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acids that function as receptor-active mediators with 
roles in cell growth, differentiation, apoptosis, and devel-
opment (1–5). Vascular smooth muscle (6, 7), vascular 
endothelial cells (8), and platelets (9, 10) are notably re-
sponsive to LPA (11, 12). LPA, a potent trigger for Rho 
activation, promotes endothelial cell migration, disrupts 
endothelial barrier function, and induces the phenotypic 
modulation of vascular smooth muscle cells (SMCs). In 
addition to its effects on endothelial cells (13, 14) and 
SMCs (6, 7), LPA is a weak activator of platelets (9, 10) 
and a potent stimulus for fibronectin matrix assembly 
(15). LPA promotes inflammatory responses in endothe-
lial cells and leukocytes (16) and triggers neutral lipid 
accumulation in monocytes (17). The effects of LPA are 
largely mediated by members of a family of G protein-
coupled receptors with six putative members [LPA recep-
tors (LPARs) 1–6] (1–4). Ongoing efforts seek to define 
the role of specific LPARs in blood and vascular cell func-
tions in development and disease.

LPA is present in the lipid-rich core of human atheroma, 
and levels increase in lesions in mice during the progres-
sion of atherosclerosis (18, 19). Advanced lesions in 
Ldlr/ mice, generated by a combination of diet and col-
lar placement around the carotid artery, contain 20-fold 
higher levels of LPA than uninjured vessels, especially 
highly unsaturated long-chain acyl-LPA species (20), and 
may be influenced by cholesterol feeding (21). Multiple 
LPA species can be detected by mass spectrometry-based 
analysis of lipid-extraction imaging of human and murine 
atheroma. Sampling of blood from coronary arteries at the 
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time of acute myocardial infarction reveals higher local 
levels of LPA (22). Hyperlipidemia may also increase 
steady-state levels of LPA in plasma and/or enhance the 
capacity for LPA synthesis. Studies in rabbits suggest that 
systemic LPA levels may be influenced by cholesterol feed-
ing, which elevates plasma levels of the LPA precursor lyso-
phosphatidylcholine and heightens the generation of LPA 
in serum (21). Recent work supports a link between levels 
of LPA in the small intestine and experimental atheroscle-
rosis, and feeding mice a diet supplemented with unsatu-
rated LPA mimics the inflammatory effects of the Western 
diet (23).

LPA may promote experimental atherosclerosis in a re-
ceptor-dependent manner. Treatment of Apoe/ mice 
with LPA promotes monocyte adhesion to the endothe-
lium, stimulates perivascular macrophage accumulation, 
and heightens atherosclerotic plaque burden in an LPAR1- 
and LPAR3-dependent manner (8). Similarly, pharmaco-
logical antagonism of LPAR1/LPAR3 alters inflammatory 
cell profiles in Ldlr/ mice and retards the progression of 
atherosclerosis (24). Due in part to the lack of selective 
pharmacologic tools for targeting specific receptors, 
whether other LPARs also contribute to atherosclerosis is 
not known. Reports in both mice and zebrafish have clearly 
established a role for a particular LPA receptor subtype, 
LPAR4, in vascular development (25, 26) and vascular net-
work formation by promoting cell-cell contact (27, 28). 
LPAR4 may also regulate lymphocyte transmigration (29) 
and influence hematopoiesis (30). These effects could con-
tribute to atherosclerosis development. Therefore, we 
sought to understand the role of LPAR4 in the develop-
ment of experimental atherosclerosis.

METHODS

Mice
All procedures conformed to the recommendations of the Na-

tional Institutes of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Institutional Animal Care and 
Use Committee. Mice lacking Lpar4 have previously been de-
scribed (31) and were backcrossed to the C57BL/6J mice (The 
Jackson Laboratory, Bar Harbor, ME, Stock # 000664), as the phe-
notype in the mice is dependent on the genetic background, with 
approximately one-third of the mice dying before birth or wean-
ing (25). All study mice were maintained in individually vented 
cages (maximum of five mice per cage) on a 14-h light and 10-h 
dark cycle and euthanized 2–4 h after the end of the dark cycle. 
Mice were fed a normal rodent laboratory diet (Diet # 2918, En-
vigo Teklad, Huntingdon, UK) and provided with drinking water 
from a reverse-osmosis system ad libitum. Immediately after ad-
eno-associated virus (AAV) injections, mice were fed a Western 
diet containing saturated fat [21% (w/w) milk fat; Diet # 
TD.88137, Harlan Teklad] for 20 weeks unless otherwise stated.

Hyperlipidemia
AAV vectors (serotype 8) were produced by the Viral Vector 

Core at the University of Pennsylvania. These AAV vectors con-
tained inserts expressing the mouse PCSK9D377Y mutation (equiv-
alent to the human PCSK9D374Y gain-of-function mutation). 

AAV vectors were diluted in sterile PBS (200 µl per mouse) and 
injected intraperitoneally (2 × 1011 genomic copies) as previously 
reported (30). Total plasma cholesterol was measured using the 
Cholesterol E Assay (Wako Diagnostics, Mountain View, CA; 
Cat#439-175001) according to the manufacturer’s protocol. 
Plasma lipoprotein cholesterol distributions were determined by 
fast-performance LC. Plasma (50 l) was separated using a Superose 
6 size-exclusion fast-performance LC column. Cholesterol con-
centrations were determined by an enzymatic colorimetric assay 
in fractions collected from the column eluate. Mice with cho-
lesterol levels <500 mg/dl were excluded from atherosclerosis 
analysis.

Atherosclerosis analysis
For en face atherosclerosis analysis, aortas were cleaned of the 

adventitia, dissected from the aortic root to the iliac bifurcation, 
and stored in 10% formalin for 24–48 h. Aortas were then trans-
ferred to a 0.9% saline solution and stored at 4°C for at least 1 day. 
Aortas were cut open longitudinally, exposing the intimal surface, 
and secured with pins to be photographed. Atherosclerosis was 
quantified on the intimal surface of the ascending aorta, aortic 
arch, and from the aortic orifice of the left subclavian artery to 3 
mm below by the en face technique as previously described (32).

For microscopic analysis of atherosclerosis at the aortic root, 
serial sections were taken at 10 µm intervals. Slides were fixed by 
immersion in chilled acetone at 20°C for 10 min. CD68 was de-
tected with primary antibody (Abcam, Cambridge, MA; Cat# 
ab53444; 1:100) and secondary biotin-conjugated antibody, am-
plified by the VECTASTAIN ABC detector kit (Vector Laborato-
ries, Burlingame, CA), and visualized by enzymatic precipitation 
of a chromogen substrate (VECTOR NovaRED substrate kit; Vec-
tor Laboratories). For -smooth muscle actin, antibody staining 
(Sigma-Aldrich, St. Louis, MO; A-5691; 1:100) was detected with 
the Vector Red substrate kit (Vector Laboratories, sk-5100). The 
areas were quantified using MetaMorph software (Molecular De-
vices, San Jose, CA). For the detection of neutral lipid content in 
the atherosclerosis plaque, aortic root sections were stained with 
Oil Red O and counterstained with hematoxylin. Atherosclerotic 
lesions were measured by manually tracing lesion areas on each 
section as previously described (32). Measurements were made 
from six serial sections taken at 80 µm intervals, and the average 
was reported for each mouse. Antibody controls are included in 
supplemental Fig. 2. In situ hybridization and proximity ligation 
assays (PLAs) were performed as previously described (33). Imag-
ing was performed using a Nikon (Melville, NY) A1R confocal mi-
croscope with a spectral detector, and analysis was performed 
using Nikon’s NIS software.

Isolation and culture of cells
Bone marrow-derived macrophages (BMDMs) were isolated 

from the mice by flushing the femur and tibia with DMEM. The 
bone marrow cells were resuspended in DMEM supplemented 
with 10% FBS, 1% Pen/Strep, and 10% L929-conditioned media 
containing macrophage colony-stimulating factor and plated at a 
density of 1 × 106/well in a six-well plate. Cells were incubated for 
7 days at 37°C and 5% CO2, and the medium was changed every 
2–3 days. BMDMs were serum-starved for 12 h in 0.1% FBS and 
1% Pen/Strep and then stimulated with LPA (5 µM; Avanti Polar 
Lipids, Alabaster, AL) or oxidized LDL (ox-LDL) (50 µg/ml; 
Kalen Biomedical, Germantown, MD) or vehicle for 3 h.

Tissues, including aorta, were stored in RNAlater (QIAGEN, 
Frederick, MD) and homogenized by mortar and pestle, and 
total RNA was extracted using TRIzol (ThermoFisher Scientific, 
Waltham, MA) following the manufacturer’s instructions. cDNA 
was prepared with MultiScribe reverse-transcriptase enzyme (High 
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Capacity cDNA Reverse Transcription Kit; ThermoFisher Scien-
tific) according to the manufacturer’s directions. All probes used 
in the study spanned an exon junction and thus would not detect 
genomic DNA. An RNA sample without reverse transcription was 
used as a negative control. Samples were assayed using QuantStudio 
7 Flex (ThermoFisher Scientific). Threshold cycles were deter-
mined by an in-program algorithm assigning a fluorescence base-
line based on readings prior to exponential amplification. Fold 
change in expression was calculated with the 2-CT method 
using 18s RNA as an endogenous control. The TaqMan® gene 
expression (ThermoFisher Scientific) primers used are listed in 
supplemental Table 1.

Statistics
All results are expressed as means ± SDs. Statistical significance 

within strains was determined using Student’s t-test or two-way 
ANOVA with multiple pairwise comparisons as appropriate. In 
t-tests, if a sample failed the normality test, a rank t-test was used. 
In some cases of two-way ANOVA, data were log-transformed to be 
normally distributed. Statistical analysis was performed using Sig-
maPlot version 13 software. P < 0.05 was considered significant.

RESULTS

LPA levels increase during experimental atherosclerosis 
in mice (supplemental Fig. 1). To investigate a role for 
LPAR4 signaling in the development of experimental ath-
erosclerosis, hyperlipidemia was elicited by infecting mice 
with AAV expressing a gain-of-function allele of the PCSK9 
D377Y mutation (PCSK9D377Y.AAV) to lower LDL recep-
tor levels and concurrently feeding mice a Western diet to 
increase plasma cholesterol. LPAR4 deficiency had no ef-
fect on the development of hypercholesterolemia (Fig. 
1A). Cholesterol levels in WT male mice (n = 20) and 
Lpar4Y/ mice (n = 10) were 839 ± 176 and 844 ± 158 mg/
dl, respectively (P = 0.94). No difference in the cholesterol 
lipoprotein distribution by size-exclusion chromatography 
was observed between the genotypes (Fig. 1B). Complete 
blood counts were also similar in the two genotypes (sup-
plemental Table 2).

The atherosclerotic lesion area was measured on the in-
timal surfaces of the proximal aorta and arch by en face 
analyses (Fig. 1C). The lesion area to total aortic area was 
significantly greater in male WT mice (0.318 ± 0.06) than 
in Lpar4Y/ mice (0.235 ± 0.08; P = 0.009; Fig. 1D). To ex-
clude the possibility that the variability in plasma choles-
terol levels after PCSK9D377Y.AAV treatment affected the 
development of atherosclerosis independent of genotype, 
we examined the relationship between total cholesterol 
and the extent of atherosclerosis measured by en face anal-
ysis (Fig. 1E). In both WT and Lpar4Y/ mice, a linear cor-
relation between plasma cholesterol and the extent of 
atherosclerosis was observed. However, even with normal-
ization to plasma cholesterol levels, relatively less athero-
sclerosis was detected in Lpar4Y/ mice compared with WT 
controls.

To gain insight into the potential mechanisms underly-
ing these effects on atherosclerosis, we examined the cel-
lular composition of lesions. Consistent with the en face 
analysis, neutral lipid accumulation, as detected by Oil Red 

O staining, was significantly lower in serial sections taken at 
the aortic root of Lpar4Y/ mice (Fig. 2A). The area of Oil 
Red O staining was 0.547 ± 0.08 mm2 in the WT mice (n = 
10) and 0.348 ± 0.122 mm2 in the knockout mice (n = 11) 
(P = 0.001). Macrophage accumulation and/or the trans-
differentiation of cells to a macrophage-like phenotype, as 
detected by CD68 expression, was also lower in the recep-
tor-deficient mice (Fig. 2B), with an area of 2,669 ± 699 
units in WT mice (n = 10) and 2,024 ± 380 units in Lpar4Y/ 
mice (n = 7) (P = 0.045). No differences in SMC area, as 
detected by -smooth muscle actin staining, was observed 
between WT (470 ± 208 units; n = 10) and knockout mice 
(591 ± 229 units; n = 11) (P = 0.27) (Fig. 2C).

LPAR4 is carried on the X chromosome in mice. We 
therefore investigated sex differences in the role of the re-
ceptor in the development of atherosclerosis. No differ-
ence in cholesterol levels after PCSK9D377Y.AAV injection 
was observed between the genotypes in female mice, al-
though total cholesterol levels in female mice were lower 
than those achieved in male mice. Median cholesterol 
levels were 438 mg/dl in WT female mice (n = 27) and 477 
mg/dl in Lpar4/ mice (n = 29) (supplemental Fig. 3A). 
The lesion area to total aortic area in female WT mice (me-
dian: 0.05; 25% to 75% CI: 0.05, 0.288) was not significantly 
different than in female Lpar4/ mice (median: 0.09; 25% 
to 75% CI: 0.05, 0.317; P = 0.9) (supplemental Fig. 3B). 
Supplemental Fig. 3C shows the relationship between 
plasma cholesterol and en face atherosclerosis develop-
ment in female mice. While these observations may point 
to a sex difference in the role of LPA signaling, it is impor-
tant to note that PCSK9D377Y.AAV was less effective at 
elevating cholesterol levels in female mice. The resulting 
lower lesion development likely limited our ability to detect 
a difference between genotypes.

To understand the role of LPAR4 in specific cellular sig-
naling systems of relevance to atherosclerosis, we explored 
lipid-mediated responses in cells isolated from mice lack-
ing LPAR4. Environmental lipid-induced transformation 
elicited by treating cells with ox-LDL converts macrophages 
into lipid-laden foam cells and transdifferentiates SMCs to 
assume a macrophage-like phenotype. LPA signaling has 
been implicated in responses that affect foam cell forma-
tion (17, 34–37) and SMC phenotypic modulation (38–40). 
The class B scavenger receptor CD36 and the scavenger 
receptor class A (SRA) are the major receptors responsible 
for the binding and uptake of ox-LDL. LPA signaling has 
been reported to increase SRA (35) and affects CD36 ex-
pression in certain circumstances (33). Thus, we examined 
the role of LPAR4 in these effects and responses to LPA in 
BMDMs and primary cultures of aortic SMCs from the 
mice.

After exposure to LPA (Fig. 3A), BMDMs express higher 
levels of F3 (tissue factor) and Ctgf (Fig. 3A), as has been 
reported in other model systems (41–43). After exposure 
to ox-LDL, BMDM expression of Cd36 increases, and the 
expression of Il-10 declines. Neither LPA nor ox-LDL sig-
nificantly altered Sra1 expression under the experimental 
conditions examined. Compared with WT cells, LPAR4-
deficient cells expressed significantly higher levels of Arg1 
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mRNA in response to LPA (Fig. 3A; P < 0.05). We explored 
potential mechanisms by examining the expression of 
Krüppel-like factors (KLFs) 4 and 6, which are transcrip-
tion factors that regulate the phenotypic modulation of 
cells and, in the case of KLF4, are reported to be influ-
enced by LPA signaling in other cells. Interestingly, LPA 
exposure increased KLF4 expression in LPAR4-deficient 
cells but not WT cells (Fig. 3B), whereas KLF6 was in-
creased in both cell genotypes in response to ox-LDL. 
Together, these results suggest that LPAR4 may normally 
regulate phenotypic modulation. ARG1 is a marker of 
M2 “repair” macrophages, which have been associated 
with lesion regression (44). To determine whether LPAR4 
likewise increased M2 subsets of macrophages within ath-
erosclerotic lesions, staining for the M2 marker CD206 

was measured in sections from mice (Fig. 3C). Compared 
with CD206 in WT (n = 10) aortic root sections, the 
CD206+ area was significantly higher in Lpar4Y/ tissue 
(707 ± 142 vs. 825 ± 102 m2; P = 0.03). In both geno-
types, CD206+ cells were abundant in the adventitial area 
external to the medial layer; however, LPAR4-deficient 
mice displayed more CD206+ cells within the atheroscle-
rotic lesions (Fig. 3D, E).

We also investigated the role of LPAR4 in SMC re-
sponses. Aortic SMCs isolated from Lpar4-deficient mice 
have virtually no LPAR4 gene expression (P < 0.001 vs. 
WT) (Fig. 4A). After exposure to ox-LDL, SMCs upregu-
late gene expression for the inflammatory markers Il-6 and 
Cd68 (P = 0.049 vs. vehicle control), with no difference be-
tween WT and null genotypes. Interestingly, the expression 

Fig.  1.  LPAR4 deficiency in male mice reduces atherosclerosis but has no effect on plasma cholesterol profiles. A: Total cholesterol in 
plasma from individual WT (dark circles) or Lpar4Y/ (open circles) mice infected with PCSK9D377Y.AAV and fed a Western diet for 20 
weeks (P = 0.94). B: Plasma lipoprotein particles were resolved by size-exclusion chromatography and total cholesterol in the indicated frac-
tions (n = 3 mice/genotype determined). C: Images of representative aortas from WT and Lpar4Y/ mice. D: En face analysis of atheroscle-
rotic lesions from the ascending aorta to 3 mm below the subclavian artery. The atherosclerotic lesion area/total aortic area for individual 
WT (dark circles) or Lpar4Y/ (open circles) mice is presented (P = 0.009). E: Atherosclerosis lesion area plotted as a function of plasma 
cholesterol in WT (dark circles) or Lpar4Y/ (open circles) mice.
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of Acta2, which encodes -smooth muscle actin, was lower 
at baseline in the knockout cells (P = 0.001 vs. WT). Acta2 
expression in SMCs declined further after ox-LDL expo-
sure (P = 0.001 vs. vehicle control) and was lowest in Lpar4-
deficient cells treated with ox-LDL. In contrast, the lack of 
LPAR4 did not appear to influence the -smooth muscle 
actin area of expression by immunohistochemistry in sec-
tions of atherosclerosis (Fig. 2C). To determine whether 
there was a difference in lineage-committed SMCs in the 
atherosclerotic plaques, we used in situ hybridization and 
PLAs to visualize the H3K4dime marker of the MYH11 lo-
cus that is restricted to the SMC lineage (33). Quantifica-
tion of the number of PLA+ cells revealed a higher density 
of positive cells in atherosclerotic lesions at the aortic root 
of Lpar4Y/ mice (4.1 ± 1.3 PLA+ cells per µm2 area; n = 8) 
than WT mice (2.7 ± 1.1 PLA+ cells per µm2 area; n = 9; 
P = 0.033) (Fig. 4B, C, supplemental Fig. 4).

DISCUSSION

We have provided evidence that LPA receptor signaling 
contributes to the development of experimental athero-
sclerosis. Specifically, the lack of LPAR4, a receptor previ-
ously demonstrated to regulate vascular development in 
mice, attenuated atherosclerosis in male mice. The reduc-
tion in atherosclerosis was accompanied by less accumula-
tion of CD68+ cells, indicating a change in the inflammatory 

composition of the plaque. BMDMs isolated from LPAR4-
deficient mice displayed a paradoxical upregulation of 
gene expression for the M2 macrophage marker ARG1 and 
the transcriptional regulator KLF4 when exposed to LPA. 
Immunohistochemical analysis confirmed heightened M2 
markers in atherosclerotic lesions of LPAR4-deficient mice. 
Previous results from in vitro assays indicated that LPA in-
creases neutral lipid accumulation in macrophages and 
prevents their reverse migration across an endothelial layer 
(17). It is possible that LPAR4 has a role in these events 
during the course of atherosclerosis as well as effects on 
inflammatory profiles.

Alternative M2 macrophages are induced in response 
to Th2-type cytokines IL-4 and IL-13 and secrete anti-
inflammatory factors. In general, M2 macrophages tend to 
resolve plaque inflammation and promote tissue repair, in 
part by taking up and oxidizing fatty acids and secreting 
high levels of collagen. The transcription factor KLF4 pro-
motes M2 and inhibits M1 macrophage polarization, and 
its absence accelerates atherosclerosis (45). LPA is known 
to regulate KLF4 (46) to affect cellular phenotypes. In cul-
tured BMDMs, LPA4 appears to suppress LPA-mediated 
increases in KLF4 expression and, in the absence of the re-
ceptor, higher KLF4 expression could promote the M2 phe-
notype. Additional pathways that may be involved include 
CD14, which has been reported to be a key mediator of both 
LPA and lipopolysaccharide- induced foam cell formation 
in vitro (36). In addition, LPA promotes ox-LDL uptake 

Fig.  2.  LPAR4 deficiency in male mice reduces neutral lipid and CD68+ cell content but not -smooth muscle actin in aortic root athero-
sclerotic lesions. A: Quantification of lipid content (m2) from Oil Red O staining of aortas from individual WT (dark circles) or Lpar4Y/ 
(open circles) mice (P = 0.001) and representative Oil Red O staining of neutral lipid in aortic root sections (bottom). B: Quantification of 
CD68+ staining from individual WT (dark circles) or Lpar4Y/ (open circles) mice (P = 0.045) and representative CD68+ staining (bottom). 
C: Quantification of -smooth muscle actin staining from individual WT (dark circles) or Lpar4Y/ (open circles) mice (P = 0.27) and rep-
resentative -smooth cell actin staining (bottom). In all cases, the area values for each mouse are the average of six measurements taken 
80 M apart.
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through SRA-dependent mechanisms in macrophages (47). 
LPA has been proposed as a key molecule in serum respon-
sible for SMC dedifferentiation (40) and has been shown to 
regulate SMC contraction through LPAR1 (48).

Intriguingly, aortic SMCs isolated from mice lacking 
LPAR4 displayed lower gene expression for -smooth mus-
cle actin basally and after ox-LDL exposure. However, we 
could not detect differences in SMCs in atherosclerotic 
lesions from the LPAR4-deficient mice. It is possible that dif-
ferences in developmental origins of the SMCs in the two 
models could account for our findings. SMCs in the aortic 
root arise from the secondary heart field from lateral plate 
mesoderm, whereas the SMCs isolated from descending 
thoracic and abdominal aorta are from somites. In other 

contexts, we have observed differences in LPA signaling in 
SMCs from these developmentally distinct regions.

The reduction in atherosclerosis was independent of 
an effect on plasma lipoprotein content. This finding is 
different from observations with the LPAR1/3 antagonist 
Ki16425 that lacks activity at LPAR4, which also reduced 
experimental atherosclerosis in Ldlr/ mice (8). Ki16425 
mildly reduced total cholesterol in Ldlr/ mice with a 
trend toward lowering LDL (24). LAPR1/3 antagonism 
also changed the inflammatory composition of the lesions 
by reducing monocyte and neutrophil accumulation and 
increasing regulatory T-cells. Together with our findings, 
these results support a role for LPAR signaling in promot-
ing inflammation during atherosclerosis.

Fig.  3.  LPAR4 deficiency influences oxidized LDL-elicited gene expression in BMDMs. A: Gene expression analysis in cells isolated from 
WT (open bars) or Lpar4Y/ (hatched bars) mice. Cells were harvested from four mice, cultured for 7 days, and then exposed to 18:1 LPA  
(5 M; yellow bars), ox-LDL (50 g/ml; green bars), or vehicle control for 3 h. Results are presented relative to the expression with vehicle 
exposure and are summarized from three separate experiments analyzed by two-way ANOVA with the Mann-Whitney test. E = significant 
differences in gene expression between environmental exposures (P < 0.05). GE = significant differences in gene expression based on geno-
type and environmental exposure (P < 0.05). B: Klf4 and Klf6 gene expression analysis in BMDMs isolated from WT (gray hatched bars; n = 4) 
or Lpar4Y/ (open bars; n = 4) exposed to vehicle control, 18:1 LPA (2 M; yellow bars), or LPS (100 ng/ml; blue bars) for 3 h. Results are 
presented relative to expression with vehicle exposure and are summarized from three separate experiments analyzed by two-way ANOVA 
with the Mann-Whitney test. GE = significant differences in gene expression based on genotype and environmental exposure (P < 0.05). C: 
CD206+ staining in aortic root sections from WT (dark circles; n = 10) or Lpar4Y/ (open circles; n = 8) mice. Individual values represent the 
average of six measurements taken 80 M apart (P = 0.03). D: Representative images of sections of WT aortic root stained for CD205 at 4× 
(left) and 20× (right). E: Representative images of sections of Lpar4Y/ aortic root stained for CD205 at 4× (left) and 20× (right). LPS, 
lipopolysaccharide.
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In cellular models, considerable overlap between LPA 
receptors and their downstream signaling pathways has 
been reported (49). However, selective targeting of LPAR 
subtypes in mice and zebrafish yields distinct phenotypes, 
pointing to nonredundant roles for the receptors patho-
physiologically (25, 26). Given the broad-ranging effects of 
LPA on cells and the observations with LPA receptor in-
hibitors, it seems that multiple LPA receptors contribute to 
experimental atherosclerosis. Receptor subtype expression 
in blood and vascular cells varies between humans and 
mice; for example, LPAR5 and LPAR6 are upregulated in 
human atheroma (50). Therefore, it is probably not possi-
ble to extrapolate the findings in mouse models directly to 
humans.

The downstream signaling pathways that mediate the 
effects of LPAR also demonstrate considerable overlap 
(49). Based on the similarities between the phenotypes in 
the LPAR4-deficient and G13-deficient mice (51), LPAR4 

signaling regulating endothelial function has been sug-
gested to go through this pathway (25). LPAR1 and LPAR6 
have also been linked to G12/13 signaling (52). In mouse 
embryonic fibroblasts, LPAR4 appears to negatively regu-
late migration stimulated by an LPAR1-Gi-PI3 kinase-
dependent pathway, in that LPA4-deficient cells display 
enhanced migratory responses to LPA. The negative regu-
lation of LPA signaling by LPAR4 in this model is similar to 
our observations of enhanced LPA responses in BMDMs 
lacking LPAR4. The downstream pathways mediating these 
effects are not known, although in addition to G12/13, 
Gq and Gs have also been proposed as mediating LPAR4 
responses in other cells (53).

The role of LPA receptor signaling in experimental ath-
erosclerosis certainly puts the pathway in a position to con-
tribute to disease pathology in humans. Additionally, a role 
for LPA signaling in the development of atherosclerosis 
could explain the observations that a genetic variant, 
PLPP3, which encodes the LPA-inactivating enzyme LPP3, 
is strongly predictive of coronary artery disease and myo-
cardial infarction in humans (54, 55). Furthermore, our 
results support the hypothesis that therapeutics targeting 
LPA pathways could be a novel anti-inflammatory approach 
to preventing complications of atherosclerotic disease.
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