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Abstract

Biosynthesis of prostanoids is regulated by three sequential enzymatic steps, namely phospholipase A2, cyclooxygenase (COX), and
terminal prostanoid synthase. Recent evidence suggests that lineage-specific terminal prostanoid synthases, including prostaglandin (PG)
E2, PGD2, PGF2a, PGI2, and thromboxane synthases, show distinct functional coupling with upstream COX isozymes, COX-1 and
COX-2. This can account, at least in part, for segregated utilization of the two COX isozymes in distinct phases of PG-biosynthetic
responses. In terms of their localization and COX preference, terminal prostanoid synthases are classified into three categories: (i) the
perinuclear enzymes that prefer COX-2, (ii) the cytosolic enzyme that prefers COX-1, and (iii) the translocating enzyme that utilizes both
COXs depending on the stimulus. Additionally, altered supply of arachidonic acid by phospholipase A2s significantly affects the efficien-
cy of COX-terminal prostanoid synthase coupling. In this review, we summarize our recent understanding of the coupling profiles
between the two COXs and various terminal prostanoid synthases.
� 2005 Elsevier Inc. All rights reserved.
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Biosynthesis of prostanoids involves oxidation and sub-
sequent isomerization of membrane-derived arachidonic
acid (AA) via three sequential enzymatic reactions. The ini-
tial step of this metabolic pathway is the stimulus-induced
liberation of AA from membrane glycerophospholipids by
phospholipase A2 (PLA2) enzymes. The released AA is
sequentially metabolized to prostaglandin (PG) G2 and
then to PGH2 by either cyclooxygenase (COX)-1 or
COX-2. PGH2 is then converted to various bioactive PGs
(TXA2, PGD2, PGE2, PGF2a, and PGI2) by the respective
terminal prostanoid synthases, which have different struc-
tures and exhibit cell- and tissue-specific distributions.

It is now believed that segregated utilization of COX-1
and COX-2 occurs in the distinct PG-biosynthetic path-
ways, even when they co-exist in the same cell. Generally,
the constitutive COX-1 is mainly utilized in the immediate
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PG biosynthesis, which occurs within several minutes after
stimulation with Ca2+ mobilizers, whereas the inducible
COX-2 is an absolute requirement for delayed PG biosyn-
thesis, which lasts for several hours following various stim-
uli. Although the precise molecular mechanisms underlying
the functional segregation between the two COXs have still
remained obscure, subtle differences in their subcellular
location and enzymatic properties can account for this
event [1–6]. It has been shown that COX-1 is located in
the endoplasmic reticulum (ER) and perinuclear mem-
branes, whereas COX-2 resides predominantly in the peri-
nuclear envelope: this difference may influence the
availability of the substrate AA released by distinct PLA2

enzymes to each COX [1,2]. In addition, in vitro enzymatic
analyses have pointed that effective catalysis by COX-2 can
proceed at low hydroperoxide levels that are insufficient to
sustain catalysis by COX-1 [3,4]. It is therefore conceivable
that COX-2-mediated catalysis is preferred in particular
cellular situations where AA supply is limited [4,5]. As an
alternative possibility, it has been proposed that the two
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COX isozymes display distinct functional coupling with
individual terminal prostanoid synthases. This concept
was initially suggested for coupling between COXs and
PGE synthase (PGES) enzymes [6,7], and subsequently be-
tween COXs and other terminal prostanoid synthases [8].
In this article, we focus on the properties and regulatory
functions of PGES and other terminal prostanoid syn-
thases in the context of COX coupling, which have been
further supported by several in vivo studies using COX iso-
zyme-selective inhibitors and gene-manipulated mice.

Coupling between COXs and PGESs

Preferred utilization of COX-2 over COX-1 in the
PGE2-biosynthetic pathway was initially reported in rat
peritoneal macrophages, which produced thromboxane
(TX) A2 and PGD2 through COX-1 in the A23187-induced
immediate response, and PGE2 and PGI2 through COX-2
in the lipopolysaccharide (LPS)-induced delayed response
[9,10]. PGE2 production by osteoblasts occurred predomi-
nantly through COX-2, irrespective of the co-presence of
COX-1 [11,12]. In a rat inflammatory model, COX-2-selec-
tive inhibitors reduced the accumulation of PGE2 but not
of other PGs [13]. These observations predicted the pres-
ence of a particular terminal PGES that is coupled with
COX-2 in marked preference to COX-1.

Until now, three proteins that catalyze the conversion of
PGH2 to PGE2 rather specifically have been identified;
namely membrane-bound PGES (mPGES)-1 [7,14],
mPGES-2 [15], and cytosolic PGES (cPGES) [6]. It is
now apparent that, of these three enzymes, mPGES-1 rep-
resents a long sought, COX-2-preferential PGES. mPGES-
1 is a glutathione (GSH)-requiring perinuclear protein
belonging to the MAPEG (for membrane-associated pro-
teins involved in eicosanoid and GSH metabolism) family
[7,14]. As in the case of COX-2, expression of mPGES-1
is induced by proinflammatory stimuli and is down-regu-
lated by anti-inflammatory glucocorticoid. Induction of
mPGES-1 expression has also been observed in various sys-
tems in which COX-2-derived PGE2 has been implicated to
play a critical role, such as inflammation, fever, pain, fe-
male reproduction, tissue repair, and cancer [16]. Stimu-
lus-inducible expression of mPGES-1 is in part regulated
by the mitogen-activated protein kinase pathways [17],
where the kinases may switch on the inducible transcrip-
tion factor Egr-1 that in turn binds to the proximal GC
box in the mPGES-1 promoter, leading to mPGES-1 tran-
scription [18]. Importantly, studies employing cotransfec-
tion of mPGES-1 and either COX isozyme, as well as
those with small interfering RNA or antisense technology
to knock down mPGES-1, have revealed that mPGES-1
is functionally coupled with COX-2 in marked preference
to COX-1 [7,19]. Colocalization of COX-2 and mPGES-1
in the same perinuclear membrane may allow their efficient
functional coupling. Nonetheless, COX-1-mPGES-1 cou-
pling can also occur if AA is abundantly supplied by explo-
sive activation of cytosolic PLA2a (cPLA2a) [7].
Crucial involvement of mPGES-1 in various pathologi-
cal events has been clarified by studies using mPGES-1
knockout mice [19–23]. mPGES-1 accounted for the major-
ity of inducible PGES activity in various tissues of LPS-
treated mice [19,22], and peritoneal macrophages isolated
from mPGES-1-null mice produced minimal PGE2 in re-
sponse to LPS [19,20]. Two studies have provided unequiv-
ocal evidence for the involvement of mPGES-1 in synovial
inflammation. In the collagen-induced arthritis (CIA) mod-
el, mPGES-1-deficient mice developed no or little arthritis
[21]. Similar CIA phenotypes have been observed in mice
lacking cPLA2a [24], COX-2 [25] or the PGE receptor
EP4 [26], thus revealing a metabolic flow of the cPLA2/
COX-2/mPGES-1/EP4 pathway leading to the develop-
ment of inflammatory arthritis. The results seen in the
CIA model might be influenced in part by inadequate prox-
imal lymphocyte-mediated responses, since the anti-colla-
gen antibody formation in COX-2-deficient mice revealed
a remarkable decrease in this humoral response [25] and
since COX-2-deficient mice exhibited altered helper T cell
development, a process reversed by PGE2 [27]. In another
study using the collagen antibody-induced arthritis (CAIA)
model, in which the influence of lymphocyte-mediated
humoral responses was postulated to be minimal, the
severity of synovial inflammation, including bone
destruction and juxta-articular bone loss, was mild in
mPGES-1-deficient mice as compared with replicate wild-
type mice, although the incidence of the inflammation
was unaffected [19].

Antigen-induced paw edema was markedly reduced in
mPGES-1-deficient mice as compared with replicate wild-
type mice [21]. This deficit in edema was accompanied by
a marked reduction in the number of white blood cells infil-
trating the injection site. Likewise, migration of macro-
phages following peritoneal injection of thioglycollate
was strikingly reduced in mPGES-1-null mice relative to
replicate wild-type mice (Fig. 1A). This event may be asso-
ciated with reduced expression of the chemokine receptors
CCR2 and CCR3 on macrophages (Fig. 1B). Formation of
inflammatory granulation tissue and attendant angiogene-
sis in the dorsum induced by subcutaneous implantation
of a cotton thread was significantly reduced in mPGES-1
knockout mice as compared with wild-type mice [19]. The
main cell type expressing mPGES-1 in the granulation tis-
sues of wild-type mice was ascribed to macrophages. In
mPGES-1 knockout mice, infiltration of macrophages
into the granulation tissue was again mitigated, which
was accompanied by a concomitant reduction in the
expression of the monocyte/macrophage-directed chemo-
kines. mPGES-1 deficiency was also associated with re-
duced induction of vascular endothelial cell growth factor
(VEGF) in the granulation tissue. Thus, mPGES-1-derived
PGE2, in cooperation with VEGF, may play a critical role
in the development of inflammatory granulation and
angiogenesis.

As assessed by the acetic acid writhing test, pain noci-
ception was significantly reduced in mPGES-1-deficient
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Fig. 1. mPGES-1 is involved in the migration of macrophages into the
inflamed site. (A) Numbers of macrophages recovered from the peritoneal
cavities of thioglycollate-treated (Day 4) or -nontreated (Day 0) wild-type
(WT) and knockout (KO) mice. Values are means ± SE of six independent
experiments. Although the numbers of resident macrophages (Day 0) were
comparable between WT and KO mice, increase in macrophages after
thioglycollate treatment, an event that was evident in WT mice, did not
occur appreciably in mPGES-1 KO mice. (B) Thioglycollate-elicited
macrophages from WT and KO mice were subjected to RT-PCR analysis
to assess the expression of several chemokine receptors. The expression of
the receptors for two macrophage-directed chemokines, CCR2 and CCR3,
was reduced in macrophages from KO mice relative to those from WT
mice. The expression of another chemokine receptor, CXCR4, was similar
between WT and KO mice. GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) was used as a control for equal sample loading into each lane.
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mice relative to wild-type mice [19,21]. This phenotype was
particularly evident when these mice were primed with
LPS, where the stretching behavior and the peritoneal
PGE2 level of knockout mice were far less than those of
wild-type mice [19], being consistent with elevated expres-
sion of COX-2 and mPGES-1 in response to LPS. The bas-
al (i.e., LPS-nonprimed) writhing response was also
partially reduced in mPGES-1-null mice [19,21], where
COX-1-mPGES-1 coupling takes place.

Genetic inactivation of COX-2, but not COX-1, resulted
in reduction of PGE2 levels in the central nervous system
(CNS), in association with impaired LPS-induced febrile
response [28]. Likewise, mPGES-1 knockout mice showed
no fever and no central PGE2 synthesis after peripheral
injection of LPS [23]. Treatment of rats with LPS led to
an increase in the expression of mPGES-1 in blood vessels,
especially in veins and venules, in the whole brain [29].
Thus, cerebral vascular endothelial cells express compo-
nents enabling blood-borne cytokines to stimulate the syn-
thesis of PGE2, whose small size and lipophilic property
allow it to pass across the blood–brain barrier and to dif-
fuse into the CNS neurons, thereby evoking the febrile
response.

COX-2 plays a critical role in the development of colo-
rectal cancer and likely other types of cancer. Pharmaco-
logical or genetic inactivation of COX-2 led to
suppression of cell growth and survival as well as reduction
of tumor size, invasion, and metastasis [30,31]. Disruption
of cPLA2a [32] or the PGE receptor EP2 [33] also resulted
in a reduced incidence of gastrointestinal polyps, providing
strong evidence for a link between PGE2 signaling and
oncogenesis. Tumorigenic potential of mPGES-1 has been
suggested by the observations that transfection of mPGES-
1 in combination with COX-2, but not with COX-1, into
HEK293 cells led to cellular transformation with a con-
comitant increase in PGE2 [7], that the COX-2/mPGES-
1-cotransfected cells formed a number of large colonies in
soft agar culture and were tumorigenic when implanted
into nude mice [34], and that transgenic mice overexpress-
ing both COX-2 and mPGES-1 developed metaplasia,
hyperplasia, and tumorous growth in the glandular stom-
ach with heavy macrophage infiltration [35]. Moreover, tu-
mor development, metastasis, and associated angiogenesis
following implantation of lung carcinoma cells were signif-
icantly reduced in mPGES-1-null mice as compared with
those in wild-type mice (D. Kamei et al., unpublished
observation).

It can be thus concluded that mPGES-1 is involved in
various types of pathology including inflammation, pain
hyperalgesia, fever, and cancer. On the other hand, the
absence of gross abnormalities in ductus arteriosus clo-
sure immediately after birth, which is markedly impaired
in COX-1/COX-2-double [36] and EP4 [37] knockout
mice, and in female reproduction, where EP2 is involved
in the ovulation step [38], implies the compensatory par-
ticipation of other PGESs in these physiological events.
These facts, together with its inducible property during
inflammation and other pathogenesis, agree well with
the proposal that mPGES-1 represents a target for the
treatment of various inflammatory diseases that will spare
important physiological systems in which other PGs are
involved.

The second membrane-associated form of PGES,
mPGES-2, has a catalytic glutaredoxin/thioredoxin-like do-
main and is activated by various thiol reagents [15]. This en-
zyme is synthesized as a Golgi membrane-associated
protein, and the proteolytic removal of the N-terminal
hydrophobic domain leads to the formation of a mature
cytosolic enzyme [15,39]. Cotransfection of mPGES-2 with
either COX isozyme demonstrated that mPGES-2 could be
coupled with both COX-1 and COX-2 [39]. Expression of
mPGES-2 is rather constitutive in various cells and tissues,
and is not elevated appreciably during inflammation or tis-
sue damage. However, a considerable increase of mPGES-
2 expression is observed in human colorectal cancer, in
which mPGES-1 is also overexpressed [39]. Furthermore,
we recently found that LPS stimulation of mouse bone mar-
row stromal cells resulted in marked elevation of mPGES-2
expression (Fig. 2A). Since stromal cells frommPGES-1-de-
ficient mice produced small but substantial amounts of
PGE2 in response to LPS (Fig. 2B), inducible mPGES-2
may contribute partly to the delayed PGE2-synthetic re-
sponse in this case.



Fig. 2. PGE2-biosynthetic response in mouse bone marrow stromal cells. Bone marrow cells from wild-type (+/+) and mPGES-1 knockout (�/�) mice
were cultured for 2 weeks with IL-3, and adherent cells were used as stromal cells. These cells were then treated for 12 or 24 h with the indicated
combinations of cytokines and LPS. The cells were harvested and subjected to Western blotting with antibodies for various enzymes in the PGE2-
biosynthetic pathway (A), and the culture supernatants were taken for PGE2 enzyme immunoassay (B). Of the enzymes tested, the expressions of COX-2,
mPGES-1 (absent in �/�), and mPGES-2 were markedly induced in stromal cells following LPS stimulation, whereas those of cPLA2a, COX-1, and
cPGES were unchanged under all conditions (A). PGE2 was markedly elevated in +/+ stromal cells after 12–24 h of LPS stimulation, whereas PGE2

generation was reduced by �80% in �/� stromal cells relative to that in +/+ stromal cells (B). These results suggest that the majority of LPS-stimulated
PGE2 production is attributable to the COX-2-mPGES-1 pathway in +/+ stromal cells and that substantial PGE2 production observed in �/� stromal
cells occurs through the mPGES-1-independent, likely through the inducible mPGES-2-dependent, pathway.
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Cytosolic PGES (cPGES) is a GSH-requiring enzyme
constitutively expressed in a wide variety of cells and is
identical to p23, a co-chaperone of heat shock protein 90
(Hsp90) [6]. Cotransfection and antisense experiments indi-
cated that cPGES is capable of converting COX-1-, but not
COX-2-, derived PGH2 to PGE2 in cells, particularly dur-
ing the immediate PGE2-biosynthetic response elicited by
Ca2+-evoked stimuli [6]. Localization of cPGES in the
cytosol may allow coupling with proximal COX-1 in the
ER in preference to distal COX-2 in the perinuclear enve-
lope. Although the expression of cPGES is constitutive
and is unaffected by proinflammatory stimuli in most cases,
some exceptions have been reported. Administration of
IL-1 into the mouse cortex via intraparenchymal microin-
jection led to an increase in PGE2, which was accompanied
by elevated expression of cPGES as well as those of COX-2
and mPGES-1 with different kinetics [40]. In pregnant fe-
male mice, cPGES was strongly detected in the stroma
underlying the luminal epithelium surrounding the
implanting blastocyst at the implantation site and in decid-
ualized cells under artificial decidualization [41].

cPGES is directly associated with and phosphorylated
by casein kinase 2 (CK2), resulting in marked reduction
of Km for the substrate PGH2 [42]. In activated cells,
CK2-directed phosphorylation of cPGES occurs in parallel
with increased cPGES enzymatic activity and PGE2 pro-
duction, and these processes are facilitated by interaction
with Hsp90 [42]. cPGES, CK2, and Hsp90 form a stoichi-
ometric complex of 1:1:1 immediately after cell activation.
In this context, Hsp90 may act as an essential scaffold pro-
tein that brings cPGES and CK2 in proximity, thereby spa-
tially allowing their efficient functional interaction under
physiological condition. Pharmacologic inhibition of CK2
or Hsp90 or mutation of two CK2-directed phosphoryla-
tion sites on cPGES results in poor activation of cPGES,
indicating that the tertiary complex formation and atten-
dant phosphorylation are essential for cPGES to act in
cells. These observations provide the first evidence that
the cellular function of the eicosanoid-biosynthetic enzyme
is under the control of a molecular chaperone and its client
protein kinase.

Coupling between COXs and other terminal prostanoid

synthases

Conversion of PGH2 to TXA2 is catalyzed by TX syn-
thase (TXS), which belongs to the cytochrome P-450 family
[43]. This enzyme is localized in the ER and perinuclear
membranes. Beneficial effect of low dose aspirin on the inci-
dence of cardiovascular diseases is due to suppression of
the synthesis of prothrombotic TXA2 by platelets, in which
COX-1/TXS coupling occurs because COX-1 is the domi-
nant COX isozyme in this cell type [44]. Macrophages pro-
duce TXA2 via constitutive COX-1 after Ca2+ ionophore
stimulation and via inducible COX-2 after LPS stimulation
[9], indicating that TXS can be functionally linked with
both COX enzymes. Cotransfection experiments using
HEK293 cells revealed that TXS is coupled with COX-2
in preference to COX-1, yet high state of cPLA2a activa-
tion (i.e., supply of high concentration of AA) allows
TXS to be coupled with COX-1 [8]. These observations
suggest that TXA2 generation profoundly depends on the
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substrate availability and that COX-1-dependent produc-
tion of TXA2 can occur in cells intrinsically expressing a
high level of cPLA2a under physiological conditions, exem-
plified by events occurring in platelets [44] and macro-
phages [9]. Overall, the COX-2 selectivity of TXS is
similar to that of mPGES-1.

Conversion of PGH2 to PGI2 is catalyzed by PGI syn-
thase (PGIS), which also belongs to the cytochrome
P-450 family [45]. The observations that PGI2 was prefer-
entially produced via COX-2 in macrophages [10] and
endothelial cells [46] and that serum PGI2 level was blunted
after in vivo administration of COX-2-selective inhibitors
[47] suggest that PGIS is coupled with COX-2 rather strict-
ly. In agreement with this standpoint, cotransfection of
PGIS with either COX isozyme into HEK293 cells revealed
more strict COX-2 preference of PGIS than that of TXS
[8]. This could be explained in part by restricted localiza-
tion of PGIS in the perinuclear membrane, where COX-2
is located [8]. This view is further supported by recent clin-
ical trials warranting that successive application of COX-2-
selective inhibitors may increase the risk of cardiovascular
diseases, most likely because they abrogate the synthesis of
anti-thrombotic PGI2 by endothelial cells without affecting
the synthesis of prothrombotic TXA2 by platelets [48].

PGD synthase (PGDS), which isomerizes PGH2 to
PGD2, occurs in two distinct forms: lipocalin-type PGDS
(L-PGDS), a secreted enzyme known as b-trace that is abun-
dantly present in the central nervous system [49], and hema-
topoietic PGDS (H-PGDS), which represents the r class of
the cytosolic GST family [50]. Although coupling between
COXs and L-PGDS has remained unclear, H-PGDS has
been shown to exhibit unique COX coupling profiles among
various tPGSs. Preferred utilization of COX-1 by H-PGDS
is manifested by the observations that A23187 stimulation
of macrophages resulted in the production of PGD2 in pref-
erence to those of PGE2 and PGI2 [9] and that IgE/antigen-
dependent immediate production of PGD2 by mast cells
entirely depended on COX-1 [51]. Additionally, H-PGDS
also produced PGD2 via COX-2 in mast cells during the
cytokine-stimulated delayed response [52], revealing dual
COX selectivity of H-PGDS in the same cell following dis-
tinct stimuli. Consistently, reconstitution experiments in
HEK293 cells confirmed that H-PGDS preferentially utiliz-
es COX-1 in the immediate response and COX-2 in the de-
layed response [8]. This unique, bidirectional COX coupling
of H-PGDS in different phases of cell activation may rely on
altered subcellular distribution of this enzyme following dis-
tinct stimuli. H-PGDS translocates from the cytosol to the
perinuclear area outside the nuclear envelope (a part of
the ER) during the immediate response, thereby being colo-
calized with ER-associated COX-1, whereas it moves to the
perinuclear envelope, where COX-2 resides, during the de-
layed response [8]. Thus, spatiotemporal compartmentaliza-
tion of COXs and H-PGDS may crucially influence their
functional coupling to occur properly.

PGF2a is synthesized from PGH2 by PGF synthase
(PGFS; PGH 9,11-endoperoxide reductase) and from
PGE2 by PGE 11-ketoreductase, which belongs to the
aldo-keto reductase (AKR) family [53]. Two PGFS en-
zymes (PGFS-I and -II), purified and cloned from lung
(lung-type) [54] and liver (liver-type) [55], respectively, are
highly homologous, NADPH-requiring proteins. These en-
zymes also display more potent PGD 11-ketoreductase
activity to produce 9a,11b-PGF2 and are also capable of
reducing various xenobiotic carbonyl compounds [53]. In
a COX/PGFS-I coexpression study, PGFS-I failed to be
coupled with both COX isoforms, even though a modest
increase in PGF2a production was observed if rather high
concentrations of exogenous AA were supplied to the cells
[56]. Thus, it remains uncertain whether PGFS-I or -II in-
deed acts as a PGF2a-synthesizing enzyme in physiological
circumstances. Recently, it has been shown that 20a-hy-
droxysteroid dehydrogenase (another member of the
AKR family), rather than other AKR enzymes including
PGFS-I and -II, may be responsible for PGF2a production
in the endometrium at the time of luteolysis [57]. In addi-
tion, the presence of a stimulus-inducible, GSH-dependent,
membrane-associated form of PGFS, which prefers COX-2
to COX-1, has been suggested [58], although the molecular
identity of this enzyme is unknown.
Concluding remarks

This review summarizes the nature of the regulatory
mechanisms of functional coupling between COXs and ter-
minal prostanoid synthases. The amounts of AA released
by PLA2 enzymes and the subcellular localization of COXs
and terminal prostanoid synthases significantly affect the
coupling efficiency between the enzymes in the biosynthetic
pathway. In terms of their localization and COX preference,
terminal prostanoid synthases are classified into three cate-
gories: (i) the perinuclear enzymes that prefer COX-2
(mPGES-1, TXS, and PGIS), (ii) the cytosolic enzyme that
prefers COX-1 (cPGES), and (iii) the translocating enzyme
that utilizes both COXs depending on the stimulus (H-
PGDS). In addition, the kinetic parameters of each terminal
prostanoid synthase may also represent a crucial determi-
nant of the ratio of PGs produced [8]. Since each tPGS has
different Km and Vmax values for PGH2, the ratios of the ter-
minal products can vary according to the amounts of PGH2

produced as a result of PLA2/COX coupling at the moment
when PG generation takes place. Moreover, the COX-1 ver-
sus COX-2 pathways can also be differently affected by other
cellular factors, such as nitric oxide [59,60]. Whether other
cofactor(s) that might facilitate selective linkage between
each COX and terminal prostanoid synthase under particu-
lar conditions exist in cells remains to be elucidated.
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