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Summary

Objective: Basic calcium phosphate (BCP) crystals have been implicated in the pathogenesis of osteoarthritis (OA), in part because of their
ability to upregulate cyclooxygenase and prostaglandin E2 (PGE2) production. The aim of this work was to investigate the expression of ter-
minal PGE2 synthases and PGE2 receptors (EP) in BCP crystal-stimulated fibroblasts.

Methods: Cultured fibroblasts were stimulated with BCP crystals in vitro. mRNA expression was measured by real-time polymerase chain
reaction, and protein production by western blotting.

Results: Basal expression of microsomal prostaglandin E2 synthase 1 (mPGES1) in osteoarthritic synovial fibroblasts (OASF) was found to be
30-fold higher than in human foreskin fibroblasts (HFF). BCP crystals increased mPGES1 expression fourfold in HFF, but not in OASF. EP4
expression was downregulated twofold by BCP crystals in OASF, but not in HFF. Exogenous PGE2 also downregulated EP4 expression; this
effect was blocked by co-administration of L-161,982, a selective EP4 antagonist. While administration of exogenous PGE2 significantly up-
regulated mPGES1 expression in OASF, mPGES1 expression was threefold higher in the OASF treated with BCP crystals and PGE2 as com-
pared with OASF treated with PGE2 alone.

Conclusions: The differing effects of BCP crystals on mPGES1 expression in HFF and OASF may be explained by BCP crystal-induced EP4
downregulation in OASF, likely mediated via PGE2. These data underline the complexity of the pathways regulating PGE2 synthesis and sug-
gest the existence of a compensatory mechanism whereby mPGES1 expression can be diminished, potentially reducing the stimulus for fur-
ther PGE2 production.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Key words: Basic calcium phosphate crystals, osteoarthritis, prostaglandin E2, microsomal prostaglandin E2 synthase 1, EP receptors,
synovium.
Introduction

Prostaglandin E2 (PGE2) has been implicated in the patho-
genesis of osteoarthritis (OA) and inhibition of PG synthesis
via inhibition of cyclooxygenase (COX) by non-steroidal
anti-inflammatory drugs (NSAIDs) is a cornerstone of phar-
macologic therapy of OA. Prostaglandin E2 synthases
(PGES) catalyse the terminal step in synthesis of PGE2. Mi-
crosomal PGE synthase 1 (mPGES1) was first described in
19991. Although mPGES1 is constitutively expressed in
certain cell types2e4, it is considered analogous to COX-2
in that it is generally expressed at low levels at baseline
and upregulated in response to pro-inflammatory stimuli.
Co-ordinate upregulation of mPGES1 and COX-2
*Address correspondence and reprint requests to: E. S. Molloy,
Department of Rheumatic and Immunologic Diseases, Desk A50,
Cleveland Clinic, Cleveland, OH 44195, USA. Tel: 1-216-444-
0646; Fax: 1-216-445-7569; E-mail: eamonn.molloy@ireland.com

Received 4 April 2008; revision accepted 30 September 2008.

686
expression and resultant PGE2 production has been re-
ported in many cell types following treatment with pro-in-
flammatory stimuli1,5e11. mPGES2, a second form of
membrane-associated PGES with a distinct structure from
mPGES112, is expressed constitutively in a number of tis-
sues, in particular those in which mPGES1 expression is
relatively low. mPGES2 may couple with either COX-1 or
COX-213. Cytosolic PGES (cPGES) is expressed ubiqui-
tously and constitutively within the cytosol, and it is consid-
ered to preferentially convert COX-1-derived PGH2 to
PGE2

14. However, recent data in a mouse model have
cast uncertainty on the role of cPGES in PGE2 biosynthesis
in vivo15. While cPGES and mPGES2 are generally consti-
tutively expressed, in a rat adjuvant-induced arthritis model
mPGES2 was downregulated 2e3-fold and cPGES upregu-
lated 2e6-fold16.

A number of studies suggest a role for mPGES1 in arthri-
tis. The features of collagen-induced arthritis (CIA), includ-
ing synovitis, cartilage damage and bone erosion, are
attenuated in mPGES1 knockout mice17,18. Stichtenoth
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Table I
Real-time PCR primer sequences for PGE2 synthases and

receptors
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et al. showed that mPGES1, concordant with COX-2, was
upregulated by pro-inflammatory cytokines and downregu-
lated by dexamethasone in primary rheumatoid synovio-
cytes11. Westman et al. observed strong mPGES1
immunostaining in rheumatoid arthritis (RA) synovium19.
Kojima et al. showed that interleukin 1 beta (IL1b)-stimu-
lated mPGES1 expression in RA synoviocytes was downre-
gulated by NSAIDs20. This was reversed by addition of
exogenous PGE2, the administration of PGE2 receptor
(EP receptor) agonists or forskolin, a direct activator of ad-
enylate cyclase. Upregulation of mPGES1 by pro-inflamma-
tory cytokines such as IL1b in OA cartilage and OA
chondrocytes7,9,21 and synovial fibroblasts5,22 has also
been demonstrated.

There are four main PGE2 receptors, referred to as EP
receptors (EP1, EP2, EP3, and EP4). The EP2 and EP4 re-
ceptors are the predominant EP receptors expressed in hu-
man RA synoviocytes20; binding to either of these receptors
leads to activation of adenylate cyclase and resultant cyclic
adenosine monophosphate (cAMP) accumulation23. McCoy
et al. characterised the disease severity of CIA in EP recep-
tor knockout mice, and found that features of CIA were
ameliorated only in the EP4�/� mice24. Other relevant ef-
fects of PGE2- mediated via EP2 and/or EP4 receptors in-
clude modulation of bone turnover and of inflammatory
cytokine and chemokine production25e27. However, the pre-
cise effects of specific prostaglandin receptors in OA syno-
vium are unclear.

Basic calcium phosphate (BCP) crystals are predomi-
nantly composed of partially carbonate-substituted hydroxy-
apatite, and have been implicated in the pathogenesis of
OA. In vitro properties of BCP crystals that may contribute
to OA pathogenesis include the induction of mitogenesis,
stimulation of matrix metalloproteinase secretion, increased
nitric oxide production and upregulation of tumour necrosis
factor alpha (TNFa) and IL1b28. BCP crystals also cause an
increase in PGE2 production29e31, mediated by upregula-
tion of COX-1 and COX-232. Expression of mPGES1 in re-
sponse to BCP crystal stimulation has not previously been
studied. However, it has been reported that BCP crystals in-
duce early growth response 1 (Egr-1)33, the key transcrip-
tion factor in mPGES1 expression34. Furthermore, as
COX-2 and mPGES1 are co-ordinately induced under
most conditions studied to date and BCP crystals induced
COX-2 expression in human foreskin fibroblasts (HFF)32

and OA synovial fibroblasts (OASF)35, we hypothesized
that mPGES1 is also upregulated by BCP crystals. This
study aimed to examine the expression of PGES and EP re-
ceptors in OASF and to ascertain if this expression is influ-
enced by BCP crystal stimulation.
Gene of
interest

Primer sequence (50 / 30)
Methods

mPGES1 Forward CCT AAC CCT TTT GTC GCC TG

Reverse CAG GTA GGC CAC GGT GTG T
BCP CRYSTAL PREPARATION
mPGES2 Forward GGA GAA AGC TCG CAA CAA CTA AAT
Reverse AGC CTT CAT GGC TGG GTA GTA G

cPGES Forward AGC ATA AAA GAA CGG ACA GAT CAA
Reverse CGA CAC TAA GCC AAT TAA GCT TTG

EP1 Forward ATG GTG GGC CAG CTT GTC
Reverse GCC ACC AAC ACC AGC ATT G

EP2 Forward TGC CTT TCA CGA TTT TTG CA
Reverse TTA ATT GAT AAA AAC CTA AGA

GCT TGG A
BCP crystals were synthesised by alkaline hydrolysis of brushite, as previ-
ously described36. Mineral prepared by this method has a calcium/phosphate
molar ratio of 1.59 and contains partially carbonate-substituted hydroxyapatite
mixed with octacalcium phosphate as determined by Fourier transform infra-
red spectroscopy. The crystals were weighed into vials and rendered pyrogen-
free by heating at 200�C for 90 min. The sterile crystals were resuspended by
brief sonication in DMEM prior to use. For all experiments, cells were treated
with BCP crystals at a concentration of 18 mg/cm2, consistent with the concen-
trations of BCP crystals found in OA synovial fluids.
EP3 Forward TCT CCG CTC CTG ATA ATG ATG TT
Reverse TCT GCT TCT CCG TGT GTG TCT T
CELL CULTURE
EP4 Forward CGA CCT TCT ACA CGC TGG TAT G
Reverse CCG GGC TCA CCA ACA AAG T
Synovial tissue was obtained from four primary OA patients undergoing

joint replacement surgery. Informed consent was obtained from all patients.
Ethical approval was granted by the National Orthopaedic Hospital Ethics
Committee. The synovial tissue was minced and enzymatically digested by
1.5 mg/ml collagenase in DMEM for 90 min at 37�C. Then 0.5% trypsin in
DMEM was added for a further 30 m incubation. Cells were centrifuged at
1000 g for 5 min and washed with phosphate-buffered saline/DMEM four
times. Cells were resuspended, grown and maintained in DMEM containing
10% FBS, 1% penicillin/streptomycin/fungizone and 1% sodium pyruvate, in
a humidified incubator at 37�C with 5% carbon dioxide/95% air. All cultures
used were fifth or earlier passage cells. All experiments were repeated on at
least three different samples.
RNA EXTRACTION, REVERSE TRANSCRIPTION AND

REAL-TIME POLYMERASE CHAIN REACTION (PCR)
RNA was isolated and reverse transcribed as previously described32.
Real-time RT-PCR was carried out using an ABI 7500 Sequence Detector
(Applied Biosystems, UK). Using 18S ribosomal RNA (18S) as an internal
control, relative quantitation of the amount of target copy in unknown sam-
ples is accomplished using the standard curve method. SYBR Green chem-
istry was employed and primers were used at final concentration of 300 nM.
Primer sequences for PGES and EP receptors are given in Table I. 18S
primers and probe mix and universal master mix were purchased from Ap-
plied Biosystems and used as per the manufacturer’s instructions.
PROSTANOID AGONISTS AND ANTAGONISTS
L-161982 is a selective EP4 receptor antagonist. CAY10399, is a selective
EP2 receptor agonist that is 25 times more potent than butaprost. Forskolin
is a direct activator of adenylate cyclase, resulting in an increase in intracel-
lular cAMP. These compounds were used at concentrations of 1 mM, 10 mM
and 30 mM respectively. PGE2 was used at concentrations of 0.1 mM unless
otherwise specified. Aspirin, SC-236 (a COX-2 selective inhibitor) and SC-
560 (a COX-1 selective inhibitor) were used at concentrations of 200 mM,
1 mM and 1 mM respectively. Ethanol (0.1%) was used as vehicle control.

Choice of concentrations and timing of administration of inhibitors was in-
formed by prior experiments, cytotoxicity assays, the available literature and
the manufacturers’ instructions.
WESTERN BLOTTING
Samples containing equal protein concentrations were electrophoresed
on 15% sodium dodecyl sulfate (SDS) polyacrylamide gels and proteins
were transferred to nitrocellulose membranes over 2 h. Membranes were
blocked in 3% bovine serum albumin. The membranes were then incubated
for 3 h with 1:500 dilution of mouse monoclonal anti-human mPGES1 pri-
mary antibody (SPI-Bio, France). Secondary peroxidase-conjugated anti-
mouse immunoglobulin was used at a dilution of 1/10,000. Immunoreactive
bands were detected using enhanced chemiluminescence reagents en-
hanced chemiluminescence (ECL)-plus (Amersham, UK).
STATISTICAL ANALYSIS
To simplify the graphical presentation of the data, all quantitative data are
expressed as mean fold change � the standard error of the mean (S.E.M.)
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relative to the corresponding untreated control value. Where applicable, the
t-test was employed for statistical analysis. P values less than 0.05 were
considered significant.
Results
BCP CRYSTALS UPREGULATE mPGES1 IN HFF BUT NOT IN

OASF
mPGES1 mRNA expression in OASF was measured by
real-time PCR. Incubation of OASF with BCP crystals for
various times (1e32 h) did not significantly influence
mPGES1 mRNA expression in OASF [Fig. 1(A)]. In addi-
tion, stimulation with phorbol myristate acetate (PMA), pre-
viously reported to upregulate mPGES1 mRNA
expression37,38, did not augment mPGES1 mRNA expres-
sion in OASF [Fig. 1(A)]. In contrast, in HFF, a significant
threefold and fourfold induction of mPGES1 mRNA expres-
sion was evident at 4 and 7 h following BCP crystal stimu-
lation, respectively [Fig. 1(B)].
mPGES1 IS OVER-EXPRESSED IN OASF AS COMPARED

TO HFF
Fig. 2. (A) Comparison of mPGES1 mRNA expression between
HFF and OASF. Untreated HFF (HFF U), BCP crystal-treated
HFF (HFF B) and untreated OASF (OASF U) were incubated for
7 h. mPGES1 mRNA expression was measured by real-time
PCR. Results are expressed as mPGES1 mRNA expression nor-
malised to 18S levels, then expressed as fold change over the
values for the untreated HFF. Therefore, the untreated HFF as-
sumes a value of 1 (mean� S.E.M., n¼ 3, *P< 0.05, **P< 0.01 vs
mPGES1 mRNA expression was compared in HFF and
OASF by real-time PCR [Fig. 2(A)]. Basal mPGES1 expres-
sion in untreated OASF was 30-fold higher than in untreated
HFF. Even at 7 h post-stimulation with BCP crystals, the
timepoint of maximum induction of mPGES1 in HFF by
BCP crystals, mPGES1 expression is approximately 10-
fold lower than in untreated OASF.
Fig. 1. mPGES1 mRNA expression in HFF but not OASF is aug-
mented by treatment with BCP crystals. (A) OASF were treated
with BCP crystals (BCP 1 h-BCP 32 h) or left untreated for
1e32 h, or stimulated with PMA. (B) HFF were treated with BCP
crystals or left untreated for 4 (BCP 4 h) or 7 h (BCP 7 h). mPGES1
mRNA expression was measured by real-time PCR, normalised to
18S values and expressed as fold change in the treated cells over
untreated control incubated for the same period of time. Therefore,
the values of the untreated controls are 1. (A: mean� S.E.M., n¼ 4;

B: mean� S.E.M., n¼ 3, *P< 0.05).

HFF U). (B) Relative expression of PGE2 synthases in OASF.
Real-time PCR was used to quantify the mRNA expression levels
of mPGES1, cPGES and mPGES2 in untreated OASF. Levels
were normalised to 18S and then mRNA expression for each syn-
thase was calculated relative to the expression of mPGES2 mRNA

(mean� S.E.M., n¼ 4).
RELATIVE EXPRESSION OF PROSTAGLANDIN SYNTHASES

IN OASF
The relative expression of mPGES1, mPGES2 and
cPGES in untreated OASF was measured by real-time
PCR [Fig. 2(B)]. The mean relative mRNA expression was
mPGES1: cPGES: mPGES2¼ 22: 9: 1. Expression of
cPGES and mPGES2 mRNA in OASF was unchanged by
treatment with BCP crystals (data not shown).
EP4 RECEPTOR EXPRESSION IS DOWNREGULATED BY BCP

CRYSTALS IN OASF BUT NOT HFF
Real-time PCR was used to quantify the mRNA
expression levels of the EP1, EP2, EP3, and EP4 recep-
tors in untreated OASF. EP4 was the most highly
expressed EP receptor with appreciable expression of
EP2 also found; there was negligible expression of EP1
and EP3 (data not shown). This pattern of EP receptor
expression is consistent with that previously reported
for RA synoviocytes20. EP4 receptor mRNA expression
was downregulated up to 2.5-fold in OASF in response
to BCP crystal treatment [Fig. 3(A)]. In contrast, EP4
expression was increased approximately twofold in HFF
by BCP crystal stimulation [Fig. 3(B)]. Expression of
EP1, EP2 and EP3 receptor mRNA was not significantly
altered when OASF were treated with BCP crystals (data
not shown).



Fig. 3. Expression of the EP4 receptor mRNA in [A] OASF and [B]
HFF following stimulation with BCP crystals. OASF were treated
with BCP crystals for 1e32 h. HFF were treated with BCP crystals
for 4 h or left untreated. EP4 receptor mRNA expression was mea-
sured by real-time PCR, normalised to 18S values and then ex-
pressed as fold change over the value obtained for the untreated
control incubated for the same period of time (mean � S.E.M.,

n¼ 3, *P< 0.05, **P< 0.01).
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PGE2 DOWNREGULATES EP4 EXPRESSION IN BCP

CRYSTAL-TREATED OASF
In BCP crystal-treated OASF, EP4 receptor mRNA ex-
pression was downregulated approximately twofold in
OASF in response to exogenous PGE2 treatment and upre-
gulated by aspirin and SC-236 (Fig. 4). The addition of ex-
ogenous PGE2 overcame the effect of aspirin and SC-236.
The downregulatory effect of PGE2 on EP4 mRNA expres-
sion was diminished by treatment with L-161982, a selective
EP4 receptor antagonist.
Fig. 4. Effect of PGE2 on EP4 mRNA expression in BCP crystal-stimulated
(ASA), 1 mM SC-236 (236) and 10 mM L-161982 (L1), prior to treatment w
real-time PCR, normalised to 18S values and then expressed as fold cha
the same period of time. Therefore the untreated control (far left column)
PGE2 UPREGULATES mPGES1 EXPRESSION VIA THE

cAMP-DEPENDENT EP2/EP4 RECEPTORS
Treatment with PGE2 significantly increased mPGES1
expression in both BCP crystal-treated and untreated
OASF [Fig. 5(A)]. Increased mPGES1 protein production
following addition of PGE2 to BCP crystal-stimulated
OASF was demonstrated by western blotting [Fig. 5(B)].
Pre-treatment with L-161982 diminished the upregulation
of mPGES1 mRNA expression seen in OASF in response
to PGE2 stimulation in both untreated and BCP crystal-
treated OASF [Fig. 5(A)]. Following the addition of PGE2,
there was an approximately threefold higher level of
mPGES1 expression in BCP crystal-treated OASF vs
OASF not treated with BCP crystals, which was comparable
to the mPGES1 upregulation seen with BCP crystal stimu-
lation in HFF. In contrast to its effect on mPGES1, PGE2

stimulation did not affect mRNA expression of mPGES2
or cPGES either in untreated or BCP crystal-treated
OASF (data not shown).

Figure 5(C) demonstrates that treatment with CAY10399,
an EP2 selective agonist, and forskolin, a direct adenylate
cyclase agonist, both replicated the upregulation of
mPGES1 mRNA expression seen in OASF in response to
PGE2 stimulation. Administration of aspirin, SC-236 or
SC-560 did not significantly influence the level of mPGES1
mRNA expression in either untreated or BCP crystal-treated
OASF (data not shown).
Discussion

Enhanced PGE2 synthesis in the setting of inflammation
is thought to be predominantly mediated by the sequential
action of COX-2 and mPGES1. Both of these enzymes
are generally expressed at low levels at baseline, are co-or-
dinately upregulated by pro-inflammatory stimuli6,7,9e11,39

and downregulated by dexamethasone11. The functional
coupling between COX-2 and mPGES1 is underlined by
the preferential utilisation of COX-2 derived PGH2 by
mPGES110 and their co-localisation to the perinuclear
membrane10,40.

Given the demonstrated ability of BCP crystals to upregu-
late COX-2 in HFF32 and OASF35, it was anticipated that
upregulation of mPGES1 would also occur in response to
BCP crystals. Indeed, there was up to fourfold upregulation
of mPGES1 noted in BCP crystal-treated HFF. Consistent
OASF. OASF were treated with 1 mM PGE2 and/or 200 mM aspirin
ith BCP crystals. EP4 receptor mRNA expression was measured by
nge over the value obtained for the untreated control incubated for
assumed a value of 1 (mean� S.E.M., n¼ 3, *P< 0.05, **P< 0.01).



Fig. 5. Effect of PGE2 on expression of mPGES1. (A) OASF were
treated with 1 mM PGE2 and/or 10 mM L-161982 (L1), prior to treat-
ment with BCP crystals. mPGES1 mRNA expression was mea-
sured by real-time PCR, normalised to 18S values and expressed
as fold change over the values obtained for the untreated control
cells. Therefore the value for the untreated samples (most leftward
column) was 1 (mean� S.E.M., n¼ 3, *P< 0.05 vs untreated OASF,
$P< 0.05 vs OASF treated only with BCP crystals, #P< 0.05 vs
OASF treated only with BCP crystals and PGE2). (B) Western blot-
ting for mPGES1. OASF were treated as indicated and incubated
for 24 h. PGES1 protein was measured by western blotting of cell
lysates, using a monoclonal antibody to mPGES1. Equal protein
loading, as determined by Bradford assay were loaded onto 15%
SDS_PAGE gels. (C) Effect of EP2 and cAMP agonists on
mPGES1 mRNA expression in OASF. OASF were incubated with
BCP crystals with or without PGE2, CAY10399 (CAY) or forskolin
(FOR). mPGES1 mRNA expression was measured by real-time
PCR, normalised to 18S values and expressed as fold change of
the values for the agonist treated cells over the values seen with
BCP alone. Therefore the value for OASF treated with BCP crystals

alone is 1 (mean� S.E.M., n¼ 3, *P< 0.05).
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with this is the observation that BCP crystals upregulate
Egr-1, a key transcription factor for mPGES1 expression,
in human fibroblasts33. However, mPGES1 mRNA expres-
sion is not enhanced in OASF in response to BCP crystal
stimulation. This differential response to BCP crystal stimu-
lation may be explained by the fact that baseline expression
of mPGES1 in OASF is over 30-fold greater than in HFF. In-
deed, mPGES1 is more abundantly expressed in unstimu-
lated OASF than the ‘constitutive’ PGE synthases,
cPGES and mPGES2. Increased expression of mPGES2
in tissues with low levels of mPGES1 expression and vice
versa has been previously reported12. Strong mPGES1
expression has been demonstrated on immunohistochemi-
cal analysis of RA synovium19. Cheng et al. found that
mPGES1 expression could be induced by IL1b in OASF,
but mPGES1 was detectable in untreated cells5. OASF
have not previously been compared with other cell types
as regards mPGES1 expression. mPGES1 is constitutively
expressed in certain tissues2,3, but the level of mPGES1 ex-
pression in non-diseased synovium has not been estab-
lished. It is conceivable that chronic upregulation of
mPGES1 occurs in OASF in vivo, as a result of pro-inflam-
matory stimuli, such as cytokines (e.g., IL1) and BCP
crystals.

Similar to RA synoviocytes20, EP4 and EP2 are the only
EP receptors appreciably expressed in OASF. Regulation
of the EP receptors41e43 has previously been described;
differential regulation of the EP2 and EP4 receptors has
previously been demonstrated in response to
lipopolysaccharide43. Expression of EP4 (but not EP2) re-
ceptor mRNA is downregulated by BCP crystals in OASF,
but not in HFF. This downregulatory effect of BCP crystals
on EP4 receptor expression was replicated by treatment of
OASF with PGE2. EP4 receptor mRNA expression was in-
creased by treatment with aspirin and SC-236, an effect that
was overcome by treatment with PGE2. However, the
downregulatory effect of PGE2 on EP4 expression was
blocked by L-161982, a specific EP4 receptor antagonist.
This suggests that the likely mechanism of downregulation
of EP4 receptor mRNA expression seen in response to
BCP crystals in OASF is through a direct effect of PGE2

on the EP4 receptor.
Treatment of OASF with PGE2 results in a significant up-

regulation of mPGES1 transcript, in particular in cells also
treated with BCP crystals, implying the presence of a posi-
tive feedback loop in the generation of PGE2 in OASF. This
response was not observed for cPGES or mPGES2. This
effect of PGE2 is significantly diminished by pre-treatment
with L-161982, implicating the EP4 receptor in this
response. In this regard it is interesting to note that PGE2-
EP4 signalling has been shown to induce functional expres-
sion of Egr-144, a key transcription factor for mPGES1
expression34. Thus, the downregulation of the EP4 receptor
seen in BCP crystal-treated OASF may suppress the posi-
tive feedback mechanism described above and could po-
tentially explain the discordant responses to BCP crystals
between OASF and HFF as regards mPGES1 upregulation,
as well as the lack of an observed inhibitory effect of COX
inhibition on mPGES1 expression in BCP crystal-stimulated
OASF. The effects of the EP4 receptor downregulation is
only overcome by the addition of an excess of PGE2, at
which time a stimulatory effect of BCP crystals on mPGES1
expression in OASF becomes apparent. One potential hy-
pothesis is that the mechanism of EP4 receptor downregu-
lation exists as a restraint on this positive feedback loop and
is facilitated in OASF by the increased basal expression of
mPGES1 and consequent PGE2 production. The upregula-
tion of mPGES1 by PGE2 is replicated by CAY10399, an
EP2 receptor agonist, suggesting that EP2 may also con-
tribute to the upregulation of mPGES1 by PGE2. Treatment
with forskolin, a direct adenylate cyclase activator also
leads to a significant induction of mPGES1 in OASF, reflect-
ing the fact that the EP2 and EP4 receptors mediate their
cellular effects principally via increased cAMP production.
Similar results were obtained in RA synoviocytes20.

As mPGES1 appears to be the major PGE synthase con-
tributing to PGE2 production in the setting of inflammation, it
has been proposed as a therapeutic target in inflammatory
diseases45. Selective inhibition of mPGES1 could prevent
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PGE2 production in response to inflammatory stimuli, while
permitting ongoing production of PGE2 (by the constitutive
PGES) and of other prostanoids, that may be required for
homeostatic purposes. This could theoretically result in sig-
nificantly less toxicity than is seen with NSAIDs. The rela-
tive overexpression of mPGES1 in OASF identifies it as
a potential therapeutic target in OA. In this regard it is inter-
esting to note the findings in the mPGES1 knockout
mouse17,18. There were no apparent adverse conse-
quences of the lack of mPGES1, but there was significant
amelioration of the clinical and histological features of an in-
flammatory arthritis model. However, the precise contribu-
tion of PGE2 to conditions such as OA is not known, and
PGE2 can mediate an attenuation of inflammation in certain
situations26,27. Furthermore, as mPGES1 is constitutively
expressed in the kidney, urogenital tract and reproductive
organs2,3 and the potential for a compensatory increase in
the activity of other PGES (as occurs with COX) has not
been examined, caution must be maintained at present in
promoting mPGES1 inhibition as a therapeutic anti-inflam-
matory strategy.

This data suggests that EP4 may also be a therapeutic
target in OA. However, enthusiasm for this approach is
tempered by the fact that the effects of PGE2 are often
mediated through more than one EP receptor, and that
PGE2-EP4 signalling may mediate anti-inflammatory effects
in some settings26,27 and is involved in gastric mucosal
protection46,47.

In summary, we have demonstrated discordance be-
tween COX-2 and mPGES1 responses to BCP crystal stim-
ulation in OASF; this may be explained by PGE2-mediated
downregulation of EP4 receptor expression in BCP crystal-
stimulated OASF. These observations emphasize the
complex nature of the regulation of PG production, and
underline the challenges faced in selectively targeting
pathways that could more specifically inhibit the deleterious
effects of PGs in OA.
Conflict of interest

None of the authors has a conflict of interest to report re-
garding this paper.
Acknowledgements

L-161,982 was kindly provided by Merck-Frosst, Quebec,
Canada.
Funding: This work was funded by the Health Research
Board, Wellcome Trust, PRTLI Cycle III. None of these
funding agencies was involved in study design, writing of
the manuscript or the decision to submit the paper for
publication.
References

1. Jakobsson PJ, Thoren S, Morgenstern R, Samuelsson B. Identification
of human prostaglandin E synthase: a microsomal, glutathione-de-
pendent, inducible enzyme, constituting a potential novel drug target.
Proc Natl Acad Sci U S A 1999;96:7220e5.

2. Lazarus M, Munday CJ, Eguchi N, Matsumoto S, Killian GJ, Kubata BK,
et al. Immunohistochemical localization of microsomal PGE synthase-
1 and cyclooxygenases in male mouse reproductive organs. Endocri-
nology 2002;143:2410e9.

3. Guan Y, Zhang Y, Schneider A, Riendeau D, Mancini JA, Davis L, et al.
Urogenital distribution of a mouse membrane-associated prostaglan-
din E(2) synthase. Am J Physiol Renal Physiol 2001;281:F1173e7.
4. Mosca M, Polentarutti N, Mangano G, Apicella C, Doni A, Mancini F,
et al. Regulation of the microsomal prostaglandin E synthase-1 in po-
larized mononuclear phagocytes and its constitutive expression in
neutrophils. J Leukoc Biol 2007.

5. Cheng S, Afif H, Martel-Pelletier J, Pelletier JP, Li X, Farrajota K, et al.
Activation of peroxisome proliferator-activated receptor gamma in-
hibits interleukin-1beta-induced membrane-associated prostaglandin
E2 synthase-1 expression in human synovial fibroblasts by interfering
with Egr-1. J Biol Chem 2004;279:22057e65.

6. Kojima F, Naraba H, Sasaki Y, Okamoto R, Koshino T, Kawai S. Coex-
pression of microsomal prostaglandin E synthase with cyclooxyge-
nase-2 in human rheumatoid synovial cells. J Rheumatol 2002;29:
1836e42.

7. Kojima F, Naraba H, Miyamoto S, Beppu M, Aoki H, Kawai S. Mem-
brane-associated prostaglandin E synthase-1 is upregulated by proin-
flammatory cytokines in chondrocytes from patients with
osteoarthritis. Arthritis Res Ther 2004;6:R355e65.

8. Mancini JA, Blood K, Guay J, Gordon R, Claveau D, Chan CC, et al.
Cloning, expression, and up-regulation of inducible rat prostaglandin
e synthase during lipopolysaccharide-induced pyresis and adjuvant-
induced arthritis. J Biol Chem 2001;276:4469e75.

9. Masuko-Hongo K, Berenbaum F, Humbert L, Salvat C, Goldring MB,
Thirion S. Up-regulation of microsomal prostaglandin E synthase 1
in osteoarthritic human cartilage: critical roles of the ERK-1/2 and
p38 signaling pathways. Arthritis Rheum 2004;50:2829e38.

10. Murakami M, Naraba H, Tanioka T, Semmyo N, Nakatani Y, Kojima F,
et al. Regulation of prostaglandin E2 biosynthesis by inducible mem-
brane-associated prostaglandin E2 synthase that acts in concert with
cyclooxygenase-2. J Biol Chem 2000;275:32783e92.

11. Stichtenoth DO, Thoren S, Bian H, Peters-Golden M, Jakobsson PJ,
Crofford LJ. Microsomal prostaglandin E synthase is regulated by
proinflammatory cytokines and glucocorticoids in primary rheumatoid
synovial cells. J Immunol 2001;167:469e74.

12. Tanikawa N, Ohmiya Y, Ohkubo H, Hashimoto K, Kangawa K,
Kojima M, et al. Identification and characterization of a novel type of
membrane-associated prostaglandin E synthase. Biochem Biophys
Res Commun 2002;291:884e9.

13. Murakami M, Nakashima K, Kamei D, Masuda S, Ishikawa Y, Ishii T,
et al. Cellular prostaglandin E2 production by membrane-bound pros-
taglandin E synthase-2 via both cyclooxygenases-1 and -2. J Biol
Chem 2003;278:37937e47.

14. Tanioka T, Nakatani Y, Semmyo N, Murakami M, Kudo I. Molecular
identification of cytosolic prostaglandin E2 synthase that is function-
ally coupled with cyclooxygenase-1 in immediate prostaglandin E2
biosynthesis. J Biol Chem 2000;275:32775e82.

15. Lovgren AK, Kovarova M, Koller BH. cPGES/p23 is required for gluco-
corticoid receptor function and embryonic growth but not prostaglan-
din E2 synthesis. Mol Cell Biol 2007;27:4416e30.

16. Claveau D, Sirinyan M, Guay J, Gordon R, Chan CC, Bureau Y, et al.
Microsomal prostaglandin E synthase-1 is a major terminal synthase
that is selectively up-regulated during cyclooxygenase-2-dependent
prostaglandin E2 production in the rat adjuvant-induced arthritis
model. J Immunol 2003;170:4738e44.

17. Kamei D, Yamakawa K, Takegoshi Y, Mikami-Nakanishi M, Nakatani Y,
Oh-Ishi S, et al. Reduced pain hypersensitivity and inflammation in
mice lacking microsomal prostaglandin e synthase-1. J Biol Chem
2004;279:33684e95.

18. Trebino CE, Stock JL, Gibbons CP, Naiman BM, Wachtmann TS,
Umland JP, et al. Impaired inflammatory and pain responses in
mice lacking an inducible prostaglandin E synthase. Proc Natl Acad
Sci U S A 2003;100:9044e9.

19. Westman M, Korotkova M, af Klint E, Stark A, Audoly LP, Klareskog L,
et al. Expression of microsomal prostaglandin E synthase 1 in rheu-
matoid arthritis synovium. Arthritis Rheum 2004;50:1774e80.

20. Kojima F, Naraba H, Sasaki Y, Beppu M, Aoki H, Kawai S. Prostaglan-
din E2 is an enhancer of interleukin-1beta-induced expression of
membrane-associated prostaglandin E synthase in rheumatoid syno-
vial fibroblasts. Arthritis Rheum 2003;48:2819e28.

21. Li X, Afif H, Cheng S, Martel-Pelletier J, Pelletier JP, Ranger P, et al. Ex-
pression and regulation of microsomal prostaglandin E synthase-1 in
human osteoarthritic cartilage and chondrocytes. J Rheumatol 2005;
32:887e95.

22. Kojima F, Kato S, Kawai S. Prostaglandin E synthase in the pathophys-
iology of arthritis. Fundam Clin Pharmacol 2005;19:255e61.

23. Ichikawa A, Sugimoto Y, Negishi M. Molecular aspects of the structures
and functions of the prostaglandin E receptors. J Lipid Mediat Cell Sig-
nal 1996;14:83e7.

24. McCoy JM, Wicks JR, Audoly LP. The role of prostaglandin E2 receptors
in the pathogenesis of rheumatoid arthritis. J Clin Invest 2002;110:
651e8.

25. Akaogi J, Nozaki T, Satoh M, Yamada H. Role of PGE2 and EP receptors
in the pathogenesis of rheumatoid arthritis and as a novel therapeutic
strategy. Endocr Metab Immune Disord Drug Targets 2006;6:383e94.



692 E. S. Molloy et al.: mPGES1 in BCP crystal-associated OA
26. Largo R, Diez-Ortego I, Sanchez-Pernaute O, Lopez-Armada MJ,
Alvarez-Soria MA, Egido J, et al. EP2/EP4 signalling inhibits mono-
cyte chemoattractant protein-1 production induced by interleukin
1beta in synovial fibroblasts. Ann Rheum Dis 2004;63:1197e204.

27. Takayama K, Garcia-Cardena G, Sukhova GK, Comander J,
Gimbrone Jr MA, Libby P. Prostaglandin E2 suppresses chemokine
production in human macrophages through the EP4 receptor. J Biol
Chem 2002;277:44147e54.

28. Molloy ES, McCarthy GM. Calcium crystal deposition diseases: update
on pathogenesis and manifestations. Rheum Dis Clin North Am 2006;
32:383e400, vii.

29. Rothenberg RJ. Modulation of prostaglandin E2 synthesis in rabbit syn-
oviocytes. Arthritis Rheum 1987;30:266e74.

30. Cheung HS, Halverson PB, McCarty DJ. Release of collagenase, neu-
tral protease, and prostaglandins from cultured mammalian synovial
cells by hydroxyapatite and calcium pyrophosphate dihydrate crystals.
Arthritis Rheum 1981;24:1338e44.

31. Cheung HS, McCarty DJ. Mitogenesis induced by calcium-containing
crystals. Role of intracellular dissolution. Exp Cell Res 1985;157:
63e70.

32. Morgan MP, Whelan LC, Sallis JD, McCarthy CJ, Fitzgerald DJ,
McCarthy GM. Basic calcium phosphate crystal-induced prostaglan-
din E2 production in human fibroblasts: role of cyclooxygenase 1, cy-
clooxygenase 2, and interleukin-1beta. Arthritis Rheum 2004;50:
1642e9.

33. Zeng XR, Sun Y, Wenger L, Cheung HS. Basic calcium phosphate crys-
tal-induced Egr-1 expression stimulates mitogenesis in human fibro-
blasts. Biochem Biophys Res Commun 2005;330:658e64.

34. Naraba H, Yokoyama C, Tago N, Murakami M, Kudo I, Fueki M, et al.
Transcriptional regulation of the membrane-associated prostaglandin
E2 synthase gene. Essential role of the transcription factor Egr-1.
J Biol Chem 2002;277:28601e8.

35. Molloy ES, Morgan M, Doherty G, Whelan L, Misstear K, O’Byrne J,
et al. Basic calcium phosphate crystals activate prostaglandin syn-
thetic pathways in human osteoarthritic synovial fibroblasts. Arthritis
Rheum 2004;50(9):S246.

36. Evans RW, Cheung HS, McCarty DJ. Cultured human monocytes and
fibroblasts solubilize calcium phosphate crystals. Calcif Tissue Int
1984;36:645e50.
37. Parent J, Fortier MA. Expression and contribution of three different iso-
forms of prostaglandin E synthase in the bovine endometrium. Biol
Reprod 2005;73:36e44.

38. Soler M, Camacho M, Escudero JR, Iniguez MA, Vila L. Human vascular
smooth muscle cells but not endothelial cells express prostaglandin E
synthase. Circ Res 2000;87:504e7.

39. Uematsu S, Matsumoto M, Takeda K, Akira S. Lipopolysaccharide-
dependent prostaglandin E(2) production is regulated by the
glutathione-dependent prostaglandin E(2) synthase gene induced by
the Toll-like receptor 4/MyD88/NF-IL6 pathway. J Immunol 2002;
168:5811e6.

40. Yamagata K, Matsumura K, Inoue W, Shiraki T, Suzuki K, Yasuda S,
et al. Coexpression of microsomal-type prostaglandin E synthase
with cyclooxygenase-2 in brain endothelial cells of rats during endo-
toxin-induced fever. J Neurosci 2001;21:2669e77.

41. Kobayashi Y, Take I, Yamashita T, Mizoguchi T, Ninomiya T, Hattori T,
et al. Prostaglandin E2 receptors EP2 and EP4 are down-regulated
during differentiation of mouse osteoclasts from their precursors.
J Biol Chem 2005;280:24035e42.

42. Han S, Roman J. Suppression of prostaglandin E2 receptor subtype
EP2 by PPARgamma ligands inhibits human lung carcinoma cell
growth. Biochem Biophys Res Commun 2004;314:1093e9.

43. Ikegami R, Sugimoto Y, Segi E, Katsuyama M, Karahashi H, Amano F,
et al. The expression of prostaglandin E receptors EP2 and EP4 and
their different regulation by lipopolysaccharide in C3H/HeN peritoneal
macrophages. J Immunol 2001;166:4689e96.

44. Fujino H, Xu W, Regan JW. Prostaglandin E2 induced functional expres-
sion of early growth response factor-1 by EP4, but not EP2, prosta-
noid receptors via the phosphatidylinositol 3-kinase and extracellular
signal-regulated kinases. J Biol Chem 2003;278:12151e6.

45. Jachak SM. PGE synthase inhibitors as an alternative to COX-2 inhibi-
tors. Curr Opin Investig Drugs 2007;8:411e5.

46. Bukhave K, Rask-Madsen J. Saturation kinetics applied to in vitro
effects of low prostaglandin E2 and F 2 alpha concentrations on ion
transport across human jejunal mucosa. Gastroenterology 1980;78:
32e42.

47. Morimoto K, Sugimoto Y, Katsuyama M, Oida H, Tsuboi K, Kishi K, et al.
Cellular localization of mRNAs for prostaglandin E receptor subtypes
in mouse gastrointestinal tract. Am J Physiol 1997;272:G681e7.


	Microsomal prostaglandin E2 synthase 1 expression in basic calcium phosphate crystal-stimulated fibroblasts: role of prostaglandin E2 and the EP4 receptor
	Introduction
	Methods
	BCP crystal preparation
	Cell culture
	RNA extraction, reverse transcription and real-time polymerase chain reaction (PCR)
	Prostanoid agonists and antagonists
	Western blotting
	Statistical analysis

	Results
	BCP crystals upregulate mPGES1 in HFF but not in OASF
	mPGES1 is over-expressed in OASF as compared to HFF
	Relative expression of prostaglandin synthases in OASF
	EP4 receptor expression is downregulated by BCP crystals in OASF but not HFF
	PGE2 downregulates EP4 expression in BCP crystal-treated OASF
	PGE2 upregulates mPGES1 expression via the cAMP-dependent EP2/EP4 receptors

	Discussion
	Conflict of interest
	Acknowledgements
	References


