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Prostaglandin E2 (PGE2) plays an important role in vascular
homeostasis. Its receptor, E-prostanoid receptor 4 (EP4) is essential
for physiological remodeling of the ductus arteriosus (DA).
However, the role of EP4 in pathological vascular remodeling
remains largely unknown. We found that chronic angiotensin I
(Angll) infusion of mice with vascular smooth muscle cell (VSMC)-
specific EP4 gene knockout (VSMC-EP4~'~) frequently developed
aortic dissection (AD) with severe elastic fiber degradation and
VSMC dedifferentiation. Angll-infused VSMC-EP4~'~ mice also dis-
played more profound vascular inflammation with increased
monocyte chemoattractant protein-1 (MCP-1) expression, macro-
phage infiltration, matrix metalloproteinase-2 and -9 (MMP2/9)
levels, NADPH oxidase 1 (NOX1) activity, and reactive oxygen spe-
cies production. In addition, VSMC-EP4~'~ mice exhibited higher
blood pressure under basal and Angll-infused conditions. Ex vivo
and in vitro studies further revealed that VSMC-specific EP4 gene
deficiency significantly increased Angll-elicited vasoconstriction of
the mesenteric artery, likely by stimulating intracellular calcium
release in VSMCs. Furthermore, EP4 gene ablation and EP4 block-
ade in cultured VSMCs were associated with a significant increase
in MCP-1 and NOX1 expression and a marked reduction in a-SM
actin (a-SMA), SM22q, and SM differentiation marker genes myo-
sin heavy chain (SMMHC) levels and serum response factor (SRF)
transcriptional activity. To summarize, the present study demon-
strates that VSMC EP4 is critical for vascular homeostasis, and its
dysfunction exacerbates Angll-induced pathological vascular
remodeling. EP4 may therefore represent a potential therapeutic
target for the treatment of AD.
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Arterial remodeling is a process of adaptive alterations of
vascular wall architecture and is physiologically important for
vascular homeostasis. However, pathological vascular remodeling
is involved in the pathogenesis of many cardiovascular diseases
including vascular restenosis, hypertension, myocardial infarction,
stroke, atherosclerosis, and aortic aneurysm, which account for the
greatest number of deaths in both developing and developed
countries. VSMCs are major resident cells of the arteries and play
a critical role in vascular remodeling in conjunction with or
without inflammatory cells (1). Increasing evidence demonstrates
that the change in VSMCs from contractile to synthetic phenotype
and the infiltration of monocytes and macrophages promote
pathological vascular remodeling, leading to the development of
many vascular diseases especially vascular restenosis and aortic
aneurysm (2). Therefore, maintenance of the VSMC contractile
phenotype and suppression of vascular inflammation are main-
stays in the prevention and treatment of vascular diseases.
PGE?2 is one of most important prostanoids in the regulation
of vascular structure and function. It binds and activates four
distinct G protein-coupled membrane-associated receptors, i.e.,
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EP1, EP2, EP3, and EP4, to maintain vascular homeostasis. We
and others have previously reported that the EP1 and EP3 re-
ceptors are vasoconstrictors, whereas the EP2 and EP4 receptors
are vasodilators, indicating the PGE2/EPs system is essential for
blood pressure regulation (3-6). Increasing evidence also dem-
onstrates that the PGE2/EPs system plays a critical role in vascular
remodeling (7, 8). EP4 appears to be important for both physio-
logical and pathological vascular remodeling. Global EP4 gene
deletion results in perinatal lethality due to patent DA (PDA) (9),
indicating a critical role of EP4 in the physiological closure of the
DA after birth. However, the role of EP4 in pathological vascular
remodeling remains uncertain. It has been reported that inhibition
of EP4 attenuates aortic aneurysm formation (10-12), whereas the
lack of EP4 in hematopoietic cells is associated with increased
prevalence and severity of Angll-induced aortic aneurysms (13).
In the present study, we found VSMC-specific EP4 deletion
did not affect the DA closure but significantly promoted the
incidence and severity of AD in Angll-infused mice, potentially
via increasing blood pressure, vascular inflammation, matrix
metalloproteinase activity, and VSMC dedifferentiation.

Significance

AD is a lethal vascular disease with a high mortality. The pre-
sent study reports a critical role of prostaglandin E2 receptor
EP4 in the pathogenesis of AD. VSMC-specific EP4 deletion
(VSMC-EP4~'7) significantly increases the incidence and sever-
ity of Angll-induced aortic aneurysm and dissection. Compared
with WT mice, VSMC-EP4~'~ mice exhibit increased vascular
inflammation, oxidative stress, elastic fiber degradation, and
VSMC dedifferentiation following chronic Angll infusion.
VSMC-EP4~'~ mice also have higher blood pressure under basal
and Angll-infused conditions. Our findings demonstrate that
VSMC-EP4 plays an important role in the maintenance of vas-
cular integrity and blood pressure and may represent a po-
tential therapeutic target for the treatment of AD as well as
hypertension.
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Fig. 1. Validation of EP4 deficiency in VSMGs. (A) Schematic showing of the
floxed EP4 allele (EP4™) and Cre recombinase modified allele (EP4™ _Cre*).
The locations of two LoxP sites flanking the exon 2 of the EP4 gene were
shown. P1 and P2 were primers designed to detect the presence or absence of
the exon 2. (B) PCR validation of WT, EP4%*, and EP4"* alleles (Upper) and Cre
recombinase transgene (Lower). The band with 243 or 344 bp represents the
WT allele and floxed allele, respectively. The band with 370 bp indicates the
presence of the SMMHC-Cre transgene. (C) Immunohistochemistry showing
the absence of EP4 protein expression was in the aortic SM layer of the VSMC-
EP4~"~ mouse. (D) Expression levels of four EP receptors in the thoracic aortas
of EP4™ and VSMC-EP4™~ mice. n = 5-6; ***P < 0.001 vs. EP4™",

Results

Generation of Mice with VSMC-Specific EP4 Gene Deficiency. Dys-
function of VSMC proliferation and contractivity in neonatal
DA has been proposed to be responsible for the development of
PDA in EP4™~ mice. To determine the role of EP4 in vascular
homeostasis, we generated a conditional gene knockout mouse
line lacking EP4 specifically in VSMCs by crossing mice in which
the exon 2 of the EP4 gene was flanked by two loxP sites (EP4")
(14) with the mice containing the SMMHC-Cre-ERT?2 transgene
(Fig. 14). The WT, EP4"*, and EP4™" alleles and Cre transgene
were genotyped by PCR (Fig. 1B). Near-complete excision of the
EP4 gene (SI Appendix, Fig. S14) and the loss of EP4 mRNA
expression (SI Appendix, Fig. S1B) were evident in the SM layers
of the aortas of VSMC-EP4~~ mice. Immunohistochemistry
analysis further demonstrates that specific ablation of the EP4
protein was observed in VSMCs of the aortas of VSMC-EP4™/~
mice with little change in endothelial cells (ECs) (Fig. 1C). Fur-
thermore, VSMC-specific EP4 gene deletion resulted in a signif-
icant reduction in aortic EP4 mRNA expression, without affecting
gene expression levels of the other three EP receptors (Fig. 1D).

Unlike global EP4 gene-deficient mice (EP477), VSMC-
EP4~~ mice exhibited unimpaired DA closure with no perina-
tal death (SI Appendix, Fig. S2 A and B). No gender difference
was found in mice with WT and VSMC-EP4~/~ genotypes (81
Appendix, Fig. S2B). Similarly, no genotypic difference was ob-
served in either male or female mice (SI Appendix, Fig. S2C).
Furthermore, no developmental defect was found in VSMC-
EP4~"~ mice. The VSMC-EP4~~ mice exhibited normal body
weight gain compared with EP4"" mice (ST Appendix, Fig. S2D).
These findings demonstrate that VSMC deficiency of EP4 in the
DA very unlikely contributes to the development of PDA seen in
global EP4 gene knockout mice.

EP4 Deletion in VSMCs Exacerbates Angll-Induced Aortic Dissection
Without Increasing Serum Lipid Levels. To further determine the
role of EP4 in vascular homeostasis, we infused the VSMC-EP4 ™/~
mice and their WT littermates with or without AnglI for 28 d.
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Although Angll treatment resulted in aortic aneurysm in both
genotypes, the incidence was significantly higher in VSMC-EP4~~
mice (11 out of 26 mice, 42.3%) than that in WT littermates (1 out
of 21 mice, 4.76%) (P < 0.01) (Fig. 2 4 and B). Aortic aneurysm
exclusively developed in the thoracic and abdominal aortas in
VSMC-EP4~~ mice (Fig. 24). Furthermore, it was noticed that
frequent aortic rupture occurred in VSMC-EP4 ™~ mice. Although
4-wk Angll treatment resulted in vascular expansion in injured
aortas in both genotypes, no difference was found in maximal
aortic arch and abdominal aorta diameters between WT and
VSMC-EP47~ mice (Fig. 2 C and D), suggesting VSMC deletion
of EP4 exacerbates AnglI-induced aortic dissection. Interestingly,
Angll-induced aortic dissection in VSMC-EP4~~ mice was not
associated with hyperlipidemia since Angll treatment had little
effect on the serum lipid profile and serum levels of triglycerides,
total cholesterol (Ch), LDL-Ch, and HDL-Ch were comparable
between WT and VSMC-EP4~'~ mice (SI Appendix, Fig. S3).

VSMC-EP4 Deficiency Results in Aortic Elastic Fiber Degradation in
Mice. Histopathological analysis revealed typical aortic dissec-
tion lesions and identified aortic dissection as the main cause of
death in VSMC-EP4~~ mice receiving chronic treatment of AngII
(Fig. 3A4). Elastic van Gieson (EVG) staining of aortic sections
from VSMC-EP4~/~ mice infused with AngII showed more severe
media degeneration including elastic fiber fragmentation, stiffness,
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Fig. 2. Mice with VSMC-specific deletion of EP4 are susceptible to Angll-
induced aortic dissection. (A) Representative photographs of aortic dissect-
ing aneurysms in male WT (EP4"") and VSMC-EP4~"~ mice. Angll (1,000 ng/kg
per min) was chronically infused for 28 d, and saline was used as the control.
(B) Incidence of aortic dissection in WT and VSMC-EP4~'~ animals. Difference
in the incidence rate was analyzed by a 2 test, **P < 0.01 vs. EP4"*+Angll
group. (C and D) Representative pictures from ultrasonography (C) and
quantification of maximal aortic arch and abdominal aortic diameters (D) of
WT and VSMC-EP4~"~ mice at the end of 28-d saline or Angll infusion. n = 4-
25; *P < 0.05 vs. saline group.
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Fig. 3. VSMC-EP4 deficiency causes aortic elastin fiber degradation in mice.
WT (EP4™) and VSMC-EP4~"~ mice were infused with Angll (1,000 ng/kg per
min) for 28 d. Saline infusion was used as the control. Aortas were collected
for the examination of vascular morphology and structure. (A) Representa-
tive hematoxylin and eosin staining of the aortas of WT and VSMC-EP4~/~
mice receiving saline or Angll treatment. (Scale bars: 100 pm.) (B) Repre-
sentative EVG staining of aortic elastin in saline- or Angll-treated WT and
VSMC-EP4~'~ mice. (Scale bars: 100 pm.) (C) Quantification of aortic elastin
degradation in B. n = 8-14; *P < 0.05; ***P < 0.001.

and disorganization (Fig. 3 B and C). However, Masson staining
and Sirius Red staining found no difference in aortic collagen
content between EP4”f and VSMC-EP4~'~ mice (SI Appendix, Fig.
S4). These findings suggest a major role of VSMC EP4 in the
dynamic maintenance of aortic elastic fiber.

VSMC-Specific Deletion of EP4 Enhances Angll-Elicited Vascular
Inflammation. Extensive inflammation and oxidative stress are im-
portant for the development of aortic aneurysm and dissection (15).
Chronic administration of Angll resulted in vascular inflammation
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as reflected by increased expression of MCP-1 in the aortas.
Compared with WT mice, VSMC-EP4”~ mice exhibited signifi-
cantly elevated MCP-1 mRNA levels under a basal condition and
after Angll infusion (Fig. 44). Consistently, VSMC-EP47~ mice
showed exaggerated F4/80 positive macrophage infiltration in the
aortic media before and after Angll administration (Fig. 4B and S/
Appendix, Fig. S54). To further explore the potential role of EP4 in
the regulation of MCP-1 expression in VSMCs, the EP4 agonist
PGE1-OH was used to treat cultured VSMCs. Pretreatment of
PGE1-OH greatly reduced Angll-evoked MCP-1 mRNA expres-
sion and protein secretion (SI Appendix, Fig. S5 B and C). In ad-
dition, Cre adenovirus-mediated EP4 gene ablation in primary
cultured EP4™ VSMCs resulted in a significant increase in MCP-1
mRNA expression. EP4 gene deficiency significantly up-regulated
MCP-1 expression in VSMCs treated with Angll (SI Appendix, Fig.
S5 D and E). Together, these findings indicate that VSMC-EP4
deficiency increases vascular inflammation mainly via inducing
MCP-1 expression and secretion.

VSMC-Specific Deletion of EP4 Accelerates Angll-Induced Vascular
Oxidative Stress. Angll treatment markedly increased the num-
bers of dihydroethidium (DHE)-positive cells in WT mouse
aortas. However, DHE-positive cells were further increased in
VSMC-EP4™~ mice (Fig. 4C and SI Appendix, Fig. S64), sug-
gesting VSMC-specific EP4 deletion exacerbates AnglI-induced
vascular oxidative stress. To further determine the role of EP4 in
regulating vascular oxidative stress in VSMCs, aortic NOX ac-
tivity was measured in both WT and VSMC-EP4~'~ mice treated
with or without Angll. VSMC-specific EP4 deletion significantly
increased AnglI-induced vascular NAPDH activity (SI Appendix,
Fig. S6B). Consistently, AnglI infusion significantly up-regulated
NOXI1 protein expression in the aortas of both genotypes with
much higher levels found in VSMC-EP4~'~ mice (Fig. 4D).
Similarly, VSMC-specific EP4 deletion significantly enhanced
Angll-induced NOX1 mRNA expression with no effect on
NOX2 and NOX4 (SI Appendix, Fig. S6C). In primary cultured
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Fig. 4. VSMC-specific deletion of EP4 results in increased vascular inflammation, oxidative stress, and MMP2/9 activity. (A) Real-time PCR analysis of aortic
MCP-1 expression. n = 11-20; *P < 0.05; **P < 0.01. (B) Immunofluorescence staining of F4/80 (red) in the aortic walls of EP4™f and VSMC-EP4~"~ mice infused
with saline or Angll. (Scale bars: 50 pm.) (C) DHE immunofluorescence staining of an aortic superoxide anion. (Scale bars: 100 pm.) (D) Representative Western
blot analysis and quantification of NOX1 expression in each treatment group. n = 7-9; *P < 0.05; **P < 0.01. (E) Zymography analysis demonstrating en-
zymatic activity of MMP-2 and MMP-9 in the aortas of WT and VSMC-EP4~'~ mice following saline or Angll treatment. n = 5 to 6; *P < 0.05. (F) Immuno-
blotting assay showing protein levels of MMP-2 and MMP-9 in the aortas of WT and VSMC-EP4~"~ mice treated with or without Angll. n = 5-6; *P < 0.05; **P <
0.01; ***P < 0.001.
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“ 7 Fig. 5. EP4 is essential for maintaining VSMC con-

tractile phenotype. (A-C) Representative immunos-
taining of a-SMA (A), SM22« (B), and SMMHC (C) in
the suprarenal aortas of EP4™ and VSMC-EP4~"~ mice
infused with saline or Angll. (D) Western blot analysis
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VSMCs, the selective and nonselective EP4 agonist PGE1-OH
and PGE?2 significantly inhibited AnglI-induced NOX1 expression
at both mRNA and protein levels (S Appendix, Fig. S6 D and E).
In contrast, ablation of the EP4 gene in cultured VSMCs in-
creased the basal levels of NOX1 mRNA and protein expression
and further enhanced Angll-induced NOX1 expression. In addi-
tion, the adenylate cyclase activator forskolin dramatically atten-
uated Angll-induced NOX1 expression in both WT and EP4-
deficient VSMCs (SI Appendix, Fig. S6 F and G). Collectively,
these findings demonstrate that VSMC-EP4 deficiency enhances
Angll-induced vascular oxidative stress by up-regulating NOX1
activity, possibly in a cAMP/PKA-dependent manner.

Specific Deletion of EP4 in VSMCs Increases Aortic MMP2/9 Activity.
One of the characteristic features of aortic aneurysm and dis-
section is the disruption and degradation of structural extracel-
lular matrix proteins by MMPs, particularly MMP2 and MMP9
(16). Zymography and Western blot assays demonstrate that,
although Angll treatment induced MMP2/9 protein expression
and activity in both genotypes, EP4 deficiency in VSMCs resul-
ted in significantly higher MMP2/9 levels than that in the WT
group (Fig. 4 E and F). These observations indicate that VSMC-
specific EP4 deletion leads to a marked increase in vascular
MMP2/9 expression and activity in the aortas.

Deletion of EP4 in VSMCs Results in a Loss of SM Contractile
Phenotype. Hallmarks associated with aortic aneurysms and dis-
sections include the loss of VSMC contractile markers, such as
a-SMA, SM22«a, and SMMHC (17). Immunohistochemical stain-
ing revealed that VSMC-specific EP4 deletion had little effect on
a-SMA and SMMHC levels but significantly down-regulated
SM22a expression at the basal level. Following chronic Angll
infusion, VSMC-EP4~~ mice exhibited a significant reduction in
aortic expression of all three contractile markers compared with
WT mice (Fig. 5 A-C and SI Appendix, Fig. S7A-C). These results
demonstrate that EP4 is essential in the maintenance of the
VSMC contractile phenotype.

EP4 Enhances Nuclear Translocation of SRF to Maintain the VSMC
Contractile Phenotype. In cultured VSMCs, EP4 expression lev-
els are closely correlated with the phenotypic status (Fig. 5D). In
an Angll-induced contractile phenotype, EP4 expression was
increased as a-SMA, SM22a, and SMMHC levels were induced
(Fig. 5D). In contrast, in the PDGF-BB-induced synthetic
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BB (PDGF-BB) (25-ng/mL) treatment on protein ex-
pression of EP4 and VSMC markers (a-SMA, SM22q,
and SMMHCQ) in rat aortic VSMCs. n = 3-6; *P < 0.05;
**P < 0.01 vs. control. (E) Western blot analysis
demonstrating the effect of EP4 activation on PDGF-BB-
induced dedifferentiation of aortic VSMGCs. Cells were
pretreated with the EP4 agonist CAY10580 (100 nM)
for 1 h and then treated with PDGF-BB (25 ng/mL)
for 24 h. n = 5-6; *P < 0.05. (F) Immunofluorescence
study showing that EP4 activation enhanced nuclear
localization of SRF in primary cultured rat aortic
VSMCs. Cells were pretreated with the EP4 agonist
CAY 10580 (100 nM) for 1 h and then treated with
PDGF-BB (25 ng/mL) for 6 h.

phenotype, EP4 expression was decreased as a-SMA, SM22a and
SMMHC levels were reduced (Fig. 5D). Furthermore, pre-
treatment of VSMCs with the EP4 agonist CAY10580 prevented
PDGF-BB-mediated contractile phenotype loss as well as
a-SMA, SM22a, and SMMHC down-regulation (Fig. 5SE and SI
Appendix, Fig. STD).

Previous studies reported that both global EP4 gene knockout
and neural crest-restricted myocardin inactivation resulted in
PDA in mice (18). Myocardin physically associates with the
MADS-box transcription factor SRF to activate a subset of genes
important for VSMC differentiation (19). Our results showed
that the EP4 agonist CAY10580 significantly increased SRF
nuclear translocation in the presence of PDGF-BB (Fig. 5F).
Taken together, EP4 increases transcriptional activity of the SRF
to maintain the contractile phenotype of VSMCs.

VSMC EP4 Disruption Increases Blood Pressure. Compared with WT
mice, basal blood pressure levels in VSMC-EP4™~ mice were
significantly elevated (Fig. 64). Upon Angll chronic infusion,
VSMC-EP4~'~ mice exhibited much higher blood pressure levels
than that in WT mice (Fig. 6B). These findings demonstrate that
EP4 is a vasorelaxant receptor. Its dysfunction is associated with
enhanced response to Angll-induced vasoconstriction and the
pathogenesis of hypertension.

VSMC-EP4~'~ Mouse Mesenteric Arteries Exhibit Increased Response
to Angll. Angll-induced vasoconstriction was markedly increased
in the mesenteric arteries from VSMC-EP4~~ mice compared
with that from EP4™ mice (Fig. 6C). However, no difference in
phenylephrine-evoked vasoconstriction was observed between
EP4™ and VSMC-EP4~~ mice (SI Appendix, Fig. S8 A and B). In
addition, both VSMC-EP4~~ mice showed a comparable decrease
in EC-dependent vasodilatation induced by acetylcholine in mes-
enteric arteries (SI Appendix, Fig. S8C). These data support a
critical role for VSMC EP4 in blood pressure homeostasis by
antagonizing Angll-induced vasoconstriction.

EP4 Suppresses Ang ll-Elicited Increase in Intracellular Ca?* Levels in
VSMCs. Upon binding to its Gqg-coupled receptor (AT1), Angll
increases intracellular Ca* levels. Ca®* then binds to calmodulin
to form the Ca**/calmodulin complex and activate the myosin light-
chain (MLC) kinase to phosphorylate the MLC, leading to VSMC
constriction. To determine the role of EP4 in Angll-induced in-
tracellular Ca®* increase, the effect of the EP4 antagonist (MF498)
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Fig. 6. VSMC-specific EP4 gene deletion causes hypertension. (A) Mean
arterial blood pressure (MAP) levels in WT and VSMC-EP4~~ mice. Anes-
thetized EP4"f and VSMC-EP4~'~ mice were measured via the carotid arterial
catheterization. n = 32-69; **P < 0.01 vs. EP4"", (B) Systolic blood pressure in
EP4"f and VSMC-EP4™~ mice at the baseline and in response to chronic Angll
infusion. Blood pressure was monitored via tail cuff every 7 d over 3 wk. n =
9-26; *P < 0.05 vs. EP4"+Angll. (C) Angll-evoked vasoconstriction of mes-
enteric arterial rings from EP4”f and EP4~~ mice. The rings were pretreated
with N(w)-nitro-L-arginine methyl ester (L-NAME, 100 pM) and then chal-
lenged with various doses of Angll. n = 10; *P < 0.05; **P < 0.01 vs. EP47", (D)
Representative images of Angll-elicited intracellular Ca®* increase in VSMCs.
VSMCs were pretreated with or without the EP4 antagonist MF498. W
represents Ca®* fluorescence images at the baseline. * indicates images at
the peak of induction. (E) The ratio of peak-to-basal change (AF/Fo) in Fluo-4
acetoxymethyl fluorescence intensity in VSMCs treated with or without
MF498. n = 7-12; *P < 0.05 vs. control.

or agonists (PGE1-OH and CAY10580) on Angll-induced Ca**
release was examined. Incubation of VSMCs with MF498 (1 pmol/L)
for 30 min markedly potentiated Angll-induced increase in intra-
cellular Ca®* levels (Fig. 6 D and E). In contrast, pretreatment with
the EP4 agonist PGE1-OH or CAY10580 for 30 min inhibited
Angll-evoked Ca?* signaling (SI Appendix, Fig. S9). Together, these
results indicate that EP4 can attenuate Angll-elicited intracellular
Ca’* signaling and vasoconstriction.

Discussion

It has been previously reported that the PGE2/EPs system is
essential for blood pressure regulation and is important for
physiological and pathological vascular remodeling (3, 5, 6, 8-10,
20, 21). In the present study, we generated VSMC-specific EP4
gene knockout mice using the Cre-LoxP system and showed that
EP4 gene deficiency in VSMCs greatly exacerbated Angll-induced
aortic dissection. Following Angll infusion, VSMC-EP4~~ mice
exhibited more severe vascular inflammation, macrophage in-
filtration, and oxidative stress, greater MMP2/9 activity, less con-
tractile phenotype of SMCs, and higher blood pressure levels than
that in WT mice. Mechanistic studies revealed that VSMC-EP4
gene deletion resulted in a marked increase in MCP-1 and NOX1
expression and a reduced SRF transcription activity. In addition,
vasopressor response of mesenteric arteries to Angll was signifi-
cantly enhanced in VSMC-specific EP4 deficient mice compared
with WT littermates. Collectively, our findings demonstrate an
important role for EP4 in regulating vascular remodeling and in
the pathogenesis of aortic dissection.
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Global EP4 gene ablation results in PDA, a clinical condition
frequently occurring in preterm infants, suggesting an essential
role for EP4 in physiological closure of the DA (9). Multiple
mechanisms have been proposed to mediate the role of EP4 in
DA closure, including promoting hyaluronic acid accumulation to
form an intimal cushion at birth and inhibiting elastogenesis in the
DA to permit the vascular collapse (21, 22). However, to date, it
remains uncertain which cell type(s) of the DA are involved in this
process. Based on our findings, VSMC-specific deletion of EP4
does not appear to cause PDA and perinatal lethality, suggesting
that VSMC EP4 alone may not be sufficient for mediating DA
closure. Other cell types especially the endothelium may be also
required for physiological remodeling of the DA after birth.

Endothelium-specific deletion of EP4 in mice suppresses
reendothelialization, increases neointimal leukocyte infiltration,
and exacerbates neointimal formation after angioplasty wire in-
jury (20), suggesting an important role for EP4 in vascular
restenosis. However, the role of EP4 in the pathogenesis of
aortic aneurysm has been the subject of conflicting reports. It has
been previously reported that EP4 blockade attenuates abdom-
inal aortic aneurysm in the ApoE™~ mice (10-12), whereas de-
letion of EP4 in bone marrow-derived cells worsens Angll-
induced abdominal aortic aneurysm in low-density lipoprotein
receptor ™ mice (13). In the present study, we provide clear
evidence that VSMC-specific deletion of EP4 markedly sensi-
tizes the mice to develop aortic aneurysms and dissection after
chronic AnglI infusion. Furthermore, it is also interesting to note
that the development of aortic dissection in Angll-treated
VSMC-EP4~~ mice does not require the presence of hyperlip-
idemia. Collectively, these observations demonstrate that VSMC
EP4 may play a critical role in maintaining vascular integrity and
function, and its dysfunction contributes to the pathogenesis of
aortic aneurysm and dissection.

Aortic aneurysm/dissection are characterized by extensive
molecular changes in the vascular wall and the synthetic phe-
notype of VSMCs. Multiple mechanisms have been proposed to
promote the pathogenesis of aortic aneurysm/dissection, in-
cluding vascular inflammation, oxidative stress, extracellular
matrix (ECM) degradation, and VSMC dedifferentiation (23). In
the present study, we found that VSMC-EP4~~ mice exhibit
significantly higher aortic MCP-1 expression and more macro-
phage infiltration in comparison with WT animals. Enhanced
vascular inflammation is mainly due to increased expression and
secretion of MCP-1 in EP4-deficient VSMCs. VSMC-EP4~/~
mice also show markedly increased vascular reactive oxygen
species levels and ECM degradation, which appears to be a re-
sult of induced NOX1 expression and MMP2/9 activity in EP4~/~
VSMCs and/or activated infiltrated macrophages. To date, the
mechanism by which EP4 reduces vascular inflammation remains
uncharacterized. Since it has been previously reported that IL-1p
induces the transcription of MCP-1 via a NF-kB-dependent
manner and EP4 activation can down-regulate the expression
of MCP-1 in IL-1B-stimulated synovial fibroblasts (24), we an-
ticipate that EP4 may suppress the MCP-1 expression in VSMCs
and vascular inflammation by blocking NF-kB activity.

Loss of the contractile phenotype of VSMCs is associated with
many vascular disorders, such as atherosclerosis, hypertension,
and aortic aneurysm/dissection. In healthy vessels, VSMCs express
a serial of contractile proteins, including a-SMA, SM22«a, and
SMMHC with a low replication rate. In response to vascular in-
jury, VSMCs undergo a phenotypic switch from a contractile
phenotype to a synthetic one with decreased expression of a-SMA,
SM22q, and SMMHC and increased proliferation rate (2). In-
creasing evidence demonstrates that VSMC contractile gene ex-
pression and differentiation is under direct transcriptional control
of the transcription factor SRF (25). EP4 has been reported to
regulate cell differentiation of the preadipocyte, mesenchymal
cell, and mouse embryonic fibroblast (26, 27). In the present study,
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we found that genetic deletion or pharmacological inhibition of
EP4 leads to VSMC dedifferentiation with a significant loss of
contractile marker proteins. In addition, EP4 activation can block
PDGF-BB-induced SRF translocation from the nucleus to the
cytoplasm. Collectively, these findings indicate that EP4 plays an
essential role in the maintenance of VSMC contractile phenotype,
possibly via increasing SRF transcription activity.

Aortic aneurysm/dissection is a life-threatening condition due
to a tear in the intimal layer of the aorta or bleeding within the
aortic wall, resulting in the separation of the different layers of
the aortas. The likelihood that an aneurysm will rupture is largely
influenced by persistent hypertension (28). Hypertension may
contribute to the pathogenesis of aortic aneurysm/dissection via
inducing VSMC dedifferentiation (29). A large body of evidence
has demonstrated that the PGE2-EP receptor system plays an
important role in blood pressure homeostasis. Vasopressor effect
of EP1 and EP3 and vasodepressor effect of EP2 have been
previously reported (3, 5, 6). In the present study, we found that
VSMC-specific EP4 deficiency results in a significant increase in
blood pressure level, suggesting that EP4 is a vasodilator. Con-
sistently, VSMC-EP4~'~ mice develop more severe hypertension
following chronic AnglIl administration, and the VSMC-EP4~"~
mesenteric artery shows more robust vasoconstriction in response
to Angll treatment. Furthermore, pharmacological blockade of
EP4 markedly enhanced Angll-induced increase in intracellular
Ca** concentrations. Taken together, EP4 is essential in the
maintenance of normal blood pressure, and its dysfunction in
VSMCs elevates blood pressure to promote the pathogenesis of
aortic aneurysm/dissection possibly via increasing intracellular
Ca** signaling in VSMCs.

Hypertension plays an important role in the pathogenesis of
aortic dissection. However, high incidence of aortic dissection in
AnglI-treated VSMC-EP4~'~ mice appears to be not directly
related to hypertension since blood pressure levels in the mice
with aortic dissection were similar to the mice with normal
aortas. In addition, regarding the role of VSMC-EP4 deficiency
in vascular oxidative stress and inflammation, increased blood
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pressure in VSMC-EP4~~ mice may be important under both
basal and Angll-treated conditions. Although it remains un-
known why VSMC-EP4~'~ mice exhibit increased vasopressor
response to Angll, it is speculated that EP4 and the AnglI re-
ceptor AT1 may have a functional cross talk in VSMCs.

To summarize, we have uncovered a critical role of the PGE2
receptor EP4 in vascular homeostasis. VSMC-specific EP4 de-
ficiency significantly increases AnglI-elicited vascular inflammation,
oxidative stress, SMC dedifferentiation, and ECM degradation.
VSMC-selective EP4 gene targeting also significantly increases
arterial blood pressure level. These findings support an essential
role of EP4 in the maintenance of vascular integrity and normal
blood pressure level (SI Appendix, Fig. S10). Its dysfunction may
contribute to the development of aortic aneurysm/dissection via
sensitizing AnglI-induced vascular inflammation and hypertension.
EP4 may therefore represent an attractive therapeutic target in the
treatment of aortic aneurysm and dissection.

Materials and Methods

All animal experiments were reviewed and approved by the Animal Care
and Use Review Committee of Dalian Medical University. The study con-
formed to the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (30). VSMC-specific EP4 gene-deficient
mice were generated using the Cre/LoxP system. The SMMHC-Cre transgenic
mice on a 129 background were purchased from the Jackson Laboratory and
backcrossed to a C57BL/6 background for four generations. EP4 flox/flox mice
on a C57BL/6 background were generated as previously reported (14).

The Angll-infused hypertensive model, ultrasound imaging, chemicals and
reagents, blood pressure recording, vascular tension assay of mesenteric
arteries, histology, methods for primary culture of VSMCs, real-time PCR,
Western blot, immunostaining, immunofluorescence staining, and statistical
analyses are described in S/ Appendix, Supplemental Materials and Methods.
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