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Prostaglandin E2 (PGE2) mediates a variety of innate and adaptive immunity through four
distinct receptors: EP1-EP4. It has been suggested that each EP plays a unique and pivotal
role in various disease conditions. We investigated the pathophysiological role of EP recep-
tors in hepatic ischemia/reperfusion (I/R) injury. In this study, a 70% hepatic ischemic
model was used in male C57BL/6 mice. Selective EP agonists were used to clarify the
function of each PGE2 receptor in I/R injury. Although all four receptors were expressed in
the naı̈ve liver, EP4 expression was significantly upregulated after hepatic I/R. Although
EP1, 2, or 3 agonists did not show any protective effect on liver function, the EP4 agonist
significantly inhibited hepatic I/R injury as determined by serological and histological
analyses. Furthermore, the EP4 agonist downregulated the local expressions of several proin-
flammatory cytokines, chemokines, and adhesion molecules in the early phase of reperfu-
sion. In contrast, it augmented the local expression of an anti-inflammatory cytokine,
interleukin 10. Additionally, the neutrophil accumulation was also inhibited by EP4 agonist
treatment. Finally, to confirm the therapeutic efficacy of the EP4 agonist in hepatic I/R
injury, the nonischemic shunt liver was removed after 120 minutes of ischemia, resulting in
the death of 86% of control mice within 48 hours. In sharp contrast, 80% of mice treated
with the EP4 agonist survived. In conclusion, the PGE2-EP4 signaling pathway has an
inhibitory role in hepatic I/R injury. An EP4 agonist effectively protects against ischemic
injury. (HEPATOLOGY 2005;42:608-617.)

Hepatic ischemia/reperfusion (I/R) injury is the
main cause of hepatic damage and is an inevita-
ble event after liver resection and transplanta-

tion.1,2 Favorable outcomes of liver transplantation have
been increasing the need for hepatic grafts. To correct the

imbalance between available organs and the number of
patients waiting for grafts, the use of marginal organs
which would otherwise be discarded or would be expected
to lead to malfunction after transplantation may be re-
quired. I/R injury is a critical barrier to the use of these
marginal organs and thus needs to be overcome. There-
fore, despite recent improvements in liver preservation
and surgical techniques, hepatic I/R injury remains an
important clinical problem. Previous studies have re-
vealed that the underlying mechanisms of hepatic I/R
injury are considerably complex and that multiple factors
are involved. The initial phase is associated with the gen-
eration of nontoxic oxygen species, the activation of
Kupffer cells, and an initial response of neutrophil activa-
tion. Activated Kupffer cells release numerous metabo-
lites that cause cellular damage, including superoxide
radicals, nitric oxide, eicosanoids, proteases, and proin-
flammatory cytokines. Cytokines such as tumor necrosis
factor � (TNF-�); interleukin (IL)-1�, -6, and -12; and
interferon � (IFN-�) and chemokines such as macro-
phage inflammatory protein 2 and KC have been pro-
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posed to play important roles in the process of hepatic I/R
injury.3-8 Furthermore, the increased expression of adhe-
sion molecules (e.g., intracellular adhesion molecule 1
[ICAM-1], vascular cell adhesion molecule 1, E- and P-
selectin) on sinusoidal endothelial cells promotes neutro-
phil infiltration into the liver, contributing to the
progression of parenchymal injury.9-11

Prostaglandin E2 (PGE2) is produced during inflam-
matory responses and mediates a variety of both innate
and adaptive immunity through four receptor subtypes
(EP1-4) with distinct and potentially antagonistic signal-
ing cascades.12,13 Until recently, the precise roles of each
receptor were largely unknown. The use of gene-targeted
mice and a selective agonist/antagonist responsible for
each receptor has gradually revealed that each receptor
functions via a distinct signal cascade and plays a unique
role in a variety of disease conditions, including rheuma-
toid arthritis,14 inflammatory bowel disease,15,16 and tu-
mor growth–associated angiogenesis.17 In the liver,
endogenous PGE2 has been suggested to be produced
mainly by activated Kupffer cells during hepatic injury.18,19

Previous studies have demonstrated that both endogenous
and exogenous PGE2 are protective against liver injury
caused by I/R as well as the other hepatic disorders.20-22 This
effect may be associated with increased liver perfusion, inhi-
bition of platelet aggregation, and direct cytoprotection by
PGE2.23 Furthermore, PGE2 has been suggested to amelio-
rate liver injury through the regulation of cytokine cas-
cades.18,22 Although studies have suggested that PGE2 might
play an important role in hepatic injury, the role of each
PGE2 receptor in hepatic injury, including I/R injury, re-
mains unknown. In this study, we investigated the patho-
physiological role of PGE2 receptors and explored the
therapeutic efficacy of each highly selective agonist for EP1-
EP4 in hepatic I/R injury in mice.

Materials and Methods

Animals. Male C57BL/6 mice (8-12 wk old) were ob-
tained from CLEA JAPAN (Tokyo, Japan). All mice were
maintained under specific pathogen-free conditions in
the animal facility at Nara Medical University. All exper-
iments were conducted under a protocol approved by our
institutional review board.

Model of Hepatic I/R Injury. We used a murine
model of 70% partial hepatic ischemia for 90 minutes.
Briefly, mice were anesthetized with sodium pentobarbi-
tal (60 mg/kg intraperitoneally) and a midline laparot-
omy was performed. The left lateral and median lobes of
the liver were then clamped at its base using an atraumatic
clip. After 90 minutes of ischemia, the clip was removed,
initiating hepatic reperfusion. Mice were sacrificed at 2 or

6 hours after reperfusion, after which blood and liver sam-
ples were collected for analysis. In some mice, to assess
animal survival, the nonischemic shunt liver lobes were
surgically removed at the end of 120 minutes of ischemia
of the left and median liver lobes.

Selective EP Agonists. All selective EP agonists were
generous gifts from Ono Pharmaceutical Co. (Osaka, Ja-
pan). ONO-DI-004, ONO-AE1-259, ONO-AE-248,
and ONO-AE1-329 are highly specific for the EP1, EP2,
EP3, and EP4 receptor, respectively. The specificities of
the agonists were analyzed by measuring the binding af-
finity to each EP expressed in CHO cells, as previously
reported.24 The affinity of each selective agonist for its
respective EP has been shown to be 100- to 1,000-fold
greater than that for the other EP receptors. The struc-
tures and properties of each EP agonist have also been
previously shown.25

Experimental Protocols. Each EP selective agonist of
either 30 �g/kg or 100 �g/kg was subcutaneously in-
jected at the indicated time during I/R of the liver. Be-
cause of the short half-life of EP agonists, we treated mice
with multiple injections during hepatic I/R. Each EP ag-
onist in a total volume of 0.2 mL was injected six times at
�2.5, �0.5, and 0 hours before and 1, 3, and 5 hours
after the initiation of reperfusion. In some mice, the EP4
agonist was injected three times at 2.5, 0.5, and 0 hours
before the initiation of reperfusion. Control mice received
normal saline in the same amount.

Analysis of Alanine Aminotransferase, Aspartate
Aminotransferase and Lactate Dehydrogenase Activ-
ity. Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and lactate dehydrogenase
(LDH) were used as established markers of hepatocyte
injury. At 6 hours after reperfusion following 90 minutes
of ischemia, blood samples were obtained via cardiac
puncture, immediately centrifuged at 3,000g for 10 min-
utes, and stored at �20°C until analysis. Serum ALT,
AST, and LDH activities were measured using a standard
clinical automatic analyzer.

Histopathological and Immunohistochemical Anal-
ysis. For histological analysis, tissue samples were fixed in
4% formaldehyde/phosphate-buffered saline overnight at
4°C. The samples were dehydrated and embedded in par-
affin. Six-micrometer sections were stained with hema-
toxylin-eosin. For the immunohistochemical analysis of
EP4, serial cryostat sections (5 �m) were cut frozen,
coated on polylysine-pretreated slides, and air-dried over-
night at room temperature. Specimens were fixed in
100% cold acetone for 10 minutes at 4°C and washed for
10 minutes in phosphate-buffered saline. Tissue sections
were pretreated for 10 minutes with peroxidase-blocking
reagent (DAKO, Carpinteria, CA) to suppress endoge-
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nous peroxidase and pseudoperoxidase activity, washed
again in phosphate-buffered saline, and then incubated
for 1 hour at 37°C in a humid chamber with the anti-EP4
polyclonal antibody (1:100) (Santa Cruz Biotechnology,
Santa Cruz, CA). The slides were rinsed twice and then
incubated for 60 minutes with goat anti-mouse immuno-
globulins conjugated to a peroxidase-labeled polymer
(EnVision � TM, Peroxidase, DAKO). After washing,
revealing reaction was performed using 3,3�-diaminoben-
zidine (Liquid DAB� Substrate-Chromogen System,
DAKO) as a chromogen substrate. Slides were then
washed again and counterstained with hematoxylin.

Alterations of neutrophil accumulation in the ischemic
liver were detected by standard immunohistochemical
techniques using the anti-myeloperoxidase polyclonal an-
tibody (NeoMarkers, Fremont, CA) on paraffin sections.
The vectastain ABC kit (Vector Laboratories, Burlin-
game, CA) was used with a 3, 3�-diaminobenzidine sub-
strate kit (Vector Laboratories) according to the
manufacturer’s instructions for detection. In the immu-
nostained sections, the numbers of neutrophils in the liver
were counted in 10 randomly chosen visual fields (mag-
nification �400) of the sections, and the average of 10
selected microscopic fields was calculated in a blind man-
ner.

Extraction of Total RNAs and Reverse-Transcrip-
tase Polymerase Chain Reaction. Total RNA was iso-
lated from liver samples before and at 2 and 6 hours after I/R
injury using ISOGENE (Nippon Gene, Toyama, Japan).
RNA (1 �g) was reverse-transcribed using Qiagen Omnis-
cript RT Kit (Qiagen, Hilden, Germany). The RNA was
heated for 15 minutes at 65°C and 4°C cooled on ice. One
�g of the RNA was diluted in RNase-free water for a volume
of 13 �L. Then, 2 �L of 10 � reaction buffer, 1 �L of
RNase inhibitor (10 U/�L), 2 �L of a mixture of dNTPs, 1
�L of Oligo-dT primers (10 �mol/L) and 1 �L of Omni-
script Reverse Transcriptase (4 U/�L) were added for a total
volume of 20 �L. The mixture was incubated for 60 minutes
at 37°C. After incubation, the complementary DNA was
stored at �80°C before analysis. The complementary DNA
solution (1 �L) was amplified in a total volume of 20 �L that
contained: 2 �L of 10� PCR buffer, 1 �L of MgCl2 (25
mmol/L) (Toyobo, Osaka, Japan), sense primer (50 �mol/
L), antisense primer (50 �mol/L), 0.5 �L of Takara Ex Taq
(Takara, Shiga, Japan) and 2 �L of a mixture of dNTPs. The
amplification involved an initial step of denaturation at
94°C for 1 minute, followed by cycles consisting of den-
auration at 94°C for 1 minute, optimal annealing temper-
ature for 1 minute, and chain elongation at 72°C for 1 minute.
Thesequenceofsenseandantisenseprimersandproductsize for
each EP receptor and GAPDH are as follows: EP1, 5�-
GCTTAACCTGAGCCTAGCGGA-3� and 5�-CGC-

AGTATACAGGCGAAGCAC-3�, 294 bp; EP2,
5�-CTCAACTACGGGGAGTACGTCC-3� and 5�-AG-
GAGAATGAGGTGGTCCGTC-3�, 277 bp; EP3,
5�-AGGTGGTGCTTCATCAGCA-3� and 5�-GCTC-
AACCGACATCTGATTGA-3�, 324 bp; EP4, 5�-CG-
TAGTATTGTGCAAGTCGCG-3� and 5�-CAGA-
TGATGCTGAGACCCGAC-3�, 215 bp; GAPDH,
5�-ACCACAGTCCATGCCATCAC-3� and 5�-TCCAC-
CACCCTGTTGCTGTA-3�, 452 bp. Amplified products
were analyzed via electrophoresis of the PCR product on a
1.5% agarose gel plus ethidium bromide in TBE buffer.
Band intensities were measured using NIH Image Analysis
Software version 1.61 (National Institutes of Health, Be-
thesda, MD), and were determined with the use of the ratios
to GAPDH. The fold increase in each EP messenger RNA
(mRNA) in the ischemic liver was calculated via the compar-
ison of these expressions before I/R injury. Each EP mRNA
level before I/R injury was assigned an arbitrary value of 1.

Real-Time Reverse-Transcriptase PCR Analysis to
Monitor Hepatic Gene Expression. The mRNA ex-
pression of several cytokines (TNF-�, IL-1�, IFN-�,
IL-6, IL-10), chemokines (monocyte chemoattractant
protein 1 [MCP-1], macrophage inflammatory proteins
1� and 2, interferon-inducible protein 10 [IP-10], mono-
kine induced by IFN-�, RANTES, KC, ENA78), and
adhesion molecules (ICAM-1, vascular cell adhesion mol-
ecule 1, E-selectin) in naı̈ve and ischemic livers were ana-
lyzed via quantitative real-time RT-PCR. In brief,
amplification and detection were performed with an ABI
PRISM 7700 Sequence Detection System (Applied Bio-
systems, Foster City, CA) with the following profile: 10
minutes at 95°C, followed by 40 cycles at 95°C for 15
seconds and 60°C for 1 minute. All primers and probes
were purchased from Applied Biosystems. Each gene ex-
pression of cytokines, chemokines, and adhesion mole-
cules was normalized to GAPDH before the fold change
was calculated. The fold increase in each gene expression
in the ischemic liver was calculated via the comparison of
these gene expressions before I/R injury. Each mRNA
level before I/R injury was assigned an arbitrary value of 1.

ELISA Quantification of Tissue Cytokines. The
protein expression of several cytokines was determined in
liver homogenates. Liver homogenates were prepared in
10 volumes of cold lysis buffer containing 1� Laemml
sample buffer, 62.5 mmol/L Tris-HCL, 2% sodium lau-
ryl sulfate, and 10% glycerol. After centrifugation at
10,000g for 20 minutes at 4°C, aliquots of supernatant
were used immediately for measurement. Total protein
concentration of each was measured using a BCA protein
assay kit (Pierce Chemical Co., Rockford, IL). Hepatic
tissue cytokine levels were determined using an ELISA kit
from eBioscience (San Diego, CA). Briefly, capture anti-
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body was coated onto a 96-well EIA plate overnight, fol-
lowed by blocking tissue samples that were diluted at 1:3
and then duplicated; the standards provided in the kit
were used, followed by one to two serial dilutions. Biotin-
ylated detecting antibodies were added, followed by avi-
din-HRP. Tetramethylbenzidine was used as the
substrate, and the color reactions were stopped by 1
mol/L H3PO4. Tissue concentrations were calculated
from the standard curve.

Statistical Analysis. The mean and SEM were calcu-
lated for all parameters determined in the study. Statisti-
cal significance between two groups of parametric data
was evaluated using an unpaired Student t test. P values
less than .05 were considered significant. The survival
curve as determined with the Kaplan-Meier method was
analyzed using a log-rank test.

Results

EP Receptor mRNA Expression During Hepatic
Ischemia/Reperfusion Injury. First, we examined the
local expression of each EP receptor in the process of
hepatic I/R injury via RT-PCR analysis. All four receptors
were expressed in both the naı̈ve and ischemic liver (Fig.
1A). Semiquantification of mRNA levels indicated that
there were no differences in EP1 and EP2 expression be-
tween the naı̈ve and ischemic liver. EP3 mRNA expres-
sion was significantly downregulated at 2 or 6 hours after
reperfusion in the postischemic liver compared with the
naı̈ve liver (P � .0187 and .0238, respectively). In sharp
contrast, EP4 mRNA was significantly upregulated at 2
hours after reperfusion compared with the naı̈ve liver
(P � .0001). The EP4 expression levels declined thereaf-
ter (Fig. 1B).

EP4 Receptor Protein Expression During Hepatic
I/R Injury. In the naı̈ve liver, EP4 protein expression was
moderately expressed in hepatocytes. At 2 hours of reper-
fusion following 90 minutes of ischemia, prominent EP4
expression was observed in the membrane as well as in the
cytoplasm of hepatocytes and on sinusoidal cells, mainly
in the periportal region (Fig. 2). EP4 expression was rel-
atively low in the perivenous region. In addition, the EP4
expression was absent in bile duct epithelial cells. EP4
expression was declined at 6 hours of reperfusion (data
not shown).

Pathophysiological Function of EP Receptor in He-
patic I/R Injury. To explore the function of each PGE2

receptor in hepatic injury induced by I/R, we used a phar-
macological approach using highly specific agonists re-
sponsible for each EP. Serum levels of ALT, AST, and
LDH were measured after 6 hours of reperfusion follow-
ing 90 minutes of ischemia. The administration of the

selective EP1, EP2, and EP3 agonists had no beneficial
effect on hepatic injury (Fig. 3). In contrast, the treatment
of the selective EP4 agonist significantly reduced all serum
levels compared with the control (ALT, 1,977 � 412 vs.
5,240 � 1173; AST, 1,556 � 231 vs. 4,661 � 1,047;
LDH, 8,014 � 1,634 vs. 17,201 � 3,707, respectively;
EP4 agonist–treated group vs. control group) (Fig. 3).
Taken together, the PGE2-EP4 signaling may be a critical
pathway in hepatic I/R injury.

Protective Effect of EP4 Agonist on Liver Function
in a Dose-Dependent Manner. We were intrigued with
the therapeutic efficacy of the selective EP4 agonist in
protecting hepatocytes from I/R injury (Fig. 4A). First, to
confirm its protective effect on hepatic I/R injury, we
examined a dose–response relationship of the EP4 ago-
nist. Mice received the EP4 agonist three times at 30
�g/kg, six times at 30 �g/kg, or three times at 100 �g/kg.
As a result, the serum levels of ALT after 6 hours of reper-
fusion following 90 minutes of ischemia with each treat-
ment were 3,631 � 1,166, 1,977 � 412, and 1,535 �
292, respectively (Fig. 4B). These data indicate an inhib-

Fig. 1. Each EP mRNA expression in the liver during I/R injury. (A) All
PGE2 receptors were expressed in the naı̈ve liver (panel a) and in the
ischemic liver (panel b) at 2 hours after reperfusion following 90 minutes
of ischemia. Lane 1, size marker; lanes 2 and 3, EP1; lanes 4 and 5,
EP2; lanes 6 and 7, EP3; lanes 8 and 9, EP4. (B) The ratios of EP1, EP2,
EP3, and EP4 to GAPDH at 2 and 6 hours after reperfusion following 90
minutes of ischemia were compared with the ratios of the naı̈ve liver.
Each EP mRNA level in the naı̈ve liver was assigned an arbitrary value of
1. EP3 receptor expression was significantly downregulated at 2 and 6
hours after reperfusion (*P � .0187 and .0238, respectively, vs. naı̈ve
control). In contrast, EP4 receptor expression was significantly upregu-
lated at 2 hours after reperfusion (**P � .0001 vs. naı̈ve control). Data
represent the mean � SEM of 5 to 7 mice per group. I/R, ischemia/
reperfusion.
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itory effect of the EP4 agonist on hepatic I/R injury in a
dose-dependent manner.

Protective Effect of EP4 Agonist in Ischemic Liver
Tissue. To further confirm the protective effect of the
EP4 agonist on hepatic I/R injury, sections of the liver
obtained from the ischemic lobe at 6 hours after reperfu-
sion were evaluated for histopathological analysis. In the
control liver, massive cellular infiltration and extensive
hepatic cellular necrosis were observed (Fig. 5A-B). In
contrast, mild cellular infiltration, little necrosis, and
comparatively preserved lobular architecture were seen in
the livers treated with the EP4 agonist (Fig. 5C-D).

The EP4 Agonist Suppresses Local Immune Activa-
tion. To clarify the underlying mechanisms for the pro-
tective effect of the EP4 agonist, we evaluated the local
expressions of several cytokines, chemokines, and adhe-
sion molecules in the liver at 2 and 6 hours after reperfu-
sion following 90 minutes of ischemia using quantitative
real-time RT-PCR analysis. EP4 agonist treatment signif-

icantly downregulated the local expression of several po-
tent proinflammatory cytokines, including TNF-�, IL-
1�, and IFN-� at 2 hours after reperfusion compared
with the control (P � .0032, .0003, and .0059, respec-
tively) (Fig. 6A). After 6 hours of reperfusion, the expres-
sions of these cytokines in the control liver were declined,
and the significant differences between the control and
the EP4 agonist–treated group were not sustained. In
sharp contrast, IL-10, an anti-inflammatory cytokine, was
significantly upregulated at 2 hours after reperfusion (P �
.0365) (Fig. 6A). Thus, EP4 agonist treatment suppressed
some potent proinflammatory cytokines, while it aug-
mented a critical antiinflammatory cytokine at the early
phase of reperfusion. Furthermore, we examined the local
protein levels of several cytokines in the liver at 2 and 6
hours after reperfusion following 90 minutes of ischemia

Fig. 2. Immunohistochemistry for EP4 protein expression in the isch-
emic liver at 2 hours after reperfusion following 90 minutes of ischemia.
EP4 was prominently expressed in the membrane as well as in the
cytoplasm of hepatocytes and on sinusoidal cells, mainly in the peripor-
tal region, whereas the expression was relatively low in the perivenous
region. EP4 expression was absent in bile duct epithelial cells. (A)
Original magnification: �100. (B) Original magnification, �400.

Fig. 3. The serum levels of ALT, AST, and LDH in mice treated with
each EP agonist at 6 hours after reperfusion following 90 minutes of
ischemia. EP1, EP2, or EP3 agonist treatment (100 �g/kg at 2.5, 0.5,
and 0 hours before and 1, 3, and 5 hours after reperfusion) did not
reduce any levels. EP4 agonist treatment (30 �g/kg at 2.5, 0.5, and 0
hours before and 1, 3, and 5 hours after reperfusion) significantly
decreased all serum levels compared with the control. Data represent the
mean � SEM of 6 to 16 per group. *P � .05 vs. control. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehy-
drogenase.
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using ELISA analysis. EP4 agonist treatment significantly
inhibited the local production of several potent proin-
flammatory cytokines, including TNF-� and IFN-� at 6
hours after reperfusion compared with the control (P �
.011 and .012, respectively) (Fig. 6B). However, the treat-
ment did not significantly augment the local protein ex-
pression of IL-10 (data not shown). Next, we also
examined the local expressions of several chemokines. In
particular, MCP-1 and IP-10 were significantly down-
regulated by EP4 agonist treatment at 2 hours after reper-
fusion (P � .0398 and .0245, respectively, vs. control)
(Fig. 7A). In addition, we also examined the local expres-
sions of some adhesion molecules. Among them, ICAM-1
and E-selectin were significantly downregulated at 2
hours after reperfusion by EP4 agonist treatment (P �
.029 and .0042, respectively, vs. control) (Fig. 7B). Taken
together, the protective effect of EP4 agonist on hepatic
I/R injury might be associated with the inhibition of local
immune activation.

EP4 Agonist Inhibits Neutrophil Accumulation in
the Liver. Because it is widely recognized that neutro-
phils play a central role in hepatic I/R injury, we directly
examined the neutrophil accumulation in the ischemic
liver using myeloperoxidase staining analysis. In control

livers at 6 hours after reperfusion following 90 minutes of
ischemia, a considerable number of neutrophils were
identified (Fig. 8A). In contrast, comparatively few neu-
trophils were identified in livers treated with EP4 agonist
(100 �g/kg at 2.5, 0.5, and 0 hours before reperfusion)
(Fig. 8B). By counting the stained cells, we found a sig-
nificant reduction of accumulated neutrophils in the EP4
agonist–treated livers compared with control livers
(6.01 � 0.795 vs. 20.2 � 6.025; P � .0282) (Fig. 8C).

The EP4 Agonist Improves Survival in Lethally
Injured Mice. Finally, to confirm the therapeutic effi-
cacy of EP4 agonist on hepatic I/R injury, we used a lethal
model. In this model, after 2-hour ischemia of 70% of the
liver, the nonischemic right lobe shunt was surgically re-
sected at the initiation of reperfusion. In this model, 86%
of mice in the control group died within 48 hours after
reperfusion. In sharp contrast, EP4 agonist treatment sig-
nificantly improved the survival rate, and 80% of treated
mice survived (P � .016) (Fig. 9). These data clearly
demonstrate that the selective EP4 agonist had a thera-
peutic efficacy and dramatically improved survival after
severe hepatic I/R injury.

Discussion
It has been previously shown that endogenous PGE2

released mainly from activated Kupffer cells via the up-
regulation of COX-2 expression protects hepatic I/R in-
jury.18,19 In addition, exogenous PGE2 has been reported

Fig. 4. (A) Molecular structure of ONO-AE1-329, a highly specific
agonist for the EP4 receptor. (B) Protective effect of the EP4 agonist on
liver function in a dose-dependent manner. The serum levels of ALT at 6
hours after reperfusion of mice that received the EP4 agonist with
different doses are shown. The highest dose (100 �g/kg at 2.5, 0.5, and
0 hours before reperfusion) was most effective against hepatic injury. The
results showed a dose-dependent decline. Data represent the mean �
SEM of 11 to 16 mice per group. *P � .0267. **P � .0070 vs. control.
ALT, alanine aminotransferase.

Fig. 5. Representative histological appearances of the liver from (A-B)
untreated and (C-D) EP4 agonist–treated mice (100 �g/kg at 2.5, 0.5,
and 0 hours before reperfusion) at 6 hours after reperfusion following 90
minutes of ischemia (hematoxylin-eosin stain) (original magnification
�40 [A,C] and �400 [B,D]). (A-B) Massive cellular infiltration and
extensive hepatic cellular necrosis were observed in control livers. (C-D)
In contrast, mild cellular infiltration, few necrosis as well as comparatively
preserved lobular architecture were seen in EP4 agonist–treated livers.
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to have a beneficial effect on hepatic injury in a variety of
experimental models, including liver failure induced by
endotoxin and certain drugs.20-22 Although these studies
suggest that PGE2 plays an important role in hepatic in-
jury, the underlying mechanisms for the protective effect
of PGE2 signal transduction in the liver have not been
fully elucidated. In the present study, we investigated the
roles and functions of PGE2 receptors in regulating he-
patic injury induced by I/R. PGE2 acts through four dis-
tinct receptors encoded by different genes known as EPs
(EP1-EP4). EP receptors are G protein–coupled hepta-
helical proteins. Each receptor subtype has a distinct phar-
macological property based on its pharmacophore and

PGE2-evoked signal transduction.12,13 The EP1 receptor
is coupled to intracellular calcium and mediates the ele-
vation of free Ca2� concentration, while the EP2 and EP4
receptors are coupled to Gs and mediate increases in cyclic
adenosine monophosphate concentration. Signal trans-
duction by the EP3 receptor is more complex, because
multiple EP3 isoforms generated by alternative splicing
couple to different signaling pathways.

To clarify the role of EP in hepatic injury, we first exam-
ined the local expression of EP in the liver. We detected
mRNAs for all four subtypes in the naı̈ve liver and found no
differences in EP1 and EP2 expression in the process of I/R
injury. On the other hand, EP3 receptor expression was
downregulated after reperfusion. Although we cannot pres-
ently elucidate the function of the EP3 receptor, it may have
some role in hepatic injury. In sharp contrast, the EP4 recep-
tor was significantly upregulated at 2 hours after reperfusion,
suggesting that the PGE2-EP4 signaling pathway may play
some role during hepatic I/R injury. To investigate the
pathophysiological function of each EP, we used a pharma-

Fig. 6. Effect of the EP4 agonist on cytokine expression in ischemic
livers at 2 and 6 hours after reperfusion following 90 minutes of
ischemia. (A) EP4 agonist treatment (100 �g/kg at 2.5, 0.5, and 0
hours before reperfusion) significantly inhibited the mRNA expression of
several proinflammatory cytokines such as TNF-�, IL-1�, and IFN-� at 2
hours after reperfusion. In contrast, the treatment significantly aug-
mented local IL-10 mRNA expression. (B) EP4 agonist treatment signif-
icantly inhibited the protein production of several proinflammatory
cytokines, including TNF-� and IFN-�, at 6 hours after reperfusion. Data
represent the mean � SEM of 5 to 7 mice per group. *P � .01, **P �
.05 vs. control. White bars represent untreated control livers; black bars
represent EP4 agonist–treated livers. TNF-�, tumor necrosis factor-�;
mRNA, messenger RNA; IL, interleukin; IFN-�, interferon �.

Fig. 7. Effect of the EP4 agonist on expression of (A) chemokines and
(B) adhesion molecules in the liver at 2 and 6 hours after reperfusion
following 90 minutes of ischemia. EP4 agonist treatment (100 �g/kg at
2.5, 0.5, and 0 hours before reperfusion) inhibited MCP-1 and IP-10
expression at 2 hours after reperfusion; it also inhibited ICAM-1 and
E-selectin expression. Data represent the mean � SEM of 5 to 7 mice
per group. *P � .05. **P � .01 vs. control. White bars represent
untreated control livers; black bars represent EP4 agonist–treated livers.
MCP-1, monocyte chemoattractant protein 1; mRNA, messenger RNA;
IP-10, interferon-inducible protein 10; ICAM-1, intracellular adhesion
molecule 1.
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cological approach using highly specific agonists for the EPs.
In this model, only the EP4 agonist significantly attenuated
hepatic I/R injury in a dose-dependent manner. Taken to-
gether, our data suggest that PGE2 may exert its protective
function in hepatic injury through the EP4 receptor. Al-
though a recent report has also demonstrated that endoge-
nous PGE2 is protective against cardiac I/R injury through
the EP4 receptor,26 several other studies have indicated a
cardioprotective effect of EP3 agonists against I/R
injury.27,28 On the other hand, McCullough et al. have re-
cently reported the neuroprotective function of PGE2

through the EP2 receptor in cerebral ischemia in a cyclic
adenosine monophosphate–dependent manner.29 Thus, the
role of each EP for PGE2 function may be injured organ–
dependent or cell type–dependent.

Next, we were intrigued by the therapeutic efficacy of
the EP4 agonist and tried to reveal the underlying mech-
anisms for its beneficial effect on hepatic I/R injury. Al-
though previous studies have suggested that the diverse
function of PGE2 might be responsible for its protective
effect, the regulation of cytokine cascades may be a key
mechanism.18 PGE2 induces the downregulation of sev-
eral proinflammatory cytokines and also the upregulation
of anti-inflammatory cytokines, including IL-10.22,30

Moreover, several in vitro studies have shown that PGE2

regulates the production and release of proinflammatory
cytokines by macrophages or neutrophils via the EP2 or
EP4 receptors.31-33 To clarify the in vivo dynamics of cy-

tokines induced by EP4 agonist treatment in this study,
we analyzed the local expression of cytokines in the pro-
cess of hepatic injury. As a result, we found a significant
reduction of several proinflammatory cytokines. In con-
trast, the EP4 agonist induced significant upregulation of
mRNA, but not of IL-10 protein levels. Taken together,
the protective effect of the EP4 agonist on the ischemic
liver may be mainly dependent on the inhibition of proin-
flammatory cytokines. These findings are consistent with
previous data showing a protective function of PGE2.
Therefore, such cytokine dynamics may further support
our interpretation that PGE2 exerts its beneficial effect
through the EP4 receptor in hepatic I/R injury. These
cytokine milieu induced by the EP4 agonist in the early
phase of I/R injury may be crucial for protecting the isch-
emic liver from reperfusion injury.

Several studies demonstrated the importance of che-
mokines in hepatic I/R injury. Because of their potent
chemotactic activity for neutrophils, it is generally as-
sumed that CXC chemokines recruit neutrophils into the
postischemic liver. However, the significance and contri-
bution of CXC chemokines to I/R injury are somewhat
controversial. In this study, one of the CXC chemokines,
IP-10, was downregulated by EP4 agonist treatment. In
addition, our in vivo data indicated that both MCP-1 and
IP-10 were inhibited by treatment in the early phase of
I/R injury. Both clinical34,35 and experimental36 studies
have indicated that hepatic levels of MCP-1 and IP-10 are
markedly enhanced during various types of liver injury. At
present, the role of MCP-1 and IP-10 in the liver has been
examined only in terms of its ability to promote and
maintain the leukocyte infiltration during liver disease.37

However, MCP-1 and IP-10 were also reported to have
immunomodulatory and anti-inflammatory proper-

Fig. 8. Inhibitory effect of the EP4 agonist on the accumulation of
neutrophils in the liver at 6 hours after reperfusion following 90 minutes
of ischemia. Paraffin-embedded sections were stained with a monoclonal
antibody against myeloperoxidase (original magnification �200). (A) A
considerable number of neutrophils were observed in the control livers.
(B) Relatively fewer neutrophils were seen in livers treated with the EP4
agonist (100 �g/kg at 2.5, 0.5, and 0 hours before reperfusion). (C)
Quantitative analysis revealed that EP4 agonist treatment significantly
inhibited neutrophil accumulation. Data represent the mean � SEM of 7
mice per group. *P � .0282 vs. control. HPF, high power field.

Fig. 9. The therapeutic efficacy of the EP4 agonist in mouse survival
after severe hepatic I/R injury. The nonischemic shunt lobe was surgically
removed at the time of reperfusion following 120 minutes of ischemia. In
the control group, 86% of the mice died within 48 hours after reperfusion
(n � 7). By sharp contrast, EP4 agonist treatment (100 �g/kg at 2.5,
0.5, and 0 hours before reperfusion) significantly improved survival: 80%
of treated mice survived (n � 5; P � .016 vs. control).
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ties.36,38 Therefore, to clarify the responsibility of these
chemokines for I/R injury, further investigation will be
required. Furthermore, we confirmed that certain adhe-
sion molecules, including ICAM-1 and E-selectin, were
also downregulated by the EP4 agonist. The interactions
between the expressions of adhesion molecules and PGE2/
EP4 have not been reported so far. Taken together, PGE2-
EP4 inhibitory signaling and the effect of the specific EP4
agonist may depend on the restraints of local immune
activation in the liver. Such downregulation of local im-
mune activation can lead to less infiltration and accumu-
lation of neutrophils, resulting in the significant
protection from hepatic injury.

Highly specific EP4 agonists have been demonstrated to
regulate several inflammatory responses and to have thera-
peutic potential in various disease conditions.15,32,39,40 As
shown in our mouse survival data, this study may further
support the promise of its clinical application into hepatic
surgery and transplantation. In fact, PGE1, which is one of
prostaglandins and has properties similar to PGE2, is known
to have some hepato-protective function. However, ran-
domized clinical studies failed to demonstrate a beneficial
effect of PGE1 analog treatment on the incidence of primary
liver failure after transplantation, although some clinical ben-
efits were observed.41,42 This may be related to diverse func-
tions of prostaglandins in vivo. Therefore, the treatment
targeting downstream molecules of prostaglandins may exert
a more specific therapeutic effect while avoiding unfavorable
effects. However, before the clinical application of the selec-
tive EP4 agonist, further studies may be required to evaluate
its therapeutic efficacy in other models, including cold isch-
emia and fatty liver.

In conclusion, we have demonstrated an inhibitory
role of PGE2-EP4 signaling pathway in the process of
hepatic I/R injury. Furthermore, the selective EP4 agonist
had a therapeutic efficacy for the protection of the liver
from ischemic injury. Therefore, EP4 may be a potent
target for protecting hepatic injury, and the clinical appli-
cation of the selective EP4 agonist can be considered in
major liver surgery as well as transplantation.
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