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Tohoku J. Exp. Med., 2004, 204 (2), 99-107 ── Intra-articular administration of hyaluronate (HA) is an effective treatment for arthritis. HA injections can decrease not
only joint pain but also synovial effusion, although little is known concerning the
mechanism of HA action. The aim of this study was to investigate the role of HA on
the expression and production of matrix metalloproteinase (MMP) in synovial cells
activated by interleukin (IL)-1β in order to achieve a better understanding of exogenous HA function in the extracellular matrix degradation in arthritic joints. Human
synovial cells were incubated with HA (0.1-1000 μ g/ml) and/or IL-1β (1 ng/ml).
The expression of MMP-1 and MMP-3 mRNAs was analyzed by quantitative realtime polymerase chain reaction. The protein levels of MMP-1 and MMP-3 in cultured media were measured by immunoblotting. Expression of MMP-1 and MMP-3
mRNAs was induced by IL-1β . The IL-1β -mediated induction of MMP-1 mRNA
expression was attenuated by 10 μ g/ml HA (p=0.026) and that of MMP-3 mRNA
was strongly down-regulated in the presence of 10 or 1000 μ g/ml HA (p<0.001).
The increased protein levels of MMP-1 and MMP-3 were also reduced by 1000
μ g/ml HA. These data suggest that HA inhibits the expression and production of
MMP-1 and MMP-3 in IL-1β -stimulated human synovial cells. We therefore prepose that intra-articular HA may rescue inflamed joints from bone and cartilage destruction by reducing the production of MMP-1 and MMP-3. ──── Hyaluronate;
interleukin-1β ; human synovial cells; matrix metalloproteinases; tissue inhibitor of
metalloproteinases
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Degradation of the articular component is
characterized by continuous joint inflammation,
particularly in rheumatoid arthritis (RA) (Harris
1990). Arthritic synovial fluid contains many
kinds of proinflammatory cytokines. Interleukin
(IL)-1β has been reported to be one of the most
important inflammatory mediators (Buchan et al.
1988; Koch et al. 1995). It stimulates production
of other cytokines and extra-cellular matrix degrading enzymes (Mizel et al. 1981; Dinarello et
al. 1987). Matrix metalloproteinases (MMPs) are
a family of zinc-dependent endopeptidases, which
are able to degrade almost all components of the
extra-cellular matrix (Nagase and Woessner
1999). They have been considered to play a key
role in the degradation of the cartilage matrix in
arthritic joints (Konttinen et al. 2000). The enzymatic activities of these MMPs are strictly controlled by tissue inhibitors of metalloproteinases
(TIMPs). TIMPs not only inhibit the activity of
MMPs by binding to them in an irreversible 1 : 1
noncovalent complex (Murphy and Willenbrock
1995), but also modulate the production and activity of MMPs. Activated synovial cells in inflammation produce various types of MMPs, including collagenase-1 (MMP-1) and stromelysin-1
(MMP-3) (Okada et al. 1989; Konttinen et al.
2000). An imbalance of MMPs and TIMPs has
been hypothesized to contribute to joint destruction in arthritis (MacNaul et al. 1990; MartelPelletier et al. 1994; Burger et al. 1998).
Hyaluronate (HA) is an important component of the articular cartilage matrix. Joint fluid
also contains HA, which contributes to the mixed
mode lubrication of the joint (Balazs et al. 1967).
Intra-articular injection of exogenous HA is one
of the treatment options for arthritis, HA decreases pain (Rydell and Balazs 1971), and improves
joint function (Altman and Moskowits 1998).
Injected HA has not only physical protective
effects, but also physiological effects in the joint,
that is the down regulation of chemical mediators
which cause pain or inflammation, such as arachidonic acid (Tobetto et al. 1992) and prostaglandin
E2 (Punzi et al. 1989; Yasui et al. 1992). However,

the mechanisms of exogenous HA on joint degradation have not been completely clarified.
The aim of the present study was to investigate the effect of HA on the expression and production of MMPs and TIMPs in human synovial
cells stimulated by IL-1β .

MATERIALS AND METHODS
Cell culture

Human synovial stromal cells were obtained
from Cell Systems Corporation (Kirkland, WA,
USA). These cells were maintained in a Cell
Systems Corporation serum free medium (CS-C
serum free medium) (Cell Systems Corporation),
which contained 25% Dulbecco’s modified
Eagle’s medium (DMEM), 25% Ham’s F-12 and
50% MCDB153 supplemented with 1 mg/ml human serum albumin and human lipoprotein. Cells
were grown and maintained at 37°C in a humidified atmosphere of 5% CO2 in 15 ml CS-C serumfree medium in 75 cm2 culture flasks (Greiner
Bio-One, Frickenhausen, Germany) until confluent. Third to fourth passage cells were used in the
experiments. The cells were seeded into 6-well
plates (Becton Dickinson and Company, Franklin
Lakes, NJ, USA) at a density of 3×105 cells/well
in CS-C serum free medium. After 24 hours, the
cells were exposed to IL-1β (R&D Systems,
Minneapolis, MN, USA) and sodium hyaluronate
(molecular weight: 9×105 Da) (Seikagaku Kogyo,
Tokyo). The cultured media were kept at –80°C
until the protein analysis was performed.

RNA extraction and quantitative real-time reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA was isolated using an ISOGEN
kit (Nippongene, Tokyo). The quantity of RNA
was estimated by spectrophotometry at 260 nm.
Complementary deoxyribonucleic acid (cDNA)
was produced by reverse-transcription. Enzymatic amplification of the specific cDNA sequences was performed in a Lightcycler (Roche
Diagnostics, Mannheim, Germany) as second-step
PCR, as described previously (Sasaki et al. 2001).
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Quantification was based on a comparison of the
fluorescence of the PCR product with the fluorescence of several dilutions of an external standard.
Plasmids (for MMPs) and purified PCR products
(for TIMPs) diluted into six different concentrations were used as external standards. Beta-actin
was used as an internal standard. The ratios of
MMPs or TIMPs to beta-actin were calculated.
The primers for TIMPs were designed with online
software (Primer 3; Whitehead Institute for
Biomedical Research, Cambridge, MA, USA) or
taken from previous reports (Takei et al. 2000).

Immunoblotting

The cultured media were diluted 1 : 1 in a
sample buffer (0.5 M Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.05% bromphenol blue, and 1.2%β -mercaptoethanol), and
applied to 10% sodium dodecyl sulfate polyacrylamide gels for electrophoresis (15 μ l/lane).
Proteins were then electrophoretically transferred
to nitrocellulose membranes (Bio-Rad Laboratories, Richmond, CA, USA) as described previously (Takagi et al. 1998). The blotted membrane
was incubated with monoclonal mouse anti-human MMP-1 (0.5 μ g/ml in 0.05% Tween 20-Tris
buffered saline, pH 7.5, Daiichi Fine Chemical
Co., Toyama), or MMP-3 (1 μ g/ml in 0.05%
Tween 20-Tris buffered saline, pH 7.5, Daiichi
Fine Chemical Co.) for one hour at room temperature. After washing three times, the membrane
was incubated with alkaline phosphatase-conjugated goat anti-mouse IgG (1 : 1000 dilution in
0.05% Tween 20-Tris buffered saline, Sigma
Aldorich Co., St. Louis, MO, USA) for 30 minutes at room temperature. After two washes with
0.1% Tween 20-Tris buffered saline, alkaline
phosphatase binding sites were revealed in 10 ml
of alkaline phosphatase buffer (100 mM NaCl, 5
mM MgCl2, and 100 mM Tris-HCl, pH 9.5) with
a combination of 16.5 μ l nitro blue tetrazolium
solution (30 mg/ml in 90% dimethylformamide;
Sigma Aldorich Co.) and 8.25 μ l of 5-bromo-4chloro-3-indolyl phosphate solution (50 mg/ml;
Roche Diagnostics). US National Institutes of
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Health image software was to compare immunoreactive band densities.

Statistical analysis

The mean and standard error of the mean
(SEM: Microsoft® Excel 2001, Microsoft Co.) of
the standardized mRNA expression level was calculated from results obtained from tripricate experiments. The ratios of MMPs or TIMPs to betaactin were calculated. Statistical differences
between the test conditions and controls were analyzed using analysis of variance (ANOVA).
Significance of multiple comparisons was assessed using a post hoc examination with
Scheffe’s F test (Statview, Abascus Concepts Inc.,
Berkeley, CA, USA). A value of p<0.05 was regarded as statistically significant. Pearson’s correlation coefficient (r) was calculated for all standard curves to evaluate proper PCR performance
with an external control (Sasaki et al. 2001).

RESULTS
Effect of IL-1β and/or HA of MMP and TIMP
mRNA expression in synovial cells

MMP-1, MMP-3, TIMP-1, TIMP-2 and betaactin cDNAs were appropriately amplified in all
experiments. The value of the cDNA concentration was calculated by linear regression of standard curves. The level of MMP-1 mRNA was increased by IL-1β after 6 hours (the ratio to control
was 3.56±0.27, p=0.0052) (Fig. 1A). The degree
of MMP-1 mRNA induction was transiently reduced by HA (10 μ g/ml) at 12 hours (the ratio to
the control was 3.14±0.58 in the presence of HA
and 5.76±0.26 in its absence, p=0.026). Likewise,
HA (1000 μ g/ml) tended to decrease the elevated
mRNA expression of MMP-1 after 12 hours (12
hours; the ratio to the control was 4.58±0.45 in
the presence of HA and IL-1β and 5.76±0.26 in
the presence of only IL-1β , with the corresponding figures at 24 hours being 3.60±0.82 and 4.26±
1.03), although the differences were not statistically significant. MMP-3 mRNA expression was
up-regulated by IL-1β in a time-dependent manner (Fig. 1B). The IL-1β -stimulated level of
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Fig. 1A.

Fig. 1B.

Fig. 1. The effect of IL-1β and HA on MMP-1 and MMP-3 mRNA expression.
Human synovial cells were cultured in the absence or presence of IL-1β (1 ng/ml) and HA (0, 0.1,
10 and 1000 μ g/ml) for 3, 6, 12 and 24 hours. Y-axis indicates the ratio to the control each time.
Values are shown as the mean±S.D. (Microsoft® Excel 2001, Microsoft Corporation, Redmond, WA,
USA). The mRNA level of MMP-1 was up-regulated by IL-1β at 6 hours. At 12 hours, the IL-1β induced level of MMP-1 mRNA was transiently reduced by HA (10 μ g/ml) (Fig. 1A). MMP-3
mRNA expression was more efficiently up-regulated by IL-1β in a time-dependent manner. The
IL-1β -induced expression of MMP-3 mRNA was decreased by 10 and 1000 μ g/ml HA at 12 and 24
hours (Fig. 1B). Treatment with 0.1 μ g/ml HA had no noticeable effects on the IL-1β -effects (Figs.
1A and 1B) (n=3).
, indicates IL-1β (1 ng/ml);
, indicates IL-1β (1 ng/ml) and HA (0.1 μ g/ml);
, indicates IL-1β (1 ng/ml) and HA (10 μ g/ml);
, indicates IL-1β (1 ng/ml) and HA (1000 μ g/ml);
, indicates only culture media.
a
p<0.01 vs. 6 hours control, bp<0.01 vs. 12 hours control, cp<0.05 vs. 12 hours control, dp<0.01 vs.
24 hours control, ep<0.05 between the columns indicated with brackets.
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MMP-3 mRNA expression was over ten-fold
higher than the corresponding control (24 hours;
the ratio to the control was 18.34±2.24, p<0.001).
The IL-1β -mediated induction of MMP-3 mRNA
was effectively decreased by HA (10 and 1000
μ g/ml) at 12 and 24 hours (the ratios to control
were at 12 hours 4.85±0.56 in 10 μ g/ml HA and
IL-1β , 6.47±1.79 in 1000 μ g/ml HA and IL-1β ,
13.01±0.71 in IL-1β ; and at 24 hours 9.35±0.04
in 10 μ g/ml HA and IL-1β , 8.05±0.93 in 1000
μ g/ml HA and IL-1β , 18.34±2.24 in IL-1β ). In
contrast, expression of TIMP-1 and TIMP-2
mRNAs was not significantly affected by IL-1β
or HA (data not shown). HA at a lower concentration (0.1 μ g/ml) had no influence on the IL-1β
-enhanced mRNA expression of MMP-1 and
MMP-3 mRNAs (Figs. 1A and 1B). HA by itself
alone did not modulate the mRNA expression of
MMP-1 and MMP-3 (data not shown).

Protein level analysis of MMP-1 and MMP-3
in cultured media

MMP-1 and MMP-3 immunoreactive proteins were detected in IL-1β -stimulated cultured
media after 24 hours. Increased production of
MMP-1 protein was decreased by 1000 μ g/ml HA
(p=0.017). HA (10 μ g/ml) tended to reduce production of MMP-1, but there was no significant
difference (Fig. 2A). MMP-3 was reduced by HA
(1000 μ g/ml) at 24 hours (p=0.037) (Fig. 2B).

DISCUSSION
We investigated the effect of HA (molecular
weight; 9×105 Da) at concentrations ranging from
0.1 to 1000 μ g/ml, because high molecular weight
HA (range from 9×105 to 2×106 Da) is usually
used for intra-articular injections in arthritis. And
we demonstrated that HA (10 or 1000 μ g/ml) reduces MMP-1 and MMP-3 levels stimulated by
IL-1β in mRNA and protein released into the cultured media. Biologically, synovial fluid in normal human joints contains high concentrations of
HA (2 to 4 mg/ml), the molecular weight of which
ranges from 1×106 to 107 Da (Dahl et al. 1985).
The concentration of HA used in this study (10
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μ g/ml) is much lower than the concentration of
HA in normal synovial fluid (Saari and Konttinen
1989). Our data suggest that HA regulates the
mRNA expression and protein production of
MMP-1 and MMP-3 even at low concentrations.
According to previous reports, high molecular
weight HA has multiple effects on synovial cells
in vitro, including an anti-inflammatory effect
(Punzi et al. 1989; Yasui et al. 1992) and inhibitory potential on the expression of MMP-1 and
MMP-3 in articular cartilage (Julovi et al. 2004).
MMP-1 and MMP-3 are considered to play important roles in arthritis (McCachren 1991;
Cunnane et al. 2001). Inflammatory synovial
cells produce high levels of MMPs in arthritic
joints (Konttinen et al. 1999). This causes degradation of articular cartilage and even subchondral
bone, especially in rheumatoid arthritis. Indeed,
elevated protein and/or mRNA levels of MMP-1
and MMP-3 have been detected in synovial fluid
and membrane (Gravallese et al. 1991; Yoshihara
et al. 2000). Furthermore, the production of
TIMP-1 and TIMP-2 in synovial fluid is also high
in rheumatoid arthritis compared with normal synovial fluid, but not as high as MMPs (Ishiguro et
al. 2001). As a result of such an MMP-to-TIMP
imbalance, degradation of bone and cartilage are
accelerated (Burger et al. 1998).
On the other hand, activated synovial cells
produce joint fluid containing abundant chemical
mediator such as IL-1β . We confirmed that IL-1β
up-regulates mRNA expression and protein production of MMP-1 and MMP-3 in cultured human
synovial cells. Consequently, an imbalance of
MMPs and TIMPs, probably contributing to
MMP-3-mediated activation of proMMP-1, and
unopposed by their endogenous TIMP inhibitors,
seems to be evoked as a result of stimulation.
This seems to be an in vitro equivalent of inflammatory conditions in human synovial joints in
vivo, and is compatible with previous reports
(Postlethwaite et al. 1983; DiBattista et al. 1995).
The IL-1β -stimulated mRNA expression of
MMP-1 and MMP-3, but not TIMP-1 and
TIMP-2, was effectively inhibited by high molec-
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Fig. 2. Immunoblot of MMP-1 and MMP-3 stimulated with IL-1β and/or HA.
Immunoreactive MMP-1 and MMP-3 were detected in the culture media of IL-1β -stimulated cells
after 24 hours. Increased protein levels of MMP-1 and MMP-3 in the supernatant after 24 hours
were reduced by HA (1000 μ g/ml). The levels of protein were compared between IL-1β -stimulated
synovial cells with or without HA (10 and 1000 μ g/ml) by densitometric analysis (n=3).
, indicates IL-1β (1 ng/ml);
, indicates IL-1β (1 ng/ml) and HA (10 μ g/ml);
, indicates IL-1β (1 ng/ml) and HA (1000 μ g/ml);
, indicates only culture media.
*
p=0.017, **p=0.037.

ular weight HA in human synovial cells. This
effect may correct the MMP-to-TIMP imbalance,
particularly with high levels of MMPs under inflamed conditions.
The mechanisms responsible for HAmediated down-regulation of the expression of
MMPs in synovial cells are still unclear. HA may
inhibit binding of IL-1β to its membrane-bound
receptor by covering the cell surface, thereby suppressing the production of MMPs. HA also may

inhibit signal transduction through HA receptors
such as CD44 (Shimizu et al. 2003; Julovi et al.
2004) or the receptor for hyaluronan-mediated
motility (RHAMM) (Entwistle et al. 1996).
These receptors have been reported to perform
separate functions. The binding of HA to CD44
modulates cell adhesion and proliferation
(Masellis-Smith et al. 1996). In contrast, the
binding of HA to RHAMM regulates cell migration (Savani et al. 2001). These effects were ob-
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tained only with low molecular weight (2×104 to
4×105 Da) HA, which has been reported to display proinflammatory activities; for example,
stimulating the expression of nuclear factor-κ B
(NF-κ B)-dependent genes such as TNF-α and
IL-1β (Noble et al. 1993). On the contrary, high
molecular weight HA exhibits different biological
activities and inhibits the expression of NF-κ B
via interference with its inducer (Neumann et al.
1999). NF-κ B is a transcription factor well
known for its essential role in MMPs production
and secretion (Bond et al. 1999). However, it has
not been clarified whether down-regulation of
MMP-1 and MMP-3 in human synovial cells is
mediated through signal transduction of NF-κ B.
In conclusion, our data suggest that HA decreases mRNA expression and protein production
of the tissue destructive MMP-1/MMP-3 cascade
without any effect on the endogenous proteinase
inhibitor shield in human synovial cells stimulated
by IL-1β . Therefore, HA can suppress pathologic
extracellular matrix degradation in arthritic joints
and delay progressive joint degradation through
down-regulation of the production of MMP-1 and
MMP-3 in IL-1β -stimulated synovial cells.
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