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Abstract

Background: Lipoteichoic acid (LTA) and lipopolysaccharide (LPS), the toxicants from bacteria, are potent inducers of inflammatory cytokines,
such as tumor necrosis factor-α (TNF) and interleukin-1β (IL-1). Although LTA is much less reported than that on LPS, LTA is regarded as the
gram-positive equivalent to LPS in some aspects. We investigated the LTA-induced signal transduction and biological effects, as well as to
compare the effect of LTA with that of LPS.
Methods: Kinase assay, ELISA and RT-PCR were performed to delineate LTA and LPS signaling as well as to determine the secretion and RNA
expression of TNF and IL-1.
Results: Src, Lyn and MAPKs are involved in LTA and LPS signaling in murine macrophages. Additionally, blockades of PKC, PI3K and p38,
respectively, caused significant inhibition of both LTA- and LPS-induced proIL-1/IL-1 and TNF expression. ERK inactivation moderately reduced
LTA- and LPS-induced proIL-1/IL-1, but considerably reduced TNF expression. Inhibition of JNK engendered super-induction of IL-1 secretion, but
diminished TNF secretion. Strikingly, both IL-1 and TNF protein induction were declined by overexpression of dominant negative form of JNK.
Conclusions: The results clarify the similarity and difference between LTA- and LPS-mediated signal transduction and induction of inflammatory
cytokines in macrophages.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

LTA and LPS are the major elements of cell walls of gram-
positive and gram-negative bacteria, respectively. Both LTA and
LPS are antigenic and able to activate monocytes/macrophages
to secrete various inflammatory cytokines. Our previous report
demonstrated that LPS is one of the most potent stimuli for
triggering cytokine production in these cells [1]. Although LTA
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is much less reported than that on LPS, LTA is already regarded
as the Gram-positive equivalent to LPS in some aspects [2,3].

Macrophages engender a wide range of inflammatory
mediators and cytokines in response to infectious pathogens. A
family of receptors named Toll-like receptors (TLRs), consisting
of 12 members of TLRs is characterized as a premier signaling
transducer for the recognition of diverse bacterial products [4,5].
Recent studies reveal that TLR2 and TLR4 have been implicated
in cellular response to LTA and LPS, respectively [6,7]. Various
signal transduction pathways are activated by bacterial infection
in macrophages [8–10]. Signaling may converge or diverge, and
often have the “cross-talk” properties, which make them com-
plicated and affect each other. Generally speaking, signaling
initiates with ligand-induced activation of the intrinsic kinase
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activity of receptors. Myriads of regulatory proteins, or kinases,
are in turn activated by receptor-mediated phosphorylation or
dephosphorylation. These proteins include protein tyrosine
kinases (PTKs)/Ras/IκB kinase/Raf-1/MEKK/MEK/MAPK and
NF-κB [11–15]. Subsequently, multiple genes encoding for
inflammatory mediators and cytokines are triggered.

TNF, produced primarily by monocytes and macrophages, is
a key mediator in a variety of diseases. The precursor of TNF is
a 26 kD membrane-bound protein, which is cleaved by TNF-
converting enzyme to form a 17 kD secreted cytokine [16].
Upon binding to its specific receptors TNFR1 and TNFR2, TNF
will exert intracellular signaling pathways [17,18] and elicit a
large number of biological effects including cytotoxicity, im-
munoregulation and apoptosis, etc. IL-1 is another potent
inflammatory cytokine with several biological activities regu-
lating host defense and cellular responses [19]. At the beginning
of IL-1 (17 kD) secretion, a non-active form of precursor termed
proIL-1 (∼34 kD) is produced and sequestered in cytosol. It is
enzymatically processed into an active form by IL-1 converting
enzyme (ICE) [20,21]. After cleavage by ICE, the active IL-1 is
released and exhibits its diverse biological functions.

Sepsis is the systemic inflammatory response to the infection
of gram-negative and gram-positive bacteria. It is associated
with a generalized activation and systemic expression of the
host's inflammatory pathways [22]. The activation occurs via
stimulation of the host immune effector cells that subsequently
synthesize and release potent mediators for cell inflammation.
Recently, we have started to assess the signal transduction
events by which bacterial products induce the production of
TNF and IL-1 in macrophages, since inductions of TNF and IL-
1 not only achieve the antibacterial action but also concurrently
trigger severe inflammatory responses. If this phenomenon is
not controlled, the systemic inflammation may progress to
septic shock and result in multiple-organ failure. This promoted
us to investigate the mechanisms responsible for macrophage
cytokine induction by LTA and LPS. Here, we present the
evidence that LTA and LPS stimulate TNF and IL-1 expression
via PKC, PI3K, ERK, JNK, and p38 pathways. Moreover, LTA
and LPS stimulate multiple tyrosine phosphorylations, includ-
ing protein tyrosine kinases, Src and Lyn. Our results may
provide a basis for understanding how the induction of inflam-
matory cytokines is regulated in monocyte-derived macro-
phages following infections by gram-positive or gram-negative
bacteria.

2. Materials and methods

2.1. Cell cultures, stimulation and transfection

Murine macrophage J774A.1 cells were from ATCC (Rock-
ville, MD), propagated in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (HyClone, Logan,
UT) and 2 mmol/l L-glutamine (Invitrogen), and cultured in
37 °C, 5% CO2 incubator, unless otherwise indicated. For
individual experiments, 0.5×107 cells were seeded in a 10-cm
plate containing 6 ml of media. After incubated for 24 h, the
media were replaced by fetal bovine serum-free medium 1 h
prior to LTA or LPS treatment. Both bacterial products were
prepared using the phenolic extraction and nuclease digestion
procedure by the manufacturer (<1% protein contaminants),
despite that putative contaminants cannot be excluded com-
pletely [23]. The transient transfection (the indicated amount of
plasmid DNA per 100-mm plate) was conducted by using the
LipofectAMINE PLUS® reagent (Life Technologies,Inc.),
according to the protocol from the manufacturer. The efficiency
of both transfection and expression was monitored by the
hemagglutinin tag expression.

2.2. Materials

LPS from E. coli 0111:B4 and LTA from Streptococcus
pyogenes were purchased from Sigma Co. (St. Louis, MO).
REZOl®C and T was from PROtech Technology Co. (Taipei,
Taiwan). GeneAmp®RNAPCRkit for RT-PCR amplificationwas
from Perkin Elmer Inc. (Branchburg, NJ). Anti-phosphotyrosine,
clone 4G10 (mouse monoclonal IgG2bκ) was from Upstate
Biotechnology, Inc. (Lake Placid, NY). Monoclonal anti-MAP
kinase, activated (diphosphorylated ERK) antibody, monoclonal
anti-JNK kinase, activated (diphosphorylated JNK) antibody,
monoclonal anti-p38 MAP kinase, activated (diphosphorylated
p38) antibody, monoclonal anti-actin antibody, and mouse
monoclonal IgG was from Sigma Chem Co. (St. Louis, MO).
Anti-IL-1β, anti-Src, anti-IRAK-1, anti-MyD88, rabbit polyclonal
IgG, anti-rabbit IgG-HRP, anti-mouse IgG-HRP were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Lyn,
mouse monoclonal IgG was purchased from Transduction
Laboratories (Lexington, KY). The p44/42 MAP Kinase Assay
Kit, SAPK/JNK Assay Kit and p38 MAP Kinase Assay Kit were
purchased fromCell Signaling Technology (Beverly, MA). Ro-31-
8220, LY294002, PD98059, SP60015, and SB203580 were from
Calbiochem-Novabiochem Corp. (La Jolla, CA). Primers for TNF,
proIL-1/IL-1, glyceraldehyde phosphate dehydrogenase (GAPDH)
were synthesized from local MD Bio. Inc. (Taipei, Taiwan).

2.3. RNA isolation, RT and PCR amplification for detecting the
expression of TNF or proIL-1/IL-1, Western blotting analysis,
and Enzyme-Linked Immunosorbent Assay (ELISA) for
measurement of cytokines TNF and IL-1

All detailed methods and procedures were followed the
previously published methods [1]. In brief, total RNA was
isolated from J774A.1 cells by using REZOl®C and T as per
manufacturer's instruction. The isolated RNA was normalized
and monitored by the intactness of a constitutively expressed
gene, GADPH. Random hexamer was used for reverse tran-
scription, and PCR was carried out by using indicated primers.
For Western blotting, the protein concentrations were deter-
mined using Bio-Rad protein assay; cell lysates (25 μg of
protein or as indicated) were subjected to SDS-PAGE and
electrotransferred to a polyvinylidene fluoride filter (Millipore
Inc, Bedford, MA), and then probed with the indicated
antibodies. The experimental procedure of ELISA for measur-
ing the cytokine secretion was followed the instructions from
manufacturer (Endogen Co., MA).
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2.4. Immunoprecipitation and phosphotyrosine examination of
Src and Lyn

The cell lysates (100 μg/100 μl) were pre-incubated
(immunoprecipitated) with either anti-Src or anti-Lyn anti-
body at 4 °C for 1 h and then, the mixture of lysates and
antibody were incubated with protein A/G PLUS-agarose
(Santa Cruz Biotechnology, CA) at 4 °C for overnight. The
precipitates were subjected to SDS-PAGE, and then probed
with anti-phosphotyrosine mAb (Upstate Biotechnology, Inc.).

2.5. Assay phosphorylation and activity of extracellular signal-
regulated kinase (ERK), of c-Jun NH2-terminal kinase (JNK),
and of p38 mitogen activated protein kinase (p38) in LTA- and
LPS-treated J774A.1 cells with or without protein kinase (PK)
inhibitors

Methods for assay phosphorylation and activity of these
PKs including cell lysate preparation, immunoprecipitation of
PK, in vitro PK reaction, analysis of PK activity and
quantification of PK activity were as described previously
[1]. Briefly, cells were stimulated with indicated treatment,
and the indicated amount of total protein lysate (for Erk:
200 μg; for JNK: 250 μg; for p38: 200 μg) was
immunoprecipitated with the indicated antibodies(for Erk:
20 μl of resuspended immobilized phospho-p44/42 MAPK;
for JNK: 2 μg/20 μl of c-Jun fusion protein beads; for p38:
20 μl of resuspended immobilized phospho-p38 MAPK). The
precipitates were resuspended with 50 μl of kinase buffer in
Fig. 1. LTA and LPS stimulate protein tyrosine kinase and activate Src and Lyn. (A
in J774A.1 cells. Cells were stimulated with LTA (1 μg/ml), LPS (0.1 μg/ml) o
sample 3, LTA 60 min; sample 4, LPS 15 min; sample 5, LPS 60 min. At the
phosphotyrosine monoclonal antibody (anti-P∼Tyr Ab 4G10) as previously describ
LPS activate Src and Lyn in J774A.1 cells. Cells were treated with LTA or LPS fo
antibody (upper panel) and anti-Lyn antibody (lower panel), respectively. Th
phosphotyrisine mAb. For the activation of Src, J774A.1 cells were treated with
were activated by LTA (10 μg/ml) and LPS (1 μg/ml).
the presence of the corresponding substrates (for Erk:
200 μmol/l of ATP and 2 μg of Erk-1 fusion protein; for
JNK: 100 μmol/l of ATP; for p38: 200 μmol/l of ATP and
2 μg of ATF-2 fusion protein at 30 °C for 30 min. The kinase
activity was determined by Western blotting. Specifically, the
Erk activity was measured by the phosphorylation of Elk-1
using anti-phospho-Elk-1 (Ser383) antibody; the JNK activity
was measured by the phosphorylation of c-Jun using anti-
phospho-c-Jun (Ser63) antibody; the p38 activity was
measured by the phosphorylation of ATF-2 using anti-
phospho-ATF-2 (Thr71) antibody.

2.6. Statistical analysis

Statistical differences between the experimental groups
were examined by analysis of variance, and statistical
significance was determined at p<0.05. The experiments
were conducted 3 times or as indicated, all data are expressed
as mean±S.E.

3. Results

3.1. LTA and LPS stimulate protein tyrosine kinases and
activate Src and Lyn in murine macrophage J774A.1 cells
(J774A.1 cells)

To determine whether LTA and LPS trigger specific signal
transduction pathways in J774A.1 cells, we first determined
the tyrosine phosphorylation in stimulated cells. Both LTA
) Comparison of protein tyrosine phosphorylation stimulated by LTA and LPS
r medium. Briefly, sample 1, un-stimulated control; sample 2, LTA 15 min;
indicated time, cells were lysed and analyzed by Western blotting with anti-
ed [1]. The experiment is representative of 3 similar experiments. (B) LTA and
r 15 min, and cell lysates were collected and immunoprecipitated via anti-Src
en, the precipitates were subjected to SDS-PAGE and blotted with anti-
LTA (1 μg/ml) or LPS (100 ng/ml). For the activation of Lyn, J774A.1 cells



Table 1
LTA and LPS induced cytokines production

Time TNF (ng/ml) IL-1 (pg/ml)

LTA LPS LTA LPS

0 h N.D.a N.D. N.D. N.D.
4 h 17.6±2.1 82.5±6.6 24.5±5.4 74.6±4.4
8 h 25.6±3.2 130.9±13.3 36.8±3.1 256.7±9.2
12 h 23.5±2.5 136.2±6.1 57.8±5.8 324.9±14.4
16 h 19.2±3.6 137.9±8.2 66.2±6.5 347.9±19.2
20 h 19.5±4.2 132.5±9.2 79.7±8.9 365.7±27.2
24 h 16.1±2.4 135.6±8.9 86.8±7.2 369.6±25.2

Cells were stimulated with LTA (1 μg/ml) and LPS (100 ng/ml), and the
condition medium was collected after stimulation at the time indicated. The
secreted TNF and IL-1 in condition medium were analyzed by ELISA.
a N.D. means non-detectable.

Fig. 2. LTA and LPS induce phosphorylation and activation of MAPKs. (A) Time course analysis of phosphorylation of ERK, JNK, and p38 in LTA- or LPS-
stimulated J774A.1 cells. Cells were stimulated with LTA (1 μg/ml) and LPS (100 ng/ml), and the cell lysates were collected at the time indicated.
Phosphorylation of ERK, JNK, and p38 were detected by specific antibody. (B) MAPKs activities were analyzed by in vitro kinase assays. The activated ERK,
JNK, and p38 were immunoprecipitated from cell lysates using specific antibodies. Recombinant Elk-1 fusion protein, c-Jun fusion protein, and ATF-2 fusion
protein were used as substrates for ERK, JNK, and p38, respectively. LTA and LPS-induced ERK, JNK and p38 activities were monitored by phosphorylation of
their individual substrates. These were measured by quantitative immunoblotting with phospho-Elk-1 (Ser-383) antibody, phospho-c-Jun (Ser-63) antibody, and
phospho-ATF-2 (Thr-71) antibody, respectively. The experiments were conducted 3 times and a representative result is shown. (C) Effects of LTA and LPS on
IRAK-1 and MyD88 expression. Cells were stimulated by LTA or LPS for the indicated time, and the expression level of IRAK-1 and MyD88 were analyzed by
Western blotting.
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and LPS were found to induce the appearance of many
phosphotyrosyl proteins as compared to un-treated cells (Fig.
1A). Whereas LPS appeared to be superior to LTA with
respect to induction of tyrosine phosphorylation, LTA induced
profound tyrosine phosphorylation 15 min after stimulation.
Accordingly, we further explored the identities of these
phosphotyrosyl proteins by means of examining the tyrosine
phosphorylation of Src and Lyn, which are strong candidates
for the primary signal transducers of LPS responses. The
activation of Src (M. W.∼60 kD, pp60Src) was detected in
cells treated with LTA (1 μg/ml) or LPS (100 ng/ml) (Fig. 1B,
upper panel); nevertheless, there was no detectable activation
of Lyn in response to the same dosage of stimulus as that in
Src activation. Upon increasing the concentration of LTA and
LPS to 10 μg/ml and 1 μg/ml, respectively, the phosphory-
lation of Lyn (M. W.∼56 kD, pp56Lyn) has been detected
(Fig. 1B, lower panel).

3.2. LTA and LPS induce activation ofMAPKs: ERK, JNKand p38

MAPKs were known to play a critical role in the LTA- and
LPS-mediated signaling in macrophages. Accordingly, we
determined the time course for phosphorylation of MAPKs in
response to LTA and LPS. As shown in Fig. 2A, LTA and
LPS differentially induced the phosphorylation of ERK, JNK
and p38, albeit a relatively reduced level of MAPKs
phosphorylation was observed in LTA-treated cells. In
addition, LTA- or LPS-induced MAPKs activities were
examined by in vitro kinase assay, showing that the initial
kinetic analysis at an interval of 60 min after stimulation
produced the similar activated pattern as those obtained in
MAPKs phosphorylation (Fig. 2B). Specifically, the activities
of ERK, JNK, or p38 were analyzed by detection of the
phosphorylation of Elk, c-Jun, or ATF-2, respectively.
Furthermore, all TLRs trigger a common intracellular
signaling pathway that involves the adaptor protein, myeloid
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differentiation factor 88 (MyD88) and IL-1R-associated
kinase (IRAK)-1. We further examined the downstream
signals upon LTA and LPS binding to TLR2 and TLR4,
respectively. As shown in Fig. 2C, LPS treatment rendered a
dramatic decrease in the IRAK-1 protein level around and
Fig. 3. Effects of protein kinase inhibitors on TNF and IL-1 secretion/proIL-1 expre
SB203580 on LTA- and LPS-induced phosphorylation of ERK, JNK, and p38, resp
(1 μg/ml) or LPS (100 ng/ml) stimulation for additional 15 min. Phosphorylations
inhibitors on LTA- or LPS-induced TNF secretion. Cells were pre-incubated with in
stimulation for additional 8 h. Conditioned media were collected for TNF assessmen
without stimulation; Med., samples with stimulation and without pre-treatment of in
or LPS-induced TNF secretion. Cells were transiently transfected with 5- or 15-μg
described previously [1]. After incubated for 48 h, cells were stimulated with LTA or
with the pcDNA3.1/neo plasmid. (D) Effects of PK inhibitors on LTA- or LPS-induce
followed by LTA (1 μg/ml) or LPS (100 ng/ml) stimulation for additional 24 h.
experiments is presented (n=4). (E) Effects of PK inhibitors on LTA- or LPS-induc
30 min followed by LTA (1 μg/ml) or LPS (100 ng/ml) stimulation for additional 6
presented (n=3). (F) Effects of dominant negative forms of PI3K, JNK, or p38α on L
5- or 15-μg of plasmid DNA encoding dominant negative forms of PI3K, JNK, or p
with LTA or LPS for 6 h, and proIL-1 expression was analyzed by Western blottin
even before 15 min LPS stimulation. However, IRAK-1
protein level was slightly attenuated after 15–30 min LTA
treatment, and significantly decreased at 60 min. Strikingly,
neither LTA nor LPS affected the expression of MyD88 (Fig.
2C).
ssion in LTA- or LPS-stimulated cells. (A) Effects of PD98059, SP600125, and
ectively. Cells were pre-incubated with inhibitor for 30 min, followed by LTA
of ERK, JNK, and p38 were detected by Western blotting. (B) Effects of PK
hibitor as indicated for 30 min, followed by LTA (1 μg/ml) or LPS (100 ng/ml)
t using ELISA; one of 4 experiments is presented (n=4). CTR means samples
hibitor. (C) Effects of dominant negative forms of PI3K, JNK, or p38α on LTA-
of plasmid DNA encoding dominant negative forms of PI3K, JNK, or p38α as
LPS for 8 h, and then TNF secretion was analyzed by ELISA. Mock, transfected
d IL-1 secretion. Cells were pre-incubated with inhibitor as indicated for 30 min
Conditioned media were harvested for IL-1 assessment using ELISA; 1 of 4
ed proIL-1 expression. Cells were pre-incubated with inhibitor as indicated for
h. ProIL-1 expression was assayed by Western blotting; 1 of 3 experiments is
TA- or LPS-induced proIL-1 expression. Cells were transiently transfected with
38αas described previously [1]. After incubated for 48 h, cells were stimulated
g.



Fig. 3 (continued).
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3.3. Role of protein kinases in the regulation of TNF and proIL-1/
IL-1 protein production in LTA-versus LPS-stimulated J774A.1
cells

To dissect the effects of LTA and LPS on the expression of
inflammatory cytokines, wemeasured the TNF and IL-1 secretion
with various treatments of J774A.1 cells. As shown in Table 1, the
amount of TNF was elevated significantly at 4 h and reached to
the maximal at 8 h upon LTA stimulation. The amount of LTA-
induced TNF release gradually reduced after 24 h. The secretion
of TNF was profoundly augmented at 4 h, and the amount of
secreted TNF kept raising by times upon LPS stimulation. In
addition, LTA-induced IL-1 secretion was detected at 4 h and
peakedwithin 8–12 h. Similarly, LPS-induced IL-1 secretion was
detected at 4 h, and the maximal amount of IL-1 secretion
appeared around 12 h post-stimulation.

After determining the time course of LTA- and LPS-induced
TNF and IL-1, we investigated the role of protein kinases in
mediation of cytokines induction. First, the effects of protein
kinase inhibitors, including PD98059 (PD, MEK inhibitor,
50 μmol/l), SP600125 (SP, JNK inhibitor, 20 μmol/l), and
SB203580 (SB, p38 inhibitor, 1 μmol/l) on LTA- or LPS-induced
activation of ERK, JNK, and p38, respectively were confirmed
(Fig. 3A). In addition, cells were preincubated with Ro-31-8220
(Ro, PKC inhibitor, 10 nmol/l), LY294002 (LY, PI3K inhibitor,
50 μmol/l), SP, PD and SB, followed by LTA or LPS stimulation.
For both bacterial molecules, all inhibitors resulted in differential
inhibition of TNF secretion as shown in Fig. 3B. Specifically, in
LTA-stimulated cells, Ro, LY, PD, SP, and SB decreased TNF
release by 80%, 90%, 90%, 80% and 70%, respectively. In LPS-
stimulated cells, Ro, LY, PD, SP, and SB decreased TNF release
by 90%, 80%, 80%, 60%, and 50%, respectively (Fig. 3B). What
ismore, LTA- or LPS-inducedTNFwas considerably inhibited by
overexpression of PI3K-DN, JNK-DN, and p38α-DN,whichwas
consistent with the results analyzed by PK inhibitors (Fig. 3C).

Furthermore, we examined the effects of PK inhibitors on the
LTA- and LPS-induced IL-1 secretion. In LTA-stimulated cells,
Ro, LY, PD, and SB decreased IL-1 release by about 90%, 90%,
10% and 60%, respectively (Fig. 3D). In LPS-stimulated cells,
Ro, LY, PD, and SB decreased IL-1 release by about 95%, 95%,
30% and 75%, respectively (Fig. 3D). Remarkably, SP
increased LTA- and LPS-induced IL-1 secretion by 4 folds
and 2 folds, respectively (Fig. 3D).

Due to the finding that conventional IL-1 ELISA may un-
derestimate proIL-1 concentrations [24], we subsequently used
thewhole lysates of the LTA- and LPS-stimulated cells to examine
the expression of proIL-1 protein, an inactive cytoplasmic
precursor. As shown in the upper panel of Fig. 3E, in LTA-
stimulated cells, Ro, LY, and SB, but not PD significantly inhibited
the expression of proIL-1 protein; in contrast, SP dramatically
increased proIL-1 expression (Fig. 3E, upper panel, sample 6).
The results of proIL-1 protein are compatible with IL-1 secretion
upon the treatment of PK inhibitors. In LPS-stimulated cells, Ro
and LY completely abolished the proIL-1 expression, whereas



Fig. 4. Effects of protein kinase inhibitors on TNF and IL-1 mRNA expression in LTA- or LPS-stimulated cells. Effects of Ro-31-8220, LY294002, PD98059,
SP600125, and SB203580 on LTA- or LPS-induced mRNA expression of TNF (A) or IL-1 (B). Cells were pre-incubated with inhibitor as indicated for 30 min
followed by LTA (1 μg/ml) or LPS (100 ng/ml) stimulation for additional 4 h. The isolated RNAwas normalized and monitored by the intactness of a constitutively
expressed gene, GADPH, and PCR was carried out by using indicated primers. One of 4 experiments is presented.
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both PD and SB merely exhibited moderate inhibition of proIL-1
induction (Fig. 3E, lower panel). Similar to LTA treatment, SP
dramatically increased LPS-induced proIL-1 expression (Fig. 3E,
lower panel, sample 6). Moreover, we overexpressed PI3K-DN,
JNK-DN, and p38α-DN to further investigates the roles of those
kinases in the regulation of proIL-1 expression in LTA-versus
LPS-stimulated cells. Both LTA- or LPS-induced proIL-1
expressions were significantly inhibited in the cells with over-
expression of PI3K-DN, JNK-DN, and p38α-DN (Fig. 3F).

3.4. Role of protein kinases in the regulation of TNF and IL-1
mRNA expression in LTA-versus LPS-stimulated J774A.1 cells

Considering the TNF mRNA expression, we were specifi-
cally interested in whether the differential TNF secretion in
conditioned medium was contributed by the differential up-
regulation of TNF mRNA in response to LTA or LPS. By RT-
PCR, we demonstrated that TNF mRNAwas present in the un-
treated control sample and the effect of LTA or LPS stimulation
on TNFmRNA expression appeared minor (Fig. 4A). To further
investigate the roles of various signaling events in TNF mRNA
expression, the cells were stimulated with LTA or LPS in the
presence of Ro, LY, PD, SP, and SB, respectively. The results
indicated that all PK inhibitors diminished TNF mRNA induc-
tion (Fig. 4A). In addition, the role of LTA- and LPS-mediated
protein kinases in the regulation of IL-1 mRNAwas also inves-
tigated. As shown in Fig. 4B, IL-1 mRNAwas barely expressed
in the un-stimulated cells, but significantly induced by LTA or
LPS. Whereas SP augmented the induction of IL-1 mRNA, the
other 4 PK inhibitors, including Ro, LY, PD, and SB, differ-
entially attenuated LTA- or LPS-induced IL-1 mRNA (Fig. 4B).

4. Discussion

LTA and LPS, the components of cell walls in gram-positive
and gram-negative bacteria, respectively, stimulate macro-
phages to produce TNF and IL-1. Current studies demonstrate
that both LTA and LPS activate the Src and Lyn, the Src family
protein tyrosine kinases (PTKs), in murine macrophages. LPS-
induced signaling was mainly initiated through TLR4, but the
molecular mechanism by which LTA triggers the activation of
PTKs was not clear. Here, we demonstrated that LTA and LPS
triggered inflammatory cytokines, TNF and IL-1 through
similar intracellular pathways, yet LPS showed a tendency for
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a higher level of tyrosine phosphorylation and MAPKs
activation. In this paper, we further presented data showing
that the phosphorylation level (Fig. 2A) and the kinase activities
(Fig. 2B) of ERK, JNK, and p38 were higher in LPS-stimulated
macrophages than that in LTA-stimulated macrophages.
Besides, LPS not only rapidly (within 15 min) but remarkably
induced degradation of IRAK-1, whereas LTA triggered
relatively slow and slight IRAK-1 degradation. These results
suggest that somewhat more efficiency of LPS-mediated signals
was exhibited in the regulation of TNF and IL-1 expression in
comparison with LTA.

The mechanisms of LTA- and LPS-induced TNF production
are subjects of great importance. Considerable evidence indicated
that the LPS-induced signaling leading to TNF production
bifurcates to control both at transcription of TNF gene and at
translation of TNF mRNA [15,25,26]. Relatively, signal trans-
duction pathway and mechanism by which LTA stimulates TNF
production in macrophages remain incompletely understood.
Here, we revealed that LTA- and LPS-induced TNF secretions
(Table 1) are independent of mRNA expression (Fig. 4A). In
previous report, MAPKs activation by LPS challenge in
macrophages was manifested [1]. In this study, we found that
Src, Lyn, PKC, PI3K, ERK, JNK and p38 participate in LTA
signaling, and made a collective comparison between LPS- and
LTA-induced signaling in macrophages. Using specific inhibitors
of JNK and p38 as well as transient transfection with dominant
negative forms of JNK and p38, respectively, we demonstrated
that JNK and p38 participate in both TNF mRNA expression and
TNF secretion in LTA- and LPS-stimulated macrophages, respec-
tively, which is compatible with other publications [27–30]. In
addition, the PKC, PI3K, and ERK pathways are also involved in
both LTA- and LPS-stimulated TNF expression, suggesting that
these pathways are potential therapeutic targets for treatment of
both Gram-positive and Gram-negative sepsis in which excessive
TNF production occurs. Recently, the significance of PI3K and
ERK for TNF production was examined in primary rat Kupffer
cell cultures stimulated by LTA and LPS [31]. By using the same
inhibitors as in our experiments, the authors concluded that TNF
production was profoundly affected by neither PI3K nor ERK
inhibitor, even at 100 μM. In our experiments, a considerable
reduction in TNF levels caused by PI3K and ERK inhibitor was
observed. This difference may be consequent on distinct suscep-
tibilities of Kupffer cells and monocyte-derived macrophages to
PK inhibitors. PI3K regulates the turnover of second messenger
inositol phosphates within the cell and favors tempered macro-
phages to response of LPS. The studies and discussions regarding
the relationship between LPS and PI3K mostly were focused on
the nitric oxide induction in macrophages [32–34]. Although it
was reported that inhibition of PI3K prevents induction of
endotoxin tolerance [35], the role and effect on which PI3K
modulates the LTA- or LPS-induced TNF expression should be
examined further. Besides, PI3K participates in various signal
pathways induced by a cohort of growth factors and cytokines. It
has been reported that the p85 regulatory subunit of PI3K exerts
the physical interaction with type I interleukin-1 receptor (IL-1R)
leading to NF-κB activation upon stimulation [36]. Due to the
homology of the intracellular domains between IL-1R and TLRs,
we speculate that PI3K may utilize a similar association with
TLRs to regulate LTA- or LPS-induced TNF expression.

It has been reported that LPS-induced TNF expression is
PKC-independent [25,37]; however, we demonstrated that
PKC is important for TNF expression in J774A.1 murine
macrophages, which is consistent with the results published by
other investigators [38,39]. The discrepancy may be due to cell
types or different inhibitors chosen in different experiments.
Alternatively, we used PK inhibitors to inhibit TNF mRNA
expression, but we could not rule out the effect of these
inhibitors on TNF processing or protein sorting, like the acti-
vity of TNF alpha converting enzyme or other protein sorting-
related molecules.

Meanwhile, in addition to the study of the regulation of LTA-
or LPS-induced TNF, we also examined another pro-inflam-
matory cytokine, IL-1. In the process of IL-1 maturation, IL-1 is
initially synthesized as an inactive 34 kD cytoplasmic precursor,
proIL-1 lacking a secretion signal sequence. A single
proteolysis cleavage of proIL-1 by interleukin 1 converting
enzyme (ICE) or caspase 1 generates a ∼17 kD mature IL-1,
which is released from cells by an unknown mechanism. p38, an
important mediator of stress-induced gene expression is
reported to function by regulating translation processes of
cytokine mRNA [40,41]. Our current results indicated that p38
plays a pivotal role in both IL-1 mRNA and proIL-1/IL-1
expression as macrophages were stimulated by LTA or LPS
(Figs. 3D–F and 4B). In addition, the requirement of ERK for
LTA- or LPS-induced proIL/IL-1 expression is relative minor
compared to other protein kinases (Fig. 3D and E). Furthermore,
transient transfection with JNK-DN attenuated proIL-1 protein
expression in LTA- and LPS-stimulated macrophages, indicat-
ing that JNK plays an important role in the regulation of IL-1
expression (Fig. 3F). However, SP600125, a known JNK
inhibitor, [42] enhanced IL-1 mRNA (Fig. 4B) and proIL-1/IL-
1 protein expression (Fig. 3D and E). The inconsistency
between JNK-DN and SP600125 in the regulation of IL-1 may
come from the non-specific inhibition or action of SP600125,
and the detailed mechanism needs further investigation.
Besides, involvement of PI3K in regulations of IL-1 expression
is also clarified. Our current results showed that inhibition of
PI3K by LY294002 (Fig. 3D and E) and PI3K-DN (Fig. 3F),
respectively abrogated LTA- or LPS-stimulated proIL-1/IL-1
expression. This finding reveals that PI3K plays a novel and
significant role in modulation of IL-1 release during bacterial
infection. Next, we elucidated that both TNF and IL-1 induction
by bacterial cell wall components are dependent on the
activation of PKC. In the presence of Ro-31-8220, LTA- or
LPS-stimulated proIL/IL-1 expression was significantly re-
duced (Fig. 3D and E). These results give rise to an interesting
question regarding the role of PKC in inflammatory cytokine
induction by bacterial cell wall components.

In summary, currently we used a macrophage model to study
in vitro the immuno-modulating responses of LTA and LPS.
The results demonstrated that both LTA and LPS activate Src
and Lyn, respectively, and transduces diverse signaling
cascades that lead to different biochemical reactions, such as
TNF and IL-1 expression. Specifically, we have further
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dissected the roles of PKC, PI3K, ERK, JNK, and p38 in the
regulation of TNF and IL-1 expression, respectively. We hope
that our current findings could expand the therapeutic
possibilities for interference with inflammatory responses of
sepsis in a more efficient and specific way.
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