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Aim Prostaglandin E2, by ligation of its receptor EP4, suppresses the production of inflammatory cytokines and chemo-
kines in macrophages in vitro. Thus, activation of EP4 may constitute an endogenous anti-inflammatory pathway.
This study investigated the role of EP4 in atherosclerosis in vivo, and particularly its impact on inflammation.

Methods
and results

Ldlr2/2 mice transplanted with EP4+/+ or EP42/2 bone marrow consumed a high-fat diet for 5 or 10 weeks. Allo-
genic bone marrow transplantation promoted exacerbation of atherosclerosis irrespective of EP4 genotype, compa-
tible with prior observations of exacerbated atherogenesis by allogenicity. EP4 deficiency had little effect on plaque
size or morphology in early atherosclerosis, but at the later time point, mice deficient in EP4 displayed enhanced
inflammation in their atherosclerotic plaques. Expression of monocyte chemoattractant protein-1 and interferon-g
inducible protein 10 increased, and there was a corresponding increase in macrophage and T-cell infiltration.
These plaques also contained fewer smooth muscle cells. Despite these changes, mice deficient in EP4 in bone
marrow-derived cells at an advanced stage had similar lesion size (in both aorta and aortic root) as mice with EP4.

Conclusion This study shows that in advanced atherosclerosis, EP4 deficiency did not alter atherosclerotic lesion size, but yielded
plaques with exacerbated inflammation and altered lesion composition.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords E prostanoid receptor 4 † EP4 receptor † Inflammation † Atherosclerosis † Atherogenesis

1. Introduction
In atherosclerosis, a chronic inflammatory disease, the balance
between persistent pro-inflammatory signals and intrinsic anti-
inflammatory pathways influences the development, progression,
and clinical manifestation of atherosclerotic plaques. In response to
various stimuli, the sequential actions of cyclooxygenase and prosta-
glandin E synthase produce prostaglandin E2 (PGE2) from arachidonic
acid.1 PGE2 elicits a range of biological effects via its interaction with E
prostanoid (EP) receptors. EP1, EP2, EP3, and EP4—seven-
transmembrane G-protein-coupled receptors—comprise the four
subtypes of EP receptors.1

PGE2 inhibits the release of a number of cytokines and chemokines
in vitro. In human macrophages, PGE2 attenuated lipopolysaccharide

(LPS)-induced mRNA and protein expression of chemokines, includ-
ing monocyte chemoattractant protein-1 (MCP-1), interferon-g indu-
cible protein 10 (IP-10), interleukin-8, macrophage inflammatory
protein-1a, and macrophage inflammatory protein-1b.2,3 PGE2 also
inhibited tumor necrosis factor-a, IFNg, and interleukin-1b-mediated
expression of these chemokines.2 Interestingly, suppression by PGE2

of chemokine expression occurred in macrophages, but not in acti-
vated endothelial cells and smooth muscle cells (SMC).2 EP4 mediates
these anti-inflammatory effects of PGE2.

2,3

The action of the receptor EP4 depends characteristically on
transiently increased intracellular cAMP via the G protein, Ga.
cAMP activates protein kinase A (PKA), which then phosphorylates
downstream effector proteins, such as cAMP response element-
binding protein.4 But chemokine suppression by PGE2 in
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macrophages involves a mechanism independent of this classic
pathway. Instead, a protein called EP4 receptor-associated protein
associates with the long carboxyl terminal cytoplasmic domain of
EP4, enhances the stability of p105 (an important cytoplasmic
inhibitor of NFkB and MEK activation), and attenuates NFkB and
MEK activation.5,6

The EP4-dependent suppression by PGE2 of chemokine production
in macrophages, leading to reduced infiltration of inflammatory cells,
renders the receptor EP4 a possible therapeutic target to treat inflam-
matory disease. Indeed, an EP4 agonist effectively reduced acute
cardiac rejection and prolonged allograft survival in mice by suppres-
sing myocardial inflammation.6 EP4 agonists also protected reperfused
myocardium from ischaemic injury by reducing inflammation.7,8 Mice
lacking EP4 on their haematopoietic cells exhibited greater local
inflammation and an increased prevalence of abdominal aortic aneur-
ysms.9 Human atherosclerotic plaques display increased biosynthesis
of PGE2.

10,11 EP4 constitutes the predominant PGE2 receptor
isoform present in human macrophages, both in culture and in
human atheroma.2,10,11

During the course of our study, Babaev et al. (2009)12 showed that
EP4 deficiency promoted macrophage apoptosis and suppressed
early atherosclerosis. In their study, foetal liver cell transplantation gen-
erated Ldlr2/2 mice chimeric for EP42/2 haematopoietic cells. This
procedure involves genotyping foetuses and pooling foetal liver cells
from multiple offspring, and chimeric mice generated by this method
are histocompatible. In the study by Babaev et al., mice deficient in
EP4 had reduced atherosclerosis compared with the wild-type mice
after 8 weeks on a Western diet. The authors reasoned that the
cause of reduction in plaque cellularity and volume in early athero-
sclerosis associated with augmented apoptosis of macrophages. Apop-
tosis may modulate the development of atherosclerotic lesions and
plaque instability,13– 15 but its multifaceted effects depend greatly on
the time point of the disease. In early atherosclerosis, neighbouring pha-
gocytes rapidly clear apoptotic cells, a process called efferocytosis,
which prevents secondary cellular necrosis and inflammation—thus,
apoptosis could decrease lesion cellularity.14,15 But in the setting of
more advanced atherosclerosis, macrophage apoptosis and defective
efferocytosis occur, and plaque necrosis, inflammation, and tissue
damage ensue, promoting necrotic core formation.14,15

This study examined the role of EP4 in inflammation and its contri-
bution to atherosclerosis in vivo. Clinical data indicate that
cyclooxgenase-2 inhibitors may increase coronary events in some
individuals.16 Therefore, a more complete characterization of anti-
inflammatory pathways stimulated by cyclooxygenase-2-dependent
products may have considerable practical and clinical impact, in
addition to pathophysiological interest.

2. Methods

2.1 Mice
Homozygous EP4 receptor-deficient (EP42/2) mice and wild-type
(EP4+/+) mice on the same genetic background were obtained by cross-
ing mice heterozygous for ptger4 gene mutation (EP4+/2) and verified as
previously described.17 Because EP42/2 mice only survive on a recombi-
nant inbred strain, all EP42/2 and EP4+/+ mice used in this study were on
a mixed background, composed of 129/Olac, C57BL/6, and DBA/2.17

Female 8-to-10-week-old Ldlr2/2 (B6, 129S-Ldlrtm1Her) mice on the
C57BL/6 background were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). All experiments conformed with the Guide for the

Care and Use of Laboratory Animals, published by the U.S. National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996), and were per-
formed under protocols approved by the Animal Research Committee of
Harvard Medical School.

2.2 Bone marrow transplantation
Bone marrow transplantation was performed as described previously.18

Bone marrow-derived cells from male donor EP4+/+ or EP42/2mice
were obtained from their tibias and femurs and then injected (1 × 107

cells per mouse) into the tail vein of female Ldlr2/2 recipient mice,
which had been irradiated with 1000 rads from a Cesium source one
day before injection. After 5 weeks of resting, chimeric mice with
(EP4+/+/ldlr2/2) or without (EP42/2/ ldlr2/2) EP4 haematopoietic
cells were placed on a high-fat diet ad libitum (D12108 from Research
Diets; 40% kcal from fat, 1.25% cholesterol). Subgroups were killed
after 5 and 10 weeks on the diet. Successful reconstitution of recipients
with cells of donor origin after bone marrow transplantation was estab-
lished at the time of sacrifice by PCR-assisted amplification of wild-type
and the EP4 null mutant gene. Semi-quantitative PCR analysis revealed
that .90% of the bone marrow cells from EP42/2/ldlr2/2 chimeras
were of donor origin, indicating that bone marrow transfer was successful.
Immunostaining of the aortic root for the presence of EP4 protein within
the lesions further affirmed the success of the transplant.

2.3 Preparation of mouse aortae and
quantification of atherosclerosis
On the day of harvesting, mice were anaesthetized by intraperitoneal
injection with 2,2,2-tribromoethanol (2.5 mg/10 g body weight). The
entire aorta (from the aortic root to the iliac bifurcation) was dissected
out, cleaned of adhered fat, and fixed in 10% buffered formalin. They
were then opened longitudinally and stained with Oil red O as previously
described.19,20 The extent of atherosclerosis was determined using the en
face method, and expressed as positive Oil red O area over the total area
of the whole aorta. Aortic roots were embedded in OCT, and sequential
6 mm frozen sections were made. The section with the largest cross-
sectional lesion area from each individual mouse was stained with Oil
red O, and lipid burden at the root was expressed as positive Oil red
O area over lesion area. The size of aortic root lesions was expressed
as lesion area over total lumen area.

2.4 Lipid analyses
Blood was collected by cardiac puncture using a needle with heparin.
Plasma triglycerides and total cholesterol were determined using Infinity
triglyceride or cholesterol lipid stable reagent (Thermo Scientific, Middle-
town, VA, USA).

2.5 Histological examination of lesion
morphology
Frozen 6 mm sections were prepared and stained for EP4 (1:100; Cayman
Chemicals, Ann Arbor, MI, USA), macrophages (Mac-3, 1:900; Pharmin-
gen, San Diego, CA, USA), T cells (CD4, 1:100; Pharmingen), MCP-1
(1:50, Pharmingen), IP-10 (1:50; R&D Systems, Minneapolis, MN, USA),
and SMC (a-actin, 1:75; Santa Cruz Biotech Inc., Santa Cruz, CA, USA),
as described previously.19 –21 Lesional apoptotic cells were determined
with the in situ apoptosis detection kit according to the manufacturer’s
instructions (Chemicon International, Temecula, CA, USA). CD4-positive
cells and apoptotic cells in the intimal lesions were counted and expressed
over lesion area. Other staining was analysed using the Image-Pro Plus
program (Media Cybernetics, Silver Spring, MD, USA), and positive
stained area in the intimal lesions was expressed over cross-section
lesional area. Only positive staining within the lesions was included in
quantification analysis. To localize EP4 protein to cell types, we used
double fluorescent immunohistochemistry. Mouse cell type-specific
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antibodies conjugated with fluorochrome—CD11b-APC (macrophage,
Pharmingen) or CD3-PE (T cells, Pharmingen)—were mixed with rabbit
anti-EP4 antibody. Staining for EP4 used goat anti-rabbit Alexa Fluora
488 (Invitrogen Molecular Probes). For colocalization of EP4 with SMC,
after the first staining, sections underwent two blocking procedures: treat-
ment with an avidin/biotin blocking kit (Vector Laboratories) according to
the manufacturer’s recommendations; and blocking with 5% appropriate
normal serum for 20 min. Goat anti-mouse a-actin antibody (Santa
Cruz) was followed by biotinylated anti-goat secondary antibody and
streptavidin conjugated with FITC (Amersham).

2.6 Quantification of gene expression by
reverse transcription-quantitative PCR
Total RNA was isolated with RNeasy tissue mini kit (Qiagen), and equal
amounts were reverse-transcribed by Superscript II (Invitrogen), accord-
ing to the manufacturer’s instructions. Quantitative PCR was performed
in a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad).
The following primers were used: IP-10, 5′-GCTGCCGTCATTTT
CTGC-3′ and 5′-TCTCACTGGCCCGTCATC-3′; MCP-1, 5′-GGCTGG
AGAGCTACAAGAGG-3′ and 5′-TCTTGAGCTTGGTGACAAAAA
C-3′. The mRNA level of the genes tested was normalized to b-actin,
used as an internal control in all experiments.

2.7 Echocardiography
Echocardiographs were conducted using the Visual Sonics Vevo 2100
echocardiograph machine with the MS550S 18–38 MHz transducer
(Ontario, Canada). Animals were restrained briefly by the nape of the
neck under 2% isoflurane, the heart was imaged in the two-dimensional
parasternal short-axis view, and an M-mode measurement was recorded
at the mid-ventricle at the level of the papillary muscle. The heart rate,
end-diastolic, and end-systolic dimensions were measured from the
M-mode image, and fractional shortening and ejection fraction were calcu-
lated using the Visual Sonics advanced cardiovascular package as an index
of cardiac contractile function.

2.8 In situ zymography
Collagenolytic activity was determined on 6 mM frozen sections, using col-
lagen conjugated with quenched fluorescein (DQ collagen; Invitrogen,
Carlsbad, CA, USA) as a substrate, which requires cleavage by collageno-
lytic enzymes to become fluorescent. In brief, DQ collagen (1 mg/ml in
H2O) was mixed 1:10 with 1% low-melting agarose (Sigma-Aldrich, Mil-
waukee, WI, USA). This mixture (20 ml) was added on top of each
section, coverslipped, and gelled at 48C. Following incubation at 378C
for 48 h, fluorescence was examined using a fluorescent microscope.
Cysteine protease activity was estimated using a pH 5.5 buffer containing
EDTA (a chelator of calcium to inhibit MMP activity; 10 mM). MMP activity
was evaluated using a pH 7.4 buffer containing E64 (a non-selective inhibi-
tor of cysteine proteases; 20 mM).20

2.9 Statistical analysis
Data are expressed as mean + SEM. All statistical analysis was performed
using GraphPad Prism software 5.0 (San Diego, CA, USA). The two-tailed
Mann–Whitney t-test was used for comparisons between experimental
groups. Differences were considered statistically significant at P , 0.05.

3. Results
Five weeks after bone marrow transplantation, chimeric mice with or
without EP4 bone marrow-derived cells consumed a high-fat diet for
5 or 10 weeks. No differences occurred in total plasma cholesterol,
triglycerides, and body weight between EP4+/+/ldlr2/2 mice and
EP42/2/ldlr2/2 mice at either time point (Table 1). Semi-quantitative
PCR analysis revealed that .90% of the bone marrow cells from
EP42/2/ldlr2/2 chimeras were of donor origin, indicating successful
bone marrow transfer. Immunostaining of the aortic root for the
presence of EP4 protein showed that EP4 localized most abundantly
around the caps of the plaques (Figure 1A). Double immunofluores-
cent experiments show that both macrophages (Figure 1C) and T
cells (Figure 1D) expressed EP4. Lesions of EP42/2/ldlr2/2 mice con-
tained EP4-positive staining, owing to host-derived EP4, but at levels
�50% lower than the amount found in EP4+/+/ldlr2/2lesions
(Figure 1A and 1B); this trend occurred at both high-fat-fed time
points. Co-localization of EP4 with a-actin demonstrates that the
majority of the host-derived EP4 in the EP42/2/ldlr2/2 lesions
were SMC (Figure 1E).

EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2 mice began to die at late
stages of the study. At 10 weeks of a high-fat diet, EP4+/+/ldlr2/2

mice and EP42/2/ldlr2/2 mice had survival rates of 80% (8 of 10)
and 64% (7 of 11), respectively. Although mice deficient in EP4
appeared to have a lower survival rate, this did not reach statistical
significance. The worsening in plaque characteristics in EP4-deficient
mice was not reflected by a greater death rate, possibly because
the study was not powered for a mortality endpoint.

Upon sacrifice of these mice for tissue harvest, we measured the wet
weight of their hearts. Heart weight increased with time for both exper-
imental groups, indicating remodelling of the heart. Heart weights did
not differ between EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2 mice at
5 weeks, but at 10 weeks, EP42/2/ldlr2/2 mice had significantly
heavier hearts than did EP4+/+/ldlr2/2 mice (Figure 1F). Because of
the difference in heart mass, we performed echocardiograms on a sep-
arate cohort of mice to determine whether any corresponding change
in heart function had occurred. At 5 weeks, the average fractional short-
ening in the hearts of EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2 mice
was 47.2 + 2.7% and 46.6 + 3.9%, respectively. At 10 weeks, fractional
shortening in the hearts of EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2
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Table 1 Body weight and plasma lipid profile for EP41/1/ldlr2/2 mice and EP42/2/ldlr2/2 mice

Animal Duration of high fat diet (weeks) Body weight (g) Triglycerides (mg/dL) Cholesterol (mg/dL)

EP4+/+/ldlr2/2 5 19.2+0.4 260+85 899+99

10 18.8+0.4 182+43 1233+180

EP42/2/ldlr2/2 5 18.8+0.5 268+31 1093+77

10 18.6+0.3 249+51 970+193

Data are shown as mean+ SEM. Mice fed HFD for 5 weeks, n ¼ 6; mice fed HFD for 10 weeks, n ¼ 7–8.
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mice was 48.8 + 2.3% and 48.5 + 4.3%, respectively. Ejection fraction
in the hearts of EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2 mice was
80.5 + 2.3% and 79.1 + 4.4% at 5 weeks, and 82.1 + 2.3% and
80.9 + 1.0% at 10 weeks, respectively. Fractional shortening and ejec-
tion fraction in the hearts of EP4+/+/ldlr2/2 mice and EP42/2/
ldlr2/2 mice did not differ, at either 5 or 10 weeks of high-fat diet
(n ¼ 6). Thus, mice deficient of EP4 after 10 weeks of high-fat diet
have oversized hearts, but they do not yet have echocardiographic
signs of malfunction, suggesting that these hearts stand at the compen-
sated stage of hypertrophy.

Lack of EP4 on bone marrow-derived cells did not affect ather-
oma size in mice fed a high-fat diet for 5 or 10 weeks. The amount
of lipids visualized en face increased with the duration of high-fat
diet, but no difference occurred between EP4+/+/ldlr2/2 mice
and EP42/2/ldlr2/2 mice at either time point (Figure 2). Lipid
lesions in the aorta appeared fairly small (3.3% and 3.2% of
EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 aortas, respectively, contained
lipid deposits), and the majority of the lesions localized at the
aortic arch, with almost no deposits along the abdominal or thor-
acic aorta (Figure 2).

Figure 1 Representative photographs (A) and quantitative analysis (B) of EP4 staining on atherosclerotic lesions of EP4+/+/ldlr2/2 mice and
EP42/2/ldlr2/2 mice fed HFD for 5 or 10 weeks. Representative sections of aortic root lesions demonstrate EP4 localized to CD11b macrophages
(C; top: magnification ×500, bottom: magnification ×200), CD3 T cells (D; magnification ×200) or a-actin SMC (E; top: magnification ×100; bottom;
magnification ×200). Double immunofluorescent staining determined by white arrows. (F ) Wet weight of hearts at time of sacrifice. n ¼ 6–8,
*P , 0.05 EP4+/+/ldlr2/2 mice vs. EP42/2/ldlr2/2 mice of same duration of HFD; wP , 0.05 EP42/2/ldlr2/2 mice (HFD, 5 weeks) vs. EP42/2/
ldlr2/2 mice (HFD, 10 weeks).
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Unexpectedly, large lesions involved the aortic roots of EP4+/+/
ldlr2/2 mice and EP42/2/ldlr2/2 mice (Figure 3). At 5 weeks of
high-fat diet, EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice had an
average lesion area within the root (as percentage of lumen area)
of 43.6% and 39.2%, respectively. Strikingly, at 10 weeks of high-fat
diet, the lesion area within the root (as percentage of lumen
area) reached 90.5% and 90.3% in EP4+/+/ldlr2/2 mice and
EP42/2/ldlr2/2 mice, respectively (Figure 3A and B), indicating
severe stenosis at the aortic sinus. At both time points, however,
the cross-section lesional areas of EP4+/+/ldlr2/2 and EP42/2/

ldlr2/2 mice did not differ significantly (Figure 3B). Staining with Oil
red O revealed that lipid deposits composed the bulk of the plaque
(Figure 3A and C ). For EP4+/+/ldlr2/2 or EP42/2/ldlr2/2 mice at 10
weeks, lipids composed �35% of the lesion area, suggesting that
the mice experienced an accelerated form of atherosclerosis rather
than fibrosis.

Even though plaque size at the aortic roots did not differ between
EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice at the later stage of athero-
sclerosis (10 weeks of high-fat diet), the cell composition and protein
expression within the lesions varied substantially (Figure 4). At 10
weeks on a high-fat diet, the aortic root lesions of EP42/2/ldlr2/2

mice had macrophage and T-cell levels 2.2-fold and 4.2-fold greater,
respectively, compared with EP4+/+/ldlr2/2 mice (Figure 4A, B, E,
and F ). At 10 weeks of high-fat diet, the aortic root lesions of
EP42/2/ldlr2/ mice expressed MCP-1 and IP-10 2.5-fold and
1.8-fold greater, respectively, compared with EP4+/+/ldlr2/2 mice
(Figure 4C, D, G, and H ). At the 5-week time point, however,
lesions of EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice had comparable
amounts of macrophages, T cells, MCP-1, and IP-10 (Figure 4A–H ).
To extend these findings, we obtained quantitative data on mRNA
encoding inflammatory mediators in extracts of the aortic roots
from EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice fed a high-fat diet
for 5 or 10 weeks by RT-PCR. At 5 weeks, EP4+/+/ldlr2/2 and
EP42/2/ldlr2/2 mice showed no difference in mRNA levels of
MCP-1 or IP-10, but at 10 weeks, the expression of these chemokines
was greater in EP42/2/ldlr2/2 aortic root samples as compared with
the wild-type counterparts (Figure 4I and J ). Thoracic aorta were also
used for quantitative PCR, but showed no difference in MCP-1 and
IP-10 mRNA expression between EP4+/+/ldlr2/2 and EP42/2/
ldlr2/2 mice at either time point in this sample (n ¼ 6; data not
shown). These PCR data agree with the histological data and
support our prior conclusion that EP4 leads to a decrease in chemo-
kine expression at 10 weeks, but not at 5 weeks.

The lesions contained cells bearing markers of apoptosis, but
EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice showed no consistent
difference in apoptotic cell abundance in plaques at 5 or 10 weeks
(Figure 5A and C ). For quantification of SMC, the medial smooth
muscle layer of the ascending aorta surrounding the lesion was not
included in the analysis. We were interested in intimal smooth
muscle content; therefore, only staining of a-actin within the lesion
was used in the analysis. Alpha-smooth muscle positive staining loca-
lized particularly at the caps of lesions, which likely contributes to the
lesional fibrous cap—comprised of macrophages and SMC—that
forms during atherosclerosis. The smooth muscle content in lesions
of EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice did not differ significantly
at 5 weeks, but at 10 weeks, lesions of EP42/2/ldlr2/2 mice contained
significantly fewer SMC (Figure 5B and D). At 10 weeks, lesions of
EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice had no consistent difference
in MMP or cathepsin collagenolytic activity, as determined by in situ
zymography using DQ collagen as the substrate (data not shown;
n ¼ 4).

4. Discussion

4.1 Allogenic bone marrow transplantation
accelerated atherosclerosis
In the present study, Ldlr2/2 mice (on a C57bL/6 background) were
reconstituted with bone marrow cells from mice of a mixed

Figure 1 Continued.
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background (129/Olac, C56bL/6, and DBA/2) to generate chimeric
mice with and without EP4 in their haematopoietic lineages. Mice
with targeted deletion of the EP4 gene do not survive in the congenic
C57bL/6 background, but breeding mice bearing this mutation in a
mixed background greatly increases survival.17 As genetic background
controls, we performed bone marrow transplantation where recipient
Ldlr2/2 mice (on a C57bL/6 background) received bone marrow cells
from Ldlr2/2 mice of the same genetic background (Ldlr2/2/ldlr2/2).
Ldlr2/2/ldlr2/2 mice fed the same high-fat diet for 10 weeks had sig-
nificantly smaller lesions compared with those of EP4+/+/ldlr2/2 mice
(data not shown; n ¼ 8), illustrating that allogenic bone marrow trans-
plantation accelerated lesion formation at the aortic root. Thus,
beyond the interest of this study for the role of EP4, our results
provide further affirmation of the important modulatory role of cellu-
lar immunity, and in particular the allogeneic response, in
atherogenesis.

The transfer of bone marrow cells from mice of non-matched
genetic backgrounds itself accelerates atherosclerosis. Thus, the
mechanisms of atherosclerosis in the present study may be different
from those normally involved in atherosclerosis in humans or in a
syngeneic Ldlr2/2 mouse model. We previously described similar
accelerated atherosclerosis formation with allogenic cardiac trans-
plantation in rabbits.22 Nevertheless, in the present study, bone
marrow transplantation used EP42/2 donors and their wild-type lit-
termates of the same mixed genetic background. All conclusions
drew on the comparison of EP4+/+/ldlr2/2 mice vs. EP42/2/
ldlr2/2 mice. Thus, any difference between EP4+/+/ldlr2/2 mice
and EP42/2/ldlr2/2 mice does not result from allogenecity, but
reflects the absence of EP4 on bone marrow-derived cells.

The allogenic bone marrow transplantation in our study is not com-
pletely histoincompatible. The recipient Ldlr2/2 is of H2b major histo-
compatibility complex (MHC) haplotypes; it received donor cells of
both H2b and H2d MHC haplotypes. Preliminary cell proliferation
assays showed there is no acute T cell proliferation during this
mixed bone marrow transplantation (data not shown; n ¼ 3–4),
thus the occurrence of graft-vs.-host-disease (GVHD) in our chimeric

mice is unlikely. Nevertheless, we cannot eliminate the possibility of
chronic GVHD as the mice continued on their high-fat diet.

4.2 EP4 deficiency enhanced local
inflammation but did not alter plaque size
in later atherosclerosis
This study demonstrated that mice deficient in EP4 in bone marrow-
derived cells have greater expression of the T-cell chemoattractants
MCP-1 and IP-10 in their aortic root lesions in late atherosclerosis
(after 10 weeks of high-fat diet), compared with the wild-type
counterparts. Human atheromata express these chemokines, and
these mediators likely participate in leucocyte recruitment into the
atheroma.23 The lesions of EP4-deficient chimeric mice showed
increased accumulation of macrophages and T cells, indicating an esca-
lation of local inflammation. These findings support a role for EP4 as
an anti-inflammatory mediator in atherogenesis in vivo. Serum trigly-
ceride and cholesterol did not differ between the two experimental
groups, suggesting that the enhanced inflammation stems from the
absence of EP4 on bone marrow-derived cells.

Despite the marked difference in chemokine expression and amount
of inflammatory cells between the lesions of EP4+/+/ldlr2/2 and
EP42/2/ldlr2/2 mice, lesion burden did not differ at the aortic sinus
or at the aorta between the two experimental groups. However, the
large plaque sizes formed at the aortic roots of mice that consumed
a high-fat diet for only 10 weeks intrigued us. Cross-sectional lesion
area of the aortic roots (expressed in percentage of lumen area) aver-
aged to 90.5% and 90.3% in EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice,
respectively, yielding subtotal occlusion of the aortic root. The finding
of functional supravalvular aortic stenosis could well have caused the
premature death observed after 8–10 weeks of high-fat diet in our
experimental mice. Conversely, the plaques in the descending aortas
appeared very modest in size. EP4+/+/ldlr2/2 and EP42/2/ldlr2/2

mice had lesional area on aortas (expressed in percentage of total
aortic area) of only 3.3% and 3.2%, respectively. The different rates in
atherosclerosis development between the aorta and the aortic sinus
could result from the hydrodynamic differences in these two regions.

Figure 2 Representative en face photographs of thoracic aortas from different experimental groups stained with Oil red O (right). Quantitative
analysis on the extent of atherosclerosis (expressed as percentage of lesion area to total aortic area) in thoracic aortas for all experimental
groups (left). Mice fed HFD for 5 weeks, n ¼ 6; mice fed HFD for 10 weeks, n ¼ 7–8. wP , 0.05 EP4+/+/ldlr2/2 mice (HFD, 10 weeks) vs.
EP4+/+/ldlr2/2 mice (HFD, 5 weeks).
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Radiation compromises the endothelial function at the aorta and the
aortic sinus, but the latter region experiences highly disturbed hemody-
namic flow, which advances atherosclerosis development.24 Schiller
et al. (2001)25 described similar disproportional plaque formation
among different locations, and demonstrated that irradiation and syn-
geneic bone marrow reconstitution exacerbated atherosclerosis
within the aortic root and, interestingly, inhibited lesion progression
across the surface of the aorta. In these experiments, the partial histo-
compatibility mismatch mandated by the postnatal lethality of EP4
deficiency on a congenic background may have further exaggerated
lesion formation in the aortic root.

4.3 EP4 deficiency does not affect
inflammation or plaque size in less mature
atheromata
Plaque size at the aortic root did not differ between EP4+/+/ldlr2/2

and EP42/2/ldlr2/2 mice after 10 weeks of high-fat diet. Owing to
the formation of large lesions, we speculated whether lesion pro-
gression would plateau at this late time point, hence masking any
true differences in lesion size between the two groups of mice.
To explore this possibility, we repeated the study with a shorter
high-fat feeding regimen of 5 weeks. At 5 weeks of high-fat diet,
deficiency of EP4 did not alter MCP-1 and IP-10 expression as it
did at 10 weeks, nor did it affect macrophage and T-cell infiltration
within the lesions. These findings suggest that EP4+/+/ldlr2/2 and
EP42/2/ldlr2/2 mice had similar severity of inflammation in early
atherosclerosis, and that the EP4-dependent anti-inflammatory
effect only becomes manifest in later atherosclerosis. EP4+/+/

ldlr2/2 and EP42/2/ldlr2/2 mice had comparable plaque burden
in the aorta and lesion size at the root after 5 weeks of high-fat
diet. Thus, deficiency of EP4 on bone marrow-derived cells does
not modify lesion size either at earlier or later stages of
atherosclerosis.

4.3.1 EP4 and apoptosis
In contrast to the findings of Babaev et al.,12 the number of apoptotic
cells did not differ between the aortic root lesions of EP4+/+/ldlr2/2

and EP42/2/ldlr2/2 mice in our experiment, either after 5 or 10
weeks of high-fat diet. The discrepancy in the results could result
from differences in experimental design. Mice in the study by
Babaev et al. consumed an atherogenic diet for 8 weeks, while
mice in our study ate a Western diet for either 5 or 10 weeks.
Our study consists of allogenic bone marrow transplantation that
accelerated atherosclerosis; thus, in absolute terms, the high-fat
diet lasted only 5 weeks, but it probably represents a more advanced
stage of atherosclerosis than in the mice fed for 8 weeks in the study
by Babaev et al. Moreover, their study focused on apoptosis and its
effect on early-phase atherosclerosis, whereas our study examined
the role of apoptosis at late phases of the disease. Babaev et al.
specifically investigated the role of EP4 in apoptosis, but did not
examine the effect of EP4 on inflammation or other mechanisms
related to atherosclerosis. Taken together, these studies suggest
that EP4 may suppress macrophage apoptosis and enhance formation
of atherosclerosis at the early phase of the disease, but it does not
modulate apoptosis or plaque formation at later phases of the
disease.

Figure 3 Effects of EP4 deletion on lesion morphology. (A) Oil Red O staining on representative atherosclerotic lesions from EP4+/+/ldlr2/2 mice
and EP42/2/ldlr2/2 mice fed HFD for 5 or 10 weeks. Quantitative analysis of lesion area (B), Oil Red O positive staining (C) on atherosclerotic aortic
root lesion of EP4+/+/ldlr2/2 mice and EP42/2/ldlr2/2 mice fed HFD for 5 or 10 weeks. n ¼ 6–8, wP , 0.05 EP42/2/ldlr2/2 mice or EP42/2/ldlr2/2

mice fed HFD (5 weeks) vs. HFD (10 weeks).
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Figure 4 Lesional sections were stained for mac-3 (A), CD4 (B), MCP-1 (C), and IP-10 (D) to detect macrophages, T cells, and two chemokines,
respectively. All positive staining is reflected by reddish-brown color. Quantitative analysis for macrophages (E), T cells (F), MCP-1 (G), and IP-10 (H )
are shown at the lower panel. n ¼ 6–8, *P , 0.05 EP4+/+/ldlr2/2 mice vs. EP42/2/ldlr2/2 mice of same duration of HFD; wP , 0.05 EP42/2/ldlr2/2

mice or EP42/2/ldlr2/2 mice fed HFD (5 weeks) vs. HFD (10 weeks). Quantitative RT-PCR analysis of MCP-1 (I) and IP-10 (J) in aortic root samples
of EP4+/+/ldlr2/2 mice vs. EP42/2/ldlr2/2 mice fed HFD for 5 or 10 weeks. Expression of MCP-1 and IP-10 was quantitated relative to EP4+/+/
ldlr2/2 mice fed HFD (5 weeks) and corrected for expression of b-actin. Values shown are means + SEM. *P , 0.05 vs. EP4+/+/ldlr2/2 mice fed
HFD (10 weeks).
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4.3.2 EP4 and proteolytic enzymes
In addition to affecting inflammation and apoptosis, PGE2 may impact
the development and fate of atherosclerotic plaques by altering the
activity of proteolytic enzymes. The aortic root lesions of EP4+/+/
ldlr2/2 and EP42/2/ldlr2/2 mice had no detectable difference in col-
lagenolytic MMP activity in our study. We also investigated the activity
of cysteinyl cathepsins (another major class of protease involved an
atherosclerosis) within the aortic lesions.26 Our results show no differ-
ence in the cathepsin activity between lesions of EP4+/+/ldlr2/2 and
EP42/2/ldlr2/2 mice. Hence, despite the number of in vitro and

in vivo studies suggesting a role of EP4 in regulating proteases under
various pathophysiological settings,27–30 these in vivo experiments
showed no obvious change in arterial protease activity dependent
on EP4.

4.3.3 EP4 deficiency modulates SMC
SMC produce fibrous proteins that are implicated in plaque stability.
On the other hand, lesional macrophages produce proteases that
can degrade the plaque’s extracellular matrix, favouring formation of
plaques considered prone to rupture in humans. The rate of matrix

Figure 5 Lesion sections were stained for apoptotic markers (A) and a-actin (B) to detect apoptotic cells and SMC, respectively. Quantitative analy-
sis for apoptosis and SMC at the lower panel. n ¼ 6–8, *P , 0.05 EP4+/+/ldlr2/2 mice vs. EP42/2/ldlr2/2 mice of same duration of HFD; wP , 0.05
EP42/2/ldlr2/2 mice or EP42/2/ldlr2/2 mice fed HFD (5 weeks) vs. HFD (10 weeks).

Figure 6 Schema of the major results and interpretation of this study. After 10 weeks of high-fat diet, EP4-deficient chimeric mice displayed
enhanced inflammation in their atherosclerotic plaques. Expression of MCP-1 and IP-10 increased, along with a corresponding increase in macrophage
and T-cell infiltration. These plaques also exhibited fewer SMC—a character of vulnerable plaques—but EP4 deficiency had no effect on plaque size.
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degradation potential, as determined by collagenolytic activity, did not
differ between EP4+/+/ldlr2/2 and EP42/2/ldlr2/2 mice, despite a
divergence in macrophage numbers. But the fewer SMC residing in
the caps of the plaques of EP42/2/ldlr2/2 mice high-fat fed for 10
weeks suggest that the lack of EP4 results in plaques that are more
vulnerable to rupture (Figure 6).

5. Conclusion
Targeting EP4 in treating cardiovascular diseases recently has garnered
interest, with reports of the role of EP4 receptor and the benefits of
EP4 agonist in preventing acute cardiac rejection in allograft trans-
plants, ischaemic injury of myocardium reperfusion, and the develop-
ment of abdominal aortic aneurysm. This study investigated the role of
EP4 in atherosclerosis in vivo, and particularly its effect on inflam-
mation. The presence of EP4 on bone marrow-derived cells has
little effect on plaque size or morphology at early stages of athero-
sclerosis, but at later stages of atherosclerosis, the presence of EP4
receptor dampened local inflammation (reduced expression of che-
motactic proteins, including MCP-1 and IP10; and reduced inflamma-
tory cells, such as macrophages and T cells) and increased SMC within
the plaque. But this interference in EP4 function did not prevent pro-
gression of atherosclerosis or alter lesion size in the aorta or at the
aortic root. Moreover, the presence of EP4 did not impact apoptosis
or collagenase activity during the pathogenesis of atherosclerosis.
Accumulating studies suggest that asymptomatic and symptomatic
lesions differ with regard to inflammatory burden rather than
plaque size. As we enter an era that sees growing interest in develop-
ing drugs that affect plaque biology, not just bulk, EP4 may serve as an
attractive therapeutic target to suppress inflammation in established
atheromata.
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