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Abstract Lysophosphatidic acid (LPA) has been identified as a biologically active lipid in mildly-oxidized LDL,
human atherosclerotic lesions, and the supernatant of activated platelets. The evidence that LPA has thrombogenic and
atherogenic activities has increased substantially in recent years. Supporting the thrombogenic activity of LPA, analysis of
the core region of human carotid plaques revealed recently the presence of alkyl- and acyl-molecular species from LPA
with high platelet-activating potency (16:0 alkyl-LPA, 20:4 acyl-LPA). LPA, lipid extracts of atherosclerotic plaques, and
the lipid-rich core elicited shape change and, in synergy with other platelet stimuli, aggregation of isolated platelets. This
effect was completely abrogated by prior incubation of platelets with LPA receptor antagonists. Furthermore, LPA at
concentrations approaching those found in vivo, induced platelet shape change, aggregation, and platelet-monocyte
aggregate formation in blood. LPA-stimulated platelet aggregation was mediated by the ADP-stimulated activation of
the P2Y1 and P2Y12 receptors. Supporting its atherogenic activity, LPA is a mitogen and motogen to vascular smooth
muscle cells (VSMCs) and an activator of endothelial cells and macrophages. Recently, LPA has been identified as an
agonist of the peroxisome proliferator activating receptor g (PPARg), which is a key regulator of atherogenesis. LPA elicits
progressive neointima formation, which is fully abolished by GW9662, an antagonist of PPARg. We propose that LPA
plays a central role in eliciting vascular remodeling and atherogenesis. Furthermore, upon rupture of lipid-rich
atherosclerotic plaques, LPA may trigger platelet aggregation and intra-arterial thrombus formation. Antagonists of LPA
receptors might be useful in preventing LPA-elicited thrombus formation and neointima formation in patients with
cardiovascular diseases. J. Cell. Biochem. 92: 1086–1094, 2004. � 2004 Wiley-Liss, Inc.

Key words: lysophosphatidic acid; LPA receptors; platelet; thrombus; endothelial cells; vascular smooth muscle cells;
monocytes; macrophages; PPAR-gamma; neointima

Oxidative modifications of LDL and platelet
activation are central events in the patho-
genesis of atherosclerosis and cardiovascular
disease. Lipid-rich atheromatous plaques con-
taining oxidized lipids and LDL are vulnerable
and upon rupture this material comes into
contact with circulating platelets, activates
them and causes the formation of an intravas-
cular platelet- and fibrin-rich thrombus that
could lead tomyocardial infarctionand ischemic
stroke.

In this context we have previously shown: (1)
that mildly-oxidized LDL (mox-LDL) but not

native LDL stimulates platelets and induces
neointima formation, (2) that lysophosphatidic
acid (LPA) is formed during mild oxidation of
LDL, and (3) that LPA is the component of the
mox-LDL- particle that mediates platelet shape
change and endothelial cell contraction because
LPA receptor antagonists fully block these cell
responses, (4) activated platelets secrete phos-
pholipases that provide a de novo pool of
lysophospholipids that are substrates of lyso-
phospholipase D-mediated LPA production in
plasma, whereas lipid phosphate phosphatases
decrease plasma LPA content [Weidtmann
et al., 1995; Siess et al., 1999; Aoki et al., 2002;
Sano et al., 2002; Smyth et al., 2003].We further
have shown that (5) platelet-activating LPA
accumulates in the intima of atherosclerotic
plaques that were removed by surgery from
human femoral and carotid arteries as well
as from the aorta, and that (6) the LPA content
within the atherosclerotic lesion of carotid
artery is highest in the lipid-rich core
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that consists mainly of extracellular lipid
droplets and beds of foam cells [Siess et al.,
1999].
In addition to its possible thrombogenic acti-

vities, LPA has potent atherogenic activities.
LPA or LPA associated with the mox-LDL
particle may play a role in the early phase of
atherogenesis by stimulating endothelial cell
contraction and the expression of adhesion
molecules, thus increasing endothelial perme-
ability and monocyte adhesion to the endothe-
lium [Rizza et al., 1999; Siess et al., 1999; Essler
et al., 2000; Siess, 2002]. Moreover, LPA is a
mitogen andmotogen for vascular smooth mus-
cle cells (VSMCs), and stimulates their contrac-
tion thereby increasing in many animal models
the vascular tone [Tigyi et al., 1995; Tigyi,
2001; Siess, 2002]. Furthermore, we reported
recently, that humanmonocytes, macrophages,
and the monocytic cell line Mono Mac 6 express
transcripts encoding LPA1 and LPA2 receptors
[Fueller et al., 2003]. InMonoMac 6 cells, which
express transcripts for the LPA3 receptor, LPA
induced Ca2þ transients with an EC50 of 47 nM
that was partially inhibited by dioctyl glycerol
pyrophosphate (DGPP 8:0) and pertussis toxin
(PTX). In these cells, mox LDL and serum also
elicited Ca2þ transients that cross desensitized
with LPA and were partially inhibited by N-
palmitoyl serine phosphoric acid (NPSerPA). In
human monocytes or macrophages, the Ca2þ

response to LPA was highly variable (Zahler,
Fueller and Siess, unpublished observations).
For this reason, responses in humanmonocytes
and macrophages elicited by LPA remain un-
clear. The activation of peroxisome proliferator
activating receptor g (PPARg) and subsequent
activation of the CD36 scavenger receptor in
macrophages is an exciting possibility (see
below) [McIntyre et al., 2003].
The possible athero- and thrombogenic

actions of LPA have been described and dis-
cussed in an in-depth reviewpreviously andwill
not be duplicated here [Siess, 2002]. This brief
study will focus on the very recent and exciting
developments that give strong support to the
notion of LPA being a thrombo- and atherogenic
molecule.

Working Hypothesis and Questions

In order to address the hypothesis that LPA is
an important thrombogenic and atherogenic
lipid accumulating in atherosclerotic lesions,
we asked the following questions:

* Which LPAmolecular species are generated
during platelet activation, and LDL oxida-
tion?

* Which LPAmolecules are present in athero-
sclerotic lesions?

* What is the relative potency of LPA molec-
ular species to activate platelets?

* What responses do mox-LDL and LPA
elicit on the intact, non-injured vascular
bed?

* What is the relative potency of LPA molec-
ular species to induce neointima forma-
tion?

* Which receptors mediate LPA-induced
platelet activation and neointima forma-
tion?

* Which signal transduction pathways are
activated by LPA in platelets?

* Can the lipid-rich core of atherosclerotic
lesions able to directly activate platelets? If
yes, what is the contribution of LPA?

* Does LPA activate platelets in whole blood?
If yes, through what mechanism?

LPA Molecular Species in Platelet Supernatant,
Plasma, and Serum

Stable-isotope-dilution electrospray-ioniza-
tion liquid chromatography mass spectrometry
(SIDEI-LC-MS) was applied to quantify the
different molecular species of LPA generated in
the supernatant of thrombin-stimulated plate-
lets and also in clotting whole blood collected
from healthy human volunteers. The plasma
concentration of acyl-LPAwas found to be in the
high nanomolar range (�100 nM) [Saulnier-
Blache et al., 2000; Sano et al., 2002]. Platelets
stimulated with thrombin in the presence of
EDTA, which prevents their aggregation and
also the normal function of Ca2þ-dependent
enzymes, did not generate LPA. In contrast,
under these same conditions platelets rapidly
secrete sphingosine-1-phosphate (S1P) into the
medium [Yatomi et al., 2000; Sano et al., 2002].
In the presence of physiological concentrations
of Ca2þ, thrombin-stimulated platelets gener-
ated LPA that was dominated by 18:2 and 20:4
species (20 and 34% of total LPA, respectively)
[Gerrard andRobinson, 1989; Sano et al., 2002].
However, the total amount of LPA derived from
isolated platelets remains only a fraction of that
generated ex vivo during blood clotting [Aoki
et al., 2002; Sano et al., 2002]. The serum
concentration of LPA is in the 5–10 mM range
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[Saulnier-Blache et al., 2000; Baker et al., 2001;
Aoki et al., 2002; Sano et al., 2002]. In serum,
the molecular species of LPA profile are again
dominated by the polyunsaturated species,
which implies that lysophospholipid precursors
of LPA originate from phospholipase A1 clea-
vage of the saturated fatty acids abundant in
the sn-1 position on the glycerol backbone.
Because arachidonate and linoleate are predo-
minantly in the sn-2 position of plasma phos-
pholipids, hence the observation that these two
fatty acyl species dominate LPA in serum
implies three distinct steps in their production
which include: (1) PLA1 cleavage, (2) acyl mig-
ration from sn-2 to sn-1 position, and (3) lyso-
phospholipaseD cleavage of the headgroup. The
enrichment of polyunsaturated LPA species
carries important physiological consequences.
First, 20:4 LPA is more potent in activating
platelets than other saturated or mono-unsatu-
rated acyl-species [Tokumura et al., 2002;
Rother et al., 2003]. Second, 20:4 and 18:2 LPA
are the most potent acyl species that activate
neointima formation and PPARg, whereas the
saturated acyl species are inactive [Yoshida
et al., 2003; Zhang et al., 2003]. Thus, activation
of platelets not only increases the concentration
of LPA but also changes its acyl-chain composi-
tion in such a way that it is enriched in
thrombogenic and atherogenic species.

Identification of LPA Molecular Species With
High Platelet-Activating Potency in the Lipid-Rich

Core of Human Atherosclerotic Plaques

Atherosclerotic tissue specimenswere obtain-
ed from patients who underwent operations for
high-grade carotid stenosis. The carotid plaque
tissue was removed by a technique of intrao-
perative endarterectomy that preserved the
plaque structure en bloc [Brandl et al., 1997].
The histopathology of carotid endarterectomy
specimens shows marked differences in the va-
rious regions, which represent different stages
of the atherosclerotic process [Brandl et al.,
1997]. The lipid-rich core is characterized histo-
logically by extracellular lipid deposits and beds
of foam cells. Based on previous results that this
region had the highest LPA content, athero-
sclerotic specimens containing soft, lipid-rich
plaques were collected. The lipid-rich core re-
gion was carefully dissected and homogenized,
and LPA molecular species were quantified
using SIDEI LC-MS. This analysis showed the
presence of acyl-LPA (80%) and alkyl-LPA

(20%) species in the lipid-rich core regions.
The dominating acyl-LPA species was LPA
(18:0), the relative amounts of LPA (18:1), LPA
(16:0), and LPA (20:4) were less. In contrast, the
predominant alkyl-LPA species was LPA (18:1);
LPA (18:0) and LPA (16:0) were less abundant.
The biological LPA titer of these samples as
estimated by platelet shape change bioassay
were higher than those determined by LC-MS,
which might be explained by a different plate-
let-activating potency of the various LPA mole-
cules present in the lipid-rich core [Rother et al.,
2003].

Indeed, by comparing the biological effect of
three molecular species of LPA found in the
lipid-rich core, we found that alkyl-LPA (16:0)
(EC500.9nM)andacyl-LPA (20:4) (EC502.5nM)
were about 20- and 7-fold more potent at
inducing platelet shape change than acyl-LPA
(16:0). Therefore, these LPA species, although
present in lesser amounts, due to their higher
potency might be particularly important for
platelet-activation elicited by the lipid rich core
[Rother et al., 2003].

Platelet LPA Receptors and Signaling Pathways

RT-PCR analysis of platelets revealed the
presence of transcripts for all three EDG-family
LPA receptors [Motohashi et al., 2000]. LPA4

mRNA could not be detected in a megakaryocy-
tic cell line suggesting that platelets do not
express this receptor [Noguchi et al., 2003]. The
LPA responses of platelets are not consistent
with the pharmacological properties of the EDG
family receptors LPA1–3. Alkyl-LPA 16:0 is at
least 20-times more potent in activating plate-
lets than its acyl counterpart [Simon et al.,
1982; Rother et al., 2003] and is the preferred
ligand of PPARg [Zhang et al., 2003, 2004].
Cyclic-phosphatidic acid (cPA) and NPSerPA,
both agonists of the three EDG family LPA
receptors yet are agonists aswell as antagonists
onplatelets [Sugiura et al., 1994;An et al., 1998;
Siess et al., 1999; Rother et al., 2003]. Further-
more, DGPP 8:0, an antagonist of LPA-recep-
tors of the EDG-family with preference to LPA3

over LPA1 without an effect on LPA2 receptors,
inhibits LPA-induced platelet activation
[Fischer et al., 2001; Rother et al., 2003]. DGPP
8:0 and PA 8:0 were the only PA and LPA ana-
logs that lacked agonistic activity on isolated
platelets. Whether all these LPA receptor anta-
gonists exert their effect onplatelets exclusively
through the EDG family LPA receptors or in
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addition through an elusive platelet LPA recep-
tor remains to be elucidated. In support of the
heterogeneity of LPA receptors in platelets,
Tokumura et al. [2002] noted that while plate-
lets collected from all donors responded to acyl
LPA18:1, some of themdid not respond to alkyl-
LPA 16:0. In this study, the authors found
that platelets from a donor with platelets non-
responsive to alkyl-LPA expressed mRNA to
LPA2>LPA3>LPA1 receptors. DGPP 8:0 and
NPSerPA inhibited both acyl-LPA and alkyl-
LPA responses [Rother et al., 2003]. Thus, the
possibility remains that LPA responses in
platelets are mediated via yet unidentified
receptor(s).
What is known about the signaling pathways

activated by LPA in platelets? Low nanomolar
concentrations of LPA and mox-LDL induce
shape change of washed platelets through LPA
receptor linked signal transduction pathways
that involve the activation of the heterotrimeric
G12/G13protein, the smallGTPaseRhoandRho-
kinase, and theRho-kinase-mediated inhibition
of myosin light chain phosphatase and stimula-
tion of myosin light chain phosphorylation
[Bauer et al., 1999; Retzer and Essler, 2000;
Retzer et al., 2000]. This pathway mediates the
reorganization of the actin cytoskeleton under-
lying platelet shape change. In addition, LPA
and mox-LDL stimulate a different pathway
during shape change, i.e., the activation of the
Src-family of tyrosine kinases and the tyrosine
kinase Syk, which might mediate the exposure
of fibrinogen-binding sites on the integrinaIIb3,
which is a prerequisite for platelet aggregation
[Maschberger et al., 2000; Bauer et al., 2001].
High micromolar concentrations of LPA are

needed to stimulate in platelets Ca2þ-entry and
weak Ca2þ-mobilisation from intracellular
stores, presumably through the activation of
Gq [Siess et al., 1999; Maschberger et al., 2000].
LPA does not activate the heterotrimeric
G-protein Gi in platelets, yet it shows a strong
synergismwith platelet stimuli that activate Gi

(epinephrine, ADP) in inducing platelet aggre-
gation [Haserück et al., 2003; Rother et al.,
2003].

The Lipid-Rich Core Induces Platelet Shape
Change and Triggers Platelet Aggregation
Through the Activation of LPA Receptors

Weobserved that the lipid-rich core, aswell as
lipid extracts from the lipid-rich core, was capa-
ble of inducing platelet shape change. This

initial platelet response was blocked by pre-
incubation with DGPP 8:0 or NPSerPA [Rother
et al., 2003]. Furthermore, the lipid-rich core or
LPA synergized with other platelet stimuli in
inducing platelet aggregation. This response
required the presence of fibrinogen in the
medium. Platelet aggregation in response to
core lipids was blockedwhen platelets were pre-
incubated with LPA antagonists DGGPP 8:0 or
NPSerPA.

These results show that the lipid-rich core
of human atherosclerotic plaques can induce
shape change and trigger aggregation of wash-
ed, isolated platelets. This response is mediated
by activation of platelet LPA receptors because
it could be abolished by LPA receptor antago-
nists; therefore, it can entirely be attributed to
LPA-like molecules contained in the lipid-rich
core region [Rother et al., 2003]. Thus, other
platelet stimuli such as cholesterol sulfate and
oxidized PCmolecules with PAF-like activity do
not appear to contribute significantly to the
platelet-activating effect of the lipid-rich core.
Perhaps it is not just a co-incidence that the
molecular species of alkyl-GP found in the lipid
rich core of human atherosclerotic plaques
match the structure–activity relationship of
PPARg activation [Rother et al., 2003; Zhang
et al., 2004].

LPA Stimulates Platelets in Whole Blood

Lownanomolar concentrations of LPA induce
shape change of washed platelets, whereas
1,000-fold higher concentrations of LPA are
required for the induction of the same response
in platelet-rich plasma. This is likely due to the
LPA-binding capacity of albumin, which inhi-
bits the platelet-activating effect of LPA [Tigyi
and Miledi, 1992; Haserück et al., 2000].

Even higher concentrations of LPA (>20 mM)
are required to induce aggregation of platelet-
rich plasma [Schumacher et al., 1979; Toku-
mura et al., 1981; Haserück et al., 2000]. Until
recently it was unknown, whether and through
which mechanism could LPA induce platelet
shape change and aggregation in whole blood.
We found, that LPA at concentrations slightly
above plasma levels induces platelet shape
change, and aggregation in blood [Haserück
et al., 2003]. Alkyl-LPA (16:0) was almost 20-
fold more potent than acyl-LPA (16:0). LPA
directly induced platelet shape change in blood
and platelet-rich plasma obtained from all blood
donors. In contrast, LPA-stimulated platelet
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aggregationinwholebloodwasdonor-dependent
and could be completely blocked by apyrase
or antagonists of the platelet ADP-receptors
P2Y1 and P2Y12. These results indicate a
central role for ADP-mediated P2Y1 and P2Y12

receptor activation in supporting LPA-induced
platelet aggregation. LPA also stimulated the
formation of platelet–monocyte aggregates,
which are considered as an early marker of
acute myocardial infarction. Platelet aggrega-
tion and platelet–monocyte aggregate forma-
tion stimulated by LPA was insensitive to
inhibition by aspirin. The precise identification
of LPA receptors mediating aggregate forma-
tion of platelets and platelet/monocytes awaits
further investigation.

Based on these studies we propose that upon
plaque rupture in vivo, LPA molecules present
in the lipid-rich core region of the plaque that
encounter platelets in circulating blood might
be able to induce platelet shape change and
platelet aggregation, and hence contribute to
the formation of an intra-arterial thrombus
with its dire consequences.

Responses to mox-LDL and LPA in the Intact
Non-Injured Vascular Bed—The Role of PPARg

in LPA-Induced Neointima Formation

Recently, LPA has been shown to activate
an entirely new level of signaling through the
direct activation of the nuclear transcription
factor PPARg. Using transfected RAW264.7
monocytic cells, McIntyre et al. [2003] discov-
ered that LPA was a direct agonist of PPARg
capable of regulating genes that contain PPAR
Response Elements (PPRE). Using the CD36
scavenger receptor and the acetyl CoA-oxidase
promoters, both of which contain PPREs, they
conclusively demonstrated that LPA and fluori-
nated analogs of LPA, which are 400-times less
potent agonists of the EDG-family LPA recep-
tors compared to LPA, upregulated the expres-
sion of these genes. They also showed in yeast
cells that lack G protein-coupled receptors for
LPA, when reconstituted, LPA could activate
PPARg-mediated gene transcription. The LPA-
induced transcriptional upregulation of CD36
in macrophages is of very high potential signi-
ficance because this receptor plays an essential
role in lipid accumulation by importing choles-
terol andmox-LDL intomacrophages leading to
foam cell formation.

Concerning the formation of neo-intima,
Hayashi et al. [2001] proposed that unsaturated

species of LPA present in serum are responsible
for VSMCdedifferentiation in vitromediated by
the coordinated activation of the ERK and p38
MAPK pathways. These authors detected LPA1

and LPA3 receptor transcripts in their prepara-
tion and noted no changes in the expression
pattern during dedifferentiation. Surprisingly,
in LPA 18:1 treated cultures caldesmon and
calponin mRNA began to decrease as early as
12 h in culture. PTX, or a combination of the
MEK inhibitor PD98059, together with either
p38 MAPK inhibitor SB203580 or SB2200025
prevented dedifferentiation. PDGF-BB, EGF,
and serum also elicited dedifferentiation. No
effect was elicited by 16:0 or 18:0 LPA. Hayashi
and colleagues reasoned that the unsaturated
LPA species present in serum would be solely
responsible for the dedifferentiation of cultured
VSMC. These authors using gas chromatogra-
phic technique detected a total of 27.68 mmol/L
LPA in human serum, of which 6.37 mmol/L
constituted unsaturated species. This concen-
tration is several fold higher than; moreover
their acyl chain composition values did not
reveal a dominance of the unsaturated 20:4 and
18:2 acyl species that were found by several
other investigators [Saulnier-Blache et al.,
2000; Baker et al., 2001; Aoki et al., 2002; Sano
et al., 2002]. The lack of dedifferentiation caus-
ing effect by LPA 12:0, 14:0, 16:0, 18:0 noted by
Hayashi and coworkers is at odds with the
expression of LPA1 andLPA3 transcripts, as the
LPA1 receptor has been reported to respond to
LPA 16:0 and 18:0 [Bandoh et al., 2000]. We
have shown that not only unsaturated LPA
species but the PPARg agonist Rosiglitazone
also elicits the phenotypic dedifferentiation of
VSMCand this response is completely abolished
by the irreversible PPARg antagonist GW9662
[Zhang et al., 2004]. Hayashi et al. [2001] pro-
posed that a sustained activation of the PI3K-
Akt signaling axis is a prerequisite for the in
vitro maintenance of the differentiated VSMC
phenotype.However,PPARgactivates thephos-
phatase PTEN, which inhibits PI3K signaling
[Goetze et al., 2001, 2002a,b] providing an alter-
native explanation for the phenotypic dediffer-
entiation that brings PPARg to center stage as a
regulator/modulator ofGprotein-coupled recep-
tor signaling. These unresolved issues certainly
point to the pressing need for further research
in this important area of LPA biology.

Themounting evidence collected from in vitro
studies prompted Yoshida et al. [2003] to test
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LPA for its activities on the non-injured arterial
wall. These authors developed a new model in
which LPA is infused through the external
carotid artery of a rat into a ligated section of the
common/internal carotid artery that has been
carefully rinsed to remove blood. Low micro-
molar concentrations of LPA were applied into
the vessel for a period of 1 h. It is important to
note that the cannula never enters the common
carotid, thus there is nomechanical injury to the
vessel wall beyond that of the surgical exposure
on the adventitial side. As early as 7 days after
LPA exposure, there were signs of neointima
formation in the common carotid but only to
unsaturated acyl species of LPA. These authors
found that LPA 18:0 only weakly activated p44/
45 ERK and p38 MAPK and did not induce
nuclear localization of NF-kB, whereas LPA
18:1 was a strong activator of the two MAP kin-
ases and of NF-kB nuclear translocation. They
also noted that a combined pharmacological
inhibition of ERK and p38MAPK signaling
blocked neointima formation. We investigated
the effect of native andmox-LDLusing the same
model and found that only mox-LDL elicited
progressive neointima growth [Zhang et al.,
2003, 2004]. We determined that oxidative
damage to LDL led to 6-fold increase in the
concentrations of alkyl-LPA but acyl-LPA re-
mained the same, although the polyunsatu-
rated species became oxidized. Because of the
apparent mismatch between the structure
activity relationship of the EDG family LPA
receptors and that of the neointima inducing
effect limited to unsaturated LPA species, we
have investigated the possibility that the neoin-
timal response would be mediated by PPARg.
Our results showed that only unsaturated LPA
species and alkyl-LPA but not saturated acyl
species or cPA 18:1 were able to activate PPARg
in vivo and in vitro. We obtained several lines of
evidence that implicate PPARg in LPA-induced
vascular remodeling:

1) The synthetic and natural PPARg ligands
elicited neointima formation.

2) The irreversible PPARg antagonist
GW9662 completely abolished the neoin-
tima response to LPA and other agonists
including Rosiglitazone, azeleoyl-phospha-
tidylcholine and mox-LDL.

3) Fluorinated LPA analogs, which are 400-
times less potent agonists of LPA receptors
than LPA 18:1 were nearly as effective as

LPA 18:1 eliciting neointima; whereas
EGF, VEGF, and PDGF were inactive.

4) Whereas LPA GPCR do not show stereo-
selectivity, PPARg showed a preference for
1-O-octadecenyl-LPA over the un-natural
stereoisomer 3-O-octadecenyl-LPA. The
neointimal response showed the same
stereoselectivity as PPARg.

5) Albumin interferes with the transbilayer
movement of LPA in a dose-dependent
manner [Tokumura et al., 1992] and blocks
the neointimal response. It is for this
reason that plasma inhibits the neoin-
tima-inducing effect of LPA and Rosiglita-
zone, whereas serum, that is rich in LPA
and is capable of activating LPA GPCR but
not PPARg, remains inactive in eliciting
neointimal formation.

Based on these results, we confirm the obser-
vations of Yoshida et al. [2003] and propose that
activation of PPARg is sufficient and necessary
for the neointimal response [Zhang et al., 2003,
2004]. Taken together, LPA appears to play a
dual role in vascular remodeling: one as ligand
of GPCR and another as a ligand of PPARg. The
interplay between these two roles will most
likely be a topic of intense investigation in the
near future.

Perspective

The cardiovascular system has emerged as a
major target of LPA. Based on the evidence
available at the present time, we envision that
LPA has the definitive potential to be identified
as an important mediator of thrombosis
and atherogenesis; consequently, experimental
therapies targeting LPA receptors and signal-
ing might offer benefits in the treatment of
atherosclerosis and cardiovascular diseases.
Here we present our vision as a working hypo-
thesis for the role of LPA in atherothrombosis
and neointima formation. We posit that LPA is
generated during oxidativemodification of LDL
in the intima, and/or that LPA is released by
activated platelets that have been shown to
adhere to early atherosclerotic lesions in vivo
[Massberg et al., 2002]. LPA will then via LPA
receptors activate endothelial cells at the lumi-
nal and abluminal side, increase the expression
of adhesion molecules for monocytes and en-
hance endothelial permeability for LDL. In
the intima, mox LDL-associated LPA could be
taken up by macrophages and VSMCs by a
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phospholipid transporter as described in epithe-
lial cells by Boujaoude et al. [2001]. We propose
that LPA packaged in LDL is a pathophysiolo-
gically relevant ligand that can lead to PPARg
activation. The intracellularly captured LPA
and other mox-LDL-associated oxidized lipids
activate PPARg and upregulate the expression
of a host of genes with PPRE in their promoters.
The increased expression of CD36 in infiltrating
macrophages along with the PPARg-regulated
dedifferentiation of VSMC, could be the major
driving force behind neointima formation and
consequential lipid uptake promoting the devel-
opment of an atheromatous plaque and the
atherosclerotic disease.

The mechanism outlined above includes a
feed-forwardmechanism: LPA-induces PPARg-
mediated expression of CD36, setting up a
continued import of PPARg ligands into the cell.

The lipid rich core of atherosclerotic plaques
is instable and if further destabilized by inflam-
mation could rupture bringing the LPA-rich
content in contact with platelets. The lipid-rich
core could trigger platelet aggregation, throm-
bosis and ischemic heart attacks and stroke.
Although, there are many reports in the litera-
ture that confirm one or another aspect of this
hypothesis, manymore studies are needed to as-
sesswhethertheseeventsareinterlinkedbyLPA.
Undoubtedly,manynewpiecesofthisinteresting
puzzle will have to become available from future
investigations for a more complete understand-
ing of the cardiovascular effects of LPA.

REFERENCES

An S, Bleu T, Zheng Y, Goetzl EJ. 1998. Recombinant
human G protein-coupled lysophosphatidic acid recep-
tors mediate intracellular calcium mobilization. Mol
Pharmacol 54:881–888.

Aoki J, Taira A, Takanezawa Y, Kishi Y, Hama K,
Kishimoto T, Mizuno K, Saku K, Taguchi R, Arai H.
2002. Serum lysophosphatidic acid is produced through
diverse phospholipase pathways. J Biol Chem 277:
48737–48744.

Baker DL, Desiderio DM, Miller DD, Tolley B, Tigyi GJ.
2001. Direct quantitative analysis of lysophosphatidic
acid molecular species by stable isotope dilution electro-
spray ionization liquid chromatography-mass spectro-
metry. Anal Biochem 292:287–295.

Bandoh K, Aoki J, Taira A, Tsujimoto M, Arai H, Inoue K.
2000. Lysophosphatidic acid (LPA) receptors of the EDG
family are differentially activated by LPA species:
Structure–activity relationship of cloned LPA receptors.
FEBS Lett 478:159–165.

Bauer M, Retzer M, Wilde JI, Maschberger P, Essler M,
Aepfelbacher M, Watson SP, Siess W. 1999. Dichotomous

regulation of myosin phosphorylation and shape change
by Rho-kinase and calcium in intact human platelets.
Blood 94:1665–1672.

Bauer M, Maschberger P, Quek L, Briddon SJ, Dash D,
Weiss M, Watson SP, Siess W. 2001. Genetic and
pharmacological analyses of involvement of Src-family,
Syk and Btk tyrosine kinases in platelet shape change.
Src-kinases mediate integrin alphaIIb beta3 inside-out
signalling during shape change. Thromb Haemost
85:331–340.

Boujaoude LC, Bradshaw-Wilder C, Mao C, Cohn J, Ogre-
tmen B, Hannun YA, Obeid LM. 2001. Cystic fibrosis
transmembrane regulator regulates uptake of sphingoid
base phosphates and lysophosphatidic acid: Modulation
of cellular activity of sphingosine 1-phosphate. J Biol
Chem 276:35258–35264.

Brandl R, Richter T, Haug K, Wilhelm MG, Maurer PC,
Nathrath W. 1997. Topographic analysis of proliferative
activity in carotid endarterectomy specimens by immu-
nocytochemical detection of the cell cycle-related antigen
Ki-67. Circulation 96:3360–3368.

Essler M, Retzer M, Bauer M, Zangl KJ, Tigyi G, Siess W.
2000. Stimulation of platelets and endothelial cells by
mildly oxidized LDL proceeds through activation of
lysophosphatidic acid receptors and the Rho/Rho-kinase
pathway. Inhibition by lovastatin. Ann NY Acad Sci
905:282–286.

Fischer DJ, Nusser N, Virag T, Yokoyama K, Wang D,
Baker DL, Bautista D, Parrill AL, Tigyi G. 2001. Short-
chain phosphatidates are subtype-selective antagonists
of lysophosphatidic acid receptors. Mol Pharmacol 60:
776–784.

Fueller M, Wang dA, Tigyi G, Siess W. 2003. Activation
of human monocytic cells by lysophosphatidic acid
and sphingosine-1-phosphate. Cell Signal 15:367–
375.

Gerrard JM, Robinson P. 1989. Identification of the mole-
cular species of lysophosphatidic acid produced when
platelets are stimulated by thrombin. Biochim Biophys
Acta 1001:282–285.

Goetze S, Kintscher U, Kim S, Meehan WP, Kaneshiro K,
Collins AR, Fleck E, Hsueh WA, Law RE. 2001. Peroxi-
some proliferator-activated receptor-gamma ligands
inhibit nuclear but not cytosolic extracellular signal-
regulated kinase/mitogen-activated protein kinase-regu-
lated steps in vascular smooth muscle cell migration.
J Cardiovasc Pharmacol 38:909–921.

Goetze S, Eilers F, Bungenstock A, Kintscher U, Stawowy
P, Blaschke F, Graf K, Law RE, Fleck E, Grafe M. 2002a.
PPAR activators inhibit endothelial cell migration by
targeting Akt. Biochem Biophys Res Comun 293:1431–
1437.

Goetze S, Bungenstock A, Czupalla C, Eilers F, Stawowy P,
Kintscher U, Spencer-Hansch C, Graf K, Nurnberg B,
Law RE, Fleck E, Grafe M. 2002b. Leptin induces endo-
thelial cell migration through Akt, which is inhibited by
PPARgamma-ligands. Hypertension 40:748–754.

Haserück N, Rother E, Corrinth C, Siess W. 2000. Com-
parison of platelet shape change and aggregation induced
by lysophosphatidic acid and mildly oxidised LDL in
platelet-rich plasma and in washed platelets. Platelets
11:344.

HaserückN,ErlW,PandeyD,TigyiG,OhlmannP,RavanatC,
GachetC, SiessW. 2003. The plaque lipid lysophosphatidic

1092 Siess and Tigyi



acid stimulates platelet aggregation and platelet-mono-
cyte aggregate formation in whole blood. Blood 103:
2585–2592.

Hayashi K, Takahashi M, Nishida W, Yoshida K, Ohkawa
Y, Kitabatake A, Aoki J, Arai H, Sobue K. 2001.
Phenotypic modulation of vascular smooth muscle cells
induced by unsaturated lysophosphatidic acids. Circ Res
89:251–258.

Maschberger P, Bauer M, Baumann-Siemons J, Zangl KJ,
Negrescu EV, Reininger AJ, Siess W. 2000. Mildly
oxidized low density lipoprotein rapidly stimulates via
activation of the lysophosphatidic acid receptor Src
family and Syk tyrosine kinases and Ca2þ influx in
human platelets. J Biol Chem 275:19159–19166.

Massberg S, BrandK, Gruner S, Page S, Muller E,Muller I,
Bergmeier W, Richter T, Lorenz M, Konrad I, Nieswandt
B, Gawaz M. 2002. A critical role of platelet adhesion in
the initiation of atherosclerotic lesion formation. J Exp
Med 196:887–896.

McIntyre TM, Pontsler AV, Silva AR, St Hilaire A, Xu Y,
Hinshaw JC, Zimmerman GA, Hama K, Aoki J, Arai H,
Prestwich GD. 2003. Identification of an intracellular
receptor for lysophosphatidic acid (LPA): LPA is a
transcellular PPARgamma agonist. Proc Natl Acad Sci
USA 100:131–136.

Motohashi K, Shibata S, Ozaki Y, Yatomi Y, Igarashi Y.
2000. Identification of lysophospholipid receptors in
human platelets: The relation of two agonists, lysopho-
sphatidic acid and sphingosine 1-phosphate. FEBS Lett
468:189–193.

Noguchi K, Ishii S, Shimizu T. 2003. Identification of p2y9/
GPR23 as a novel G protein-coupled receptor for lysopho-
sphatidic acid, structurally distant from the Edg family.
J Biol Chem 278:25600–25606.

Retzer M, Essler M. 2000. Lysophosphatidic acid-induced
platelet shape change proceeds via Rho/Rho kinase-
mediated myosin light-chain and moesin phosphoryla-
tion. Cell Signal 12:645–648.

Retzer M, Siess W, Essler M. 2000. Mildly oxidised low
density lipoprotein induces platelet shape change via
Rho-kinase-dependent phosphorylation of myosin light
chain and moesin. FEBS Lett 466:70–74.

Rizza C, Leitinger N, Yue J, Fischer DJ, Wang DA, Shih
PT, Lee H, Tigyi G, Berliner JA. 1999. Lysophosphatidic
acid as a regulator of endothelial/leukocyte interaction.
Lab Invest 79:1227–1235.

Rother E, Brandl R, Baker DL, Goyal P, Gebhard H, Tigyi
G, Siess W. 2003. Subtype-selective antagonists of
lysophosphatidic acid receptors inhibit platelet activa-
tion triggered by the lipid core of atherosclerotic plaques.
Circulation 108:741–747.

Sano T, Baker D, Virag T, Wada A, Yatomi Y, Kobayashi T,
Igarashi Y, Tigyi G. 2002. Multiple mechanisms linked to
platelet activation result in lysophosphatidic acid and
sphingosine 1-phosphate generation in blood. J Biol
Chem 277:21197–21206.

Saulnier-Blache JS, Girard A, Simon MF, Lafontan M,
Valet P. 2000. A simple and highly sensitive radio-
enzymatic assay for lysophosphatidic acid quantification.
J Lipid Res 41:1947–1951.

Schumacher KA, Classen HG, Spath M. 1979. Platelet
aggregation evoked in vitro and in vivo by phosphatidic
acids and lysoderivatives: Identity with substances in
aged serum (DAS). Thromb Haemost 42:631–640.

Siess W. 2002. Athero- and thrombogenic actions of
lysophosphatidic acid and sphingosine-1-phosphate. Bio-
chim Biophys Acta 1582:204–215.

Siess W, Zangl KJ, Essler M, Bauer M, Brandl R,
Corrinth C, Bittman R, Tigyi G, Aepfelbacher M. 1999.
Lysophosphatidic acid mediates the rapid activation of
platelets and endothelial cells by mildly oxidized low
density lipoprotein and accumulates in human athero-
sclerotic lesions. Proc Natl Acad Sci USA 96:6931–
6936.

Simon MF, Chap H, Douste-Blazy L. 1982. Human
platelet aggregation induced by 1-alkyl-lysophosphatidic
acid and its analogs: A new group of phospholipid
mediators? Biochem Biophys Res Commun 108:1743–
1750.

Smyth SS, Sciorra VA, Sigal YJ, Pamuklar Z, Wang Z, Xu Y,
Prestwich GD,Morris AJ. 2003. Lipid phosphate phospha-
tases regulate lysophosphatidicacidproductionandsignal-
ing in platelets: Studies using chemical inhibitors of lipid
phosphate phosphatase activity. J Biol Chem 278:43214–
43223.

Sugiura T, Tokumura A, Gregory L, Nouchi T, Weintraub
ST, Hanahan DJ. 1994. Biochemical characterization of
the interaction of lipid phosphoric acids with human
platelets: Comparison with platelet activating factor.
Arch Biochem Biophys 311:358–368.

Tigyi G. 2001. Physiological responses to lysophosphatidic
acid and related glycero-phospholipids. Prostaglandins
Other Lipid Mediat 64:47–62.

Tigyi G, Miledi R. 1992. Lysophosphatidates bound to
serum albumin activate membrane currents in Xenopus
oocytes and neurite retraction in PC12 pheochromocy-
toma cells. J Biol Chem 267:21360–21367.

Tigyi G, Hong L, Shibata M, Parfenova H, Yakubu M,
Leffler C. 1995. Lysophosphatidic acid alters cerebrovas-
cular reactivity in piglets. Am J Physiol Heart Circ
Physiol 37:H2048–H2055.

Tokumura A, Fukuzawa K, Isobe J, Tsukatani H. 1981.
Lysophosphatidic acid-induced aggregation of human
and feline platelets: Structure–activity relationship.
Biochem Biophys Res Commun 99:391–398.

Tokumura A, Tsutsumi T, Tsukatani H. 1992. Transbilayer
movement and metabolic fate of ether-linked phosphati-
dic acid (1-O-octadecyl-2-acetyl-sn-glycerol-3-phosphate)
in guinea pig peritoneal polymorphonuclear leukocytes.
J Biol Chem 267:7275–7283.

Tokumura A, Sinomiya J, Kishimoto S, Tanaka T, Kogure
K, Sugiura T, Satouchi K, Waku K, Fukuzawa K. 2002.
Human platelets respond differentially to lysophospha-
tidic acids having a highly unsaturated fatty acyl group
and alkyl ether-linked lysophosphatidic acids. Biochem J
365:617–628.

Weidtmann A, Scheithe R, Hrboticky N, Pietsch A,
Lorenz R, Siess W. 1995. Mildly oxidized LDL
induces platelet aggregation through activation of phos-
pholipase A2. Arterioscler Thromb Vasc Biol 15:1131–
1138.

Yatomi Y, Ohmori T, Rile G, Kazama F, Okamoto H, Sano
T, Satoh K, Kume S, Tigyi G, Igarashi Y, Ozaki Y. 2000.
Sphingosine 1-phosphate as a major bioactive lysopho-
spholipid that is released from platelets and interacts
with endothelial cells. Blood 96:3431–3438.

Yoshida K, Nishida W, Hayashi K, Ohkawa Y, Ogawa A,
Aoki J, Arai H, Sobue K. 2003. Vascular remodeling

Thrombogenic and Atherogenic LPA 1093



induced by naturally occurring unsaturated lysopho-
sphatidic acid in vivo. Circulation 108:1746–1752.

Zhang C, Baker DL, Johnson LR, Balazs L, McIntyre T, Xu
Y, Prestwich GL, Tigyi G. 2003. Lysophosphatidic acid-
induced neointima formation—The role of PPARgamma.
FASEB J 17:A628.8.

Zhang C, Baker DL, Yasuda S, Makarova N, Balazs L,
Johnson LR, Marathe GK, McIntyre TM, Xu Y, Pre-
stwich GD, Byun H-S, Bittman R, Tigyi G. 2004.
Lysophosphatidic acid induces neointima formation
through PPARg activation. J Exp Med 199:763–774.

1094 Siess and Tigyi


