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Abstract—Hyaluronan (HA) plays a crucial role in the
lubricating and buffering properties of synovial fluid. The
purpose of this study was to examine the effects of
interleukin (IL)-1b on HA degradation in cultured synovial
membrane cells. The rabbit synovial membrane cell line
HIG-82 was cultured with and without IL-1b. The amounts
of HA of varying molecular weights in the medium were
analyzed using high-performance liquid chromatography, the
mRNA levels of HA synthase (HAS) and hyaluronidase
(HYAL) were analyzed by means of real-time PCR, and
HYAL activity was analyzed by HA zymography. The
amounts of HA with a molecular weight lower than 300 kDa,
and between 300 and 1900 kDa, in the culture medium of
HIG-82 cells were significantly higher in the presence of
IL-1b. However, the amount of HA with a molecular weight
greater than 1900 kDa was significantly lower in the presence
of IL-1b. Both HAS2 and HAS3 mRNA levels were
upregulated by treatment with IL-1b. So, too, were the levels
of HYAL1 and HYAL2 mRNA, which resulted in enhanced
HYAL activity. However, HYAL activity was inhibited by
transfection of HYAL2-siRNA. Our results suggest that
IL-1b is a crucial factor in the fragmentation of HA in
inflammatory joints.

Keywords—Hyaluronidase, Proinflammatory cytokine, High-

performance liquid chromatography, Zymography, Real-time

PCR.

INTRODUCTION

Hyaluronan (HA) is a glycosaminoglycan with
an unmodified polymer of repeated disaccharides of
D-glucuronic acid and N-acetyl-D-glucosamine. It is
present in all vertebrates and certain bacterial patho-
gens. HA typically has a high molecular weight
(800–1900 kDa) in its native state, and has various
physiological and biological functions.11 In synovial
fluid, high molecular weight-HA (HMW-HA) is
essential for joint function, due to its physiological
properties under physiological conditions. However,
an increase in the level of low molecular weight-HA
(LMW-HA) under inflammatory or pathologic condi-
tions, such as osteoarthritis (OA), reduces the visco-
elasticity of synovial fluid, leading to deterioration of
joint lubrication.1 In addition, LMW-HA has effects
on immune and inflammatory processes.16

In synovial fluid, the amount of HA and its
molecular weight distribution is determined by a
balance between the synthesis and degradation of HA.
HA is synthesized on the cytoplasmic space of plasma
membranes by three kinds of HA synthase (HAS1,
HAS2, and HAS3).8 HAS1 and HAS2 polymerize HA
chains of similar lengths (up to 2 9 103 kDa), whereas
HAS3 produces shorter chains (200–300 kDa).8

The accumulation of LMW-HA is thus believed to
be due to depolymerization with enzymatic cleavage17

and to nonenzymatic reactions, such as those triggered
by reactive oxygen species.13 It has been suggested that
the degradation of HA by hyaluronidase (HYAL)
plays a crucial role in the development of OA.29

HYAL is a family of b-endoglucosidases that degrades
HA into small fragments by cleaving internal b(1,4)
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linkages.10 In human, the HYAL genes HYAL1,
HYAL2, HYAL3, HYAL4, PH-20, and HYALP1
have been identified.2 Among these, HYAL1 and
HYAL2 are widely distributed in mammalian tis-
sues,2,25 and are the principal mediators of HA
catabolism.23 HYAL1 and 2 are mainly expressed in
human synovial fluid. The expression level of HYAL2
in the synovial fluid of the knee joint was found to be
significantly higher in patients with OA or rheumatoid
arthritis (RA) than in healthy controls.29 HYAL1 was
originally purified from human plasma,4 and is highly
localized in the major parenchymal organs.2 In con-
trast, HYAL2 is present in all tissues except adult
brain.25 HYAL2 degrades HMW-HA into small
HA fragments that have a molecular weight of
approximately 20 kDa.12 However, the mechanisms
responsible for modulation of HYAL1 and HYAL2
expression and activity in synovial membrane cells
remain unclear.

Several cytokines and growth factors, including
interleukin-1 beta (IL-1b) and TNF-a have been
detected in the synovial fluid of patients with inflam-
matory disease of the joints.20 IL-1b is highly expressed
in synovial fluid in OA joints, and a 10-fold higher
level of IL-1b was detected in the synovial membrane
of patients with OA, as compared to individuals with
normal synovial membrane.26 IL-1b is a principal
proinflammatory cytokine. It enhances the catabolic
action of several cells, such as fibroblasts, and strongly
interacts with receptors on the surface of synovial
membrane.26 Because IL-1b is abundant in synovial
fluid from joints of individuals with OA and RA, it
has been implicated in the progression of these con-
ditions.21,26 A previous study demonstrated the effect
of IL-1b on HA synthesis in synovial membrane
cells.14 However, the mechanism underlying the
LMW-HA accumulation caused by IL-1b has not been
clarified.

We hypothesized that IL-1b plays a crucial role in
HA fragmentation in synovial fluid. Therefore, we
used the synovial membrane cell line HIG-82 to
elucidate the effects of IL-1b on the synthesis and
degradation of HA by HYALs.

MATERIALS AND METHODS

Cell Culture

Rabbit knee synovial membrane cell line HIG-82
was purchased from American Type Culture Collec-
tion (Manassas, VA). The cells were cultured on
100-mm culture dishes (Corning, New York, NY), and
the cultures were maintained in 10 mL a-minimum
essential medium (a-MEM, Sigma–Aldrich, St. Louis,
MO), supplemented with 292 lg/mL L-glutamine

(Katayama Chemical, Osaka, Japan), 60 mg/mL
kanamycin sulfate (Meiji Seika, Tokyo, Japan), 50 U/mL
penicillin G (Sigma–Aldrich), and 10% fetal bovine
serum (FBS, Mitsubishikasei, Tokyo, Japan) under an
atmosphere of 5% CO2 in a humidified incubator. The
medium was changed every second day.

Stimulation of HIG-82 Cells by IL-1b

The medium was replaced with another containing
0.5% FBS 12 h before the experiments. Then, HIG-82
cells were incubated in medium without FBS in the
presence or absence of recombinant human IL-1b
(Sigma–Aldrich; 0.1, 1.0, and 10 ng/mL) for 1–72 h.

Quantification of HA Concentration in the Culture
Medium of HIG-82 Cells

The amount and size of HA in media were analyzed
according to previously described method.28 Briefly,
the medium was moved to extraction columns (Bond
Elut SCX and BondElut SAX; GL Sciences, Tokyo,
Japan). After washing, the solvents were eluted by
3 mL of 50 mM MeOH/HCl. The samples were then
dried and dissolved in 500 lL of 0.1 M NaCl.

High-performance liquid chromatography (HPLC;
Waters 600E, Waters, Tokyo, Japan) with gel filtration
columns (Ohpak KB-804 for the fraction under
1,000 kDa, Ohpak KB-806 for the fraction of 1000–
20,000 kDa; Shodex, Tokyo, Japan) was used. Elution
was carried out with 0.1 mM NaCl, at a flow rate of
1.0 mL/min. The column effluent was monitored by a
differential refractometer (RI DETECTOR 504R; GL
Sciences, Tokyo, Japan). HAS1 and HAS2 synthesize
HA with up to 2 9 103 kDa, usually defined as high
molecular weight-HA, whereas HAS3 polymerases HA
with 200–300 kDa, can be defined as low molecular
weight-HA.8 Therefore, the accumulation levels of HA
of various molecular weights were quantified based on
the calibration curves for pure HAs with molecular
weights of 300 and 1900 kDa (Denki Kagaku Kogyo,
Tokyo, Japan).

Quantitative Real-time PCR Analysis

The mRNA levels of HAS2, HAS3, HYAL1, and
HYAL2 were examined by quantitative real-time PCR
analysis using a LightCycler� system (Roche Diagno-
sics, Tokyo, Japan) and QuantiTectTM SYBR� Green
PCR Master Mix (QIAGEN, Tokyo, Japan). Total
RNA was extracted from the cell cultures using
Trizol� Reagent (Gibco BRL, Gaithersburg, MD).
First-strand cDNA was synthesized from 1 lg total
RNA using Rever Tra Ace-a (Toyobo, Osaka, Japan).
Table 1 shows the sequences of the primers for
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HAS2, HAS3, HYAL1, HYAL2, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The signals of
HASs and HYALs were evaluated in a qualitative
manner, relative to the GAPDH signals. Normalized
Ct values were expressed relative to the controls.

Substrate Gel Electrophoresis (Zymography)

Zymography was performed according to a previ-
ously described technique, with some modifications.6

Polyacrylamide gel containing human umbilical cord
HA (ICN Biomedical, Costa Mesa, CA) was used for
gel electrophoresis. Nine milliliters of culture medium
was concentrated 30 times, and a sample of 2 lL was
diluted with 0.0625 M Tris/HCl, pH 6.8, containing
10% glycerol and 0.5% bromphenol blue. Gel elec-
trophoresis was performed by use of a running buffer
containing 0.25 M Tris and 0.192 M glycine at pH 9.0.
The gels were incubated at 37 �C in the buffer con-
taining 0.25 M NaCl and 0.1 M sodium formate, pH
3.7, for 14 h. After fixation with 7% acetic acid for 1 h,
the gels were stained with 0.5% Alcian blue in 3%
acetic acid. Destaining was performed with 50%
methanol and 10% acetic acid for 30 min. Gels were
then washed twice with 5% methanol and 7% acetic
acid for 1 h. The experiments were repeated in tripli-
cate. The gels were dried, and scanned by means of

an image analyzer (VersaDoc 5000MP, Bio-Rad,
Hercules, CA). Gel analysis software (Quantity One,
Bio-Rad) was used for quantitative analysis of the
detected bands. The signal intensity was evaluated
relative to the control signals.

Transfection of HIG-82 Cells with HYAL2-Small
Interfering RNA

Three different HYAL2-small interfering (si) RNA
duplexes targeting the firefly luciferase gene were
designed using a rabbit HYAL2 cDNA sequence
(GenBank; AY603960) and then chemically synthe-
sized (B-Bridge, Osaka, Japan; Table 2). GL3 Lucifer-
ase Duplex (B-Bridge) was used as a negative control.

The HIG-82 cells were treated with HYAL2-siRNA
or 1 lM GL3 Luciferase Duplex in antibiotic-free
a-MEM with 2% siFECTOR (B-Bridge) and 20%
FBS, and incubated for 40 h at 37 �C. The optimum
concentration of FBS for the transfection was defined
as 20% in a preliminary study.

Statistical Analysis

The experiments were repeated in triplicate. Means
and standard deviations were calculated from the
data obtained and then subjected to Student’s t-test or

TABLE I. Sequences of primers and probes for real-time PCR.

Gene Sequences of primers and probes

HAS2 Forward: 5¢-TTT GGA GCA CCG AAA AAT GA-3¢
Reverse: 5¢-CAG CGA TGC AAA GAG CAA CT-3¢
Probe: 5¢-6FAM-AAT CCC TAG AAA CCC CCA TTA AGT TGA ACA AA-TAMRA-3¢

HAS3 Forward: 5¢-TCG GTG GTC ACA GGT TTC TT-3¢
Reverse: 5¢-GGC CAC GGT AGA AAA GCT G-3¢
Probe: 5¢-6FAM-CCC TTC TTC CTC ATC GCC ACA GTC A-TAMRA-3¢

HYAL1 Forward: 5¢-ACG ACA TTC TGG CTG T-3¢
Reverse: 5¢-CTC CCC CAG GCT GTG CTC CA-3¢
Probe: 5¢-6FAM-CAA GCC TCC CAG TCA ATG AC-TAMRA-3¢

HYAL2 Forward: 5¢-CCC GTC TAC GTC TTC ACA CG-3¢
Reverse: 5¢-TCC ATC TCA CTA AGC CCC G-3¢
Probe: 5¢-6FAM-CCC ACC TAC AGC CGC AGG CTC-TAMRA-3¢

GAPDH Forward: 5¢-GTC AAG GCT GAG AAC GGG AA-3¢
Reverse: 5¢-GCT TCA CCA CCT TCT TGA TG-3¢
Probe: 5¢-6VIC-TGC CGC CTG GAG AAA GCT GCT AAG-TAMRA-3¢

TABLE 2. Sequences for HYAL2-siRNA.

Gene Target

HYAL2 siRNA (A) Forward: 5¢-GUG CGC AAC UGG CAG GAC A-3¢
Reverse: 5¢-UGU CCU GCC AGU UGC GCA C-3¢

HYAL2 siRNA (B) Forward: 5¢-CGC AGA ACU GGG AGA GCU A-3¢
Reverse: 5¢-UAG CUC UCC CAG UUC UGC G-3¢

GAPDH (C) Forward: 5¢-GCC AGU ACC UCA AGG AUU A-3¢
Reverse: 5¢-UAA UCC UUG AGG UAC UGG C-3¢
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one-way ANOVA followed by Scheffe’s multiple
comparisons test using Graphpad Prism 4.0a soft-
ware (Graphpad Software, San Diego, CA) to exam-
ine mean differences at the 1% and 5% levels of
significance.

RESULTS

Concentration and Size of HA in Culture Medium
of HIG-82 Cells

In the culture medium of HIG-82 cells, the
concentration of HA with a molecular weight lower
than 300 kDa (LMW-HA) was significantly higher
(p< 0.01) after 72 h of IL-1b treatment, as compared
with control (Fig. 1a). After treatment with IL-1b, the
concentration of HA with a molecular weight between
300 and 1,900 kDa (medium molecular weight-HA;
MMW-HA) was significantly higher (p< 0.05),
whereas the concentration of HA with a molecular
weight higher than 1900 kDa (HMW-HA) was signif-
icantly lower (p< 0.05) (Figs. 1b and 1c).

Gene Expressions of HAS2 and HAS3 in Cultured
HIG-82 Cells

HAS2 mRNA levels were upregulated significantly
(p< 0.01, after 3 h; p< 0.05, after 1 and 6 h) by
treatment with 1 ng/mL IL-1b, as compared with
untreated controls (Fig. 2a).

HAS3 mRNA levels were also upregulated signifi-
cantly (p< 0.01, after 1 and 3 h; p< 0.05, after 6 h) by
treatment with 1 ng/mL IL-1b (Fig. 3b).

Gene Expressions of HYAL1 and HYAL2 in Cultured
HIG-82 Cells

HYAL1 mRNA level was immediately downregu-
lated (p< 0.01) after 1-h stimulation with 1 ng/mL
IL-1b, as compared with untreated control, and con-
tinued to decrease until 12-h stimulation (Fig. 3a).

In contrast, HYAL2 mRNA levels were upregulated
significantly (p< 0.01, after 3 h; p< 0.05, after 1, 6,
and 12 h) by treatment with 1 ng/mL IL-1b (Fig. 3b).

HYAL Activity in Culture Medium of HIG-82 Cells

Because of the enzymatic activity of HAYL
occurred in the culture medium, and only a small
amount remained in the cell layer,22 the culture med-
ium was subjected to HA zymography. A band was
detected at 57 kDa, which corresponds to the molec-
ular weight of HYAL2, on the gel at pH 3.7 (Fig. 4a).
HAYL activity was not detected clearly in the

untreated control. HYAL activity was enhanced sig-
nificantly by IL-1b treatment, in a dose-dependent
manner (0–10 ng/mL), after 14 h (Fig. 4b). No HYAL

FIGURE 1. Concentration of HA, by size, in the medium of
HIG-82 cell culture HIG-82 cells were treated with 1 ng/mL
IL-1b for 0–72 h. The concentration and size of HA in the
medium were analyzed by means of HPLC with gel filtration
columns and differential refractometer. n 5 3, **p < 0.01,
*p < 0.05. (a) HA with a molecular weight lower than 300 kDa.
(b) HA with a molecular weight from 300 to 1900 kDa, and
(c) HA with a molecular weight greater than 1900 kDa.
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activity was detected in the experimental or control
groups at pH 7.0 (data not shown).

Effect of HYAL2-siRNA on HYAL2 Activity
in Cultured HIG-82 Cells

HYAL2-siRNA-transfected and the control (treated
with GL3 Luciferase Duplex) HIG-82 cells were incu-
bated with and without 1 ng/mL IL-1b. After 14-h
incubation, the HYAL activity was enhanced signifi-
cantly by the treatment with IL-1b in the control cells
(Figs. 5a and 5b). However, the HYAL activity became
much lower in the HYAL2-siRNA-transfected cells than
that in the control cells after the treatment with IL-1b.

DISCUSSION

In the present study, levels of HAS2 and HAS3
mRNA were upregulated by IL-1b treatment in
HIG-82 cells. In our previous study, expression of

HAS2 and HAS3 mRNAs, but not HAS1 mRNA, was
detected in the synovial membrane of rabbit knee
joints in both in vivo and in vitro experiments.27 HAS1
mRNA was not detected in the present study (data not
shown). Concentrations of LMW-HA and MMW-HA
in culture medium were higher, whereas that of HMW-
HA was lower, in the presence of IL-1b.

It was demonstrated that IL-1b increased glucosa-
mine incorporation into glycosaminoglycan in cultured
synovial membrane cells,14 suggesting the enhance-
ment of HA synthesis activity by IL-1b. In addition,
IL-1b induced accumulation of LMW-HA in cultured
synovial membrane cells that were derived from
patients with OA and RA.9 In human lung fibroblasts,
LMW-HA was reported to accumulate in the presence
of IL-1b.19 These findings are consistent with the
results of the present study.

Our results suggest that the increase in LMW-HA
in synovial cell culture may be partly due to the
upregulation of HAS3 induced by IL-1b. However,
increased MMW-HA and decreased HMW-HA in

FIGURE 2. Gene expressions of HAS2 and HAS3 in HIG-82
cells HIG-82 cells were treated with 1 ng/mL IL-1b for 0–12 h. The
mRNA level of HAS2 (a) and HAS3 (b) were analyzed by a real-
time PCR analysis. The mRNA levels before stimulation were
used as a control level (dotted line). n 5 3, **p < 0.01, *p < 0.05.

FIGURE 3. Gene expressions of HYAL1 and HYAL2 in
HIG-82 cells HIG-82 cells were treated with 1 ng/mL IL-1b for
0–12 h. The mRNA levels of HYAL1 (a) and HYAL2 (b) were
analyzed by real-time PCR. The mRNA levels before stimula-
tion were served as control (dotted line). n 5 3, **p < 0.01,
*p < 0.05.
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culture decrease upregulation of HAS2 in synovial
cells, which suggests that degradation of HMW-HA is
enhanced.

The activity of HYALs can be regulated by cyto-
kines and growth factors.3 In the present study, HYAL
activity was enhanced by treatment with IL-1b on
HA zymography, suggesting that HAYL plays a role
in the accumulation of LMW-HA and MMW-HA,
and the decrease in HMW-HA, after IL-1b treatment
of HIG-82 cells.

In addition, the gene expressions of HYAL1 and
HYAL2 differed: HYAL1 mRNA expression was
significantly downregulated, whereas HYAL2 mRNA
level was significantly upregulated, by treatment with
IL-1b. A previous study reported a high level ofHYAL2
expression in the synovial membrane of patients with
OA, suggesting a crucial role for HYAL2 in the degra-
dation of HA in the joints of OA patients.29

In monolayer culture, most HYAL activity is
quickly secreted into the culture medium and is not
retained by the cell layer.22 In addition, HYAL activity
can be detected only at an acidic pH of 4.5–pH 3.7.3

Therefore, in the present study, the culture medium
was subjected to HA zymography at pH 3.7. HYAL
activity was detected only at pH 3.7; none was detected
at a neutral pH (data not shown). This result is con-
sistent with that of a previous study, which found that
HYAL activity in synovial fluid can be detected with
HA zymography only at the optimal pH of 4.0,
whereas no activity was detectable at pH 5.0 to 7.0.15

HYAL2 has been detected in lysosomes12 and is
linked by a glycosylphosphatidylinositol (GPI) anchor
to the outer cell membrane,18 thus contributing to the
initial cleaving of HMW-HA.12 This membrane-
associated HYAL2 is believed to be active in acid-neutral
conditions (pH 6.0–7.0) in association with CD44, the

FIGURE 4. HYAL activity in HIG-82 cells, as detected by HA
zymography. HIG-82 cells were treated with 0, 0.1, 1.0, and
10 ng/mL IL-1b for 14 h. (a) Nine milliliters of the culture
medium of synovial membrane cells was collected, and con-
centrated 30 times to obtain detectable amounts of HYAL
activity. Gel electrophoresis was performed using polyacryl-
amide gel containing human umbilical cord HA. The gels were
incubated at 37 �C, pH 3.7, for 14 h, and stained with 0.5%
Alcian blue. HYAL activity was visualized as a band at 57 kDa
(arrow). (b) The gels were scanned by means of the image
analyzer. The signal intensity of bands was evaluated relative
to the control signals using the gel analysis software. n 5 3,
**p £ 0.01, *p £ 0.05.

FIGURE 5. HYAL activity in HIG-82 cell culture with and
without HYAL2-siRNA transfection HIG-82 cells at 80%
confluence were treated with HYAL2-siRNA. GL3 luciferase
duplex was used as a negative control. (a) Forty hours after
transfection, the HIG-82 cells were incubated with and without
1 ng/mL IL-1b for 12 h. The HYAL activity in the culture med-
ium was quantified by HA zymography. HYAL activity was
visualized as a band at 57 kDa (arrow). (b) The gels were
scanned by means of the image analyzer. The signal intensity
of bands was evaluated relative to the control signals using
the gel analysis software. n 5 3, *p £ 0.05.
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predominant receptor for HA.7 However, HYAL2
released from cell membrane has been reported to be
active in acidic conditions,12 implying that the free-
form HYAL2 released from synovial membrane cells
may be inactive at physiological pH in synovial fluid,
and active when HYAL2 is present in lysosomal
compartments.

HYAL1 is a lysosomal enzyme, and is active only at
an acidic pH (optimum pH, 3.8–4.3).5 HYAL1
degrades HA of any molecular size, a process that
generatesmainly tetrasaccharides or hexasaccharides.4,5

HYAL2 degrades HMW-HA into small fragments
of HA with a molecular weight of approximately
20 kDa12; however, the expression and localization of
HYAL1 differ from those of HYAL2, and HYAL1
digests small fragments of HA produced by HYAL2
activity.2 However, the role of HYAL1 in HA degra-
dation has not been fully elucidated, and further study
will be undertaken in the near future.

HYAL1 and HYAL2 may have mutually exclusive
roles in the catabolism of HA in synovial membrane
cells. Although it has been suggested that HYAL1 and
HYAL2 act either in sequence in the degradation of
HA, or have distinct functions with respect to the size
of HA,24 their roles in synovial membrane cells remain
to be resolved.

To examine the role of HYAL2 in HA degradation
induced by IL-1b in HIG-82 cells, we attempted to
inhibit expression of HYAL2 mRNA by HYAL2-
siRNA transfection. HYAL activity was indeed
inhibited, suggesting that HYAL2 plays a crucial role
in the enhancement of HA degradation by IL-1b.

In conclusion, we showed that IL-1b induces frag-
mentation of HA by HYAL activity, which indicates
that, under inflammatory conditions, IL-1b is a crucial
factor in the degradation of HA in synovial fluid.
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