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Difference in the xylitol sensitivity
of acid production among
Streptococcus mutans strains
and the biochemical mechanism

Miyasawa-Hori H, Aizawa S, Takahashi N. Difference in the xylitol sensitivity of acid
production among Streptococcus mutans strains and the biochemical mechanism.
Oral Microbiol Immunol 2006: 21: 20]-205. © Blackwell Munksgaard, 2006.

Xylitol inhibits the glycolysis and growth of Streptococcus mutans, but to different
degrees among strains. Thus, we studied the biochemical mechanism through which the
inhibition varies, using S. mutans strains ATCC 31989, NCTN 10449, and NCIB 11723,
which are highly sensitive, moderately sensitive, and resistant to xylitol, respectively,
under strictly anaerobic conditions such as those found in deep layers of dental plaque.
Xylitol (30 mM) decreased the rate of acid production from glucose (10 mM) in ATCC
31989, NCTC 10449, and NCIB 11723 by 86, 26, and 0%, respectively. The activities of
the xylitol : phosphoenolpyruvate phosphotransferase system (PEP-PTS) relative to those
of glucose : PEP-PTS were 120, 16, and 3%, respectively. In ATCC 31989 and NCTC
10449, intracellular accumulation of xylitol S-phosphate and decreases of fructose 1,6-
bisphosphate and glucose 6-phosphate were observed. Furthermore, in the presence of
xylito! (30 mMm), glucose : PEP-PTS activities decreased by 34, 17, and 0%, respectively.
These findings indicated that the higher the xylitol : PEP-PTS activity was and the more
effectively xylitol decreased glucose : PEP-PTS activity, the more sensitive the strain was
to xylitol. These results suggest that the following inhibitory mechanisms are active in the
xylitol-sensitive mutans streptococci: direct inhibition of glycolytic enzymes by xylitol 5-
phosphate derived from xylitol : PEP-PTS and, possibly, indirect inhibition through
competition for the phosphoryl donor, HPr-P, between glucose and xylitol : PEP-
PTSs.
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The major route of sugar transport by
microorganisms is via the phosphoenol-

Xylitol is widely used as a noncariogenic
sugar substitute because it is not fermented

by oral bacteria (6). Xylitol has been
reported to inhibit the growth of mutans
streptococci in the presence of glucose,
galactose, mannose, lactose, maltose,
sucrose, sorbitol or mannitol as a carbon
source in vitro (1, 5,7, 8, 16, 24, 25), and
the acid production from glucose by
resting cells of Streptococcus mutans (7,
13, 25). Xylitol is also known to selec-
tively inhibit the growth of S. mutans in
mixed culture using a chemostat (3, 15).

pyruvate phosphotransferase system (PEP-
PTS). Two sugar-nonspecific proteins,
enzyme-I and histidine-containing phos-
phocarrier protein (HPr), and a sugar-
specific protein, enzyme-II are required
for PEP-PTSs. PEP phosphorylates
enzyme-l to phospho-enzyme-I, which in
turn transfers the phosphoryl group to HPr.
In many cases, phospho-HPr (HPr-P) gen-
erated from phospho-enzyme-I, transfers
the phosphoryl group directly to enzyme-

11, which in turn phosphorylates incoming
sugar (10, 14).

Bacterial cells are thought to incorpor-
ate xylitol as xylitol 3-phosphate through
xylitol : PEP-PTS and the xylitol 5-phos-
phate inhibits the enzyme activity of
sugar metabolism, resulting in the inhi-
bition of both bacterial growth and acid
production (18). In addition, the futile
cycle, in which xylitol 5-phosphate is
dephosphorylated to xylitol with waste of
PEP potential, can also retard the growth
of S. mutans (18).
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However, some strains are xylitol sensi-
tive whereas others are resistant (19), and
the degree of inhibition varies among strains
(25). Thus, we studied the biochemical
mechanism of the variable inhibition, using
three strains of S. mutans previously char-
acterized as highly sensitive, moderately
sensitive, and resistant to xylitol under
strictly anaerobic conditions such as those
found in deep layers of dental plaque.

Material and methods
Bacterial strains and growth conditions

We used the following strains of
S. mutans: NCTC 10449, ATCC 31989,
and NCIB 11723. S. mutans NCTC
10449 was a gift as a xylitol-sensitive
strain from Prof. L. Trahan (Université
Laval, Québec, Canada) (20). Each strain
was inoculated into a complex medium
containing 1.7% tryptone (Difco Labor-
atories, Detroit, MI), 0.3% yeast extract
(Difco), 85 mmM NaCl, and 11 mM glu-
cose as described (25) under strictly
anaerobic conditions in an anaerobic
chamber (N, 80%; H,, 10%; CO,,
10%, NHC-type, Hirasawa Works,
Tokyo, Japan) and incubated at 35°C
overnight. Cell cultures were transferred
into the same complex medium and
precultured overnight at 35°C. The cell
cultures were again transferred into the
same complex medium (5% inoculum
size) and grown at 35°C. The bacterial
cells were harvested by centrifugation
(7000 x g for 15 min at 4°C) at an early
logarithmic phase of growth (optical
density at 660 nm [ODggo] = 0.3) under
anaerobic conditions as described previ-
ously (17). Bacterial purity was regularly
confirmed by culturing on blood agar
plates.

Acid production from glucose in the
presence of xylitol

The following experiments were conduc-
ted in a different type of anaerobic
chamber (N, 90%; H,, 10%, NH-type,
Hirasawa Works). Cells were washed
twice with cold 2 mM potassium phos-
phate buffer (pH 7.0) containing 150 mMm
KCl and 5 mM MgCl,, and suspended in
the same buffer. The optical density of
the cell suspension at 660 nm was
adjusted to 3.5 (1.9 mg of cells [dry
weight] per ml).

The cell suspensions were agitated with
a magnetic stirrer at 35°C. The reaction
was started by adding a mixture of 10 mMm
glucose and 0 or 30 mM xylitol to the cell
suspensions. The rate of acid production

by the cells was monitored at pH 7.0 using
an automatic pH titrator (model AUT-
2118, Toa Electronics Ltd, Kobe, Japan)
with 50 mM KOH. The rate of acid
production at 2 min after adding glucose
or the glucose-xylitol mixture was calcu-
lated as pmol of protons per min per mg
dry weight of cells.

Before and after the incubation for
10 min, cell suspensions (0.9 ml) were
sampled and mixed immediately with
0.1 ml of 6 N perchloric acid. The mix-
tures were filtered (pore size 0.20 pum,
polypropylene; ADVANTEC, Toyo Roshi
Ltd, Tokyo, Japan) and cell-free filtrates
were diluted with 0.2 N hydrochloric acid
and stored at 4°C for the assay of acidic
end products.

Analysis of acidic end products

Amounts of acidic end products, lactic,
acetic, formic and pyruvic acids were
quantified using a carboxylic acid ana-
lyzer (model EYELA S-3000X; Tokyo
Rikakikai Co., Ltd, Tokyo, Japan) in
stored cell-free filtrates, as described
previously (17).

PEP-PTS activities for glucose, xylitol and
fructose (glucose, xylitol and fructose :
PEP-PTS activities)

The PEP-PTS activities were estimated by
a modification of the method of Kornberg
& Reeves (9) as described previously (13).
Cells were harvested, washed twice as
described above and stored at —20°C.
After thawing, the cells were suspended
in 2 mM potassium phosphate buffer
(pH 7.0) containing 150 mmM KCl and
5 mM MgCl, (ODggo = 5.0). Toluene was
added at a final concentration of 1% to the
cell suspension, and mixed vigorously for
1 min. After centrifugation (1200 x g for
3 min), the cells were suspended in the
same buffer (ODgg = 50). The PEP-PTS
activities for glucose, xylitol or fructose at
pH 7.0 were estimated as a decrease of
reduced nicotinamide adenine dinucleotide
(NADH) in reaction mixtures containing
0.1 mm NADH, 53 pg of cells (dry
weight)/ml, | mM phosphoenolpyruvate,
11 U/ml lactate dehydrogenase (EC
1.1.1.27, rabbit muscle; Roche Diagnos-
tics, Indianapolis, IN) and 100 mM potas-
sium phosphate buffer (pH 7.0) at 35°C.
The reaction was started by adding 5, 10,
30, 60 or 120 mM glucose, xylitol or
fructose. The decrease of NADH was
monitored using a dual wavelength spec-
trophotometer (model 557, Hitachi Ltd,
Tokyo, Japan) at 340 nm.

Inhibition of glucose : PEP-PTS activity in
the presence of xylitol

Glucose : PEP-PTS activity in the pres-
ence of xylitol was also determined. Tolu-
ene-treated cells as described above were
suspended in a reaction mixture containing
1 mM NADP, 53 pg of cells [dry weight)/
ml, 1 mM phosphoenolpyruvate, 3.5 U/ml
glucose 6-phosphate dehydrogenase (EC
1.1.1.49, yeast; Roche Diagnostics) and
100 mM potassium phosphate buffer
(pH 7.0) at 35°C. The reaction was started
by adding 10 mM glucose and 0, 10, 30,
60 or 120 mM xylitol to the cell suspen-
sions. The increase of NADPH was mon-
itored spectrophotometrically at 340 nm.

Assays of glycolytic intermediates and
xylitol 5-phosphate

Cell suspensions were reacted with 10 mmM
glucose containing 0 or 30 mM xylitol as
described above for the experiment of acid
production. After the incubation for 2 min,
the cells were collected by passing the
reaction mixture through a membrane filter
(pore size 0.45 pm, polyethersulfone; Acr-
odisc, Pall Gelman Laboratory, Ann Arbor,
MI). Glycolytic intermediates and xylitol
5-phosphate in the cells were immediately
extracted in 0.6 N perchloric acid, and
neutralized with 5 M K,CO;3 in air. The
neutralized extracts were stored at 4°C for
subsequent assays of the glycolytic inter-
mediates and xylitol 5-phosphate, and at
- 20°C for 3-phosphoglycerate assays.

The glycolytic intermediates in the cell
extracts were enzymatically determined at
35°C by a meodification of the enzymatic
method of Minakami et al. (12). Xylitol
5-phosphate was estimated as described
previously (13). The assay mixture for
xylitol 5-phosphate contained 1.1 mM
NAD, 5 mM MgCl,, 0.1 mm EDTA, and
the extracts in 50 mm Tris-HCI buffer
(pH 8.5) at 35°C. The reaction was started
by the addition of 4.2 U/ml polyol
dehydrogenase (EC 1.1.1.14, sorbitol
dehydrogenase, sheep liver; Roche Diag-
nostics) and 50 U/ml alkaline phosphatase
(EC 3.1.3.1, calf intestine; Roche Diag-
nostics). The increase of NADH was
monitored  spectrophotometrically  at
340 nm.

Statistical methods

Differences in rates of acid production,
rates of glucose : PEP-PTS activities with
xylitol and in profiles of glycolytic inter-
mediates were analyzed by the Mann—
Whitney U-test. Differences in amounts of



Table 1. Relative rate of acid production and the formation of acidic end products from 10 mM
glucose (G) and 10 mM glucose plus 30 mM xylitol (G +X).

Relative rate of

Acidic end products

S. mutans strain Substrate  acid production  Lactate Acetate Formate
ATCC 31989 G 100 * 1.44 £ 0.28° 034 +0.09 0.34+0.06
G +X 14 + 1* 0.07 £0.01* 025+£0.04 027 £0.04
NCTC 10449 G 100 1.07 + 0.07 092 +004  0.90 005
G +X 74 9% 0.42 = 0.03 1.00+0.07  1.I1 £0.13
NCIB 11723 G 100 1.72 £ 0.21 067008 0.75+0.10
G +X 102 +£6 1.62 £0.22 0.69+£0.09 078 +0.12

* Relative rate of acid production (mean + standard deviation, %) obtained from six independent
experiments. Significant difference between relative rates of acid production in the presence and

absence of xylitol: #P < 0.01.

®Amounts of acidic end products (mean + standard deviation, umol/mg cells) obtained from three
independent experiments. Significant difference between amounts of acidic end products in the

presence and absence of xylitol: *P < 0.05.

acidic end products were analyzed by the
Dunn test.

Results
Inhibitory effect of xylitol on acid
production

Xylitol - significantly inhibited the acid
production from glucose of S. mutans
ATCC 31989 and NCTC 10449. In the
presence of 30 mM xylitol, the acid pro-
duction rates of ATCC 31989 and NCTC
10449 were decreased by 86+ 1%
(P<0.01) and 26+9% (P < 0.0D),
respectively, whereas that of NCIB 11723
was not inhibited (Table 1).

The total amounts of acidic end prod-
ucts generated by ATCC 31989 and NCTC
10449 cells decreased in the presence of
xylitol. The reduction of lactic acid was
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remarkable and it was significant in ATCC

"31989 (P < 0.05), resulting in an end

product shift to formate-acetate-dominant
(Table 1). Xylitol had no effect on
NCIB11723.

Glucose, xylitol and fructose : PEP-PTS
activities

All S. mutans strains had PEP-PTS activ-
ities for glucose, xylitol, and fructose
(Fig. 1). In ATCC 31989, fructose : PEP-
PTS activity at 5-120 mM fructose and
xylitol : PEP-PTS activity at 30-120 mm
xylitol were higher than glucose : PEP-
PTS activity. In particular, xylitol : PEP-
PTS activity at 30 mMm xylitol was
120 + 14% of glucose : PEP-PTS activity
at 10 mM glucose. In NCTC 10449, both
fructose and xylitol : PEP-PTS activities

150

100

o
o

'3

Relative activity of PEP-PTS (%)

H

O ') 1 1
01030 60 1206 01030

ATCC 31989

NCTC 10449

01030 60
NCIB 11723

60 120
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Fig. 1. PEP-PTS activities for glucose (O), xylitol (@) and fructose (@) of Streptococcus mutans
ATCC 31989, NCTC 10449, and NCIB 11723. Vertical bars indicate standard deviations from three
independent experiments. PEP-PTS activity for 10 mM glucose was regarded as 100%.
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were lower than glucose : PEP-PTS activ-
ity. Xylitol : PEP-PTS activity at 30 mM
xylitol was 16 + 6% of glucose : PEP-
PTS activity at 10 mM glucose. Both
fructose and xylitol : PEP-PTS activities
were low in NCIB 11723, and xyli-
tol : PEP-PTS at 30 mM xylitol activity
was only 3 £ 1% of glucose : PEP-PTS
activity at 10 mMm glucose.

Decrease in glucose : PEP-PTS activity in
the presence of xylitol

In the presence of added xylitol, glu-
cose : PEP-PTS activities of ATCC 31989
and NCTC 10449 were decreased (Fig. 2).
The presence of 30 mM xylitol decreased
glucose : PEP-PTS activity to 67 + 6 and
83 + 5%, respectively. As the xylitol con-
centration increased, the decrease became
larger and statistically significant over
60 mM xylitol. However, little inhibition
was observed in NCIB 11723.

Effect of xylitol on the profile of glycolytic
intermediates during glucose metabolism

When metabolizing glucose only, all of the
S. mutans strains had large amounts of
fructose 1,6-bisphosphate, but the profiles
of glycolytic intermediates downstream of

100

o
(o]

Relative activity of glucose: PEP-PTS
at 10 mM glucose (%)

) ! s

10 30 60 120
Xylitol concentration (miM)

Fig. 2. PEP-PTS activities for 10 mm glucose
of Streptococcus mutans in the presence of
xylitol. ATCC 31989 (@), NCTC 10449 ({1)
and NCIB 11723 ($). Significant difference
between the PEP-PTS activities in the presence
and absence of xylitol: *P < 0.05, **P < 0.01.
Vertical bars indicate standard deviations from
three independent experiments.
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Fig. 3. Glycolytic intermediates and xylitol 5-phosphate of S. mutans ATCC 31989, NCTC 10449, and NCIB 11723 at 2 min after adding glucose
(10 mm) or a mixture of glucose (10 mM) and xylitol (30 mm). Glycolytic intermediates (G, [J) in the absence of xylitol. Glycolytic intermediate (G +X,
F) and xylitol 5-phosphate (X5P, B) in the presence of xylitol. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate;
DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate;
PYR, pyruvate. Significant difference between intermediate levels in the presence and absence of xylitol: *P = 0.05. Horizontal bars indicate standard

deviations from four independent experiments.

dihydroxyacetone phosphate were slightly
different among strains (Fig. 3).

When glucose was being metabolized
by the ATCC 31989 and NCTC 10449
strains in the presence of xylitol, xylitol
5-phosphate accumulated and the amounts
of glycolytic intermediates decreased, par-
ticularly those of fructose 1,6-bisphosphate
(P = 0.05) in ATCC 31989 and NCTC
10449 and glucose 6-phosphate (G6P)
(P =0.05) in ATCC 31989. However,
such inhibition was not evident in NCIB
11723.

Discussion

As previously reported (13, 25), xylitol
inhibited the acid production of S. mutans
strains and decreased the lactate produc-
tion in strains ATCC 31989 and NCTC
10449 (Table 1), but the degree of these
inhibitions varied between strains. On the
other hand, in strain NCIB 11723, xylitol
did not inhibit acid production or shift the
end product profile.

Trahan (18) proposed an inhibitory
mechanism of xylitol in which S. mutans
transports xylitol as xylitol 5-phosphate
through the activity of xylitol : PEP-PTS
and, consequently, the xylitol 5-phosphate
inhibits phosphoglucose isomerase and
phosphofructokinase,  the  glycolytic
enzymes for G6P conversion to fructose
1,6-bisphosphate, resulting in a decrease in
intracellular levels of fructose 1,6-bisphos-
phate and the entire glycolytic rate. Miya-
sawa et al. (13) and Machara et al. (11) then
confirmed this notion, and found the
decrease in lactate production was due to
the decrease in fructose 1,6-bisphosphate,

an absolute activator of streptococcal lac-
tate dehydrogenase. The present study
found that higher xylitol : PEP-PTS activ-
ity indicated more inhibition of acid pro-
duction by xylitol (Table 1 and Fig. 1).
This observation supports the notion that
xylitol 5-phosphate produced by =xyli-
tol : PEP-PTS activity is responsible for
glycolytic inhibition and suggests that
S. mutans strains with higher xyli-
tol : PEP-PTS activity are more sensitive
to xylitol inhibition. It has been proposed
that xylitol is transported via a constitutive
fructose : PEP-PES and that xylitol : PEP-
PTS activity appears as part of the consti-
tutive fructose : PEP-PTS activity (18, 19,
22). We found here that high fruc-
tose : PEP-PTS activities in S. mutans were
accompanied by high xylitol : PEP-PTS
activities (Fig. 1), supporting this notion.
Furthermore, it is reported that the fipC
gene of the constitutive fructose : PEP-PTS
was located in the genomes of xylitol-
sensitive streptococci and the fipC-defect-
ive mutant was resistant to xylitol (2),
although no information is available about
SxpC gene in the strains used in our study.

Analyses of metabolic intermediates
revealed that the xylitol-sensitive strains
ATCC 31989 and NCTC 10449 accumu-
lated xylitol 5-phosphate and decreased
fructose 1,6-bisphosphate in the presence
of xylitol (Fig. 3). These results support
the notion that xylitol inhibits the glyco-
Iytic enzymes required for G6P conversion
to fructose 1,6-bisphosphate. Despite the
powerful inhibitory effect of xylitol
(Table 1) and high xylitol : PEP-PTS
activity (Fig. 1), the accumulation of xyl-
itol S-phosphate in ATCC 31989 seemed

to be smaller than that in NCTC 10449. It
is suggested that the glycolytic enzymes of
ATCC 31989 are more sensitive to xylitol
and a small amount of xylitol 5-phosphate
is enough to inhibit the entire glycolytic
metabolism.

Not only fructose 1,6-bisphosphate but
also G6P significantly decreased in a
highly xylitol-sensitive strain  ATCC
31989 (Fig. 3), indicating that xylitol itself
can inhibit the glucose uptake system (e.g.
glucose : PEP-PTS) and result in a
decrease in intracellular G6P. This was
confirmed by the observation that the
presence of xylitol decreased the glu-
cose : PEP-PTS activity in xylitol-sensi-
tive strains, ATCC 31989 and NCTC
10449 (Fig. 2). This could be due to
competition for the phosphoryl donor,
HPr-P, between the glucose and the xyli-
tol : PEP-PTSs. In the ATCC 31989 strain,
with high xylitol : PEP-PTS activity and
powerful xylitol inhibition of glu-
cose : PEP-PTS activity, HPr-P could
phosphorylate xylitol to xylitol 5-phos-
phate efficiently and result in a direct
inhibition by xylitol 5-phosphate on gly-
colytic enzymes and an indirect inhibition
on glucose phosphorylation by HPr-P.

NCIB 11723 isolated from human den-
tal plaque by Carlsson (4) has natural
xylitol resistance like other xylitol-resist-
ant strains isolated from xylitol consumers
(21, 23). It has been suggested that the
xylitol resistance is due to the absence of a
constitutive fructose : PEP-PTS by which
xylitol is also incorporated, thus prevent-
ing xylitol-resistant strains from incorpor-
ating xylitol (19, 21). In the present study,
NCIB 11723 had little xylitol : PEP-PTS



activity (Fig. 1) and did not accumulate

xylitol S-phosphate (Fig. 3) in the pres-

ence of a low concentration of xylitol,
supporting this notion. As the xylitol
concentration increased, however, xyli-

tol : PEP-PTS activities of NCIB 11723

appeared (Fig. 1). In the presence of

120 mM xylitol, the xylitol : PEP-PTS

activity compared with that of glu-

cose : PEP-PTS reached 12 + 4%. How-
ever, 120 mM xylitol did not inhibit
glucose : PEP-PTS activity (Fig. 2) and
negligibly inhibited acid production from
glucose (data not shown). These findings
indicate that xylitol has less affinity for

HPr-P than glucose in NCIB 11723. Thus,

the strain cannot incorporate xylitol as

xylitol 5-phosphate in the presence of both
xylitol and glucose.

In conclusion, xylitol sensitivity varies
among S. mutans strains: the higher the
xylitol : PEP-PTS activity, and the more
effectively  xylitol  decreases  glu-
cose : PEP-PTS activity, the more sensi-
tive the strain is to xylitol. Xylitol has two
inhibitory mechanisms:

e direct inhibition of glycolytic enzymes
by xylitol S-phosphate derived from
xylitol : PEP-PTS;

e possibly, indirect inhibition of sugar
uptake through competition for the
phosphoryl donor, HPr-P, between the
glucose and the xylitol : PEP-PTS.
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Abstract A disintegrin and metalloproteinase with
thrombospondin motif (adamalysin-thrombospondins,
ADAMTS) degrades aggrecan, one of the major extra-
cellular matrix (ECM) components in cartilage. Mandib-
ular condylar cartilage differs from primary cartilage,
such as articular and growth plate cartilage, in its metab-
olism of ECM, proliferation, and differentiation. Man-
dibular condylar cartilage acts as both articular and
growth plate cartilage in the growing period, while it
remains as articular cartilage after growth. We hypothe-
sized that functional and ECM differences between con-
dylar and primary cartilages give rise to differences in
gene expression patterns and levels of aggrecan and
ADAMTS-1, -4, and -5 during growth and aging. We
employed in situ hybridization and semiquantitative RT-
PCR to identify mRNA expression for these molecules
in condylar cartilage and primary cartilages during
growth and aging. All of the ADAMTSs presented char-
acteristic, age-dependent expression patterns and levels
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among the cartilages tested in this study. ADAMTS-5
mainly contributed to ECM metabolism in growth plate
and condylar cartilage during growth. ADAMTS-1 and
ADAMTS-4 may be involved in ECM turn over in artic-
ular cartilage. The results of the present study reveal that
ECM metabolism and expression of related proteolytic
enzymes in primary and secondary cartilages may be
differentially regulated during growth and aging.

Keywords ADAMTS - Aggrecan - Mandibular
condylar cartilage - Articular cartilage - Growth plate
Growth - Aging

Introduction

Aggrecanase is a member of the metalloproteinase family
which degrades a major cartilaginous extracellular matrix
(ECM) component, aggrecan (Abbaszade etal. 1999;
Arner et al. 1999; Tortorella et al. 1999; Caterson et al.
2000; Tang 2001; Arner 2002). Three members of the
adamalysin-thrombospondins (ADAMTSs), ADAMTS-
1, -4 (aggrecanase-1), and -5 (aggrecanase-2), are capable
of cleaving an aggrecan molecule (Abbaszade et al. 1999;
Tortorella et al. 1999; Kuno et al. 2000) at its specific sites,
in a different manner from matrix metalloproteinases
(MMPs), another large family of ECM degrading
enzymes. Together with MMPs, ADAMTSs play a role in
cartilage ECM metabolism during the development of
cartilage and progression of joint diseases (Lohmander
et al. 1993; Fosang et al. 1996; Lark et al. 1997; Caterson
et al. 2000; Sandy and Verscharen 2001). Most studies
have focused on the activity of aggrecanases, especially
their production and activation under disease conditions,
such as inflammatory responses and joint diseases,
whereas their physiological expression patterns have not
been determined during growth and aging.

Synovial joints are classified into two types, primary
joints, such as the knee, and secondary joints, such as the
temporomandibular joint (TMJ) (Ten Cate 1994). In
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primary joints, primary articular and growth plate carti-
lages function separately for articulation and growth,
respectively, whereas mandibular condylar cartilage per-
forms both of these functions during growing period.
ECM components and cellular organization of mandibu-
lar condylar cartilage, as a secondary cartilage, are differ-
ent from those of primary cartilages as demonstrated
previously (Silbermann et al. 1987, Luder etal. 1988,
Mizoguchi et al. 1992). While mandibular condylar carti-
lage has been shown to have five distinct layers, primary
cartilages, including growth plate and articular cartilage,
is composed of four layers during the growth period
(Luder et al. 1988; Mizoguchi et al. 1992). Primary carti-
lage cells express both type Il collagen and aggrecan, car-
tilage-specific ECM components; however, cells in the
upper two layers of mandibular condylar cartilage do
not express either of these molecules (Mizoguchi et al.
1992; Takahashi et al. 1996; Shibata et al. 2001). Prolifer-
ating cells in growth plate and articular cartilage are
well-differentiated chondrocytes, but those in mandibu-
lar condylar cartilage are not (Mizoguchi et al. 1992).
Thus, cell proliferation and matrix synthesis in mandibu-
lar condylar cartilage are regulated differently from those
of primary cartilages. In addition, during the growth,
development, and maturation of the synovial joints,
growth plate cartilage disappears by the end of the
growth period. Similar to articular cartilage, which
remains in the epiphysis of long bones, mandibular con-
dylar cartilage becomes articular cartilage by losing
hypertrophic chondrocytes after growth. Therefore, it
can be considered that ECM metabolism in primary and
mandibular condylar cartilage is differently regulated.

In this study, we examined the hypothesis that func-
tional and ECM differences between condylar and pri-
mary cartilage give rise to differences in gene expression
patterns and levels of ADAMTS-1, -4, and -5 during
growth and aging. To test this hypothesis we used semi-
quantitative reverse transcriptase polymerase chain reac-
tion (RT-PCR) and in situ hybridization (ISH) using a
newly identified rat ADAMTS-5 mRNA and subcloned
aggrecan, ADAMTS-1 and ADAMTS-4.

Materials and methods
Experimental animals and tissue preparation

Male Wistar rats 4, 8, 16, and 32 weeks old were used in
this study. Five animals for each age group were per-
fused via the ascending aorta with 4% paraformaldehyde
and 0.5% glutaraldehyde in phosphate-buffed saline
(PBS), pH 74, under pentobarbital anesthesia as
described previously (Sasano et al. 1996). Procedures for
tissue preparation were basically identical to our previ-
ous report (Bae etal 2003). After the animals were
perfused, TMJs and knee joints were dissected, further
fixed in the same fixatives, and decalcified in 10%
ethylene diamine tetra-acetic acid (EDTA). They were

dehydrated, embedded in paraffin, and 8-um-thick sagit-
tal sections were cut for ISH analysis under RNase-free
conditions and hematoxylin and eosin (H&E) staining.
Animal experiments were conducted under the approval
of the Animal Care and Use Committee of Tohoku Uni-
versity, Japan.

Cloning aggrecan and ADAMTSs and generating cRNA
probes

Reverse transcriptase polymerase chain reaction-based
cloning was employed to obtain partial or full clones of
each molecule. Based on the homology between mouse
and human ADAMTS-5 cDNA sequences, degenerate
amplimers were designed as shown in Table 1. For other
molecules, amplimers were designed based on the cDNA
sequences of rats shown in Table I and in our previous
study (Nakamura et al. 2005). PCR conditions used in
the present study are also summarized in Table 1. The
cDNA fragments obtained were subcloned into pCRII-
TOPO vector (Invitrogen, Carlsbad, CA, USA), accord-
ing to the manufacturer’s instructions. Nucleic acid
sequences of ADAMTS-5 were analyzed by the dye-ter-
minating method using ALF express II sequencer
(Amersham Pharmacia Biotech, Buckinghamshire, UK)
and the other fragments were analyzed by Takara
{Osaka, Japan) to confirm the nucleic acid sequences. To
create Dig-labeled riboprobes for sense and antisense
fragments, the plasmids were linearized and transcribed
by using Sp6 or T7 RNA polymerases (Stratagene, La
Jolla, CA, USA) into cRNA as indicated in Table 1.

In situ hybridization

The protocol for ISH has been described previously
(Ohtani et al. 1992; Sasano et al. 1996; Zhu et al. 2001).
Sections were deparaffinized, rehydrated, and immersed
in 0.2 N HCI for 20 min at room temperature, then incu-
bated with 20 pg/ml proteinase K (Roche Diagnostics,
Indianapolis, IN, USA) at 37°C for 30 min. After sec-
tions were dehydrated in ethanol, they were hybridized
with approximately 400 ng/ml riboprobes at 45°C for
16 h. Sections were incubated with 20 pg/ml RNase A
(Sigma, St Louis, MO, USA) in 1x SSC (saline-sodium
citrate buffer) during stringent wash in 2x SSC and 1x
SSC at 45°C. After sections were incubated with anti-Dig
alkaline phosphatase-conjugated antibody (Roche Diag-
nostics) at 4°C overnight in a moisture chamber, signals
were visualized and nuclear counterstaining was per-
formed using methyl green. Sections were mounted and
observed under light microscopy.

Semiquantitative RT-PCR

Gene expression of aggrecan and ADAMTS-1, -4, and -5
were semiquantified by RT-PCR in three types of carti-
lage. Bilateral mandibular condylar, growth plate, and
articular cartilages were dissected from 4-week-old and
adult male Wistar rats killed by ether anesthesia.
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TGACACCCTG
GATCTCTAGAAACCACAGGCT

AACATTTC
GGCTGTGGTGTGCTGTG

GTTAGTGGAGGGCGTGAC
CITGGCTGTTTCTGCTGTT
GTTGGGAAAGGAAAGCAGA
AGGGTTGTGGCAGGAAATA
GGCGGAGGACGAAGAGT
GGAAGCGAGGAGTAGCAAC
CTACAACCACCGAACCGAC
TGCCAGCCACCAGAACTT
ATGCKNCTYGRNTGGGC
ACCGTCATCCAGAAATTC
GATCTCTAGAATCATTCATG
CTGGTCTTTGGCTTTGAAC
TGTTTGTGATG GTGTGAA
ATGGGAGTTGCTGTTGAG

Nucleic acid sequences of amplimers

Downstream
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Downstream-2
Upstream
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Downstream-2
Upstream-3
Downstream-3
Upstream
Downstream

Upstream

ADAMTS-1
ADAMTS-5
AF142099

Table 1 Conditions for cloning, creating riboprobes and semi-quantitative RT-PCR

Gene name and
accession no.
NM_022190
NM_024400
ADAMTS-4
XM_237904
NM_011782
GAPDH
MN_017008

Aggrecan
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Mandibular condyles and tibial epiphysis were removed
from mandibular bone and tibia, respectively. Cartilagi-
nous tissues in the articular surfaces of mandibular con-
dyle and tibia were removed carefully under dissection
microscope in ice-cold PBS by using fine scalpels. After
articular cartilage was obtained, bone tissue in secondary
ossification center and cartilaginous tissue fragments of
remained articular cartilage were carefully removed, then
growth plates were separated from tibial epiphysis of 4-
week-old rats. The specimens were frozen in liquid nitro-
gen and homogenized in lysis buffer to isolate total RNA
using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions.
Standardized 200 ng amounts of total RNA were reverse
transcribed before PCR amplification. PCR conditions
and number of reaction cycles were empirically deter-
mined by drawing amplification curves at each annealing
temperature for each molecule (Table 1). Optical density
from each amplified product separated on 2% agarose
gel was digitized and measured using NIH imaging soft-
ware (National Institutes of Health, Bethesda, MD,
USA), and relative gene expression levels were semi-
quantified against glyceraldehyde-3-phosphate dehydro-
genase. Expression levels were statistically analyzed by
Schefte’s test.

Results
Cloning rat ADAMTS-5

The deduced amino acid sequence of rat ADAMTS-S is
shown in Fig 1, aligned with human and mouse
ADAMTS-5. The coding sequence of rat ADAMTS-
5 mRNA consists of 2,787 bp (GenBank Accession No.
AY382879), which generates 928 amino acid residues.
Rat ADAMTS-5 mRNA had 93.6 and 84.9% homology
with that of mice and humans, respectively. The amino
acid sequence of rat ADAMTS-5 showed 96.2 and 90.3%
homology to that of mice and humans, respectively. Rat
ADAMTS-5 protein lacked two amino acid residues in
the metalloproteinase domain at Asp®?® and Thr**” when
compared to mouse ADAMTS-5. Pre- and pro-domains
were less conserved in rats when compared to mice or
humans. The domain structure of ADAMTS-S in rats
was 1dentical to that in other species with a metallopro-
teinase domain including a catalytic domain, two throm-
bospondine-1 motifs, and a disintegrin-like motif.

Histological observation (Figs. 2, 3)

During the growth period, mandibular condylar carti-
lage consisted of five cell layers: a fibrous layer with
fibroblasts embedded in the fibrous connective tissue, a
proliferative cell layer with undifferentiated and prolifer-
ating polygonal cells, a transitional cell layer with flat-
tened cells without cytosolic lipid droplets, a mature cell
layer, and a hypertrophic cell layer (Fig. 2a, b). Tibial
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Fig. 1 Theamino acid sequence
deduced from the ADAMTS-3
cDNA is shown aligned with
those of human and mouse AD-
AMTS-5. Residues matching
the consensus sequence of the
three proteins are dotted in the
human and mouse sequences.
The conserved zinc-binding mo-
tif and “Met turn” are boxed.
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epiphyseal growth plate cartilage and articular cartilage proliferative cell layer with flattened, proliferating cells; a
consisted of four layers: a resting cell layer with chondro- mature cell layer containing ovoid-shaped well-differen-
cytes, which was the smallest in size of all the layers; a tiated chondrocytes with lipid drops; and a hypertrophic



cell layer consisting of enlarged cells with disorganized
cytosolic structures during the growth period (Fig. 3a, b).
Mandibular condylar cartilage showed characteristics of
growth plate cartilage with a hypertrophic cell layer at
the lower border involved in endochondral bone forma-
tion during growth. In contrast, mandibular condylar
cartilage at 16 and 32 weeks of age mainly consisted of
three layers: a resting cell layer, a proliferating cell layer,
and a mature cell layer (Fig. 2¢, d), and closely resembled
articular cartilage lacking the hypertrophic cell layer
seen in younger animals (Fig. 3¢). The uppermost layer
of aged mandibular condylar cartilage was a fibrous
layer with elongated fibroblasts embedded in fibrous
connective tissue, the second layer was a proliferating
cell layer consisting of small proliferating cells, and the
lower layer was a mature cell layer with well-differenti-

Fig. 2 Sagittal sections of man-
dibular condylar cartilage
stained with H&E from 4-week-
old (a), 8-week-old (b), 16-week-
old (¢), and 32-week-old (d) rats.
Fi fibrous layer; Pr proliferative
cell layer; Tr transitional cell
layer; Ma mature cell layer; Hy
hypertrophiccell layer. Scale bar
50 pm; original magnification:
x40

Fig. 3 Sagittal sections of
growth plate and articular carti-
lage stained with H&E. Growth
plate cartilage from 4-week-old
rats (a) and articular cartilage
from 4-week-old (b), and 32-
week-old (c) rats. Re resting cell
layer; Pr proliferative cell layer;
Ma mature cell layer; Hy hyper-
trophic cell layer. Scale bar

100 pm; original magnification:
x20
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ated chondrocytes, including some hypertrophic cells
(Fig. 2¢, d). Tibial articular cartilage consisted of three
layers at 32 weeks of age (Fig. 3¢).

Gene expression patterns (Figs. 4, 5, 6)
Age 4 and 8 weeks (Figs. 4, 5)

At 4 and 8 weeks of age, positive hybridization signals
for aggrecan were observed in mature and hypertrophic
chondrocytes in condylar, articular, and the growth plate
cartilage (Figs. 4a, e, 5a, ). While condylar cartilage did
not show positive signals for aggrecan in the upper three
layers (Fig. 4a, e), a positive signal was observed in the
resting and proliferating cell layers in both articular and
growth plate cartilage (Fig 5a, e). ADAMTS-1
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expression was observed in all of the cell layers in the
three types of cartilage during growth (Figs. 4b, f, 5b, f).
In condylar cartilage, mature chondrocytes showed the
strongest hybridization signals to ADAMTS-1 com-
pared to the other layers at ages 4 and 8 weeks (Fig. 4b,
f). The cells in the transitional cell layer and below were
positive for ADAMTS-4 in condylar cartilage, with the
strongest expression in hypertrophic chondrocytes
(Fig. 4c, g). Cells in all four layers showed positive sig-
nals for ADAMTS-4 in growing articular cartilage at
4 weeks (Fig. 5g), while cells in the proliferating cell layer
were negative in growth plate cartilage (Fig 5c).
ADAMTS-5 showed positive hybridization signals local-
ized in mature and hypertrophic chondrocytes in both
condylar (Fig. 4d, h) and growth plate cartilage (Fig. 5d),
while it was observed in all cell layers in articular carti-
lage at 4 weeks of age (Fig.5h). During the growth
period, the expression domain of aggrecan covered that
of ADAMTS-35, while other ADAMTSs had a greater
expression domain than that of aggrecan, especially
ADAMTS-1, which was expressed ubiquitously in all

Fig. 4 In situ hybridization
analysis for aggrecan (a, e), AD-
AMTS-1 (b, f), ADAMTS4 (c,
g), and ADAMTS-5(d, h) of
sagittal sections of mandibular
condylar cartilage from 4-week-
old (a-d) and 8-week-old (e-h)
rats. Fi fibrous layer; Pr prolifer-
ative cell layer; Tr transitional
cell layer; Ma mature cell layer;
Hy hypertrophic cell layer.
Brown-purple staining in the
cytosol is a positive hybridiza-
tion signal. Scale bar 50 um;
original magnification: x40

n

types of cartilage during the growth period. In addition,
all types of ADAMTSs were expressed in all four layers
of articular cartilage during growth.

Age 16 and 32 weeks (Fig. 6)

After growth was completed and the hypertrophic cell
layer disappeared, positive hybridization signals for agg-
recan were localized in mature chondrocytes of condylar
and articular cartilage (Fig. 6a, ¢, i). With aging, aggrecan
expression was maintained in the well-differentiated
chondrocytes in the mature cell layers. However, the
strength of the hybridization signal decreased with age.
The hybridization signal for ADAMTS-1 in the fibrous
layer, which was positive at 8 weeks (Fig. 4b, f), was nega-
tive at 16 and 32 weeks (Fig. 6b, ). Consequently, the area
negative for ADAMTS-1 in condylar cartilage expanded
from the fibrous layer to the proliferating cell layer by
32 weeks (Fig. 6b, f). The hybridization signal for
ADAMTS-1 remained in all of the cell layers in articular
cartilage at 32 weeks of age (Fig. 6j). ADAMTS-4 was

i

mis-4

damts—S

Adms d




Fig. 5 In situ hybridization
analysis for aggrecan (a, e), AD-
AMTS-1 (b, f), ADAMTS4 (c,
g), and ADAMTS-5 (d, h) of
sagittal sections of growth plate
(a—d) and articular cartilage (e~
h). Re resting cell layer; Pr pro-
liferative cell layer; Ma mature
cell layer; Hy hypertrophic cell
layer. Brown-purple staining in
the cytosol is a positive hybrid-
ization signal. Scale bar 100 pm;
original magnification: x20
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localized in mature chondrocytes at 16 weeks of age
(Fig. 6¢) and remained so at 32 weeks of age in condylar
cartilage (Fig. 6g). It was only localized in mature chon-
drocytes in articular cartilage (Fig. 6k). ADAMTS-5 was
expressed in the lower part of the mature cell layers in
condylar cartilage at 16 and 32 weeks (Fig. 6d, h), while it
was not expressed in aged articular cartilage (Figs. 61, 7).

Gene expression levels

The expression level of all ADAMTSs examined was
maintained during aging in mandibular condylar carti-
lage, whereas that of ADAMTS-4 and -5 decreased in
articular cartilage during aging (Fig. 7a, b). ADAMTS-4
expression in growth plate cartilage was significantly
lower than that in articular cartilage at the same age
(Fig. 7a, b). Gene expression levels of aggrecan and
ADAMTS-1 were similar in all types of cartilage and at
all ages examined, while slightly, but not significantly,
less expression of ADAMTS-1 was observed in aged
mandibular condylar cartilage (Fig. 7a, b).

&
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Discussion

ADAMTS-S5 is also known as aggrecanase-2, which
cleaves aggrecan, one of the cartilage-specific macromol-
ecules (Doege et al. 1991). While all three ADAMTS
genes examined have been identified in mice, cattle, and
humans, this is the first time that ADAMTS-5 has been
identified in rats. Rat ADAMTS-5 conserved all of the
domains seen in mice and humans (Abbaszade et al.
1999). Since rat ADAMTS-5 lacks two amino acid resi-
dues in the metalloproteinase domain and the catalytic
domain 18 conserved completely when compared to
humans and mice, aggrecanase activity of ADAMTS-5
may differ in rats from other species.

The age-dependent changes in aggrecan expression in
condylar cartilage were similar to those of type II colla-
gen demonstrated previously (Ohashi et al. 1997; Bae
et al. 2003); expression and localization of type II colla-
gen becomes restricted to mature cell layers as aging pro-
gresses. In addition, the expression pattern of versican is
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Fig. 6 In situ hybridization
analysis for aggrecan (a, e, i),
ADAMTS-1 (b, 1, j), ADAMTS-
4(c, g, k),and ADAMTS-5(d,h,
1) of sagittal sections of mandib-
ular condylar cartilage from 16-
week-old (a-d) and 32-week-old
(e-h) rats and articular cartilage
from 32-week-old (i-1) rats. Re
resting cell layer; Fi fibrous lay-
er; Prproliferative cell layer; Ma
mature cell layer. Brown-purple
staining in the cytosol is a posi-
tive hybridization signal. Scale
barin a-h 50 pm and i-1100 pm;
original magnification: x40 (a—
h) and x20 (i-1)
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s
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regulated differently in condylar and primary cartilage
during growth (Shibata et al. 2001). While versican is co-
expressed with aggrecan in primary cartilage, its expres-
sion is restricted to the fibrous layer of condylar carti-
lage, while aggrecan is expressed in the mature and
hypertrophic cell layer during embryonic growth. Several
researchers have investigated the substrate specificity of
the three ADAMTSs: ADAMTS-1 cleaves aggrecan and
versican (Kuno et al. 2000; Sandy and Verscharen 2001);
ADAMTS-4 cleaves aggrecan, brevican, and versican
(Matthews et al. 2000; Nakamura et al. 2000; Tortorella
et al. 2000; Sandy and Verscharen 2001; Sztrolovics et al.
2002); and ADAMTS-5 cleaves aggrecan (Abbaszade
et al. 1999; Arner 2002). Since ADAMTS-1 is the only
ADAMTS among those examined in the present study
that is expressed in the fibrous layer of condylar carti-
lage, it may contribute to versican metabolism in this
layer. Thus, specific expression patterns of each

i

ADAMTS may reflect the expression of their specific
substrates during endochondral ossification.

Tibial growth plate and mandibular condyle are sites of
endochondral bone formation. Chondrocytes in the
growth plate and condylar cartilage deposit cartilaginous
ECM components such as aggrecan and type II collagen to
provide a template that is subsequently replaced by bone
tissue. Cell volume increases as chondrocytes differentiate
during this process (Luder et al. 1988). Besides the expres-
sion of ADAMTSs, chondrocytes produce several types of
MMP during growth (Bae et al. 2003; Gepstein et al. 2003).
Therefore, once deposited, ECM components such as type
I1 collagen and aggrecan are degraded by aggrecanases in
combination with MMPs. ADAMTS-5, mainly expressed
in mature and hypertrophic chondrocytes in both condylar
and growth plate cartilage, may provide space for expand-
ing chondrocytes during terminal differentiation. In addi-
tion, recent studies have demonstrated that targeted



Fig. 7 Graph indicating the re-
sults of semiquantitative RT-
PCR (a) and representative im-
ages of agarose gel electrophore-
sis (b) (n=3). MCC mandibular
condylar cartilage (closed bar
growing; open bar adult); GP
growth plate cartilage (oblique
stripe bar); and AC articular car-
tilage (shaded bar growing; verti-
cal stripe bar adult). *P <0.05
and **P<0.01
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disruption of active ADAMTS-5, but not ADAMTS4,
inhibits experimentally induced inflammatory degeneration
of cartilage (Glasson et al. 2005; Stanton et al. 2005) in
growing mice. Therefore, it may be that ADAMTS-5 is a
major aggrecanolytic enzyme contributing not only to such
pathological processes, but also to physiological degrada-
tion of ECM molecules during the growth period.

After growth, all ADAMTSs expressed in the mature
chondrocytes of condylar cartilage may play a role in the
physiological turnover of aggrecan in order to maintain
cartilage tissue. However, ADAMTS-1 and ADAMTS-4,
but not ADAMTS-5, could contribute to the physiologi-
cal turnover of aggrecan in aged articular cartilage.
Therefore, ECM remodeling in aged mandibular condy-
lar cartilage could be regulated differently from that in
articular cartilage.

In summary, ADAMTS-5 appears to contribute
mainly to degradation of ECM molecules such as aggre-
can in growth plate and condylar cartilage, depending
upon its ECM composition and cellular organization
during growth. In conclusion, the results of the present
study reveal that ECM metabolism by ADAMTSs and
expression of ADAMTSs in primary and secondary car-
tilage may be differentially regulated during growth and
aging, depending upon the functional differences in
different types of cartilage.
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Abstract

Obijectives: The aims of this study were to characterize the microflora in crevices around
titanium orthodontic anchor plates using anaerobic culture and molecular biological
techniques for bacteriai identification, and to compare the microbial composition between
crevices around anchor plates and gingival crevices.

Material and methods: Samples from crevices around titanium anchor plates and healthy
gingival crevices of 17 subjects (aged 20-29) were cultured anaerobically, and isolated
bacteria were identified by 16S rRNA sequencing.

Results: The average logarithm colony-forming units/ml were 6.84, 7.51 and 8.88 in healthy
anchor plate crevices, inflamed anchor plate crevices and healthy gingival crevices,
respectively, indicating that the bacterial density of anchor plate crevices was lower than
that of healthy gingival crevices. Of 184 strains isolated from healthy anchor plate crevices
of seven subjects, 108 (59%) were anaerobic bacteria, while 73 (40%) were facultative
bacteria. Predominant isolates were Gram-negative rods, such as Campylobacter (12%),
Fusobacterium (10%) and Selenomonas (10%), and Gram-positive facultative bacteria, such
as Actinomyces (17%) and Streptococcus (8.2%). Of 133 strains isolated from inflamed
anchor plate crevices of three subjects, 110 (83%) were anaerobic bacteria, while
predominant isolates were Gram-negative rods, such as Prevotella (47%), Fusobacterium
(33%) and Campylobacter (16%). On the other hand, of 146 strains isolated from healthy
gingival crevices of seven subjects, 98 (67%) were facultative bacteria, while 45 (31%) were
anaerobic bacteria. Predominant isolates were Gram-positive facultative bacteria, such as
Actinomyces (37%) and Streptococcus (20%).

Conclusions: These results suggest that the environment in crevices around titanium
orthodontic anchor plates is anaerobic and supportive of anaerobic growth of bacteria,
which may trigger inflammation in the tissue around the plates.

Microbial flora at the interface between
histocompatible artificial material and mu-
cosal epithelium is one of the most impor-
tant factors for the prognosis of dental
implants (Mombelli et al. 1987; Rosenberg
et al. 1991; van Winkelhoff et al. 2000). It
has been reported that Gram-negative ob-
ligate anaerobes predominantly comprised
the bacterial flora in peri-implantitis pock-

ets as well as periodontal pockets (Mom-
belli et al. 1987), whereas Gram-positive
facultative anaerobes are predominant in
healthy peri-implant crevices of successful
implants (Mombelli & Mericske-Stern
1990). Another study verified that the
microflora around clinically stable im-
plants was similar to that of healthy gingi-
val sulcus, and that microflora in peri-
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implantitis were similar to that in perio-
dontal pockets {Haanaes 1990).

Currently, titanium mini-plates as well
as titanium mini-screws and dental
implants have been applied as an absolute
anchorage for tooth movement in ortho-
dontic therapy, such as the skeletal ancho-
rage system (SAS) (Umemori et al. 1999;
Sugawara et al. 2002, 2004). However,
approximately 10% of SAS anchor plate
cases have developed acute inflammatory
responses during orthodontic treatment
(Nagasaka et al. 1999), and in the worst
cases, the anchor plates were removed due
to inflammation. Similarly, microbial flora
in crevices around the anchor plates is one
of the critical factors for the stability of
implanted anchor plates and subsequent
orthodontic treatment. However, there is
no information on the nature of the micro-
flora in anchor plate crevices under healthy
and inflammatory conditions.

Therefore, the aims of this study were to
characterize the microflora in crevices
around titanium anchor plates using anae-
robic culture for isolation of obligate anae-
robes and molecular biological techniques
for bacterial identification, as well as com-
paring the microbial composition between
healthy and inflamed crevices.

Material and methods

Subjects

Seven periodontally healthy subjects with
SAS using titanium mini-plates {age, 20~
29 years; mean, 23.7 years) and three
subjects with symptoms of swelling, pus

discharge and spontaneous pain around the
implanted titanium anchor plates at sam-
pling {age, 23-25 years; mean, 24 years)
were randomly selected for this study. In
addition, seven periodontally healthy sub-
jects (without SAS; age, 23-26 years;
mean, 24.7 years) were also inchuded in
this study (Table 1).

Subjects were medically healthy by his-
tory, and received no antibiotics for 3
weeks preceding the sampling. Further-
more, they had neither anamnesis of preg-
nancy, genetic disease nor smoking habits.

Clinical oral examination

All subjects were examined for plaque
accumulation by plaque index (Silness &
Loe 1964}, gingival inflammation by gingi-
val index (Loe & Silness 1963 and probing
depth using a periodontal pocket probe.
Subjects were considered periodontally
healthy based on clinical evaluation of
plaque index <1 (Silness & Loe 1964)
and gingival index <1 (Lée & Silness
1963}, and no signs of acute inflammation;
and there were no instances of probeable
gingival sulcus depth greater than 3 mm or
alveolar bone loss.

Sampling procedure

Sampling sites were isolated by cotton
rolls, and supramucosal or supragingival
plaque was carefully removed with a ster-
ilized spoon excavator and pledget. Fluids
from each transmucosal pocket {of seven
healthy anchor plate crevices and three
inflamed anchor plate crevices) around
SAS implanted on zygomatic buttress, of

Table 1. Clinical features of subjects in this study

which arms were placed beside the upper
first molars {Fig. 1) were sampled with a
micropipet, as described previously (Ue-
matsu & Hoshino 1992). In addition,
from seven periodontally healthy subjects,
samples were taken from the bottom of the
gingival crevice of proximal sites of the
upper first molars.

Isolation of bacteria

Samples were transported in tightly screw-
capped vials and were transferred as soon as
possible (within a few minutes) to an
anaerobic glove box {Model AZ-Hard, Hir-
asawa, Tokyo, Japan) containing 80% N,,

Fig. 1. Intraoral photograph of (a} an implanted tita-
nium orthodontic anchor plate and (b} a periodontal
pocket probe inserted into a transmucosal pocket.

Healthy crevices with plates

Inflamed crevices with plates

Healthy gingival crevices (without plates)

1 2 3 4 5 6 7 Mean 8 9 10 Mean 11 12 13 14 15 16 17 Mean
Age 24 23 25 20 20 29 25 237 24 25 23 24 23 25 24 26 24 26 25 247
Gender F F F F F F F - F F F - F F F F F F F -
Loading periods™ 1112 09 1.0 16 09 07 1.1 08 29 34 2.47 - - - - - - - =
Sampling periodst 2.94.2 3.7 36 43 59 46 42 95 47 284 14.2 - - - - - - - -
Total implantation 9.3 26.5 19.3 21.6 13.4 36.8 21.7 21.2 239 27.3 422 31.1 - - - - - - - -
periods§

Sampling site R R L R L L R - L L L - R L L R L L R -
Probing depths (mm)7 6 7 4 5 4 4 5.39 10 10 8 9.34,% 3 2 2 2 2 2 2 2.1
Plaque index 10 0 0 1 0 ¢ 03 3 0 1.39 0 0 0 0 0 0 0 0
Gingival index 1 0 O 1 1 0 1 06 4 2 2 2.79.% 0 0 0 0 0 0 0 0

*Loading periods (months) by skeletal anchorage system.

FSignificantly different (P<0.05) from the healthy crevices with plates.

tSampling periods (months) after implantation of titanium orthodontic anchor plates.

§Total implantation periods (months) after implantation of titanium orthodontic anchor plates.
GiSignificantly different (P<0.05) from the healthy gingival crevices (without plates).

R and L indicate that samples were taken at the upper right and left molars sites, respectively.
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10% H, and 10% CO,. In the box each
sample was suspended in 1 ml of sterilized
40 mM potassium phosphate buffer {pH 7}
and dispersed with a teflon homogenizer.
Serial ro-fold dilutions {o.1 ml each, from
10”4 to 10~ ¢) were spread onto the surface
of Fastidious Anaerobe Agar (FAA, Lab M,
Bury, UK) plates (duplicate) supplemented
with 5% rabbit blood {Nippon Bio-Test
Laboratories, Tokyo, Japan) and incubated
in the anaerobic glove box at 37°C for
7 days. All plates, media, buffer solutions
and experimental instruments were kept in
the anaerobic glove box for at least 24h
before use. To ensure strictly anaerobic
conditions in the glove box, reduction of
methylviologen | — 446 mV) was carefully
checked whenever the experimental proce-
dures were carried out. After incubation for
7 days, all colonies from plates having
fewer than 100 colonies were subcultured.

identification

Anaerobes and facultative anaerobes

Subcultured colonies were incubated anae-
robically or aerobically for 3 days, and in
this study, anaerobes were defined as bac-
teria which grew only in the anaerobic
glove box, and facultative bacteria as those
which also grew in air containing 30%
CQO,, as described previously (Uematsu &
Hoshino 1992; Sato et al. 1993).

DNA extraction and PCR-RFLP of 165 rRNA
genes

Subcultured colonies were harvested by
centrifugation at 7700g for s min and the
supernatants were removed. Genomic
DNA was then extracted from the pellets
with the InstaGene Matrix Kit (Bio-Rad
Laboratories, Richmond, CA, USA)} ac-
cording to the manufacturer’s instructions.

The 16S rRNA gene sequences were
amplified by PCR using universal primers
27F and 1492R {Lane 1991 and Tag DNA
polymerase {HotStarTaq Master Mix, Qia-
gen GmbH, Hilden, Germany) according
to the manufacturer’s instructions. The
primer sequences were: 27F, 5-AGA
GTT TGA TCM TGG CTC AG-3' and
1492R, §'-TAC GGY TAC CTT GIT
ACG ACTT-3'. Amplification proceeded
using a PCR Thermal Cycler MP {TaKaRa
Biomedicals, Ohtsu, Shiga, Japan} pro-
grammed as follows: 15 min at 95°C for
initial heat activation and 35 cycles of

1min at 94°C for denaturation, 1 min at
52°C for annealing, and 1.5 min at 72°C
for extension and 1omin at 72°C for final
extension. The 16S rRINA genes were
individually digested with Hpall or Haelll
(New England Biolabs Inc., Ipswich, MA,
USA) according to the manufacturer’s in-
structions. Digestion products were sepa-
rated on 2% agarose gels (High Strength
Analytical Grade Agarose, Bio-Rad Labora-
tories) in Tris-borate EDTA buffer (1oomM
Tris, gomM borate; 1t mM EDTA, pH 8.4),
stained with ethidium bromide and photo-
graphed under UV light. The molecular size
marker was a 100 bp DNA Ladder {Invitro-
gen Corp., Carlsbad, CA, USA).

16S rRNA gene sequencing

Isolates were identified tentatively accord-
ing to RFLP analysis {Sato et al. 1997,
1998a, 1998b, 2000, 2003; Sato & Kura-
mitsu 1999}, and representative isolates
were conclusively identified by sequence
analysis as follows. The PCR products
obtained above were sequenced at Hok-
kaido System Science Co. Ltd (Sapporo,
Japan) using the BigDye Terminator Cycle
Sequencing Kit and an automated DNA
sequencer {PRISM-3100, Applied Biosys-
tems Japan Ltd, Tokyo, Japan). Primers
27F and 1492R were used to sequence
both strands (at least 1000 bp), and the par-
tial 16S rRINA gene sequences were then
compared with 16S rRNA gene sequences
from the GenBank database using the Blast
search program through the website of the
National Center for Biotechnology Infor-
mation. Bacterial species were determined
by percent sequence similarity {>99%).

Data analysis

Fisher’s exact probability tests and Tukey’s
tests were used to analyze significance.
P values of <o0.05 were considered statis-
tically significant.

Results

Probing depths and gingival index of the
inflamed anchor plate crevices were respec-
tively greater than those of the healthy
anchor plate crevices and healthy gingival
crevices (Table 1}. The plaque indices of the
inflamed crevices were significantly
greater than those of the healthy gingival
crevices {Table 1). There were no signifi-
cant differences in subject’s age among the

Sato et al . Microflora around orthodontic plates

three crevices {Table 1). The average peri-
ods of loading by SAS were 1.1 and 2.4
months, sampling periods after implanta-
tion of titanium orthodontic anchor plates
were 4.2 and 14.2 months, and total im-
plantation periods after implantation of
titanium orthodontic anchor plates were
21.2 and 31.1 months, in periodontally
healthy subjects and inflammatory sub-
jects, respectively. There were no signifi-
cant differences in sampling and total
implantation periods between the two
groups, although the loading periods were
longer in the inflammatory subjects than
in the healthy subject (Table 1).

The average total colony-forming units
{logarithm CFUs/ml) were 6.84 + 0.85,
7.51 + 0.76 and 8.88 + 0.46 in healthy
anchor plate crevices, inflamed anchor
plate crevices, and healthy gingival cre-
vices, respectively (Table 2}, and significant
differences were seen between healthy
plate crevices and healthy gingival crevices,
and between inflamed crevices and healthy
gingival crevices. The amounts of bacteria
were significantly lower in anchor plate
crevices than in healthy gingival crevices
(Table 2).

Table 2 shows the bacterial diversity in
healthy and inflammatory anchor plate
crevices and healthy gingival crevices. Of
184 strains isolated from healthy anchor
plates crevices, 108 {59%) were anaerobic
bacteria, while 73 {40%) were facultative
bacteria. The predominant genera were
Actinomyces {32 isolates, 17%), Campy-
Iobacter (22 isolates, 12%), Fusobacterium
{19 isolates, 10%), Selenomonas (19 iso-
lates, 10%) and Streptococcus {15 isolates,
8.2%). Of 133 strains isolated from in-
flamed anchor plate crevices, 110 {83%]
were anaerobic and 17 {13%) were faculta-
tive bacteria. The predominant genera were
Prevotella (62 isolates, 47%), Fusobacter-
ium (22 isolates, 17%), Campylobacter (21
isolates, 16%) and Eikenella (10 isolates,
7.5%). On the other hand, of 146 strains
isolated from healthy gingival crevices, 98
(67%) were facultative and 45 {31%) were
anaerobic bacteria. The predominant genera
were Actinomyces {54 isolates, 37%) and
Streptococcus (29 isolates, 20%].

Discussion

The amounts of bacteria in anchor plate
crevices were significantly lower than in
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