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Sphingosine-1-phosphate inhibits interleukin-1f-induced
inflammation in human articular chondrocytes
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Abstract. Sphingosine-1-phosphate (S1P) is a pluripotent
lipid mediator that transmits signals through a family of
G-protein-coupled receptors (GPCRs) to control diverse
biological processes including inflammation and wound-
healing. In this study, a novel biological activity of S1P
in articular chondrocytes was identified. Human primary
chondrocytes were cultured in a monolayer. Reverse
transcription-polymerase chain reaction (RT-PCR) and
western blotting were performed to detect genes and
proteins involved in inflammation and cartilage degradation
when human primary chondrocytes were stimulated by
interleukin (IL)-1p. Matrix metalloproteinase (MMP)-2
and MMP-9 activity was evaluated by gelatin zymography.
Glycosaminoglycan (GAG) degradation was evaluated using
the dimethylene blue method. Prostaglandin E, (PGE,)
was measured by enzyme-linked immunosorbent assay
(ELISA). By using the S1P, receptor agonist and antago-
nist, we discovered the key role played by S1P, in the
S1P-dependent inhibition of IL-1p3-induced inflammation in
human chondrocytes. SIP dose-dependently inhibited IL-13-
induced NF-xB p65, cyclooxygenase (COX)-2, MMP-1,
MMP-3, MMP-13 and MMP-14 mRNA expression in human
chondrocytes and IL-1B3-induced PGE, synthesis and GAG
degradation in human cartilage explants. W146, a known
S1P, receptor antagonist, inhibited the active form of NF-kB
p65 and COX-2 expression induced by IL-18. The anti-
inflammatory action of the S1P, receptor agonist SEW2871
was similar to that of S1P. This study demonstrates that S1P
has anti-inflammatory effects on chondrocytes via the S1P,
receptor. Our data suggest that targeting S1P and SI1P, may
be a potential therapy for arthritis.
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Introduction

Osteoarthritis (OA), the most common joint disorder, is
characterized by progressive degenerative structural changes
in articular cartilage and excessive production of several
inflammatory mediators (1). Among these mediators, the pro-
inflammatory cytokine interleukin (IL)-1f plays a central role
in inducing cartilage damage in arthritis (2,3). IL-1f enhances
the degradation of the extracellular matrix (ECM), including
proteoglycan, through the activation of matrix metalloprotein-
ases (MMPs). Degradation of the ECM in articular cartilage is
a central event leading to joint destruction in several arthritic
conditions, including OA (4). The pro-inflammatory effects
may be mediated through cyclooxygenase (COX)-2 induction,
which produces prostaglandin E, (PGE,) that is responsible
for the pain and swelling of inflamed joints by enhancing
MMP expression and activity (5,6).

The expression and biological activity of the pro-inflam-
matory factors mentioned are regulated by the transcription
factor nuclear factor k-light chain-enhancer of activated B cells
(NF-xB). NF-«xB regulates the expression of a number of
genes involved in immune responses and inflammation (7). In
unstimulated cells, NF-kB is discovered in the cytoplasm (8).
When these cells are stimulated by cytokines such as IL-1§,
which play important roles in the initiation and development of
OA, the NF-kB protein p65/p50 enters into the nucleus where
it regulates the expression of a number of genes involved in
inflammatory responses such as COX-2 (5.,9).

At present, with the exception of anti-inflammatory cortico-
steroids and non-steroidal anti-inflammatory drugs (NSAIDs)
which inhibit COX-2, a specific therapy based on fundamental
intracellular pathways of chondrocytes does not exist for the
medical management of OA (10); therefore, safe and efficacious
drugs are needed to treat this debilitating disease.

Sphingosine-1-phosphate (S1P) is a member of an impor-
tant group of signaling sphingolipids recognized to play a role
in a diverse array of cellular processes, including apoptosis,
survival, motility, calcium signaling and differentiation in a
variety of cell types (11). SIP is generated by the phosphoryla-
tion of sphingosine kinases 1 (Sphk-1) and 2 (Sphk-2). S1P
exerts most of its activity as a ligand of G-protein-coupled
receptors (GPCRs) (12,13). At present, 5 members of the S1P
receptor family have been identified in mammals, SI1P,,
possessing distinct expression profiles and affinities toward
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S1P (13). Stradner et al (14) demonstrated that the expression
of S1P,, S1P, and S1P; was observed in human articular
chondrocytes.

Of the various cellular physiological actions of SI1P, we
focused on its ability to markedly influence inflammation.
The S1P pathway has recently been associated with a variety
of inflammatory-based diseases, and several studies have
reported on the anti-inflammatory effects of S1P. Ogawa et al
(15) discovered that the novel S1P, receptor agonist KRP-203
reduced experimental autoimmune myocarditis in rats. Hughes
et al (16) demonstrated that SIP significantly reduced pro-
inflammatory cytokine secretion such as ILs in macrophages.
S1P is known to have potent anti-inflammatory actions.

In this study, we investigated the effects of S1P on human
arthritis, as well as cellular responses using an in vitro model.
Furthermore, the potential of SIP, to reduce the inflammation
of human chondrocytes induced by IL-1p was evaluated using
a specific agonist and antagonist.

Materials and methods

Reagents. SIP was purchased from Cayman Chemical (Ann
Arbor, MI, USA) and prepared as a 2 mM solution in 0.3 M
NaOH and was further diluted in cell culture medium.
SEW2871, an S1P receptor 1 (S1P,) agonist and W146, a
S1P, antagonist, were purchased from Cayman Chemical.
Recombinant human IL-1f was purchased from Santa Cruz
Biotechnology, Inc., (Santa Cruz, CA, USA).

Human chondrocyte isolation and monolayer cultures.
Cartilage tissue samples were obtained from the femoral
condyle and tibial plateau of the knee from 6 OA patients
at the time of joint replacement surgery. Cartilage samples
were derived from human patients following full informed
consent and local ethics committee approval. Full-thickness
cartilage slices were obtained from above the subchon-
dral bone from a relatively lesion-free area. Human OA
chondrocytes were harvested from the discarded knee tissue
as previously described (17). Briefly, the cartilage surfaces
were first rinsed with sterile NaCl/P;. The cartilage slices
were chopped and incubated with 0.25% trypsin for 30 min,
followed by 0.1% collagenase (Sigma-Aldrich, St. Louis,
MO, USA) treatment for 6 h in Dulbecco's modified Eagle's
medium (DMEM; Invitrogen-Gibco-BRL, Grand Island,
NY, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Invitrogen-Gibco-BRL) and antibiotics. Cells were
filtered through a 70-m cell strainer (Falcon, Franklin Lakes,
NIJ, USA), washed twice with NaCl/P; and then seeded into
tissue culture flasks in DMEM supplemented with 10% FBS
and antibiotics. After ~7 days, confluent chondrocytes were
split once and seeded at high density and these first passage
chondrocytes were used within 2 days in subsequent experi-
ments. Chondrocytes were incubated with DMEM containing
1% FBS prior to treatment with SIP, SEW2871, W146 and
pro-inflammatory cytokines.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from human chondrocytes using the
Easy-spin™ total RNA extraction kit (Intron Biotechnology,
Seoul, Korea). cDNA synthesis was performed following the
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instructions of the Takara PrimeScript™ first-strand cDNA
synthesis kit (Takara Bio, Inc., Tokyo, Japan). mRNA expres-
sion of COX-2 and MMPs was analyzed by RT-PCR using
the specific primer sets. The primer sequences used for the
RT-PCR were as follows:

COX-2: forward, SAGTCCCTGAGCATCTACGGTTTG3'
and reverse, 5' CATCGCATACTCTGTTGTGTTCCC3';
MMP-1: forward, 5TCCACTGCTGCTGCTGCTG3' and
reverse, STTTCAACTTGCCTCCCATCATTCTTC3'; MMP-3:
forward, STGAACAATGGACAAAGGATACAACAGG3' and
reverse, SATCATCTTGAGACAGGCGGAACC3'; MMP-14:
forward, 5S’GCTGGTTCTGGCGGGTGAGS3' and reverse,
5'TCTCGTAGGCAGTGTTGATGGAC3'; p-actin (as an
internal control): forward, 5GCA AGCAGGAGTATGACGAG3'
and reverse, SSCAAATAAAGCCATGCCAATC3'. The PCR
conditions were as follows: initial denaturation at 94°C for
2 min; 35 cycles of denaturation at 94°C for 30 sec; ampli-
fication at 60°C for 30 sec; extension at 72°C for 1 min. The
size of the amplified products was examined by agarose gel
electrophoresis. Images were captured using the Fusion FX7
acquisition system (Vilber Lourmat, Eberhardzell, Germany).
For semi-quantitive analyses, relative band intensities against
the internal control were calculated using Bio-1D (Vilber
Lourmat, Marne La Vallee, France).

Quantitative (q)RT-PCR. Total RNA was extracted from human
chondrocytes using the Easy-spin™ total RNA extraction kit.
cDNA synthesis was performed following the instructions
of the Takara PrimeScript™ first-strand cDNA synthesis kit
(Takara Bio, Inc.). For qRT-PCR, 1 ul of gene primers with
SYBR-Green in 20 ul of reaction volume was applied. The
primer sequences used for the real-time PCR were as follows:
COX-2: forward, SAGTCCCTGAGCATCTACGGTTTG3' and
reverse, 5' CATCGCATACTCTGTTGTGTTCCC3'; MMP-1:
forward, 5S’TCCACTGCTGCTGCTGCTG3' and reverse,
STTTCAACTTGCCTCCCATCATTCTTC3'; B-actin (as an
internal control): forward, 5GCA AGCAGGAGTATGACGAG3'
and reverse, SSCAAATAAAGCCATGCCAATC3'. All reac-
tions with iTaqg SYBR-Green Supermix were performed on
the CFX96 real-time PCR detection system (all were from
Bio-Rad, Hercules, CA, USA).

Western blotting. Human chondrocytes were lysed in a
lysis buffer. Equal amounts of lysate protein were elec-
trophoretically resolved on a 10-15% SDS-PAGE, and the
resolved proteins were transferred. Immunoreactivity was
detected through sequential incubation with horseradish
peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence reagents. Images were captured using the
Fusion FX7 acquisition system. Densitometry of the signal
bands was analyzed using Bio-1D. The antibodies used for
immunoblotting were COX-2, p65 (Santa Cruz Biotechnology,
Inc.) and B-actin (Sigma-Aldrich).

Immunofluorescence staining. Human chondrocytes, cultured
on glass slides, were fixed with cold acetone and blocked by
5% FBS in TBST and incubated with mouse NF-«xB (active
p65 subunit) antibody (Millipore) and goat COX-2 antibody
(Santa Cruz Biotechnology, Inc.) overnight at 4°C. After
washing with TBST, the cells were incubated with anti-mouse
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Figure 1. SIP prevents IL-1B-induced COX-2 gene and protein expression. (A and B) Chondrocytes were stimulated with IL-1$ (10 ng/ml) and co-treated with
increasing concentrations of S1P for 12 h and then stimulated with IL-1f (10 ng/ml) for 12 h. Total RNA was isolated, cDNA was synthesized and COX-2
mRNA (A and B) was quantified using real-time reverse RT-PCR. Base pair markers (M) denoting DNA sizes are displayed in the far left lane. mRNA
fold changes were calculated relative to the control. The data represent samples from 3 different experiments expressed as the means + SEM (n=3). The data
were analyzed using analysis of variance (ANOVA) and Duncan multiple range test (P< 0.01). Bars displaying different letters indicate significant differences
between each group of bars according to Duncan's test at P<0.01. (C) Representative western blotting from total protein isolated after 24 h of treatment with

IL-1P (10 ng/ml) alone or co-treated with indicated concentrations of SIP.

IgG conjugated with Alexa Fluor® 488 (green) and anti-goat
IgG conjugated with Alexa Fluor® 350 (blue). The cells were
washed with TBST, mounted with fluorescence mounting
medium (Dako) and observed under a fluorescence micro-
scope (Nikon ECLIPSE 80i; Nikon Corporation).

Gelatin zymography. Gelatin zymography was performed
for the detection of MMP protein secretion and activation
in conditioned medium. Conditioned media were collected
and centrifuged to remove cellular debris, and the super-
natant was collected and stored at -20°C. Each sample
suspension was mixed with SDS sample buffer without
reducing agent, followed by gelatin zymography. The sample
was resolved by SDS-PAGE gels containing 10% acrylamide
and 1 mg/ml gelatin. The gels were then washed twice in
2.5% (w/v) Triton X-100 in distilled water for 30 min at
room temperature and were incubated overnight at 37°C in
developing buffer containing 50 mM Tris-HCI (pH 7.5),0.2 M
NaCl and 5 mM CaCl,. The following morning, gels were
stained with 0.2% Coomassie Blue R-250 in 50% ethanol and
10% acetic acid for 1 h at room temperature and destained
with a buffer consisting of 20% methanol, 10% acetic acid
and 70% distilled water for 30 min at room temperature to
visualize these zones of digestion as light areas against the
darkly stained protein background. The zymography gels
were analyzed using the Fusion FX7 acquisition system.

Quantification of glycosaminoglycan (GAG) release.
Cartilage explants were treated with IL-1f3 with or without
S1P, SEW2871 and W146 for 72 h. GAG levels in the culture
medium were determined by reaction with 1,9-dimethyl-
methylene blue. Twenty microliters of samples or chondroitin
sulfate were mixed with 180 u/ DMB reagents (48 mg/ml

DMB, 40 mM glycine, 40 mM NaCl, 10 mM HCI and pH 3.0)
for 10 min at room temperature. Absorbance at 525 nm
was measured with a spectrophotometer (SpectraMax;
Molecular Devices, Sunnyvale, CA, USA). All measure-
ments were performed in quadruplicate. Quantification was
performed using a standard curve of chondroitin sulfate in the
range of 0-5 pug/ml. Results were normalized to the protein
concentration for GAG release. Culture supernatant was also
measured for protein concentration by BCA reagent (Pierce
Biotechnology, Inc., Rockford, IL, USA).

Analysis of PGE, levels: enzyme-linked immunosorbent
assay (ELISA). Human chondrocytes were incubated with
DMEM containing 1% FBS prior to treatment with or without
IL-1B (10 ng/ml), S1P, SEW2871 and W146 for 24 h. Culture
supernatants were collected and stored at -20°C. PGE, levels
in the culture medium were quantified using an immunoenzy-
matic method (PGE, EIA kits; Cayman Chemical) according
to the manufacturer's instructions.

Statistical evaluation. All data are expressed as the
means + SEM, and the data were compared using the ANOVA
and Duncan's test using the SAS statistical package.

Results

SI1P inhibits IL-15-induced COX-2 expression in human
chondrocytes. The pro-inflammatory cytokine IL-1
contributes to the pathogenesis of OA and is a potent
inducer of COX-2 expression which plays a pivotal role
in the pathogenesis of cartilage inflammation. We treated
human chondrocytes with various concentrations of SIP to
define its anti-inflammatory effects via COX-2 expression
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Figure 2. Inhibitory effect of SIP on the MMP expression and activation induced by IL-1f. (A) Chondrocytes were treated with various concentrations of S1P
with IL-1f (10 ng/ml) for 12 h. Total RNA was isolated, cDNA was synthesized and MMP-1, -3, -13 and -14 mRNA was quantified using RT-PCR. B-actin
gene expression was used for normalization. Base pair markers (M) denoting DNA sizes are displayed in the far left lane. (B) Chondrocytes were treated
as described in (A). MMP-1 gene expression was analyzed by real-time RT-PCR. (3-actin gene expression was used for normalization. mRNA fold changes
were calculated relative to the control. Bar graph indicates the means + SEM (n=3). The data were analyzed using analysis of variance (ANOVA) and Duncan
multiple range test (P<0.01). Bars displaying different letters indicate significant differences between each group of bars according to Duncan's test at P<0.01.
(C) Chondrocytes were treated as described in (A) and MMP activation was analyzed 24 h after IL-1f treatment from the concentrated conditioned media
using gelatin gel zymography. The data represent samples from 3 different experiments.

inhibition. Under basal conditions, expression of COX-2
mRNA and protein was undetectable. Treatment with IL-1p
resulted in significant increases in mRNA (Fig. 1A and B)
and protein expression (Fig. 1C). S1P prevented the induction
of COX-2 mRNA as well as protein expression by IL-1f in a
concentration-dependent manner (Fig. 1). The effect of S1P
was significantly detected at 0.1 yM and was maximal at
10 uM. These results indicate that S1P has anti-inflammatory
effects by decreasing the expression of COX-2 at the protein
level as well as at the transcriptional level.

SIP decreases matrix degradation gene products as well
as MMP activity induced by IL-1f3 in human chondrocytes.
Since the loss of cartilage matrix is due to the upregulation of
MMP expression and activation (18), we investigated whether
S1P inhibits MMP gene expression and activation induced by
pro-inflammatory cytokines in human articular chondrocytes.
In the control situation, MMP mRNA was undetectable, but
treatment with IL-1f resulted in a substantial increase in
mRNA expression (Fig. 2A and B). Dose-dependent treatment
with SIP led to significant inhibition of all 4 MMP gene
products measured (MMP-1, -3, -13 and -14) (Fig. 2A and B).
Next, we examined the inhibitory effect of SIP on the MMP
activation induced by IL-1p using gelatin zymography
(Fig. 2C). Under basal conditions, MMP-2 and -9 were not
activated, but the addition of IL-1p activated these MMPs
(Fig. 2C). Increasing concentrations of S1P significantly
decreased the pro-inflammatory cytokine-induced activities
of MMP-2 and -9 (Fig. 2C). These results indicate that S1P
inhibits MMP expression and activation and may potentially
block cartilage degradation.

SI1P, receptor is involved in the chondrocyte anti-inflam-
matory effect of SIP. The biological action of SIP is largely
ascribed to ligation to specific SIPRs that may evoke distinct

biological responses. According to Ogawa et al, the novel S1P,
receptor agonist, KRP-203, reduces experimental autoimmune
myocarditis in rats (15). Therefore, among S1P-specific
receptors, we first investigated the involvement of S1P; in
anti-inflammation. Human chondrocytes, stimulated by
IL-1p, were treated with SEW2871, a selective SIP, agonist,
to activate S1P,. With increasing concentrations of SEW2871,
COX-2 mRNA expression was significantly diminished
(Fig. 3C). In addition, the anti-inflammatory action of SIP
was prevented by blocking the S1P, receptor using W146, a
selective S1P, antagonist (Fig. 3A, B and F). The inhibition
of COX-2 mRNA and protein upregulation by IL-1p was
blocked by the addition of 10 yuM of W146. Also, the anti-
inflammatory action of S1P, receptor-specific activation using
SEW2871 was disturbed by blocking the S1P, receptor using
W146 (Fig. 3D, E and G).

NF-kB is a transcription factor that regulates the
expression of several genes involved in immune responses
and inflammation including COX-2 and MMPs (7). SI1P
and SEW2871 both decreased the IL-1-induced active
form of NF-«kB p65, but W146 reversed the anti-inflamma-
tory actions of SIP and SEW2871 (Fig. 3B and E-G).

In order to determine whether only S1P, selective
activation affects MMP expression and activation and
if blocking the S1P, receptor abolishes the effect of
S1P and SEW2871 on MMP expression and activation,
RT-PCR and gelatin zymography were performed. In
human chondrocytes exposed to 10 ng/ml IL-1p and
treated with SEW2871, the levels of MMP-1 and -13 were
significantly decreased back to the levels of the control
(Fig. 4). W146 abolished the action of SIP and SEW2871
that had decreased MMP-1 and -13 mRNA levels (Fig. 4).
These results suggest that the regulation of NF-«xB and
MMP activation induced by S1P is mediated through the
S1P, receptor.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 30: 1451-1458, 2012

(110 bp) cox.2
(- e p———
(143 bp)

IL-1p

-+ ++ + + -
S1P - -+ + + + -
W46 (M) 0 0 o 10 50 100 100

B cox-2
(72 kKDa)
P-65

(65 kDal -—— —— |
p-actin
(42 KDa)

IL-1p

S1P —

Wi46

C 2

-
in

bd

COX-2mRNAlevels
(Fold changes)
-
n -

0
IL-1f —
SEW2871 (uM) 0 0 1 10 50

IL-1p
SEW2871
Wide

1455

(110 bp)

p-actin

(143 bp)
IL-1p
SEW2871 —_
Wi146

E
CoX-2
(72 kDa)

P-65
(65 KDa)
p-actin

(42 KDa)

wy - 4

SEW2871 =
Wi46 —

Figure 3. Selective activation of the S1P, receptor is involved in the action of SIP on decreasing COX-2 and active p65 expression in human chondrocytes.
(A and B) Human chondrocytes were pretreated with increasing concentrations (10-100 M) of W146 for 1 h and then stimulated with IL-1 (10 ng/ml) and/or
SIP (10 uM) for 12 h. COX-2 mRNA expression in cells was assessed by (A) RT-PCR. COX-2 and active p65 protein expression was determined by immu-
noblotting using (B) human anti-COX-2, anti-active p65 and f-actin antibodies. (C) Cells were stimulated with SEW2871 (0-50 M) and IL-1f (10 ng/ml)
for 12 h. COX-2 gene expression was assessed by real-time quantitative PCR. f-actin gene expression was used for normalization. mRNA fold changes were
calculated relative to the control. Bar graph indicates the mean + SEM (n=3). The data were analyzed using analysis of variance (ANOVA) and Duncan
multiple range test (P<0.01). Bars displaying same letters indicate significant differences between each group of bars according to Duncan's test at P<0.01.
(D and E) Cells were treated with or without W146 (10 M) 1 h prior to stimulation with SEW2871 (50 xM) and IL-1f (10 ng/ml). After 12 h, (D) COX-2
mRNA expression in cells was assessed by real-time quantitative PCR and (E) COX-2 and active p65 protein expression by immunoblotting and (F and G)
immunocytochemistry. The data represent samples from 3 different experiments.

SIP protects cartilage explants from IL-1-induced GAG loss
and PGE, production. Cartilage explants were treated with
S1P in combination with IL-18. GAG release to the media was
significantly and dose-dependently inhibited by S1P (Fig. SA).

At 10 uM of S1P, GAG release was reduced compared to the
control. GAG release induced by IL-1p was reduced by adding
50 uM of SEW2871 (Fig. 5B). However, W146 abolished the
inhibitory effect of the GAG degradation action of SIP and
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Figure 4. Inhibitory effect of SIP on MMP expression and activation is related to S1P, receptor-selective activation. (A and B) W146 (10 uM) was added to
chondrocytes 1 h before stimulation with S1P (10 M) or SEW2871 (50 uM) and IL-1f (10 ng/ml) treatment for 12 h. (A) MMP-1 and (B) MMP-13 mRNA was
quantified by real-time RT-PCR. 3-actin gene expression was used for normalization. mRNA fold changes were calculated relative to the control. Bar graph
indicates the means + SEM (n=3). The data were analyzed using analysis of variance (ANOVA) and Duncan multiple range test (P<0.01). Bars showing same
letters indicate significant differences between each group of bars according to Duncan's test at P<0.01. (C) MMP activation was analyzed 24 h after treatment as
described in (A) from the concentrated conditioned media using gelatin zymography. The data represent samples from 3 different experiments.

SEW2871 and the contents of GAG release were similar to
that with the IL-1p treatment. These results revealed that SIP
protects cartilage degradation from inflammatory cytokine-
induced GAG degradation via S1P, receptor activation.

PGE,, which originates from the activation of the COX
pathways, is produced by OA chondrocytes and may promote
matrix degeneration (19,20). In ex vivo cultures of cartilage
explants, the production of PGE, was increased by the stimu-
lation of IL-1f in the supernatants of the conditioned media
(Fig. 5C). After treatment with S1P, PGE, synthesis was
significantly reduced to the level of the control (Fig. 5C). Next,
we investigated the action of S1P through the S1P, receptor.
Only SIP, selective activation decreased PGE, production,
and blocking the S1P, receptor abolished the effect of S1P and
SEW2871 on PGE, synthesis (Fig. 5C). These results suggest
that S1P prevents inflammatory cytokine-induced PGE,
synthesis through S1P, receptor activation.

Discussion

The main goal of this study was to determine the anti-
inflammatory effects of S1P in human chondrocyte-induced
inflammation. The data presented demonstrated that S1P acts
as an anti-inflammatory regulator of chondrocytes and that
the action of SIP is mediated by the S1P, receptor. Treatment
with exogenous S1P effectively inhibited COX-2 expression by
reducing the activation of NF-kB p65, which is considered one
of the major regulators of OA pathogenesis. Also, SIP signifi-

cantly decreased MMP-1, -3, -13 and -14 expression. Moreover,
S1P protects cartilage explants from IL-1f3-induced PGE,
synthesis and GAG degradation. S1P effectively prevented
cartilage explants from PGE, synthesis and GAG release caused
by IL-1p. These SIP effects were abolished by the inhibition
of the SIP, receptor using W146. The SIP, selective agonist,
SEW2871, had anti-inflammatory effects similar to S1P. These
anti-inflammatory effects of S1P via the S1P, receptor occurred
through the regulation of PGE, production mediated by COX-2
expression and NF-kB and MMP activation.

OA is a painful and disabling disease that affects millions
of people. Arthritic joints display an altered metabolism
and an imbalance between anabolic growth factors and
pro-inflammatory cytokines, TNF-a and IL-1p produced by
inflammatory cells, synovial fibroblasts and chondrocytes
in affected joints (21). In fact, IL-1p, a well-recognized pro-
inflammatory cytokine, is increased locally during the OA
process (22). IL-1f induces a large cascade of events that leads
to cartilage damage, such as the synthesis of MMPs and ECM
proteins that are absent in normal cartilage and the release of
other inflammatory mediators including COX-2 (23). Several
of these effects are mediated by eicosanoids, which are prod-
ucts of arachidonic acid metabolism. PGE, is the predominant
eicosanoid synthesized by OA cartilage and mediates several
IL-1p-induced effects (24). The goal of pharmacological treat-
ment is usually to control symptoms of the disease, pain and
limitation of function, which is traditionally accomplished by
the use of analgesic agents and NSAIDs (25). However, while
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Figure 5. Inhibitory effect of SIP on GAG release and PGE, synthesis via S1P, receptor-selective activation. (A) Human cartilage explants were treated for
72 h with the indicated concentrations of SIP and IL-1f (10 ng/ml) with or without W146 (10 xuM). GAG released to the culture media was assessed using
dimethylmethylene blue. (B) Human cartilage explants were treated for 72 h with SEW2871 (50 #M) and IL-1f (10 ng/ml) with or without W146 (10 uM).
(C) Human cartilage explants were treated as described in A and B. The quantification of PGE, production was determined by ELISA. Bar graph indicates
the means + SEM (n=3). The data were analyzed using analysis of variance (ANOVA) and Duncan multiple range test (P<0.01). Bars displaying same letters
indicate significant differences between each group of bars according to Duncan's test at P<0.01.

providing relief from pain, none of these agents inhibit carti-
lage breakdown or disease development; and they also have
varying degrees of GI toxicity (26). Therefore, new and safe
therapeutics which inhibit disease progression are required.

The beneficial effects of S1P on inflammation in different
tissues and cells have been demonstrated (15,16). Therefore,
S1P was used as an anti-inflammatory agent for IL-1p3-induced
OA in a human chondrocyte in vitro model. The results of this
study demonstrated that inflammation of human chondrocytes
by IL-1p-induced expression of COX-2 was effectively inhi-
bited by S1P (Fig. 1). In contrast to our results, Masuko et al
demonstrated that S1P increased COX-2 expression and
PGE, production in chondrocytes. They treated chondrocytes
with S1P and the increase in COX-2 was 40 pg/ml (32).
Similarly, we observed that only S1P treatment increased
the COX-2 expression and PGE, production slightly (not
significant). However, when the chondrocytes were pretreated
with S1P prior to IL-1f treatment, S1P significantly decreased
IL-1B3-induced COX-2 expression and PGE, production
(Figs. 1 and 5). Although S1P only slightly increased COX-2
expression and PGE, production under a normal condition,
S1P effectively functions as a COX-2 inhibitor in arthritic
joint tissue induced by IL-1f.

An immediate cause of the destruction of joint tissue in
OA is the augmentation of MMP family enzymes (27). In
normal tissue, these enzymes are expressed at low levels to

maintain cartilage homeostasis, but in pathological states
such as OA, they are expressed at abnormally high levels (28).
S1P significantly reduced MMP expression and activation
(Fig. 2). MMPs are subdivided into several subtypes. Among
them, MMP-1 and -13 preferentially degrade native type II
collagen and are synthesized in increased amounts by OA
chondrocytes; thus, they are postulated to have an important
role in the destruction of cartilage (4). SIP was found to
dose-dependently decrease MMP-1 and -13 gene products,
whereas proteoglycan loss involves MMP-3 and -14 expres-
sion (4). Treatment with exogenous SI1P reduced MMP-3 and
-14 gene products (Fig. 2). These results are consistent with
the findings that high levels of GAG released from cartilage
explants caused by IL-1f were diminished by S1P treatment
(Fig. 5A), suggesting that SIP downregulates MMP-3 and -14
expression at the transcriptional level, leading to suppression
of GAG degradation by pro-inflammatory cytokines. Together
these data suggest that S1P may prevent cartilage destruction
in arthritis by suppressing COX-2 and MMPs.

Several of the biological effects of IL-1f on chondrocytes
(i.e. upregulation of MMPs and COX-2) are also mediated
by NF-kB (29,30). In the present study, we demonstrated that
IL-1B enhanced the activation of NF-kB p65. Interestingly,
treatment with S1P downregulated the expression of the
active form of NF-kB p65 (Fig. 3B) suggesting that the anti-
inflammatory action of S1P (i.e. downregulation of MMPs
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and COX-2) is due to the inhibition of NF-xB activation.
These results are in accordance with reports revealing that
S1P suppresses NF-«kB in germ cells (31).

Several signaling pathways that are activated in response
to the stimulation of cells by SIP are initiated by activation of
S1P-specific receptors. The results of this study demonstrated
that the anti-inflammatory action of S1P was associated with
the SIP, receptor (Figs. 3-5). Treatment with S1P, selective
agonist SEW2871 inhibited the active form of NF-kB p65
(Fig. 3E), PGE, production (Fig. 5C), COX-2 expression
(Fig. 3A-C), expression and activation of MMPs (Fig. 4)
and GAG degradation (Fig. 5B) similar to S1P treatment
(Fig. 3C-E). In addition, the S1P1 antagonist W146 signifi-
cantly reversed the actions of SIP and SEW2871 (Figs. 3-5).
Collectively the evidence in the current study indicates that
the selective activation of SIP and S1P, may potentially
improve the therapeutic effect in arthritis.

In conclusion, we identified the anti-inflammatory action
of S1P via the SIP, receptor by inhibiting NF-kB p65 activa-
tion, COX-2 expression, MMP activation, PGE, production
and GAG degradation in articular chondrocytes. These results
suggest that S1P, activation may be a therapeutic target for
OA. Therefore, SIP and the development of S1P, receptor
subtype-specific ligands may result in a promising new class
of drugs for the treatment of OA.
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