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a b s t r a c t

Lysophosphatidic acid (LPA) is a low-molecular-weight lysophospholipid enriched in platelets and mildly
oxidized low-density lipoprotein (OxLDL). It is suggested that LPA is involved in atherosclerosis, and
our previous studies showed that LPA regulates inflammation in multiple cell types. The main aim of
this study was to investigate the effects of LPA on the uptake of OxLDL by mouse J774A.1 macrophages.
eywords:
PA
cavenger receptor
xLDL uptake
acrophages

We observed that LPA upregulated fluorescence-labeled DiI-OxLDL uptake in J774A.1 cells. Meanwhile,
expression of the class A scavenger receptor (SR-A), a receptor for modified LDL, was also enhanced.
Furthermore, pertussis toxin (PTx) or Ki16425 significantly abolished LPA’s effects, indicating that Gi and
LPA3 are involved in OxLDL uptake and SR-A expression. Of most importance, the LPA-induced OxLDL
uptake could be inhibited when cells were incubated with a functional blocking antibody of SR-A. Our
results suggest that LPA-enhanced OxLDL uptake is mediated via LPA3-Gi activation and subsequent SR-A
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. Introduction

Lysophosphatidic acid (LPA) is a simple lysophospholipid with
variety of biological activities. LPA mainly comes from platelets

nd mildly oxidized low-density lipoprotein (OxLDL), while LPA
s also present in serum, saliva, follicular fluid, and malignant
ffusions [1–4]. The biological effects elicited by LPA are medi-
ted through recognition of LPA by a series of G-protein-coupled
eceptors (GPCRs), LPA1, LPA2, and LPA3, encoded by endothelial dif-
erentiating genes (Edg) [5,6]. In addition, LPA is known to bind and
ctivate the transcription factor, peroxisome proliferator-activated
eceptor � (PPAR�), indicating that PPAR� is an intracellular recep-
or for LPA [7].

LPA regulates inflammation in multiple cell types. In human

ndothelial cells, it induces wound healing, cell proliferation, and
he expressions of ICAM-1, IL-8, MCP-1, and MMP-2 [8–11]. On the
ther hand, LPA induces calcium mobilization and the release of
eactive oxygen species (ROS) in human monocytic cells [12,13]. In
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ouse J774A.1 macrophages, LPA also enhances IL-1� expression
hrough the production of ROS [14].

Atherosclerosis is an inflammatory disease [15]. Macrophages
lay multiple roles in the process of atherosclerosis. One well-
nown hallmark is the uptake of modified LDL, such as OxLDL,
y macrophages, leading to the formation of foam cells [16]. Fur-
hermore, scavenger receptors are responsible for the uptake of

odified LDL by macrophages. The class A scavenger receptor (SR-
) is expressed on the surface of macrophages, aortic endothelial
ells, and smooth muscle cells in atherosclerotic lesions [17,18].
tudies of SR-A null mice suggested that lipid uptake via the SR-

is atherogenic [19]. On the other hand, LPA is an important
egulator of atherogenesis by induction of neointima formation
hrough PPAR� activation in a rat carotid artery model [20]. In addi-
ion, it is suggested that bioactive LPA is synthesized during LDL
xidation and accumulates in atherosclerotic lesions, which pro-
ides further evidence for the involvement of LPA in atherosclerosis
3].

It is currently unclear about the relationships between the

therogenic effects of LPA and macrophages. In this study, we
ttempted to determine whether LPA plays a role in OxLDL uptake
n macrophages. Our data showed that LPA enhances OxLDL uptake
n mouse J774A.1 cells. Furthermore, by using chemical inhibitors
nd an SR-A functional blocking antibody, we demonstrated that

http://www.sciencedirect.com/science/journal/10988823
mailto:hsinyu@ntu.edu.tw
dx.doi.org/10.1016/j.prostaglandins.2008.05.002
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PA3-Gi activation and downstream SR-A expression are important
n OxLDL uptake enhanced by LPA in J774A.1 cells.

. Materials and methods

.1. Reagents

1-Oleoyl-lysophosphatidic acid (LPA), pertussis toxin (PTx),
atty acid-free bovine serum albumin (faf-BSA), and Ki16425 were
urchased from Sigma (St. Louis, MO). The monoclonal rat anti-
ouse scavenger receptor class A (SR-A) antibody (MCA1322EL)
as from AbD Serotec (Oxford, UK). TRIzol, RPMI 1640 medium,

hodamine-conjugated goat anti-rat immunoglobulin G (IgG), 1,1′-
ioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine (DiI), and the
uperscript II kit were purchased from Invitrogen (Grand Island,
Y). Fetal bovine serum (FBS) was from HyClone (South Logan,
T).

.2. Cell lines and culture

The murine J774A.1 macrophage cell line was obtained from
he American Type Culture Collection (ATCC; Manassas, VA). Cells
ere cultured in RPMI 1640 medium supplemented with 10% heat-

nactivated FBS at 37 ◦C under a humidified atmosphere of 5% CO2.
xperiments were performed with cells which had gone through
o more then 10 passages since receipt.

.3. DiI-OxLDL uptake assay

LDL isolation, and DiI labeling and oxidation were carried out
s described previously [21]. Starved cells were treated with the
ndicated concentrations of LPA for 16 h. Then 50 �g/ml DiI-OxLDL
as added to the treatments for another 5 h in darkness [22].
fter treatment, cells were washed with PBS, and the fluorescence

ntensities of DiI, indicating the capability for OxLDL uptake, in dif-
erent treatments were determined using a CyFlow flow cytometer
rom Partec (Münster, Germany). For quantification, the means of
he histograms were calculated using the Flowmax program from
artec.

.4. Determination of cell-surface SR-A expression levels
Treated J774A.1 cells were scraped and suspended in 50 �l PBS
ith 0.1% BSA containing 10 �g/ml of the monoclonal rat anti-
ouse SR-A antibody on ice for 1 h. Then rhodamine-conjugated

oat anti-rat IgG was added to the suspensions at a 1:200 dilution
or 30 min. Antibody-labeled cells were subjected to flow cytomet-
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ig. 1. Relative mRNA expression levels of LPA receptors and scavenger receptors in J774
pecific primer sets for mouse LPA receptors (A) and scavenger receptors (B). Quantified r
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ic analysis using the CyFlow flow cytometer. For quantification,
he means of the histograms were calculated using the Flowmax
rogram from Partec.

.5. RNA isolation, reverse transcription (RT), and real-time PCR

Total cellular RNA was extracted from cells using the TRI-
ol reagent. Total RNA (1 �g) was subjected to an RT reaction
ith an oligo-dT primer using a Superscript II kit. Real-time

CR was carried out using an iCycler iQ real-time detection
ystem with iQ SYBR Green Supermix from Bio-Rad (Hercules,
A). Gene-specific primers were forward: AAGGCTGTGGGCAAG-
TCATC, and reverse: CAGGCGGCACGTCAGATCC for GAPDH;

orward: CCAGGAGGAATCGGGACAC, and reverse: CAATAACAA-
ACCAATCCCGGA for LPA1; forward: CCTAGTCAAGACGGTTGTCAT-
AT, and reverse: ACAGTCCAGGCCATCCAGG for LPA2; forward:
GCTCGCACTGCTCAACTCC, and reverse: GCCTCTCGGTATTGCTGTC-
TG for LPA3; forward: AGAGGGCTTACTGGACAAACTG, and reverse:
GCTTTCCTGGTGCTCCTG for SR-A; forward: GAACAGAGCGGAG-
AATG, and reverse: GCAGTTGGCAGATGATGG for SR-BI; and
orward: AGGTCTATCTACGCTGTGTTC, and reverse: ATGGTTGTCTG-
ATTCTGGAG for CD36. The specificity was confirmed by
elting-curve detection. Cycling conditions were 95 ◦C for 3 min,

ollowed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for
0 s. For quantification, the target gene was normalized to the inter-
al standard gene, GAPDH. Primers for real-time PCR were designed
sing Beacon Designer 4 software from PREMIER Biosoft Interna-
ional (Palo Alto, CA).

.6. Statistical analysis

Each result was obtained from three independent experiments.
ata were statistically analyzed using one-way ANOVA, followed
y Fisher’s protected least-significant difference test, and a value of
< 0.05 was considered statistically significant.

. Results

.1. LPA receptor and scavenger receptor expression profiles in
We first examined the LPA receptor and scavenger receptor
xpression profiles in these cells. With the use of specific primers,
he results of real-time PCR analysis are shown in Fig. 1. The relative
bundance of LPA receptor mRNA in J774A.1 is LPA2 > LPA3 � LPA1,
hile scavenger receptor is SR-A > SR-BI > CD36.

A.1 cells. Total mRNA was harvested and subjected to real-time PCR analysis using
esults are from three independent experiments and shown as the mean ± S.D.
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ig. 2. LPA-induced DiI-OxLDL uptake in macrophages. (A) Starved J774A.1 cells w
0 �g/ml DiI-OxLDL to the treatments for another 5 h. Histograms of flow cytomet
hadow), 1 �M LPA (dashed line), or 5 �M LPA (black line). (B) Quantified results ar

.2. LPA-induced OxLDL uptake in macrophages

We next assessed whether LPA regulates OxLDL uptake in
acrophages. By the flow cytometric analysis, we found that the
iI fluorescence intensity, as an indicator of DiI-OxLDL uptake by
ells, was induced by LPA in a concentration-dependent manner in
774A.1 cells (Fig. 2A). LPA at 1 �M slightly increased the uptake of

xLDL, while 5 �M LPA substantially increased it. Quantified results

howed that the ability of J774A.1 cells to uptake DiI-OxLDL was
ncreased by 30% and 61% when cells were treated with 1 �M LPA
nd 5 �M LPA, respectively (Fig. 2B).

f
a
(
a

ig. 3. LPA3- and Gi-dependent pathways are involved in OxLDL uptake induced by LPA.
ertussis toxin (PTx) for 24 h (B) followed by treatments as indicated. Histograms of flow
ontrol (gray shadow), 5 M LPA (black line), or 5 �M LPA with inhibitors (dashed line). A
hree independent experiments and shown as the mean ± S.D. *p < 0.05, ***p < 0.001.
cubated with indicated concentrations of LPA for 16 h, followed by the addition of
resent fluorescence intensity of DiI in cells after treatment with the control (gray
three independent experiments and shown as the mean ± S.D. **p < 0.01.

.3. LPA3- and Gi-dependent pathways are involved in OxLDL
ptake induced by LPA

The effects of LPA are mainly mediated through GPCRs [5,23].
o further confirm whether LPA-induced OxLDL uptake is receptor-
ediated, pharmacological inhibitors specific for certain LPA

eceptor-dependent pathways were used. As shown in Fig. 3, we

ound that the stimulatory effect of LPA was significantly attenu-
ted in the presence of 10 �M Ki16425 (Fig. 3A) and 15 ng/ml PTx
Fig. 3B) [14,24], which are known to respectively block LPA1/LPA3-
nd Gi-dependent signals. J774A.1 cells express relative low level

Starved J774A.1 cells were pretreated with 10 �M Ki16425 for 1 h (A) or 15 ng/ml
cytometry represent fluorescence intensity of DiI in cells after treatment with the
histogram of one representative experiment is shown. Quantified results are from
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ig. 4. LPA-induced SR-A expression in J774A.1 cells. (A) At mRNA level, starved
CR analysis using specific primer sets for mouse SR-A and GAPDH (as the internal
ean ± S.D. *p < 0.05. (B) Starved J774A.1 cells were treated with the indicated conce

he histogram represents SR-A protein levels in cells after treatment with the contr

f LPA1 than LPA3 (Fig. 2A), which indicated that the effects of LPA
ight be mainly through LPA3 activation. Study of Zhang et al. sug-

ested that LPA induced-neointima formation could be inhibited
y the PPAR� antagonist, GW9662 [20]. However, pretreatment of
W9662 could not abolish LPA-induced OxLDL uptake in J774A.1
ells, which indicated the absence of PPAR� activation (data not
hown).

.4. LPA-induced class A scavenger receptor (SR-A) expression is

ediated through Gi- and LPA3-dependent pathways in J774A.1

ells

Scavenger receptors are responsible for the uptake of modified
DL in macrophages. Previous studies suggested that SR-A, SR-BI,

b
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ig. 5. LPA3- and Gi-dependent pathways are involved in SR-A expression induced by LPA
ertussis toxin (PTx) for 24 h (B) followed by treatments as indicated. Histograms of flow
gray shadow), 5 �M LPA (black line), or 5 �M LPA with inhibitors (dashed line). A histog
ndependent experiments and shown as the mean ± S.D. **p < 0.01.
1 cells were treated as indicated for 12 h. Total RNA were subjected to real-time
ol). Quantified results are from three independent experiments and shown as the
ns of LPA for 16 h. Cell-surface SR-A protein levels were detected by flow cytometry.
y shadow), 1 �M LPA (dashed line), or 5 �M LPA (black line).

nd CD36 affect the development of atherosclerosis lesions [25].
owever, GW9662 failed to attenuate LPA-induced OxLDL uptake
nd LPA treatment did not induce CD36 expression in our model
data not shown), which indicated that CD36 might not be involved
n this process. Meanwhile, the basal mRNA level of SR-A was
ignificantly higher than the levels of SR-BI and CD36 in J774A.1
ells (Fig. 2B). Thus, we next determined the effects of LPA on
R-A expression. At the mRNA level, LPA upregulated SR-A expres-
ion in a concentration-dependent pattern. The results quantified

y the real-time PCR analysis showed that SR-A mRNA was ele-
ated by 1 �M LPA, and the expression level peaked with 5 �M LPA
reatment for 12 h (Fig. 4A). Cell surface SR-A protein levels were
etected by flow cytometry after LPA treatment for 16 h, and simi-

ar results were observed (Fig. 4B). On other hand, Ki16425 (Fig. 5A)

. Starved J774A.1 cells were pretreated with 10 �M Ki16425 for 1 h (A) or 15 ng/ml
cytometry represent SR-A protein levels in cells after treatment with the control

ram of one representative experiment is shown. Quantified results are from three



24 C.-L. Chang et al. / Prostaglandins & other Lipid Mediators 87 (2008) 20–25

F . 25 �
a metry
( stogra
i

a
b
s

3
i

a
A
2
e
h
v
t
i

4

O
t
a
G
u
r
m
s
i
1
c
L
b
a
w
o
a
L
t
o
b
L
m

s
b
R
t
s

r
I
e
d
v
p

r
m
t
s
M
[
i
E
t
s
t
m
b
l
w
c

O
a
m
O
l
L
m
i
b
f
v
O
O
i

(
e
t
r
a
b

ig. 6. SR-A expression is involved in LPA-enhanced OxLDL uptake in J774A.1 cells
dded to the treatment 1 h before the addition of DiI-OxLDL. Histograms of flow cyto
gray shadow), 5 �M LPA (black line), or 5 �M LPA with antibody (dashed line). A hi
ndependent experiments and shown as the mean ± S.D. **p < 0.01, ***p < 0.001.

nd PTx (Fig. 5B) significantly inhibited SR-A expression enhanced
y LPA. These observations indicate that LPA-induced SR-A expres-
ion is mediated through LPA3 and Gi activation.

.5. SR-A expression is involved in LPA-enhanced OxLDL uptake
n J774A.1 cells

To further assess the relationship between SR-A expression
nd OxLDL uptake regulated by LPA, an experiment with an SR-
functional blocking antibody was conducted. In the presence of

5 �g/ml of the SR-A antibody, LPA-induced OxLDL uptake was
ntirely suppressed (Fig. 6A), while the control antibody (rat IgG)
ad no effects on OxLDL uptake (Fig. 6B). In conclusion, our obser-
ations demonstrate that OxLDL uptake in J774A.1 cells is mediated
hrough binding to SR-A, and the enhanced level of OxLDL uptake
s correlated to the elevated SR-A expression by LPA.

. Discussion

In the present study, we demonstrated the effects of LPA on
xLDL uptake and SR-A expression in macrophages for the first

ime. By using chemical inhibitors and an SR-A functional blocking
ntibody, we showed that SR-A expression downstream of LPA3-
i activation is required for the process of LPA-induced OxLDL
ptake. Previous studies indicated that LPA containing unsaturated
ather than saturated fatty acyl groups induced neointima for-
ation [20,26], and LPA3 is preferentially activated by these LPA

pecies [27]. Thus, our results demonstrated that activation of LPA3
s required for the process of foam cell formation enhanced by
-Oleoyl-LPA in mouse macrophages is physiological relevant. In
ontrast to our observation, work of Zhang et al. demonstrated that
PA-induced neointima formation could be completely abolished
y PPAR� antagonist in rat carotid artery [20]. However, their results
lso showed that PTx partially attenuated neointima formation,
hich is consistent to our observations. In addition, Yoshida et al.

bserved that vascular smooth muscle cells (VSMCs) dedifferenti-
tion and subsequently macrophage infiltration both participate in
PA-induced neointima formation [26]. Thus, attenuation of neoin-
ima formation by PTx might be due to the inhibition of LPA’s effects
n foam cell formation in macrophages rather than affecting VSMCs
ehavior. Our current study and previous reports indicated that
PA might use alternative signaling pathways between VSMCs and
acrophages in regulating the process of atherosclerosis [20].
LPA is reported to stimulate OxLDL uptake through CD36 expres-
ion in human monocytes with elevated PPAR� expression induced
y ICAM-3 ligation and induce CD36 promoter function in mouse
AW264.7 macrophages [7]. In this study, CD36 expression is unal-
ered upon LPA stimulus (data not shown). Several reports have
uggested that macrophages derived from different species might

t
t
w
i
I

g/ml SR-A functional blocking antibodies (A), or equal amount of rat IgG (B) were
represent the fluorescence intensity of DiI in cells after treatment with the control

m of one representative experiment is shown. (C) Quantified results are from three

espond inconsistently [28–30], and the change of PPAR� level by
CAM-3 ligation and transfection of CD36 promoter might influ-
nce macrophage behavior. In the future, studies on macrophages
erived from LPA1-LPA3, PPAR�, SR-A, or CD36 null mice could pro-
ide pivotal information in understanding how LPA regulates the
rocess of atherosclerosis.

Macrophages play multiple roles in the process of atheroscle-
osis [16]. The earliest event is the recruitment of circulating
onocytes into the subendothelium, where monocytes differen-

iate into macrophages. LPA participates in this initial stage by
timulating expressions of the chemoattractant proteins, IL-8 and
CP-1, and the adhesion molecule, ICAM-1, in endothelial cells

9,10]. Moreover, LPA is known to activate human monocytes by
nducing calcium mobilization, ROS production, and prostaglandin
2 release [12,13]. Next, differentiated macrophages contribute
o inflammatory responses in early lesions. Our previous studies
uggested that LPA increases the expression of the proinflamma-
ory genes, IL-1� and TNF-�, as well as ROS production in mouse

acrophages [14,31]. Furthermore, OxLDL is the main source of
ioactive LPA in atherosclerotic lesions [3], which further intensifies

ocal inflammatory responses. In comparison with these studies,
e further confirm that LPA may contribute to atherosclerosis by

ontrolling OxLDL uptake in macrophages.
Diverse cellular functions in macrophages are regulated by

xLDL. In J774A.1 macrophages, ligands of SR-A, including OxLDL
nd fucoidan, induce the expression of the urokinase-type plas-
inogen activator (uPA), IL-1�, and TNF-� [32,33]. In addition,
xLDL treatment enhances mouse peritoneal macrophages pro-

iferation through ERK/p38 MAPK activation [34]. Coincidentally,
PA has similar proinflammatory and survival-promoting effects in
acrophages [14,35]. These studies indicated that LPA accumulated

n OxLDL might be a potential candidate for regulating macrophage
ehavior. In addition, cooperation of the SR-A and CD36 is required
or platelet activation by OxLDL [36]. In atherosclerotic lesions, ele-
ated SR-A expression might assist the delivery of bioactive LPA in
xLDL to the proximity of macrophages. Thus, the SR-A-mediated
xLDL uptake not only results in foam cell formation, but also

ncreases the local concentration of LPA.
It is suggested that Gi activation is involved in acetylated LDL

AcLDL) uptake by SR-A in mouse macrophages. However, the
xpression level of SR-A is unaltered in the presence of pertussis
oxin [37]. In contrast, our results demonstrated an alternative in
egulating OxLDL uptake through Gi-dependent SR-A expression,
nd also indicated that distinct modulating mechanisms might
e applied to different ligands of the SR-A. Although lipid uptake

hrough the SR-A is generally considered as proatherogenic [19],
he role of SR-A in atherosclerosis is still controversial. In patients
ith acute coronary syndrome (ACS), the SR-A expression level

s elevated in peripheral blood mononuclear cells (PBMCs) [38].
n addition, macrophages peripheral to the atherosclerotic core
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xhibit increased levels of SR-A expression, while macrophages
n the core lesions are rarely SR-A positive [39]. These results
ndicated that the SR-A is proatherogenic and might play mul-
iple roles among different stages of atherosclerosis. On the
ontrary, increased level of SR-A expression was reported in rab-
its more resistant to atherosclerosis [40]. Furthermore, reduced

evel of macrophages/endothelial cell adhesion and decreased
therosclerotic lesion area were observed in Ldlr−/− mice, which
verexpressed the extracellular domain of SR-A [41]. To our knowl-
dge, we demonstrate for the first time that LPA upregulates SR-A
xpression through LPA3- and Gi-dependent pathways in mouse
acrophages. Moreover, the increased level of SR-A might play an

therogenic role by regulating foam cell formation.
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