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When tissues are exposed to diverse physiological and
pathological stimuli, arachidonic acid is liberated
from membrane phospholipids and is converted to
prostanoids, including the prostaglandins (PGs) and
the thromboxanes (Tx’s), by the action of cyclooxyge-
nase (COX). The COX reaction results in the forma-
tion of an unstable endoperoxide intermediate, PGHo,
which, in turn, is metabolized to PGD,, PGE;, PGF;q,
PGI,, and TxA,; by cell-specific isomerases and syn-
thases. Prostanoids thus formed are immediately
released outside of the cell, with little if any of the
product remaining in the cell. Because they are either
chemically or metabolically unstable, it is believed
that prostanoids work only locally, near their site of
production. PGI, and TxA; spontaneously degrade
into inactive compounds under physiological condi-
tions, and other PGs are enzymatically inactivated
during a single passage through the lung. In addition,
PGD; and PGE; are slowly dehydrated in biological
fluids containing serum albumin to yield the
cyclopentenone PGs, PGA; and PGJ,, which contain
an o,B-unsaturated ketone.

Although prostanoids are generally regarded as
hydrophobic compounds, they do not permeate the cell
membrane freely. One PG transporter (PGT), a mem-
ber of the organic anion transporter polypeptide fami-
ly, has been identified and is found in a limited range
of cells, where it is subject to regulation by humoral
and physical stimuli. Indeed, vascular expression of the
PGT appears to account for clearance of most classes
of PGs when these compounds are infused into an ani-
mal and enter its pulmonary circulation. Indeed, PGI,,
the only PG that is not a substrate for PGT, is also
unique in that it is not subject to clearance during tra-
versal of the pulmonary circulation. However, there is
strong evidence that other transport systems mediate
the uptake of at least some prostanoids, since despite
the restricted expression of PGT, cyclopentenone PGs
are efficiently transported into most cells. For more on
transport and metabolism of prostanoids, see Fitz-
patrick and Soberman (this Perspective series, ref. 1).

Prostanoids, with the possible exception of the
cyclopentenone PGs, are believed to exert their actions

via membrane receptors on the surface of target cells.
Indeed, a family of membrane receptors mediating their
actions has been characterized and cloned, and knock-
out mice deficient in each of their genes have been devel-
oped. In addition, highly selective agonists and antago-
nists for the cloned receptors have been developed.
Nuclear actions of prostanoids have also been reported
and putative nuclear prostanoid receptors have been
proposed, particularly for cyclopentenone PGs. In this
article, we describe the current status of the studies on
membrane prostanoid receptor biology and discuss the
clinical potential of receptor-selective drugs. We then
critically examine the current evidence for activation of
nuclear receptors by prostanoids.

Membrane prostanoid receptors:

studies in knockout mice

Eight types and subtypes of membrane prostanoid
receptors are conserved in mammals from mouse to
human (2): the PGD receptor (DP), four subtypes of the
PGE receptor (EP1, EP2, EP3, and EP4), the PGF recep-
tor (FP), the PGI receptor (IP), and the TxA receptor
(TP). All are G protein-coupled rhodopsin-type recep-
tors with seven transmembrane domains, and each is
encoded by different genes. In addition, there are sev-
eral splice variants of the EP3, FP, and TP receptors,
which differ only in their C-terminal tails. Among the
eight types and subtypes, the IP, DP, EP2, and EP4
receptors mediate a cAMP rise and have been termed
“relaxant” receptors, whereas the TP, FP, and EP1 recep-
tors induce calcium mobilization and constitute a
“contractile” receptor group. The remaining receptor,
EP3, induces a decline in cAMP levels and has been
termed the “inhibitory” receptor. However, the effects
of prostanoids on these G protein-coupled signaling
pathways may change as a function of ligand concen-
tration or structure. Thus, while PGI; analogs ligate the
IP and activate adenylate cyclase via Gy in a dose-
dependent manner, higher concentrations of the ligand
couple the IP to phospholipase C activation and calci-
um mobilization (3), probably via G4. Similarly, activa-
tion of the FP in cardiomyocytes by either PGF,q, its
cognate ligand, or 8,12-is0-iPF,,-1II, a PGF, isomeric

The Journal of Clinical Investigation |

July 2001

| Volume 108 | Number1

25



Prostaglandins and their precursors

Garret A. FitzGerald, Series Editor

Table 1
Major phenotypes of mice deficient in prostanoid receptors

drugs suppress these responses,
and PGE; and PGI, can mimic

these actions. Murata et al. (5)

Disrupted gene  Phenotypes Reference employed carrageenan-induced
DP Decreased allergic responses in ovalbumin-induced bronchial asthma 8 paw swelling and acetic
EP1 Decreased aberrant foci formation to azoxymethane 17 acid-induced writhing as models
EP2 ImpalredAcA)vulatlon andA fertilization 25, 26,40 for acute inflammation and pain,
Salt-sensitive hypertension ‘ 25,26 respectively, and showed that both
\Ifasopl';e;sor ol: n('jn{lpal‘red I\)/zs;depressor response to intravenous PGE; 414;342 responses are completely absent in
oss ofbroncnodiiation P2 IP-deficient mice. This study clear-
Impaired osteoclastogenesis in vitro 14 .
. . ly demonstrated that PGI,, acting
EP3 Impaired febrile response to pyrogens 7 . .
. . ) N on the IP, works as a physiological
Impaired duodenal bicarbonate secretion and mucosal integrity 44 .
. P mediator of these responses. How-
Enhanced vasodepressor response to intravenous infusion of PGE, 41 N .
Di . . L , ever, it remains to be seen whether
isappearance of indomethacin-sensitive urine diluting function 45 d th lav i
EP4 Patent ductus arteriosus 46, 47 PGL 'an the IP play }mportant
Impaired vasodepressor response to intravenous infusion of PGE; 41 rples n Other_ types Of‘lnﬂ?’mma'
Decreased inflammation bone resorption 12,13 tion and. pain. The PrOf.lles of
P Loss of parturition 48 prostanoids generated in an
P Thrombotic tendency 5 inflammatory site change during
Decreased inflammatory swelling 5,49 the course of inflammation and
Decreased acetic acid writhing 5 are also dependent on the stimu-
P Bleeding tendency and resistance to thromboembolism 20 lus and site of inflammation (6) In

26

product of lipid peroxidation, results in activation of
distinct, as well as overlapping, signaling pathways (4).

The existence of four subtypes of the receptor for
PGE; is remarkable, given that the other prostanoids
each have only a single receptor. The homology of
amino acid sequences between different types of the
receptors within each functional group is much high-
er than that found among the four PGE receptor sub-
types. The phylogenetic tree derived from receptor
homologies indicates that prostanoid receptors origi-
nated from the primitive PGE receptor, from which the
subtypes of the PGE receptor then evolved. Other PGs
and Tx receptors subsequently evolved from function-
ally related PGE receptor subtypes by gene duplication.
This evolutionary history suggests that the different
paralogues play distinct physiological roles.

The roles of PGs in various physiological and patho-
physiological processes have thus far been suggested by
comparing the effects of aspirin-like drugs with those
of each prostanoid added exogenously. However, such
studies do not clearly indicate which type of prostanoid
and which class of prostanoid receptor is involved in a
given process, nor how critical the actions of
prostanoids might be. To address these questions, we
and others have generated and analyzed mice deficient
in each prostanoid receptor. The reported findings of
these knockout mice are summarized in Table 1. Here
we discuss the significance of some of these findings.

Inflammation and pain. Vasodilation and pain genera-
tion are two classic features of acute inflammation to
which prostanoids appear to contribute. Aspirin-like

pain, PGs are involved not only in
hyperalgesia, an increased sensitiv-
ity to a painful stimulus, but also
in allodynia, a pain response to a usually nonpainful
stimulus. The latter condition is frequently seen in neu-
ropathic pain and is thought to occur in the spinal cord,
while the former is caused by sensitizing the free end of
pain neurons in peripheral inflammation. It is interest-
ing that the primary sensory neurons in the dorsal root
ganglion express several types of prostanoid receptor
mRNAs, including IP, EP1, EP3, and EP4 (2). The con-
tribution of receptors other than IP to pain generation
has not been determined.

Fever and other manifestations of systemic illness. Systemic
illness is associated with fever, adrenocorticotropic hor-
mone release, loss of appetite and libido, decreased loco-
motion, and the induction of slow-wave sleep. Because
of the antipyretic action of aspirin-like drugs, it has long
been speculated that prostanoids contribute to fever
generation, but the identity of the prostanoids involved
has remained elusive. Ushikubi et al. (7) clarified this
issue by showing that EP3-deficient mice fail to respond
to either exogenous or endogenous pyrogens. A similar
approach might be adopted to elucidate the mechanism
of other features of systemic illness. For instance, given
the role of PGD; in sleep cycles, one might determine the
contribution of PGD, to the drowsiness associated with
systemic illness using DP knockout mice (2).

Allergy and immunity. The roles of prostanoids in aller-
gy and immunity have been less well defined than those
in acute inflammation, in part because the effects of
aspirin and related drugs are far less marked. Neverthe-
less, allergic responses are associated with an increase in
prostanoid formation. For example, PGD is a major

The Journal of Clinical Investigation |

July2001 |

Volume 108 | Number 1



prostanoid generated by mast cells upon allergen chal-
lenge and is produced abundantly in allergic diseases
such as asthma, allergic dermatitis, and conjunctivitis.
Little attention has been paid to PGD’s roles in allergy,
but recently, Matsuoka et al. (8) examined this issue by
subjecting DP-deficient mice to ovalbumin-induced
allergic asthma. They found a marked reduction in the
airway inflammation, obstruction, and hypersensitivi-
ty in DP-deficient animals, suggesting that PGD,, act-
ing via the DP, works as a mediator of allergy.

This finding raises anew the question of why aspirin
is not beneficial in allergy and can even precipitate asth-
matic attacks in certain individuals. We suspect that
other prostanoids normally antagonize the action of
PGDg;, so that nonsteroidal anti-inflammatory drug
(NSAID) treatment will have complex effects on the dis-
ease pathway. There may be multiple actions (coopera-
tive and antagonistic) of prostanoid receptor ligands on
immune cells. In vitro, PGE, shows strong immuno-
suppressive activity on T cells and acts with LPS or IL-4
on B cells to facilitate IgE class switching. A variety of
prostanoid receptors, including EP subtypes, the IP, and
the TP, are expressed in T cells of mice, and prostanoids
have been implicated in T cell development (9). Indeed,
the membrane receptor CRTH2, which is more closely
related to the N-formyl peptide receptor superfamily
than to the other prostanoid receptors, is preferentially
expressed in Th2 cells and has been shown to mediate
chemotactic responses to PGD (10). The potential
importance of prostanoids in the regulation of the
immune response is reviewed by Koller and colleagues
elsewhere in this Perspective series (11).

Bone resorption and formation. PGE; is known to have
bone-resorptive activity and to mediate bone resorption
induced by cytokines and LPS. There are three reports
using the knockout mice to address this issue. Sakuma
et al. (12) and Miyaura et al. (13) reported impaired
osteoclast formation in cells cultured from EP4-defi-
cient mice. Interestingly, not only PGE;-dependent but
also IL-1-dependent osteoclastogenesis are affected by
the EP4 mutation. On the other hand, Li et al. (14)
reported that the osteoclastogenic response to PGE,,
parathyroid hormone, and 1,25-dihydoxyvitamin D in
vitro is reduced significantly in culture of cells from
EP2-deficient mice. This apparent discrepancy is likely
to reflect redundant roles of the two relaxant PGE
receptor subtypes. Both Japanese groups found a small
but significant PGE,-dependent response in EP4-defi-
cient mice (12, 13), and Li et al. (14) reported a further
decrease in osteoclastogenesis when an EP4-selective
antagonist was added to culture of EP2-deficient cells.
Redundant roles for prostanoid receptors of the relax-
ant class are also seen in macrophages, where EP2, EP4,
and IP regulate production of cytokines in a similar
fashion (15). In addition to inducing bone resorption,
exogenous PGE, can also induce bone formation,
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although the receptor mediating this latter response has
not been identified. It also remains to be seen in what
physiological contexts the metabolic and/or anabolic
PGE; actions on bone are important.

Cancer and angiogenesis. There is now enough evidence
accumulating to suggest the involvement of both COX
isoforms in colon carcinogenesis, as outlined by Smith
and Langenbach in this series (16). However, whether
and how prostanoids are involved in this process is less
certain. Knockout mice deficient in each prostanoid
receptor provide a nice opportunity to test this issue.
Indeed, Watanabe et al. (17) treated several lines of the
knockout mice with a colon carcinogen, azoxymethane,
and found significant suppression of aberrant crypt
foci in EP1-deficient mice. Although they could repro-
duce their findings by administration of a selective EP1
antagonist to wild-type mice, the suppression was lim-
ited in both cases, suggesting the possible involvement
of other receptors and/or other mechanisms. Moreover,
aberrant crypt formation represents an initial step in
carcinogenesis, and many events precede the develop-
ment of colon cancer. It is very likely that prostanoids
are also involved in other steps and mechanisms, as
nicely described by Prescott in a recent issue of the JCI
(18). Candidates for other PG-involved steps have been
suggested by in vitro analysis and include the preven-
tion of apoptosis of transformed cells and the stimula-
tion of tumor-associated angiogenesis.

Cardiovascular effects of eicosanoids. The cardioprotective
effects of low doses of aspirin are attributed to its abil-
ity to inhibit cumulatively COX-1 in platelets, as out-
lined in the contribution from Patrono and colleagues
in this series (19). The principle vasoactive product of
COX-1in platelets is TxA,. There are two TP splice vari-
ants, but only the TPo isoform is expressed in mice.
Interestingly, mice deficient in the TPo exhibit a mild
bleeding tendency and resistance to platelet aggrega-
tion by TP agonists (20), consistent with the effects of
TP antagonists administered to humans and with the
observation that only the TPa isoform is translated in
human platelets (21). Both isoforms are detectably
expressed in endothelial and vascular smooth muscle
cells (22), and directed overexpression of the TP iso-
form in the vasculature results in placental ischemia
during pregnancy and a phenotype reminiscent of
intrauterine growth retardation. Tx biosynthesis
increases during pregnancy, a state of hemostatic acti-
vation, and suppression of Tx formation in the mice
rescues the phenotype (23). In addition to its vasocon-
strictor properties, TxA; is a potent mitogen of vascu-
lar smooth muscle cells. Thus, TP antagonism or TP
deletion decreases the vascular proliferative response to
catheter-induced injury in the mouse, and TP antago-
nism retards atherogenesis (24).

Several eicosanoids, including PGE; and PGI,, may
contribute to regulation of systemic blood pressure.
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Table 2
Inhibition constants (nM) of cloned prostanoid receptors for conventional PG analogs and newly developed compounds

Compounds DP EP1 EP2 EP3 EP4 FP IP TP
Conventional PG analogs
lloprost >70000 21 1600 22 2300 >10000 10 >10000
Carbacyclin >10000 >10000 1600 31 2300 1200 110 >10000
17-Phenyl-PGE, >70000 14 >10000 4 1000 60 >10000 >10000
Newly developed compounds
EP1 antagonists
ONO-8713 >10000 0.3 3000 1000 >10000 1400 10000 10000
EP agonists
ONO-AE1-259 >10000 >10000 3 >10000 >10000 >10000 >10000 >10000
ONO-AE-248 >70000 >10000 3700 8 4200 >10000 >10000 >10000
ONO-AE-329 >10000 >10000 2100 1200 10 >10000 >10000 >10000
DP agonist
L-644,698 0.9 >25400 267 3730 9280 >25400 >25400 >25400

28

However, differences in the expression of a hyperten-
sive phenotype in mice lacking the EP2 receptor (25,
26) have highlighted the importance of genetic back-
ground and gender in conditioning this response. Fur-
ther insights into the role of prostanoids in hemody-
namics, reproduction, and renal function afforded by
knockout mice are summarized in Table 1.

Clinical potential of

prostanoid receptor-selective drugs

Cloning of members of the prostanoid receptor family
has naturally facilitated reassessment of previously
developed receptor-active compounds, as well as the
development of new drugs. Using a panel of Chinese
hamster ovary cells stably expressing each cloned recep-
tor, Kiriyama et al. (27) examined the binding proper-
ties of a series of PGs and PG analogs used in pharma-
cological analysis. This analysis revealed that most of
these compounds exhibit no absolute selectivity. For
example, as shown in Table 2, two PGI, analogs, iloprost
and carbacyclin, indeed bind to IP with good affinities,
but they also bind to EP3 with similar or better affini-
ties, and iloprost binds EP1 as well. 17-phenyl-PGE;,
which is used as an EP1 agonist in many analyses, binds
to EP3 with a better affinity than that to EP1 and to FP
with a reasonable affinity. The considerable cross-reac-
tivity exhibited by these conventional PG analogs is
probably due to the fact that they have not been select-
ed for by specific binding assays, but were screened for
by bioassay on native tissues and cells that express more
than one type of prostanoid receptor. Indeed, Okada et
al. (28) recently compared the responses to PG analogs
on gastric fundus and ileum from mice deficient in indi-
vidual PG receptors. This study showed that contrac-
tion of these tissues in response to PGE, is mediated by
three receptors: EP1, EP3, and FP. Recently, a new gen-
eration of compounds has been reported, which have
been assessed on a complete set of cloned receptors

(Table 2). As shown, they are highly selective for each
receptor. Indeed, these compounds exert pharmacolog-
ical actions consistent with the phenotypes of mice defi-
cient in the corresponding receptor. These drug studies
confirm the involvement of EP1 in precancerous lesions
evoked by chemical carcinogens (17), the role of EP4 in
bone resorption (12, 13), the regulation of alkali secre-
tion by EP3, and the suppression of TNF-o. production
by EP2 and EP4 (15).

What, then, is the clinical potential of these selective
agonists and antagonists, specifically when compared
with selective inhibitors of COX-2 or with traditional
NSAIDs, such as aspirin? Aspirin inhibits both COX
isozymes but preferentially targets COX-1 when used
in low doses (16, 29). Low-dose aspirin is effective in the
prevention of myocardial infarction and stroke but can
still result in gastric toxicity (19). Indeed, when low-
dose aspirin is given to individuals who have not previ-
ously suffered an event, the number of strokes and
myocardial infarctions prevented is almost precisely
balanced by the number of major gastrointestinal
events caused by the drug. COX-2 inhibitors, such as
rofecoxib and celecoxib, theoretically bypass the conse-
quences of inhibiting COX-1-dependent prostanoids
relevant to homeostatic functions, such as hemostasis
and gastric cytoprotection. Indeed, at doses that exhib-
it similar efficacy in the treatment of arthritis, rofecox-
ib, the most selective compound currently approved for
clinical use, results in considerably less gastrotoxicity
than the isoform-nonspecific inhibitor naproxen.

However, although COX-2 is typically induced by
inflammartory stimuli, its products may also play a pro-
tective effect in some settings. Thus, COX-2 appears to
be the predominant source of PGI, formation by the
normal vasculature (30), perhaps due to induction of
endothelial expression by physiological rates of shear.
In addition to its role as a vasodilator and platelet
inhibitor, PGI; appears to be important in protecting
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cardiomyocytes from oxidant stress (31). Likewise,
COX-2 products appear to mediate the late phase of
cardiac preconditioning (32). Indeed, prostanoids
formed during inflammation are not exclusively proin-
flammatory (6). Both PGE; and PGI, downregulate the
production of TNF-o and upregulate that of IL-10
through EP2 and EP4 and IP receptors, (15), consistent
with speculation that the complex effects of inhibiting
multiple prostanoids simultaneously somehow under-
lie the phenomenon of aspirin-induced asthma.
Clearly, these observations raise the possibility that
compounds acting on specific receptors may offer
advantages over upstream inhibitors. In contrast to
deletion of COX-2 or, indeed, both COX isozymes, dele-
tion of prostanoid receptors, with the exception of EP4,
have not been associated with serious problems during
development or in the perinatal period, and the mature
animals appear normal under physiological conditions.
A combination of pharmacological and genetic
approaches may be needed to elucidate the different
effects of receptor antagonism or of COX inhibition.

Controversies regarding nuclear PG receptors
There is now considerable interest in the putative
nuclear actions of prostanoids (33). This interest stems
from several reports proposing that prostanoids work
as endogenous ligands for PPARs — 15-deoxy-A12,14-
PGJ, (a dehydration metabolite of PGD,) as a ligand of
PPARY, leukotriene B4 as a ligand for PPARq., and PGI,
analogs as ligands of PPARS. However, the physiologi-
cal role of prostanoids as PPAR activators has not been
critically examined, partly because many COX
inhibitors are themselves PPAR ligands and cannot be
used to test the involvement of prostanoids in PPAR
activation in vivo (34). The limitations to our current
understanding are illustrated by a detailed considera-
tion of PGJ; and its derivatives, including 15-deoxy-
A12,14-PGJ,. These compounds were first identified in
culture media containing PGD;, and later studies
revealed that dehydration was carried out by slow catal-
ysis of serum albumin in the culture medium.

It remains controversial whether PGJ, is actually
formed in vivo and, if so, to what extent. On the one
hand, there is evidence for detection of it or its metabo-
lites based on immunoassays in human urine and in
body fluids, such as inflammatory exudates (6). How-
ever, these assays have not been validated by physico-
chemical methods. Recently, there has been a prelimi-
nary report of detecting the PGJ; metabolite in human
urine (35). However, little information on the assay was
provided, and there remains a clear need to determine
whether biologically active quantities of PGs of the ]
series are actually formed in vivo. It has been suggested
that cyclopentenone PGs are so reactive that they
might largely elude detection in body fluids such as
plasma or urine. In any event, the quantities of exoge-
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nous PGJ; ligands shown to activate PPARs are usually
in the 5-10 micromolar range, whereas conventional
PGs, acting via membrane receptors, are active in the
nanomolar to femtomolar range, consistent with the
amounts of these compounds actually formed in vivo.
Thus, given that several polyunsaturated fatty acids can
ligate PPARs at concentrations actually found in cells,
we believe that the case for these dehydration products
to function as physiological mediators remains
unproven. Furthermore, these compounds are highly
reactive electrophiles, due to the presence of an a,f3-
unsaturated ketone, so they may crosslink to biomole-
cules, especially those with free SH residues. Calcula-
tions based on bound radioactivity suggest that more
than 10° proteins are modified, far exceeding the num-
ber of nuclear receptors (36). Thus, a broad range of
activities — antiproliferative, antiviral, and anti-inflam-
matory effects, for example — might be anticipated
when the synthetic compounds are applied in suffi-
cient concentrations in vitro. Whether these activities
occur in vivo remains a more controversial issue.

Less evidence supports a role for other eicosanoids as
nuclear ligands. For example, PGI; analogs can ligate
PPARSJ in vitro, PGI synthase and PPARS colocalize in
colonic tumors, and there is some evidence that liga-
tion of PPARS by PGI, is critical for implantation (37).
However, while IP-deficient mice do not exhibit a repro-
ductive defect (5), neither, reportedly, do mice lacking
PPARS (38). Clarity may be afforded on this issue by
comparing the phenotypes of mice lacking biosynthet-
ic enzymes (e.g., PGI synthase) with those of mice car-
rying mutations in the relevant cell-surface receptors.

Summary
The availability of receptor knockouts and the use of
expressed receptors to aid in the development of specific
agonists and antagonists provide powerful tools for
studying the biological importance of this group of
bioactive lipids. This approach will be refined as tissue-
specific inducible knockouts become available, and as
mice carrying targeted mutations on a pure genetic back-
ground become more widely used. The combination of
genetic approaches with the use of defined, specific phar-
macological probes is likely to be extremely powerful.

Examples of polymorphic variation in some
prostanoid receptors have already been reported (39),
and the relevance of these observations to disease sus-
ceptibility and interindividual variations in drug
response is likely to become increasingly clear. While
the role of prostanoids and associated compounds as
nuclear receptor ligands is a seductive possibility, con-
clusive evidence that such events actually occur at con-
centrations of the endogenous compounds attained in
vivo remains to be established.

Note: Due to space constraints, a number of impor-
tant references could not be included in this article.
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Interested readers can find a supplementary reading
list at [www.jci.org/cgi/content/full/108/01/25/DC1].
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