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Abstract

The present study investigated the influence of PGE2, E prostanoid (EP) receptors, and their 

signaling pathways on matrix metalloproteinase (MMP)-1 and IL-6 expression in synovial 

fibroblasts (SFs) from rheumatoid arthritis (RA) patients. RASFs expressed all four EP receptors, 

with selective induction of EP2 by TNF-α. TNF-α time-dependently increased intracellular 

cAMP/protein kinase A signaling (maximum, 6–12 h) and PGE2 secretion (maximum, 24 h). 

PGE2 and the EP2 agonists butaprost or ONO-AE1-259 ((16)-9-deoxy-9β-chloro-15-deoxy-16-

hydroxy-17,17-trimethylene-19,20-didehydro PGE1), in turn, induced a rapid, time-dependent 

(maximum, 15–30 min) increase of cAMP. Additionally, cyclooxygenase-2 inhibition by NS-398 

(N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfonamide) reduced the TNF-α-induced increase in 

IL-6 mRNA/protein, which was restored by stimulation with PGE2 or EP2, EP3, and EP4 agonists. 

In contrast, TNF-α-induced MMP-1 secretion was not influenced by NS-398 and diminished by 

PGE2 via EP2. Finally, 3-isobutyl-1-methylxanthine enhanced the effects of PGE2 on MMP-1, but 

not on IL-6 mRNA. In conclusion, PGE2 differentially affects TNF-α-induced mRNA expression 
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of proinflammatory IL-6 and prodestructive MMP-1 regarding the usage of EP receptors and the 

dependency on cAMP. Although specific blockade of EP2 receptors is considered a promising 

therapeutic strategy in RA, opposite regulation of proinflammatory IL-6 and prodestructive 

MMP-1 by PGE2 via EP2 may require more complex approaches to successfully inhibit the 

cyclooxygenase-1/2 cAMP axis.

In rheumatoid arthritis (RA),4 activated synovial fibroblasts (RASFs) contribute to the 

inflammatory/destructive potential of the aggressive synovial tissue by producing 

proinflammatory mediators and matrix-degrading enzymes including matrix 

metalloproteinases (MMPs) (1, 2, 3, 4, 5, 6). Under the influence of proinflammatory 

cytokines, for example, TNF-α or IL-1β, RASFs secrete PGE2 (7, 8, 9). PGE2 can raise 

cAMP levels in RASFs (10, 11, 12, 13, 14), and cAMP is involved in the IL-1β-induced 

expression of several target genes, e.g., IL-6, M-CSF, and vascular endothelial growth factor 

(11). PGE2 belongs to the family of prostanoid, autocrine, and paracrine lipid mediators 

released by cells following mechanical injury or stimulation with cytokines or growth 

factors. The synthesis of the prostanoid is catalyzed by the cyclooxygenase (COX) pathway 

(15).

PGE2 mediates its biological functions via binding to four types of membrane-bound, G 

protein-coupled receptors termed E prostanoid (EP)1 to EP4 (15, 16). Following ligand 

binding, the EP receptors activate different signal transduction pathways. EP1 raises 

intracellular Ca2+, whereas EP3 reduces or increases cAMP by activating inhibitory G (Gi) 

or stimulatory G (Gs) proteins depending on the particular splice variant expressed by the 

cell (17). The EP2 and EP4 receptors increase intracellular cAMP by activating adenylate 

cyclase via Gs proteins. However, differences in the strength of Gs coupling, activation of 

other signal transduction pathways, agonist-induced desensitization, and agonist-induced 

internalization result in a differential response of the target cell to a ligand-induced 

activation of the EP2 or EP4 receptors (18).

Human RASFs have consistent mRNA expression for the PGE2 receptors EP2 and EP4, 

while there have been inconsistent reports of EP1 and EP3 mRNA expression (10, 19, 20, 

21). Surprisingly, although EP2 and EP4 receptors are regarded as attractive 

pharmacological targets for RA treatment, the exact role of cAMP or other signals issued by 

PGE2-challenged EP receptor subtypes, as well as their influence on the effects stimulation 

with TNF-α or IL-1β, remains largely unknown. The present study sought to analyze the 

involvement of PGE2-dependent cAMP signaling in TNF-α-induced proinflammatory IL-6 

and/or prodestructive MMP-1 effector functions of RASFs.

4Abbreviations used in this paper: RA, rheumatoid arthritis; RASF, rheumatoid arthritis synovial fibroblast; MMP, matrix 
metalloproteinase; COX, cyclooxygenase; EP, E prostanoid; NS-398, N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfonamide; 
IBMX, 3-isobutyl-1-methylxanthine; PKA, protein kinase A.
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Materials and Methods

Materials

Rabbit anti-human polyclonal Abs against the EP1, EP2, EP3, and EP4 receptors, PGE2, 

NS-398 (N-(2-Cyclohexyloxy-4-nitrophenyl)-methanesulfonamide), butaprost, sulprostone, 

and an ELISA kit for cAMP were purchased from Cayman Chemical. A competition assay 

for the detection of PGE2 was obtained from Biotrak (Amersham Pharmacia Biotech). 

Research grade 3-isobutyl-1-methylxanthine (IBMX) was purchased from Calbiochem. 

Selective EP1 (ONO-DI-004, (17S)-2,5-ethano-6-oxo-17, 20-dimethyl PGE1), EP2 (ONO-

AE1-259, (16)-9-deoxy-9β-chloro-15-deoxy-16-hydroxy-17,17-trimethylene-19,20-

didehydro PGE1), EP3 (ONO-AE-248, 11,15-O-dimethyl PGE2), and EP4 (ONO-AE1-329, 

16-(3-methoxymethyl)phenyl-ω-tetranor-3,7-dithia PGE1) receptor agonists were provided 

by Ono Pharmaceutical. Recombinant human TNF-α was purchased from R&D Systems, 

DMEM from Invitrogen, FCS from Cambrex Bio Science, TriPure reagent from Roche 

Applied Science, and Hot-StarTaq polymerase from Qiagen.

Patients, tissue digestion, and cell culture

Synovial tissue from RA patients was obtained during open joint replacement/arthroscopic 

synovectomy from the Clinic of Orthopedics, Eisenberg, Germany. All patients fulfilled the 

respective American Rheumatism Association criteria (22). The study was approved by the 

Ethics Committee of the University Hospital Jena (Jena, Germany), and patient informed 

consent was obtained. Immediately after synovectomy, tissue was placed in culture medium 

at ambient temperature and subjected to digestion within 2 h.

RA synovial samples were digested, subsequently cultured for 7 days, and RASFs were 

negatively isolated as previously described (23, 24). RASFs were cultured in the virtual 

absence of contaminating nonadherent cells and macrophages. Third-passage cells were 

used for all experiments. Stimulation of the cells was performed in DMEM/0.2% 

lactalbumin hydrolysate. Mycoplasma contamination of the cells was excluded by 4′-6-

diamidino-2-phenylindole (DAPI) staining.

Cell stimulation

For kinetic analysis of the TNF-α-induced expression of EP receptors, RASFs (2.5 × 105 

cells/well of a 12-well plate) were allowed to adhere for 24 h in DMEM/10% FCS at 37°C 

and 5% CO2. Thereafter, cells were stimulated with 10 ng/ml TNF-α (R&D Systems). After 

stimulation for 0, 1, 2, 4, 8, 10, and 24 h, the cells were lysed in buffer for RNA isolation.

For analysis of intracellular cAMP and protein kinase A (PKA) substrate phosphorylation, 

as well as mRNA and protein expression of proinflammatory/prodestructive IL-6 and 

MMP-1, RASFs (4 × 105 cells/well of 6-well plates or 1.5–2.0 × 105 cells/well of a 12-well 

plate) were allowed to adhere for 24 h in DMEM/10% FCS at 37°C. Thereafter, cells were 

pretreated with 1 μM NS-398 for 30–45 min followed by treatment with TNF-α (10 ng/ml), 

PGE2 (1 μM), the EP2 receptor agonist butaprost or the EP3/EP1 agonist sulprostone (each 1 

μM), or selective EP agonists (EP1, EP2, EP3, and EP4; ONO; 10 μM). In selected 

experiments (see Figs. 2, A and B, and 4, as well as supplemental Fig. 2),5 500 μM IBMX 
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was added to each well 4 h before the end of the experiment to increase the signal for 

intracellular cAMP production and PKA substrate phosphorylation; in other experiments, 

the results were compared for cultivation with and without prior coincubation with IBMX 

(see Figs. 2E and 6, 100 μM IBMX; supplemental Fig. 1, A and B, 500 μM; and 

supplemental Fig. 1C, 100 μM IBMX). Supernatants of the cells were collected for analysis 

of protein secretion.

Analysis of EP receptor, MMP-1, and IL-6 expression by real-time RT-PCR

Total RNA was isolated from RASFs using a commercially available RNA isolation kit 

(Macherey & Nagel) and 1 μg was reverse-transcribed using SuperScript II reagents 

(Invitrogen). EP1, EP2, EP3, EP4, MMP-1, and IL-6 mRNA expression was analyzed by 

real-time PCR in a RealPlex PCR machine (Eppendorf). PCR reactions were performed in a 

total volume of 20 μl in 96-well plates containing a reaction mix of HotMaster DNA 

polymerase (0.05 U; Eppendorf), 10 × Taq buffer with 15 mM magnesium (Eppendorf), 

MgCl2 (final concentration, 3.5 mM; Invitrogen), dNTPs (0.4 mM; Roche), BSA (40 ng/ml), 

SYBR Green (1/1250; SYBR Green I, 10,000 concentrate; Molecular Probes), sense and 

antisense primers (each 0.3 μM), and cDNA. To normalize the amount of cDNA in each 

sample, the housekeeping gene aldolase was also amplified. The sequences of the PCR 

primers used in this study and the real-time PCR conditions are described in Tables I and II. 

The fluorescence emitted by dsDNA-bound SYBR Green was measured once at the end of 

each additional heating step and continuously during the melting curve program. The 

concentration of EP1, EP2, EP3, EP4, MMP-1, and IL-6 mRNA in each sample was 

calculated by the RealPlex software using an external standard curve. Product specificity of 

the real-time PCRs was confirmed by 1) melting curve analysis (see Table II), 2) agarose gel 

electrophoresis, and 3) cycle sequencing of the PCR products.

For conventional RT-PCR of EP receptor expression, PCR reactions were performed in a 

total volume of 50 μl containing a reaction mix of Taq-polymerase (50 mU/μl; Jena 

Bioscience), 10× PCR buffer, 4% DMSO, dNTP (50 μM), as well as sense and antisense 

primers (each 0.5 pmol; Jena Bioscience). For EP1 and EP3 PCR, 5% 5× Q-Solution 

(Qiagen) was added to the mix. The sequences of the PCR primers used in this study and the 

PCR conditions are stated in Tables I and II. Verification of the PCR products was 

performed by cycle sequencing.

RT-PCR for MMP-1 and IL-6

For conventional RT-PCR of MMP-1 and IL-6, RNA from the cells was extracted with 

TriPure reagent according to the manufacturer’s instructions. Reverse transcription was 

performed according to the manufacturer’s instructions using a SuperScript preamplification 

system with 1 μg of total RNA as a template. Subsequent amplifications of the cDNA 

fragments by PCR with HotStarTaq polymerase were performed using 0.5 μl of the reverse-

transcribed mixture as a template with specific primers and PCR conditions as mentioned in 

Tables I and II. The amplified cDNA fragments were resolved electrophoretically on 2% 

5The online version of this article contains supplemental material.
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agarose gels and then visualized under UV illumination using a Bio-Rad ChemiDoc 

apparatus after staining with ethidium bromide.

Analysis of EP receptor and MMP-1 protein in RASFs by Western blot

For the analysis of EP receptor protein, 35 μg of protein from nonstimulated or TNF-α-

stimulated RASFs (30 h) was separated by denaturing SDS-PAGE (12%) and transferred 

onto blotting membranes (Hybond-C Extra; Amersham Life Sciences). In the case of 

MMP-1, cell culture supernatant was used. After blocking with 2.5% skim milk in Tris-

buffered saline-Tween 20 (10 mM Tris, 150 mM NaCl, 0.1% Tween 20 (pH 7.4)), 

membranes were probed overnight at 4°C with specific primary Abs against the EP1, EP2, 

EP3, or EP4 receptors (Cayman Chemical) or against MMP-1 (clone 50647; R&D Systems), 

washed, and incubated with HRP-conjugated goat anti-rabbit IgG as a secondary Ab. 

Proteins were visualized by chemiluminescence (Supersignal West chemiluminescent 

substrate; Pierce). The intensity of each band was quantified using an integration image 

software (Scion Corporation).

cAMP measurements

Intracellular cAMP was determined in RASFs using either the cAMP enzyme immunoassay 

kit (Cayman Chemical) or the cAMP [3H] assay system TRK 432 (Amersham Bioscience). 

Samples were prepared exactly as described by the manufacturer.

Phosphorylation of PKA substrates

Phosphorylation of PKA substrates was determined by Western blot analysis of RASFs with 

an anti phospho-PKA substrate Ab (clone 100G7; Cell Signaling Technology). The blots 

were subsequently reprobed with β-actin to ascertain equal protein loading.

IL-6 measurements

Human IL-6 was measured in diluted cell culture supernatants using a quantitative sandwich 

enzyme immunoassay (OptEIA; BD Biosciences). A wavelength of 450 nm with a 

wavelength correction at 570 nm was used. Sample concentrations of IL-6 were determined 

by comparison with a standard curve (range, 2.34–300 pg/ml).

PGE2 measurements

PGE2 concentrations in the supernatants of TNF-α-stimulated cells were determined using a 

competition assay (sensitivity, 40 pg/ml PGE2, Biotrak; Amersham Pharmacia Biotech). The 

OD in each well was determined at 450 nm. The concentration of PGE2 was determined by 

comparison with a standard curve (range, 50–6400 pg/ml).

Statistical analysis

The data were expressed as means ± SEM. Significance was tested using the nonparametric 

Mann-Whitney U test. Differences were considered statistically significant for p ≤ 0.05. 

Analyses were performed using the SPSS 13.0 program.
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Results

Role of PGs in TNF-α-induced IL-6 and MMP-1 mRNA expression and secretion in RASFs

Exposure of RASFs to TNF-α led to a marked induction of IL-6 mRNA expression and 

secretion (Fig. 1, A and C). To test the involvement of PGs in this process, a 

pharmacological approach was used to inhibit COXs. The COX-2-selective inhibitor NS-398 

significantly reduced TNF-α-induced IL-6 mRNA expression and protein secretion, pointing 

to an enhancing role of COX-2-derived PGs in this process. In line with this notion, NS-398-

blocked expression and secretion of IL-6 was restored by simultaneous administration of 

exogenous PGE2 (Fig. 1, A and C). Taken together, these data point to a critical role of PGs, 

possibly PGE2, as modulators of the proinflammatory actions of TNF-α.

As observed for IL-6, TNF-α also significantly induced the mRNA expression and secretion 

of MMP-1 in RASFs (Fig. 1, B and D). However, NS-398 did not significantly reduce, but 

even numerically enhanced, MMP-1 mRNA expression and secretion. Concordantly, 

addition of exogenous PGE2 significantly reduced the NS-398-enhanced mRNA expression 

and secretion of MMP-1 upon TNF-α stimulation (Fig. 1, B and D). Therefore, PGE2 and 

possibly other PG species appear to have critical and partially opposite effects on 

proinflammatory and prodestructive signaling by TNF-α in RASFs.

TNF-α activates the cAMP/PKA signaling pathway in RASFs

TNF-α induced a gradual, time-dependent increase in cAMP levels that reached a maximum 

after 8–10 h of stimulation (Fig. 2A). The β-adrenoreceptor agonist isoproterenol, a well-

known cAMP-elevating agent, was used as a positive control in this and forthcoming 

experiments. To confirm with an independent approach that TNF-α addressed the 

cAMP/PKA signaling cassette, the phosphorylation status of PKA target proteins was 

assessed using a phosphorylation-specific Ab that selectively detects the minimum RRXS/T 

consensus target sequence for PKA in its phosphorylated state. The corresponding 

experiment (Fig. 2B) illustrated a time-dependent increase in the phosphorylation of 

multiple PKA targets, in full agreement with the cAMP measurements, and thus confirming 

that TNF-α activates the cAMP/PKA pathway.

Since TNF-α induced both cAMP/PKA signaling and PGE2 release with similar kinetics 

(Fig. 2A–C) and PGE2 increased cAMP in RASFs (Fig. 2D; enhanced by IBMX, Fig. 2E), 

PGs may mediate the activation of the cAMP/PKA pathway by TNF-α.

TNF-α induces the expression of EP2 receptors in RASFs

PCR of total RNA preparations from RASFs was performed and mRNA for all four EP 

receptors was detected in these cells (Fig. 3, A and B). Intriguingly, TNF-α induced a time-

dependent increase in EP2 mRNA (maximum, 10 h), as assessed by both real-time (Fig. 3A) 

or conventional PCR (Fig. 3B). In contrast, stimulation with TNF-α reduced EP4 mRNA 

levels and left EP1 and EP3 mRNA unchanged.

To confirm these data, Western blots of cell lysates were performed. As shown in Fig. 3C, 

RASF extracts contained all four EP receptor proteins (i.e., EP1 (42 kDa), EP2 (52 kDa), 
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EP3 (53 kDa), and EP4 (65 kDa)). In agreement with the PCR data, TNF-α significantly up-

regulated EP2 protein expression following stimulation for 30 h (1.4-fold; see quantification 

in Fig. 3D). In contrast, EP4 protein was significantly down-regulated (43% reduction), 

whereas EP1 or EP3 protein levels were not altered by TNF-α stimulation.

PGE2 and selective EP receptor agonists modulate cAMP/PKA pathway activation by TNF-
α and TNF-α-induced secretion of IL-6 and MMP-1 in RASFs

COX-2 inhibition with NS-398 completely prevented the increase in cAMP levels induced 

by TNF-α (Fig. 4A), further underlining that PG release by TNF-α was involved in the up-

regulation of cAMP levels (see also Fig. 2A). Accordingly, addition of PGE2 or the EP2 

selective agonist butaprost restored the increase in cAMP levels to a level above that in TNF-

α/NS-398-treated cells. In contrast, the EP1/3-specific agonist sulprostone did not revert the 

blockade exerted by NS-398. All cAMP measurement data were also confirmed by phospho-

(PKA-substrate) Western blots (Fig. 4B). The effects of PGE2 were dose-dependent, both in 

the presence and the absence of NS-398 (supplemental Fig. 2).

To test whether the TNF-α/PGE2/cAMP axis was physiologically relevant in RASFs, the 

IL-6 and MMP-1 secretion was examined under the same experimental conditions (Fig. 4, C 
and D). Except for the induction of IL-6 by TNF-α in the presence of NS-398, IL-6 

production showed a pattern identical to that of cAMP levels and PKA activity (Fig. 4, A–
C). EP3 signaling induced a marginal, nonsignificant raise of the mean IL-6 concentration 

compared with that of the TNF-α/NS-398 treatment group, however, with a consistent 

increase in the paired comparison for all three individual patients (supplemental Fig. 3).

In contrast, PGE2-elicited signaling and, more specifically, EP2-dependent signals, 

diminished the MMP-1 secretion induced by TNF-α (Fig. 4D), demonstrating that 

PGE2/EP2 signals have directly opposite effects on IL-6 and MMP-1 release by RASFs (for 

PGE2 effects, see also Fig. 1).

Effects of PGE2 and selective EP receptor agonists on TNF-α-induced expression of 
mRNAs for IL-6 and MMP-1 in RASFs

In the case of IL-6, the mRNA expression in comparison with TNF-α-stimulated RASFs in 

the presence of NS-398 was significantly increased by PGE2 and selective receptor agonists 

for EP2 (3.2-fold and 2.7-fold, respectively), but also for EP3 and EP4 (1.7-fold and 1.9-

fold, respectively; Fig. 5, A and B).

The above results for MMP-1 were confirmed with selective EP receptor agonists; that is, in 

the presence of COX-2 inhibitors only PGE2 and the EP2 receptor agonist significantly 

suppressed the mRNA expression in TNF-α-stimulated RASFs (Fig. 5, A and C).

Effect of the phosphodiesterase inhibitor IBMX on TNF-α-induced expression of mRNAs 
for IL-6 and MMP-1 in RASFs

To directly assess the relevance of cAMP for the effects of PGE2 on the TNF-α-induced 

gene expression, the degradation of cAMP was inhibited by addition of IBMX. Strikingly, 

the mRNA expression and secretion of IL-6 remained unaffected (Fig. 6, A and C), whereas 
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the mRNA expression and secretion of MMP-1 was further suppressed in the presence of 

IBMX (Fig. 6, B and D).

Discussion

This study demonstrates for the first time that PGE2 has opposite effects on MMP-1 and 

IL-6 synthesis, uses different PGE2 receptors for these effects, and differentially applies the 

postreceptor signaling molecule cAMP. Thus, PGE2 is a differential key mediator of 

inflammatory/destructive functions in TNF-α-stimulated RASFs and may exhibit both 

proinflammatory (10, 11, 12, 25) and antidestructive capacities (Ref. 18 and the present 

study). These bipolar effects of PGE2 in RASFs may also be the reason for the inefficacy of 

COX-2 inhibitors to arrest joint destruction and should be considered in future studies 

focused on the therapeutic inhibition of COX-1/2 in RA.

PGE2 has opposite effects on the TNF-α-induced protein expression of MMP-1 and IL-6

In RASFs, TNF-α induces the secretion of proinflammatory and prodestructive mediators, 

for example, IL-6, PGE2, and MMP-1 (present study and Refs. 9, 26). The stimulatory effect 

of PGE2 on the TNF-α-induced IL-6 secretion in RASFs is in agreement with previously 

published data in IL-1β-stimulated RASFs (11, 14). However, the molecular mechanisms 

involved in the interplay between PGE2 and TNF-α for the control of IL-6 secretion in 

RASFs have so far remained largely undeciphered.

In marked contrast to the effects on IL-6, TNF-α-induced MMP-1 secretion was 

significantly reduced by PGE2, a finding also reported in IL-1β-stimulated RASFs (13, 27, 

28). This clearly implicates PGE2 as a negative feedback molecule in the signaling pathway 

linking TNF-α to MMP-1 production. Whether this involves phosphorylation of p53 or 

expression of NURR1, or else inhibition of Erk and NF-κB activation by PGE2, as 

previously reported in the context of IL-1β/TNF-α signaling, remains to be investigated (13, 

29, 31).

Interestingly, in TNF-α-stimulated periodontal ligament fibroblasts PGE2 down-regulates 

MMP-13 (but not MMP-1 or MMP-3) (32, 33). This emphasizes the antidestructive 

properties of PGE2, but also shows clear differences between fibroblasts of different origin. 

Contrasting results for IL-6 in periodontal ligament fibroblasts may also indicate cell-

specific differences (34).

TNF-α induces an increase of intracellular cAMP and activation of PKA

The present study shows the novel finding that stimulation of RASFs with TNF-α induces 

an increased production of intracellular cAMP and PKA activity. Similar findings have been 

previously reported for IL-1β (35), suggesting that the cAMP system represents a critical 

regulatory pathway in RASFs.

With regard to the increased levels of intracellular cAMP induced by TNF-α, the 

participation of PGs appears plausible because previous data show an increase of 

intracellular cAMP in RASFs following PGE2 stimulation (35, 36). In contrast to the slow 

effects of TNF-α, the increase of cAMP induced by PGE2 occurred as early as 15 min after 
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the start of stimulation (see Fig. 2D). This difference can be explained by the delayed 

synthesis of PGE2 following TNF-α stimulation (Fig. 2C) (35). In turn, cAMP may directly 

contribute to a further increase of PGE2 synthesis in RASFs (37). Concurrent with the 

increase of intracellular cAMP, TNF-α induced a phosphorylation of PKA substrates in 

RASFs in a strictly COX-2-dependent manner (see Fig. 4B), showing that the increase in 

cAMP translated into downstream PKA signaling (supplemental Fig. 4). This establishes 

PKA as a target of TNF-α (and PGE2) in RASFs, a notion previously only inferred from the 

use of pharmacological inhibitors (H89) or activators (Rp-cAMP) (27, 28, 38).

Only the effects of PGE2 on TNF-α-induced MMP-1 production are cAMP-dependent (but 
not those on IL-6 production)

Down-regulation of TNF-α-induced MMP-1 expression by PGE2 was mediated via cAMP. 

Therefore, the cAMP increase may have partial specificity for the antidestructive properties 

of PGE2, because phosphodiesterase IV inhibitors reduce joint damage in arthritis models 

(39, 40) or RA (41, 42) by further increasing cAMP levels. Also, cAMP-dependent 

regulation of MMP-1 has been shown after stimulation of RASFs with IL-1β (27), indicating 

partially common mechanisms for postreceptor signaling of these two pivotal 

proinflammatory cytokines.

The insensitivity of the augmentation of TNF-α-induced IL-6 expression by PGE2 to an 

increase of cAMP suggests a relevance of other pathways. Indeed, cAMP-independent 

pathways (PI3K/ERK) are involved in the signaling of the EP4 receptor (43). Alternatively, 

IL-6 expression may only depend on cAMP at very high intracellular concentrations (44).

In contrast to our findings with TNF-α, Inoue et al. have reported that the regulation of 

IL-1β-induced IL-6 expression involves cAMP-dependent pathways (11) This may indicate 

specific and differential regulation of IL-6 expression by different proinflammatory 

cytokines well below the receptor level.

TNF-α differentially regulates the expression of EP receptors

The biological function of PGE2 is mediated by four membrane-bound receptors (15, 16), all 

of which are expressed in RASFs (present study and Refs. 10, 11, 12, 45). In agreement with 

previously published data following IL-1β stimulation, TNF-α up-regulates the expression 

of the EP2 (and to some degree the EP3) (11, 45). Thus, up-regulation of EP2 and/or EP3 

may be a widespread response to proinflammatory signals in RASFs. In contrast to previous 

reports (11), TNF-α down-regulated EP4. This difference may be explained by the different 

cytokines used for stimulation or by different culture conditions. The induction of the 

enzymes involved in the synthesis of PGE2 (8, 46, 47), in conjunction with the up-regulation 

of certain EP receptors by proinflammatory cytokines (present study and Refs. 11, 45), 

suggests that the PGE2 signaling cascade is tightly controlled by proinflammatory cytokines, 

not only at the level of PGE2 synthesis, but also at the level of expression of particular 

prostanoid receptor subclasses.
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Individual PGE2 receptors differentially modulate the functional effects of TNF-α

Up-regulation of the EP2 receptor by TNF-α points to a prominent role of this receptor for 

the TNF-α/PGE2-elicited signal in RASFs. This was confirmed by the PGE2/TNF-α-

induced increase of intracellular cAMP and phosphorylation of PKA substrates via EP2 

(butaprost), but not via EP3 (Fig. 4, A and B), and, to a minor degree, by EP4 (under IBMX; 

supplemental Fig. 1). The unresponsiveness of intracellular cAMP levels to sulprostone/EP3 

stimulation has been reported before for other cell types (48) and likely reflects the fact that 

EP3 receptors are mostly coupled to Gi proteins. The weaker ability of the EP4 receptor to 

stimulate cAMP formation compared with EP2 has also been described (45, 50). This may 

be due to rapid desensitization of the EP4 receptor via internalization (50, 51).

Analysis of the secretion of proinflammatory IL-6 and prodestructive MMP-1 further 

underlined the dominant role of the EP2 receptor. Although the IL-6 mRNA expression was 

significantly increased by stimulation of EP2, EP3, and EP4, the magnitude of IL-6 

induction via EP2 (>2.5-fold) was larger than via EP3/EP4 (<2.0-fold). This is somewhat in 

contrast to the results of Inoue et al. (11), who reported that the IL-6 secretion in IL-1α-

stimulated RASFs was only induced by agonists for the EP receptors 2 and 4. Explanations 

include the usage of different proinflammatory cytokines (IL-1β vs TNF-α), different 

agonist concentrations (20 nM vs 10 μM), and variable EP3 mRNA/protein expression (11). 

The selective regulation of MMP-1 via the EP2 receptor is a novel observation.

The dominant role of EP2 in the regulation of TNF-α-induced functions of RASFs suggests 

that the EP2 receptor is a potential therapeutic target in RA. However, the findings presented 

herein indicate that this point needs to be regarded with caution. In particular, the radically 

opposite consequences of PGE2/EP2 signaling on TNF-α-induced IL-6 and MMP-1 

secretion suggest that a blockade of EP2 activity, while being beneficial in reducing 

inflammatory parameters, may on the other hand exacerbate tissue destruction. Also, 

proinflammatory IL-6 is induced by PGE2 predominantly via EP2, but to some degree also 

by EP3 and EP4, making difficult the exclusive targeting of just one EP receptor.

In agreement with the present data, previous reports have also shown an influence of both 

EP2 and EP4 on the secretion of IL-6 (11). However, the down-regulation of EP4 by TNF-α 
suggests a minor role of EP4 in RASFs. On the other hand, a possible involvement of the 

EP4 receptor in the pathogenesis of RA is supported by results in chondrocytes (52) and in 

animal models (20, 53, 54, 55). Taken together, the present data indicate that the concerted 

therapeutic manipulation of both the EP2 and EP4 receptors may represent a promising 

approach for the treatment of RA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Influence of PGE2 on TNF-α-induced IL-6 and MMP-1 mRNA expression and protein 

secretion in RASFs. Cells were stimulated with TNF-α (10 ng/ml) in the absence or 

presence of NS-398 and PGE2 (1 μM each) for 24 h. IL-6 and MMP-1 mRNA expression 

was analyzed by real-time PCR (A and B). IL-6 secretion was analyzed by ELISA (C), and 

MMP-1 secretion was analyzed by Western blot (D); means ± SEM for six patients with RA; 

+, p ≤ 0.05 Mann-Whitney U test vs control; *, p ≤ 0.05 Mann-Whitney U test vs TNF-α; ○, 

p ≤ 0.05 Mann-Whitney U test vs TNF-α/NS-398.
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FIGURE 2. 
Influence of TNF-α on intracellular cAMP levels, PKA substrate phosphorylation, and 

PGE2 secretion in RASFs. RASFs were stimulated with TNF-α (10 ng/ml; different time 

points), TNF-α/NS-398 (1 μM; 10 h), or isoproterenol (100 μM; 10 min) in the presence of 

IBMX (500 μM; A and B) or the absence of IBMX (C). Alternatively, cells were stimulated 

with PGE2 for different time points (D) or for 30 min with/without IBMX (100 μM) (E). 

Intracellular cAMP was determined by RIA (A) or ELISA (D), PKA substrate 

phosphorylation by Western blot (B), and PGE2 secretion by ELISA (C); means ± SEM for 

three patients with RA; +, p ≤ 0.05 Mann-Whitney U test vs 0 h (A, C, and D) or vs without 

IBMX (E); ○, p ≤ 0.05 Mann-Whitney U test vs ≤4 h (A);*, p ≤ 0.05 Mann-Whitney U test 

vs 6 h (A).
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FIGURE 3. 
Influence of TNF-α on the EP receptor expression in RASFs. RASFs were stimulated with 

10 ng/ml TNF-α for different time points (A), 8 h (B), or 30 h (C and D). EP receptor 

expression was analyzed by quantitative real-time RT-PCR (A) or conventional RT-PCR (B). 

To analyze the influence of TNF-α on EP receptor protein levels, protein extracts were 

subjected to Western blot analysis using specific Abs against the EP1, EP2, EP3, and EP4 

receptors (C; quantification in D); means ± SEM for five patients with RA; +, p ≤ 0.05 

Mann-Whitney U test vs the 0 h time point (A) or vs culture without TNF-α (D); *, p ≤ 0.05 

Mann-Whitney U test vs indicated time points (A).
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FIGURE 4. 
Role of EP2 and EP3 receptors in TNF-α-induced cAMP production, PKA substrate 

phosphorylation, and IL-6 or MMP-1 secretion in RASFs. Cells were stimulated with TNF-

α (10 ng/ml) in the absence or presence of NS-398, PGE2, butaprost, or sulprostone 

(Sulprost.; 1 μM each) with IBMX for 10 h. Intracellular cAMP was determined by RIA (A) 

and PKA substrate phosphorylation by Western blot (B); IL-6 secretion was analyzed by 

ELISA (C) and MMP-1 secretion by Western blot (D); means ± SEM for three patients with 

RA; +, p ≤ 0.05 Mann-Whitney U test vs control; *, p ≤ 0.05 Mann-Whitney U test vs TNF-

α; ○, p ≤ 0.05 Mann-Whitney U test vs TNF-α/NS-398.
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FIGURE 5. 
Effect of selective EP receptor agonists on the regulation of MMP-1 and IL-6 (RT-PCR). A, 

RASFs were harvested at 24 h after TNF-α (10 ng/ml) stimulation with or without NS-398 

(1 μM), PGE2 (1 μM), and/or selective agonists of the EP receptors 1–4 (10 μM each). 

mRNA expression of (B) IL-6 and (C) MMP-1 was detected by conventional RT-PCR. For 

each experiment, a value of 1 was assigned to the stimulation with TNF-α. Results are 

expressed as means ± SEM for three patients with RA; +, p ≤ 0.05 Mann-Whitney U test vs 

control; *, p ≤ 0.05 Mann-Whitney U test vs TNF-α; ○, p ≤ 0.05 Mann-Whitney U test vs 

TNF-α/NS-398.
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FIGURE 6. 
Effect of the phosphodiesterase inhibitor IBMX on the regulation of MMP-1 and IL-6 by 

PGE2 (RT-PCR). RASFs were harvested at 24 h after TNF-α (10 ng/ml) stimulation with or 

without NS-398 (1 μM), PGE2 (1 μM), and/or IBMX (100 μM). mRNA expression of IL-6 

and MMP-1 was detected by real-time RT-PCR (A and B). IL-6 secretion was analyzed by 

ELISA (C), and MMP-1 secretion was analyzed by Western blot (D). For each experiment, a 

value of 100% was assigned to TNF-α. Results are expressed as means ± SEM for 3 patients 

with RA; +, p ≤ 0.05 Mann-Whitney U test vs control; *, p ≤ 0.05 Mann-Whitney U test vs 

TNF-α; ○, p ≤ 0.05 Mann-Whitney U test vs TNF-α/NS-398.
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Table I

Sequences of PCR primers used in this study

Gene

Primer

kbReal-Time PCR Conventional PCR

Aldolase

 Sense 5′-tcatcctcttccatgagacactct-3′ 313

 Anti-sense 5′-attctgctggcagatactggcataa-3′

GAPDH

 Sense 5′-cca ccc atg gca aat tcc atg gca-3′ 606

 Anti-sense 5′-tct aga cgg gag gtc agg tcc acc-3′

 Sense 5′-tcagcaatgcctcctgcac-3′ 250

 Anti-sense 5′-ccagtgagcttcccgttcag-3′

IL-6

 Sense 5′-atgaactccttctccacaagcg-3′ 5′-atgaactccttctccacaagcgc-3′ 199/627

 Anti-sense 5′-ctcctttctcagggctgag-3′ 5′-gaagagccctcaggctggactg-3′

MMP-1

 Sense 5′-gacctggaggaaatcttgc-3′ 5′-aactctggagtaatgtcacac-3′ 321/584

 Anti-sense 5′-gttagcttactgtcacacgc-3′ 5′-attcgtaagcagcttcaagcc-3′

EP1

 Sense        5′-cttgtcggtatcatggtggtgtc-3′ 317

 Anti-sense        5′-ggttgtgcttagaagtggctgagg-3′

EP2

 Sense        5′-ccacctcattctcctggcta-3′ 216

 Anti-sense        5′-cgacaacagaggactgaacg-3′

EP3

 Sense        5′-cttcgcataactggggcaac-3′ 300

 Anti-sense        5′-tctccgtgtgtgtcttgcag-3′

EP4

 Sense        5′-tggtatgtgggctggctg-3′ 429

 Anti-sense        5′-gaggacggtggcgagaat-3′
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