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Specific LPA Receptor Subtype Mediation of
LPA-Induced Hypertrophy of Cardiac Myocytes and
Involvement of Akt and NFkB Signal Pathways
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Abstract Lysophosphatidic acid (LPA) is a bioactive phospholipid with diverse functions mediated via G-protein-
coupled receptors (GPCRs). In view of the elevated levels of LPA in acute myocardial infarction (MI) patients we have
conducted studies aimed at identifying specific LPA receptor subtypes and signaling events that may mediate its actions in
hypertrophic remodeling. Experiments were carried out in cultured neonatal rat cardiomyocytes (NRCMs) exposed to LPA
and in a rat MI model. In NRCMs, LPA-induced hypertrophic growth was completely abrogated by DGPP, an LPA1/LPA3
antagonist. The LPA3 agonist OMPT, but not the LPA2 agonist dodecylphosphate, promoted hypertrophy as examined by
3[H]-Leucine incorporation, ANF-luciferase expression and cell area. In in vivo experiments, LPA1, LPA2 and LPA3
mRNA levels as well as LPA1 and LPA3 protein levels increased together with left ventricular remodeling (LVRM) after MI.
In addition, LPA stimulated the phosphorylation of Akt and p65 protein and activated NF-kB-luciferase expression.
Inhibitors of PI3K (wortmannin), mTOR (rapamycin), and NF-kB (PDTC or SN50) effectively prevented LPA-induced 3[H]-
Leucine incorporation and ANF-luciferase expression. Furthermore, ERK inhibitors (U0126 and PD98059) suppressed
LPA-stimulated activation of NF-kB and p65 phosphorylation whereas wortmannin showed no effect on NF-kB activation.
Our findings indicate that LPA3 and/or LPA1 mediate LPA-induced hypertrophy of NRCMs and that LPA1 and LPA3 may
be involved in LVRM of MI rats. Moreover, Akt and NF-kB signaling pathways independently implicate in LPA-stimulated
myocardial hypertrophic growth. J. Cell. Biochem. 103: 1718–1731, 2008. � 2007 Wiley-Liss, Inc.
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Lysophosphatidic acid (LPA) is a simple and
natural lipid which has emerged as a potent
mediator with a broad range of cellular actions,
including stimulation of cell contraction and
proliferation, protection from apoptosis, reor-
ganization of cytoskeletal, and regulating cel-
lular migration [Moolenaar, 1999; Mills and
Moolenaar, 2003]. Within the cardiovascular
system, LPA may be involved in angiogenesis
and in the pathogenesis of atherosclerosis [Tigyi
and Parrill, 2003]. Moreover, we recently
reported that serum LPA level is significantly
elevated (maximal �sevenfold) in serum LPA
concentration in acute myocardial infarction
(MI) patients [Chen et al., 2003]. In addition, in
ex vivo study, LPA promotes cardiomyocytes
hypertrophy [Goetzl et al., 2000; Hilal-Dandan
et al., 2004] and prevents myocyte apoptosis
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[Karliner et al., 2001]. These findings indicate
that after MI, LPA may be involved in left
ventricular (LV) remodeling, which is charac-
terized by infarct expansion, compensative
hypertrophy of non-infarcted myocardium and
alteration of LV geometry.

Ithas been shown that LPA receptors belongto
the endothelial differentiation genes (EDG)
family of receptors with LPA1, LPA2, and
LPA3, respectively corresponding to Edg2,
Edg4, and Edg7. These are G-protein-coupled
receptors (GPCRs) that mediate pleiotypic and
specific action of LPA [Contos et al., 2000;
Fukushima and Chun, 2001]. LPA1 is widely
expressed in various normal tissue, whereas
LPA2 and LPA3 show a more restricted
expressed [Anliker and Chun, 2004]. Alteration
of LPA receptor expression or the activation of a
specific LPA receptor subtypeunder pathological
condition may be an important event in the
development of the disease. In this regard, LPA2
mRNA level is significantly high in colorectal
cancers [Shida et al., 2004] while LPA1 receptor
is implicated in pancreatic cancer [Yamadaetal.,
2004] and cancer metastasis to bone [Bouchar-
aba et al., 2006], LPA1 and LPA3 contribute to
thrombus formation leading to cardiovascular
diseases [Rother et al., 2003]. At present, how-
ever, it is not clear as to which receptor subtype
mediate the LPA-induced hypertrophy in cardi-
omyocytes as well as whether LPA receptors is
specifically up-regulated in process of hyper-
trophic remodeling after MI.

Cardiomyocytes hypertrophy is an adaptive
pathophysiological process in response to MI
that may involve a complex network of cellular
events. For instance, it is reported that under
certain conditions, activation of the ERK, PI3K,
and potentially NF-kB pathways may play an
important role in the development of cardiac
hypertrophy [Purcell et al., 2001; Matsui et al.,
2003]. It has been reported that LPA induces
hypertrophy of neonatal cardiomyocytes
through co-activation of Gi/ERK and Rho path-
ways [Hilal-Dandan et al., 2004]. However, the
signaling pathways of LPA-stimulated cardiac
hypertrophy have not been satisfactorily exam-
ined. Given the fact that cardiac hypertrophy is
regulated by a complex signaling network
rather than a single pathway, it would be of
value to fully elucidate the signaling events that
mediate LPA-induced cardiomyocyte hypertro-
phy. In particular, identifying not only the
receptors involved but also the key signaling

molecules affected and their downstream tar-
gets would be crucial for a better understanding
of the cellular mechanisms that regulate hyper-
trophy. The aims of the present studies there-
fore were to clarify the involvement of LPA
receptor subtypes in cardiac hypertrophy
in vitro and in vivo, and to gain further insight
into the transductional and transcriptional
signaling pathways that may mediate the
hypertrophic actions of LPA.

MATERIALS AND METHODS

Materials

LPA (oleoyl C: 18:1), OMPT (1-oleoyl-2-
Omethyl-rac-glycero-phosphothionate), BrdU,
Phalloidin-TRITC and Rapamycin, Trypan blue
and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
terzolium bromide (MTT) were from Sigma.
DGPP [dioctylglycerol pyrophosphate (8:0)] was
from Avanti Polar Lipids. Dodecylphosphate,
Wortmannin, U0126, SN50 were from Biomol
Research Labs. PD98059 and PDTC were
from Calbiochem. Nppa promoter-luciferase
reporter construct (ANF-Luc) was as a gift from
professor Issei Komuro. 2�NF-kB-Luciferase
reporter vector (NF-kB-Luc) was from Clontech.
pRL-CMV Renilla luciferase vector and Dual-
Luciferase Reporter (DLR) Assay kit were
from Promega, Trizol, and Lipofectamine 2000
were from Invitrogen. Antibodies were from
suppliers as indicated: anti-LPA1 antibodies
(Calbiochem); anti-LPA2, anti-LPA3, anti-p65
(Santa Cruz Biotechnology); anti-b-Actin anti-
bodies (Sigma); anti-phospho-p65 and anti-Akt,
anti-phospho-Akt (Cell Signaling Inc.). Horse-
radish peroxidase-conjugated secondary anti-
bodies were from Santa Cruz Biotechnology.

Cell Culture of Neonatal Ventricular Myocytes

Neonatal rat cardiomyocytes (NRCMs) were
cultured as previous described [Chen et al., 2002]
from 1 to 3-day-old SD rats. Cardiomyocytes
obtained were plated at a density of 50,000 cells/
cm2 supplemented with DMEM containing 10%
fetal bovine serum, penicillin/streptomycin
(1000 U/ml each) with 100 mM BrdU added to
inhibit the growth of cardiac fibroblasts. Sub-
confluent cardiomyocytes were starved overnight
in serum-free medium prior to the experiments.

Cell Viability Assay

Cell viability was tested by MTT assay and
trypan blue dye exclusion assay as previous
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described [Wang et al., 2006]. For MTT assay,
cells were seeded in 96-well plates with differ-
ent reagents for 44 h. MTT was added to each
well at a final concentration of 0.5 mg/ml and
incubated for another 4 h. The supernatants
were removed and 100 ml of DMSO was added to
each well to dissolve the blue formazan product.
Quantitative colorimetric assay at 570 nm was
measured on a 96-well scanning spectropho-
tometer. For trypen blue assay, cells in six-well
were treated with reagents for 48 h. Then, cells
were harvested by trypsinization, washed with
PBS, pelleted, and resuspended in PBS. The cell
suspension was mixed with an equal volume of
0.4% Trypan blue solution and incubated for
3 min at room temperature. The number of
unstained cells (living cells) and the total
number of cells were counted on a haemacy-
tometer under a microscope.

Animals and Acute Myocardial Infarction

Acute MI model was established by the
ligation of the left anterior descending (LAD)
artery in randomly selected female Sprague–
Dawley (SD) rats (body weight 210–270 g;
Charles River Laboratories, Inc.) as previously
reported [Yang et al., 2003]. Twenty-four hours
after the operation, survivors were observed
after 4 weeks. In the sham-operated groups,
rats were randomly selected and a suture was
tied loosely around the left coronary artery, but
the vessel was not ligated. These animals were
assigned as control group.

Evaluation of LV Remodeling and LV Function

Hemodynamic measurements and LV remod-
eling analysis were performed as previous
described [Yang et al., 2003] at the end of
4 weeks. The hearts were arrested by intra-
venous injection of 10% KCl, rapidly excised and
randomly divided to two groups. One group was
preserved in liquid nitrogen for analysis of
expression of LPA receptor subtypes. LV rela-
tive weight (LV weight/body weight) was deter-
mined in the second group and subsequently
fixed for examination of LV remodeling includ-
ing septal thickness (STh), left ventricular
transverse diameter (c), left ventricular cross-
sectional area (LVCSA).

Preparation of RNA and RT-PCR Analysis

Total RNA was extracted from the left
ventricles of adult rat hearts using Trizol
according to the manufacturer’s instructions

and quantified by ultraviolet (UV) spectropho-
tometry. Reverse transcription polymerase
chain reaction (RT-PCR) analysis was per-
formed as our previously described [Chen
et al., 2006] using the following gene specific
extron primers: LPA1/Edg2: 50-TCTTCTGGG-
CCATTTTCA A-30 and 50-GCCGTTGGGGTTC-
TCGTT-30; LPA2/Edg4: 50-CCTACCTCTTCCT-
CATGTTC-30 and 50-AATGATGACAACCGTC-
TTGACTA-30; LPA3/Edg7: 50-TGT CAACCG-
CTGGCTTCT-30 and 50-CAGTCATCACCGTC-
TCATTAG-30; GAPDH: 50-CCATGGAGAAGG-
CTGGG -30 and 50-CAAAGTTGTCATGGAT-
GACC-30. PCR products were run on 1.5%
agarose gels and bands visualized with a UV
transiluminator (Bio-Rad) followed by compu-
terized densitometric analysis with the image
analysis system TotalLab1.1. The mRNA levels
were expressed as the ratios of densitometric
scan values of LPA receptor subtypes to
GAPDH.

Protein Extraction and Western Blot Analysis

Total protein was extracted from LV tissue
using T-PER1 Tissue Protein Extraction

Fig. 1. Effect of inhibitors on cardiomyocytes viability. Car-
diomyocytes were incubate with or without 50 mM DGPP, 50 mg/
ml SN50, 50 mM PD98059, 100 nM Wortmannin, 100 nM
Rapamycin for 48 h. Cell viability as measured by trypan blue dye
exclusion assay and MTT assay described under Materials and
methods. Data are expressed as the mean� SD. For this and all
other illustration in this paper, representative results from three
independent experiments are shown.
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Reagent (Pierce) according to the manufac-
turer’s instructions. Cultured cells were rinsed
twice with ice-cold PBS and then lysed at 48C in
buffer containing 1% TritonX-100, 20 mmol/L
HEPES (pH 7.5), 5 mmol/L MgCl2, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1 mmol/L dithiothrei-
tol(DTT), 1 mmol/L phenylmethyl sulfonyl
fluoride (PMSF), and 1 mg/ml each of leupeptin,

aprotinin, and pepstatin for 30 min. Fifty
micrograms of total protein was mixed with
5�SDS sample buffer, boiled for 5 min and
subjected to SDS–PAGE electrophoresis. Pro-
tein bands were visualized by enhanced chem-
iluminescence and exposed to radiographic film.
Band intensities were quantified by scanning
with a color scanner (EPSON Perfection) and

Fig. 2. Specific LPA receptor subtypes mediate the 3[H]-
Leucine incorporation of LPA-induced primary cardiomyocytes
hypertrophy. Cardiomyocytes were treated with the agents
indicated on each panel for 48 h. (A) LPA dose-dependently
induced 3[H]-Leucine incorporation in primary cardiomyo-
cytes. (B) Specific LPA1/LPA3 receptor antagonist, DGPP
completely blocked the LPA-induced 3[H]-Leucine incorpora-
tion (C) Specific LPA2 receptor agonist, Dodecylphosphate

showed no contribution to 3[H]-Leucine incorporation.
(D) Specific LPA3 receptor agonist OMPT effectively stimulated
the 3[H]-Leucine incorporation. The incorporation of 3[H]-
Leucine in cardiomyocytes was measured as described
in section Materials and Methods. Data are expressed as the
mean� SD. **P<0.01 versus control; ##P< 0.01 versus LPA
alone.
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analyzed with the image analysis system-Total-
Lab1.1.

Measurement of Protein Synthesis

Serum-deprived cells were stimulated with
dodecylphosphate or OMPT for 48 h. Then cells
were pre-incubated with other drugs used for
1 h prior to stimulation with LPA for 48 h. 3[H]-
Leucine was added to the serum-free medium at
a final concentration of 1 mCi/ml (Institute of
High Energy Physics, Chinese Academy of
Sciences) during the last 6 h of stimulation.
Experiments were terminated by rinsing cells
3� with PBS followed by incubation with ice-
cold 10% TCA for 30 min at 48C. Precipitated
proteins were solubilized in 1% SDS/0.1 M
NaOH overnight at room temperature. Radio-
activity of SDS-soluble protein was quantified
by liquid scintillation spectrometry.

Measurement of Cardiomyocytes Area

Serum-deprived NRCMs exposed for 48 h to
an LPA receptor subtypes agonist or LPA in the
continued presence of a select antagonist were
fixed for 15 min in 3.7% paraformaldehyde and
subsequently permeabilized with 0.1% Triton

X-100 for 10 min before staining in the dark with
a 2 mg/ml TRITC-conjugated phalloidin solution
for 2 h at room temperature. Cell profile was
visualized using a laser confocal microscope
system (Leica TCS NT) and a computer that

Fig. 3. Effects of specific LPA antagonist and agonist on LPA-
induced hypertrophic changes in cell area. Cardiomyocytes
were treated with 50 mM Dodecylphosphate (LPA2 agonist) or
1 mM OMPT (LPA3 agonist) for 48 h, or pretreated with 50 mM
DGPP (LPA1/LPA3 antagonist) 1 h and then exposure to 10 mM
LPA for 48 h. Cardiomyocytes were stained with TRITC-
conjugated phalloidin. Cell area was measured and calculated
as detailed in Materials and Methods. Data are expressed as the
mean� SD. **P< 0.01 versus control; ##P< 0.01 versus LPA
alone.

Fig. 4. Specific LPA receptor subtypes mediate the LPA-
induced ANF-Luc gene expression in primary cardiomyocytes.
Cardiomyocytes were transfected and then treated with different
agents as indicated in Materials and Methods. (A) LPA dose-
responsedly induced ANF-luc expression. (B) 50 mM DGPP
completely prevents LPA-induced expression of ANF-Luc.
Stimulation of 1 mM OMPT was weaker than 10 mM LPA.
50 mM dodecylphosphate has no effect on expression of ANF-
Luc. Data are expressed as the mean� SD. **P<0.01 versus
control; ##P< 0.01 versus LPA alone.
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allowed direct calculation of the cardiomyocytes
area using image analysis software (Leica
confocal software).

Cell Transfection and Luciferase Assays

Sub-confluent NRCMs seeded in 24-well
plates were transiently transfected with ANF-
Luc reporter vector (0.8 mg/well) or NF-kB-Luc
reporter vector (1.0 mg/well) with pRL-CMV
(0.05 mg/well) used as an internal control vector.
Transfections were carried out using Lipofect-
amine2000 (2 ml/well) in culture medium with-
out serum or antibiotics for 12–16 h.
Transfected cells were maintained in serum-
free medium with various agents for 48 h and
luciferase activity examined by the Promega’s
VeritasTM Microplate Luminometer in combi-
nation with DLR Assay according to the sup-
plied protocol.

Statistical Analysis

Data are expressed as mean� standard devi-
ation (SD) of at least three independent experi-
ments unless stated otherwise. Differences
among groups were tested by one-way ANOVA.
Comparisons between two groups were eval-
uated using Student’s t-test. A value of P< 0.05
was considered as significantly different.

RESULTS

Effects of Antagonist and Inhibitors
on Cell Viability

As shown in Figure 1, a dose of 50 mM DGPP,
50 mg/ml SN50, 50 mM PD98059, 100 nM

Wortmannin and 100 nM Rapamycin had no
effect on the viability of cardiomyocytes. It is
reported that 50 mM PDTC [Hattori et al., 1997;
Gupta et al., 2002] and 10 mM U0126 [Yue et al.,
2000] were selected for the optimal inhibition
without damaging the cardiomyocytes. These
agents at the indicated concentrations are used
in this study.

LPA1 and LPA3 Mediate LPA-Induced Cultured
Neonatal Cardiomyocyte Hypertrophy

Treatment of cardiomyocytes with LPA for
48 h caused a dose-dependent change in 3[H]-
Leucine incorporation (Fig.2A).Proteinsynthesis
increased by 2.2-fold at 10 mM but decreas-
ed to control level at higher concentration
(25–100 mM). As shown in Figure 2B, DGPP
(50 mM), which acts as an effective antagonist
against LPA1/LPA3 [Fischer et al., 2001], com-
pletely inhibited the incorporation of 3[H]-
Leucine induced by LPA (10 mM). OMPT, which
was recently described as a selective agonist at
the LPA3 receptor [Hasegawa et al., 2003],
significantly stimulated protein synthesis at
50 nM to 1 mM (Fig. 2D). However, Dodecylphos-
phate (0.5–100 mM), a specific LPA2 agonist
[Virag et al., 2003], had no effect on the protein
synthesis (Fig. 2C).

As shown in Figure 3, treatment of cells with
LPA (10mM) resulted in a 1.64-fold enlargement
(P< 0.01 vs. control) in cell size which was
blocked by DGPP(50 mM). OMPT (1 mM) was
weaker than LPA, causing only a 1.27-fold
increase in cell size (P¼ 0.0026 vs. control,

TABLE I. Hemodynamics LV Function and Analysis of LV
Remodeling after MI

Hemodynamics and LV Function after MI

Sham(n¼ 10) MI(n¼ 13)

LVSP(mmHg) 161.21� 17.78 139.74� 20.63*
LVEDP(mmHg) 1.25� 2.74 19.86�12.76**
þdp/dt(mmHg/s) 7750.10� 1568.97 5689.54�1036.98***
�dp/dt(mmHg/s) 6353.80� 1795.58 4812.77� 934.76**

LV Remodeling after MI

Sham(n¼ 5) MI(n¼ 7)

LVRW(mg/g) 1.95� 0.24 2.57�0.39***
STh(mm) 2.74� 0.15 3.47�0.14***
LVTD (mm) 14.04� 1.80 20.37� 2.66**

*P< 0.05
**P< 0.01
***P< 0.001 vs sham-operated control group.
MI, myocardial infarction; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-
diastolic pressure; �dp/dt, maximum rise and fall rate of left ventricular pressure. LVRW, left
ventricular relative weight (heart weight/body weight); STh, septal thickness; LVTD, left
ventricular transverse diameter.

LPA Signal Pathway and Hypertrophy 1723



Fig. 5.
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P¼ 0.0055 vs. LPA) while dodecylphosphate
(50 mM) was without significant effects.

Expression of ANF-Luc was dose-depend-
ently induced by LPA (Fig. 4A) and this was
reversed to control level by the LPA1/LPA3
receptor antagonist DGPP (50 mM). Consistent
with the other findings OMPT (10 mM) was less
effective in promoting ANF-Luc gene expres-
sion while dodecylphosphate was again without
effect (Fig. 4B).

Up-Regulated LPA1/LPA3 Expression in LV
Remodeling After MI

Data shown in Table I strongly indicated that
the rat MI model was established and that rat
left ventricle occurred hypertrophic remodel-
ing, which is consistent with our previous study
[Yang et al., 2003].

Semi-quantitative RT-PCR revealed that
mRNA expression of LPA1 and LPA3 were
significantly enhanced (198� 10% and
169� 5% of control respectively) with that for
LPA2 showing a modest increase (142� 7% of
control) in MI groups when compared with
sham controls (Fig. 5A). To further determine
whether LPA receptor subtypes are indeed up-
regulated, the expression profile of receptor
protein was determined by Western blot analy-
sis. The data obtained revealed that compared
to sham group, the MI group showed signifi-
cantly elevated protein levels of LPA1
(219� 15% of control) and LPA3 (195� 20% of
control) with LPA2 protein expression remain-
ing virtually unchanged (106� 6% of control,
P> 0.05) (Fig. 5B). These findings are consis-
tent with in vitro results, which further con-
firms the involvement of LPA1 and LPA3
receptors in hypertrophy of LV remodeling,
(Figs. 2–4).

LPA-Induced Cardiomyocyte Hypertrophy
Is Mediated by NF-kB

As shown in Figure 6A, LPA dose-depend-
ently induced l NF-kB luciferase activity in

cardiomyocytes with a maximal activation of
4.2-fold at 10 mM. In parallel, LPA also time-
dependently caused a significant increase in
p65 (ser276) phosphorylation which peaked
30 min after activation before declining
(Fig. 6B). Both these effects of LPA were blocked
by NF-kB inhibitor PDTC (50 mM; Fig. 6A,B).
More importantly, 50 mM PDTC also prevented
the uptake of 3[H]-Leucine (Fig. 6C) and both
kinds of NF-kB inhibitors, PDTC (50 mM) and
SN50 (50 mg/ml) suppressed the increased
expression of ANF-luc induced by LPA
(Fig. 6D).

Because LPA activates ERK1/2 in cardiomyo-
cytes [Hilal-Dandan et al., 2004], we examined
whether ERK1/2 play a role in the regulation of
LPA-induced NF-kB activation. The latter was
completely abolished by two ERK1/2 inhibitors,
U0126 (10 mM) and by PD98059 (50 mM)
(Fig. 7A). Western blot analysis also demon-
strated that U0126 (10 mM) clearly blocked the
phosphorylation of p65 stimulated by LPA
(Fig. 7B) suggesting that ERK1/2 may be
upstream of NF-kB signaling in LPA induced
hypertrophic response.

PI3K/Akt/mTOR Pathways Implicated in
LPA-Induced Cardiac Hypotrophy Response

Phosphorylation of Akt was observed at
15 min and peaked at 60 min in Western
blot analysis of cardiomyocytes treated with
LPA (10 mM). This was blocked by 100 nM
wortmannin (PI3K/Akt inhibitior) (Fig. 8A)
and both wortmannin (100 nM) and rapa-
mycin (100 nM)(p70S6K activation inhibitor),
significantly abrogated the uptake of 3H-
Leucine (Fig. 8B,C) and ANF-luciferase gene
expression (Fig. 8D,E) induced by LPA(10 mM).
In addition, inhibition of PI3K/Akt with
wortmannin (100 nM) only marginally alter-
ed NF-kB activation and phosphorylation of
p65 induced by LPA (Fig. 8F,G), suggesting
that NF-kB is not downstream of PI3K/Akt
pathway.

Fig. 5. Expression of LPA receptor subtypes after MI. (A) (i) RT-
PCR analysis of mRNA expression was performed as detailed in
Materials and Methods. Mark represents a DL2000 (Takara Bio
Inc.) molecular weight marker (from top to bottom lane, 2000,
1000, 750, 500, 250, 100 bp, respectively). (A) (ii) Relative
intensities of PCR bands relative to those GAPDH bands
amplified in the experiment were determined and summarized.
(B) (i) Protein expression of LPA receptor subtypes after MI were
examined with Western blot as described in Materials and

Methods. The b-Actin was as loading control. Specific antibodies
recognized �45 kDa LPA1, 45–50 kDa LPA2 and 35–40 kDa
LPA3 protein respectively and Monoclonal Anti-b-Actin labeled
at band of 42 kDa. (B) (ii) Relative intensities of hybridization
signals of LPA1-3 Western blot bands relative to b-Actin bands in
the experiment were determined and summarized. Data are
expressed as the mean� SD. **P<0.01, versus sham-operated
control (S).
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Fig. 6. Activation of NF-kB signaling pathway by LPA in
cardiomyocyte hypertrophy. Cardiomyocytes were pretreated
with inhibitors 1 hr prior to addition of LPA. The NF-kB-Luc with
pRL-CMV transfection and luciferase assay and examination of
uptake of 3[H]-Leucine were performed as described in Materials
and Methods. (A) LPA dose-dependently induced NF-kB-Luc
expression and NF-kB inhibitor: PDTC (50 mM) blocked such
expression. (B) Analysis of time course of LPA-induced activation

of NF-kB by phosphorylation of p65 at ser 276 and effect of PDTC
(50 mM) were detected by Western blot. (C) Effect of NF-kB
inhibitor: PDTC (50 mM) on incorporation of 3[H]-Leucine in
LPA-induced hypertrophic growth. (D) Effect of NF-kB inhibitors:
PDTC (50 mM) and SN50 (50 mg/ml) on ANF-luc expression
induced by LPA (10 mM). Data are expressed as the mean� SD.
*P< 0.05 **P< 0.01 versus control; #P< 0.05 ##P<0.01 versus
LPA.
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DISCUSSION

LPA, which is released by activated platelets
under pathological conditions, is considerably
relevant to cardiovascular disease, such as
atherosclerosis [Rother et al., 2003] and vascu-
lar remodeling in vivo [Yoshida et al., 2003]. In
addition, our previous study has documented
that serum LPA level increased significantly
after acute MI [Chen et al., 2003]. However,
little is known about the role of LPA receptors on

cardiac hypertrophy during LV remodeling
after MI. The present study demonstrated for
the first time that specific LPA receptor sub-
types mediate LPA-induced hypertrophy in
primary cultured cardiomyocytes and that
specific expression of LPA receptor subtypes
involve in LV remodeling in rat MI model.
Moreover our data has extended the current
understanding of the intracellular signal
pathway implicated in LPA-induced cardio-
myocyte hypertrophy by identifying key signal-
ing molecules that may be involved in this
process.

Increasing evidence indicates that LPA
receptor subtypes are implicated in various
diseases. mRNA level of LPA receptors are up-
regulated in various cancers([Schulte et al.,
2001; Fang et al., 2002; Kitayama et al., 2004]).
LPA1 and LPA3 contribute to the thrombosis
associated with plaque rupture [Rother et al.,
2003]. Selective blockade of LPA3 receptor
protects against renal ischemia-reperfusion
injury [Okusa et al., 2003] and inhibition of
LPA1 receptor is a therapeutic target in cancer
for metastasis to bone [Boucharaba et al., 2006].
In the present in vitro experiments, we showed
that specific LPA receptors mediate the actions
of LPA. Using the selective LPA1/LPA3 antag-
onist DGPP, we were able to elucidate that
LPA1 and/or LPA3 but not LPA2 involved in
hypertrophy. This was further confirmed by the
fact that LPA3 selective agonist OMPT, but not
the LPA2 selective agonist dodecylphosphate,
induced cardiomyocyte hypertrophy. In addi-
tion, the hypertrophic effect of LPA was more
robust than that of OMPT, strongly suggesting
that LPA1 may also mediate cardiomyocyte
hypertrophy. Our data obtained from in vivo
study are consistent with those in vitro. In early
phase of LV remodeling (48 hour after MI), both
mRNA and protein levels of LPA1, but not LPA2
and LPA3, were enhanced. In the late phase of
LV remodeling (4 week after MI), mRNA and
protein expression of both LPA1 and LPA3 were
significantly elevated while mRNA level of
LPA2 increased moderately yet with no change
in protein level. These in vivo findings further
suggest that the LPA1 and LPA3 receptors are
the major receptors that mediate cardiac hyper-
trophy during remodeling after MI. Since we
have demonstrated that LPA1 and LPA3 are
involved in hypertrophic responses both in vitro
and in vivo, it is feasible to speculate that
antagonists of specific LPA receptor subtype

Fig. 7. Regulation of ERK1/2 signaling pathway in LPA-induce
NF-kB activity. NF-kB-Luc and pRL-CMV transfection assays
were performed as described in Materials and Methods.
Inhibitors were incubated 1 h prior to exposure to LPA for 48 h
(luciferase assay) and 30 min (phospho-p65 assay) respectively.
(A) Effect of ERK inhibitors U0126 (10 mM) and PD98059 (50 mM)
on 10 mM LPA-induced activation of NF-kB by detecting
luciferase expression. Data are expressed as the mean� SD.
**P<0.01 versus control; ##P<0.05 versus LPA. (B) Effect of
U0126 (10 mM) on LPA-stimulated phosphorylation of p65
(ser276).
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may provide a new strategy towards preventing
the progress of hypertrophic remodeling after
MI.

Multiple cellular signaling pathways contrib-
ute to hypertrophy in cardiomyocytes, including
activation of the MAPK cascades, NF-kB, the
PKC, and PI3K pathways [Li et al., 2005].
Previous studies have shown that the mecha-
nism by which a hypertrophic response is
triggered by LPA may be very distinct from
conventional GPCR agonist-induced cardio-

myocyte hypertrophy such as that seen with
endothelin or phenylephrine. Instead of involv-
ing Gq/PLC/PKC and downstream activation of
ERK, the LPA-induced cardiac hypertrophy is
mediated through Gi/ERK and concomitant
activation of Rho [Hilal-Dandan et al., 2004].
However little is known about other signaling
pathway associated with cardiac hypertrophic
growth. Activation of NF-kB may be required for
hypertrophic response both in vitro [Purcell
et al., 2001; Gupta et al., 2002; Cook et al., 2003]

Fig. 8. Role of PI3K/Akt signaling pathway in LPA-induced
cardiomyocytes hypertrophy. Cardiomyocytes were pretreated
with inhibitors 1 hr prior to addition of LPA. The ANF-luc, pRL-
CMV transfection and luciferase assay together with the uptake of
3[H]-Leucine were performed as detailed in the Materials and
Methods. (A) shows Western blot of changes in Akt phosphor-
ylation. (B) and (C) show effects of wortmannin (100 nM, PI3K/
Akt inhibitior) and rapamycin (100 nM p70S6K activation

inhibitor) on incorporation of 3[H] Leucine induced by
LPA(10 mM). (D) and (E) show effect of wortmannin (100 nM)
and rapamycin (100 nM) on ANF-luc expression induced by LPA
(10 mM). (F) and (G) shows effects of wortmannin (100 nM) on
LPA-induced activation of NF-kB-Luc expression and on
phosphorylation of p65 respectively. Data are expressed as the
mean� SD. **P<0.01 versus control; ##P< 0.01 versus LPA.
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and in vivo [Li et al., 2004]. We therefore
investigated whether NF-kB was activated by
LPA indeed. Our results show that LPA dose-
dependently stimulated the activation of NF-kB
and phosphorylation of p65. Both processes
were inhibited by PDTC, which also attenuated
the expression of ANF luciferase gene and
suppressed protein synthesis induced by LPA.
These findings indicate that activation of NF-kB
is essential in LPA-stimulated hypertrophy in
primary neonatal cardiomyocytes. The activa-

tion of NF-kB by LPA appears to be linked to
ERKs that are known to be involved in the
activation of NF-kB [Funakoshi-Tago et al.,
2003]. Our data with U0126 and PD98059
confirmed the above speculation since both
compounds completely abolished LPA-stimu-
lated activation of NF-kB and U0126 also
significantly blocked LPA-stimulated phos-
phorylation of p65 subunit.

A large body of evidence has implicated the
PI3k/Akt pathway in mediating cardiomyocyte

Fig. 8. (Continued)
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hypertrophy [Matsui et al., 2003]. However it is
not clear if LPA stimulates the PI3K pathway in
primary cultured neonatal cardiomyocytes and
whether activation of PI3K/Akt pathway is
involved in LPA-induced hypertrophy. Our data
revealed that LPA activates the PI3K pathway
through Akt (PKB) activation as wortmannin,
a PI3K specific inhibitor which blocked
Akt phosphorylation, prevented LPA-induced
hypertrophy. In relation to this, rapamycin, an
immunosuppressive macrolide that inhibits
mTOR signaling to p70S6kinase [Brown et al.,
1995], also prevented LPA- stimulated hyper-
trophy. This is therefore consistent with reports
that mTOR plays an important role in media-
ting the effects of Akt on cardiomyocyte growth
and the hypertrophic response [Shioi et al.,
2002, 2003].

Given that PI3K plays a role in LPA-induced
activation of MAPK [Daub et al., 1997; Xu
et al., 2000] and that activation of PI3K/Akt
signaling stimulates NF-kB activation
[Romashkova and Makarov, 1999], we specu-
lated that PI3K/Akt might be upstream of
NF-kB and investigated this possibility. The
data obtained showed that inhibition of PI3K/
Akt did not attenuate the expression of NF-kB-
luciferase, nor did it suppress phosphorylation
of the p65 subunit suggesting that although
both NF-kB and PI3K/Akt participate in LPA-
stimulated cardiac hypertrophy, these signal-
ing events may function independently. This
is in contrast to the established regulation
of NF-kB activation by PI3K/Akt which com-
monly occurs in cell survival in preventing
apoptosis [Romashkova and Makarov, 1999;
Matsui et al., 2003].

In summary, we have demonstrated that
LPA1 and LPA3 receptors play an important
role in hypertrophic remodeling in vitro, as
well as in vivo. Both receptor subtypes may
mediate hypertrophy of cardiomyocytes
responsing to LPA. This finding draws atten-
tions for LPA and its specific receptors impli-
cated in post-infarction and provide a new
therapeutic strategy with specific receptor
antagonist to prevent the risk of LV remodeling
which may lead to heart failure. Furthermore,
our data indicate that PI3K/Akt/mTOR and
NF-kB signal pathways are involved in the
process of LPA-induced hypertrophy but that
these pathways may act in parallel with NF-kB
being a downstream target for ERK1/2 but not
for Akt.
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