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Hyaluronic acid (HA) is a component of the extracel-
lular matrix that has been shown to play an important
role in bone formation, resorption, and mineralization
both in vivo and in vitro. We examined the effects of HA
at several molecular weights on osteoclast formation
and function induced by RANKL (receptor activator of
NF.xB ligand) in a mouse monocyte cell line (RAW
284.7). HA at M, < 8,000 (low moleculay weight HA (LMW-
HA)) enhanced tartrate-resistant acid phosphatase-pos-
itive multinucleated cell formation and tartrate-resis-
tant acid phosphatase activity induced by RANKL in a
dose-dependent manner, whereas HA at M, > 900,000
(high molecular weight HA (HMW-HA)) showed no effect
on osteoclast differentiation. LMW-HA enhanced pit for-
mation induced by RAW 264.7 cells, whereas HMW-HA
did not, and LMW-HA stimulated the expression of
RANK (receptor activator of NF-xB) protein in RAW
264.7 cells. In addition, we found that LMW-HA en-
hanced the levels of ¢-Sre protein and phosphorylation
of ERKs and p38 MAPK in RAW 264.7 cells stimulated
with RANKL, whereas the p38 MAPK inhibitor SB203580
inhibited RANKI-induced osteoclast differentiation.
This enhancement of c¢-Src and RANK proteins induced
by LMW-HA was inhibited by CD44 function-blocking
monoclonal antibody. These results indicate that
LMW-HA plays an important role in osteoclast differen-
tiation and function through the interaction of RANKL
and RANK,

Hyaluronan, or hyaluronic acid (HA),! is a long polysaccha-
ride chain that is made of repeating disaccharide units of
N-acetylglucosamine and glucuronic acid. HA is the most abun-
dant glycosaminoglycan in mammalian tissue and is present in
high concentrations in connective tissues as well as in gkin, the
vitreous humor of the eye, cartilage, and umbilical cord tissue.
The largest single reservoir is the synovial fluid of diarthroses
joints, where concentrations of 0.5—-4 mg/ml have bee found (1,
2). In rheumatoid arthritis and osteoarthritis, the molecular
weight and concentration of HA in synovial fluid are reduced,
probably due to abnormal biosynthesis by synovial type B cells

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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phatase; OCL, osteoclast-like cell; JNK, c-Jun N-terminal kinase.
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and free radical depolymerization of the HA chain (3). These
changes in the rheological properties of synovial fluid in ar-
thritic joints may contribute to disease progression because
articular cartilage, subchondral bone, and synovial connective
tissues are subjected to increased mechanical stress when the
viscoelastic and lubricating properties of HA are diminished.

Many studies have reported the biological effecta of HA on
chondrocytes (4—-11). Furthermore, HA affects the catabolic
activity of the cartilage matrix by inducing the production of
TIMP-1 (tissue inhibitor of metalloproteinase-1) by bovine
chondrocytes (6). Sakamoto et al. (12) reported that high mo-
lecular weight HA (HMW-HA) injected into the joint cavity
becomes attached to the surface of articular cartilage, where it
exerts chondroprotective effects. Extrinsic HA has also been
shown to penetrate degenerated cartilage and to reach the
surface of chondrocytes (13). In addition, in vitro studies using
synovial fibroblasts have indicated that synovial type B cells,
the major source of synovial HMW-HA, lead to de novo synthe-
sis of HMW-HA. (14).

In a previous study utilizing high performance liquid chro-
matography (15), we demonstrated that the molecular weights
of HA in synovial fluid from temporomandibular joint samples
from patients with internal derangement and osteoarthritis
are decreased probably due to free radical depolymerization of
the HA chain and/or abnormal biosynthesis by the synovium.
The results of that study shed light on the mechanisms of the
changes in joint lubrication and the pathology of the temporo-
mandibular joint. Several researchers have reported the in-
volvement of the interaction between CD44 and HA in bone
resorption (2, 16, 17). However, less attention has been paid to
the effect of low molecular weight HA (LMW-HA) on osteoclast
formation induced by RANKL (receptor activator of NI-«B
ligand). In this study, we examined the effects of HA at several
molecular weights on osteoclastogenesis induced by RANKL
and found that LMW-HA enhanced both osteoclast formation
and function in vitro.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—HA at several molecular weights (4-mer,
12-mer, and M, = 8,000, 900,000, and 2,000,000) was kindly supplied by
Seikagaku Corp. (Tokyo, Japan). Human recombinant soluble RANKL
was purchased from Pepro Tech EC Ltd. (London, United Kingdom).
Anti-c-Sre monoclonal antibody and anti-RANK polyclonal antibody
were purchased from Sante Cruz Biotechnology, Inc. (Santa Cruz, CA),
and anti-p38 MAPK, anti-phospho-p38 MAPK, anti-ERK, and anti-
phospho-ERK polyclonal antibodies were obtained from Cell Signaling
Technology, Inc. (Beverly, MA). SB203580 was purchased from Calbio-
chem. CD44 function-blocking monoclonal antibedy (BRIC 235) was
obtained from the International Blood Group Reference Laboratory
(Bristol, United Kingdom).

Cell Culture—Mouse monocyte RAW 264.7 cells were maintained in
a-minimal essential medium (Invitrogen) supplemented with 10% fetal

18967

— 176 —



18968

bovine serum (Invitrogen), 100 units/m! penicillin G, and 100 pg/ml strep-
tomycin in collagen-coated dishes (Asahi Techno Glass, Chiba, Japan).

Cell Viability—RAW 264.7 cells were plated in 96-well plates at a
concentration of 5 X 10? cells/well 1 day before the experiment and then
stimulated with RANKL and HA at several molecular weights. The
gtimulated cells were cultured for 1, 2, 5, or 6 days, after which a stock
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide solution
(2.5 mg/ml, 20 pl/wel}; Sigma) was added to the wells, and the plates
were incubated for 4 h. Next, acid/isopropyl alcohol (100 ul of 0.04 ¥ HCL
in isopropyl alcohol) was added and mixed thoroughly, and the plates
were read using a Multiskan Bichromatic microplate reader (Lab-
systems, Helsinki, Finland), with a test wavelength of 540 nm and a
reference wavelength of 620 nm (18).

Differentiation of Osteoclasts—Qsteoclasts were detected by staining
with tartrate-resistant acid phosphatase (TRAP) (Sigma) (19). In brief,
RAW 264.7 cells were cultured in 96-well plates (5.0 x 102 cells/well) in
the presence of RANKL (40 ng/m!l), HA at several molecular weights, or
SB203580. After culturing for the indicated times, the adherent cells
were fixed and stained for TRAP activity. TRAP-positive multinucle-
ated cells containing three or more nuclei were congidered to be oste-
oclast-like cells (OCLs) and were counted under a microscope.

TRAP Activity—For the TRAP activity assay, RAW 264.7 cells were
cultured in 96-well plates (5.0 x 102 cells/well) in the presence of
RANKL (40 ng/ml), HA (100 ng/ml) at several molecular weights, or
5B203580 for 6 days. The treated RAW 264.7 cells were suspended in 25
ul of phosphate-buffered saline, pH 7.2, and then frozen and thawed
three times. TRAP activities in the supernatants were analyzed using a
phenyl phosphate substrate kit (Sanseiphospha KII-Test-Wako, Wako,
Osaka, Japan) according to the manufacturer’s instructions (20).

Bone Resorption Assay—To estimate bone resorption activity, RAW
264.7 cells were cultured for 14 days with RANKL (40 ng/ml) and HA
(100 ng/ml) at several molecular weights on BD BioCoat™ Osteologic™
multitest slides, which consisted of submicron synthetic calcium phos-
phate thin films coated onto various culture vessels (BD Biosciences).
The cells were removed using 6% NaOCl and 5.2% NaCl, and the
number of the resorption pits formed in each well was counted under
a microscope.

Western Blot Analysis—RAW 264.7 cells (1 x 10°) were cultured in
a-minimal essential medium containing 10% fetal calf serum in the pres-
ence of RANKL (40 ng/ml) and HA (100 ug/ml) at several molecular
weights (M, = 8,000 and 2,000,000), SB203580 (10-® M), or BRIC 235 (5
pg/ml) on 6-well plates. Adherent cells were washed twice with phos-
phate-buffered saline and lysed in cell lysis buffer (75 mum Tris-HCI con-
taining 2% SDS and 10% glycerol, pH 6.8). Protein contents were meas-
ured using a DC protein assay kit (Bio-Rad). The samples subjected to
10% SDS-PAGE and then transferred to polyvinylidene difluoride mem-
brenes (Millipore Corp., Bedford, MA). Nonspecific binding sites were
blocked by immersing the membranes in 10% skim milk in phosphate-
buffered saline for 1 h at room temperature, and the membrane was
washed four times with phosphate-buffered saline, followed by incubation
with diluted primary antibody for 2 h at room temperature. Anti-c-Sre,
anti-ERK, anti-phospho-ERK, anti-p38 MAPK, anti-phospho-p38 MAPK,
and anti-RANK primary antibodies and horseradish peroxidase-conju-
gated anti-mouse, anti-rabbit, and anti-goat IgG secondary antibodies
(Santa Cruz Biotechnology, Inc.) were used in this experiment. After
washing the membranes, chemiluminescence was produced using ECL
reagent (Amersham Biosciences) and detected with Hyperfilm-ECL (Am-
ersham Biosciences). After exposure to film, the membranes were stained
with Coomassie Brilliant Blue G-250 to confirm equal loading.

Statistical Analysis—Statistical differences were determined using
an unpaired Student’s ¢ test with Bonferroni's correction for multiple
comparisond. All data are expressed as the mean *+ S.E.

RESULTS

Effects of RANKL and HA on Cell Growth—We examined the
effects of RANKL and HA at several molecular weights on the
proliferation of RAW 264.7 cells using a 3-(4,5-dimethylthiazol-
2-yD-2,5-diphenyltetrazolium bromide viability assay. HA had
no effect on RAW 264.7 cell growth after 1, 2, 5, and 6 days of
culture with RANKIL (data not shown).

LMW-HA Up-regulates Osteoclast Differentiation Induced by
RANKL—Culturing LMW-HA activated the differentiation of
RAW 264.7 cells into OCLs via RANKL in a dose-dependent
manner (Fig. 1, A and B), whereas HMW-HA had almost no
effect. The number of TRAP-positive multinucleated cells was
maximized at higher concentrations (100 ng/ml) in this exper-

Effect of Hyaluronic Acid on Osteoclastogenesis
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T1c. 1. Effect of HA on osteoclast differentiation induced by
RANKIL. RAW 264.7 cells were stimulated with RANKL (40 ng/ml) and
HA at several molecular weights for 6 days. 4, the images show OCL
formation. B, the number of OCLs was counted after the cells were
stained for TRAP activity. Data are expressed as the mean = S.D. of
triplicate cultures. The experiment was performed three times, with
similar results obtained in each experiment. * p < 0.05 (Student’s ¢
test). C, shown are the results from a time course experiment. (], 4-mer;
&, 12-mer; %, M, = 8,000, &, M, = 2,000,000.

iment; however, LMW-HA alone did not induce OCL formation
(data not shown). Incubation with LMW-HA and RANKL for
0-2 days was adequate to enhance OCL formation in RAW
264.7 cells (Fig. 1C).

LMW-HA Up-regulates TRAP Activity Induced by RANKL~
We examined the effects of RANKL in the presence of HA at
several molecular weights on the TRAP activity of RAW 264.7
cells using the phenyl phosphate substrate method. As shown
in Fig. 2, RANKL alone enhanced TRAP activity in RAW 264.7
cells; however, when the cells were incubated with both
RANKL and LMW-HA, the level of TRAP expression was 1.5-
fold higher than in cells treated with RANKL alone. In con-
trast, HMW-HA had no effect on RANKL-induced TRAP activ-
ity in RAW 264.7 cells.
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Tic. 2. Effects of HA on TRAP activity induced by RANKL.
RAW 264.7 cells were stimulated with RANKL (40 ng/ml) in the pres-
ence of HA (100 pg/ml) at several molecular weights for 6 days. TRAP
activity was determined as described under “Experimental Procedures.”
Data are expressed as the mean + S.D. of triplicate cultures. The
experiment was performed three times, with similar results obtained in
each experiment, *, p < 0.05 (Student’s ¢ test). [J, 10 pg/ml. H,
100 pg/ml.

LMW-HA Stimulates Bone Resorption Induced by RANKL~
To determine whether LMW-HA affects osteoclast function,
differentiated RAW 264.7 cells were cultured on Osteologic™
multitest slides with RANKL (40 ng/ml) in the presence of HA
(100 pg/ml) at several molecular weights. LMW-HA enhanced
the stimulatory effect of RANKL on bone resorption (Fig. 3),
whereas it had no effect on basal bone resorption, with or
without RANKL.

LMW-HA Enhances the Expression of RANK Protein in RAW
9264.7 Cells—We also examined RANK expression in RAW
264.7 cells by immunoblot analysis. RAW 264.7 cells were
cultured for 672 h in the presence or absence of RANKL and
HA at several molecular weights. Interestingly, treatment with
LMW-HA alone induced RANK expression and enhanced the
expression level in RAW 264.7 cells treated with RANKL,
whereas HMW-HA had no effect on the level of RANK protein
expression (Fig. 4).

LMW-HA Enhances RANKL-induced Expression of c-Src
Protein in RAW 264.7 Cells—Next, we investigated the effect of
RANKL and HA at several molecular weights on the expression
of ¢-Src protein in RAW 264.7 cells by Western blotting. As
shown in Fig. 5, the level of ¢-Src protein expression was
increased in cells following stimulation with RANKL. Further-
more, ¢-Src protein expression was up-regulated upon the ad-
dition of LMW-HA in a time-dependent manner up to 72 h.

LMW-HA Enhances RANKL-induced Activation of MAPKs in
RAW 264.7 Cells—The effects of RANKL and HA at several
molecular weights on the activation of ERKs at M, = 42,000
and 44,000 in RAW 264.7 cells were investigated (Fig. 6).
Western blot analysis revealed that phosphorylated ERKs were
detected within 15 min and reached a plateau at 30 min after
the addition of RANKL. When the cells were incubated with
both RANKL and LMW-HA, the level of ERK phosphorylation
was higher than in cells treated with RANKL alone. In con-
trast, the total amounts of ERK protein were not affected by
treatment with RANKL and HA.

We also examined the effects of RANKI and HA at several
molecular weights on the phosphorylation of p38 MAPK in
osteoclast precursors. Fig. 7 shows the time course of changes
in the level of p38 MAPK phosphorylation in response to
RANKL in RAW 264.7 cells. p38 MAPK was phosphorylated
within 30 min in response to RANKL, and phosphorylation
reached a maximum level within 60 min. LMW-HA stimulated
the RANKI.-induced phosphorylation of p38 MAPK; however,
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Fic. 8. Effect of HA on bone resorption induced by RANKL.
RAW 264.7 cells were cultured with RANKL (40 ng/m]) in the presence
of HA (100 pg/ml) at several molecular weights on Osteologic™ plates
for 14 days. A, the images show pit formation. B, the number of resorp-
tion pits was counted after removing the cells. Data are expressed as
the mean = 8.D. of triplicate cultures. The experiment was performed
three times, with similar results obtained in each experiment. *, p <
0.05 (Student’s ¢ test).
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Fic. 4. Detection of RANK in RAW 264.7 cells treated with HA,
RAW 264.7 cells were exposed to RANKL (40 ng/ml) in the presence of
HA (100 ug/ml) at several molecular weights for the times indicated,
and whole lysates were subjected to Western blot analysis. Lane 1,
control; lane 2, LMW-HA (M, = 8,000); lane 3, HMW-HA (M, =
2,000,000); lane 4, RANKL (40 ng/ml); lane §, RANKL (40 ng/ml) and
LMW-HA (M, = 8,000); lane 6, RANKL (40 ng/ml) and HMW-HA
(M, = 2,000,000).

there was no change in the level of p38 MAPK phosphorylation
upon treatment with LMW-HA alone. Furthermore, the total
amounts of p38 MAPK protein in RAW 264.7 cells stimulated
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Fic. 5. Detection of ¢-Sre expression in RAW 264.7 cells treated
with HA, RAW 264.7 cells were exposed to RANKL (100 ng/ml) in the
presence of HA (100 pg/ml) at several molecular weights, and whole
lysates were subjected to Western blot analysis. Lane 1, control; lane 2,
LMW-HA (M, = 8,000); lane 3, HMW-HA (M, = 2,000,000); lane 4,
RANKL (40 ng/ml); lane 5§, RANKL (40 ng/ml) and LMW-HA (M, =
8,000); lane 6, RANKL (40 ng/ml) and HMW-HA (M, = 2,000,000).
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Fic. 6. Detection of phosphorylated ERK protein in RAW 264.7
cells treated with HA. RAW 264.7 cells were exposed to RANKL (40
ng/ml) in the presence of HA (100 pg/ml) at several molecular weights
for the indicated times, and whole lysates were subjected to Western
blot analysis. Lane 1, control; lane 2, LMW-HA (M, = 8,000); lane 3,
HMW-HA (M, = 2,000,000); lane 4, RANKL (40 ng/ml); lane §, RANKL
(40 ng/ml) and LMW-HA (M, = 8,000); lane 6, RANKL (40 ng/ml) and
HMW-HA (M, = 2,000,000).

with RANKL were unchanged in the presence and absence of
HA at all time periods tested.

SB203580 Inhibits the Differentiation of RAW 264.7 Cells
Induced by RANKL and LMW-HA—To further examine the
role of p38 MAPK in RANKL- and HA-mediated osteoclast
differentiation, RAW 264.7 cells were treated with RANKL, HA
at several molecular weights, or SB203580 (a specific inhibitor
of p38 MAPK). A 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltet-
razolium bromide viability assay showed that SB203580 had
no significant effect on the proliferation of RAW 264.7 cells
(data not shown), whereas it inhibited the induction of TRAP-
positive multinucleated cells by RANKL and LMW-HA in a
dose-dependent manner (Fig. 8). To confirm that p38 MAPK
was inhibited by SB203580, RAW 264.7 cells were treated with
RANKL and HA at several molecular weights in the presence
and absence of SB2035680. Western blot analysis revealed that
SB203580 inhibited p38 MAPK activity mediated by RANKL
and LMW-HA (Fig. 9).
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F1G. 7. Detection of phosphorylated p38 protein in RAW 264.7
cells treated with HA. RAW 264.7 cells were exposed to RANKI, (40
ng/ml) in the presence of HA (100 pg/ml) at several molecular weights
for the indicated times, and whole lysates were subjected to Western
blot analysis. Lane 1, control; lane 2, LMW-HA (M, = 8,000); lane 3,
HMW-HA (M, = 2,000,000); lane 4, RANKL (40 ng/ml); lane 5, RANKL
(40 ng/ml) and LMW-HA (M, = 8,000); lane 6, RANKL (40 ng/ml) and
HMW-HA (M, = 2,000,000).
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Fia. 8. Effects of SB203580 on RAW 264.7 cells treated with
RANKIL and HA. RAW 264.7 cells were cultured with RANKL (40
ng/ml) and SB203580 in the presence of HA (100 pg/ml) at M, = 8,000
and 2,000,000. RAW 264.7 cells were stimulated with RANKL (40
ng/ml) in the presence of HA (100 pg/ml) and SB203580 (105, 10-¢, and
10~7 m) for 6 days. After TRAP staining was performed, the number of
OCLs was counted. Data are expressed as the mean + 8.D. of triplicate
cultures. The experiment was performed three times, with similar
results obtained in each experiment. *, p < 0.05 (Student’s ¢ test). [,
RANKI; B, RANKL + LMW-HA; B, RANKL + AMW-HA.

CD44 Function-blocking Monoclonal Antibody Inhibits the
Expression of ¢-Src and RANK Proteins in RAW 264.7 Cells
Induced by RANKL aend LMW-HA—To further examine the
role of CD44 as an HA receptor in this signaling pathway, RAW
264.7 cells were treated with RANKIL and LMW-HA in the
presence of CD44 function-blocking monoclonal antibody.
Western blot analysis revealed that the monoclonal antibody
inhibited the enhancement of ¢-Src and RANK protein expres-
sion mediated by LMW-HA (Fig. 10).

DISCUSSION

In this study, we used a homogeneous clonal population of
murine monocyte RAW 264.7 cells to elucidate the direct effects
of RANKL and HA on osteoclast differentiation and function.
This cell line is known to express RANK and to differentiate
into TRAP-positive cells when cultured with bone slices and
RANKL (21). The main advantage of this system is that it does
not contain any osteoblast/bone marrow stromal cells, which
may also be targets of RANKL and LMW-HA actions. We
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1. 9. Effect of SB203680 on phosphorylated p38 protein in
RAW 264.7 cells treated with RANKL and HA. RAW 264.7 cells
were exposed to RANKL (40 ng/ml) and SB203580 (107 M) in the
pregsence of HA (100 ug/ml) at several molecular weights. Whole cell
lysates were subjected to Western blot analysis. Lane 1, RANKL; lane
2, RANKL + LMW-HA (M, = 8,000); lane 3, RANKL + HMW-HA
(M, = 2,000,000); lane 4, RANKL (40 ng/ml) + SB203580; lane 5,
RANKL (40 ng/ml) + LMW-HA (M, = 8,000) + SB203580; lane 6,
RANKL (40 ng/ml) + HMW-HA (M, = 2,000,000) + SB203580.
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FiG. 10. Effect of CD44 function-blocking monoclonal antibody
on ¢-Sre and RANK proteins in RAW 264.7 cells treated with
RANKL and LMW-HA, RAW 264.7 cells were exposed to RANKL (40
ng/ml) and LMW-HA (100 pg/ml) in the presence or absence of CD44
function-blocking monoclonal antibody BRIC 235 (5 ug/ml). Whole cell
lysates were subjected to Western blot analysis.

focused on pre-osteoclast cells to examine the effects of RANKL
and LMW-HA on differentiation and function. We also found
that LMW-HA activated OCL formation induced by RANKL in
mouse bone marrow culture (data not shown). These results
suggest that the stimulatory effect of LMW-HA on OCL forma-
tion is involved in the RANKL-mediated signaling pathway in
mouse bone marrow cells as well as RAW 264.7 cells,
RANKL, a member of the tumor necrosis factor family, trig-
gers osteoclastogenesis by forming a complex with RANK, a
member of the tumor necrosis factor receptor family. The bind-
ing of RANKL to RANK results in a cascade of intracellular
events, including the activation of the intracellular adaptor
protein family in pre-osteoclast cells (21-23). Our results show
that LMW-HA markedly increases the level of RANK protein
expression in RAW 264.7 cells. It is possible that LMW-HA
changes RANK action, with an ultimate increase in osteoclast
development in addition to increases in RANK production.
Bone resorption is a multistep process initiated by the pro-
liferation of immature osteoclast precursors, which is followed
by the commitment of those cells to the osteoclast phenotype
and degradation of the organic and inorganic phases of bone by
mature resorptive cells. Like their in vivo counterparts, in vitro
generated osteoclasts are capable of bone resorption. When
cultured with bone or dentin, osteoclasts excavate resorptive
lacunae, or pits, which are similar to the structures formed
when the cells degrade bone in vivo, and the number and size
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of the resorption lacunae formed in vitro are used as a quanti-
tative measure of osteoclast activity (24). In this study, we used
Osteologic™ slides coated with calcium phosphate substrate
and observed the up-regulation of the pit-forming activity of
OCLs stimulated with RANKL,

RANKL increases the level of ¢-Src protein, another marker
molecule of osteoclast differentiation (25) that is a widely ex-
pressed non-receptor tyrosine kinase particularly abundant in
platelets and neural tissues (26, 27) and osteoclasts (28, 29). ¢c-Src
plays an egsential role in osteoclast function, as mice in which the
src gene has been disrupted show normal osteoclast develop-
ment, but fail to resorb bone, resulting in osteopetrosis (30). In
the present TRAP activity results, the expression of ¢-Sr¢ induced
by RANKL was enhanced by LMW-HA, suggesting that the
enhanced osteoclast formation by LMW-HA is not caused by
stimulating the proliferation of monocyte/macrophage lineage
cells, but rather by increagsing the number of cells committed to
osteoclast lineage, which are responsive to RANKL-mediated
terminal differentiation to mature osteoclasts.

MAPK family members are proline-directed serine/threonine
kinases that are important for cell growth, differentiation, and
apoptosis (31-34) and become activated by phosphorylation of
threonine and tyrosine in responsge to external stimuli. MAPK
family members are classified into the ERK, JNK, and p38
MAPK groups, and it is widely accepted that peptide growth
factors and phorbol esters preferentially activate ERKs,
whereas cellular stress, such as that caused by hyperosmolar-
ity or reactive oxygen species, potently activates JNKs and p38
MAPKSs (35-37). A previous study has shown that activation of
the p38 MAPK pathway plays an important role in the
RANKL-induced osteoclast differentiation of precursor bone
marrow cells (38). In this study, RANKL-induced activation of
ERKs and p38 MAPK was clearly detected, and LMW-HA
enhanced the activities of both kinages in RAW 264.7 cells.

The pyridinyl imidazole SB203580, a gpecific inhibitor of p38
MAPK (39), has been widely used to investigate the roles of p38
MAPK in the regulation of cell differentiation and function (37,
40, 41). p38 MAPK-mediated signals were shown to be involved
in osteoclast bone resorption induced by interleukin-1 and tu-
mor necrosis factor-a in fetal rat long bones using SB203580
(41). These results suggest that p38 MAPK-mediated signals
regulate osteoclast differentiation or function. In this study,
SB203580, but not PD98059, inhibited differentiation and
TRAP activity induced by RANKIL, and LMW-HA, whereas it
inhibited only p38 MAPK activity in RAW 264.7 cells (Fig. 9).
QOur findings suggest that p38 MAPK may play a critical role in
RANKI/LMW-HA-induced osteoclast formation in RAW 264.7
cells. However, we cannot rule out the possible involvement of
ERK in osteoclastogenesis,

In our experiments, LMW-HA enhanced both the differenti-
ation and function of RAW 264.7 cells when cultured with
RANKL. Interestingly, HMW-HA had almost no effect on oste-
oclast formation and function. Previous studies (4—11) have
confirmed the physiological effects on chondrocytes; however,
relatively little attention has been directed toward the differ-
entiation and function of osteogenic cells in bone metabolism.
Furthermore, there are no known reports concerning the path-
ological effects of different molecular weights of HA on oste-
oclastogenesis or its signal transduction in osteoclasts, Our
results suggest that HA at low molecular weights is effective in
enhancing osteoclast formation and function under inflamma-
tory conditions (15). We have no ready explanation for this
phenomenon, but suggest that it is caused by the interaction of
HA and HA-binding protein in joint tissues under pathological
conditions,

HA is a major component of synovial fluid and plays impor-
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tant roles in the joint cavity. CD44, one of the major HA-
binding proteins, is expressed in several human cells, including
lymphocytes, alveolar macrophages, and fibroblasts, as well as
in several kinds of tumor cells (42). Culty et al. (43) demon-
strated that mature alveolar macrophages may be involved in
regulating HA levels in the lung and suggested that the bind-
ing of HA and CD44 leads to the efficient degradation of HA.
Furthermore, it has been reported that CD44-mediated degra-
dation of HA may play an essential role during embryonic
morphogenesis and the development of some organs, such as
the liver, spleen, and thymus; bone marrow; and hair follicles.
More recently, Cao et al. (44) reported that HA activates CD44
to stimulate RANKL expression in bone marrow stromal cells.
In this study, we found that CD44 function-blocking mono-
clonal antibody remarkably inhibited the effect of HA on the
signal introduction of c-Src and RANK in RAW 264.7 cells. On
the basis of these findings, we speculate that the expression of
CD44 in osteoclasts, which have the same lineage as alveolar
macrophages, leads to the localized degradation of HA in the
Jjoint cavity, which in turn leads to induction of osteoclast
formation and activation mediated by LMW-HA in the sur-
rounding tissues. Further study is needed to examine the cor-
relations between LMW-HA and CD44 regarding the enhance-
ment of osteoclast formation and activation induced by RANKL.
in bone marrow stromal cells as well as signal transduction
during osteoclastogenesis in joint tissue destruction.
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Hydrogen sulfide-producing bacteria in tongue
biofilm and their relationship with oral malodour
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The aims of this study were to identify hydrogen sulfide (HyS})-producing bacteria among tongue
biofilm microflora and to investigate the relationship between bacterial floraand H, S levels in mouth
air. Oral malodour levels in 10 subjects (age 21-56 years) were assessed by gas chromatography,
and Breathtron and organoleptic scores. Based on these assessments, subjects were divided into
two groups: an odour group and a no/low odour group. Tongue coatings were sampled and spread
onto Fastidious Anaerobe Agar plates containing 0-05 % cysteine, 0-12 % glutathione and 0-02 %
lead acetate, and were then incubated anaerobically at 37 °C for 2 weeks. Bacteria forming black or
grey colonies were selected as HyS-producing phenotypes. The numbers of total bacteria

(P < 0-005) and HyS-producing bacteria (P < 0-05) in the odour group were significantly larger
than those in the no/low odour group. Bacteria forming black or grey colonies (126 isolates from the
odour group; 242 isolates from the no/low odour group) were subcultured, confirmed as producing

H,S and identified according to 16S rRNA gene sequencing. Species of Veillonella (38:1 % in
odour group; 46-:3 % in no/low odour group), Actinomyces (25-4 %; 17-7 %) and Prevotella

(10-3 %; 7-8 %) were the predominant H,S-producing bacteria in both the odour and no/low odour
groups. These results suggest that an increase in the number of HyS-producing bacteria in the
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tongue biofilm is responsible for oral malodour, although the bacterial composition of tongue biofilm
was similar between the two groups.

INTRODUCTION

Oral malodour is foul-smelling breath exhaled from the oral
cavity and is due to metabolic products of bacteria in the oral
cavity but can also be caused by systemic diseases, such as
gastrointestinal disorders, hepatic diseases and diabetes,
ingestion of certain foods and smoking (Greenman, 1999).
Approximately 90 % of oral malodour is believed to originate
from foul-smelling gases, such as volatile sulfur compounds
(VSCs), produced by oral bacteria in the oral cavity (Ayers
et al., 1998; Scully et al., 1994). The major components of
VSCs in oral malodour are hydrogen sulfide (H,S), methyl
mercaptan and dimethyl sulfide (Kleinberg & Westbay,
1990). These VSCs are produced through bacterial metabo-
lism of sulfur amino acids such as cysteine and methionine
(Persson et al., 1990).

VSC-producing bacteria are present at various sites in the
oral cavity, particularly on the dorsum of the tongue, where
they have easy access to nutrients, such as saliva, desqua-
mated epithelium and food debris (Roldan et al., 2003).
Therefore, the coating on the dorsum of the tongue is widely

Abbreviation: VSC, volatile sulfur compound.

recognized as a major source of VSCs (De Boever & Loesche,
1995; Nakano et al., 2002; Rosenberg, 1996; Yaegaki &
Sunada, 1992a, b).

Most previous studies have focused on the relationship
between oral malodour and salivary or dental plaque bacteria
(Awano et al., 2002; Paryavi-Gholami ef al., 1999; Persson
et al., 1990). Following work by Gordon et al. (1966), studies
have been conducted to analyse bacteria in the tongue
biofilm, but most have targeted a limited number of bacterial
species (Frisken et al, 1990; Miyake et al, 1991; van
Winkelhoff et al., 1986). Comprehensive analyses of tongue
biofilm microflora using culture methods or molecular
biological methods have recently been reported (Hartley
et al., 1996, 1999; Kazor et al., 2003; Milnes et al., 1993). Due
to its complexity, however, the characteristics of tongue
biofilm microflora and its relationship with oral malodour
remain unclear (Hartley e al., 1996, 1999; Kazor et al,, 2003).

Paryavi-Gholami et al. (1999) reported the isolation and
identification of H,S-producing bacteria from the saliva of
children, using agar plates including lead acetate, and
discussed the relationship between salivary H,S-producing
bacteria and oral malodour. Applying their methods, the
aims of this study were to isolate and identify H,S-producing
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bacteria from the tongue biofilm using molecular biological
methods, such as PCR and DNA sequencing, and to
determine any relationships between the number or type of
H,S-producing bacteria and oral malodour.

METHODS

Subjects. Ten subjects (five females and five males; age, mean + sD,
36:3 £ 11'1 years; range, 21-56 years) were selected for this study.
Informed consent was obtained from each subject. All subjects were
patients who visited Tohoku University Dental Hospital complaining of
halitosis. They had no systemic disease and received no antibiotic
therapy for at least 3 months. On the first visit, an assessment of oral
malodour and observable tongue coating, a clinical oral examination
and sampling of tongue biofilm were performed as described below.

Oral malodour assessment. Level of oral malodour was assessed by
gas chromatography (GC; Shimadzu GC-7A, Kyoto), and Breathtron
(New Cosmos Electric) and organoleptic scoring. Breathtron is a
portable monitor with a zinc-oxide thin film semiconductor sensor
specific to VSCs (Shimura et al., 1996). All subjects were asked not to
brush, rinse or smoke immediately prior to the assessment, and not to
eat and drink for at least 2 h before assessment. GC analysis was carried
out in duplicate. After closing the lips for 1 min, 5 ml of mouth air was
obtained with a gastight syringe and immediately injected into the GC
equipment. Standard samples of H,S and methyl mercaptan (Sumito-
mo Seika Chemicals) were used as controls. Breathtron analysis was also
performed in duplicate. Organoleptic scores were assessed by three
judges immediately after closing the lips for 30 s. Scores were given as
follows: 0, no malodour; 1, slight malodour; 2, clearly noticeable
malodour; 3, strong malodour; and 4, extremely strong malodour.

Clinical oral examination. All subjects were examined for dental
caries, plaque accumulation by O’Leary plaque control record index
(O’Leary et al., 1972) and probing depth using a periodontal pocket
probe. No subjects lacked numerous teeth, wore dentures or exhibited
severe caries, severe gingivitis, periodontitis or any other oral disease
associated with oral malodour.

Observable tongue coating assessment. Thickness and extent of
tongue coating were estimated by the naked eye according to the
method of Nara (1977). Both thickness and extent of tongue coating
were scored as 0, 1, 2 or 3, and then the thickness score and the extent
score were multiplied.

Sampling of tongue biofilm. In order to collect tongue biofilm, an
area of 1 cm?, predetermined by a window made of sterilized plain paper
on the rear dorsal surface of the tongue, was firmly scraped 10 times with
sterilized toothpicks. All samples were immediately introduced into an
anaerobic chamber containing 80 % N, 10 % CO; and 10 % H, (model
AZ-Hard, Hirasawa) and were suspended in 1 ml of distilled 40 mM
potassium phosphate buffer (PPB, pH 7-0) solution. After homogeniza-
tion for 5 min, decimal dilutions from 107> to 1075 were prepared in
40 mM PPB solution.

Culture conditions. One hundred microlitres from each dilution
sample was dispersed and spread either onto Fastidious Anaerobe Agar
(FAA, Lab M) plates containing 0-05 % L-cysteine, supplemented with
5 % rabbit blood (Nippon Bio-Test Laboratories), 012 % glutathione
and 0-02 % lead acetate, according to the method of Paryavi-Gholami et
al. (1999) with minor modifications, or onto FAA plates without 0-02 %
lead acetate as a control. Plates were incubated at 37 °C for 2 weeks in an
anaerobic chamber. To ensure strictly anaerobic conditions in the
chamber, reduction of methylviologen (—446 mV) was carefully
confirmed whenever experiment procedures were carried out.

After 2 weeks ofincubation, bacteria forming black or grey colonies were
regarded as H,S-producing. All of the black or grey colonies on plates
with less than 100 colonies were picked up using sterilized plastic loops
or toothpicks and subcultured on FAA agar plates. These bacterial
isolates were confirmed as producing H,$S in test tubes of Fastidious
Anaerobe Broth (Lab M) liquid media. Bacterial isolates were grown
anaerobically, and the presence of H,S in the headspace of the test tubes
was determined from the blackening of filter paper strips immersed in
lead acetate.

DNA extraction and 16S rRNA gene sequencing. Colonies sub-
cultured from four malodourous and four nonodourous subjects were
harvested by centrifugation at 7700 g for 5 min and the supernatant was
removed. Genomic DNA was then extracted from the pellets using the
InstaGene Matrix Kit (Bio-Rad) according to the manufacturer’s
instructions.

The 16S rRNA gene sequences were amplified by PCR using universal
primers 27F and 1492R (Lane, 1991) and Taq DNA polymerase
(HotStarTaq Master Mix, Qiagen) according to the manufacturer’s
instructions. The primer sequences were: 27F, 5-AGAGTTT
GATCMTGGCTCAG-3"; and 1492R, 5'-TACGGYTACCTTGTITAC
GACTT-3'. Amplification proceeded using a PCR Thermal Cycler MP
(TaKaRa Biomedicals) programmed as follows: 15 min at 95 °C for
initial heat activation and 35 cycles of 1 min at 94 °C for denaturation,
1 min at 52 °C for annealing and 1-5 min at 72 °C for extension,
followed by 10 min at 72 °C for final extension. PCR products were
sequenced at Hokkaido System Science using the BigDye Terminator
Cycle Sequencing Kit and an automated DNA sequencer (PRISM-3100,
Applied Biosystem). Primers 27F and 1492R were used to sequence both
strands (at least 1000 bp), and DNA data were analysed using the DNASIS
program (Hitachi Software Engineering). BLAST searches were per-
formed through the website of the National Center for Biotechnology
Information. Bacterial species were determined by percentage sequence
similarity (>97 %).

Data analysis. An unpaired t-test was used to analyse significance.
P values of < 0-05 were considered statistically significant.

RESULTS AND DISCUSSION

Relationship between oral malodour level and
clinical indicators

Based on the results of GC, the 10 subjects were divided into
the H,S-undetected group (below the detection limit) and
the H,S-detected group (mean + SD, 1-05 & 0-97 p.p.m.)
(Table 1). In addition, there were significant differences
between the two groups in Breathtron and organoleptic
scores, which were also used to assess oral malodour (Table
1). Therefore, the H,S-detected group was designated the
odour group, and the H,S-undetected group was designated
the no/low odour group. Methyl mercaptan was detected
only in two subjects belonging to the odour group and no
dimethyl sulfide was detected.

With regard to clinical parameters, there were no significant
differences in age, number of present teeth, number of teeth
with untreated caries, number of teeth with probing depth
>4 mm, largest probing depth or O’Leary plaque control
record score between the two groups (Table 1). There were
also no significant differences in tongue coating score
between the two groups (Table 1). Considering that the
maximum observable tongue coating score is 9, the mean
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Table 1. Clinical assessment of no/low odour and odour groups in this study

Data are presented as mean % SD.

Assessment No/low odour group Odour group
(n=>5) (n=15)

Age 41-8 £ 139 30-8 4-2-4

No. of teeth present 240435 272+13

No. of teeth with untreated caries 0-2 + 048 0-2 £ 0-49

No. of teeth with probing depth >4mm 146 £ 25 1-6 £ 36

Largest probing depth (mm) 38408 4-0£22

Plaque control record score 389 £ 229 47'5 +23-2

Tongue coating score 1-2+11 20+£12

H,S concentration* (p.p.m.) Not detectedt 1-05 4 0-97%

Breathtron score (p.p.b.) 41-50 = 17-76 1129 4 903%

Organoleptic score 030 £+ 0-30 1-29 £ 0-40%
*Determined by gas chromatography.
+Below the detection limit.
1Significantly different (P < 0-05) from the no/low odour group.
scores in this study were relatively low (1-2 and 2-0 in the no/ 10°
low odour and odour groups, respectively; Table 1). In
addition, there were no significant differences in thickness
score of observable tongue coating between the two groups &«
(data not shown). § o0 b
Relationship between oral malodour ievel and i
densities of total bacteria and H,S-producing 2 e
bacteria in tongue biofilm § - . o
After 2 weeks of anaerobic incubation, black or grey colonies _{% ¢ ry
were observed on plates containing lead acetate and these é
were designated H,S-producing bacteria. Few black or grey e * e
colonies appeared on plates when the same samples were 4 .
cultured without lead acetate (data not shown). Total num- B 10° T
bers of colonies on plates with and without lead acetate were @ e
almost equal, thus indicating that lead acetate did not inhibit
bacterial growth. Black or grey isolates were subcultured and
confirmed to produce H,S. 108

No/low Odour  No/low Odour

The total number of bacteria (total c.f.u.) in the odour group odour group group odour group  group

(mean, 1-4 X 10%) was significantly higher than that in the
no/low odour group (mean, 1-3 X 107; P < 0-005) (Fig. 1).
This is consistent with previous studies by Hartley et al.
(1996, 1999). In addition, the number of black or grey
colonies in the odour group (mean, 64 X 107) was signifi-
cantly higher (approximately six-fold) than that in the no/
low odour group (mean, 8-1 X 108 P < 0-05). This suggests
that H,S-producing bacteria in the tongue biofilm are the
source of oral malodour.

On the other hand, there was no significant difference in the
percentage of black or grey colony-forming units among the
total colony-forming units between the two groups, although
this percentage varied among individuals (20-89 %) (Fig. 2).
In this study, tongue biofilm samples were obtained from the

Total colonies Black or grey colonies

Fig. 1. Numbers of total and black or grey colonies in no/low odour
and odour groups. 'P = 0-002;** P = 0-012, Horizontal bars represent
means.

same part of the tongue using a standardized method, and no
significant differences were noted in observable tongue
coating and thickness scores between the two groups (Table
1). This indicates that the amounts of observable tongue
coating were similar among the subjects in this study. These
results suggest that the number of bacteria per unit of tongue
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Fig. 2. Proportion of black or grey colony-forming units among total
colony-forming units in no/low odour and odour groups. Horizontal
bars represent means.

biofilm, i.e. bacterial density in the tongue biofilm, is higher
in subjects with oral malodour than in those without oral
malodour, and that H,S-producing bacteria in tongue
biofilm are responsible for oral malodour.

Yaegaki & Sanada (1992a, b) and Miyazaki et al. (1995)
reported correlations between the degree of oral malodour,
the amount of observable tongue coating and/or perio-
dontal conditions. In addition, it is suggested that perio-
dontal disease can induce observable tongue coating
accumulation (Yaegaki & Sunada, 1992a). The tongue
biofilm comprises not only micro-organisms but also
epithelial cells released from the oral mucosa and leukocytes
from periodontal pockets. Salivary levels of the latter two
components could be elevated in patients with periodontal
disease, thus leading to an increase in the amount of
observable tongue coating. This indicates that the amounts
of observable tongue coating bear little relationship to the
microbial population density on the tongue coating and it is
only the latter (microbial density) that relates to hydrogen
sulfide levels or oral malodour.

Hartley et al. (1996) reported that the percentage of H;,S-
producing bacteria in subjects with strong oral malodour
(organoleptic scores >3 on a 0—5 scale) was higher than that
in the no/low odour group. In our study, however, a
significant correlation was observed with the number rather
than the percentage of H,S-producing bacteria. Organolep-
tic scores of the subjects with oral malodour in our study
were lower (mean 1-29 on a 0—4 scale) (Table 1) than those in
the study by Hartley et al. (1996) (mmean 3-84 on a 0-5 scale).
The discrepancy could thus be explained as follows: oral
malodour increases with the number of both total and H;S-

producing bacteria in the tongue biofilm, and then becomes
more severe as the percentage of H,S-producing bacteria
increases.

Identification of H,S-producing bacteria in tongue
biofilm

The H,S-producing bacteria isolated in this study were
identified using molecular biological methods. Veillonella,
Actinomyces and Prevotella species were the predominant
H,S-producing bacteria, followed by Streptococcus species, in
the odour and no/low odour groups (Table 2). Veillonella
dispar accounted for over 15% of total H;S-producing
bacteria in each sample. However, there were no significant
differences in the profiles of H,S-producing bacteria between
the two groups.

Hartley et al. (1996) also frequently identified these bacterial
species in both odour and no/low odour groups, and
Donaldson et al. (2005) reported that Veillonella, Prevotella
and Fusobacterium species were found in both odour and no/
low odour groups, and that Vibrio species and unidentifiable
Gram-negative and Gram-positive anaerobes were more
commonly found in the odour group. Loesche & Kazor
(2002) reported that 74 % of total cultivable bacteria of the
tongue biofilm could be Veillonella parvula, Actinomyces
odontolyticus, Streptococcus intermedius and Clostridium in-
nocuum, and Mager et al. (2003) reported that a Veillonella
species was one of the prominent bacteria in the tongue
biofilm. However, in all these studies, the H,S-productivity
of the bacteria was not assessed. Thus, our study is the first
report to show that Veillonella, Actinomyces and Prevotella
are predominant as H,S-producing bacteria in tongue
biofilm and are responsible for oral malodour when they
increase in number.

Actinomyces species are saccharolytic bacteria that produce
lactic acids from carbohydrates, while Veillonella species
utilize lactic acids as a carbon and energy source instead of
carbohydrates. In a mixed culture where carbohydrate is
supplied, Veillonella species are able to grow together with
Actinomyces species (Distler & Kroncke, 1981), indicating
that Actinomyces supply lactic acids to Veillonella species.
This suggests that, in the tongue coating, Actinomyces and
Veillonella species create a food chain and subsequently
establish a stable microbial ecosystem.

In the tongue coating, cysteine and proteins/peptides con-
taining cysteine are thought to be supplied by saliva and
desquamated tongue epithelia, and are degraded into H,$
through bacterial metabolism. Some isolates of Actinomyces
and Veillonella have been reported to produce H,S during
growth (Persson et al., 1990; Schaal, 1986; Shibuya, 2001), as
shown in this study (Table 2). This indicates that members of
Actinomyces and Veillonella possess an enzyme responsible
for the breakdown of cysteine into H,S, although no
information is available regarding cysteine-degrading en-
zymes such as cysteine desulfhydrase (Claesson et al., 1990;
Pianotti et al., 1986) in these bacteria. Prevotella species
including Prevotella veroralis ferment amino acids and some
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species possess proteolytic activity (Shah & Collins, 1990),
thus suggesting that these species can degrade proteins/
peptides and ferment the resultant cysteine into H,S as
detected in our study.

Periodontal disease-associated bacteria such as Porphyromo-
nas gingivalis and Prevotella intermedia, which produce VSCs
(Loesche & Kazor, 2002; Persson et al, 1990), were not
detected in the present study (Table 2), in which no perio-
dontal disease patients were included (Table 1). Fusobacter-
ium species, known to be VSC-producing periodontal
inhabitants (Claesson et al., 1990), were scarcely detected
(Table 2). These results suggest that periodontal disease-
associated bacteria are not associated with oral malodour in
patients without periodontal disease or with low to inter-
mediate levels of oral malodour,

Conclusions

H,S-producing bacteria in the tongue biofilm appear to
cause low to intermediate levels of oral malodour in patients
without periodontitis, and the predominant H,S-producing
bacteria are mainly commensal species of the oral cavity, such
as Veillonella and Actinomyces species. Furthermore, the
numbers of both H,S-producing bacteria and total bacteria
in the tongue biofilm were higher in the odour group,
suggesting that for subjects with low to intermediate levels
of malodour an increase in bacterial density in the tongue
biofilm is associated with oral malodour.
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