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The prostaglandin receptor EP4 suppresses colitis,
mucosal damage and CD4 cell activation in the gut
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We used mice deficient in each of the eight types and subtypes of prostanocid receptors and exam-
ined the roles of prostanoids in dextran sodium sulfate-induced (DSS-induced) colitis. Among the
prostanoid recepror-deficient mice, only EP4-deficient mice and not mice deficient in either DP,
EP1, EP2, EP3, FP, IP, or TP developed severe colitis with 3% DSS treatment, which induced only
marginal colitis in wild-type mice, This phenotype was mimicked in wild-type mice by administra-
tion of an EP4-selective antagonist (AE3-208). The EP4 deficiency impaired mucosal barrier func-
tion and induced epithelial loss, crypt damage, and aggregation of neutrophils and lymphocytes in
the colon. Conversely, administration of an EP4-selective agonist (AE1-734) to wild-type mice ame-
liorated severe colitis normally induced with 7% DSS, while that of AE3-208 suppressed recovery
from colitis and induced significant proliferation of CD4"* T cells. In vitro AE3-208 enhanced and
AE1-734 suppressed the proliferation and Th1 cytokine production of lamina propria mononuclear
cells from the colon. DNA microarray analysis revealed elevated expression of genes associated with
immune response and reduced expression of genes with mucosal repair and remodeling in the colon
of EP4-deficient mice. We conclude that EP4 maintains intestinal homeostasis by keeping mucosal

integrity and downregulating immune response.

J Clin. Invest. 109:883-893 (2002). DOI:10.1172/]JC1200214459.

Intreduction

Human inflammarory bowel disease (IBD), including
Crohn disease and ulcerative colitis, is a chronic,
relapsing, and remitting condition of unknown ori-
gin that exhibits various features of immunological
inflammation and affects atleast 1 in 1,000 people in
Western countries {1-3). IBD is characterized by
inflammarcion in the large and/or small intestine
associated with diarrhea, hemoccult, abdominal
pain, weight loss, anemia, and leukocyrosis (1, 2).
Studies in humans have implicated impaired mucos-
al barrier funcrion, pronounced innate immunity,
production of proinflammatory and immunoregula-
tory cytokines, and the activation of CD4* T cells in
the pathogenesis of IBD (1, 2). One of the major risk
factors triggering and worsening the disease is the
administration of nonsteroidal anti-inflammatory
drugs (NSAIDs) (4-6). Because NSAIDs share inhibi-
tion of the enzyme cyclooxygenase (COX) as a com-
mon mechanism, it is believed that the COX inhibi-
tion has adverse effects on IBD. Consistently, genetic
disruption of either of the two isoforms of COX,
COX-1, or COX-2, in mice exacerbated the extent of
colitis in an experimental model (7). COX catalyzes

production of prostanoids including prostaglandin
D, (PGD;), PGEz, PGFZQ, PGIz, and chromboxane
(TX), which act on the respective receptors, the PGD
receptor {DP), the PGE receptor (EP), the PGF recep-
tor (FP), the PGI receptor (IP), and the TX receptor
{TP) to exert their actions (8, 9). EP has four subrypes,
EP1,EP2, EP3, and EP4, which are encoded by differ-
ent genes. The adverse effect of NSAIDs on IBD,
therefore, indicates that during the course of IBD
some prostanoids are formed and negatively modu-
late the extension of the disease. Indeed, in human
IBD, a dramatic increase in prostanoid synthesis is
found in the intestine and correlates with the disease
activity (10-12). However, little is known about how
prostanoids modulate IBD and which prostanoid
and receptor are responsible for such modulation.
Here we have used dextran sodium sulfate-induced
(DSS-induced) colitis as a model of IBD (13) and sub-
jected mice deficient in each type or subtype of
prostanoid receptor individually to this treatment.
DSS causes acute colitis by damaging epithelial cells
and, thereby, stimulating regional inflammation
through production of cytokines and other inflam-
matory mediarors (13}. The aim of this study is to
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identify the responsible prostanoid and its receptor in
the modulation of IBD and to determine the roles
they play in this process.

Methods

Animals. Mice lacking the EP1, EPZ, EP3, EP4, DP, FP,
IP, and TP receptors individually (EP1~~, EP2~-, EP37~,
EP4--, DP~-, FP/~, IP~-, and TP/~ mice, respectively)
were generated as described (14-20). With the excep-
tion of EP4~- and FP-/- mice, each mutant was back-
crossed ten times ro C57BL/6CrSlc (Japan SLC,
Shizucka, Japan), and females of the F; progenies of
N10 mice were used with C57BL/6 female mice as
their control. Most EP4~/~ mice die postnatally as a
result of patent ductus arteriosus and do not survive
at all in the C57BL/6 background (16, 21). Therefore,
survivors of the F; progenies of EP47- mice in the
mixed genetic background of 129/0la and C57BL/6
were intercrossed, and the resulting female survivors
were used. For FP*/* and FP~- mice, the progeny of F;
littermates with a 129/0la x C57BL/6 mixed back-
ground was used. Mice were maintained on a 12-hour
light/dark cycle under specific pathogen-free (SPF)
conditions. All experimental procedures were
approved by the Committee on Animal Research of
Kyoto University Faculty of Medicine.

Induction of colitis. DSS of the average molecular
weight of 5,000 (Sigma Chemical Co., St. Louis, Mis-
souri, USA) was administered to 8-week-old mice for 7
days at either 3% (low dose} or 7% (high dose) concen-
tration in the drinking water. The addition of DSS or
any drugs mentioned below to the drinking water did
not affect water consumprion of mice. Indomethacin
also was added to the drinking water at a dose of 4
mg/kg/day and administered to the animals during
the entire experimental period. This dose of
indomethacin was reported to inhibit PGE; produc-
tion in rats and mice in vivo {22, 23). An EP4 antago-
nist, ONO-AE3-208, 4-{4-Cyano-2-[2-(4-fluoronaph-
thalen-1-yl) propionylamino] phenyl} butyric acid
{AE3-208), and an EP4 agonist, ONO-AE1-734,
methyl-7-{(1R, 2R, 3R)-3-hydroxy-2-[(E)-(35)-3-hy-
droxy-4-(m-methoxymethylphenyl)-1-butenyl]-5-oxo-
cyclopenthl]-S-thiaheptanoate (AE1-734), were kindly
provided by Ono Pharmaceutical Co., Osaka, Japan.
The K; values of AE3-208 obtained by competition-
binding isotherms to displace the radioligand binding
to the respective prostanoid receptor are 1.3, 30, 790,
2,400 nM for EP4, EP3, FP, and TP, respectively, and
more than 10,000 nM for the other prostanoid recep-
tots. The K; values of AE1-734 ate 0.7, 56, and 620 nM
for EP4, EP3, and EP2, respectively, and more than
10,000 nM for the rest of the prostanoid receptors.
AE3-208 was administered (10 mg/kg/day) orally in
the drinking water. When this compound was admin-
istered orally at 10 mg/kg as a bolus, a peak plasma
concentration of 677 ng/ml was attained in 0.25 houts
after the administration with 18% of bioavailabiliry.
The plasma half-life of this compound measured in an

experiment of intravenous injection was 0.2 hours.
AE1-734 was administered subcutaneously rwice a day
(0.1 mg/kg/each) from 1 day before the DSS treatment
until the end of experiment. When AE1-734 was inject-
ed subcutaneously at this dose, the peak plasma con-
centration of 100 ng/ml was attained at 10 minutes
after the injection with more than 70% for bioavail-
ability. The plasma concentration declined with a half-
life of 30 minutes.

To assess the extent of colitis, body weight, stool con-
sistency, and occult blood in the stool were monitored
daily (24). Diarrhea was scored as follows: 0, normal; 2,
loose stools; 4, watery diarthea. Hemoccult was scored
as follows: 0, normal; 2, hemoccult positive; 4, gross
bleeding. On the last day of the experiments, blood
was collected from the animals by intracardiac punc-
ture. The colon was removed for histological exami-
nation, and the spleen was weighed. Hematocrit
(HCT) and the white blood cell (WBC) number were
determined using a blood cell counter (Sysmex K4500;
Sysmex Co., Long Grove, lllinois, USA).

To evaluate mucosal integrity, the FITC-dextran
assay was used (25). Wild-type C57BL/6 mice were
administered with either AE3-208 or vehicle in the
drinking water. After 1 day, both groups of mice were
fed with 3% DSS in the drinking water in the contin-
ued presence or absence of AE3-208, and 24 hours
later, 200 pl of FITC-dextran (average molecular
weight, 4,400; Sigma Chemical Co.) (2 mg/ml in
saline) was administered orally. Serum concentration
was determined 4 hours after the administration of
FITC-dextran. EP47- mice and their wild-type control
mice were similatly treated with 3% DSS and admin-
istered with FITC-dextran. The colon was snap-frozen
and cryostat sections of 10-um thickness were used
for fluorescent microscopic analysis.

Histology. The colon was divided into the proximal,
middle, and distal portions and was fixed in Bouin’s
fixative. Sections S um thick were prepared and sub-
jected to staining with hernatoxylin and eosin (H&E).
The histological examination was performed in a
blinded fashion by two coauthors and scored as
described (24). Two independenr parameters were
measured: the extent of inflammation (0, none; 1,
slight; 2, moderate; 3, severe) and the extent of crypt
damage (0, none; 1, the basal one-third portion dam-
aged; 2, the basal two-thirds portion damaged; 3, the
entire crypt damaged but the surface epithelium
intact; 4, the entire crypt and epithelium lost). Each
score was multiplied by a factor reflecting the percent-
age of involvement (1:0-25%; 2: 26-50%; 3: 51-75%; 4:
76-100%) and added. The histological injury score was
the sum of the scores obtained in three sections, each
taken from the proximal, middle, and distal porrions
of the colon. The maximal score is 84.

To label S-phase cells, mice were injected intraperi-
toneally with 120 mg/kg of 5-bromo-2"-deoxyuridine
(BrdU) and 12 mg/kg of fluorodeoxyuridine 120
minutes before sacrifice. The colon was excised and
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fixed as described above. Sections were incubated
with a rat anti-BrdU mAb (BU1/75; Oxford Biotech-
nology, Oxford, United Kingdom), and staining was
performed with a Ventana Basic DAB Detection Kit
using the Ventana HX system (Ventana, Tucson, Ari-
zona, USA) according to the manufacturer’s proto-
col. For immunohistochemistry, the colon was snap-
frozen in liquid nitrogen and 10-pm thick cryostat
sections were transferred on slides and air dried. After
fixation for 10 minutes in pure acetone, samples were
incubated with either a rat anti-mouse CD4 mAb
{RM4-5; PharMingen, San Diego, California, USA), a
rat anti-mouse CD8 mAb (53-6.7; PharMingen), a rat
anti-mouse B220 mAb (RA3-6B2; PharMingen), ora
rabbit anti-mouse IFN-y polyclonal Ab (PBL Bio-
medical Laboratories, New Brunswick, New Jersey,
USA), and staining was performed with a Ventana
Basic DAB Detection Kit.

Isolation and culture of lamina propria mononuclear cells.
Lamina propria mononuclear cells (LPMNCs) were
prepared from the colon as described (26). In brief, the
colon was digested with collagenase type IV (0.5
mg/ml; Sigma Chemical Co.) in RPMI-1640 medium at
37°C, and the resulting suspension was filtered. The
cells were pooled, washed, and layered on the rop of dis-
continuous 40% and 70% Percoll gradient {Amersham
Pharmacia Biotech AB, Uppsala, Sweden). After cen-
trifugation for 20 minutes at 600 g, the cells at the
intetface were collected as LPMNCs.

The isolated LPMNCs were cultured in RPMI-1640
medium with 10% FBS at 37°C in a volume of 200
per well in 96-well round-bottom plates at a density of
106 cells/ml. In the proliferation assay, 0.5 pCi of [3H]
thymidine was added at 24 hours, and the cells were
collected at 72 hours on a cell harvester (Skatron
Instruments AS, Lier, Norway). Incorporation of [*H]
thymidine was determined using a liquid scintillation
counter (Aloka Co., Tokyo, Japan). For measurement of
IFN-y and IL-2, the LPMNCs were incubated with
either vehicle, LPS (10 pg/ml) alone, or LPS and con-
canavalin A (ConA) (2 tg/ml) in combination for 72
hours. The cytokine amounts in the culture supet-
natants were measured with an ELISA kit (Endogen
Inc., Woburn, Massachusetts, USA) as described (26).
All experiments were performed in triplicare.

DNA microarray analysis. The colon was isolated from
EP4** and EP4+/~ mice treated with ot withour 3% DSS
for 7 days. Polyadenylated RNA was prepared as
described (17} and used for the Affymetrix GeneChip
Expression Analysis using a MG-U74AvZ chip
(Affymerrix Inc., Sanra Clara, California, USA) accord-
ing to the manufacturer’s protocol. Data were analyzed
with the Affymetrix GENECHIP Expression Analysis
software (version 4.0).

Statistics. Data are presented as the means plus or
minus SEM. Data were analyzed using an unpaired two-
tailed ¢ testor one-way ANOVA followed by Dunnett or
Tukey multiple comparisons. An associated probabiliry
(P value) of less than 0.05 was considered significant.

Results

Exacerbation of colitis by indomethacin in mice treated with
low-dose (3%) DSS. Administration of NSAIDs, the
inhibitor of prostanoid synthesis, often triggers or
worsens IBD in humans and is regarded as one of the
major risk factors of IBD. To confirm the adverse
effect of NSAIDs in mice, we added indomethacin to
mice treated with low-dose (3%) DSS. Low-dose DSS-
treatment of control C57BL/6 mice for 7 days evoked
only marginal alrerations in stool consistency and
slight loss of the body weight, and there was no signif-
icant change in the diarrhea and hemocculr scores.
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Figure 1

Induction of colitis by indomethacin in mice treated with 3% DSS
and suppression of this effect by dm-PGE;. (a-c) Wild-type C57BL/6
mice were treated with either 3% DSS alone (diamonds), 3% DSS
and indomethacin (squares), or 3% DSS, indomerthacin, and
dm-PGE; (triangles), and monitored for body weight loss (a), diar-
rhea (b), and hemoccuit (c) for 7 days. (d and e} On day 7, the mice
were sacrificed, The colon was dissected for histological analysis
with H&E staining (e), and the histological injury scores were
obtained (d}). Blood was collected for measurement of the WBC
number (f) and HCT (g). The weights of spleens of the sacrificed
animals are shown {h). N, mice treated with vehicle; D, mice treat-
ed with 3% DSS alone; D+, mice treated with 3% DSS and
indomethacin; D+I+E, mice treated with 3% DSS, indomethacin,
and dm-PGE;. Data in a-d and f-h are means + SEM from six ani-
mals. *P < 0.05 versus D (Dunnett), *P < 0.05 versus D+| {Dunnett
multiple comparison test). Scale bars, 200 pm in e,
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Figure 2

Induction of severe colitis by 3% D55 in EP4-deficient mice and not
in mice deficient in other prostanoid receptors. (a-c) Wild-type
C57BL/6 {filled circles), EP1-/~ (filled triangles), EP2~~ (filled
squares), EP3~~ (open circles), EP4** (open triangles), and EP4~/~
{open squares) mice were treated with 3% DSS for 7 days and mon-
itored for body weight loss (a), diarrhea (b), and hemoccult {c). The
numbers of mice used in this experiment were 25 (C57BL/6), 7
(EP1-/-), 10 (EP2-/-), 14 (EP3-/=), 16 (EP4~-), and 12 (EP4*/*). (d-)
On day 7, EP4*/* and EP4~/~ mice treated with 3% DSS were sacri-
ficed. The macroscopic examination of the large intestine is shown
(d). The colon was dissected for histological analysis with H&E stain-
ing (e), and the histological injury scores were obrained (f}. (g and
h) Body weight loss {g) and clinical scores (h} of mice deficient in
DP, FP, IP, and TP in 3% DSS colitis. DP~/-, FP**, FP~/~, IP~/-, and
TP/~ mice were treated with 3% DSS for 7 days and monitored for
body weight, diarrhea, and hemoccult. The body weight loss and
clinical scores (diarrhea score plus hemoccult score)} of these mice
are compared with those of EP4%*, EP4~/~, and C57BL/6 wild-type
mice. The numbers of mice used in this experiment were 12 (EP4/*},
16 (EP4-/-), 18 (CS7BL/6), 11 (DP-), S (FP/*), 4(FP/-), B (IP77),
and 5 (TP-). Data in a-c and f-h are means + SEM. *P < 0.05 ver-
sus EP4*/* (ttest) in a-c. Scale bars, 1 cmin d; 200 pm in upper and
middle panel of e; 40 pm in lower panel of e.

Similarly, administration of indomethacin alone in
the drinking water (4 mg/kg per day) did not cause sig-
nificant body weight loss, diarrhea, or hemoccult in
the stool (data not shown). When the mice were treat-
ed with indomethacin and 3% DSS in combination,
however, they gradually lost weight, and their body
weight loss was significant compared with the mice
treated with 3% DSS alone on day 3 and thereafter
(Figure 1a). The mice treated with indomethacin and

3% DSS also showed gradual onset of diarrhea, and the
diarrhea score significantly increased compared with
the mice treated with 3% DSS alone after day 2 (Figure
1b). Furthermore, the mice treated with indomethacin
and 3% DSS developed acute onset of bloody stool.
This symptom worsened gradually and, on day 4 and
thereafter, most of mice in this group showed gross
bleeding, while all of the mice treated with 3% DSS
alone did not show hemoccult in the stool ar all (Fig-
ure 1c). The macroscopic examination of the intestine
revealed hemorrhagic redness of the whole large intes-
tine in mice treated with indomethacin and 3% DSS
{data not shown). In some cases, the distal portion of
the ileum showed redness, while the stomach and
jejunum always appeared intact. Upon histological
examination, crypt damage, ulceration, and infiltra-
tion of inflammatory cells, including neutrophils and
lymphocytes, were reproducibly observed in the colon
of mice treated with indomethacin and 3% DSS (Fig-
ure 1le). The histological injury score was significantly
increased in mice rreated with indomethacin and 3%
DSS when compared with the mice treated with 3%
DSS alone (Figure 1d). Treatment with indomethacin
and 3% DSS provoked significant leukocytosis and
anemia when compared with treatment with 3% DSS
alone (Figure 1, fand g). Moreover, splenomegaly was
found in mice treared with indomethacin and 3% DSS
in combination (Figure 1h). Flow cytometric analysis
revealed that most of the splenocytes from mice treat-
ed with indomethacin and 3% DSS were TER119-pos-
itive cells (data not shown), indicating that
extramedullary hematopoiesis occurred in the spleen
to compensate for severe anemia.

Suppression by exogenous PGE; of the indomethacin-
induced exacerbation of low-dose (3% ) DSS-induced colitis.
Indomethacin inhibited the production of prostanoids
by inhibition of both COX-1 and COX-2. Because it was
reported that the level of PGE; was elevated locally in

_the intestine of IBD patients (10, 11), we wondered

whether the exacerbation by indomethacin was due to
the inhibition of PGE; production. To address this
point, we administered intraperitoneally a stable PGE;
analogue, dimethyl-PGE; {(dm-PGE:) to the mice treat-
ed with indomethacin and 3% DSS. Dm-PGE; signifi-
cantly suppressed the weight loss in mice treated with
indomethacin and 3% DSS in combination alone (Fig-
ure 1a). Dm-PGE,; also prevented clinical symptoms,
such as diarrhea and hemoccult, induced by indo-
methacin and 3% DSS. The diarthea score was signifi-
cantly improved on days 2, 3, 5, 6, and 7 (Figure 1b).
The hemoccult score was also improved (Figure 1c).
Moreover, dm-PGE; ameliorated the histological find-
ings of the colon induced by the treatment with
indomethacin and 3% DSS. There was no epithelial cell
loss, erypt damage, or inflammatory cell aggregation in
the colon from mice administered with dm-PGE; (Fig-
ure le). Consequently, dm-PGE; significantly sup-
pressed the histological injury score, when compared
with the mice treated with indomethacin and 3% DSS

"26—'
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(Figure 1d). Hemarological evaluation showed that the
treatment with dm-PGE; corrected leukocytosis and
anemia found with the treatment with indomethacin
and 3% DSS in combination alone (Figure 1, fand g)
and resolved the splenomegaly found in the mice treat-
ed with indomethacin and 3% DSS in combination
alone (Figure 1h). These results suggest that the exac-
erbation of DSS-induced colitis by indomerhacin was
mostly, if not solely, due to the inhibition of endoge-
nous PGE; production.

Induction of severe colitis by 3% DSS in EP4-deficient mice
but not in mice deficient in other prostanoid receptors. PGE;
elicits its physiological effects by acting on four differ-
ent subtypes of EP receptors (). Previously, we gener-
ated mice deficient in each EP subtype individually
(14-16). To clarify which subtype of the EP receptor
mediates the protective action of PGE; in DSS-induced
colitis, we subjected EP1~-, EP2/~, EP3~/~, and EP4+-
mice to 3% DSS treatment. C57BL/6 mice were used as
controls for EP1+-, EP2+/-, and EP3~~ mice, and the
progeny of wild-type littermates (EP4**) in the mixed
background of C37BL/6 and 129/0Ola were used as con-
trols for EP47/- mice, These mice neither developed gas-
trointestinal inflammation spontaneously nor exhib-
ited any clinical manifestations, such as diarrhea, fecal
occule blood, or anemia, when they were raised under
SPF conditions. When these animals were treated with
3% DSS, only EP47/~ mice developed severe bloody diar-
rhea and body weight loss, while the body weight loss,
diarrhea, and hemoccult of EPI/-, EP2-/-, and EP3~/-
mice were similar to those of contro]l C57BL/6 mice.
EP47/- mice treated with 3% DSS lost their weight pro-
gressively during the entire experimental period and
significantly as compared with control EP4*/* mice
(Figure 2a). The diarrhea score of EP4~ mice was sig-
nificantly high compared with EP4** mice (Figure 2b).
These mice showed loose stool already on day 1, and
some of them exhibited watery diarrhea after day 6.
EP4~/- mice also showed hemoccult already on day 1,
and most of them exhibited gross bleeding in the stool
after day 6, yielding significantly higher hemoccult
scores than the EP4*/* mice throughout the experi-
mental period (Figure 2¢). The macroscopic finding of
the intestine of EP4/~ mice treated with 3% DSS and
sacrificed on day 7 showed edema and hemorrhagic
redness all through the colon and cecum (Figure 2d).
These mice also showed splenomegaly (data not
shown). While the histological examinartion of the
colon obtained from EP4*/ mice treated with 3% DSS
appeared normal, the histological results from EP4-/-
mice treared with 3% DSS showed epithelial loss, crypt
damage, parrial ulceration, and infiltration of inflam-
matory cells (Figure 2e, upper and middle). The inflam-
matory cells included neutrophils, lymphocytes, and
eosinophils as found at high magnification (Figure 2e,
lower). Consistently, the histological injury score
obtained from six EP4~- mice was significantly higher
than that from six control mice (Figure 2f). The time
course of weight loss, the character of bloody diarrhea,

and histological findings obtained from EP4~/~ mice
treated with 3% DSS were similar to those obtained
from CS57BL/6 mice treated with 3% DSS and
indomethacin in combination. These findings suggest
that the indomethacin-induced exacerbation of colitis
was mostly, if not solely, due to its inhibition of the
PGE;-EP4 signaling. To confirm this point further and
to assess the contribution of prostanoids other than
PGE,, we subjected mice deficient in either DP, FP, IP,
or TP to the 3% DSS-induced colitis model. As shown
in Figure 2, g and h, none of the DP~-, IP~~, FP~~, and
TP~ mice developed body weight loss, diarrhea, or
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Figure 3

Effect of EP4-selective drugs on DSS-induced colitis. (a) Structures
of ONQO-AE3-208 (left) and ONO-AE1-734 (right). (b and ¢} Repro-
duction of the EP4~/~ phenotype in wild-type mice by administration
of an EP4 antagonist. AE3-208, an EP4 antagonist, was added to 3%
DSS in the drinking water and administered to C57BL/6 mice for 7
days. Body weight loss, diarrhea, and hemoccult scores on day 7 of
3% DSS-treated mice administered with vehicle (open bars) or
AE3-208 (closed bars) is shown in b, and histological injury scores
of the colon are shown in ¢. (d-f) Amelioration of high-dose (7%)
DS5-induced colitis by an EP4 agonist. High-dose (7%) DSS was
administered to C57BL/6 mice together with vehicle or AE1-734, an
EP4 agonist, for 7 days. Body weight loss, diarrhea, and hemoccult
scores on day 7 of 7% DSS-treated mice with vehicle {open bars) or
the EP4 agonist (closed bars) are shown in d, and H&E staining of
the colon (f) and the histological injury scores (e) are shown. Data
are means £ SEM from five to ten mice. *P < 0.05 versus mice treat-
ed with 3% or 7% DSS alone (¢ test). Scale bars, 200 pm in f.
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Impaired mucosal integrity caused by the EP4-deficiency. (a) Effect
of the EP4 antagonist. C57BL/6 mice were treated with either vehi-
cle (None), 3% DSS alone, AE3-208 (EP4 antagonist) alone, or 3%
DSS and AE3-208 in combination for 1 day. FITC-dextran was
administered by mouth, and the serum level was measured 4 hours
later. Data are means 1 SEM from six mice per group. *P < 0.05 ver-
sus the vehicle-treated mice (¢ test). {b) DSS-induced submucosal
infiltration of FITC-dextran in EP4-deficient mice. FITC-dextran was
administered by mouth to EP4*/* and EP4~/~ mice pretreated with 3%
DSS for 1 day. Four hours later the colon was excised and subjected
to fluorescent microscopic examination. Scale bars, 1 mm.

bloody stool to an extent similar to that found in EP47~
mice. These results suggest that contribution of other
prostanoids is, if present, much limired.

Reproduction of the EP4/- phenotype in wild-type mice by
administration of the EP4 antagonist. To confirm that the
above phenotype of EP4~- mice is due to the lack of EP4
receptor, we used an EP4-selective antagonist, AE3-208
(Figure 3a, lefr). AE3-208 was added to 3% DSS in the
drinking water and administered to C57BL/6 mice for
7 days. The mice treated with the EP4 antagonist and
3% DSS together showed severe weight loss and bloody
diarrhea. Significant differences in the weight loss and
the diarrhea and hemoccult scores were found between
these mice and mice treated with 3% DSS alone (Figure
3b). Consistently, the histological injury score of mice
treated with the EP4 antagonist and 3% DSS in combi-
nation was also significantly high compared with those
treated with 3% DSS alone (Figure 3c). To verify the
specificity of AE3-208 in vivo, we applied this com-
pound ro EP47- mice together with 3% DSS. AE3-208
did not exacerbate the colitis further in EP47~ mice; the
body weight loss of 10.2% + 4.2% and 8.7% + 3.2%, the
diarrhea score of 1.3 £ 0.3 and 1.8 £ 0.3, and the hemo-
ccult score of 3.3 + 0.5 and 3.3 + 0.5 were observed on
day 7 in EP4-/- mice treated with AE3-208 and untreat-
ed EP4-/- mice, respectively (n = 5, each).

Amelioration of bigh-dose (7%) DSS-induced colitis by an EP4
agonist. Because the above study showed that the EP4
antagonist exacerbated low-dose DSS-induced colitis, we
wondered whether an EP4 agonist ameliorates severe
colitis. To examine this issue, we used the colits induced
by high-dose DSS as a model. Administration of high-
dose (7%) DSS in the drinking water to wild-type mice
induced fulminant colitis characterized by the bloody
diarrhea and loss of body weight; the body weight loss,
diarrhea score, and hemocculr score on day 7 were
9.8% + 2.7%, 2.2 + 0.1, and 3.8 z 0.2, respectively (Figure
3d). Upon histological examination, epithelial loss, gob-
let cel loss, and aggregation of inflammarory cells were
observed in the mice treated with 7% DSS (Figure 3f).
When we administered an EP4 agonist, AE1-734 (Figure
3a, right), subcutaneously twice a day to 7% DSS-treated
mice, we found that the EP4 agonist significantly sup-
pressed the weight loss and bloody diarrhea induced by
7% DSS treatment in C57BL/6 mice. The body weight
loss, diarrhea score, and hemoccult score on day 7 were
3.3%+ 1.0% versus 9.8%+2.7%,1.1 + 0.3 versus 2.2 £ 0.1,
and 1.4 + 0.4 versus 3.8 + 0.2, respectively (Figure 3d).
Upon histological examination, there were neither loss
of epithelial and goblet cells nor aggregation of inflam-
matory cells in the colon of the mice treated with the
EP4 agonist in addition to 7% DSS (Figure 3f). Consis-
tently, the EP4 agonist lowered the histological injury
score 1o 7.5 + 1.1 from 22.3 £ 3.5 found in mice treated
with 7% DSS alone (Figure 3e). This preventive action of
AE1-734 was most likely due to stimulation of the EP4
receptor, because administration of this compound to
EP4+- mice treated with 7% DSS did not ameliorate
any symptoms of the colitis throughout the experi-
mental period. The body weight loss, the diarrhea score,
and the hemoccult score on day 7 were 23.4% + 1.4% and
22.0%+ 2.2%,4.0 + 0.0 and 40+ 0.0,and 4.0 + 0.0 and
4.0 + 0.0 for EP47/- mice treated with AE1-734 and
untreated EP4-/~ mice, respectively (n = 5, each).

Impaired mucosal integrity in mice with the EP4 deficiency.
The above studies taken together have suggested that
the PGE;-EP4 signaling plays a critical role in protec-
tion of DSS-induced colitis. To obtain a mechanistic
insight into the protective action of the PGE;-EP4 sig-
naling, we first used FITC-dextran assay and evaluat-
ed the mucosal barrier function in the induction phase
of colitis. The EP4 antagonist (AE3-208) was adminis-
tered in the drinking water (10 mg/kg/day) to
C57BL/6 mice 1 day before and throughout the treat-
ment of 3% DSS. Twenty-four hours after DSS treat-
ment, FITC-dextran was given orally, and 4 hours later
blood was drawn. The serum level of FITC-dextran in
the mice treated with the EP4 antagonist and DSS was
significantly higher than that in nontreated mice,
while that in mice treated with 3% DSS alone or AE1-
734 alone was not significantly higher than that in
nontreated mice (Figure 4a). We also administered
FITC-dextran orally to EP4** and EP4~/- mice treated
with 3% DSS for 1 day. Four houts after FITC-dextran
administration we excised the colon for fluorescent
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microscopic examination. The colon from EP4+/- mice
treated with 3% DSS showed significant infilcrarion of
FITC-dextran into submucosa, while no infileration
was found in that from EP4** mice (Figure 4b).
Impaired epithelial regeneration and enbanced CD4* T cell
activation in mice treated with an EP4 antagonist during the
recovery period after high-dose DSS-induced colitis. The
resulrs above revealed that the PGE;-EP4 signaling is
important in the maintenance of the mucosal barrier in
induction of colitis. This impairment of the mucosal
barrier would lead to the exposure of submucosa to
luminal antigens. We next examined whether EP4 plays
arole in prevention of the disease progression and/orin
repair of epithelial damage. Since EP4 was reported to
be expressed on epithelial cells in the large intestine (27),
we hypothesized thar the intestinal epithelial growth
after injury was modulated by the PGE,-EP4 signaling.
To clarify this point, we used the BrdU incorporation
assay. After high-dose (7%) DSS treatment for 7 days,
mice were treated with or without the EP4 antagonist
(AE3-208) in the absenice of DSS trearment for 3 days
and sacrificed. BrdU was added intraperitoneally 2
hours before sacrifice. While the vehicle-treated mice
quickly recovered from the weight loss and bloody diar-
rhea, the EP4 antagonist-treated mice continued to
exhibit severe colitis (data not shown). The
histological results from the H&E-stained
colon from the vehicle-treated mice
appeared normal, while those from the EP4
antagonist-treated mice showed that
epithelial and crypt loss remained as that
seen in the colon from mice treated with
7% DSS for 7 days (Figure 5, a and b).
Moreover, in the mice treated with the EP4
antagonist, infiltration of inflammatory
cells, including lymphocytes and neu-
trophils in submucosa, became more pro-
nounced (Figure 5¢). As for BrdU staining,
anumber of positive cells were found in the

treated with the EP4 antagonist after DSS treatment,
BrdU-positive epithelial cells were barely detected, indi-
cating that the PGE,-EP4 signal blockade suppressed
epithelial regeneration (Figure S, fand g). On the other
hand, there existed a large number of BrdU-positive
mononuclear cells in the submucosal area of the EP4
antagonist-treared mice (Figure 5, f and h). Immuno-
histochemistry showed that CD4* T cells comprised the
majority of these inflammarory cells (Figure 5i). This
pronounced infiltration of CD4* T cells was not seen in
the colons from mice treated with 7% DSS for 7 days
(data not shown). CD8- or B220-positive cells were also
seen, but they did not make clusters as did CD4* cells
but were scattered all over the lamina propria (Figure 5,
jand k). Neutrophils and macrophages were also detect-
ed (data not shown). Most of the infilerated cells were
also stained positive with anti-IFN-y Ab, while IFN-y-
positive cells were found only occasionally in the sub-
mucosa from the vehicle-treated mice (Figure 5,1 and
m). These results suggest that the activation of T cells
occurred upon prolonged PGE;-EP4 signal blockade.

Downregulation of LPMNC proliferation and Th1 cytokine
production by the PGEyEP4 signaling. The results above
showed that the enhanced proliferation of CD4* T
cells in the lamina propria occurred with prolonged

crypt epithelium of the colon from the
vehicle-treated mice, suggesting that repair
from epithelial damage was occurring (Fig-
ure 5,d and ¢). On the other hand, in mice

Figure §

Impaired epithelial proliferation and enhanced CD4*
T cell proliferation in mice treated with an EP4 antag-
onist. Mice pretreated with 7% DSS for 7 days were
then administered with either vehicle (a, d, e, and I)
or the EP4 antagonist {AE3-208) (b, ¢, f-k, and m)
for 3 days without DSS and sacrificed. BrdU was
added intraperitoneally 2 hours before sacrifice. The
colon was dissected for histological examination with
H&E staining (a-c) and immunchistochemical analy-
sis for BrdU (d-h), CD4 (i), CDS§ (j), B220 (k), and
IFN-y (1 and m). (e and g) Enlarged figures of d and
f, respectively, showing the epithelial area; (h) an
enlarged figure of f showing the submucosal area.
(i-m) The submucosal area. Scale bars, 200 pmina,

b,d,f;, 100 pminr¢, e, g, h; 40 pmin i-m.
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Figure 6

Modulation of the LPMNC proliferation and Th1 cytokine production
by EP4 signaling. (2 and b) LPMNCs were prepared from C57BL/6
mice (a) or from £P4~/- mice (b), cultured with either vehicle (None),
the EP4 antagonist (AE3-208), the EP4 agonist (AE1-734), or
indomethacin (IND) either alone or in indicated combination, and
examined for the proliferation by measuring [2H] thymidine uptake.
Data are means + SEM (n = 3). *P < 0,05 versus None (Tukey multiple
comparison test). *P < 0.05 versus IND (Tukey multiple comparison
test). (¢ and d) LPMNCs were stimulated for 72 hours with vehicle,
LPS, or LPS and ConA in combination in the presence of vehicle
(None), the EP4 antagonist (AE3-208), or the EP4 agonist (AE1-734),
and the levels of IFN-Y (¢) and 11-2 (d) in the culture medium were
measured with an ELISA kit. Data are means + SEM {n = 3).
*P < 0.05 versus None {Dunnett multiple comparison test).

inhibition of the EP4 signaling in colitis. EP4 was
reported to be present on CD4* T cells in the submu-
cosa of the large intestine (27). These findings taken
together suggest that EP4 activation may downregulate
the proliferation of CD4* T cells to modulate immuno-
logical response in the lamina propria. To examine this
issue, we isolated LPMNCs from C57BL/6 mice and
examined the effect of the EP4 agonist and antagonist
on their proliferative response by measuring [*H]
thymidine incorporation. LPMNCs treated with the
EP4 antagonist (AE3-208) or indomethacin exerted 2
significant increase in the proliferative response com-
pared with those treated with vehicle (Figure 6a). There
was no additive effect of the EP4 antagonist and
indomethacin in combination compared with the EP4
antagonist alone or indomethacin alone. The addition
of the EP4 agonist suppressed the increase in the pro-
liferative response by indomethacin (Figure 6a), while
it did not suppress the proliferation of LPMNCs with-
out indomethacin treatment (data not shown). Control
experiments using LPMNCs from EP4~- mice showed
that the EP4 agonist and antagonist, as well as
indomethacin, did not affect the proliferative response
(Figure 6b). These results suggest that stimulation
of the proliferative response of wild-type LPMNCs by
the EP4 antagonist or indomethacin was due to the

inhibition of the action of endogenous PGE; on the
EP4 receptor of these cells. This experiment thus clear-
ly corroborates the immunosuppressive action of EP4
on LPMNCs and suggests that the enhanced prolifera-
tion of CD4" T cells seen in the colitis of the animals
treated with the EP4 antagonist AE3-208 was caused by
prolonged inhibition of the EP4 signaling in T cells. We
next examined the effect of the EP4 signaling on
cytokine production. We either incubated LPMNCs for
72 hours without stimulation or stimulated them for
72 hours with LPS or LPS and ConA in combination
and examined the effects of the EP4 agonist or antago-
nist on the levels of Thl cytokines produced under
these conditions. In all cases, the levels of IFN-y signif-
icantly increased with the treatment of the EP4 anrag-
onist and decreased with the EP4 agonist (AE1-734)
treatment (Figure 6¢). Similarly, the levels of IL-2 in the
culture medium significantly increased with the EP4
antagonist treatment and decreased with the EP4 ago-
nist treatment {Figure 6d). These results suggest that
the PGE;-EP4 signaling regulates the proliferation and
Th1l cytokine production of LPMNCs.

Elevated expression of genes associated with immune response
and reduced expression of genes with mucosal repair and
remodeling in the colon of EP4-deficient mice. To evaluate the
functions of the EP4 signaling in more detail at the
molecular level, we employed the DNA microarray
analysis and compared the gene expression profiles of
the colon berween EP47- mice and EP47* mice treated
either with vehicle or low-dose {3%) DSS for 7 days. We
tested about 10,000 genetic loci as identified UNIGENE
clusters. After exclusion of expressed sequence tags
(ESTs), we detected 30 genes that showed more than
twofold increase and 53 genes that showed more than
twofold decrease of expression in the vehicle-treated
EP4+/- mice as compared with the vehicle-treated EP4"*
mice. Representative genes are shown in the upper panel
of Table 1. Gene expression profiles revealed that EP4~-
mice had reduced expression of genes involved in tissue
defense, remodeling, and immunosuppression, such as
NOV protein, angiogenin-3 precursor, intelectin, and
TGE-B, and had increased expression of genes involved
in tissue destruction, such as matrix metalloproteinase,
and genes induced by IFN-y, such as mig, guanylate
nucleotide-binding protein, and indoleamine 2,3-dioxy-
genase. These results suggest that although EP47~mice
appeared normal, both clinically and histologically
without overt insults, they already have signs of intes-
tinal injury or infection. To explore the possibility that
other prostanoid receptors may be upregulated in com-
pensation for the EP4 absence, we also examined expres-
sion of other prostanoid receptor genes. Among the
seven other receptors, only the DP receptor showed a
significant increase in expression (Table 1, upper panel).
We next compared the gene expression profiles of the
colon from EP47/- and EP4/* mice treated with 3% DSS.
After exclusion of ESTs, we detected 388 genes that
showed more than threefold increase and 79 genes that
showed more than threefold decrease of expression in

890 The Journal of Clinical Investigation |

April2002 |

Volume 109 | Number?

_30_



EP4+/- mice as compared with EP4** mice. Since the his-
tological results of 3% DSS-treated EP4~~ mice showed
epithelial loss and inflammatory cell aggregation, we
focused on genes related to epithelial repair and
chemokine families. EP47- mice treated with 3% DSS
showed decreased expression of genes of epidermal
growth factor (EGF) and EGF-binding proteins and
increased expression of genes of chemokine families,
such as ENA78, fractalkine, MCP-1, and RANTES
(Table 1, the middle panel). Moreover, we examined
whether the DSS treatment affected expression of genes
of the prosranoid receprors and found that the expres-
sion of the gene for EP4 as well as that for DP signifi-
cantly increased with DSS treatment in wild-type mice
(Table 1, the lower panel).

Discussion
In the present study we have analyzed the roles and
functions of prostanoids in modulation of IBD using
DSS-induced colitis as a model. Two doses of DSS have
been used, low-dose (3%) DSS to evaluate
the susceptibility of experimental animals
to IBD and high-dose (7%) DSS to evaluate
the protective effect of exogenously

Table 1

expression of genes induced by IFN-y and that the
expression of the EP4 gene is significantly induced in
association with DSS treatment. The lacrer finding is
consistent with the previous finding that the expres-
sion of the EP4 gene in the colon was elevated during
inflammation in patients with ulcerative colitis (27).
These results raken rogether suggest that the PGEz-EP4
signaling plays a protective role in the colon even under
physiological conditions and that once the epithelium
is exposed to intestinal injury, this system is amplified
by uptegulation of the EP4 receptor. The expression
level of EP4 therefore might also influence the suscep-
tibility to IBD in humans. The microarray analysis also
revealed that the expression of the DP gene increased
in the colon of EP4~~ mice and was induced in that of
wild-type mice treated with DSS, suggesting that DP
might have some role in intestinal inflammation. Our
previous study on allergic asthma (17) showed that DP
is induced upon allergen challenge in the airway epithe-
hal cells of sensitized mice and mediates allergic

Gene expression profile of the colon analyzed by the DNA microarray

applied prostanoids and to analyze the

- A Unigene Code Descriptions Fold change
functions of endogenous prostanoids in .
. .. EP4-/- versus EP4** mice without DSS treatment
the recovery phase after fulminant colitis. 09257 NOV orotei 1018
- N - . protem - .
First, we found _that mc%o_mfathacm exacer- uics PGE receptor EP4 subtype 25.0
bated the marginal colitis induced by the  Aj980062 TGF-B ~10.2
low-dose DSS and that this exacerbation M93428 Endothelial I|ga.nd for L-selectin (GLYCAMT) -3.3
U72672 Angiogenin-3 precursor -2.2
was almost completely counteracred by ; )
L . L36244 Matrix metalloproteinase 7 11.5
exogenous administration of PGEz2. PGE:  pj34515 Monokine induced by INF-y (mig) 9.2
was reported previously to attenuate other M69109 Indoleamine 2,3-dioxygenase 7.2
forms of experimental colitis in rats (28 M55544 Guanylate nucleotide binding protein 1 6
P ? 143085  Interferon-induced protein with tetratricopeptide repeats 2 5.6
29). Our study has, therefore, notonly con-  xs¢602 Interferon-induced 15-kDa protein 4.7
firmed this effect in DSS-induced colitisin  M33266 1P-10 4.6
mice, but also has strongly suggested that 029765 oP 41
endogenous PGE; is the mediator of EP4~/~ versus EP4*/* mice with DSS5 treatment
mucosal protection. We then compared AF065947 Regulated upon activation, normal T expressed 13
th tibiliti £ mice deficient i and secreted (RANTES)
€ susceptibliities 0_ mice dehaent i 57267 Epithelial-derived neutrophil attractant-78 7.5
each of the prostanoid receptors to low-  M34815 Monokine induced by INF-y (Mig) 71
dose DSS. Distuption of the EP4 gene U92565 Fractalkine _ 5.7
.. . M19681 Monocyte chemotactic protein-1 2.9
alone caused sevete colitis under this con- V0741 - a8
dition, but disruption of none of the other M17979 EGF binding protein type A —2:8
receptor genes alone caused significant x58628 EGF binding protein type B -5.1
change. These results thus strongly indi- ro157s%?42 EGF b"é‘é’;grg:;fgr‘ type C -131'58
cate that the PGE;-EP4 system is the major . ] .
. . EP4** mice treated with versus without DSS
PG system to prevent mucosal intestinal 07611 £01 NS
inflammation caused by DSS, al.though We 8007696 EP2 NS
do not exclude the contribution by the p10204 EP3 NS
other prostanoids and receptors under dif- g;;‘;g 2 l:.;: g;
ferent conditions. The role of the PGE>- ]7433 Fp NS
EP4 has then been confirmed by the use of  D26157 P NS
D10849 TP NS

the EP4-selective agonists and antagonist.

The DNA microarray analysis revealed that
EP4~/- mice, even without DSS treatment,
have reduced expression of genes in-
volved in tissue defense, remodeling,
and immunosuppression, and increased

The colen was excised from EP4~~ and EP4*/* mice treated with or without low-dase (3%) DSS
for 7 days (n = 6, each group). The fold changes in expression of genes in EP4~/- mice versus
£P4** mice are presented for mice without D55 treatment (upper} and for mice with D55 treat-
ment (middle). The fold changes in expression of the genes for the prostanoid receptors in
wild-type mice with versus without DSS treatment are presented in the lower panel. NS, not
significant increase or decrease.
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inflammarion of the lung. Whether DP in the colon
also works in a proinflammatory pathway or antago-
nizes inflammation with EP4 remains to be examined.

How then does the PGE;-EP4 signaling attenuate
intestinal inflammation? Srudies in humans have
implicated the impaired mucosal barrier function,
pronounced innate immuniry, altered production of
Th1 and Th2 cytokines, and the activationof CD4* T
cells in the pathogenesis of IBD (1, 2). To examine the
function of EP4 in the mucosal barrier integrity, we
have used two assays, i.e., the FITC-dexrran infiltra-
tion assay and the BrdU-incorporation assay. COX-1,
COX-2, and EP4 are known to be present in the intes-
tinal epithelium (27, 30, 31). The FITC-dextran assay
has revealed that the mucosal integrity is impaired
without the EP4 signaling in the induction phase of
colitis, suggesting that the PGE;-EP4 signaling is
important in the maintenance of the mucosal barrier
against the injurious stimulus of DSS. The BrdU-
incorporation assay has revealed that the inhibition
of EP4 signaling suppresses epithelial regeneration
after epithelial damage. This result is consistent with
the previous finding that exogenous PGE; promoted
epithelial proliferation after mucosal injury (30). Con-
sistently, the DNA microarray analysis revealed that
colons from EP47/- mice treated with DSS showed
decreased gene expression of EGF families. Taken
together, these studies have revealed that the
PGE;-EP4 signaling serves to keep mucosal integrity
and suggest that one mechanism to promote the
epithelial regeneration by EP4 is the production of
the EGF family proteins.

Once the mucosal barrier is impaired, the submu-
cosa is exposed to various luminal antigens, includ-
ing foods and bacteria, and the cells involved in
innate immunity are activated. How much then does
the PGE,-EP4 signaling affect innate immunity?
Both COX-1 and COX-2 are reported to be presentin
LPMNCs (30-34), and, when mice are treated with
DSS, PGE; is produced in a COX-2-dependent man-
ner (7). Newberry et al. (32, 33) reported that lamina
propria stroma cells in the small intestine produce
PGE, spontaneously and continuously at a high level
not seen in other immune organs and it was suggest-
ed that PGE; thus produced induces oral tolerance to
specific antigen in the small intestine (35). It has also
been reported repeatedly that prostanoids, particu-
larly, PGE; and PGI;, modulate function of cells in
innate immunity. For example, PGE; downregulates
the production and release of proinflammatory
cytokines such as TNF-a by macrophages and neu-
trophils in vitro (36, 37). In the present study, we
have found that neutrophils and mononuclear cells
accumulated in the absence of the EP4 signaling in
the colon of mice treated with low DSS for 7 days.
The DNA microarray analysis has revealed that the
colon of EP4/- mice subjected to such treatment
showed increased expression of genes of chemokine
families (38). These findings support the idea that

the PGE; produced in the submucosa works to sup-
press innate immune response to luminal antigen
through the EP4 signaling.

Using DSS-induced colitis, we have further investi-
gated the roles of the PGE;-EP4 signaling in the pro-
tracting phase of IBD. DSS-induced colitis is original-
ly viewed as a T cell-independent model because it
occurs even in T cell-deficient SCID mice (39, 40).
However, this view is based on the findings of the dis-
ease initiation and does not rake into a consideration
the prolongation mechanisms of the disease that
involves cellular immune response. Indeed, it was
reported recently that DSS treatment induces both Thl
and Th2 cyrokines as well as other inflammatory medi-
ators (41). We have found that when we suppressed the
EP4 signaling by administration of the EP4 antagonist
after 7% DSS treatment, the recovery from the colitis
was severely affected and the disease became prolonged.
Under these conditions, pronounced accumulation of
BrdU-positive mononuclear cells was noted in the sub-
mucosa of the colon. The majority of these cells were
CD4* T cells, and most of them were also stained posi-
tive with anti-IFN-y Ab. These resules indicate thar
CD4" T cells are activated by inhibition of the EP4 sig-
naling in the recovery phase from severe colitis. Qurin
vitro experiments have demonstrated that activation of
the EP4 signaling induces suppression of proliferation
and Thil cytokine production of isolated LPMNCs
(Figure 6). These results suggest that the enhanced acti-
vation of CD4* T cells in vivo as discussed above are due
to direct inhibition of their PGE;-EP4 signaling. Our
study thus suggests the possibility that once the PGE,;-
EP4 signaling is blocked, unrestrained activation of
CD4* T cells is induced. Unrestrained activation of
CD4* T cells (42) and an excessive production of IFN-y
produced by Th1i cells (43, 44) have been suggested as
the factors in protraction of IBD.

In summary, we have clarified the roles of the PGE;-
EP4 signaling in maintenance of intestinal homeosta-
sis. EP4 works to keep mucosal integrity, to suppress
the innare immunity, and to downregulate the prolif-
eration and activation of CD4+ T cells. These findings
have not only elucidated the mechanism of exacerba-
tion of IBD by NSAIDs, bur also indicated the thera-
peutic potential of EP4-selectve agonists in prevention
and treatment of IBD,
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Abstract

Prostanoids are a group of lipid mediators that include the prostagtandins (PG) and thromboxanes
(TX). Upon cell stimulation, prostanoids are synthesized from arachidonic acid via the cyclooxyge-
nase (COX) pathway and released outside the cells to exert various physiological and pathological
actions in a variety of tissues and cells. The activities of prostanoids are mediated by specific G
protein-coupled receptors, which have been classified on the basis of pharmacological experiments
into eight types and subtypes according to their responsiveness to selective agonists and antago-
nists. These prostanoid receptors have been cloned from various species including human, and their
distinct binding properties and signal transduction pathways have been characterized by analyses
of cells expressing each receptor. Furthermore, the distribution patterns of prostanoid receptor mR-
NAs have been determined in tissues and cells for various species. This information is useful for
understanding the molecular basis of the pathophysiological actions of prostanoids.
© 2002 Elsevier Science Inc. All rights reserved.

Keywords: Prostanoid receptors; Cyclooxygenase pathway; Arachidonic acid

1. Introduction

Prostanoids are a group of lipid mediators that consist of the prostaglandins (PG) and
thromboxanes (TX). In response to cell stimulation, prostanoids are synthesized by the
cyclooxygenase (COX) pathway from arachidonic acid released from membrane phospho-
lipids by the actions of phospholipases [1]. The prostanoids, once formed, are quickly
released to the outside of cells. Due to their chemical and metabolic instability, prostanoids
are believed to work in the vicinity of their sites of production. Thus, they act as “lo-
cal short-range hormones” in maintaining local homeostasis in a variety of tissues and
cells.
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A wide variety of actions of the prostanoids are mediated by specific receptors on plasma
membranes. These receptors are G protein-coupled, rhodopsin-type receptor with seven
transmembrane domains, and are classified into five basic types, termed DP, EP, FF, IF,
and TP, based on their sensitivity to the five primary prostanoids, PGD;, PGE3, PGFa,,
PGI;, and TXA;, respectively [2-4]. There are four subtypes of EP (EP,, EP», EP3, and
EPy), originally assigned on the basis of their responses to various agonists and antagonists.
Each EP subtype represents a different structure and is coupled to a different signaling
pathway, and thus, the existence of subtype receptors may account for the multiplicity of
biological responses exerted by PGE;. No subtypes exist for the other prostanoid receptors.
However, there are isoforms of some of the prostanoid receptors produced by the alternative
splicing of mRNA, and their roles in altered signaling pathways have been analyzed. In this
review, we will describe the biochemical and physiological roles of the various prostanoid
receptors.

2. Ligand-binding and signal transduction by prostanoid receptors

The molecular cloning of the eight subtypes of prostanoid receptors has enabled the
homogenous expression of each type of receptor in cultured cells and thus, an analysis
of their ligand bindings and signal transducing properties. Table 1 summarizes the char-
acteristics of the prostanoid receptors. Kiriyama et al. [5] used cultured cells expressing
each of the eight types of mouse prostanoid receptors to systemically examine the bind-
ing affinities of several prostanoids and their analogs to each receptor by determining the

Table 1
Properties of prostanoid receptor subtypes
Receptor type G protein Signaling Alternatively spliced isoforms
DP Gy cAMPt None
EP
EP, Unidentified [Ca?* 4 2 (rat)
EP; Gy cAMP?T None
EP; Gi, Gs, Gy cAMP4 3 (mouse)
[Ca®*]t 8 (human)
cAMP# 4 (bovine)
4 (rat)
EP, G, cAMP1T None
FP Gy [Cat]t 2 (ovine)
2 (bovine)
P G, Gy cAMP?T None
[Ca**]t
TP Gy, Gi. Gy [Ca?t1t 2 (human)
cAMP|
cAMP1t

Data obtained from receptors of various species are summarized, and the representative signal transduction method
for each receptor is shown. 1, increase; |. decrease.
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inhibition constant (K;) values for specific radioligand binding to the receptor. In addition,
a new generation of specific agonists and antagonists has recently been reported (Fig. 1),
which have been assessed using a complete set of cloned prostanoid receptors [6]. The
results for the new generation of agonists and antagonists as well as prostanoids and their
classical analogs are shown in Table 2, and are summarized below in combination with
the ligand-binding properties of some of the human receptors and their signal transduction
pathways.

2.1. EP receptor

2.1.1. EPy receptor

The rank order of affinity for the mouse receptor is 17-phenyl-PGE-, PGE,, sulprostone,
iloprost > PGE| > misoprostol, M&B-28767 > 11-deoxy-PGE, > PGFy,. Their K; val-
ues are 14, 20, 21, 21, 36, 120, 120, 600, and 1300 nM, respectively (Table 2). Some EP ag-
onists such as 16,16-dimethyl-PGE;, GR-63799X, butaprost, 1-OH-PGE,, and AH-13205
show no significant binding to this receptor. Notably, 17-phenyl-PGE;, which has classi-
cally been considered to be a relatively specific agonist for the EP) receptor, binds to the
mouse EP3 receptor with a higher affinity than to the EP| receptor. ONO-DI-004, a recently
developed EP| agonist, was found to be highly selective for the EP; receptor, although
its binding affinity to mouse EP; is relatively weak with a K; value of 150nM. On the
other hand, SC-19220 and AH-6809, known as classic antagonists for the EP; receptor
[4], show no affinity for the mouse EP receptor. Several selective EP) antagonists such as
ONO-8713, SC-51089 and SC-51322 have recently been developed [7,8]. The human EP;
receptor binds to PGE> with a dissociation constant (K4) value of 1 nM, and binds to other
P@Gs in the rank order of PGE> > PGE; > PGF;, >> PGD2 [9]. The human EP) receptor
also binds to AH-6809 with a calculated X of 333 nM, and weak affinities were found for
SC-19920 and butaprost, with respective K; values of 4.5 and 33 wM. These results suggest
the existence of significant species differences,

The specific G protein species to which the EP receptors are coupled remains undeter-
mined. The EP; receptor mediates the PGE;-induced elevation of free Ca’T concentration
in Chinese hamster ovary (CHO) cells. This increase in free Ca®* concentration was depen-
dent on the availability of extracellular Ca?* and was accompanied by a barely detectable
increase in inositol phosphates [10]. The EP) receptor is thus able to regulate Ca** channel
gating via an as yet unidentified G protein.

A variant receptor has been reported for the rat EPy receptor [11]. This variant receptor
is generated by a failure of splicing in the sixth transmembrane domain in exon 2 and is
suggested to have a seventh transmembrane domain that is not homologous to the seventh
transmembrane domain highly conserved among all members of the prostanoid receptors.
When expressed in cultured cells, this receptor shows a ligand binding specificity similar
to that of the EPy receptor but is defective in signal transduction and suppresses signaling
via the other EP receptors.

2.1.2. EPj receptor

The rank order of affinity of EP ligands for the mouse EP» receptor is PGE,, PGE; >
16,16-dimethyl-PGE, > 11-deoxy-PGE; > butaprost > AH-13203, misoprostol >
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Table 2
K; values of various prostanoids and their analogs with the cloned prostanoid receptors expressed in cultured cells
Ligands DP IP TP FP EP EP; EP, EP;4
PGD; 21 47 280
BW245C 250 1700
BWASG8C 220
Cicaprost 10 1300 170
Tloprost 11 21 1600 22 2300
Carbacyclin 110 1200 1600 31 2300
Isocarbacyclin 15 1000 31
Beraprost 16 110
ONO-1301 47 740
5-145 0.7
I-BOP 0.6 100 220 100
GR-32191 12
STA; 1600 14 97 220 23 350
5Q-29548 13
U-46619 67 1000
PGFq 3 1300 75
Fluprostenol 4
PGE; 100 20 12 1 2
PGE, 33 36 10 1 2
17-Phenyl-PGE; 60 14 4 1000
ONO-DI-004 150
ONO-8713 1400 0.3 3000 1000
Sulprostone 580 21 0.6
M&B-28767 1300 124 120 0.7 500
16,16-Dimethyl PGE; 350 17 2 43
11-Deoxy-PGE, 1000 600 45 2 23
GR-63799X 2 480
ONOQO-AE-248 715
19R(OH)-PGE; 1600
Misoprostol 120 250 67 61
Butaprost 110
ONO-AE1-259 140 3
1-OH-PGE; 330 199
ONOQ-AE-329 2100 1200 10
AH-13205 240 82
AH-6809 350
SC-19220

Inhibitory constant (K; ) values are expressed in nM. Where no value is given, the Kj value was > 3.3 uM (modified
from [5]).

AH-6809. Their X; values are 10, 12, 17, 45, 110, 240, 250, and 350 nM, respectively
(Table 2). In addition, two TP ligands, I-BOP and STA2, and one IP ligand, isocarbacyclin,
bind to this receptor subtype with low affinity; their X; values are 220, 220, and 1000 nM,
respectively. 199R(OH)-PGE; has previously been reported to be a specific agonist for the
EP; receptor [12]. However, this ligand shows no affinity for the mouse EP; receptor and
binds only weakly to the FP receptor. Butaprost shows significant affinity only for the EP;
receptor, validating its classical use as a selective agonist of this receptor, with a Xj value of
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