO production, whereas it does not
have any effect on IFN-
-induced NO production. To reinforce
these observations, ERK1/2 knocked-down macrophages was

used. PGN-induced iNOS expression and NO production was
significantly enhanced in knocked-down macrophages. LPS in-
duces enhanced NO production in murine BV-2 microglial
cells compared to RAW 264.7 cells but is unable to activate
ERK (52). Aga et al. reported that the cotreatment of LPS
with nucleotide receptor agonist enhances NO production and
attenuates ERK activation (1). These reports support our hy-
pothesis that ERK activation is involved in the negative regu-
lation of iNOS/NO production. The constitutively active
MEK3ERK pathway is known to negatively regulate NF-�B-
dependent gene expression (9). It was also observed that inhi-
bition of the ERK pathway increased the transcriptional activ-
ity of NF-�B by �2-fold (Fig. 6A, lanes 2 and 5). It is possible
that this enhanced activation of NF-�B might contribute to
favor the signaling by autocrine factors released in response to
PGN challenge (TNF-� and several proinflammatory interleu-
kins), and it might lead to an augmentation in iNOS expres-
sion. Inhibition of the MEK/ERK pathway-enhanced cisplatin-
induced NF-�B activation via a pathway different from
conventional IKK/I�B�/NF-�B signaling has also been re-
ported (56). The data presented here demonstrate that the
ERK pathway regulates PGN-induced iNOS expression nega-
tively through NF-�B.

These observations show that the PGN-induced JNK MAPK
is required for the enhanced NF-�B and AP-1 activation ob-
served in mouse peritoneal macrophages. NF-�B and AP-1
activation then relates to increased expression of the iNOS
gene and the subsequent generation of NO. Finally, the acti-
vation of ERK pathway and the suppression of NF-�B activity
and NO production may represent the microbe’s strategies to
avoid or delay activation of the immune response, providing a
window of opportunity for the bacteria to establish infection.
This might contribute to our understanding of the mecha-
nism(s) of action of the anti-inflammatory cytokines (IL-13 and
IL-4) that activate ERK MAPK in the course of their intracel-
lular signaling (37). These findings suggest that therapeutic
inhibition of ERK activation during bacterial infection may
promote NO responses and inhibit microbe replication.
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