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Abstract. A well-recognized natural ligand of PPARγ, 
15-deoxy-δ12,14-prostaglandin J2  (15d-PGJ2) possesses 
immunomodulatory properties. The aim of this study was to 
elucidate whether 15d-PGJ2 was able to attenuate lipopolysac-
charide  (LPS)-induced inflammatory responses in human 
retinal pigment epithelial (RPE) cells, which are involved 
in ocular immune responses. In addition, we examined 
whether the platelet activating factor (PAF) is associated with 
the anti-inflammatory activity of 15d-PGJ2. ARPE19 cells 
treated with varying concentrations of 15d-PGJ2 and a PAF 

antagonist (CV3988) were used in this study. The activity of 
PAF-acetylhydrolase (PAF-AH) was assayed by treatment 
with 15d-PGJ2 and CV3988 in the presence of LPS. 15d-PGJ2 
and CV3988 inhibited the LPS-induced mRNA expression 
and protein production of interleukin-6  (IL-6), monocyte 
chemoattractant protein-1 (MCP-1), and intercellular adhesion 
molecule-1 (ICAM-1) in ARPE19 cells. These effects resulting 
from 15d-PGJ2 were not abrogated by the PPARγ antago-
nist, indicating that the actions were PPARγ-independent. 
Furthermore, 15d-PGJ2 and CV3988 enhanced the PAF-AH 
activity. Additionally, 15d-PGJ2 inhibited the phosphorylation 
of the extracellular signal-regulated kinase (ERK) and the acti-
vation of nuclear transcription factor-κB (NF-κB). These results 
demonstrated that 15d-PGJ2 reduced LPS-stimulated inflam-
matory responses in ARPE19 cells by enhancing the PAH-AH 
activity. These results suggest that 15d-PGJ2 may have potent 
anti-inflammatory activity against ocular inflammation.

Introduction

Inflammatory ocular responses are associated with the patho-
physiology of several retinal degenerative diseases, including 
uveitis (1), diabetic retinopathy (2), and age-related macular 
degeneration (AMD) (3). In the eye, the retinal pigment epithe-
lium (RPE), which is a pigmented layer of the neural retina, 
provides metabolic support to the photoreceptors that provide 
visual functionality (4). This epithelium is in the unique posi-
tion to sense the circulating immune system status and has both 
macrophage and microglia-like activities in the retina (5,6). 
The RPE plays a critical role in innate immunity through 
the expression of pattern recognition receptors (PRRs), such 
as toll-like receptors (TLR), to detect the unique molecular 
patterns associated with microbial pathogens prior to evoking 
RPE cell inflammatory responses via the production of 
inflammatory mediators (7). If this response is prolonged, then 
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the subsequent atrophy of RPE and photoreceptors may occur, 
which is the leading cause of legal blindness.

Activation of an inflammatory response upon encountering 
a pathogen cause the release of pro-inflammatory mediators. 
One such pro-inflammatory mediator is the phospholipid 
platelet‑activating factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine), which acts via its G  protein-coupled 
receptor to stimulate numerous complex signaling pathways, 
producing diverse biological actions (8). Bacterial pathogen 
lipopolysaccharides (LPS) are known inducers of numerous 
pro-inflammatory events, including the production of PAF (9). 
PAF is a lipid molecule involved in inflammatory processes 
and cell-to-cell communication. PAF is produced by a variety 
of cells that may be involved in the development of the 
inflammatory reaction, such as monocytes/macrophages, poly-
morphonuclear neutrophils (PMN), eosinophils, basophils, 
and platelets (10-12). PAF is rapidly hydrolyzed into lyso-PAF, 
which is an inactive phospholipid, by specific enzymes with 
PAF-AH (13). PAF-AH hydrolyzes the oxidized phospholipids 
that are structurally similar to PAF and therefore exerts 
anti‑inflammatory activity (14).

Peroxisome proliferator‑activated receptors (PPAR) are 
members of the nuclear receptor superfamily with at least three 
identified subtypes (PPARα, PPARδ and PPARγ) (15). PPARγ 
are important in a variety of biological processess, including 
adipogenesis, glucose metabolism, and inflammation (16). Of 
the various PPARγ ligands, 15-deoxy-δ12,14-prostaglandin J2  
(15d-PGJ2) has exhibited a potent immuno-modulatory effect 
on several cell types, including monocytes/macrophages, 
microglia, astrocytes, neutrophils and lymphocytes (17-19). 
RPE cells express all three forms of PPARs, although PPARβ 
is the dominant isoform (20). In particular, PPARγ may be 
important for processing the lipids generated during the 
phagocytosis of the outer segments of photoreceptors in RPE 
cells (20). In earlier studies, 15d-PGJ2 attenuated the degree of 
inflammation via modulation of the production of cytokines, 
chemokines, and adhesion molecules  (21,22). Therefore, 
15d-PGJ2 may be a therapeutic candidate for ocular inflam-
matory diseases. Human RPE is clinically involved in many 
ocular inflammatory diseases. In this study, we investigated 
whether 15d-PGJ2 was capable of attenuating ocular inflam-
matory responses and elucidate its regulatory molecular 
mechanisms for the RPE cells that are induced by LPS.

Materials and methods

Cell culture and reagents. Human ARPE19 retinal pigment 
epithelial cells (RPE) were obtained from the American 
Type Culture Collection (Manassas, VA, USA). The cells 
were grown to confluency in a standard incubator in 
Dulbecco's MEM/Nut MIX F-12 medium (Gibco, Paisley, 
UK) including 10% fetal bovine serum, penicillin/strepto-
mycin (Gibco/BRL, Gaithersburg, MD, USA), and 2  mM 
glutamine (Life Technologies, UK). LPS was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The reverse transcrip-
tion polymerase chain reaction (RT-PCR) reagents were 
purchased from Promega  (Madison, WI, USA). The light 
shift chemiluminescent electrophoretic mobility shift assay 
reagents, nuclear and cytoplasmic extraction reagents, and 
the enhanced chemiluminescence (ECL)-detecting reagent 

were purchased from Pierce (Rockford, IL, USA). Rabbit anti-
mouse p65 and IκBα antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies 
against ERK, phosphor (p)-ERK 1/2, p38, p-p38, JNK/SAPK, 
p-JNK/SAPK, and p-IκBα were purchased from Cell Signaling 
Technology (Beverly, MA, USA).

Determination of cell viability. The cell viability of the 
ARPE19 cells was determined using the Cell Counting Kit-8 
(CCK-8) according to the manufacturer's instructions (Dojindo 
Laboratories, Kumamoto, Japan). Briefly, the cells were plated 
onto 96-well plates at a density of 1xl04 cells/well. Subsequently, 
10 µl of CCK-8 reagent was added to each well followed by 
incubation for 2 h. The amount of CCK-8 reagent that was 
reduced to yield formazan via cellular dehydrogenase indi-
cated whether the cell was viable. The results were measured 
by reading the absorbance at 450 nm in a 96-well plate reader 
(Model EL800, BioTek Instruments, Inc., Winooski, VT, USA). 
The absorbance reading was subtracted from the background 
control and reported as the mean of three measurements.

RT-PCR. The ARPE19 cells were plated overnight in 6-well 
culture plates at a density of 2x105 cells/well, and the cells 
were incubated in a serum-free medium for at least 4 h prior 
to treatment. Total RNAs were isolated using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer's instructions. The cDNA was generated using ImProm-II 
Reverse Transcription System (Promega) before being ampli-
fied via PCR with specific primers for interleukin-6 (IL-6) 
(forward, 5'-GAT GGC TGA AAA AGA TGG ATG C-3'; 
reverse, 5'-TGG TTG GGT CAG GGG TGG TT-3'), monocyte 
chemoattractant protein-1 (MCP-1) (forward, 5'-AAT GCC 
CCA GTC ACC TGC TGT TAT-3'; reverse, 5'-GCA ATT 
TCC CCA AGT CTC TGT ATC-3'), and intercellular adhesion 
molecule-1 (ICAM-1) (forward, 5'-ACT TTC CCA CTG CCC 
ATC GG-3'; reverse, 5'-GTG GCT TGT GTG TTC GGT TTC 
A-3'). After the amplification process, sections of the PCR 
reactions were subjected to agarose gel electrophoresis.

Enzyme-linked immunosorbent assay (ELISA). Cytokine 
levels were determined by ELISA. ELISA kits purchased 
from BioLegend (San Diego, CA, USA) were used to measure 
IL-6 and MCP-1 levels, and a kit obtained from R&D Systems 
(Minneapolis, MN, USA) was used to measure ICAM-1 levels. 
The absorbance at 450 nm was determined using a microplate 
reader (Model EL800, BioTek Instruments, Inc.).

PAF-acetylhydrolase (PAH-AH) assay. Cytosolic PAF-AH 
levels were determined with PAF-AH assay kits purchased 
from Cayman Chemical (Ann Arbor, MI, USA). Briefly, cells 
(1x105 cells/ml, in 60‑mm culture dishes) were collected by 
centrifugation for 10 min at 4˚C followed by sonication of 
the cell pellet in 1 ml of cold buffer (0.1 M Tris-HCl, pH 7.2). 
The mixture was centrifuged at 10,000 x g for 15 min at 4˚C. 
The supernatant was removed and 10 µl of DTNB was added 
to it, followed by addition of 10 µl of cell lysate, and 5 µl of 
assay buffer (0.1 M Tris-HCl, pH 7.2) to the wells. The wells 
were incubated for 30 min at room temperature and 200 µl of 
substrate solution was added to all of the wells. The 96-well 
plate was agitated for 30  sec. The absorbance at 412  nm 
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was determined using a microplate reader (SpetraMax M2, 
Molecular Devices, Sunnyvale, CA, USA).

Western blot analysis. The ARPE19 cells were plated over-
night in a 100‑mm culture dish at a density of 1x106 cells/dish. 
Subsequently, the cells were incubated in serum-free medium 
for at least 4 h before treatment. The cells were washed three 
times with PBS buffer before being lysed in a lysis buffer (1% 
Triton X-100, 1% deoxycholate, 0.1% NaN3) containing protease 
inhibitor cocktail tablets (Roche Diagnostics, Mannheim, 
Germany). Equal amounts of protein were separated on 10% 
SDS polyacrylamide mini-gels and transferred to a nitrocellu-
lose transfer membrane (Whatman, Florham Park, NJ, USA). 
Following incubation with the appropriate primary antibodies, 
the membranes were incubated for 1 h at room temperature 
with a secondary antibody conjugated to horseradish peroxi-
dase. After three washes in TBST, the immunoreactive bands 
were visualized using the ECL detection system (Pierce). In 
a parallel experiment, a nuclear protein was prepared using 
nuclear extraction reagents (Pierce) according to the manufac-
turer's instructions.

Preparation of nuclear extracts and EMSA. Nuclear 
extracts were prepared with the NE-PER nuclear extrac-
tion reagent (Pierce). An oligonucleotide containing the 
immunoglobulin κ-chain binding site (κB, 5'-CCGGTT 
AACAGAGGGGGCTTTCCGAG-3') was synthesized as a 
probe for the gel retardation assay, and the probe was labeled 
with biotin (Pierce). The binding reactions contained 5 µg of 
nuclear extract protein, buffer (10 mM Tris, pH 7.5, 50 mM 
KCl, 5 mM MgCl2, 1 mM dithiothreitol, 0.05% Nonidet P-40, 
and 2.5% glycerol), 50 ng of poly-(dI-dC), and a 20 fM solu-
tion of biotin-labeled DNA. The reactions were incubated for 
20 min at room temperature at a final volume of 20 µl. During 
the competition reactions, the nuclear extracts were incubated 
for 15 min at room temperature with a competing cold oligo-
nucleotide (100-fold excess) before the addition of a labeled 
probe. The reaction mixture was electrophoretically analyzed 
in a 5% polyacrylamide gel with 0.5X Tris-borate EDTA 
buffer. The reactions were transferred to nylon membranes 
and the biotinylated DNA was detected using a LightShift 
chemiluminescent EMSA kit (Pierce).

Statistical analysis. Statistical analyses were conducted using 
the Student's t-test. The results are presented as the means ± SD 
of at least three separate experiments. P<0.05 was considered 
to be statistically significant.

Results

Effects of 15d-PGJ2 on IL-6, MCP-1, and ICAM-1 produc-
tion in LPS-stimulated ARPE19. Initially, to exclude the 
possibility that the inhibition of the production of inflam-
matory mediators was caused by the cytotoxity of 15d-PGJ2, 
we performed CCK-8 assays in ARPE19 cells treated with 
15d-PGJ2 (10‑80 µM) (Fig. 1). A decrease in cell survival was 
detected at concentrations from 40 to 80 µM. The concentra-
tions (10‑20 µM) of 15d-PGJ2 alone did not affect cell viability 
in this investigation. Therefore, concentrations of 10-20 µM 
15d-PGJ2 were used in subsequent experiments.

The effect of 15d-PGJ2 on IL-6, MCP-1, and ICAM-1 
production in LPS-stimulated ARPE19 cells was examined. 
The ARPE19 cells were incubated with 15d-PGJ2 (10 or 20 µM) 
in the presence of LPS (10 µg/ml) for 24 h, and the mediator 
levels in the culture media were measured via ELISA. As 
shown in Fig. 2A, the IL-6, MCP-1, and ICAM-1 levels were 
increased in the culture media from the LPS-stimulated 
ARPE19. These increases were significantly decreased in a 
concentration-dependent manner by treatment with 15d-PGJ2. 
In a parallel experiment, RT-PCR was performed to determine 
whether 15d-PGJ2 inhibits the expression of these mediators 
at the transcriptional level. As shown in Fig. 2B, the treatment 
of ARPE19 cells with different concentrations of 15d-PGJ2 
2 h prior to LPS treatment caused a dose-dependent decrease 
in the IL-6, MCP-1, and ICAM-1 mRNA. These results 
suggested that 15d-PGJ2 acts primarily by preventing the 
expression of IL-6, MCP-1, and ICAM-1 at the transcriptional 
level. Therefore, the results indicated that 15d-PGJ2 inhibited 
the expression of these mediators, which are involved in the 
inflammatory process. We further explored the mechanism of 
inhibitory action for 15d-PGJ2.

Relationship between 15d-PGJ2 levels and PAF on IL-6, 
MCP-1, and ICAM-1 expression. The effect of CV-3988 on 
IL-6, MCP-1, and ICAM-1 production in LPS-stimulated 
ARPE19 cells was examined. The PAF released in response 
to LPS is a major contributor to the pathological events asso-
ciated with numerous pro-inflammatory events. PAF may be 
a major mediator of retinal inflammation. Rosenbaum et al  
reported that intravitreal injection of PAF induces retinitis in 
experimental animals (23). To validate the above information, 
we examined the relationship between 15d-PGJ2 levels and the 
repression of PAF. In order to exclude the possibility that the 
inhibition of inflammatory mediators production was caused 
by the cytotoxity of CV-3988, we initially performed CCK-8 
assays in ARPE19 cells treated with CV-3988 (0.1-80 µM) 
(Fig. 3). A decrease in cell survival was detected at 80 µM. 
The concentrations (10-40 µM) CV-3988 alone did not affect 
cell viability in this investigation. Therefore, concentra-
tions of 10-40  µM CV-3988 were used in the subsequent  
experiments.

Figure 1. Effects of 15-deoxy-δ12,14-prostaglandin J2 (15d-PGJ2) on the 
viability of ARPE19 cells. The cells were treated with various concentrations 
(10-80 µM) of 15d-PGJ2 for 24 h. Cell viability was measured via CCK-8 
assays, and the results are expressed as the percentage of surviving cells 
over control cells (no addition of 15d-PGJ2). Each value is reported as the 
mean ± SD and is representative of results obtained from three independent 
experiments. *P<0.05 compared with non-treated cells.
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ARPE-19 cells were incubated with CV-3988 (10, 20 or 
40 µM) in the presence of LPS (10 µg/ml) for 24 h, and the 
mediator levels in the culture media were measured via ELISA. 
As shown in Fig. 4A, the IL-6, MCP-1, and ICAM-1 levels were 

increased in the culture media of LPS-stimulated ARPE19 
cells, and these increases were significantly decreased in a 
concentration-dependent manner by treatment with CV-3988.

Bulger et al demonstrated that treatment of alveolar macro-
phages with PAF-acetylhydrolase (PAF-AH) in vitro caused 
significant inhibition of the cytokine response to the endotoxin 
(24). To determine whether 15d-PGJ2 and CV-3988 were 
capable of upregulating PAF-AH activity in ARPE19 cells, 
the cells were treated with 15d-PGJ2 (20 µM) and CV-3988 
(40 µM) in the presence of LPS (10 µg/ml) for 24 h, and then 
PAF-AH activity in the cytosols was measured. As shown in 
Fig. 4B, the PAF-AH activity decreased in response to LPS 
treatment in the cultured ARPE19 cells, and these decreases 
were reversed by the administration of 15d-PGJ2 and CV-3988. 
The results suggested that the anti-inflammatory effects of 
15d-PGJ2 are generated via enhancement of PAH-AH activity.

Effects of 15d-PGJ2 on the activation of NF-κB in LPS-sti
mulated ARPE19 cells. Since 15d-PGJ2 inhibited the expression 
of the inflammatory mediators in ARPE19 cells, we examined  
the mechanism of inhibitory action for 15d-PGJ2. Activation 
of nuclear transcription factor-κB (NF-κB) is necessary to 
induce the IL-6, MCP-1, and ICAM-1 genes. Therefore, 
using western blot and EMSA, we investigated whether 
15d-PGJ2 acts on NF-κB activity. The effect of 15d-PGJ2 on 
LPS-induced IκBα phosphorylation and degradation was also 
examined. The imunoblotting results shown in Fig. 5A reveal 
that the LPS-induced IκBα phosphorylation/degradation were 
inhibited after 1 h of exposure to 15d-PGJ2. Additionally, 
15d-PGJ2 inhibited the LPS exposure‑induced translocation 
of the NF-κB p65 subunit from the cytosol to the nucleus. To 
further characterize the mechanism, the effect of 15d-PGJ2 on 
the DNA-binding activity of NF-κB was determined by EMSA 
(Fig. 5B). LPS treatment caused a significant increase in the 
DNA-binding activity of NF-κB. By contrast, treatment with 
15d-PGJ2 markedly reduced the LPS-induced DNA-binding 
activity of NF-κB. Additionally, pretreatment with a PAF 
antagonist significantly abrogated the LPS-induced NF-κB 
activation. When combined, these results suggested that 
15d-PGJ2 may inhibit NF-κB activation in ARPE19 cells by 
suppressing the IκBα phosphorylation/degradation, as well as 
the binding of NF-κB.

Figure 2. Inhibition of interleukin-6 (IL-6), monocyte chemoattractant pro-
tein-1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1) expression 
by 15-deoxy-δ12,14-prostaglandin J2 (15d-PGJ2) in lipopolysaccharide (LPS)-
stimulated ARPE19 cells. The ARPE19 cells were pre-treated with 15d-PGJ2 
(10 and 20 µM) for 2 h before a 24‑h incubation with LPS (10 µg/ml). (A) The 
IL-6, ICAM-1, and MCP-1 concentrations were measured in culture media 
using a commercial ELISA kit. (B) After 16 h of LPS treatment, the total 
RNA was prepared for the RT-PCR analysis of IL-6, ICAM-1, and MCP-1 
gene expression in the LPS-stimulated ARPE19 cells. Each value reported 
is the mean ± SD representative of the results obtained from four indepen-
dent experiments. *P<0.05 indicates a significant difference from the value 
obtained for cells treated with LPS in the absence of 15d-PGJ2.

Figure 3. Effects of CV-3988 (PAF receptor antagonist) on the viability 
of ARPE19 cells. The cells were treated with various concentrations 
(0.1-80 µM) of CV-3988 for 24 h. Cell viability was measured via CCK-8 
assays, and the results are expressed as the percentage of surviving cells over 
control cells (no addition of CV-3988). Each value reported is the mean ± SD 
representative of the results obtained from three independent experiments.
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Effect of 15d-PGJ2 on the phosphorylation of MAP kinases 
in LPS-stimulated ARPE19. Experiments were designed to 
elucidate the signaling cascades that regulate the expression of 
the inflammatory mediators in ARPE19 cells in responding to 
LPS stimulation. MAP kinases are important for the expres-
sion of IL-6, MCP-1 and ICAM-1. MAP kinases therefore act 
as a specific target for inflammatory responses. To investigate 
whether the inhibition of inflammation by 15d-PGJ2 is regu-
lated by the MAP kinase pathway, we examined the effect of 
15d-PGJ2 on LPS-induced phosphorylation of ERK, JNK, and 
p38 kinase in ARPE19 cells using western blot analysis. We 
first demonstrated that ERK, JNK, and p38 kinase were phos-
phorylated following ARPE19 cell stimulation with LPS, and 
then examined the effect of 15d-PGJ2 on the LPS-induced acti-
vation of MAP kinases. As shown in Fig. 6, 15d-PGJ2 (20 µM) 
markedly inhibited ERK activation, while the phosphorylation 
of JNK and the p38 kinase were not affected. The total amount 
of ERK was not affected by treatment with LPS or 15d-PGJ2 

Figure 4. Inhibition of interleukin-6 (IL-6), intercellular adhesion mol-
ecule-1 (ICAM-1), and monocyte chemoattractant protein-1 (MCP-1) 
production by CV3988 in lipopolysaccharide (LPS)-stimulated ARPE19 
cells. The ARPE19 cells were pre-treated with CV3988 (10, 20, and 40 µM) 
for 2 h before a 24‑h incubation with LPS (10 µg/ml). (A) The IL-6, ICAM-1, 
and MCP-1 concentrations were measured in culture media using a com-
mercial ELISA kit. (B) After LPS treatment for 24 h, the cytosolic fraction 
was prepared for PAF-AH activity in LPS-stimulated ARPE19 cells. Each 
value reported is the mean ± SD representative of results obtained from four 
independent experiments. #P<0.05 indicates a significant difference from the 
value obtained for non‑treated cells. *P<0.05 indicates a significant differ-
ence from the value obtained for cells treated with LPS in the absence of 
15-deoxy-δ12,14-prostaglandin J2 (15d-PGJ2) or CV3988.

Figure 5. Effects of 15-deoxy-δ12,14-prostaglandin J2  (15d-PGJ2) and CV3988 
on the nuclear transcription factor-κB (NF-κB) activity in lipopolysaccha-
ride (LPS)-stimulated ARPE19 cells. (A) The p65 subunit of NF-κB in the 
nuclear protein extracts and the levels of p-IκBα and IκBα in the cytosolic 
protein were determined using western blot analysis.The ARPE19 cells were 
treated with LPS (10 µg/ml) for 1 h and the p65, p-IκBα, and IκBα proteins 
were detected using specific antibodies. (A) The nuclear extracts (5 µg) 
were prepared and analyzed for the DNA binding activity for NF-κB using 
an electrophoretic mobility shift assay. The ARPE19 cells were pretreated 
with the indicated concentrations of 15d-PGJ2 or CV3988 for 2 h prior to 
stimulation with LPS (10 µg/ml) for another hour. The results are the mean 
representative of three independent experiments.
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treatment. These results suggested that the ERK pathways are 
relevant during the LPS-mediated expression of IL-6, MCP-1, 
and ICAM-1.

15d-PGJ2 inhibition of the LPS-stimulated IL-6, MCP-1, and 
ICAM-1 production via PPARγ-independent pathways. To 
verify whether the action of 15d-PGJ2 was PPARγ-dependent 
or -independent, we examined the effects of GW9662, which 
is a potent, irreversible and selective PPARγ antagonist, on the 
expression of IL-6, MCP-1, and ICAM-1. Fig. 7 shows that, in the 
presence of LPS, GW9662 did not reverse the inhibitory effect 
of 15d-PGJ2 on the expression of IL-6, MCP-1, and ICAM-1. 
Additionally, we compared the inhibitory effects of different 
PPARγ agonists on the LPS-stimulated production of IL-6, 
MCP-1, and ICAM-1. 15d-PGJ2 inhibited the LPS-stimulated 
production of IL-6, MCP-1, and ICAM-1, but other PPARγ 
agonists, such as troglitazone and rosiglitazone, did not inhibit 
the LPS-stimulated production of IL-6, MCP-1, and ICAM-1 

in ARPE19 cells. These results supported the hypothesis that 
15d-PGJ2 regulates the LPS-stimulated production of IL-6, 
MCP-1, and ICAM-1 via PPARγ-independent mechanisms.

Discussion

The present study was undertaken to elucidate the anti-inflam-
matory effects and mechanisms of 15d-PGJ2 on the production 
of inflammatory mediators in RPE cells stimulated with LPS. 
In particular, we investigated whether the anti-inflammatory 
effects of 15d-PGJ2 were associated with PAF activation. The 
bacterial LPS activates the RPE cells to produce and release 
potent inflammatory mediators, including IL-6, MCP-1, and 
ICAM-1. The results suggest that 15d-PGJ2 is an effective 
inhibitor of the LPS-induced inflammatory mediators through 
the blockade of the NF-κB and mitogen-activated protein 
kinase (MAPK) pathways via PAF release in the retinal 
pigment epithelium cell line, ARPE19. The inhibitory effect of 

Figure 6. Effects of 15-deoxy-δ12,14-prostaglandin J2 (15d-PGJ2) and CV3988 
on lipopolysaccharide (LPS)-stimulated phosphorylation of mitogen‑acti-
vated protein kinase (MAPK) in ARPE19 cells. The ARPE19 cells were 
treated with the vehicle or the indicated concentrations of 15d-PGJ2 and 
CV3988 for 2 h prior to incubation with LPS (10 µg/ml) for 0.5 h. The cell 
extracts were then prepared and subjected to a western blot with antibodies 
specific for the phosphorylated forms of JNK, ERK, and p38. #P<0.05 indi-
cates a significant difference from the value obtained for non‑treated cells. 
*P<0.05 indicates a significant difference from the value obtained for cells 
treated with LPS in the absence of 15d-PGJ2 or CV3988.

Figure 7. Effects of 15-deoxy-δ12,14-prostaglandin J2 (15d-PGJ2) on lipopoly-
saccharide (LPS)-stimulated interleukin-6 (IL-6), monocyte chemoattractant 
protein-1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1) produc-
tion in ARPE19 cells via PPARγ-independent mechanisms. The ARPE19 cells 
were pretreated with PPARγ agonists, such as troglitazone, rosiglitazone, or 
15d-PGJ2, at the indicated concentrations for 2 h, followed by stimulation 
with lipopolysaccharide (LPS) (10 µg/ml) for 24 h. In addition, the cells were 
pretreated with a specific PPARγ antagonist, GW9662, at 40 µM for 0.5 h fol-
lowed by treatment with 15d-PGJ2 for 2 h; subsequently, they were stimulated 
with LPS at the indicated concentrations. Twenty-four hours later, the cultured 
supernatants were isolated and analyzed for IL-6, MCP-1, and ICAM-1 levels 
using commercial ELISA kits. *P<0.05 indicates a significant difference 
from the value obtained for cells treated with only LPS. The experiments are 
reported as the mean representative of three independent experiments.
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15d-PGJ2 on the inflammatory mediator expression suggests 
efficacy, which is responsible for its anti-inflammatory action, 
as well as its potential use as a therapeutic agent for treating 
LPS-stimulated ocular diseases.

Bacterial LPS can elicit acute ocular inflammation in 
animals and lead to uveitis, various degrees of degeneration 
of the retina, and loss of vision (1,25). The RPE is a major 
component of the blood retinal barrier and controls the 
nutrient flow to the photoreceptors. It has been reported that 
the bacterial endotoxin activates the RPE to enhance the 
expression of various inflammatory mediators, such as IL-6, 
MCP-1, and ICAM-1 (26,27). IL-6 is an important mediator 
of the acute-phase response and possesses biological activities 
that support host immune reactions. The pro-inflammatory 
cytokine IL-6 is an important mediator of inflammation and 
has chemotactic activity for neutrophils and macrophages, in 
addition to activating T lymphocytes, stimulating the secretion 
of immunoglobulin, and triggering the release of acute phase 
proteins  (28,29). The local production of IL-6 by resident 
cells and infiltrating inflammatory cells has been detected 
during a variety of inflammatory ocular conditions (30,31). 
MCP-1 is overexpressed in human eyes during acute anterior 
uveitis and is known to have strong chemotactic activity for 
monocytes/macrophages  (32). Retinal detachment-induced 
photoreceptor apoptosis has been associated with MCP-1 (33). 
ICAM-1 expression is upregulated in the iris and ciliary 
bodies following LPS application (34). Leukocyte adhesion 
to the vessel walls is an important process during inflamma-
tion. When leukocytes are recruited to inflammatory sites, the 
adhesion molecules play essential roles during the first step of 
inflammation. Therefore, the downregulation of IL-6-, MCP-1-, 
and ICAM-1‑mediated migration and adhesion of leukocytes 
may lead to the suppression of ocular inflammation. In the 
present study, the application of 15d-PGJ2 reduced the retinal 
expression of IL-6, ICAM-1, and MCP-1 (Fig. 2), suggesting 
that the anti-inflammatory effects of 15d-PGJ2 on the eye 
resulted from inhibition of the inflammation-related molecules.

In a previous report, when LPS was injected intracamerally, 
PAF was detected in the aqueous humor and found to enhance 
the intraocular inflammation (35). In this study, we found that 
LPS induces the mRNA expression of the PAF receptor in 
ARPE19 cells. In addition, the LPS-induced expression of the 
PAF receptor mRNA was completely inhibited by the PAF 
receptor antagonist, CV3988. Therefore, we hypothesized 
that the anti-inflammatory effects of 15d-PGJ2 may be medi-
ated through inhibition of the PAF secretion. To prove this 
hypothesis, we investigated the relationship of 15d-PGJ2 and 
PAF with the expression of inflammatory mediators (IL-6, 
MCP-1, and ICAM-1) in LPS-stimulated ARPE19 cells. We 
initially examined whether CV3988 reduced the expression 
of these inflammatory mediators in the presence of LPS in 
the ARPE19 cells. As demonstrated in Fig. 4A, the expres-
sion levels of the inflammatory LPS-induced mediators were 
significantly suppressed when the cells were pretreated with 
20 and 40 µM CV3988 for 2 h prior to LPS stimulation for 24 h. 
To elucidate whether 15d-PGJ2 is related to the PAF response, 
we examined PAF-acetylhydrolase (PAH-AH) activity in the 
presence of LPS. In a previous study, the PAF-AH protein was 
upregulated by 15d-PGJ2 (13). This previous finding, in accor-
dance with our data, indicated that the decreased activities 

of PAH-AH, which were stimulated by LPS, were signifi-
cantly enhanced when the cells were pretreated with 20 µM 
15d-PGJ2 and 40 µM CV3988 for 2 h prior to LPS stimulation 
for 24 h (Fig. 4). This suggest that 15d-PGJ2 induces PAF-AH, 
leading to the prevention of inflammatory reactions in RPE 
cells, considering that PAF-AH rapidly hydrolyzed PAF to 
form lyso-PAF.

Bacterial LPS stimulate the transcription of several genes 
involved in inflammatory and immune responses, including 
the NF-κB and MAPK pathways. Previously, NF-κB and 
MAPK signaling pathways were demonstrated to be involved 
in the anti-inflammatory responses of various primary 
human ocular cells (36). To determine the mechanisms by 
which 15d-PGJ2 inhibited the production of inflammatory 
mediators, we examined its effects on LPS-induced NF-κB 
activation (Fig. 5). NF-κB is a pleiotropic regulator of various 
genes involved in cell responses to infection and participates 
in inflammatory responses, leading to organ dysfunction and 
death in patients with sepsis (37). In addition, PAF is a potent 
inducer of NF-κB activity. IκBα is one of the inhibitor proteins 
that binds to NF-κB. Degradation of IκBα after its phos-
phorylation is required to translocate NF-κB to the nucleus. 
15d-PGJ2 represses the NF-κB transcriptional activity (38). 
Our findings show that 20 µM 15d-PGJ2 significantly inhibits 
the LPS-stimulated IκBα phosphorylation/degradation and 
nuclear translocation of p65, as well as the DNA binding 
activity of NF-κB in ARPE19 cells. Therefore, inhibiting 
the NF-κB signaling pathways in RPE cells with 15d-PGJ2 
may cause the downregulation of inflammatory mediators, 
generating an anti-inflammatory effect. The involvement of 
various intracellular signaling pathways, such as MAPKs, 
is needed to induce and maintain the inflammatory process. 
Activation of these kinases leads to the nuclear translocation 
of the NF-κB. Previous studies have revealed that MAPKs 
have a significant role in the regulation of IL-6, MCP-1, and 
ICAM-1 production in LPS-stimulated ocular cells  (36). 
Therefore, experiments were performed to determine whether 
the 15d-PGJ2 tightly regulates the expression of MAPKs to 
induce anti-inflammatory effects in LPS-stimulated ARPE19 
cells. In the present study, 15d-PGJ2 inhibits the activation of 
ERK, which is induced by LPS stimulation in ARPE19 cells 
(Fig. 6). Therefore, the inhibition of ERK and the NF-κB 
signaling pathways in ARPE19 cells by 15d-PGJ2 may cause 
the downregulation of inflammatory mediators, resulting in 
an anti-inflammatory effect.

Previous studies have indicated that 15d-PGJ2 exerts 
its anti-inflammatory action via a PPARγ-dependent  (39) 
or -independent (40) mechanism. To verify the PPARγ-
dependence or -independence of 15d-PGJ2, we examined 
the effects of PPARγ antagonists and agonist on the produc-
tion of IL-6, MCP-1, and ICAM-1 (Fig. 7). In this study, 
we investigated the mechanism of action for 15d-PGJ2 with 
respect to the LPS response. GW9662, which is a selective 
PPAR antagonist, was not able to efficiently reduce the LPS 
response. The inhibition of the expression of LPS-stimulated 
inflammatory mediators by 15d-PGJ2 was not reversed 
by GW9662. Additionally, troglitazone and rosiglitazone, 
which are synthetic PPARγ agonists, were administered 
at concentrations that induced PPARγ activity, but did not 
affect the inhibitory effect on the expression of inflamma-
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tory mediators. Taken together, these results suggest that the 
higher potency and efficiency of 15d-PGJ2 for attenuating the 
expression of inflammation‑related molecules (IL-6, MCP-1, 
and ICAM-1) triggered by LPS are mainly achieved through 
PPARγ-independent mechanisms.

In conclusion, the results of the present study have demon-
strated that 15d-PGJ2 significantly suppresses the LPS-induced 
expression of pro-inflammatory mediators. Specifically, 
15d-PGJ2 significantly inhibited the release of IL-6, MCP-1, 
and ICAM-1 by inhibiting NF-κB and ERK activation, as well 
as through a PPARγ-independent pathway in the RPE cells. 
Additionally, the anti-inflammatory properties of 15d-PGJ2 are 
mediated by the enhancement of PAF-AH activity. Therefore, 
our results suggest that 15d-PGJ2 is considered for use as a treat-
ment for ocular inflammatory disorders. Future studies are to 
address this aspect in ocular inflammation models performed 
in vivo.
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