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Abstract Lysophosphatidylcholine (lysoPtdCho) is a
component of oxidized low density lipoprotein, and is
involved in the pathogenesis of atherosclerosis and
inflammation. We studied the effects of lysoPtdCho on
cytotoxicity, reactive oxygen species (ROS) production,
activation of the extracellular signal-regulated kinase
(ERK), mitogen-activated protein kinases and pro-inflam-
matory gene expression in RAW 264.7 murine macrophage
cells. When cells were exposed to lysoPtdCho with various
acyl chains in a culture medium containing 10% fetal
bovine serum, only 1-linoleoyl (C18:2) lysoPtdCho showed
a remarkable cytotoxicity, reaching the highest level at
24 h, and elicited ROS production, suggesting that oxida-
tive stress might be implicated in the cytotoxicity of
1-linoleoyl (C18:2) lysoPtdCho. Presumably in support of
this, antioxidants such as magnolol or trolox prevented
I-linoleoyl (C18:2) lysoPtdCho-induced cytotoxicity as
well as ROS production, although only partially. Further-
more, the phosphorylation of ERK 1/2 and the expression
of pro-inflammatory cytokines such as IL-1, CCL2 and
CCLS5 were augmented by 1-linoleoyl (C18:2) lysoPtdCho.
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Meanwhile, there was no structural importance of the acyl
chain for the cytotoxic action of lysoPtdCho during 10 min
incubation in serum-free media. Taken together, it is sug-
gested that in a serum-containing medium, I-linoleoyl
(C18:2) lysoPtdCho can cause a significant cytotoxicity
through ROS production, probably accompanied by acti-
vation of ERK and induction of related inflammatory
cytokines, in RAW 264.7 cells.
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Abbreviations

lysoPtdCho Lysophosphatidylcholine

ROS Reactive oxygen species

FBS Fetal bovine serum

MTT 3-(4,5-Dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide

ERK Extracellular signal-regulated kinase

CCL Chemotactic cytokines ligand

Introduction

Lysophosphatidylcholine (lysoPtdCho) is known to be
generated from phosphatidylcholine by at least four
enzymes, phospholipase A, lipoprotein-specific phospho-
lipase A,, lecithin/cholesterol acyltransferase or endothelial
lipase [1, 2]. The cytoplasmic and secretory forms of PLA,
are up-regulated in ischemia and inflammation, and a lipo-
protein-associated PLA, is an independent risk factor for
atherosclerotic complications [2]. Presumably in support of
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this, lysoPtdCho accumulates in tissues during ischemia
and in plasma of inflammatory arthritis [3]. In addition, a
considerable increase in lysoPtdCho content during the
routine storage of some blood cells has been reported [4].
However, a part of the lysoPtdCho in plasma may be bound
by serum albumin or lipoproteins [5], albeit with a rela-
tively lower affinity than alpha-1 acid glycoprotein, a major
acute phase protein in plasma [6]. Alternatively, lysoPtd-
Cho can be transferred directly to cell membranes from
some specified lipids such as oxidized low density lipo-
protein [7]. According to previous reports [8], lysoPtdCho
elicits various pro-inflammatory and atherogenic phenom-
ena. As a part of inflammatory actions of lysoPtdCho,
previous studies reported that lysoPtdCho brought
about the superoxide production in neutrophils [9]. In
addition, lysoPtdCho caused superoxide generation by
activating NADPH oxidase (NOX) in nonphagocytic cells,
particularly in vascular endothelial cells [10]. Saturated
lysoPtdCho such as 1-palmitoyl (C16:0) lysoPtdCho and
1-stearoyl (C18:0) lysoPtdCho were more potent in ele-
vating the intracellular calcium ion level in neutrophils than
1-oleoyl (C18:1) lysoPtdCho [9]. In mechanistic analyses
of lysoPtdCho effect, the increase of cytosolic Ca*™ and the
reactive oxygen species (ROS) level was accompanied by
stimulation of mitogen-activated protein kinase (MAPK)
pathways [11]. A growing body of evidence suggests that
ROS contribute to cell death, in part, through effects on
various cellular signaling pathways including the MAPK
pathways [12]. In addition, lysoPtdCho treatment elicits
production of IL-1§ and MCP-1, proinflammatory cyto-
kine, in human monocytes and rat aortic smooth muscle
cells, respectively [13]. Further support for pro-inflamma-
tory activity of lysoPtdCho is provided by the evidence of
lysoPtdCho acting as a chemotactic factor for monocytes
and T cells [14], and lysoPtdCho released by apoptotic cells
has been proposed to constitute a phagocyte attraction
signal [15]. However, most of the studies concerning the
cellular effect of lysoPtdCho were performed in primary
cell cultures using saturated lysoPtdCho or oleoylated
lysoPtdCho [9, 16], and moreover, these studies were car-
ried out in serum-free media, since serum components
interfered with the action of lysoPtdCho. Therefore, it
needs to be clarified further as to whether lysoPtdCho may
exert any significant biological effect on cells in the med-
ium containing serum. In the present study, we attempted to
examine the effect of lysoPtdCho, saturated and unsatu-
rated, on RAW 264.7 cells in either serum-free medium or
serum-containing medium. Here, we report that 1-linoleoyl
(C18:2) lysoPtdCho shows a selective cytotoxic effect on
RAW 264.7 cells by causing ROS formation, accompanied
by activation of extracellular signal-regulated kinase (ERK)
and induction of inflammatory cytokines, in the medium
containing serum.
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Materials and Methods
Materials

1-Palmitoyl (C16:0) lysoPtdCho, 1-stearoyl (C18:0) lys-
oPtdCho, 1-myristoyl (C14:0) lysoPtdCho, 1-oleoyl
(C18:1) lysoPtdCho, dilinoleoyl PtdCho and diarachido-
noyl PtdCho were from Avanti Polar Lipids (Alabaster,
AL, USA). Magnolol (purity >95%) was kindly provided
by Dr K. Bae, College of Pharmacy, Chungnam National
University. 2’,7’-Dichlorofluorescein diacetate (DCFH,-
DA) was from Molecular Probe (Eugene, OR, USA),
Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin, streptomycin and trypsin-
EDTA were purchased from Gibco/BRL (Gaithersburg,
MD, USA). Suramin, 3-(4,5-Dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), phosphor-specific
antibodies against ERK were obtained from BD Biosci-
ences (San Jose, CA, USA), and all other reagents were
from Sigma-Aldrich (St Louis, MO, USA) unless speci-
fically described. 1-Linoleoyl (C18:2) lysoPtdCho and
1-arachidonoyl (C20:4) lysoPtdCho were synthesized by
PLA,-catalyzed hydrolysis of corresponding phosphati-
dylcholine species as described previously [17].

Cell Culture

RAW 264.7 cells were cultured in DMEM-supplemented
with, penicillin (100 U/mL) and streptomycin (100 pg/
mL), 10% (v/v) heat-inactivated FBS at 37 °C in a
humidified atmosphere of 5% CO, as previously described
[18], and used between passages 6—13 at ~80% confluence
unless otherwise stated. Cells were plated at a density of
5 x 10%well in 96-well plate, and incubated overnight to
allow for adherence.

Determination of Cytotoxicity

Cell respiration, an indicator of cell viability, was deter-
mined by measuring the mitochondrial-dependent
reduction of MTT to formazan [18]. Briefly, the cells
(5 x 104/we11), plated in the media, were incubated for
indicated times at 37 °C in a 5% CO, incubator. MTT
solution was added to cells to a final concentration of
500 pg/mL, and the incubation was continued for 4 h at
37 °C. Then, the medium was aspirated, and the formazan
products were solubilized with dimethyl sulfoxide. The
cell viability was determined by measuring the difference
of absorbance at wavelength 570 nm vs. 690 nm. To
see the cytotoxicity during 10 min incubation, the cells
were incubated with lysoPtdCho for 10 min in a serum-
free medium. Separately, for delayed cytotoxicity of
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lysoPtdCho, the cells were incubated with lysoPtdCho for
24 h in DMEM containing 10% FBS.

Measurement of Intracellular ROS

Oxidative stress of the cells was determined by using
the fluorescent probe DCFH,-DA [19]; DCFH,-DA, cell-
permeable, is converted into the fluorescent 2,7-dichloro-
fluorescein by oxidative substances in cells. Briefly, cells
(5 x 10%well) were pretreated with antioxidants of various
concentrations for 2 h at 37 °C. Subsequently, lysoPtdCho
was added to the cells, and the incubation was further
extended according to the specified time. At the end of the
incubation, the cells were treated with fluorescent probe
DCFH,-DA (10 pM) for 30 min. The degree of fluores-
cence, corresponding to intracellular ROS, was determined
using a spectrofluorometer (Wallac 1420, Perkin-Elmer,
Turku, Finland) at 485 nm excitation and 530 nm emission
wavelengths.

Prevention Against Cytotoxicity or ROS Formation

Cells (5 x 104/we11) were pretreated with antioxidant or
other drugs, and then lysoPtdCho was added to to the cells.
The incubation was continued for 10 min in a serum-free
medium or for 24 h in the medium containing 10% FBS.
Determination of cytotoxicity or ROS formation was per-
formed as described above.

Western Blot Analysis

RAW 264.7 cells were stimulated with or without 10 uM
lysoPtdCho or 0.1 pg/mL lipopolysaccharide for 10 min.
Cytosolic extracts were prepared in lysis buffer consisting
of 0.2% NP-40, 10 mM HEPES, 15 mM KCl, 2 mM
MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA and 0.1 mM
PMSF. Equal amounts of protein (20 pg/well) were
separated by 10% SDS-polyacrylamide gel electrophore-
sis, and transferred to a nitrocellulose membrane (GE
Healthcare UK Ltd, Buckinghamshire, UK). Each mem-
brane was blocked overnight at 4 °C with a blocking
solution (10 mM Tris—HCI, pH 7.4; 125 mM NaCl; 0.1%
Tween 20; 5% skim milk) and then incubated with anti-
bodies to ERK and phospho-ERK (Cell Signaling,
Danvers, MA, USA) at room temperature for 3 h. The
blots were washed three times with washing buffer
(20 mM Tris, 160 mM NaCl and 0.1% Tween 20), fol-
lowed by a 1-h incubation with appropriate horseradish
peroxidase-conjugated secondary antibody. The peroxi-
dase activity was detected using the Immobilon Western
HRP detection reagent (Millipore, Billerica, MA, USA).
This immunoblots analysis was performed three times
independently.

Quantitative RT-PCR Analysis

RAW 264.7 cells were treated with or without 10 uM
lysoPtdCho for 12 h. The cells were harvested and total
RNA was extracted using an Easy-Blue™ kit (INt(RON
Biotechnology, Korea) according to the manufacturer’s
instructions. A sample (1 pg) of total RNA was used for
the synthesis of the first strand cDNA using the Omniscript
(Qiagen, Valencia, CA, USA) according to the manufac-
ture’s instructions. PCR amplifications were quantified
using the SYBRGreen™ PCR Master Mix (Applied Bio-
systems, Foster City, CA, USA) against the expression
of genes involved in proinflammatory mediators such as
IL-1p, CCL2 and CCLS5. The primers were provided in
Table 1. After obtaining real-time fluorescence measure-
ments, cycle threshold values were determined. Standard
curves in the linear range (i.e., the exponential amplifica-
tion phase) were used to calculate the quantity of each
mRNA. The final data are expressed as the ratio of indi-
cated mRNA to GAPDH mRNA.

Statistical Analysis

All values are expressed as means £ SD. The statistical
analysis was done on an SPSS (Chicago, IL, USA) pro-
gram. One-way analysis of variance and Duncan’s multiple
range tests were used to examine the difference groups. A
value of P < 0.05 was accepted as statistically significant,
unlesss otherwise stated.

Results

Lysophosphatidylcholine has been believed to play an
important role in atherosclerosis and inflammatory diseases
by altering various functions in a number of cell-types [20].
Previously, it was reported that lysoPtdCho expressed
cytotoxicity primarily by causing an increase of intracellular
calcium ions and the formation of ROS through activation

Table 1 Sequences of the primers used in qRT-PCR analysis

mRNA  Gene number Primers sequence (5'-3')

IL-1f  NM 008361 F 5-ATGAGGACATGAGCACCTTC-3'
R 5-CATTGAGGTGGAGAGCTTTC-3'

CCL2 NMO11333 F 5-TCACCTGCTGCTACTCATTC-3'
R 5-TACAGAAGTGCTTGAGGTGG-3'

CCL5 NM 013653 F 5-TCCCTGTCATTGCTTGCTCTAG-3'
R 5-GAGCAGCTGAGATGCCCATT-3'

GAPDH NM F 5-CAGTGGCAAAGTGGAGATTG-3'

001001030 R 5.GTTGTCATGGATGACCTTGG-3'
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of NOX in primary suspension cells in serum-free media
[21]. Separately, a remarkable formation of ROS by
unsaturated lysoPtdCho was observed in human neutro-
phils in the serum-free media [16]; the most dramatic effect
was expressed by 1-oleoyl (C18:1) lysoPtdCho, followed
by 1-linoleoyl (C18:2) lysoPtdCho. However, little is
known about the cytotoxic effects of polyunsaturated lys-
oPtdCho on adherent cells in the presence of serum. First,
in this study, we examined the cytotoxic effect of lys-
oPtdCho on RAW 264.7 cells, representative adherent
cells, since lysoPtdCho was believed to play an important
role in atherosclerosis by altering various functions in
monocytes and macrophages [22]. For this purpose, RAW
264.7 cells were exposed to lysoPtdCho with various acyl
chains, saturated or unsaturated, in the serum-free medium,
and the viability was determined using MTT assays [18].

Effects of lysoPtdCho on Macrophage Viability During
10 min Incubation in a Serum-Free Medium

First, when RAW 264.7 cells were incubated with 1-pal-
mitoyl (C16:0) lysoPtdCho for 10 min in serum-free
media, it was observed that 1-palmitoyl (C16:0) lysoPtd-
Cho decreased the viability in a concentration-dependent
fashion (Fig. 1); the remaining viability was reduced to
21% of the control level after 10 min incubation with
I-palmitoyl (C16:0) lysoPtdCho (20 pM). A similar cyto-
toxic effect was also exhibited by the other lysoPtdCho
species such as 1-stearoyl (C18:0) lysoPtdCho (remaining
viability 24.9%), 1-myristoyl (C14:0) lysoPtdCho (42.9%),
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Fig. 1 Cytotoxicity of lysoPtdCho in RAW 264.7 cells during
10 min incubation in serum-free media. RAW 264.7 cells were
incubated with various concentrations (0—40 pM) of lysoPtdCho for
10 min in serum-free media. Cell viability was determined by MTT
assay, and the viability was expressed as a percentage of viable cells
among total cells. Data are shown as mean £ SD of three parallel
experiments. Filled squares indicate 1-myristoyl lysoPtdCho, open
inverted triangles indicate 1-palmitoyl lysoPtdCho, open squares
indicate 1-stearoyl lysoPtdCho, filled circles indicate 1-oleoyl
lysoPtdCho, open circles indicate 1-linoleoyl lysoPtdCho, filled
inverted triangles indicate 1-arachidonoyl lysoPtdCho
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1-oleoyl (C18:1) lysoPtdCho (33.5%), 1-linoleoyl (C18:2)
lysoPtdCho (37.3%) or 1-arachidonoyl (C20:4) lysoPtdCho
(39.9%) after a 10-min incubation. In comparison
(Table 2), the greatest cytotoxicity was expressed by
1-palmitoyl lysoPtdCho (ICso, 9.0 uM), followed by
1-stearoyl (C18:0) lysoPtdCho (ICsp, 9.9 uM), 1-oleoyl
(C18:1) lysoPtdCho (ICsg, 13.0 uM), 1-linoleoyl (C18:2)
lysoPtdCho (ICsgp, 11.6 pM), 1-arachidonoyl (C20:4) lys-
oPtdCho (ICsg, 13.7 uM) and 1-myristoyl (C14:0)
lysoPtdCho (ICso, 17.5 uM), indicating that the cytotoxic
effect of lysoPtdCho may differ according to the type
of acyl chain of the lysoPtdCho. The greater cytotoxicity of
saturated lysoPtdCho such as 1-palmitoyl (C16:0) or
1-stearoyl (C18:0) lysoPtdCho may imply that lysoPtdCho
acts as a detergent on the plasma membrane and thereby
disturbs membrane stability. However, such a possibility is
not supported by the additional finding that unsaturated
lysoPtdCho, possessing relatively higher critical micelle
concentration (CMC) values [23], also expresses a similar
degree of cytotoxicity at the same concentration range.
However, in media containing 10% FBS, no remarkable
cytotoxicity (<5%) was exhibited by any of lysoPtdCho,
suggesting that a component(s) of FBS prevented the
cytotoxic action of lysoPtdCho.

Effects of lysoPtdCho on ROS Production in RAW
264.7 Cells During 10-min Incubation in a Serum-Free
Medium

Reactive oxygen species have been suggested to be
involved in the cytotoxic effect of lysoPtdCho [24], which
has been reported to induce NAD(P)H oxidase, and
increase the formation of superoxide anion radicals in
nonphagocytic cells [25], particularly in vascular endo-
thelial cells [20]. To determine whether the death of RAW
264.7 cells by lysoPtdCho is related to ROS production, we
measured the ROS generation in RAW 264.7 cells using a
fluorescent probe (DCFH,-DA). As shown in Fig. 2, when

Table 2 ICso value of lysoPtdCho-induced cytotoxicity in RAW
264.7 cells

LysoPtdCho-types ICs0 (M)

1-Myristoyl lysoPtdCho 17.5 £ 0.57*
1-Palmitoyl lysoPtdCho 9.0 &+ 0.45°
1-Stearoyl lysoPtdCho 9.9 4+ 0.11¢
1-Oleoyl lysoPtdCho 13.0 &+ 0.52°
1-Linoleoyl lysoPtdCho 11.6 £ 0.18°
1-Arachidonoyl lysoPtdCho 13.7 £ 0.33°

Cells were incubated with each lysoPtdCho in serum-free media for
10 min, as described in Fig. 1. Cell viability was determined by MTT
assay. The values represent the means = SD of three independent
experiments
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each lysoPtdCho was incubated with RAW 264.7 cells in
the serum-free medium for 10 min, 1-linoleoyl (C18:2)
lysoPtdCho induced a considerable ROS production in
RAW 264.7 cells in a concentration-dependent manner up
to 20 uM, confirming the previous finding [16] that 1-lin-
oleoyl (C18:2) lysoPtdCho-induced ROS formation in
human neutrophils in serum-free media. In addition, a
similar result was also observed with 1-arachidonoyl
(C20:4) lysoPtdCho, although it caused a lower extent of
ROS formation, compared to 1-linoleoyl (C18:2) lysoPtd-
Cho. Meanwhile, other lysoPtdCho species including
1-oleoyl (C18:1) lysoPtdCho were not effective in inducing
ROS formation. Thus, a considerable ROS generation was
expressed only by lysoPtdCho with a 1-linoleoyl (C18:2) or
a l-arachidonoyl (C20:4) group, suggesting that ROS
production might be related to the cytotoxicity of polyun-
saturated lysoPtdCho in RAW 264.7 cells in the presence
of serum. To confirm the above notion, the protective effect
of antioxidant agents against 1-linoleoyl (C18:2) lysoPtd-
Cho-induced ROS generation was evaluated. Figure 3
indicates that ROS generation by 1-linoleoyl (C18:2) lys-
oPtdCho was reduced by magnolol partially at 30 pM and
fully at 100 uM. Nonetheless, the viability was not restored
to the control level in the presence of magnolol even up to
100 pM. These results suggest that the formation of ROS
may not be responsible for the cytotoxicity of unsaturated
lysoPtdCho during a short incubation in serum-free
medium. Thus, ROS appear to play a negligible role
in lysoPtdCho-induced cytotoxicity during short time
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Fig. 2 Effect of lysoPtdCho on the formation of intracellular ROS.
RAW 264.7 cells were incubated with various concentrations of
lysoPtdCho (1, 3, 10 or 20 pM) for 10 min in serum-free media.
Accumulation of intracellular ROS was monitored with DCFH,-DA
as described in the section “Materials and Methods”. Data are shown
as means £ SD of three parallel experiments. Filled squares indicate
1-myristoyl lysoPtdCho, open inverted triangles indicate 1-palmitoyl
lysoPtdCho, open squares indicate 1-stearoyl lysoPtdCho, filled
circles indicate 1-oleoyl lysoPtdCho, open circles indicate 1-linoleoyl
lysoPtdCho, filled inverted triangles indicate 1-arachidonoyl
lysoPtdCho
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Fig. 3 Effect of antioxidants on lysoPtdCho-induced cytotoxicity and
ROS production. RAW 264.7 cells were pretreated with magnolol (1-
100 uM), and then incubated with 1-linoleoyl lysoPtdCho (20 pM)
for 10 min in serum-free media. Data are shown as means + SD of
three parallel experiments; *P < 0.05 vs. control, **P < 0.01 vs.
control. C without lysoPtdCho and magnolol

incubation in serum-free media. In the meantime, the
inclusion of serum completely prevented the cytotoxicity
of each lysoPtdCho as well as ROS formation by lys-
oPtdCho. These led us to examine whether the extended
incubation of RAW 264.7 cells with lysoPtdCho may cause
a remarkable cytotoxicity even in the presence of serum.

Effects of lysoPtdCho on Macrophage Viability During
24 h Incubation in a Medium Containing 10% FBS

In the subsequent experiment to see the delayed effect of
lysoPtdCho, RAW 264.7 cells were incubated with each
lysoPtdCho of various concentrations in media containing
10% FBS for 24 h, after which the viability of the
remaining cells was analyzed by MTT assays [18]. First,
when RAW 264.7 cells were incubated with lysoPtdCho of
various concentrations for 24 h, a remarkable cytotoxic
effect was demonstrated by 1-linoleoyl (C18:2) lysoPtdCho
(Fig. 4); the viability decreased to 68.7% of control level
after 24 h incubation with 1-linoleoyl (C18:2) lysoPtdCho
(20 pM), and the increase of 1-linoleoyl (C18:2) lysoPtd-
Cho concentration beyond 20 uM failed to further increase
the cytotoxicity. Actually, the delayed cytotoxicity of
1-linoleoyl (C18:2) lysoPtdCho started to appear after 9 h
incubation. In addition, 1-arachidonoyl (C20:4) lysoPtd-
Cho also seemed to show a similar cytotoxic effect,
although the maximal decrease of viability was limited to
9.8%. Meanwhile, the other lysoPtdCho species such as
I-oleoyl (C18:1) lysoPtdCho, 1-myristoyl (C14:0) lys-
oPtdCho, 1-palmitoyl (C16:0) lysoPtdCho or 1-stearoyl
(C18:0) lysoPtdCho exerted no significant cytotoxic
effect (<5%). Thus, it seems that the delayed cytotoxicity
seems to be expressed selectively by 1-linoleoyl (C18:2)
lysoPtdCho.
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Fig. 4 Cytotoxicity of lysoPtdCho in RAW 264.7 cells during 24 h
incubation in serum-containing media. Cells were incubated with
each lysoPtdCho (0-40 uM) for 24 h in media containing 10% FBS.
Cell viability was determined by MTT assay, and the viability was
expressed as a percentage of viable cells among total cells. Data are
shown as mean £ SD of three parallel experiments. Filled squares
indicate 1-myristoyl lysoPtdCho, open inverted triangles indicate
1-palmitoyl lysoPtdCho, open squares indicate 1-stearoyl lysoPtd-
Cho, filled circles indicate 1-oleoyl lysoPtdCho, open circles indicate
1-linoleoyl lysoPtdCho, dark filled inverted triangles indicate
1-arachidonoyl lysoPtdCho

Effect of lysoPtdCho on ROS Production During 24 h
Incubation in a Medium Containing 10% FBS

To determine whether the delayed cell death of RAW
264.7 cells by 1-linoleoyl (C18:2) lysoPtdCho was related
to ROS production, we measured ROS generation in RAW
264.7 cells exposed to 1-linoleoyl (C18:2) lysoPtdCho in a
medium containing 10% FBS for 24 h. As shown in Fig. 5,
1-linoleoyl (C18:2) lysoPtdCho induced evidently a con-
siderable ROS production in RAW 264.7 cells in a
concentration-dependent manner (1-100 uM), reaching its
peak at 40 uM. The effective concentrations (1040 uM)
of 1-linoleoyl (C18:2) lysoPtdCho for ROS formation was
close to those for its cytotoxicity in RAW 264.7 cells.
Meanwhile, the other types of lysoPtdCho including
I-arachidonoyl (C20:4) lysoPtdCho failed to express a
significant formation of ROS. These data suggest that the
structural requirement of the acyl group for the cytotoxicity
of lysoPtdCho in a serum-free medium is apparently dif-
ferent from that in a medium containing FBS.

Protection by Antioxidants Against Cytotoxicity
of 1-Linoleoyl (C18:2) lysoPtdCho and ROS Formation

To further examine the mechanism by which 1-linoleoyl
(C18:2) lysoPtdCho decreased the viability of RAW 264.7
cells during a 24-h incubation in the presence of FBS, the
protective effect of antioxidant agents on the delayed
cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho (20 uM)
was examined. As shown in Fig. 6a, magnolol (30 uM)
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Fig. 5 Effect of lysoPtdCho on formation of intracellular ROS. RAW
264.7 cells were incubated with various concentrations of lysoPtdCho
(1-100 uM) for 24 h in media containing 10% FBS. Accumulation of
intracellular ROS was monitored with DCFH,-DA. Data are shown as
means &+ SD of three parallel experiments. a 1-Myristoyl lysoPtd-
Cho, b 1-palmitoyl lysoPtdCho, ¢ 1-stearoyl lysoPtdCho, d 1-oleoyl
lysoPtdCho, e 1-linoleoyl lysoPtdCho, f 1-arachidonoyl lysoPtdCho
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Fig. 6 Effect of antioxidants on lysoPtdCho-induced cell death.
RAW 264.7 cells were pretreated with increasing magnolol concen-
trations (a) or increasing trolox concentrations (b), and then incubated
with 1-linoleoyl lysoPtdCho (20 uM) for 24 h in media containing
10% FBS. Cell viability was determined by MTT assay, and the
viability was expressed as a percentage of viable cells among total
cells. Data are shown as means £ SD of three parallel experiments;
*P < 0.05 vs. control, ¥*P < 0.01 vs. control. C without lysoPtdCho
and magnolol

prevented the delayed cytotoxic action of 1-linoleoyl
(C18:2) lysoPtdCho in a concentration-dependent manner;
the viability, which deceased to 68.7% in the presence of
1-linoleoyl (C18:2) lysoPtdCho, was restored to 93.5% in
the presence of magnolol with an ECs; of 9.05 + 1.79 uM.
Additionally, trolox, another antioxidant, augmented the
viability to 82.8% with an ECsy of 143 £ 21.1 pM
(Fig. 6b). In a separate experiment, the effect of antioxi-
dant agents on the ROS formation in RAW 264.7 cells,
exposed to 1-linoleoyl (C18:2) lysoPtdCho (20 uM) for
24 h in a medium containing FBS, was examined. As
shown in Fig. 7a, the inclusion of magnolol reduced the
1-linoleoyl (C18:2) lysoPtdCho-induced ROS formation in
RAW 264.7 cells in a dose-dependent manner with an ECs
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Fig. 7 Effect of antioxidants on lysoPtdCho-induced production of
intracellular ROS. RAW 264.7cells were pretreated with increasing
concentrations of magnolol (a) or increasing concentrations of trolox
(b), and then incubated with 20 pM 1-linoleoyl lysoPtdCho for 24 h
in media containing 10% FBS. Data are shown as means & SD of
three parallel experiments; *P < 0.05 vs. control, **P < 0.01 vs.
control

of 9.16 = 1.99 uM. In addition (Fig. 7b), trolox also
decreased the 1-linoleoyl (C18:2) lysoPtdCho-induced
ROS formation in RAW 264.7 cells, although less effec-
tively than magnolol. Thus, it is suggested that the delayed
cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho in RAW
264.7 cells may be likely related to the increased ROS
generation. Separately, suramin, a lysophosphatidic acid
receptor antagonist, was tested for the prevention of
1-linoleoyl (C18:2) lysoPtdCho-induced cytotoxicity or
ROS formation, since lysoPtdCho could be converted to
lysophosphatidic acid during 24 h incubation. However,
the lysophosphatidic acid receptor antagonist did not
diminish the cytotoxicity of 1-linoleoyl (C18:2) lysoPtd-
Cho or ROS formation in RAW 264.7 cells (data not
shown), excluding the possibility that the cytotoxicity of
1-linoleoyl (C18:2) lysoPtdCho may be related to the
action of lysophosphatidic acid, a degradation product of
lysoPtdCho. Taken together, all the results suggest that
oxidative stress may be implicated in the cytotoxicity of
I-linoleoyl (C18:2) lysoPtdCho in RAW 264.7 cells chal-
lenged with 1-linoleoyl (C18:2) lysoPtdCho.

Induction of Phosphorylation of ERK by 1-Linoleoyl
(C18:2) lysoPtdCho

Since previous studies showed that the lysoPtdCho-induced
activation of MAPKSs pathways, dependent on ROS pro-
duction, was observed in monocytes and endothelial cells
[26], it was supposed that the production of ROS by
I-linoleoyl (C18:2) lysoPtdCho might be related to acti-
vation of MAPKs in macrophages. In this respect, RAW
264.7 cells were exposed to each lysoPtdCho, and the
phosphorylation of ERK1/2 was evaluated. As demon-
strated in Fig. 8, Western blot analysis clearly showed
that 1-linoleoyl (C18:2) lysoPtdCho caused a significant
increase in phosphorylation of ERK1/2 in a dose-dependent
manner. However, the other lysoPtdCho such as 1-myri-
stoyl (C14:0) lysoPtdCho, 1-palmitoyl (C16:0) lysoPtdCho

LPS (100 ng/ml) -+ i ) i A
lysoPtd Cho (uM) - - M P O L
phospho-ERK o = - — —
pdd4 MAK
ERK | S s m—— 7
R — — ——— | T pd2 MAPK
LPS (100 ng/ml) + B
lysoPtd Cho (uM) % - 32 10 20
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ERK | —— e — ]
TE—— — —— =~ sz MAPK

Fig. 8 Effects of lysoPtdCho on phosphorylation of ERK 1/2 in
RAW 264.7 cells. Cells were treated with various lysoPtdCho
(10 uM) or LPS (100 ng/mL) for 10 min. Harvested cells were lysed,
and the extracted proteins were separated on 10% SDS-polyacryl-
amide gels and transferred to nitrocellulose membrane.
Phosphorylation of ERK 1/2 was detected by Western blotting as
described in the section “Materials and Methods”. The membrane
was stripped and reproved with ERK 1/2 antibody as an internal
control (a). Separately, cells were treated with dose-dependent
1-linoleoyl lysoPtdCho or 100 ng/mL LPS, and were analyzed as
described above (b). M 1-myristoyl lysoPtdCho, P 1-palmitoyl
lysoPtdCho, O 1-oleoyl lysoPtdCho, L 1-linoleoyl lysoPtdCho

and 1-oleoyl (C18:1) lysoPtdCho even at 10 uM were not
effective. These findings indicate that ERK1/2 phosphor-
ylation may be related to 1-linoleoyl lysoPtdCho-induced
ROS formation in RAW 264.7 cells.

LysoPtdCho Induces Proinflammatory Cytokine
and Chemokine Gene Expression in RAW 264.7 Cells

In the next study to assess the lysoPtdCho-induced signal
transduction pathway of cytokines responsible for inflam-
matory reactions, we examined the expression of cytokines
in response to 1-linoleoyl (C18:2) lysoPtdCho or 1-pal-
mitoyl (C16:0) lysoPtdCho. For this purpose, lysoPtdCho
was incubated with murine macrophages to produce cyto-
kines, and 12 h later, RNA was extracted from RAW 264.7
cells, and analyzed by graphical representations of the fold
changes in cytokines. Figure 9 indicated that the produc-
tion of IL-1f and CCL2 was increased by about 20 times in
the presence of 1-linoleoyl (C18:2) lysoPtdCho at 10 uM,
and the gene expression of CCL5 was up-regulated by
>10-folds (P < 0.05), compared to control. Thus, a more
dramatic induction was observed for CCL2 acting mainly
in inflammatory reactions. Meanwhile, there was no sig-
nificant difference of cytokines gene expression after the
exposure to 1-palmitoyl (C16:0) lysoPtdCho. These results
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Fig. 9 Effect of lysoPtdCho on the expression of cytokines by RAW
264.7 cells. Cells were treated with 1-linoleoyl lysoPtdCho for 12 h.
Expression levels of Interleukin-1f (IL-1f), CCL2 or CCLS5, which
were determined by a quantitative real time-polymerase chain
reaction (qQRT-PCR), were normalized to GAPDH, and plotted
relative to those without 1-linoleoyl lysoPtdCho (control). All
assays were performed in triplicate, and data are expressed as
mean values &+ SD. *P < 0.05 vs. control, **P < 0.01 vs control.
P 1-palmitoyl lysoPtdCho, L 1-linoleoyl lysoPtdCho

indicate that the cytotoxicity as well as ROS formation by
1-linoleoyl (C18:2) lysoPtdCho may implicate the upreg-
ulation of transcription of proinflammatory mediator genes
in the RAW 264.7 cells.

Discussion

Lysophosphatidylcholine is believed to play an important
role in patho-physiological conditions by altering various
functions in a number of cell-types [27]. Earlier, the
membrane effects of lysoPtdCho had been studied exten-
sively in erythrocytes; lysoPtdCho, at concentrations above
its CMC, disturbed membrane proteins, and disrupted
plasma membrane integrity, leading to hemolysis [28].
Separately, lysoPtdCho, accumulating in the atheroscle-
rotic arterial wall [29], has been suggested as playing a role
in the progress of atherosclerosis, via receptor-mediated or
independent actions, by causing vascular endothelial
growth factor induction in macrophages, impairment of NO
release, and upregulation of cell adhesion molecules, and
acting as a monocyte chemoattractant [30]. In addition, the
cytotoxicity of lysoPtdCho has been studied in vascular
cells; for example, lysoPtdCho has been reported to induce
apoptotic death in rat aorta smooth muscle cells at low
concentrations (25-50 pM), and induce necrosis at con-
centrations >100 pM [31]. In human endothelial cells,
lysoPtdCho at concentrations (25-300 uM) has been
shown to induce apoptosis, whereas primary necrosis has
not been observed [22]. Our present data may provide an
evidence for the cytotoxic effect of lysoPtdCho on RAW
264.7 cells. Thus, the effect of lysoPtdCho on cells may
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depend on the lysoPtdCho concentration or the cell type as
well as incubation conditions. Concerning the cytotoxicity
of lysoPtdCho, lysoPtdCho as a detergent can be directly
incorporated into the lipid matrix of cellular membranes
and increase fluidity [28]. Further, lysoPtdCho at concen-
trations above its CMC values might induce micellar
disruption, thus damaging membrane integrity. The present
finding about the structure activity relationship for the
cytotoxicity of saturated lysoPtdCho in RAW 264.7 cells in
serum-free medium seemed to reflect the micellar property
of lysoPtdCho [32] as had been observed with the cyto-
toxicity of lysoPtdCho in neutrophils [16]; the CMC value
of saturated lysoPtdCho was inversely proportional to the
size of acyl chain. However, this idea was not supported
by another finding that I-linoleoyl (C18:2) lysoPtdCho
expressed a cytotoxicity below their CMC values
(>20 uM). Moreover, there was no significant difference of
cytotoxicity between 1-oleoyl (C18:1) lysoPtdCho and
I-arachidonoyl (C20:4) lysoPtdCho, despite a great dif-
ference of their CMC values. Rather, it is supposed that the
cytotoxic actions of lysoPtdCho may be explained by
mechanisms different from detergent function [16]. One of
them may involve the induction of oxidative stress, as had
been previously observed in other types of cells [16, 31].
The formation of ROS through the activation of NOX had
been observed with Jurkat T cells [33], fibroblast cell [32],
human neutrophils [10] and endothelial cells [31] in the
absence of serum, which prevented the cytotoxicity of
lysoPtdCho [33]. However, in the present study, the cyto-
toxicity of lysoPtdCho during 10 min incubation in a
serum-free medium was not addressed properly by ROS
formation. Further, the cytotoxicity of lysoPtdCho was not
prevented significantly by antioxidants. Meanwhile, the
delayed cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho in
medium containing 10% FBS was supposed to be related to
ROS formation, since the delayed cytotoxicity was
accompanied by ROS formation. A further support is from
the finding that antioxidants such as magnolol and trolox
diminished cytotoxicity as well as ROS formation in RAW
264.7 cells. It is worth noting that the delayed cytotoxicity
in the presence of serum was expressed remarkably by
1-linoleoyl (C18:2) lysoPtdCho and slightly by 1-arachido-
noyl (C20:4) lysoPtdCho, but not by saturated lysoPtdCho.
Moreover, 1-oleoyl (C18:1) lysoPtdCho also failed to show
a significant formation of ROS in RAW 264.7 cells in the
presence of serum, despite a remarkable ROS formation by
I-oleoyl (C18:1) lysoPtdCho in human neutrophils in a
serum-free medium [16]. Thus, it seems that the delayed
cytotoxicity of lysoPtdCho may be peculiar to 1-linoleoyl
(C18:2) lysoPtdCho in RAW 264.7 cells. Additionally, the
delayed cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho
might be cell-specific, since 1-linoleoyl (C18:2) lysoPtd-
Cho did not show a delayed cytotoxic effect on RBL-2H3
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cells. Taken together, the delayed cytotoxicity of 1-linol-
eoyl (C18:2) lysoPtdCho seems to depend on the types of
cells or lysoPtdCho as well as the incubation conditions.
Although a previous study indicated that albumin and
lipoprotein fractions of plasma contained higher amounts
of saturated lysoPtdCho than unsaturated ones [31], this
could not provide a relevant explanation of the selective
cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho. Separately,
alpha-1-acid glycoprotein was observed to show a strong
binding affinity toward unsaturated lysoPtdCho [6]. How-
ever, such an action of alpha-1-acid glycoprotein may lead
to the reduction in the cytotoxicity of 1-linoleoyl (C18:2)
lysoPtdCho, although the possible delivery of lipids by
alpha-1-acid glycoprotein to cell membrane may not be
neglected. Rather, the delayed cytotoxicity of 1-linoleoyl
(C18:2) lysoPtdCho is supposed to depend on free lys-
oPtdCho equilibrating with blood proteins- or lipoproteins-
bound ones. Since the effective concentrations (10-20 pM)
of 1-linoleoyl (C18:2) lysoPtdCho for delayed cytotoxicity
was much below the reported CMC (~50 uM) of lys-
oPtdCho in aqueous medium [34], it is more likely that the
delayed cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho
may be due to the specific interaction, rather than non-
specific lipid interaction, between 1-linoleoyl (C18:2) lys-
oPtdCho and RAW 264.7 cells. The plasma concentration
of lysoPtdCho ranges from 100 to 190 pM [35]; the most
abundant lysoPtdCho species in fresh plasma samples was
I-palmitoyl (C16:0) lysoPtdCho, comprising ~40% of
total lysoPtdCho, followed by I1-linoleoyl (C18:2) lys-
oPtdCho, corresponding to ~20% of total lysoPtdCho.
Based on this, the plasma concentration of lysoPtdCho was
estimated to be ~40 uM for 1-palmitoyl (C16:0) lys-
oPtdCho and 20 pM for 1-linoleoyl (C18:2) lysoPtdCho.
Since the concentrations (10-20 uM) of lysoPtdCho for
delayed cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho
were close to the physiological level, it is supposed that
1-linoleoyl (C18:2) lysoPtdCho may be one of plasma
lysoPtdCho species implicated in the patho-physiological
states. It is possible that lysophosphatidic acid, generated
from the incubation of lysoPtdCho with RAW 264.7 cells,
may be possibly responsible for the cytotoxicity. However,
this is not supported by the observation that 1-linoleoyl
(C18:2) lysophosphatidic acid was less cytotoxic than
1-palmitoyl (C16:0) lysophosphatidic acid in RAW 264.7
cells during 24 h incubation in medium containing FBS
(data not shown). Separately, it is conceivable that the
1-(13-hydroperoxy) octadecadienoyl (C18:2) lysoPtdCho,
generated from 24 h exposure of 1-linoleoyl (C18:2)
lysoPtdCho to RAW 264.7 cells, may express the cyto-
toxicity. However, 1-(13-hydroperoxy) octadecadienoyl
(C18:2) lysoPtdCho up to 10 puM failed to show any
cytotoxic effect on RAW 264.7 cells (data not shown). All
these observations suggest that the cytotoxic effect of

lysoPtdCho on RAW 264.7 cells differed according to the
incubation conditions as well as types of cells or lysoPtd-
Cho. Overall, saturated lysoPtdCho species were more
cytotoxic than unsaturated lysoPtdCho species in the
serum-free medium, but the reverse seemed to be true for
the 24-h incubation in the medium containing FBS. Espe-
cially, 1-linoleoyl (C18:2) lysoPtdCho at physiological
concentrations demonstrated a remarkable delayed cyto-
toxicity. Another important finding addressed by the
present study is the involvement of the MAPK pathways in
the selective cytotoxicity of 1-linoleoyl (C18:2) lysoPtd-
Cho in RAW 264.7 cells. This may be consistent with
previous findings that lysoPtdCho causes the activation of
MAPK during apoptotic cell death in certain types of cells
[36], and induces the activation of MAPK such as ERK 1/2
and JNK in endothelial cells [37]. However, most of these
studies were done with 1-palmitoyl (C16:0) lysoPtdCho or
I-oleoyl (C18:1) lysoPtdCho, which failed to activate
MAPK significantly in our present study. Although this
discrepancy was not further examined in the present study,
one possibility is that the selective interaction between
1-linoleoyl (C18:2) lysoPtdCho and RAW 264.7 cells may
be responsible for the cytotoxicity of 1-linoleoyl (C18:2)
lysoPtdCho as well as activation of MAPK. In support of
this, there is a good correlation between the level of
1-linoleoyl (C18:2) lysoPtdCho-induced ERK activation
and the cytotoxicity of 1-linoleoyl (C18:2) lysoPtdCho,
accompanied by ROS formation. This idea may be some-
what relevant to a recent report that ERK can contribute to
exerting apoptotic cell death during the cellular response to
oxidative stress [38], although the role of the MAPK
pathway in apoptosis is still controversial. Alternatively, it
is conceivable that 1-linoleoyl (C18:2) lysoPtdCho-induced
MAPK activation may be responsible for NOX-mediated
ROS production according to a NOX-ROS-ERK-depen-
dent pathway [27], since NOX-generated ROS may aid the
phosphorylation of ERK and thereby contribute to upreg-
ulation in a downstream gene that is mediated by the ERK-
dependent pathway. Additionally, we demonstrated that
1-linoleoyl (C18:2) lysoPtdCho markedly induces the
expression of cytokine IL-1f, and chemokines CCL2
(MCP-1) and CCL5 (RANTES) in RAW 264.7 cells while
1-palmitoyl (C16:0) lysoPtdCho failed to induce the
expression. The mechanism for the increase in the pro-
duction of cytokine by lysoPtdCho may be related to the
activation of MAPK, as previously observed with inflam-
matory cells [36, 39]. In this regard, it is conceivable that
the induction of CCL2 by 1-linoleoyl (C18:2) lysoPtdCho
may contribute to the pro-inflammatory response in ath-
erosclerosis. Taken together, present observations suggest
that 1-linoleoyl (C18:2) lysoPtdCho may exert proinflam-
matory actions by selectively inducing ROS formation,
activation of MAPK and gene expression of cytokines in
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some specific cells. Further study employing in vivo
methods may divulge the role of 1-linoleoyl (C18:2) lys-
oPtdCho in pro-inflammatory conditions.
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