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Lipopolysaccharide (LPS) signaling is critical for the innate immune response to gram-negative bacteria.
Here, evidence is presented for LPS stimulation of sphingosine kinase (SPK) in the RAW 264.7 murine
macrophage cell line and rat primary hepatic macrophages (HMs). LPS treatment of RAW 264.7 cells resulted
in a time- and dose-dependent activation of SPK and membrane translocation of SPK1. Further, LPS-induced
SPK activation was blocked by SPK1-specific small interfering RNA (siRNA). Overexpression of Toll-like
receptor 4 and MD2, the receptor and coreceptor of LPS, in HEK 293 cells activated SPK activity in the absence
of LPS treatment. Inhibition of SPK by the pharmacological inhibitor N,N-dimethylsphingosine (DMS) or
SPK1-specific siRNA blocked LPS stimulation of extracellular signal-regulated kinase 1/2 and p38 but en-
hanced LPS-induced c-Jun N-terminal kinase activation. The SPK inhibitor DMS and dominant-negative
SPK1 also blocked LPS activation of Elk-1 and NF-�B reporters in RAW 264.7 cells. Inhibition of SPK
sensitized RAW 264.7 cells and HMs to LPS-induced apoptosis. These data demonstrate the critical role of
SPK1 in LPS signaling in macrophages and suggest that SPK1 is a potential therapeutic target to block
hyperimmune responses induced by gram-negative bacteria.

As the first line of defense against infection by microbial
pathogens, the innate immune system recognizes a limited
number of conserved pathogen-associated molecular patterns
(22). Among these, lipopolysaccharide (LPS), the major outer
membrane component in gram-negative bacteria, is the prin-
cipal constituent that is recognized by the innate immune sys-
tem (57). LPS activates a variety of mammalian cell types,
including monocytes and macrophages (56, 57). Despite its
potent stimulation of the innate immune system, the underly-
ing mechanism of LPS signaling is not fully understood. LPS
binds to LPS-binding protein in the bloodstream, followed by
binding of the LPS-binding protein–LPS complex to a cell
surface glycoprotein, CD14, which facilitates the transfer of
LPS from extracellular space to a membrane receptor complex
(56, 62). It has been shown that the Toll-like receptor 4
(TLR4), a homologue of Drosophila Toll, is responsible for
LPS-specific recognition (45). Mice lacking this receptor
(TLR4�/�) are hyporesponsive to LPS (20). These and other
studies demonstrate that TLR4 is required for LPS signaling.
Furthermore, MD-2, a glycoprotein that binds the extracellular
domain of TLR4, has been shown to enhance TLR4-depen-
dent LPS response (52, 68). Mice lacking MD-2 (MD-2�/�) do
not respond to LPS due to abnormal intracellular distribution
of TLR4 (40). Thus, MD-2 is also indispensable for proper
LPS signaling.

The intracellular signaling molecules involved in LPS signal-
ing are not entirely known. Downstream of the receptor,
MyD88, IL-1 receptor-associated kinase, tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6), and transform-

ing growth factor �-activated kinase 1 (TAK1) have been re-
ported as signaling intermediates proximal to LPS receptors (3,
34). Upon LPS stimulation, TAK1 phosphorylates I�B-kinase
� to activate the NF-�B pathway (59). Phosphorylation of I�Bs
leads to their ubiquitination and degradation, thereby produc-
ing active NF-�B (8), which mediates LPS-induced expression
of many inflammatory mediators (26). LPS also activates mi-
togen-activated protein kinases (MAPKs), including extracel-
lular signal-regulated kinase 1/2 (ERK1/2) (61), c-Jun N-ter-
minal kinase (JNK) (18), and p38 (19). The mechanism of this
activation is not entirely known. It has been suggested that LPS
activates ERK1/2 through the Ras-Raf1-mitogen-activated ki-
nase/ERK kinase pathway in human monocytes (17). However,
in human alveolar macrophages, protein kinase C zeta (PKC�)
and mitogen-activated kinase/ERK kinase have been sug-
gested to mediate LPS-induced ERK1/2 activation (37). Upon
LPS treatment, TAK1 phosphorylates MAPK kinase 6, which
activates p38 and JNK (59). MAPK activation is coupled to the
production of certain inflammatory cytokines by phosphoryla-
tion and activation of the transcription factor Elk-1 (55).
Blocking MAPK activation with pharmacological inhibitors re-
duced LPS induction of some inflammatory cytokines, includ-
ing IL-1, IL-8, and TNF-� (7, 23, 51).

Since macrophage play an important role in immunity, the
life span of activated macrophages is carefully regulated. The
role of LPS in macrophage cell death has been reported. In the
presence of gamma interferon, LPS can induce macrophage
apoptosis (1). On the other hand, some studies have shown
that LPS can protect monocytes and macrophages from apo-
ptosis (16, 58).

Sphingosine-1-phosphate (S1P) is a unique signaling mole-
cule in that it can act both as an extracellular ligand for the
EDG family of G-protein-coupled receptors and as an intra-
cellular second messenger (54). S1P is synthesized from sphin-
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gosine by sphingosine kinase (SPK), which regulates the intra-
cellular level of S1P. In mammals, two types of SPK have been
identified: sphingosine kinases 1 (SPK1) (28) and 2 (SPK2)
(30). Many growth factors and cytokines have been shown to
activate SPK, including fetal calf serum, platelet-derived
growth factor (43), nerve growth factor (14), basic fibroblast
growth factor (48), TNF-� (64), IL-1� (44), and vascular en-
dothelial growth factor (VEGF) (53). Cross-linking of immu-
noglobulin receptors Fc�RI and FcεRI induces SPK activation
and the accumulation of intracellular S1P (9, 35). Activation of
G-protein-coupled receptors, such as the m2 and m3 musca-
rinic acetylcholine receptors, also induces SPK activation (36).
PKC has been implicated in some receptor-mediated events
leading to SPK activation (4, 12, 53). In many of the above
signaling pathways, ERK1/2 activation relies on SPK activity
(47, 64). In endothelial cells and tumor cells, we have found
that SPK mediates VEGF-induced activation of Ras, Raf, and
ERK1/2 by downregulating Ras-GTPase-activating protein ac-
tivity (53, 63). The SPK signaling pathway also mediates tran-
scription factor activation by various growth factors and cyto-
kines. In human umbilical vein endothelial cells (HUVECs),
SPK mediates NF-�B activation by TNF-� (64).

It is known that cell proliferation and survival are enhanced
by S1P produced by SPK1 but not that produced by SPK2,
whereas the S1P precursors ceramide and sphingosine are as-
sociated with apoptosis and cell growth arrest (11, 21, 31). The
relative intracellular ratio between S1P and sphingosine is be-
lieved to determine the cell fate (54). Therefore, activation of
SPK1 protects cells from apoptosis. For instance, TNF-� acti-
vates sphingosine kinase and protects HUVEC cells from apo-
ptosis (65). In contrast, TNF-� induces apoptosis in HUVECs
that are pretreated with an SPK inhibitor (66).

The TLR4 and interleukin 1 (IL-1) receptors share a similar
cytoplasmic domain of approximately 200 amino acids (Toll/
IL-1 receptor homologous region) (2). The reported role of
IL-1 as an SPK stimulator (44) prompted us to determine
whether LPS signaling might also be mediated through SPK
activation. We conducted our study on RAW 264.7 murine
macrophage cell line and rat primary hepatic macrophages
(HMs) (or Kupffer cells). The latter type accounts for 70 to
80% of total macrophages (67). Our data show that SPK is
activated by LPS and mediates LPS-induced cell survival in
RAW 264.7 cells and HMs. Further, our data show that LPS
treatment of RAW 264.7 cells does not induce apoptosis; how-
ever, LPS treatment induces apoptosis of RAW 264.7 cells that
are pretreated with inhibitors of SPK. These data highlight the
important role of SPK1 in LPS modulation of cell survival and
production of inflammatory cytokines.

MATERIALS AND METHODS

Reagents. Cell culture media were purchased from Invitrogen. LPS (from
Escherichia coli 0127:B8), phorbol 12-myristate 13-acetate (PMA), and methyl-
thiazoletetrazolium (MTT) were purchased from Sigma. N,N-dimethylsphin-
gosine (DMS), sphingosine, S1P, and pertussis toxin (PTX) were purchased from
CalBiochem. [�-32P]ATP was purchased from Perkin-Elmer Life and Analytical
Sciences. Human recombinant CD14 was purchased from R&D System.

Antibodies. Antibodies to total and phosphorylated ERK1/2, JNK, and p38
were purchased from Cell Signaling Technology. The antibody to �-actin was
purchased from Sigma. The antibody to caveolin was from BD Biosciences.
Rabbit polyclonal antibody to mouse SPK1 was a generous gift from Yoshiko
Banno (Gifu University School of Medicine, Gifu, Japan) and was described

previously (39). Another rabbit polyclonal antibody to SPK1 was prepared by
Proteintech Group. The antibody was raised against the synthetic peptide
RSEELGRWDALVVMS conjugated to keyhole limpet hemocyanin. Rabbit
polyclonal antibody to SPK2 was a generous gift from Shun-ichi Nakamura
(Kobe University Graduate School of Medicine, Kobe, Japan) and described
previously (21). All secondary antibodies used for Western blotting were pur-
chased from Santa Cruz Biotechnology.

Cell cultures. RAW 264.7 cell, a murine macrophage cell line, was obtained
from Alan Epstein (University of Southern California) and maintained in RPMI
1640 with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (Pen-Strep)
at 37°C with 5% CO2. For serum starvation, RAW 264.7 cells were cultured in
RPMI 1640 medium with 0.5% FBS and 1% Pen-Strep. Primary HMs, i.e.,
Kupffer cells, were isolated from male Wistar rats by the Nonparenchymal Liver
Cell Core of the USC-UCLA Research Center for Alcoholic Liver and Pancre-
atic Diseases as described previously (67). HMs were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) high-glucose medium with 5% FBS and 1%
Pen-Strep and used within 3 days of isolation. For serum starvation, HMs were
cultured in DMEM high-glucose medium with 0.5% FBS and 1% Pen-Strep.
HEK 293 parental cells (HEK), HEK 293 cells stably transfected with a TLR4
expression vector (HEK-TLR4), and HEK 293 cells stably transfected with both
TLR4 and MD2 expression vectors (HEK-TLR4/MD2) were provided by Jesse
Chow (Eisai Research Institute) (68). All three cell lines were also stably trans-
fected with an NF-�B-dependent ELAM-1 luciferase reporter plasmid (pELAM-
luc). HEK, HEK-TLR4, and HEK-TLR4/MD2 cells were maintained in DMEM
high-glucose medium with 10% FBS and 1% Pen-Strep. For serum starvation,
HEK, HEK-TLR4, and HEK-TLR4/MD2 cells were cultured in DMEM high-
glucose media with 0.5% FBS and 1% Pen-Strep.

SPK assay. RAW 264.7 cells were cultured to confluence in 12- or 6-well plates
and serum starved overnight. Ten million HMs were seeded in 60-mm plates,
cultured for 2 days, and then serum starved for 4 h. Cells were stimulated with
various amounts of LPS. At the indicated times, cells were harvested and SPK
activities in cell extracts were determined as described previously (53).

Assay of total cellular sphingosine and S1P levels. Cells were cultured to
confluence in 100-mm plates and serum starved with RPMI 1640 medium con-
taining 0.5% FBS overnight. One set of cells was treated with 1 �g of LPS/ml for
various times. Then, the cellular sphingosine and S1P levels were measured as
described previously (53).

Western blot. Cell lysates (about 20 �g of total protein) were separated by
sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis (SDS–10%
PAGE) and transferred to an Immun-Blot polyvinylidene difluoride membrane
(Bio-Rad). The membrane was first blocked in 5% milk for 1 h and then
incubated overnight with primary antibody (1:2,000) at 4°C. After three washes
with TTBS (20 mM Tris, 500 mM NaCl, 0.1% Tween 20 [pH 7.5]), the membrane
was incubated with alkaline phosphatase-conjugated secondary antibody (1:5,000
to 1:10,000 dilution) for 1 h at room temperature. The membrane was then
extensively washed with TTBS and developed with Super-Signal West Femto
maximum-sensitivity substrate (Pierce).

Cell fractionation. RAW 264.7 cells were cultured to confluence in 100-mm
dishes. Cells were serum starved overnight and then stimulated with 1 �g of
LPS/ml for 1 h. Next, cell fractionation was conducted as previously described
(24). All fractions were subjected to Western blot analysis.

Detection of MAPK activation and I�B degradation. RAW 264.7 cells were
cultured to confluence in six-well dishes. Five million HMs were seeded in each
well of a six-well dish and cultured for 2 days. Cells were then stimulated with
indicated concentration of LPS for the indicated times. Where indicated, cells
were preincubated with the SPK inhibitor (DMS, 10 �M) for 30 min or with PTX
(100 ng/ml) for 3 h. Cells were lysed in SDS-PAGE sample buffer (62.5 mM
Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 50 mM dithiothreitol, 0.01% bromo-
phenol blue). Cell lysates (about 20 �g of total protein) were separated by
SDS–10% PAGE and subjected to Western blot analysis.

siRNA transfection. Small interfering RNA (siRNA) for mouse SPK1 (5	-G
GGCAAGGCUCUGCAGCUCdTdT-3	) and control sequence (5	-GGGCAA
GGCCUUGCAGCUCdTdT-3	) were synthesized by the USC/Norris Cancer
Center Microchemical Core Facility. Transfection was performed with oligo-
fectamine (Invitrogen) according to the manufacturer’s instructions. siRNA (175
nm) was used in each transfection. Twenty-four to forty-eight hours after trans-
fection, cells were assayed for SPK and MAPK activities.

DNA transfection. For transfections, RAW 264.7 cells were grown to 60%
confluence in 12- or 6-well plates in RPMI 1640 medium containing 10% FBS
and transiently transfected with various vectors, using TransFast reagent (Pro-
mega) according to the manufacturer’s instructions.

Luciferase assay. The murine SPK1 dominant-negative construct was a cata-
lytically inactive mutant (G81D) and was described previously (53). A 3
NF-
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�B-luciferase reporter construct (Ig�-Luc) was a generous gift from Ebrahim
Zandi (University of Southern California) and has been described previously
(38). pEF-�-Gal, a �-galactosidase (�-Gal) expression vector, was a generous gift
from Kalle Saksela (University of Tampere, Tampere, Finland). RAW 264.7 cells
were transiently transfected with the PathDetect Elk-1 trans-reporting system
(Stratagene) or Ig�-Luc, along with a pEF-�-Gal vector. About 2 days after
transfection, cells were stimulated with LPS (10 ng/ml) for 10 to 12 h. Reporter
luciferase activity was measured using the Luciferase Assay system (Promega).
The data were normalized with �-Gal activity in each sample.

The HEK 293 parental cell line, HEK-TLR4, and HEK-TLR4/MD2 were
stably transfected with an NF-�B-dependent ELAM-1 luciferase reporter plas-
mid (pELAM-luc) (68). Cells were seeded in 48-well plates, grown to confluence,
and serum starved for overnight. Cells were stimulated with 100 ng of LPS/ml
and 250 ng of recombinant human CD14/ml for 18 h. Reporter luciferase activity
was measured using the Luciferase Assay system (Promega).

Cell viability assay. Cell viability was measured using the MTT dye conversion
assay. RAW 264.7 cells were seeded in 48-well plates at a density of 30,000
cells/well in 0.25 ml of culture medium for 2 days. Cells were pretreated with 5
�M DMS for 30 min and then stimulated with 10 ng of LPS/ml for 24 h. Then,
100 �l of 5-mg/ml MTT was added to each well and incubated for approximately
1 to 2 h. At the end of the incubation period, the medium was removed and
formazan product was solubilized with acidic isopropanol (90% isopropanol,
0.5% SDS, 40 mM HCl). The absorbance was measured at a wavelength of 570
nm with reference at 650 nm in a 96-well enzyme-linked immunosorbent assay
(ELISA) plate.

Cell death detection. Apoptotic cell death was measured with a quantitative
sandwich-ELISA assay detecting mono- and oligonucleosomes (Cell Death De-
tection ELISAPLUS kit, from Roche). RAW 264.7 cells were seeded in 48-well
plates at a density of 30,000 cells/well in 0.25 ml of culture medium for 2 days.
Cells were pretreated with 5 �M DMS for 30 min and then stimulated with 10 ng
of LPS/ml for 24 h. For siRNA assay, RAW 264.7 cells were seeded in 24-well
plates and transfected with 175 nM siRNA as described above. One day after
transfection, the RAW 264.7 cells were treated with 10 ng of LPS/ml for 24 h.
HMs were seeded in 24-well plates at a density of 1 million cells/well and
cultured for 2 days. HMs were then pretreated with 6 �M DMS for 30 min and
stimulated with 10 ng of LPS for 24 h. Cells were then lysed on the plate, and the
ELISA was performed according to manufacturer’s instruction. The absorbance
at 405 nm minus that at 490 nm was measured.

Caspase-3 activity assay. Caspase-3 activity was measured with a colorimetric
assay kit (Sigma). RAW 264.7 cells were seeded in 100-mm dishes at a density of
3.5 
 106 cells/dish for 1 day. Cells were pretreated with 5 �M DMS for 30 min
and then stimulated with 10 ng of LPS/ml for 20 h. Then cells were lysed at a
concentration of 100 million cells/ml, and the cell lysates were incubated together
with acetyl-Asp-Glu-Val-Asp p-nitroanilide at 37°C according to the manufac-
turer’s instructions. The absorbance at 405 nm was measured.

RESULTS

LPS stimulates SPK activity. We first examined SPK activity
in LPS-stimulated RAW 264.7 mouse macrophage cells and rat
primary HMs. We found that LPS stimulated SPK activity in a
dose-dependent manner (Fig. 1A). In these cells, SPK activity
responded to LPS over a very broad concentration range (from
1 ng/ml to 10 �g/ml). In RAW 264.7 cells, LPS-induced SPK
activation reached a maximum value (2.0-fold increase) at 40
to 60 min after LPS addition and decreased slightly thereafter
(120 to 360 min) (Fig. 1B). The time course of this activation
was longer compared to that observed with other SPK stimuli,
such as TNF and VEGF, where SPK activity reaches its peak
within 20 min of stimulation (53, 64).

We measured the total cellular sphingosine and S1P levels in
RAW 264.7 cells before and after LPS stimulation. These cells
were serum starved overnight and then stimulated with LPS.
Upon LPS treatment, the levels of sphingosine and S1P in-
creased during the first hour (1.2-fold and 2.0-fold increases,
respectively) and gradually decreased thereafter (at 3 and 6 h).

SPK1 is the major form of SPK activated by LPS. There are
two isoforms of SPKs in mammalian cells, SPK1 and SPK2 (28,

30). Previous work in our lab suggested that SPK1 but not
SPK2 is required for VEGF-stimulated Ras and ERK1/2 acti-
vation (53). Here, we used siRNA to downregulate the level of
SPK1 and determine whether this affects LPS-induced SPK

FIG. 1. LPS activates SPK in macrophages. (A) Dose-dependent
activation of SPK by LPS. Serum-starved RAW 264.7 cells and HMs
were stimulated with different doses of LPS for 40 min. Then, the SPK
activity in cell lysate was assayed by measuring [�-32P]ATP incorpora-
tion into sphingosine-1-phosphate. (For RAW 264.7 cells, relative SPK
activity of 100% � 35 pmol/min/mg of protein. For HMs, relative SPK
activity of 100% � 32 pmol/min/mg of protein). (B) Time course of
SPK activation by LPS. RAW 264.7 cells were serum starved overnight
and treated with 1 �g of LPS/ml for the indicated time period. Then,
the SPK activity in cell lysate was assayed. (C) Analysis of total cellular
sphingosine (Sph) and S1P levels in LPS-stimulated RAW 264.7 cells.
RAW 264.7 cells were serum starved overnight and treated with 1 �g
of LPS/ml for the indicated time period, and then the relative levels of
total cellular Sph and S1P were determined.
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activation. In RAW 264.7 cells, the endogenous SPK1 level was
reduced by 79% � 7% following treatment with SPK1-specific
siRNA (175 nM), whereas the expression levels of endogenous
SPK2 and �-actin were not affected (Fig. 2A). SPK1-specific
siRNA almost completely blocked LPS-induced SPK activa-
tion in RAW 264.7 cells (Fig. 2A). These results indicate that
SPK1 is the major form of SPK that is activated by LPS.

LPS-induced translocation of SPK1 to the plasma mem-
brane. It has been reported that SPK1 translocates to the
plasma membrane in response to PDGF or PMA stimulation
(24, 49). In this study, we conducted a cell fractionation exper-
iment with RAW 264.7 cells and determined the amount of
SPK1 in each fraction by Western blotting. We found a 2.5-fold
� 0.5-fold increase of SPK1 in the membrane fraction in re-
sponse to LPS treatment and a concomitant decrease in the
cytosolic and triton-insoluble (cytoskeletal) fractions (Fig. 2B).
Upon LPS stimulation, the levels of SPK1 in the cytosolic and
triton-insoluble fractions were reduced by 24% � 6% and 23%
� 8%, respectively. Our data suggest that both the cytosolic
and cytoskeletal pools of SPK1 translocate to the plasma mem-
brane in response to LPS.

Overexpression of both TLR4 and MD2 activates SPK.
TLR4 has been recently identified as an LPS signaling receptor
(45). However, in some cell lines, the TLR4-mediated re-
sponse to LPS also requires the presence of the MD2 corecep-
tor (52). Here, we sought to determine whether TLR4 and
MD2 are involved in LPS-induced SPK activation by using
HEK 293 cells stably transfected with vectors expressing either
TLR4 alone or both TLR4 and MD2. Overexpression of TLR4
alone did not activate SPK, whereas overexpression of both
TLR4 and MD2 in HEK 293 cells increased SPK activity by
1.9-fold compared to that for the HEK 293 parental cell line
(Fig. 3A). We also determined the levels of sphingosine and
S1P in these cell lines. We found that HEK 293 cells overex-
pressing both TLR4 and MD2 had a lower level of sphingosine
and a higher level of S1P than the HEK 293 parental cell line
(Fig. 3B). Thus, overexpression of the LPS receptors (TLR4
and MD2) causes a ligand-independent activation of at least
one of its downstream targets, namely, SPK. Similar results
have been reported for HEK 293T cells, where overexpression
of TLR4 and MD2 in induced a ligand-independent activation
of NF-�B (52).

SPK is involved in LPS activation of MAPK. LPS is known
to activate three major MAPKs: ERK1/2, JNK, and p38, which
play an important role in LPS-induced cellular effects (18, 19,
61). We determined whether SPK activation is involved in
these pathways by treating cells with a pharmacological inhib-
itor of SPK or with an SPK1-specific siRNA. First, we tested
whether DMS, a competitive inhibitor of SPK (15), could in-
hibit LPS-stimulated ERK1/2, JNK, and p38 activation (phos-
phorylation) in RAW 264.7 cells and rat primary HMs. Phos-
phorylation of the MAPKs was detected by phospho-specific
antibodies. In RAW 264.7 cells, LPS stimulated ERK1/2, JNK,
and p38 phosphorylation in a time-dependent manner.
ERK1/2 phosphorylation peaked at 20 min after LPS stimula-
tion and decreased slowly over 3 h. Phosphorylation of JNK
and p38 also peaked at 20 min and returned quickly to basal
levels (Fig. 4A). When RAW 264.7 cells and HMs were pre-
treated with 10 �M DMS, LPS-induced ERK1/2 and p38 phos-

FIG. 2. SPK1 is the major form of SPKs activated by LPS.
(A) SPK1-specific siRNA blocks LPS-induced SPK activation. The
upper panel shows that mouse SPK1 siRNA specifically down-regu-
lated the expression of SPK1 but not SPK2 in RAW 264.7 cells. RAW
264.7 cells were treated with 175 nM siRNA for 48 h, and then cell
lysates were subjected to Western blot analysis. The lower panel shows
that SPK1 siRNA inhibited the activation of SPK by LPS. RAW 264.7
cells were transfected with 175 nM SPK1 siRNA for 24 h, serum
starved overnight, and then treated with 10 ng of LPS/ml for 40 min.
The SPK assay was conducted. (B) LPS-induced membrane transloca-
tion of SPK1. RAW 264.7 cells were treated in the absence or presence
of 1 �g of LPS/ml for 1 h. Cell lysates were then fractioned into cytosol,
membrane, and triton-insoluble membrane extracts by ultracentrifu-
gation. Equal amounts of protein (30 �g) from each fraction were
subjected to Western blot analysis (top panel). The band densities on
the Western blot were analyzed by a densitometer, and relative ratios
between LPS-treated and control results were reported. The value for
controls was arbitrarily set to 100% (the bottom panel).
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phorylation was blocked, whereas LPS-induced JNK phos-
phorylation was enhanced (Fig. 4A and B).

Next, we tested whether SPK1-specific siRNA would affect
the LPS-induced activation of MAPKs. In RAW 264.7 cells
treated with SPK1-specific siRNA, LPS-induced ERK1/2 and
p38 phosphorylation was blocked and LPS-induced JNK phos-
phorylation was enhanced. In contrast, LPS-induced phosphor-
ylation of all three MAPKs was unaffected in cells treated with
control siRNA (Fig. 4D). Thus, our data with the pharmaco-
logical inhibitor DMS and SPK1-specific siRNA demonstrate
that SPK is involved in the LPS regulation of MAPKs.

LPS signaling mediated by intracellular S1P. Since S1P can
act as an extracellular ligand for the EDG family of membrane
receptors and lead to the activation of ERK1/2, we also tested
whether LPS might activate ERK1/2 indirectly through the
EDG family of receptors by stimulating S1P release from the
cells. We have shown that PTX, which ADP ribosylates and
inactivates Gi, G0 and Gt, blocks ERK1/2 activation in T24
cells induced by exogenous S1P but not VEGF (53). Pretreat-
ment with PTX did not inhibit LPS-induced ERK1/2 activation
in RAW 264.7 cells (Fig. 4C, top panel). The S1P1 receptor is
known to signal solely through Gi (27). Thus, the failure of
PTX to block LPS-induced ERK1/2 activation indicated that
the S1P1 receptor was not involved in LPS signaling. However,
other S1P membrane receptors might be involved in LPS sig-

naling. Therefore, we tested whether exogenous S1P could
activate ERK1/2 in RAW 264.7 cells. Addition of exogenous
S1P to the culture medium failed to activate ERK1/2 in RAW
264.7 cells (Fig. 4C, middle panel). Although exogenous S1P
did not activate ERK1/2, we cannot rule out the possibility that
LPS may activate ERK1/2 via a synergy between extracellular
S1P and other TLR4 signaling events. If this were true, extra-
cellular S1P should be able to revert the DMS inhibition of
LPS-induced ERK1/2 activation. To test this possibility, RAW
264.7 cells pretreated with DMS were stimulated with LPS and
various concentrations of exogenous S1P. Exogenous S1P
failed to reverse the DMS inhibition of LPS-induced ERK1/2
activation (Fig. 4C, bottom panel). Taken together, these re-
sults suggest that S1P acts as an intracellular secondary mes-
senger rather than an extracellular ligand for EDG receptors in
LPS signaling.

SPK mediates LPS activation of Elk-1. MAPK pathways are
coupled to the production of certain proinflammatory cyto-
kines through phosphorylation and activation of Elk-1, result-
ing in increased levels of c-fos and enhanced formation of
transcription factor AP-1 (55). Therefore, we examined the
effect of the SPK inhibitor DMS and a plasmid expressing
dominant-negative SPK1 (DN-SPK1) (53) on LPS-induced ac-
tivation of an Elk-1 trans-reporting system (Stratagene). LPS-
stimulated Elk-1 reporter activity was blocked by DMS in a
dose-dependent manner (Fig. 4E). Cotransfection of a domi-
nant-negative mutant of SPK1 (DN-SPK1) also inhibited the
LPS-induced Elk-1 reporter activation (Fig. 4F). These data
suggest that SPK is involved in LPS activation of Elk-1.

SPK is involved in LPS activation of NF-�B. The transcrip-
tion factor NF-�B is involved in the expression of many in-
flammatory mediators. Degradation of the inhibitory subunit
(I�B) of the NF-�B and I�B complex leads to activation of
NF-�B (26). We first examined the effect of the SPK inhibitor
DMS and SPK1-specific siRNA on LPS-induced degradation
of I�B-�. In RAW 264.7 cells, LPS-induced I�B-� degradation
was blocked by DMS and SPK1-specific siRNA (Fig. 5A and
B). Similarly, DMS also inhibited LPS-induced I�B-� degra-
dation in rat primary HMs (Fig. 5C). Next, we examined the
effect of the SPK inhibitor DMS and DN-SPK1 expression on
LPS-induced activation of an NF-�B luciferase reporter gene.
In RAW 264.7 cells, LPS-stimulated NF-�B reporter activity
was blocked by DMS in a dose-dependent manner (Fig. 5D).
Cotransfection with a DN-SPK1-expressing plasmid also inhib-
ited LPS-stimulated NF-�B reporter activity (Fig. 5E). These
data suggest that SPK is involved in LPS activation of NF-�B.

We also studied the effect of DMS on LPS-induced NF-�B
activation in HEK 293 cells stably transfected with vectors
expressing either TLR4 alone or both TLR4 and MD2. Previ-
ously, we found that overexpression of both TLR4 and MD2
but not TLR4 alone increased cellular SPK activity (Fig. 3). It
has been reported that soluble CD14 does not induce activa-
tion of a NF-�B reporter but enhances LPS-induced NF-�B
activation in HEK 293 cells overexpressing TLR4 (10). There-
fore, we stimulated the cells with LPS plus soluble CD14. HEK
293 cells overexpressing either TLR4 alone or both TLR4 and
MD2 transfected with an NF-�B luciferase reporter displayed
similar levels of reporter activity as seen in the parental HEK
293 cells (Fig. 5F). LPS and soluble CD14 treatment of the
cells overexpressing both TLR4 and MD2 resulted in a dra-

FIG. 3. Overexpression of TLR4 and MD2 activates SPK. (A) The
relative SPK activity in HEK 293 cells (HEK), HEK 293 stably trans-
fected with TLR4 (HEK-TLR4), and HEK 293 stably transfected with
both TLR4 and MD2 (HEK-TLR4/MD2). Cells were serum starved
overnight and SPK activity in cell lysate was assayed. (For HEK 293
cells, relative SPK activity of 100% � 36 pmol/min/mg of protein).
(B) Relative sphingosine and S1P levels in HEK 293 cells (HEK) and
HEK 293 cells stably transfected with TLR4 and MD2 (HEK-TLR4/
MD2). Cells were serum starved overnight, and relative levels of total
cellular sphingosine (Sph) and S1P were determined.
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FIG. 4. SPK mediates LPS-induced MAPK and Elk-1 activation. (A) MAPK activation by LPS was modulated by SPK inhibitor DMS in RAW
264.7 cells. The top panel shows that ERK1/2 activation by LPS was inhibited by DMS. The middle panel shows that JNK activation by LPS was
enhanced by DMS. The bottom panel shows that p38 activation by LPS was inhibited by DMS. RAW 264.7 cells were pretreated with or without
10 �M DMS for 30 min and then stimulated with 10 ng of LPS/ml in the indicated time course. The phospho-MAPK and total MAPK in cell lysates
were detected by Western blot. (B) MAPK activation by LPS was modulated by SPK inhibitor DMS in primary HMs. The top panel shows that
ERK1/2 activation by LPS was inhibited by DMS. The middle panel shows that JNK activation by LPS was enhanced by DMS. The bottom panel
shows that p38 activation by LPS was inhibited by DMS. HMs were pretreated with or without 10 �M DMS for 30 min and then stimulated with
10 ng of LPS/ml for 20 min. MAPK activation was assayed as described for panel A. (C) LPS activation of ERK1/2 is not through membrane S1P
receptor. The upper panel shows that PTX did not block LPS-induced ERK1/2 activation. RAW 264.7 cells were pretreated with or without 100
ng of PTX/ml for 3 h and then stimulated with 10 ng of LPS/ml for 20 min or indicated concentrations of S1P for 10 min. The middle panel shows
that extracellular S1P does not activate ERK1/2 in RAW 264.7 cells. RAW 264.7 cells were treated with 10 ng of LPS/ml or 10 �M S1P for the
indicated time. The lower panel shows that extracellular S1P does not rescue the inhibition of LPS-induced ERK1/2 activation by DMS. RAW
264.7 cells were pretreated with or without 10 �M DMS for 30 min and then stimulated with 10 ng of LPS/ml and indicated concentrations of S1P
for 20 min. ERK1/2 activation was assayed as described for panel A. (D) MAPK activation by LPS was modulated by SPK1 siRNA. The top panel
shows that SPK1 siRNA blocked ERK1/2 activation by LPS. The middle panel shows that SPK1 siRNA enhanced JNK activation by LPS. The
bottom panel shows that SPK1 siRNA blocked p38 activation by LPS. RAW 264.7 cells were treated with 175 nM siRNA for 24 h and then
stimulated with LPS (10 ng/ml) for 20 min. MAPK activation was assayed as described for panel A. (E) Elk-1 activation by LPS was inhibited by
the SPK inhibitor DMS. RAW 264.7 cells were transfected with the Elk-1 trans-reporting system (Stratagene) along with a pEF-�-Gal vector. Two
days after transfection, cells were stimulated with LPS (10 ng/ml) in the presence of the indicated concentrations of DMS for 12 h. Reporter
luciferase activity was measured using the luciferase assay system (Promega). Data were normalized with �-Gal activity in each sample.
(F) DN-SPK1 inhibited LPS-induced Elk-1 activation. RAW 264.7 cells were transfected with the Elk-1 trans-reporting system, pEF-�-Gal and
either a control vector or DN-SPK1. The reporter assay was conducted as described for panel E.
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matic activation of the NF-�B reporter compared to results
with LPS-treated HEK 293 parental cells or HEK 293 cells
expressing only TLR4. Pretreatment of cells overexpressing
both TLR4 and MD2 with DMS resulted in a dose-dependent
inhibition of LPS-induced NF-�B reporter activity such that 10
�M DMS resulted in a 70% inhibition of NF-�B reporter
activity (Fig. 5F). Because HEK 293 cells do not produce IL-1

and TNF (60), which can activate NF-�B, we suggest that LPS
induction of the NF-�B reporter is a direct effect of signaling
downstream of SPK rather than being due to secretion of these
cytokines, which are also known to activate NF-�B in an SPK-
dependent manner.

SPK protects LPS-activated macrophages from apoptosis.
SPK1 activation changes the relative intracellular ratio of S1P

FIG. 5. SPK mediates LPS-induced I�B-� degradation and NF-�B activation. (A) LPS-induced I�B-� degradation was inhibited by DMS in
RAW 264.7 cells. RAW 264.7 cells were pretreated with or without 10 �M DMS for 30 min and then stimulated with 5 ng of LPS/ml for the
indicated time course. I�B-� levels in cell lysates were detected by Western blotting. (B) LPS-induced I�B-� degradation was inhibited by SPK1
siRNA. RAW 264.7 cells were treated with 175 nM siRNA for 40 h and then stimulated with LPS (2 ng/ml) for the indicated time course. The
I�B-� level was detected as described for panel A. (C) LPS-induced I�B-� degradation was inhibited by DMS in primary HMs. HMs were
pretreated with or without 10 �M DMS for 30 min and then stimulated with 10 ng of LPS/ml for 20 min. I�B-� level was detected as described
for panel A. (D) DMS inhibited NF-�B activation by LPS. RAW 264.7 cells were transiently transfected with Ig�-Luc along with a pEF-�-Gal
vector. About 2 days after transfection, cells were stimulated with LPS (10 ng/ml) in the presence of indicated concentrations of DMS for 10 h.
Reporter luciferase activity was measured using the Luciferase Assay system (Promega). Data were normalized with �-Gal activity in each sample.
(E) DN-SPK1 inhibited LPS-induced NF-�B activation. RAW 264.7 cells were transfected with Ig�-Luc, pEF-�-Gal, and either a control vector
or DN-SPK1. The reporter assay was conducted as described for panel D. (F) DMS only inhibited LPS-induced NF-�B activation in HEK 293 cells
overexpressing both TLR4 and MD2. HEK 293 parental cells (HEK), HEK 293 cells overexpressing TLR4 (HEK-TLR4), and HEK 293 cells
overexpressing both TLR4 and MD2 (HEK-TLR4/MD2) were plated on a 48-well plate, grown to confluence, and serum starved overnight. All
three cell lines were also stably transfected with an NF-�B-dependent ELAM-1 luciferase reporter plasmid (pELAM-luc). Cells were stimulated
with 100 ng of LPS/ml and 250 ng of recombinant human CD14/ml for 18 h. Reporter luciferase activity was measured using the Luciferase Assay
system (Promega).
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and sphingosine and promotes cell growth and survival (54). In
contrast, inhibition of SPK1 should favor apoptosis. It has been
reported that DMS, a competitive inhibitor of SPK, sensitized
HUVECs to caspase-3 activation and apoptosis (65). Here, we
tested the effect of DMS and SPK1-specific siRNA on LPS-
induced apoptosis using assays for cell viability, apoptotic cell
death, and caspase-3 activity. Cell viability was measured using
an MTT dye conversion assay. For RAW 264.7 cells, treatment
with either LPS or DMS alone did not reduce cell survival
significantly, whereas treatment with both LPS and DMS led to
a significant decrease in cell survival (Fig. 6A). A reduced
number of viable cells might be due to either apoptosis or cell
growth arrest. To distinguish these possibilities, we examined
apoptotic cell death with a quantitative sandwich-ELISA assay
detecting mono- and oligonucleosomes (Cell Death Detection
ELISAPLUS kit; Roche). In RAW 264.7 cells and rat primary
HMs, treatment with either LPS or DMS alone did not induce
significant cell death, whereas treatment with both LPS and
DMS led to significant increase in these apoptotic markers and
cell death (Fig. 6B and D). Consistent with these data, treat-
ment with either LPS or SPK1-specific siRNA did not induce
cell death, whereas treatment with both LPS and SPK1-specific
siRNA induced significant apoptosis in RAW 264.7 cells (Fig.
6C). Since DMS sensitizes HUVECs to TNF-�-induced
caspase-3 activation (65), we also examined the effect of DMS
on LPS-induced caspase-3 activation. Caspase-3 activity was
measured with a colorimetric assay kit (Sigma). In RAW 264.7
cells, treatment with either LPS or DMS did not induce sig-
nificant activation of caspase-3, whereas treatment with both
LPS and DMS led to a significant increase of caspase-3 activity
(Fig. 6E). Taken together, these data suggest that LPS acti-
vates a balance of proapoptotic and antiapoptotic signals.
However, when the prosurvival signal of SPK is inhibited by
DMS or siRNA, the balance of signals is shifted in favor of the
LPS-induced proapoptotic signals.

DISCUSSION

The data presented in this paper demonstrate that LPS
activates SPK in a RAW 264.7 murine macrophage cell line
and rat primary HMs. In RAW 264.7 cells, the kinetics of
activation is slow, starting as early as 10 min after treatment
with LPS and peaking at 40 to 60 min after treatment. We note
that the kinetics of MAPK regulation peaks around 20 min
after LPS stimulation and this regulation is dependent on SPK
(Fig. 4 and 5). We suggest that the level of SPK activity at 10
or 20 min (at 20 min, a 1.7-fold increase of SPK activity was
observed) is sufficient for maximal regulation of MAPKs.

There are two forms of SPKs in mammalian cells: SPK1 and
SPK2 (28, 30). Several lines of evidence suggest that SPK1 is
the major form of SPK that responds to LPS. First, we have
reported that SPK1, but not SPK2, is required for VEGF-
stimulated Ras and MAPK activation (53). Second, we found
that treatment with SPK1-specific siRNA abolished LPS-in-
duced SPK activation in RAW 264.7 cells. Third, we found that
SPK1 translocates to the plasma membrane in response to LPS
stimulation. Fourth, Liu and colleagues recently reported that
SPK2 is proapoptotic, in contrast to SPK1, which protects cells
from apoptosis (31). Our observation that inhibition of SPK
sensitizes cells to LPS-induced apoptosis therefore suggests

that LPS signaling activates SPK1 to promote cell survival.
Taken together, these data support the conclusion that LPS
treatment stimulates SPK1 activity.

Our results showed that the intracellular sphingosine level
was slightly increased after LPS stimulation. Activation of
sphingomyelinase often mediates increases in cellular cer-
amide, which was converted to sphingosine by ceramidase (11).
For example, TNF-� treatment results in activation of sphin-
gomyelinase and increased levels of ceramide and sphingosine
(13, 42). In human neutrophils, the sphingosine level increased

FIG. 6. DMS and SPK1 siRNA sensitized LPS-activated macro-
phages to apoptosis. (A) DMS decreased cell survival in LPS-activated
RAW 264.7 cells. RAW 264.7 cells were pretreated with 5 �M DMS
for 30 min and then treated with 10 ng of LPS/ml for 24 h. Cell viability
was measured by the MTT assay. (B) DMS sensitized LPS-activated
RAW 264.7 cells to apoptosis. RAW 264.7 cells were pretreated with
5 �M DMS for 30 min and then treated with 10 ng of LPS/ml for 24 h.
Apoptotic cell death was measured with a quantitative sandwich-
ELISA assay detecting mono- and oligonucleosomes. The relative val-
ues for optical density at 405 nm minus that at 490 nm are reported.
The value for untreated control was arbitrarily set to 1. (C) SPK1
siRNA sensitized LPS-activated RAW 264.7 cells to apoptosis. RAW
264.7 cells were transfected with control or SPK1 siRNA. One day
after transfection, cells were pretreated with 5 �M DMS for 30 min
and then treated with 10 ng of LPS/ml for 24 h. The apoptotic cell
death was assayed as described for panel B. (D) DMS sensitized
LPS-activated primary HMs to apoptosis. HMs were pretreated with 6
�M DMS for 30 min and then treated with 10 ng of LPS/ml for 24 h.
The apoptotic cell death was assayed as described for panel B.
(E) DMS enhanced LPS-induced caspase-3 activation. RAW 264.7
cells were pretreated with 5 �M DMS for 30 min and then treated with
10 ng of LPS/ml for 20 h. Then, the caspase-3 activities in cell lysates
were assayed by measuring the hydrolysis of acetyl-Asp-Glu-Val-Asp
p-nitroanilide. The relative values for optical density at 405 nm are
reported.
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slower than that of ceramide, suggesting that sphingosine was
produced from the degradation of ceramide by ceramidase
(42). In RAW 264.7 cells, the ceramide level increased rapidly
after LPS treatment (33). In our studies, the slight increase in
the sphingosine level could also result from ceramide degra-
dation. As a result of SPK activation, we observed approxi-
mately a twofold increase of the S1P level. Although we ob-
served that both sphingosine and S1P levels increased after
LPS treatment, the relative ratio between sphingosine and S1P
levels was changed. Furthermore, the local balance between
the two sphingolipids near the LPS receptor may be even more
pronounced in favor of S1P than was suggested by our mea-
surements of total cellular sphingolipids. The balance between
sphingosine and S1P decides the allergic responsiveness in
mast cells (46). In addition, exogenous sphingosine blocks
LPS-induced NF-�B activation and TNF expression in rabbit
alveolar macrophages (32). Therefore, we suggest that the
balance between sphingosine and S1P may also decide the
responsiveness and the cell fate in LPS-activated macrophages.

TLR4 was recently identified as the LPS signaling receptor
(45). However, in some cell lines, the TLR4-mediated re-
sponse to LPS also requires the presence of the coreceptor
MD2 (52). Here we tested whether both TLR4 and MD-2 were
required for LPS-induced SPK activation. Overexpression of
TLR4 alone was not enough to activate SPK, but overexpres-
sion of both TLR4 and MD2 led to a significant activation of
SPK in the absence of LPS. Compared to the parental cell line,
HEK 293 cells stably transfected with TLR4 and MD2 had a
lower concentration of sphingosine but a higher level of S1P.
This further indicates a higher basal SPK activity in cells over-
expressing both TLR4 and MD-2. Our data suggested that
both TLR4 and MD-2 are involved in the activation of SPK.
Consistent with this finding, DMS inhibited the LPS-induced
NF-�B reporter activation in HEK 293 cells overexpressing
both TLR4 and MD2 but had no effect in HEK 293 parental
cells or HEK 293 cells overexpressing only TLR4. However, in
contrast to SPK activity, which is maximally activated by over-
expression of TLR4 and MD2 in the absence of LPS, NF-�B
reporter activity is dependent on LPS in cells overexpressing
both TLR4 and MD2. This suggests that LPS induction of
NF-�B reporter activity is dependent on both SPK-dependent
and SPK-independent signals. While overexpression of TLR4
and MD2 is sufficient to activate SPK in the absence of LPS,
other TLR4- and MD2-mediated events required for NF-�B
activation are dependent on LPS but independent of SPK
activation.

PKC has been implicated in some receptor-mediated events
leading to SPK activation (4, 12, 53). We have reported that
purified PKC can phosphorylate and activate recombinant
mouse SPK1 in an ATP-dependent manner (53). Recently we
found that the concentration of conventional PKC inhibitors
required to inhibit SPK activation in RAW 264.7 cells (W. Wu,
unpublished data) is higher than that required to inhibit sig-
naling in T24 cells (53). This suggests that a different PKC
isoform may be involved in LPS-induced SPK activation in T24
and RAW 264.7 cells. We found that a cell-permeable PKC�
inhibitor blocks LPS-induced activation of SPK in RAW 264.7
cells (W. Wu, unpublished data). PKC� has been reported to
mediate ERK1/2 activation by LPS in human alveolar macro-
phages (37). Furthermore, PKC�-deficient mice displayed im-

paired TNF-�- and IL-1-induced activation of NF-�B (29). We
are currently testing whether PKC� is indeed involved in link-
ing LPS to SPK activation.

The recruitment of SPK1 to the TNF receptor is mediated
by a direct interaction with TRAF2 (66). TLR4 also recruits a
TRAF family member, TRAF6 (34). We are currently explor-
ing how SPK1 might be recruited to the activated TLR4. It will
be interesting to determine whether SPK1 can interact directly
with TRAF6 in a manner similar to the SPK1 interaction with
TRAF2 in TNF signaling. Interestingly, the TRAF2-binding
sequence in SPK1 (66) shares homology with reported consen-
sus sequence for the TRAF6-binding motif (69). Furthermore,
PKC� has been reported to interact with dimerized TRAF6
(50), and we find that PKC� may be required for LPS induction
of SPK activity. Perhaps the recruitment of both PKC� and
SPK1 to activated TRAF6 aids in phosphorylation of SPK1 by
PKC. We are currently testing this possibility.

SPK has been reported to be involved in ERK1/2 activation
in several signaling pathways (47, 64). Not surprisingly, our
studies with RAW 264.7 cells and rat primary HMs showed
that LPS activation of ERK1/2 was blocked by treatment with
the SPK inhibitor DMS or SPK1-specific siRNA. Since LPS
also activates two other major MAPKs (p38 and JNK), we
extended our study to examine the effect of DMS and SPK1-
siRNA on these kinases. Both DMS and the SPK1-specific
siRNA blocked LPS-induced p38 activation but enhanced
LPS-induced JNK activation. These findings are consistent
with those reported previously for S1P’s role in TNF signaling
(12). All three LPS-activated MAPKs have been linked to
subsequent cytokine expression involving phosphorylation and
activation of Elk-1 (55). In our studies, LPS-induced Elk-1
reporter activity was blocked by the SPK inhibitor DMS and
expression of DN-SPK1.

The NF-�B/Rel family of transcription factors mediates
LPS-induced expression of many proinflammatory mediators
(26). TNF-�-induced NF-�B activation was blocked by the
SPK inhibitor DMS and exogenous sphingosine (32, 64). Con-
sistent with these findings, our studies with RAW 264.7 cells
and rat primary HMs showed that both DMS and SPK1-spe-
cific siRNA blocked LPS-induced degradation of I�B-�, a pro-
cess which is necessary for NF-�B activation. DMS and DN-
SPK1 also inhibited LPS-induced activation of the NF-�B
reporter in RAW 264.7 cells. LPS is known to stimulate the
production and secretion of TNF, which in turn can activate
NF-�B. Consequently, the inhibition of the NF-�B reporter by
DMS and DN-SPK1 could reflect either a direct effect on LPS
signaling or an inhibition of TNF signaling. We found that
I�B-� degradation occurred as early as 10 min after LPS stim-
ulation. Furthermore, we showed that DMS blocked LPS stim-
ulation of an NF-�B reporter in HEK 293 cells overexpressing
TLR4 and MD-2. Since HEK 293 cells do not express IL-1 and
TNF (60), it is likely that the effect of DMS on LPS-induced
NF-�B activation is a direct effect on LPS signaling, i.e., inde-
pendent of cytokine production and secretion.

The relative levels of S1P and its precursors, sphingosine
and ceramide, determine whether cells survive or undergo
apoptosis (54). In RAW 264.7 cells, LPS increased the intra-
cellular levels of ceramide (33), which can be converted to
sphingosine. Both ceramide and sphingosine are proapoptotic.
In contrast, the activation of SPK1 reduces the intracellular
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levels of ceramide and sphingosine by converting them to S1P
and thereby promotes cell survival. Moreover, ERK, p38, and
NF-�B are reported to protect LPS-stimulated macrophages
or neutrophils from apoptosis (6, 25, 41), whereas JNK medi-
ates LPS-induced apoptosis in macrophages (5). Our finding
that LPS activation of SPK1 enhances ERK1/2, p38, and
NF-�B activities but suppresses JNK activity further suggests
that SPK may protect LPS-activated macrophages from apo-
ptosis. Indeed, our studies with RAW 264.7 cells and rat pri-
mary HMs showed that treatment with DMS or SPK1-specific
siRNA sensitized LPS-activated macrophages to apoptosis.
These observations are consistent with those reported for
TNF-�-treated endothelial cells, where inhibition of SPK sen-
sitized cells to TNF-�-induced apoptosis (65). From these
data, we conclude that SPK1 activation can protect LPS-acti-
vated macrophages from apoptosis. Further, our findings sug-
gest that SPK1 is a potential therapeutic target in blocking
hyperimmune responses induced by LPS.
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