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Abstract

Background: Lysophosphatidylcholine (LPC) is the main phospholipid component of oxidized low-density lipoprotein
(oxLDL) and is usually noted as a marker of several human diseases, such as atherosclerosis, cancer and diabetes.
Some studies suggest that oxLDL modulates Toll-like receptor (TLR) signaling. However, effector molecules that are
present in oxLDL particles and can trigger TLR signaling are not yet clear. LPC was previously described as an
attenuator of sepsis and as an immune suppressor. In the present study, we have evaluated the role of LPC as a
dual modulator of the TLR-mediated signaling pathway.
Methodology/Principal Findings: HEK 293A cells were transfected with TLR expression constructs and stimulated
with LPC molecules with different fatty acid chain lengths and saturation levels. All LPC molecules activated both
TLR4 and TLR2-1 signaling, as evaluated by NF-қB activation and IL-8 production. These data were confirmed by
Western blot analysis of NF-қB translocation in isolated nuclei of peritoneal murine macrophages. However, LPC
counteracted the TLR4 signaling induced by LPS. In this case, NF-қB translocation, nitric oxide (NO) synthesis and
the expression of inducible nitric oxide synthase (iNOS) were blocked. Moreover, LPC activated the MAP Kinases
p38 and JNK, but not ERK, in murine macrophages. Interestingly, LPC blocked LPS-induced ERK activation in
peritoneal macrophages but not in TLR-transfected cells.
Conclusions/Significance: The above results indicate that LPC is a dual-activity ligand molecule. It is able to trigger
a classical proinflammatory phenotype by activating TLR4- and TLR2-1-mediated signaling. However, in the
presence of classical TLR ligands, LPC counteracts some of the TLR-mediated intracellular responses, ultimately
inducing an anti-inflammatory phenotype; LPC may thus play a role in the regulation of cell immune responses and
disease progression.
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Introduction

Pathogen infection relies on the ability to avoid Toll-like
receptor (TLR)-mediated signaling and thus the triggering of
innate immunity. Such signaling pathways involve pathogen-
derived molecules or molecules derived from pathogen
surroundings [1-4]. Thus far, 11 human TLRs and 13 murine
TLRs have been identified, and each TLR appears to recognize
a distinct surface molecule derived from a different
microorganism, including bacteria, viruses, protozoa and fungi
[5]. These receptors are expressed in different cellular
compartments. For instance, TLR1, TLR2, TLR4, TLR5, TLR6,
and TLR11 (the last of which is expressed only in mice) are
expressed on the cell surface, whereas TLR3, TLR7, TLR8,
and TLR9 are expressed in intracellular vesicles, such as
endosomes and the endoplasmic reticulum (ER). TLRs 1, 2, 4,
and 6 recognize lipids and lipid-containing molecules, TLR5
recognizes protein ligands, and TLRs 3, 7, 8, and 9, which are
located intracellularly, detect nucleic acids derived from
viruses, bacteria, and protozoa [5].

The oxidation of LDL particles is a key event in the
development of coronary artery disease and atherosclerosis. In
vertebrate plasma, lysophosphatidylcholine (LPC) is a
glycerophospholipid produced as a hydrolysis product of
phosphatidylcholine (PC) by PAF-acetylhydrolase when in
contact with oxidized low-density lipoprotein (oxLDL) [6-8]. LPC
in oxLDL is largely involved in the pathogenesis of
inflammatory diseases, such as atherosclerosis, psoriasis,
asthma, rhinitis, and human lupus erythematous [9-14]. LPC is
usually associated with proinflammatory oxLDL particles, and it
mimics several intracellular signaling events triggered by the
whole oxidized lipoprotein particle. Stewart et al. [15]
demonstrated that oxLDL triggers inflammatory signaling
through a heterodimer of TLRs 4 and 6. The assembly of this
newly identified heterodimer is regulated by signals from the
scavenger receptor CD36, a common receptor for these
disparate ligands. However, the ligand molecule that is present
on oxLDL and is responsible for such events has not been
identified.

We have originally demonstrated that LPC is a saliva
component in blood-sucking arthropods [16]. LPC blocks the
production of the microbicidal molecule nitric oxide (NO),
induced by macrophages stimulated with either Trypanosoma
cruzi or lipopolysaccharide (LPS) [2]. Dyslipidemia inhibits
TLR-induced the activation of dendritic cells, thus affecting host
resistance to Leishmania major [17]. Moreover, it was recently
demonstrated that oxLDL inhibits TLR2 and TLR4 cytokine
responses in human monocytes [18]. The production of IL-6,
IL-1β, TNF, and IL-8 in monocytes was downregulated in the
presence of LPS, the monoacylated lipopeptide Pam3CSK4,
and oxLDL. Thus, stimulation of TLR2 and TLR4 with classical
ligands, such as Pam3CSK4 and LPS, in the presence of
oxLDL seems to counteract the inflammatory response usually
induced by such ligands. Different pathogens may therefore
benefit from a proinflammatory molecule such as LPC during

the course of host infection. However, the cellular signaling
pathway that mediates these biological effects has not been
well studied.

Here, we show that LPC triggers TLR-mediated signaling
when presented alone to cells transfected with TLRs. However,
when murine peritoneal macrophages are treated with classical
TLR ligands in the presence of LPC, LPC counteracts NO
production through the reversal of LPS-induced NF-қB
translocation to the nucleus and ERK activation. This research
suggest that LPC-triggered cascade of events in which the
simultaneous stimulation of TLRs leads to the downregulation
of the NO synthesis. The present study may reveal an ancient
strategy for subversion of TLR-mediated signaling, which
allows pathogen infection of vertebrate cells.

Results

1. LPC triggers TLR-mediated signaling in TLR-
transfected cells

To clarify the role of LPC in TLR-mediated cell signaling, we
transfected HEK 293A cells with constructs expressing TLR4 or
both TLR2 and TLR1 (TLR2/1). Treatment of these cells with
the classical ligands for TLR4 (LPS) or TLR2/1 (Pam3CSK4
and P3C) induced NF-κB translocation to the nucleus (Figure
1A and 1B). LPCs with different fatty acid chains (i.e., C14:0,
C16:0, C18:0, or C18:1) were also able to trigger both NF-κB
translocation (Figure 1A and 1B) and IL-8 secretion (Figure 2)
in a dose-dependent manner. Cells transfected with the empty
vector did not display NF-κB translocation (Figure 1C) or
detectable levels of secreted IL-8 (Figure 2C), indicating that
such events were dependent on the TLR expression constructs
and not mediated by other receptors in HEK 293A cells.

2. LPS induction of NO synthesis is blocked by LPC
We have previously shown that LPC blocks NO production

by peritoneal macrophages that are induced with T. cruzi, IFN-
γ, LPS or LPS/IFN-γ [2]. Treatment of macrophages with LPS
classically induces NO synthesis by activating the TLR4-
dependent pathway. As shown above, LPC is a ligand able to
trigger both TLR1/2- and TLR4-mediated signaling pathways.
However, the mechanism by which LPC modulates TLR-
mediated signaling is unknown. We next evaluated the effect of
LPC treatment on peritoneal macrophages in the presence or
absence of LPS. The treatment of cells with either LPS or LPC
induced detectable levels of NF-κB in the cell nuclei (Figure
3A), confirming that both ligands trigger a proinflammatory
phenotype, as shown above. However, treatment of
macrophages simultaneously with both ligands largely
decreased the levels of NF-қB relative to those detected with
LPS alone (Figure 3A). This result indicates that in the
presence of both ligands, TLR-mediated signaling is
considerably reduced. LPC activation of TLRs may be affected
by the presence of different neighboring receptors or
modulated by a crosstalk between intracellular routes. To test
this possibility, we followed NO synthesis in LPC-treated cells.
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The treatment of cells with LPC did not induce NO production,
and when added in the presence of LPS, LPC blocked NO
synthesis (Figure 3B). The expression of nitric oxide synthase
(iNOS) was detected in both LPC- and LPS-treated cells, but
incubation of macrophages largely decreased iNOS levels
(Figure 3C). At 200 μM LPC (Figure 3C), the levels of both NF-
κB and NO were negligible (Figure 3A and 3B).

Figure 1.  LPC triggers NF-қB activation through either
TLR4- or TLR2/1-dependent signaling pathways.  HEK
293A cells were transfected in three different groups. Groups A
and B received expression constructs for TLR4 (A) or TLR2
and TLR1 (B). Both also received MD-2, CD14, and CD36
constructs and the ELAM-1-firefly luciferase and β-actin-Renilla
luciferase reporter plasmids. The third group (C) received only
the empty vector pDisplay and the luciferase reporter plasmids.
Groups A and B were separately stimulated with 0.1, 1, 10, 100
and 200 µM of different types of LPC (Sigma; C14:0, C16:0,
C18:0, and C18:1), 100 ng/mL of LPS and 1 nM of Pam3CSK4
(P3C). Group C was stimulated with LPS, Pam3Cys or 0.1, 1,
10 and 100 µM of LPC (C16:0). The agonists were diluted in
DMEM medium with 10% bovine fetal serum. After 4 h of
incubation, luciferase activity was measured and expressed as
the ratio of NF-қB-dependent firefly luciferase activity to the
control Renilla luciferase activity. Data is the mean ± S.E. of
two different experiments. ** P < 0.01, *** P < 0.001 (One way
ANOVA, Parameter, Bonferroni’s Multiple Comparison Test).
doi: 10.1371/journal.pone.0076233.g001

3. LPC blocks LPS-induced ERK activation in peritoneal
macrophages but not in TLR-transfected cells

An important step in TLR-mediated signaling is the
downstream activation of mitogen-activated protein kinases
(MAPKs). LPC was able to induce phosphorylation of the
MAPKs JNK and p38, but not ERK, as assayed by the
Phospho-MAPK Array (Figure 4) and by western blotting for
each MAPK subfamily. We next compared the dynamics of
ERK phosphorylation in peritoneal macrophages and TLR-
transfected HEK cells. ERK activation in peritoneal
macrophages induced by LPS was blocked by incubation with
LPC (Figure 5A). However, the treatment of TLR-transfected
cells with either LPS or Pam3CSK4 induced ERK
phosphorylation (Figure 5B and 5C). Incubation of cells with
both LPS and LPC did not counteract LPS-induced activation
of JNK and p38 (Figure 5D and 5E). These results show that
LPC acts as proinflammatory molecule able to trigger TLR-
mediated signaling when TLRs are expressed in HEK cells.
However, the treatment of macrophages with presence LPC
and LPS a classical TLR ligand leads to a counteraction of
LPS-induced ERK activation but not of JNK and p38. Thus LPC
prevents the triggering of an effective and complex innate

Figure 2.  LPC triggers IL-8 production through either
TLR4- or TLR2/1-dependent signaling pathways.  HEK
293A cells were transfected and stimulated as described on
Figure 1. After 20 hours of incubation, IL-8 production was
measured by the ELISA assay. Data is the mean ± S.E. of two
different experiments. ** P < 0.01, *** P < 0.001 (One way
ANOVA, Parameter, Bonferroni’s Multiple Comparison Test).
doi: 10.1371/journal.pone.0076233.g002
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immune response and is somewhat able to block the induction
of a proinflammatory phenotype.

Discussion

Receptors involved in phospholipid signaling often display
significant promiscuity, recognizing several different ligands.
Different receptors have been proposed for LPC, including G2A
and GPR4 [19,20], which are both coupled to G proteins.
However, the original studies describing G2A and GPR4 as
LPC receptors were based on binding assays using
radiolabelled lysophospholipids and are thus difficult to
reproduce by other groups. The role of G2A and GPR4 as
high-affinity receptors for LPC thus remains controversial. In
the present study, we have shown that LPC is an activator of
TLR2/1- and TLR4-mediated signaling pathways (Figures 1
and 2). Except for C18:0-LPC, differences in fatty acid chain
length or saturation in the sn-1 position of the glycerol moiety of
LPC had no major effect on TLR activation. When added to
TLR4-transfected HEK 293A cells, C18:0-LPC generated a
profile of NF-қB activation that did not match the levels of IL-8
production (Figures 1 and 2). This result suggests that under
such conditions, signaling pathways independent of NF-қB are
being activated. To verify that this LPC effect was occurring via
TLRs, we transfected HEK 293A cells with the empty vector
and showed that the activation of NF-қB and the production of
IL-8 were totally abolished (Figures 1C and 2C). These data
align with previous studies that used indirect approaches to
demonstrate TLR activation through the action of oxidized LDL

Figure 3.  LPC inhibits NF-қB translocation, iNOS
expression, and NO production in LPS-stimulated
macrophages.  Peritoneal macrophages from BALB/cmice
were incubated in the absence or presence of 1 µg/mL LPS
and different concentrations of LPC (Sigma) at 37 °C in a 5%
CO2 atmosphere. After 1 h of incubation, NF-қB translocation
(A) was assayed by Western blot analysis. After 24 hours, NO
production (B) was assayed by measuring the amount of nitrite
in the culture supernatant using the Griess reagent, and iNOS
expression (C) was determined by Western blot analysis
followed by densitometry (lower panel). Data is the mean ±
S.D. of three different experiments. * P < 0.05, ** P < 0.01, ***
P < 0.001 (One way ANOVA, Parameter, Bonferroni’s Multiple
Comparison Test).
doi: 10.1371/journal.pone.0076233.g003

[21-24]. Moreover, regarding pathogen-host interactions, it was
previously shown that LPC derived from Schistosoma mansoni
induces the production of inflammatory cytokines in murine
macrophages by a mechanism dependent on TLR2 [25].

The molecular mechanisms regulating iNOS transcription
have been well studied in different cell types. In macrophages,
for example, the enzyme is primarily regulated by cellular
receptors, such as TLRs, and their accessory molecules. The
promoter region of the iNOS gene contains several binding
sites for transcription factors, including NF-қB, AP-1, Jun / Fos,
the CREB family, and STATs [26-29]. However, induction of
iNOS expression by LPS signaling occurs through TLR4, which
activates only NF-қB and AP-1 [28,29]. The translocation of
NF-қB is significantly reduced in murine macrophages
stimulated with LPS in the presence of LPC. Therefore, we
suggest that the inhibition of NO production by LPC results
from lower iNOS expression levels, which is due to the reduced
translocation of NF-қB. Interestingly, LPC was also able to
activate NF-қB in different cell types when incubated in the
absence of LPS, as shown by two different assays (Figures
1-3). These results demonstrate that when added separately,
both LPS and LPC might be signaling through TLR4. This
hypothesis is also supported by studies of TLR expression in
atherosclerotic lesions, which suggest that TLR signaling and
the NF-қB pathway are activated by the presence of oxLDL
containing LPC on its surface [23,30]. Thus, LPC from oxLDL is
a major regulatory molecule that activates a variety of genes
involved in atherosclerosis and the inflammatory response; this
effect leads to cytokine release and eventually impacts the

Figure 4.  LPC activates JNK and p38, but not ERK, in
macrophages.  Peritoneal macrophages from BALB/c mice
were incubated in the absence or presence of different
concentrations of LPC mix (Sigma) for 20 min at 37 °C in a 5%
CO2 atmosphere, and the cytoplasm content was homogenized
and assayed as follows. The Phospho-MAPK array was used
for analysis of enzymatic activation (A). The reaction was
visualized with the enhanced chemiluminescent system and
subjected to densitometric analysis (***, p< 0.001, ANOVA).
Protein levels of the phosphorylated MAPKs JNK (B), p38 (C)
and ERK (D) were determined by Western blot. Data is the
mean ± S.E. of two different experiments.
doi: 10.1371/journal.pone.0076233.g004
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adaptive immunity. The present study supports this idea
through assays using cells transfected with different TLRs
receptors.

LPC has been identified as a candidate therapeutic molecule
for treatment of sepsis [31]. Septicemia is a violent response of
the body to an infection; with no specific therapy available, it is
currently the leading cause of death in intensive care units in
hospitals. The experimental data suggest that LPC can
efficiently reduce the degree of injury and systemic dysfunction
caused by sepsis because it suppresses the inflammatory
responses of the host; LPC may thus be an effective agent for
the prevention and treatment of this disease [32,33]. A
mechanism was recently proposed, by which LPC blocks TLR4
translocation to lipid raft microdomains in the membrane [34].

MAPKs are involved in the regulation of inflammation
mediators such as NO. Thus, we have examined p38, JNK,
and ERK activation by LPC in peritoneal macrophages. Two
different experimental approaches demonstrated that LPC
activated JNK and p38 but not ERK (Figure 4 and Figure 5).
Furthermore, LPC was able to block LPS-induced ERK
activation (Figure 5A). However, unlike its action in peritoneal
macrophages, LPC activated ERK in HEK 293A cells
transfected with TLR4 or TLR2-1, as shown in Figure 5D and
5E. These results may be due to the fact that HEK 293A cells
are devoid of many receptors, and possibly a specific receptor

Figure 5.  LPC inhibits LPS-induced ERK
activation.  Peritoneal macrophages from BALB/c mice were
incubated in the absence or presence of 1 µg/mL LPS or in the
presence or absence of the indicated concentrations of LPC
(Sigma) at 37 °C in a 5% CO2 atmosphere (A, D, E). In parallel
HEK 293A cells with TLR constructs as indicated (B, C). Each
group received expression constructs for TLR4 (B) or both
TLR2 and TLR1 (C), as well as MD-2, CD14 and CD36
plasmids. The cells were then incubated in the absence or
presence of 100 ng/mL LPS or 1 nM Pam3CSK4 (P3C) and 10
or 100 µM of LPC, for 40 min at 37 °C in a 5% CO2

atmosphere. After incubation either macrophages or HEK cells
were homogenized, the protein levels was determined and
samples evaluated by Western blot with the use of antibodies
against p-ERK (A, B, C), p-JNK (D) and p-P38 (E). Loading
controls were run with the use of antibodies raised towards
actin. Experiments were performed at least two times with
different animals and samples.
doi: 10.1371/journal.pone.0076233.g005

for LPC. Macrophages, on the other hand, as cells engaged in
innate immunity, display a wider range of membrane receptors.
The inhibition of ERK by LPC in LPS-stimulated murine
macrophages could thus occur through one of such receptors,
which triggers the activation of downstream MAPK
phosphatases (MKPs); the MPKs may then negatively regulate
ERK kinase phosphorylation [35]. This hypothesis is supported
by a recent report, which shows that activation of MAPK
phosphatases protects the organism from sepsis-induced acute
lung injury [36].

The findings of the present work have some major
implications to the biology of TLRs and innate immunity. It has
long been recognized that such receptors display synergy and
cross-tolerance [37]. Thus LPS exposed cells down regulate
the surface exposition of TLR4 receptors which led to
hyporesponsiveness to the following LPS expositions. The
mechanism of LPC-mediated suppression of LPS-induced NO
production as demonstrated in the present study may share
some common events to the classically described cross-
tolerance of TLRs. Regarding this subject once LPS activates
several downstream transcriptional factors through MAPK-
mediated pathways such as SRE, AP-1, CRE and NF-қB [38].
In the present study we have demonstrate a partial impairment
of NF-қB translocation to the nucleus but the involvement of
further transcriptional factors was not evaluated. This is
especially important regarding the activation of p38 and JNK in
the presence of LPC. TLRs are associated primarily with
immune cells, however they are also present on the surface of
other cell types such as renal epithelial cells. It is reported that
previous exposition to such cells to oxalate implies on a loss of
responsiveness to LPS. Also prior exposure to LPS triggers a
similar desensitization to oxalate stimulation. It is curious that
oxalate exposure activates PLA2 which then generates LPC
inside renal cells. So oxalate-induced hyporesponsiveness to
LPS is likely mediate by LPC in this model [39]. Regarding the
involvement of LPC in oxLDL-mediated chronic inflammation
our current findings demonstrate by an independent approach
the role of LPC in this pathological process. These data are
supported by previous demonstrations that oxLDL uncouples
TLR-mediated signaling on dendritic cells, inhibits NF-κB
nuclear translocation and suppress LPS or PamCSK4 induced
synthesis of cytokines such as IL-1β, TNF and IL-6 [17,18].
oxLDLs but not native LDL also counteract the production of
the anti-inflammatory cytokine IL-10 production by monocytes
responding to TLR2 and TLR4 [40]. Curiously, oxLDL also
suppress the production of IL-10 by monocytes challenged with
LPS derived from some orally available bacteria [40]. Another
aspect that must be emphasized is the role played by oxLDL in
the regulation of iNOS expression. Huang et al. 1999 [41]
demonstrated that oxLDL but not LDL blocks NO production
through the inhibition of iNOS expression in LPS-stimulated
macrophages. Also, Schmid et al. 2008 [42] demonstrated that
hypochlorite-oxidized LDL also decreases iNOS and NO
production in macrophages. Such studies provided evidence
that oxLDL and probably LPC modulate several aspects of
NOS biology, including gene transcription, and translation. In
summary, these later results combined with our previous
studies on the role of LPC in T. cruzi infection [2,16,43] suggest
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that the handling of innate immunity either by invading
pathogens or during the natural course of inflammatory process
may be conducted by available lysophospholipids.

Materials and Methods

Experimental Animals
All animal care and experimental protocols were conducted

following the guidelines of the institutional care and use
committee (Committee for Evaluation of Animal Use for
Research from the Federal University of Rio de Janeiro,
CAUAP-UFRJ) and the NIH Guide for the Care and Use of
Laboratory Animals (ISBN 0-309-05377-3). The protocols were
approved by CAUAP-UFRJ under registries #IBQM027.
Technicians dedicated to the animal facility at the Institute of
Medical Biochemistry (UFRJ) carried out all aspects related to
mice husbandry under strict guidelines to insure careful and
consistent handling of the animals. Animals were BALB/c 4-6
week old male mice.

Cell Populations
Murine peritoneal macrophages from BALB/c mice were

obtained 4 days after the injection of 4% thioglycolate. 2-5 x
105 cells were plated in 96-well culture plates (NO assays) or 2
x 106 cells were plated in 6-well culture plates (Western blot
analysis) and were cultured in RPMI 1640 medium (Invitrogen,
Grand Island, NY) supplemented with 100 U/mL penicillin and
100 µg/ml streptomycin, at 37 °C under 5% CO2 atmosphere.
HEK 293A (human embryonic kidney, adherent clone) cells
were cultured in high-glucose Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) in the absence of antibiotics, at 37 °C under 5% CO2

atmosphere.

Analysis of NF-kB Translocation in Peritoneal
Macrophages

After the indicated incubation, wells containing cells were
washed twice with PBS and the cells were transferred to
eppendorfs tubes. The cells were centrifuged for 10 min, 1500
rpm, resuspended in 450 µL of cold buffer A (10 mM HEPES,
10 mM KCl, 100 µM EDTA, 100 µM EGTA, inhibitor protease
cocktail), incubated for 15 min and then 50 µL of 5% NP-40
were added to each sample. Samples were then centrifuged for
7 min at 4 °C for 6000 rpm. The supernatant was discarded
and the pellet was washed once with 250 µL of cold buffer A.
Then, they were centrifuged for 7 min at 4 °C, 9000 rpm, the
pellet was resuspended with 50 µL of buffer C (20 mM HEPES,
0.4 M NaCl, 1 mM EDTA, 10 mM EGTA, 1 mM DTT, inhibitor
protease cocktail) and incubated for 30 min on ice. Finally
samples were then centrifuged for 10 min at 4 °C, 12000 g, the
supernatants were collected and analyzed by western blot. We
used β-actin as loading control [44].

Plasmid Constructs
The mouse CD14, MD-2, and HA epitope-tagged Toll-like

receptor (TLR) constructs, as well as the β-actin-Renilla
luciferase and the ELAM-1-firefly luciferase reporter constructs,

were kindly provided by Dr. Richard Darveau (University of
Washington, Seattle, WA). The mouse CD36 construct was
generously provided by Dr. Kathryn J. Moore (Harvard Medical
School, Boston, MA). Mouse CD14 was cloned into the
expression vector pcDNA3.1/Zeo (Invitrogen) [45]. Mouse
MD-2 was cloned into the pEFBOS vector [46,47]. Mouse
TLR1, TLR4, and TLR6 were cloned into a modified pDisplay
vector (Invitrogen), which provides an ER signal peptide and an
amino-terminal hemagglutinin (HA) tag. In the modified
pDisplay vector, the c-Myc epitope tag and the PDGFR
transmembrane domain have been deleted [48]. Mouse TLR2
was cloned into a modified pDisplay vector (Invitrogen) in
which the neomycin-resistance cassette had been replaced by
a Zeocin-resistance cassette [45]. To generate the ELAM-1-
firefly luciferase construct, the E-selectin promoter, containing
an NF-κB binding site, was cloned upstream of the firefly
luciferase reporter gene in the pGL2-basic plasmid (Promega)
[49]. The β-actin-Renilla luciferase construct was generated by
cloning the β-actin promoter upstream of the Renilla luciferase
gene in the pRL-null plasmid (Promega) [50]. Mouse CD36 was
cloned into pcDNA3.1/hygro (Invitrogen) [51]. Essentially, in
this system luciferase activity is given by the ratio of NF-κB-
dependent firefly luciferase activity, an enzyme used in
oxidative chemiluminescence and only expressed when its
gene undergoes transcription mediated by NF-қB, to Renilla
luciferase activity, a protein constitutively expressed.

TLR Transfection Assays with HEK 293A Cells
For transfection assays, HEK 293A cells were plated in 12-

well plates (Invitrogen) at 5 x 105 cells per well and transfected
after 24 h using Lipofectamine 2000 and Opti-MEM
(Invitrogen), according to the manufacturer’s instructions.
Amounts of construct per well were 0.22 µg mouse TLR2 or
TLR4, 0.22 µg mouse MD-2, CD14, or CD36, 0.88 µg mouse
TLR1, 0.22 µg firefly luciferase reporter construct driven by an
NF-қB-dependent promoter (ELAM), and 7.4 ng of the Renilla
luciferase reporter construct (β-actin-Renilla luciferase, used to
control for transfection efficiency). Cells were grown for 24 h
following transfection, detached from the plastic by mild trypsin
treatment, and plated on 96-well plates at 4 x 104 cells per well.
After 24 h, cells were stimulated for 4 h for the luciferase
reporter assay or for 20 h for IL-8 detection, at 37 °C under 5%
CO2 atmosphere. All stimuli were diluted in DMEM containing
10% FBS.

Luciferase Reporter Assays for NF-κB Activation
Transfected HEK 293A cells were treated with the following

stimuli: 100 ng/mL of LPS (LPS-E Ultrapure, Invivogen, San
Diego, CA); 1 nM of Pam3CSK4 (Invivogen, San Diego, CA);
0.1, 1, 10, 100 or 200 µM of LPC mix (L4129, Sigma-Aldrich,
St. Louis, MO) or LPC molecules with different fatty acid chain
length or saturation including C14:0-, C16:0-, C18:0- and
C18:1- (Avanti Polar Lipids, Alabama, USA). After 4-h of
stimulation, transfected HEK 293A cells were washed once in
PBS and lysed in Passive Lysis Buffer (Promega, Madison, WI)
according to the manufacturer’s instructions. The luciferase
activity was measured using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
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instructions. The relative luminescence units (RLU) were
quantitated using the Luminoskan Ascent luminometer
(Thermo Scientific). The values of the non-stimulated cells for
each transfected cells were subtracted from the respective
stimulated transfected cells. Luciferase activity was expressed
as the ratio of NF-κB-dependent firefly luciferase activity to
constitutively expressed Renilla luciferase activity.

IL-8 Quantification
Transfected HEK 293A cells were stimulated as described

above. After 20 h, cell culture supernatants were collected, and
IL-8 levels were determined using the OptEIA Human IL-8
ELISA Kit (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions, except that the Super Signal
chemiluminescent reagent (Pierce, Thermo Scientific,
Rockford, IL) was used for detection; the RLUs were measured
in a Luminoskan Ascent (Thermo Scientific).

Nitric Oxide Quantification
Murine peritoneal macrophages as platted in 96-wells culture

plates, obtained as described above, were stimulated with LPS
(1 µg/ml) in the presence or absence of different concentrations
of LPC (L4129, Sigma-Aldrich, St. Louis, MO) and 37.5 µM
fatty acid-free bovine serum albumin (A7030, Sigma-Aldrich,
St. Louis, MO). Twenty-four hours later, the level of nitric oxide,
as measured by nitrite production, was determined using the
Griess reagent (Invitrogen).

MAP Kinase Array Analysis of BALB/c Peritoneal
Macrophages

Peritoneal macrophages from BALB/c mice were collected,
placed onto six-well culture plates (Invitrogen) and left to
adhere for 20 min at room temperature. Cells were then
incubated with 1 mL RPMI 1640 medium in the absence or
presence of 200 µM LPC (L4129, Sigma-Aldrich, St. Louis,
MO) and 37.5 µM fatty acid-free BSA for 20 min at 37°C, under
5% CO2 atmosphere. Cells were homogenized in PBS pH 7.4,
1 mM EDTA, 1 mM EGTA, 0.15 mM OKA (okadaic acid), 0.18
mM PAO (phenylarsine), and a cocktail of protease inhibitors
(1.04 mM AEBSF, 0.8 μM aprotinin, 20 μM leupeptin, 40 μM
bestatin, 15 μM pepstatin A, and 14 μM E-64) from Sigma-
Aldrich (St. Louis, MO). The homogenates were assayed using
the Human Phospho-MAPK Array (R&D Systems Inc.,
Minneapolis, MN). The reaction was visualized with the

enhanced chemiluminescent system and was then subjected to
densitometric analysis by the Image Total Lab program
(Version 1.11, Phoretix, NE, UK).

SDS-PAGE and Western Blotting
Following incubation of 2 x 106 peritoneal macrophages from

BALB/c mice, cells were washed with 0.9% saline and
homogenized with 10 mM Tris-HCl buffer (pH 7.4), 150 mM
NaCl, 0.5% NP-40, 10% glycerol (v/v), 1 mM DTT, 0.1 mM
EDTA, 1 mM sodium vanadate, 25 mM NaF, 1 mM PMSF, and
a cocktail of protease inhibitors (1.04 mM AEBSF, 0.8 μM
aprotinin, 20 μM leupeptin, 40 μM bestatin, 15 μM pepstatin A,
and 14 μM E-64) from Sigma-Aldrich (St. Louis, MO) [52].
Proteins from cell homogenates (30-50 μg) were separated by
running on 10% SDS-polyacrylamide gels at a constant current
of 16 mA. The Spectra™ Multicolor Broad Range Protein
Ladder (Fermentas Molecular Biology Tools, Thermo, Fisher
Scientific) was used as a relative molecular mass standard.
After the gel run, the samples were transferred to a PVDF
membrane in a buffer of 25 mM Tris–HCl pH 8.3 and 192 mM
glycine, at 190 mA for 90 min at 4 °C. The membranes were
blocked with a TBS solution containing 0.1% Tween-20 and 5%
BSA for 1 h and then incubated for 18 h with monoclonal
antibodies (1:1000) raised against phospho-ERK, phospho-
JNK, or phospho-p38 (sc-7383, sc-6254 and sc-7973,
respectively, from Santa Cruz Biotechnology, CA). The
membranes were then incubated with a secondary antibody
(anti-mouse IgG-HRP, Santa Cruz Biotechnology, CA),
followed by detection with the ECL chemiluminescent reagent
(GE Healthcare Life Sciences, Piscataway, NJ).

Statistical Analysis
The results are presented as the mean and standard error of

the mean SE. Normalized data were analyzed by one-way
analysis of variance (ANOVA) followed by Bonferroni’s Multiple
Comparison Test using the software GraphPad Prism.
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