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The sphingomyelin signal transduction pathway is known to
play a role in mediating the action of various cytokines. Herein,
we examined the role of neutral sphingomyelinase (nSMase)/
ceramide in peptidoglycan (PGN)-induced NF-kB activation
and cyclooxygenase-2 (COX-2) expression in macrophages.
PGN-induced COX-2 expression was attenuated by an nSMase
inhibitor (3-O-methyl-sphingomyeline, 3-OMS) and cerami-
dase, but not by an acidic SMase inhibitor (imipramine). C2-cer-
amide, bacterial SMase (which mimics cellular SMase activity),
and a ceramidase inhibitor (N-oleoyl-ethanolamine) individu-
ally had no effect on COX-2 expression; however, they markedly
enhanced PGN-induced COX-2 expression. PGN activated
nSMase, but not acidic SMase, resulting in increased ceramide
generation. PGN-induced nSMase activation and ceramide for-
mation were inhibited by 3-OMS, but not by imipramine. PGN-
induced COX-2 expression was inhibited by a p38 MAPK inhib-
itor (SB 203580) and dominant negative mutants of MAPK
kinase (MKK) 3, MKK®6, and p38 MAPKa. 3-OMS selectively
inhibited PGN-induced p38 MAPK and MKK3/6 activation, but
not JNK or ERK1/2. C2-ceramide, bacterial SMase, and N-oleo-
yl-ethanolamine all induced p38 MAPK or MKK3/6 activation.
The PGN-mediated increases in kB-luciferase activity were also
inhibited by 3-OMS and the p38 MAPKaDN, but not by imipra-
mine. Furthermore, C2-ceramide caused an increase in kB-lu-
ciferase activity. Our data demonstrate for the first time that
PGN activates the nSMase/ceramide pathway to induce MKK3/
6/p38 MAPK activation, which in turn initiates NF-«B activa-
tion and ultimately induces COX-2 expression in macrophages.
The nSMase/ceramide pathway is required but might not be
sufficient for COX-2 expression induced by PGN.

Staphylococcus aureus is a major Gram-positive bacterial
pathogen that activates the innate immune system of a host and
induces the release of inflammatory molecules such as chemo-
kines and cytokines (1-3). The bacterial cell wall components
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such as peptidoglycan (PGN)? and lipopolysaccharide, the main
cell wall components of Gram-positive and -negative bacteria,
respectively, can trigger an excessive release of proinflamma-
tory cytokines (tumor necrosis factor « (TNF-a), interleukin
(IL)-1, and IL-6) and chemokines (IL-8/CXCL8, macrophage
inflammatory proteins 1 and 2, and monocyte chemoattractant
protein) (4—6). These inflammatory molecules are the primary
cause of most of the clinical manifestations of bacterial infec-
tions, including inflammation, fever, and septic shock (4-6).
Notably, PGN constitutes ~90% of the cell wall components of
Gram-positive bacteria (7), suggesting that PGN may play a
critical role in the manifestations of bacterial infection. Toll-
like receptors (TLRs), which recognize the structure of micro-
organisms, are essential for innate immune signaling (8). TLR2
has been shown to be a main receptor recognizing PGN, and its
activation in response to PGN induces activation of transcrip-
tion factor NF-kB and induction of proinflammatory cytokines
(9, 10). For TLR2 signaling, TLR2 utilizes adaptor proteins,
such as MyD88, to activate IL-1 receptor-associated kinase.
Then the activated IL-1 receptor-associated kinase dissociates
MyD88 from the receptor, followed by association with TNEF-
associated factor 6. This triggers activation of NF-kB, which is
required for induction of gene expression (11). In addition,
extracellular signal-regulated kinase (ERK) is also activated in
response to PGN, which leads to activation of NF-«B transcrip-
tion factor (12). However, little is known about the signal trans-
duction molecules or transcription factors that regulate the
induction of cyclooxygenase-2 (COX-2) protein by PGN.
There are two isoforms of COX, named COX-1 and COX-2,
which have been cloned and identified to have 60% homology in
humans (13, 14). Although both isoforms are involved in the
formation of prostaglandins (15), they are likely to have funda-
mentally different biological roles. COX-1 is a housekeeping
enzyme, is constitutively expressed in most mammalian tissues,

2 The abbreviations used are: PGN, peptidoglycan; 3-OMS, 3-O-methyl-sphin-
gomyeline; aSMase, acidic sphingomyelinase; COX, cyclooxygenase; DN,
dominant negative mutant; ERK, extracellular signal-regulated kinase; IKK,
IkB kinase; IL, interleukin; JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase; MKK, MAPK kinase; nSMase, neutral sphingomy-
elinase; NOE, N-oleoyl-ethanolamine; PBS, phosphate-buffered saline;
TNF, tumor necrosis factor; TLR, Toll-like receptor; PMSF, phenylmethylsul-
fonyl fluoride; HPLC, high pressure liquid chromatography; bSMase, bac-
terial sphingomyelinase.
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and appears to be responsible for the production of prostaglan-
dins that mediate normal physiological functions such as main-
tenance of the integrity of the gastric mucosa and regulation of
renal blood flow. In contrast, COX-2 is considered to be an
inducible immediate-early gene and can be rapidly and tran-
siently induced by proinflammatory mediators, including
endotoxins and cytokines (12, 16—18). COX-2 is thought to
contribute to the generation of prostanoids at sites of inflam-
mation (19).

Ceramide is an intracellular second messenger that can be
generated by sphingomyelin membrane cleavage using either
acid sphingomyelinases (aSMases) or neutral sphingomyeli-
nases (nSMases) (20, 21). Increases in cellular ceramide have
been reported in many cell types in response to a variety of
stimuli. These include the inflammatory cytokines TNF and
IL-1, as well as environmental stresses, such as UV light; differ-
entiating agents, like vitamin Dj; and other immunomodula-
tory signals, including Fas and CD28 (22, 23). Accumulating
evidence has linked ceramide to inflammation, immune
responses, cell growth, differentiation, apoptosis, and many cel-
lular signals that regulate gene transcription (23). A recent
study from our laboratory showed that PGN induces TLR2,
p85a, and Ras complex formation and subsequently activates
the Ras/Raf-1/ERK pathway, which in turn initiates IkB kinase
(IKK)a/B and NF-«B activation and ultimately induces COX-2
expression in RAW 264.7 macrophages (12). The purpose of
this study was to identify the signaling pathway of PGN-in-
duced ceramide formation and its roles in PGN-mediated
NE-kB activation and COX-2 expression in macrophages. Our
studies demonstrated that PGN might activate the nSMase/
ceramide pathway to induce activation of the MKK3/6 and p38
MAPK pathway, which in turn initiates NF-«B activation and
ultimately induces COX-2 expression in macrophages. The
nSMase/ceramide pathway is required but might not be suffi-
cient for COX-2 expression induced by PGN.

EXPERIMENTAL PROCEDURES

Materials—PGN (derived from S. aureus) was purchased
from Fluka (Buchs, Switzerland). SB 203580 and diacylglycerol
kinase were obtained from Calbiochem. C2-ceramide, C2-di-
hydroceramide, 3-O-methyl-sphingomyeline (3-OMS), and
N-oleoyl-ethanolamine (NOE) were from Biomol (Plymouth
Meeting, PA). C16:0 ceramide, C17:0 ceramide, C18:0 cera-
mide, C24:0 ceramide, and C24:1 ceramide were purchased
from Avanti Polar Lipid, Inc. (Alabaster, AL). Recombinant
mouse neutral ceramidase was purchased from R & D Systems
(Minneapolis, MN). Dulbecco’s modified Eagle’s medium/
Ham’s F-12, fetal calf serum, and penicillin/streptomycin were
purchased from Invitrogen. Antibodies specific for a-tubulin
and COX-2 were purchased from Transduction Laboratories
(Lexington, KY). Protein A/G beads, antibodies specific for
ERK, ERK phosphorylated at Tyr***, p38 MAPK, and anti-
mouse and anti-rabbit IgG-conjugated horseradish peroxidase
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies specific for c-Jun N-terminal kinase (JNK) 1/2,
JNK phosphorylated at Thr'®3/Tyr'®*, p38 MAPK phosphoryl-
ated at Thr'®®/Tyr'®?, and MAPK kinase (MKK) 3/6 phospho-
rylated at Ser'®°/Ser?®” were purchased from Cell Signaling (St.
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Louis, MO). Anti-mouse and anti-rabbit IgG-conjugated alka-
line phosphatases were purchased from Jackson Immuno-
Research Laboratories (West Grove, PA). An Amplex Red
sphingomyelinase assay kit was purchased from Invitrogen. A
Ras dominant negative mutant (RasN17) was purchased from
Upstate Biotechnology, Inc. (Lake Placid, NY). pGL2-ELAM-
Luc (which is under the control of a single NF-«B binding site)
and pBK-CMV-Lac Z were kindly provided by Dr. W.-W. Lin
(National Taiwan University, Taipei, Taiwan). The MKK3
dominant negative mutant (MKK3DN), MKK6DN, and p38
MAPKaDN were kindly provided by Dr. C.-M. Teng (National
Taiwan University, Taipei, Taiwan). [y-**P]JATP (6,000
Ci/mmol) was purchased from Amersham Biosciences. Gene-
PORTER™ 2 was purchased from Gene Therapy System (San
Diego, CA). All of the materials for the SDS-PAGE were pur-
chased from Bio-Rad. All other chemicals were obtained from
Sigma.

Cell Culture—The mouse macrophage cell line RAW 264.7
was obtained from the American Type Culture Collection (Liv-
ingstone, MT), and the cells were maintained in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 nutrient mixture con-
taining 10% fetal calf serum, 100 units/ml of penicillin G, and
100 ug/ml streptomycin in a humidified 37 °C incubator. After
reaching confluence, the cells were seeded onto either 6-cm
dishes for immunoblotting or the kinase assays, 10-cm dishes
for the ceramide formation assay, 3.5-cm dishes for the sphin-
gomyelinase activity assay, or 12-well plates for transfection
and the kB-luciferase assays.

Preparation of Primary Mouse Peritoneal Macrophages—
Mouse-specific pathogen-free BALB/c mice, aged 6 —8 weeks
and weighing 20 -25 g, were obtained from the National Labo-
ratory Animal Center, National Applied Research Laboratory
(Taipei, Taiwan) and maintained in a specific pathogen-free
environment in the animal house of Taipei Medical University.
The use of animals was approved by the Institutional Animal
Care and Use Committee of Taipei Medical University. The
peritoneal macrophages were prepared as described previously
(24). BALB/c mice that had been intraperitoneally injected with
1.5 ml of 3% thioglycollate 3 days before macrophage isolation
were ether-anesthetized with the peritoneal cavities lavaged
with ice-cold 0.9% NaCl to remove elicited peritoneal macro-
phages and cultured at RPMI 1640 containing 10% fetal calf
serum, 100 units/ml of penicillin G, and 100 ug/ml streptomy-
cin in a humidified 37 °C incubator. The cells were cultured on
6-cm dishes for an immunoblotting assay.

Transfection and kB-Luciferase Assays—For these assays,
2 X 10° RAW 264.7 cells were seeded onto 12-well plates,
and the cells were transfected the following day using Gene-
PORTER™ 2 with 0.5 ug of pGL2-ELAM-Luc and 0.5 ug of
pBK-CMV-Lac Z. After 24 h, the medium was aspirated and
replaced with fresh Dulbecco’s modified Eagle’s medium/
Ham’s F-12 containing 10% fetal calf serum and then stimulated
with PGN (30 pg/ml) for another 24 h before being harvested.
To assess the effects of nSMase and aSMase inhibitors, drugs
were added to cells 20 min before PGN addition. To assay the
effect of the p38 MAPKaDN, the cells were cotransfected with
the p38 MAPKaDN, pGL2-ELAM-Luc, and pBK-CMV-Lac Z
for 24 h and then treated with PGN. Luciferase activity was
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determined using a luciferase assay system (Promega) and was
normalized on the basis of Lac Z expression. The level of induc-
tion of luciferase activity was compared as a ratio of cells with
and without stimulation.

Immunoblot Analysis—To determine the expressions of
COX-2, a-tubulin, ERK phosphorylated at Tyr***, ERK2, JNK
phosphorylated at Thr'®?/Tyr'®?, INK2, p38 MAPK phospho-
rylated at Thr'®°/Tyr'8?, p38 MAPK, and MKK3/6 phosphoryl-
ated at Ser'®%/Ser?®” in RAW 264.7 macrophages, proteins were
extracted, and Western blotting analyses were performed as
described previously (25). Briefly, RAW 264.7 macrophages
were cultured in 6-cm dishes. After reaching confluence, the
cells were treated with PGN or pretreated with specific inhibi-
tors as indicated followed by PGN. After incubation, the cells
were washed twice in ice-cold phosphate-buffered saline (PBS)
and solubilized in extraction buffer containing 10 mm Tris (pH
7.0), 140 mm NaCl, 2 mMm phenylmethylsulfonyl fluoride
(PMSF), 5 mm dithiothreitol, 0.5% Nonidet P-40, 0.05 mM pep-
statin A, and 0.2 mM leupeptin. Samples of equal amounts of
protein (60 pg) were subjected to SDS-PAGE and then trans-
ferred onto a polyvinylidene difluoride membrane, which was
then incubated in TBST buffer (150 mm NaCl, 20 mm Tris-HCI,
and 0.02% Tween 20, pH 7.4) containing 5% nonfat milk. The
proteins were visualized by specific primary antibodies and
then incubated with horseradish peroxidase- or alkaline phos-
phatase-conjugated second antibodies. Immunoreactivity was
detected using enhanced chemiluminescence following the
manufacturer’s instructions. Quantitative data were obtained
using a computing densitometer with Image-Pro Plus image
analysis software system (Eastman Kodak Co.).

Assay of Sphingomyelinase Activity—The activities of aSMase
and nSMase were measured using an Amplex Red sphingomy-
elinase assay kit according to the procedures described by the
manufacturer. Briefly, RAW 264.7 macrophages were cultured
in 35-mm Petri dishes. After reaching confluence, the cells were
treated with PGN (30 wg/ml) for the indicated time intervals or
pretreated with specific inhibitors as indicated followed by
PGN. After incubation, the cells were washed twice in ice-cold
PBS and harvested. To assess aSMase activity, the cells were
extracted in 1 ml of lysis buffer containing 50 mm sodium ace-
tate (pH 5.0), 1% Triton X-100, 1 mg/ml aprotinin, 1 mm EDTA,
and 100 ug PMSF for 30 min on ice. To assess nSMase activity,
the cells were extracted in 1 ml of lysis buffer containing 0.1 m
Tris-HCl, 10 mm MgCl,, (pH 7.4), 1% Triton X-100, 1 pg/ml
aprotinin, 1 mm EDTA, and 100 ug/ml PMSF for 30 min on ice.
After centrifugation at 12,000 rpm for 30 min at 4 °C, the result-
ing supernatants were assayed following the manufacturer’s
instructions. The assay mixture contained the following com-
ponents in a total volume of 200 pl: 100 ul of the enzyme source
(150 pg), 2 units/ml horseradish peroxidase, 0.2 unit/ml cho-
line oxidase, 8 units/ml alkaline phosphatase, and 0.5 uMm sphin-
gomyelin. Assay mixtures were incubated at 37 °C for 30 min,
and the fluorescence was measured with a HIDEX (Turku, Fin-
land) chameleon microplate reader with excitation at 563 nm
and emission at 587 nm.

Quantification of Ceramide—The quantification of ceramide
in RAW 264.7 macrophages was performed as described previ-
ously (26). RAW 264.7 macrophages were cultured in 10-cm
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dishes. After reaching confluence, the cells were treated with
PGN for the indicated time intervals. After incubation, the cells
were washed twice in ice-cold PBS and collected in 0.5 ml of
PBS. The cells were centrifuged at 1,500 rpm and 4 °C for 5 min.
The PBS supernatant was removed, and the cells were stored at
—80 °C. The lipids were extracted with 500 ul of methanol after
the addition of internal standards (C17:0 ceramide). The sus-
pension was incubated at 25 °C with 30 min of shaking and then
centrifuged at 25,000 rpm for 30 min at 25 °C. The supernatants
were collected, and the extraction step was repeated. The com-
bined organic phases of ceramide were assayed. The liquid-
liquid extractions; the amounts of C16:0 ceramide, C18:0 cera-
mide, C24:0 ceramide, and C24:1 ceramide; and the internal
standards were determined by liquid chromatography coupled
with tandem mass spectrometry. Chromatographic separation
was accomplished under gradient conditions using a Luna C18
column (150 X 2 mm ID, 5-um particle size, and 10-nm pore
size). The HPLC mobile phases consisted of water-formic acid
(100:0.1, v/v) (A) and acetonitrile-tetrahydrofuran-formic acid
(50:50:0.1, v/v/v) (B). A gradient program was used for the
HPLC separation at a flow rate of 0.3 ml/min. The initial buffer
composition was 60% (A)/40% (B) held for 0.6 min, then linearly
changed to 0% (A)/100% (B) in 4.4 min and held for 5 min, and
then linearly returned to 60% (A)/40% (B) in 0.5 min and held
for an additional 5.5 min. Forty microliters of each sample were
injected, and the total run time was 16 min. Tandem mass spec-
trometry analyses were performed on an API 4,000 triple qua-
drupole mass spectrometer with a Turbo V source (Applied
Biosystems). Precursor-to-product ion transitions of m/z
536.8 —280.5 for C16:0 ceramide, m/z 564.9 — 308.5 for C18:0
ceramide, m/z 646.9 — 390.8 for C24:1 ceramide, m/z 648.9 —
392.8 for C24:0 ceramide, and m/z 550.9 — 294.5 for C17:0
ceramide were used for multiple reactions monitoring with a
dwell time of 15 ms. Concentrations of the calibration stand-
ards, quality controls, and unknowns were evaluated by Analyst
software 1.4.2 (Applied Biosystems). The mean peak areas of
the samples reconstructed with internal standards were com-
pared with the mean peak area of 10 ng/ml internal standards in
methanol. Total ceramide was calculated from the sum of
C16:0, C18:0, C24:0, and C24:1 ceramide subspecies.

Lipid Extraction and Ceramide Measurement—The lipids
were extracted according to the method established by Bligh
and Dyer (27), and ceramide was quantified by the diacylglyc-
erol kinase assay. In brief, RAW 264.7 macrophages were grown
in 10-cm dishes. After reaching confluence, the cells were pre-
treated with specific inhibitors as indicated followed by PGN.
After incubation, the cells were pelleted by centrifugation
(1,500 rpm for 5 min), washed twice with ice-cold PBS, and
extracted with 3 ml of chloroform:methanol (1:2, v/v). Lipids in
the organic phase extract were dried under N,. Ceramide con-
tained in each sample was resuspended in a 100-ul reaction
mixture containing B-octylglucoside/dioleoylphosphati-
dylgerol (7.5%: 2.5 mm), 50 ul of 2X buffer, 19.4 ul dilution
buffer, 2 mm dithiothreitol, 3 ug of Escherichia coli diacylglyc-
erol kinase, and 2 uCi of [y-**P]ATP (3,000 Ci/mmol). After 30
min at room temperature, the reaction was stopped by extrac-
tion of lipids with 1.5 ml of chloroform:methanol (1:2), 0.3 ml of
H,0, 0.5 ml of chloroform, and 0.5 ml of 1% HCIO,. The lower
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organic phase was dried under N, and resolved at 40 ul of
chloroform:methanol (4: 1). Ceramide 1-phosphate was
resolved by thin layer chromatography on silica gel 60 plates
(Whatman, Pittsburgh, PA) using a solvent system of
chloroform:acetone:methanol:acetic acid:H,O (10:4:3:2:1)
and detected by autoradiography.

Immunoprecipitation and the p38 MAPK Kinase Assay—
RAW 264.7 cells were grown in 6-cm dishes. After reaching
confluence, the cells were treated with 30 ug/ml PGN for the
indicated time intervals or pretreated with specific inhibitors as
indicated followed by PGN. After incubation, the cells were
washed twice with ice-cold PBS; lysed in 1 ml of lysis buffer
containing 20 mm Tris-HCI (pH 7.5), 1 mm MgCl,, 125 mMm
NaCl, 1% Triton X-100, 1 mm PMSF, 10 ug/ml leupeptin, 10
pg/ml aprotinin, 25 mm B-glycerophosphate, 50 mm NaF, and
100 um sodium orthovanadate; and centrifuged. The superna-
tant was then immunoprecipitated with a polyclonal antibody
against p38 MAPK in the presence of A/G-agarose beads over-
night. The beads were washed three times with lysis buffer and
two times with kinase buffer containing 20 mm HEPES (pH 7.4),
20 mM MgCl,, and 2 mm dithiothreitol. The kinase reactions
were performed by incubating immunoprecipitated beads with
20 ul of kinase buffer supplemented with 20 um ATP and 3 pCi
of [y-**P]ATP at 30 °C for 30 min. To assess p38 MAPK kinase
activity, 50 pug/ml of myelin basic protein was added to serve as
the substrate. The reaction mixtures were analyzed by 15%
SDS-PAGE followed by autoradiography.

Statistical Analysis—The results are presented as the
means = S.E. from at least three independent experiments.
One-way analysis of variance followed by, when appropriate,
Bonferroni’s multiple range test was used to determine the sta-
tistical significance of the difference between means. A p value
of < 0.05 was considered statistically significant.

RESULTS

nSMase, but Not aSMase, Is Involved in PGN-induced COX-2
Expression—Previous study has found that PGN (1-100 pug/ml)
induced COX-2 expression in a concentration-dependent
manner, with a submaximal effect at 30 ug/ml (12). To explore
whether nSMase and aSMase might mediate PGN-induced (30
png/ml) COX-2 expression, the nSMase inhibitor, 3-OMS (28),
and the aSMase inhibitor, imipramine (29), were used. As
shown in Fig. 14, pretreatment of RAW 264.7 macrophages
with 3-OMS (3~30 um) inhibited PGN-induced (30 pg/ml)
COX-2 expression in a concentration-dependent manner.
When cells were treated with 30 um 3-OMS, PGN-induced
COX-2 expression was inhibited by 61 * 2% (n = 3). However,
imipramine (3-30 um) did not affect PGN-induced COX-2
expression (Fig. 14). Next, we determined whether nSMase
directly enhanced PGN-induced COX-2 expression. A lower
concentration (3 pug/ml) of PGN was used in the following
experiments. Treatment of RAW 264.7 macrophages with
recombinant bSMase (0.1-0.3 unit/ml), an exogenous
source of SMase that mimics SMase action by degrading
membrane sphingomyelin to increase cellular ceramide lev-
els (30, 31), did not induce COX-2 expression. However,
treatment of cells with various concentrations (0.1, 0.2, and
0.3 unit/ml) of recombinant bacterial SMase concentration-
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FIGURE 1. Involvement of nSMase, but not aSMase, in PGN-induced COX-2
expression in RAW 264.7 macrophages. A, cells were pretreated with various
concentrations of 3-OMS or imipramine for 30 min before being incubated with
PGN (30 ug/ml) for 24 h. B, cells were incubated with various concentrations of
bSMase combined with PGN (3 ug/ml) for 24 h. C, cells were pretreated with
ceramidase (30-300 ng/ml) for 30 min and incubated with PGN (30 ug/ml) for
24 h. Whole cell lysates were prepared and immunodetected with COX-2 or an
a-tubulin-specific antibody. The presence of equal amounts of protein loading
was confirmed by a-tubulin. The results shown are representative of three inde-
pendent experiments. The results are expressed as the means = S.E. *, p < 0.05,
compared with the PGN-treated group.
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FIGURE 2. PGN induced nSMase, but not aSMase, activation in RAW
264.7 macrophages. A, cells were incubated with PGN (30 wg/ml) for the
indicated time intervals. Whole cell lysates were prepared. The activities of
nSMase and aSMase were measured as described under “Experimental
Procedures.” The results are representative of three independent experi-
ments. B, cells were pretreated with 3-OMS (30 um) and imipramine (30
um) for 30 min and incubated with PGN (30 wg/ml) for another 20 min.
After incubation, whole cell lysates were prepared. The nSMase activity
was measured as described under “Experimental Procedures.” The results
are expressed as the means = S.E. of three independent experiments per-
formed in duplicate. *, p < 0.05, compared with the PGN alone group.
C, cells were transfected with 0.5 g of RasN17 for 24 h or pretreated with
10 um 3-OMS for 30 min and then incubated with 30 wg/ml PGN for
another 24 h. Whole cell lysates were prepared and immunodetected with
COX-2 or an a-tubulin-specific antibody. The presence of equal amounts
of protein loading was confirmed by a-tubulin. The results shown are
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dependently enhanced COX-2 expression induced by the lower
concentration (3 pg/ml) of PGN by 167 = 12, 175 * 20, and
385 * 57%, respectively (n = 3) (Fig. 1B). Ceramide is metabo-
lized by the ceramidase into sphingosin (26). We further
explored whether ceramidase affected PGN-induced COX-2
expression. Treatment with macrophages with recombinant
ceramidase (30-300 ng/ml) inhibited PGN-induced COX-2
expression in a concentration-dependent manner. When cells
were treated with 300 ng/ml ceramidase, PGN-induced COX-2
expression was inhibited by 50 = 8% (n = 3) (Fig. 1C). Next, we
directly measured the activities of nSMase and aSMase induced
by PGN stimulation in RAW 264.7 macrophages. Stimulation
of cells with 30 ug/ml PGN induced an increase in nSMase
activity in a time-dependent manner, reaching a maximum
after 20 min of treatment (Fig. 24). In contrast, PGN treatment
did not alter aSMase activity (Fig. 24). Confirming the effects of
the nSMase inhibitors, a marked reduction in nSMase enzyme
activity was observed in macrophages treated with 30 um
3-OMS but not with 30 uM imipramine (Fig. 2B). These results
suggest that nSMase, but not aSMase, is involved in COX-2
expression induced by PGN. Our previous study has shown that
the Ras-dependent pathway is involved in PGN-induced
COX-2 expression (12). Next, we investigated the relationship
between the Ras and nSMase signal pathways involved in PGN-
induced COX-2 expression. When cells were transfected with
0.5 ug of RasN17 and treated with 10 um 3-OMS, they inhibited
PGN-induced COX-2 expression by 49 = 9 and 44 £ 10%,
respectively (Fig. 2C). Furthermore, a combined treatment of
cells with RasN17 and 3-OMS more markedly inhibited PGN-
induced COX-2 expression by 87 = 2% compared with RasN17
or 3-OMS alone (Fig. 2C). This result suggests that PGN-in-
duced COX-2 expression occurs through the independent
pathways of Ras and nSMase.

Ceramide Is Required but Might Not Be Sufficient for COX-2
Expression Induced by PGN—Ceramide is derived from sphin-
gomyelin hydrolysis catalyzed by nSMase or aSMase (23).
Treatment of cells with 30 ug/ml PGN increased ceramide for-
mation. This response began at 20 min, peaked at 30 min, and
sustained for 60 min. After 30 min of treatment, PGN (30
pg/ml) induced an increase in ceramide formation from 0.21 =
0.02 to 0.46 * 0.08 nmol/mg protein (Fig. 34). We further
examined whether ceramide is required for PGN-induced
COX-2 expression. As shown in Fig. 3B, C2-ceramide (10-50
uM), a cell-permeable ceramide analogue, did not cause
COX-2 expression, whereas it markedly potentiated PGN at
the lower concentration-induced (3 ug/ml) COX-2 expres-
sion in a concentration-dependent manner by 220 * 32,363 *
41, and 727 = 134%, respectively (n = 3). C2-dihydroceramide,
a cell-impermeable and inactive form of ceramide, did not
enhance PGN-induced COX-2 expression at a concentration of
up to 50 um (Fig. 3B). NOE, a specific ceramidase inhibitor that
prevents the degradation of cellular ceramide (32), did not
result in COX-2 expression at a concentration of up to 50 um.
However, treatment of cells with various concentrations (10,

representative of three independent experiments. The results are
expressed as the means = S.E. *, p < 0.05, compared with the PGN-treated

group.
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FIGURE 3. Involvement of ceramide in PGN-induced COX-2 expression in RAW 264.7 macrophages. A, cells were incubated with PGN (30 wg/ml) for the
indicated time intervals. After lipid extraction, the ceramide formation in the extracts was measured using liquid chromatography coupled with tandem mass
spectrometry as described under “Experimental Procedures.” The results are expressed as the means =+ S.E. of three independent experiments. *, p < 0.05,
compared with the control group. B, cells were treated with various concentrations of C2-ceramide or 50 um C2-dihydroceramide (DHC) combined with PGN
(3 pg/ml) for 24 h. C, cells were treated with various concentrations of NOE combined with PGN (3 wg/ml) for 24 h. Whole cell lysates were prepared and
immunodetected with COX-2 or an a-tubulin-specific antibody. The presence of equal amounts of protein loading was confirmed by a-tubulin. The results
shown are representative of three independent experiments. The results are expressed as the means = S.E. *, p < 0.05, compared with the PGN alone group.
D, cells were pretreated with 3-OMS (30 um) and imipramine (30 um) for 30 min and incubated with PGN (30 wg/ml) for another 10 min. After lipid extraction,
the ceramide in the extracts was measured using a diacylglycerol kinase assay and analyzed by thin layer chromatography as described under “Experimental
Procedures.” An arrow indicates the origin and ceramide. The results are expressed as the means =+ S.E. of three independent experiments.

30, and 50 um) of NOE concentration-dependently enhanced
PGN-induced (3 pg/ml) COX-2 expression by 199 * 8, 326 *
129, and 732 = 110%, respectively (n = 3) (Fig. 3C). PGN-
induced ceramide formation was markedly attenuated by
3-OMS (30 um) but not by imipramine (30 um) (Fig. 3D). These
results imply that the formation of ceramide is required but
might not be sufficient for COX-2 expression induced by PGN.

JULY 31, 2009+ VOLUME 284+NUMBER 31

MKK3/6 and p38 MAPK Are Involved in PGN-induced
COX-2 Expression—To examine whether p38 MAPK might
play a crucial role in PGN-induced COX-2 expression, the p38
MAPK inhibitor, SB 203580, was used. As shown in Fig. 44, 1
M of SB 203580 alone did not affect the basal COX-2 level, but
it (0.1-1 um) markedly inhibited PGN-induced (30 wg/ml)
COX-2 expression in a concentration-dependent manner.
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When cells were treated with 1 um SB 203580, PGN-induced
COX-2 expression was inhibited by 87 * 4% (1 = 3). To further
confirm the role of the MKK3/6 and p38 MAPK signaling path-
way in PGN-mediated COX-2 expression, MKK3DN,
MKK6DN, and p38 MAPKaDN were tested. Transfection of
RAW 264.7 cells individually with MKK3DN, MKK6DN, and
p38 MAPKaDN all inhibited PGN-induced COX-2 expression
by 68 = 5,50 * 15, and 60 = 14%, respectively (n = 3) (Fig. 4B).
These results suggest that activations of MKK3/6 and p38
MAPK are required for PGN-induced COX-2 expression. Next,
we directly measured the activation of p38 MAPK in response
to PGN treatment. Fig. 4C shows that treatment of RAW 264.7
cells with 30 ug/ml PGN for various time intervals resulted in
p38 MAPK activation, with an increase at 5 min and a maxi-
mum effect after 30 min of treatment. However, after 60 min of
treatment with PGN, the response had decreased. In parallel,
using myelin basic protein as a p38 MAPK substrate, an
increase in p38 MAPK activity was observed within 10 min and
reached a peak 20 min after PGN stimulation (Fig. 4D).
nSMase Is Involved in PGN-induced p38 MAPK, but Not ERK
or JNK, Activation—Next, we identified which MAPKs are
downstream of PGN-mediated nSMase activation. Pretreat-
ment of RAW 264.7 macrophages for 30 min with 3-OMS
(3—-30 um) inhibited PGN-induced p38 MAPK activation in a
concentration-dependent manner (Fig. 54). When cells were
treated with 30 um 3-OMS, PGN-induced p38 MAPK activa-
tion was inhibited by 67 + 5% (n = 3) (Fig. 54). However, it had
no effect on PGN-induced JNK or ERK1/2 activation (Fig. 5, B
and C). These results suggest that activation of p38 MAPK, but
not JNK or ERK1/2, is downstream of PGN-induced nSMase
activation. Furthermore, treatment of RAW 264.7 macro-
phages with 50 um C2-ceramide induced p38 MAPK activation
in a time-dependent manner, reaching a maximum after 30 min
of treatment (Fig. 6A). Moreover, stimulation of cells with both
bacterial SMase (0.3 unit/ml) and NOE (50 um) also time-de-
pendently induced p38 MAPK activation (Fig. 6, B and C).
nSMase/Ceramide Is Involved in PGN-induced MKK3/6
Activation—W e next wished to determine whether PGN is able
to activate MKK3/6, an upstream molecule of p38 MAPK (33).
Treatment of cells with 30 ug/ml PGN caused MKK3/6 activa-
tion in a time-dependent manner. The PGN effect began at 10

MKK3DN (1 ug), MKK6DN (1 ng), or p38 MAPKaDN (1 ug) (B) for 6 h and then
stimulated with 30 ug/ml PGN for another 24 h. The cells were lysed and then
immunoblotted for COX-2 or a-tubulin. Equal loading in each lane is demon-
strated by the similar intensities of a-tubulin. The traces represent results
from three independent experiments, which are presented as the means +
S.E. ¥, p < 0.05, compared with the PGN-treated group. C, cells were stimu-
lated for the indicated time intervals with 30 png/ml PGN for different inter-
vals. The phosphorylation of p38 MAPK (p38-p) was measured in total cellular
extracts by Western blotting with antibodies specific for phospho-p38 MAPK
(top panel). The presence of equal amounts of the protein loading was con-
firmed by p38 MAPK (p38) (bottom panel). The results shown are representa-
tive of three independent experiments. The results are expressed as the
means £ S.E.*, p < 0.05, compared with the control group. D, for p38 MAPK
kinase activity, cell lysates were immunoprecipitated with a p38 MAPK anti-
body. One set of immunoprecipitates was subjected to a kinase assay (KA)
using myelin basic protein as a substrate. The other set of immunoprecipi-
tates was subjected to 12% SDS-PAGE and analyzed by immunoblotting (/B)
with an anti-p38 MAPK antibody. Equal amounts of the immunoprecipitated
kinase complexes present in each kinase assay were confirmed by immuno-
blotting for p38 MAPK. The data shown are representative of three independ-
ent experiments with similar results.
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min and peaked at 30 min (Fig. 7A). We then further examined
whether PGN-induced MKK3/6 activation occurs through
nSMase/ceramide signaling pathways. As shown in Fig. 7B, pre-
treatment of RAW 264.7 macrophages with 3-OMS (3—-30 um)
concentration-dependently inhibited PGN-induced MKK3/6
activation. When cells were treated with 30 um 3-OMS, PGN-
induced MKK3/6 activation was inhibited by 92 *+ 4% (n = 3)
(Fig. 7B). Moreover, stimulation of cells with 50 um C2-cera-
mide also caused MKK3/6 activation, with an increase at 3 min
and a maximum effect after 10 min of treatment. However, after
20 min of treatment with C2-ceramide, the response had
decreased (Fig. 7C).

nSMase/Ceramide and p38 MAPK Mediated PGN-induced
NF-kB Activation—W e further examined whether activation of
NE-«B occurs through the nSMase/ceramide/p38 MAPK sig-
naling pathway. Using transient transfection with pGL2-
ELAM-«kB-luciferase as an indicator of NF-«B activity, we
found that treatment of cells with 30 ug/ml PGN for 24 h
caused an increase in kB-luciferase activity. The PGN-induced
increase in kB-luciferase activity was markedly attenuated by
3-OMS (30 um) by 40 = 16% (1 = 3), but not by imipramine (30
uMm) (Fig. 8A4). Transfection of RAW 264.7 cells with the p38
MAPKaDN also inhibited the PGN-induced increase in «kB-lu-
ciferase activity by 72 = 5% (n = 3) (Fig. 8A). Furthermore,
treatment of cells with various concentrations of C2-ceramide
also resulted in an increase in kB-luciferase activity in a con-
centration-dependent manner. After 24 h of treatment with 50
uMm C2-ceramide, kB-luciferase activity had increased by
~204 * 36% (n = 3) (Fig. 8B). Taken together, these data sug-
gest that activation of the nSMase/ceramide/p38 MAPK path-
way is required for PGN-induced NF-kB activation in RAW
264.7 macrophages.

nSMase, Ceramide, p38 MAPK, and NF-kB Mediated PGN-
induced COX-2 Expression in Primary Mouse Peritoneal
Macrophages—We further confirmed whether the nSMase/
ceramide/p38 MAPK/NEF-«B signal pathway is required for PGN-
induced COX-2 expression in primary mouse peritoneal mac-
rophages. As shown in Fig. 94, ceramide (50 uMm) potentiated
PGN-induced COX-2 expression by 461 = 55% (n = 3). The
PGN-induced COX-2 expression was inhibited by 3-OMS (30
uM), SB 203580 (1 uMm), and NF-«B inhibitor pyrrolidine dithio-
carbamate (10 um) by 49 = 4,49 * 1,and 72 = 7%, respectively
(Fig. 9B). These results suggest that the nSMase/ceramide/p38
MAPK/NE-«B signal pathway is required for PGN-induced
COX-2 expression in primary mouse peritoneal macrophages.

DISCUSSION

Recently, we found that PGN, a cell wall component of the
Gram-positive bacterium S. aureus, may activate the Ras/Raf-
1/ERK pathway, which in turn initiates IKKe/B and NF-«kB
activation and ultimately induces COX-2 expression in RAW

being incubated with PGN (30 pg/ml) for another 30 min. The phosphoryla-
tions of p38 MAPK (p38-p) (A), INK UNK-p) (B), and ERK1/2 (ERK1/2-p) (C) in cell
lysates were determined by immunoblotting with specific antibodies for
phospho-p38 MAPK, phospho-JNK, and phospho-ERK1/2, respectively (top
panel). Equal loading in each lane is indicated by the similar intensities of p38
MAPK, JNK2, and ERK2 (bottom panel). The results are expressed as the
means = S.E. *, p < 0.05, compared with the PGN alone group.
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264.7 macrophages (12). Furthermore, we demonstrated that
PGN-induced IL-6 production involves COX-2-generated
prostaglandin E,, EP2/EP4 receptor activation, intracellular
cAMP formation, and the activations of cAMP-dependent pro-
tein kinase, protein kinase C, p38 MAPK, IKK«/B, p65 phos-
phorylation, and NF-«B (34). In the present report, we demon-
strate that PGN might activate the nSMase/ceramide pathway
to induce MKK3/6/p38 MAPK activation, which in turn ini-
tiates NF-«B activation and ultimately induces COX-2 expres-
sion in macrophages.

In this study, we found that PGN activated nSMase, but not
aSMase, in RAW 264.7 macrophages. Additionally, the nSMase
inhibitor prevented PGN-induced nSMase activation, ceram-
ide generation, and COX-2 expression, whereas the aSMase
inhibitor had no effect on these. Furthermore, bacterial SMase
enhanced PGN-induced COX-2 expression. These results sug-
gest that PGN-induced COX-2 expression is mediated via acti-
vation of nSMase leading to increased cellular ceramide gener-
ation. This suggestion is further supported by a previous report
that found that TNF-a induces COX-2 expression via the
nSMase signaling pathway in NCI-H292 epithelial cells (35).
However, the signaling pathway involved in PGN-induced
nSMase activation needs to be further investigated. A previous
report indicated that 1,25(OH),D;-induced nSMase activation
is mediated by protein kinase Ca in HL-60 cells (36).

In the present study, we found that treatment of RAW 264.7
macrophages with PGN caused the activation of MKK3/6 and
p38 MAPK and that a p38 MAPK inhibitor (SB 203580) and
dominant negative mutants of MKK3, MKK®6, and p38 MAPK«
all inhibited PGN-induced COX-2 expression. These results
suggest that the MKK3/6/p38 MAPK signal pathway is very
important for COX-2 induction caused by PGN. Our previous
report also showed that p38 MAPK activation plays a critical
role in lipoteichoic acid-mediated NF-kB activation and
COX-2 expression in human airway epithelial cells (A549) (17).
Previous studies showed that ceramide might activate ERK,
JNK, and p38 MAPK (37, 38). However, in the present study, we
found that an nSMase inhibitor (3-OMS) selectively inhibited
PGN-induced p38 MAPK, but not ERK or JNK, activation.
Moreover, C2-ceramide, bacterial SMase, and a ceramidase
inhibitor (NOE) all caused p38 MAPK activation. These results
suggest that activation of p38 MAPK, but not ERK and JNK, is
downstream of PGN-induced nSMase/ceramide activation.
This suggestion is further supported by a previous report that
lipopolysaccharide induces COX-2 expression by activating
sphingomyelinases leading to the release of ceramides, which in
turn activate p38 MAPK, but not ERK, in rat microglia (39).

Recently, we showed that NF-kB activation contributes to
PGN-induced COX-2 induction in RAW 264.7 macrophages
(12). Furthermore, we also found that PGN may induce IKKa/
activation, IkBa phosphorylation, and IkBa degradation, as

bSMase (B), and 50 um NOE (C) for the indicated time intervals. The phospho-
rylation of p38 MAPK (p38-p) was measured in total cellular extracts by West-
ern blotting with an anti-phospho-p38 MAPK antibody. The presence of
equal amounts of protein loading was confirmed by p38 MAPK (p38). The
results shown are representative of three independent experiments. The
results are expressed as the means =+ S.E. *, p < 0.05, compared with the con-
trol group.
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FIGURE 8. Involvement of nSMase, C2-ceramide, and p38 MAPK in the
PGN-induced increase in kB-luciferase activity in RAW 264.7 macro-
phages. A, RAW 264.7 macrophages were transiently transfected with 0.5 g
of pGL2-ELAM-Luc and 0.5 ug of pBK-CMV-LacZ for 24 h, and the cells were
pretreated with 3-OMS (30 um) or imipramine (30 um) for 30 min or trans-
fected with p38 MAPKaDN (1 ug) for 6 h and then stimulated with PGN (30
ug/ml) for another 24 h. B, cells were transiently transfected with 0.5 ug of
pGL2-EL-Luc and 0.5 ug of pBK-CMV-LacZ for 24 h and then treated with
various concentrations (10-50 um) of C2-ceramide for another 24 h. The cells
were harvested for luciferase assay as described under “Experimental Proce-
dures.” The data represent the means = S.E. of three experiments performed
in duplicate. *, p < 0.05, compared with the PGN-treated group (A) or control
group (B).

well as an increase in kB-luciferase activity (12). A previous
report showed that in NCI-H292 epithelial cells, TNF-« leads
to the activation of NF-«kB through the nSMase signaling path-
way (35). The p38 MAPK pathway also plays a critical role in
NF-«B activation (39). As shown in Fig. 8, an nSMase inhibitor
(3-OMS) and the p38 MAPKaDN blocked PGN-induced
NEF-kB reporter activity. Furthermore, C2-ceramide caused an
increase in kB-luciferase activity. These results suggest that
nSMase and ceramide are involved in PGN-mediated NF-«B
activation through p38 MAPK activation.

In this study, we also found that 3-OMS (an nSMase inhibi-
tor) inhibited PGN-induced (30 wg/ml) activations of MKK3/6,
p38 MAPK, NF-«B, and COX-2 expression. Furthermore, we
found that exogenous C2-ceramide induced the activations of
MKK3/6, p38 MAPK, and NF-«kB, whereas it did not induce
COX-2 expression. Treatment of cells with C2-ceramide mark-
edly potentiated a lower concentration (3 wg/ml) of PGN-in-
duced COX-2 expression. Although bSMase and a ceramidase
inhibitor (NOE) alone did not cause COX-2 expression, a com-
bined treatment markedly potentiated PGN-induced COX-2
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the PGN-induced COX-2 in primary mouse peritoneal macrophages.
A, mouse peritoneal macrophages were treated with 50 um C2-ceramide
combined with PGN (3 wg/ml) for 24 h. B, cells were pretreated with 3-OMS
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min and then stimulated with PGN (30 pg/ml) for 24 h. Whole cell lysates were
prepared and immunodetected with COX-2 or an a-tubulin-specific anti-
body. The presence of equal amounts of protein loading was confirmed by
a-tubulin. The results shown are representative of three independent exper-
iments. The results are expressed as the means = S.E. *, p < 0.05, compared
with the PGN alone group.

expression. Based on these results, the formation of ceramide is
required but might not be sufficient for PGN-induced COX-2
expression. This is consistent with the observation that C2-cer-
amide alone did not induce COX-2 expression but rather
potentiated lipopolysaccharide-induced COX-2 expression in
RAW 264.7 macrophages (40).

Recent studies indicated that ceramide is a bioactive lipid
with the potential to regulate immune cell functions (41, 42).
Ceramide is a well known intracellular second messenger and
has been identified as a possible marker to predict multiorgan
dysfunction in sepsis (42). Most ceramide species were in-
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6/p38 MAPK activation cascades resulting in an increase in NF-kB trans-
activation, ultimately causing COX-2 expression in macrophages.
creased in sepsis patients. In pathological conditions, the
plasma ceramide concentration is ~10 um (41). In this study,
we found that exogenous C2-ceramide (10 uMm) potentiated
PGN-induced COX-2 expression. Previous studies showed that
exogenous ceramide (10—-50 uM) enhanced lipopolysaccha-
ride- or IL-1B-induced COX-2 expression (40, 43). Therefore,
ceramide plays an important role in enhancing inflammatory
responses.

In conclusion, the findings of our study for the first time
show that PGN might activate nSMase, but not aSMase, to
induce ceramide formation, which in turn initiates MKK3/6,
p38 MAPK, and NF-«kB activation and ultimately induces
COX-2 expression by macrophages. However, the nSMase/cer-
amide pathway is required but might not be sufficient for
COX-2 expression induced by PGN. The present study,
together with our previous report (12) delineates, in part, the
signal transduction pathways of PGN-induced COX-2 expres-
sion. Fig. 10 is a schematic representation of the signaling path-
way of PGN-induced COX-2 expression in macrophages. With
an understanding of these signal transduction pathways, we can
design therapeutic strategies to reduce inflammation caused by
Gram-positive organisms.
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