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Fig. 3. (A-C) Photomicrographs showing strong alkaline phosphatase activity in interface
area cells, in putative epithelial rests o Malassez cells cultured alone and in putative human
periodontal ligament fibroblasts cultured alone. (D-F) Photomicrographs showing strong
immunoreactivity for osteopontin in interface area cells. Osteopontin was also detected in
putative epithelial rests of Malassez cells cultured alone and in putative human periodontal
ligament fibroblasts cultured alone. (G-I) Photomicrographs showing strong immunoreac-
tivity for osteocalcin in putative epithelial rests of Malassez cells at the interface area but very
weak immunoreactivity for osteocalcin in putative human peniodontal ligament fibroblasts
cultured alone. Osteocalcin was not detected in putative epithelial rests of Malassez cells
cultured alone. (J-L) Photomicrographs showing no immunoreactivity for bone sialoprotein
in putative epithelial rests of Malassez of the interface area and in putative epithelial rests ol
Malassez cells cultured alone, and weak immunoreactivity for bone sisloprotein in human
periodontal ligament fibroblasts of the interface area and putative human periodontal ligu-
ment fibroblasts cultured alone. ERM, epithelinl rests of Malassez cells; FB, human perio-
dontal ligament fibroblasts; IEF, interface area; PE, putative epithelial rests ol Malassez cells
cultured alone; PF, putative human periodontal ligament fibroblasts cultured alone,
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on the root retain a high amount of
amelogenin, whereas cementicles con-
tain bone sialoprotein and osteopon-
tin, typically found in bone and
cementum (61). Hertwig's epithelial
root sheath cells may be involved in
both enamel formation and cementum
formation, and they may participate in
either enamel formation or cementum
formation in different situations.

It has been suggested that epithelial
rests of Malassez may protect the root
surface from resorption, prevent
ankylosis and consequently maintain
the integrity of the periodontal liga-
ment. Some studies have postulated
that proliferating epithelial rests of
Malassez cells may be involved in
reconstitution of the periodontium
(38,39,62). We showed, in the present
study, that putative epithelial rests of
Malassez cells have a higher prolifer-
ation rate, according to the incorpor-
ation of  5-bromo-2"-deoxyuridine
extensively at the interface (Fig. 2C).
Moreover, in our previous study, the
synthesis of type [V collagen and lam-
inin including the basement membrane
was induced by the interaction at the
interface between putative epithelial
rests of Malassez cells and human
periodontal ligament fibroblasts (40).
The initiation of cementogenesis is at
least temporally linked 10 the disin-
tegration process of Hertwig's epithe-
lial root sheath. It is nawral that the
basement membrane is broken down in
this disintegration, The disruption of a
basement membrane may be correlated
to the expression of osteopontin and
bone sialoprotein. Osteopontin and
bone sialoprotein are members of the
small integrin-binding ligand, N-linked
glycoprotein (SIBLING) family. The
SIBLING family can specifically bind
pro-matrix metalloproteinases (pro-
MMPs) and activate MMPs. MMPs
play a crucial role in extracellular
matrix degradation during tissue
remodeling. Moreover,  epithelial
growth in vitfre and during wound
healing in vive 1s intrinsically linked to
the expression of MMPs (63,64).

Alkaline phosphatase and noncolla-
genous bone proteins are considered to
have multiple functions related to the
formation, turnover and repair of col-
lagen-based mineralized tissues. Previ-
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Fig. 4. (A=C) Photomicrographs showing strong immunoreactivity for alkaline phosphatase
mRNA in interface area cells, in putative epithelial rests of Malassez cells cultured alone and
in putative human periodontal ligament fibroblasts cultured alone. (D-F) Photomicrographs
showing strong immunoreactivity for osteopontin mRMNA in interface area cells. Osteopontin
mRMNA was also detected in putative epithelial rests of Malassez cells cultured alone and in
putative human periodontal ligament fibroblasts cultured alone. (G-1) Photomicrographs
showing strong immunoreactivity for osteocalcin mRNA in putative epithelial rests of
Malassez celis of the interface area but very weak imm tivity for ostocalcin mRNA in
putative human periodontal ligament fibroblasts cultured alone. Osteocalein mRNA was not
detected in putative epithelial rests of Malassez cells cultured alone. (J-L) Photomicrographs
showing no immunoreactivity for bone sialoprotein mRNA in putative epithelial rests of
Malassez cells of the interface area and m putative epithelial rests of Malassez cells cultured
alone, but weak immunoreactivity for bone sialoprotein mRNA in human periodontal
ligament fibroblasts of the interface area and in putative human periodontal Ligament
fibroblasts cultured alone.
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ous studies have shown that alkaline
phosphatase and noncollagenous bone
proteins are present in periodontal
ligament, mantle dentin, acellular and
cellular cementum, and cementoblasts
(10,20.28,52,65). An understanding of
the distribution of these proteins
within the human periodontium is of
fundamental importance. When we set
out to determine the level of mRNA
expression of alkaline phosphatase and
noncollagenous bone proteins in the
samples extracted at the interface, only
alkaline phosphatase mRNA expres-
sion was significantly higher at the
interface between putative epithelial
rests of Malassez cells and human
periodontal  ligament  fibroblasts.
Although alkaline phosphatase and
osteopontin were expressed strongly in
putative epithelial rests of Malassez
cells cultured alone and in human
periodontal ligament fibroblasts cul-
tured alone, the interaction has a
strong influence on alkaline phospha-
tase expression. In fact, it can be easy
that alkaline phosphatase expresses
under wvarious conditions, e.g., in
mineralization medium which includes
ascorbic acid, f-glycerophosphate and
dexamethasone (66-68). There were no
significant differences in osteopontin
mRNA expression among the three cell
populations. Osicopontin may not be
directly associated with the interaction
between putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts, although it can be
associated with mineralization and cell
adhesion in each cell (3,10-12,26,31).
Tissue nonspecific alkaline phospha-
1ase and osteopontin can be considered
as differentiation markers because they
are not exclusive to bone and cemen-
tum and they can be detected during
the differentiation stages on prolifer-
ating precursor cells (3,10,52).

On the other hand, osteocalcin and
bone sialoprotein have a very restricted
tissue distribution and are almost
exclusively produced by the hard tissue
formation cells. The level of osteocal-
cin was increased at the interface
between putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblast cells, whereas oste-
ocalcin mRNA was not detected in
putative epithelial resis of Malassez
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Fig. 5. Reverse transcription-polymerase chain reaction analysis of the mRNA expression of
alkaline phosphatase, osteopontin, osteocalcin and bone sialoprotein in cultures of interface
area cells, of putative epithelial rests of Malassez cells cultured alone and of putative human
periodontal ligament fibroblasts cultured alone. The mRNAs were extracted from the
samples including both putative epithelial rests of Malassez cells and human periodontal
ligament fibroblasts at the interface (interface area cells), putative epithelial rests of Malassez

cells cultured alone, or human penodontal ligament fibroblasts cultured alone. Reverse

transcription-polymerase chain reaction products were separated by electrophoresis on a 2%
agarose gel and stained with ethidium bromide, GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; 1EF, the cells including both putative epithelial rests ol Malassez cells and
human periodontal ligament fibroblasts at the interface; PE, putative epithelial rests of
Malassez cells cultured alone, PF, putative human periodontal ligament fibroblasts cultured

alone.

cells cultured alone, Moreover, immu-
nohistochemical and in siru hybridiza-
tion data indicated that stronger
expression and a wider distribution of
osteocalcin were found in putative
epithelial rests of Malassez cells at the
interface compared with pulative epi-
thelial rests of Malassez cells cultured
alone, but osteocalcin was not detect-
able in human periodontal ligament
fibroblasts at the interface. The inter-
face between putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts showed a stronger
expression of bone sialoprotein mRNA

compared with human periodonial
ligament fibroblasts cultured alone,
whereas immunohistochemical and

in situ hybridization data mdicated that
bone sialoprotein was not detectable in
putative epithelial rests of Malassez
cells. When the RT-PCR findings of
increased
bone sialoprotein mRNA can reflect

levels of osteocalcin and

the immunochistochemical and in situ

hybridization data, interaction be-
tween putative epithelial resis of Mal-
assez cells and human periodontal
ligament fibroblasts facilitate osteocal-
cin expression in putative epithelial
rests of Malassez cel

protein expression in human perio-
dontal ligament fibroblasts.

A hypothesis advanced by Slavkin
& Boyde proposes that Hertwig's epi-
thelial root sheath cells synthesize
proteins that are related to enamel
polypeptides. and that these Hertwig's
epithelial root sheath-derived proteins
are instructive for ectomesenchymal
determination, leading to cemento-
blast differentiation and acellular
cementum (23). It has also been sug-
gested that the intermediate layer of
the cementum seen in rodent molars is
produced by Hertwig's epithelial root
sheath cells (23-30). We also indicated
that putative epithelial rests of Mal-
assez cells have the ability to produce
amelogenin, alkaline phosphatase and

s and bone sialo-
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the noncollagenous proteins, osteo-
pontin and osteocalcin, supporting
their involvement in cementum for-
mation. Bone sialoprotein was detect-
able in human periodontal ligament
fibroblasts, but not in epithelial rests
of Malassez cells. Previous reports
indicated that bone sialoprotein is
detectable in cementum and alveolar
bone, but not in periodontal ligament
in vivo, whereas alkaline phosphatase
and osteopontin are detectable in
normal peniodontal ligament ussue
(52,68). The origin of cementogenesis
15 sull controversial. It appears that
the extracellular matrix and the
constructed cementum are formed by
both epithelial rests of Malassez cells
and human periodontal ligament
fibroblasts, but it is difficult to iden-
tify the role of cementoblasts with
cerlainly.

In contrast, immunohistochemical
and in situ hybndization data indicated
that osteocalcin was not detectable in
human periodontal ligament fibro-
blasts in close proximity to epithelial
rests of Malassez cells at the interface,
while the RT-PCR showed that weak
signs of osteocalcin mRNA could be
detected in human periodontal liga-
ment fibroblasts cultured alone. These
findings suggested that the interaction
between epithelial rests of Malassez
cells and human periodontal ligament
fibroblasts suppressed the production
of osteocalcin in human periodontal
ligament fibroblasis at the interface.
Osteocalcin is one of the extracellular
matrix proteins of cementum and bone
that has been implicated to have a role
in calcification. However, Ducy et al.
reported that the finding of increased
bone density in osteocalcin knockout
mutant mice implicales osteocalcin as
a potential inhabitor of bone formation
(19). Aubin et al. showed that over a
time course of osteoblast differenti-
ation in vitro, the expression of type |
collagen was found to be high and then
lo decrease; the level of alkaline
phosphatase increased but decreased
when mineralization was well
gressed; osteopontin appeared before
certain other matrix proteins, inclu-
ding bone sialoprotein and osteocalcin;

pro-

bone sialoprotein was first detected in

differentiated  osteoblasts  forming
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comprising both putative epithelial rests of Malassez cells and human periodontal ligament
fibroblasts; PE, putative epithelial rests of Malassez cells cultured alone, PF, putative human

periodontal ligament fibroblasts cultured alone

bone; and osteocalcin appeared with
mineralization (5). We showed, in the
present study, that bone sialoprotein
was detectable, but osteocalcin was
not, in human periodontal ligament
fibroblasts at the interface. Although
human periodontal ligament fibro-
blasts have a potentially recognizable
stage of differentiation, they may not
divide and differentiate into the mature
cells forming the hard tissues because
of the invasion of the proliferating
epithelial rests of Malassez cells at the
interface.

Cell culture favors growth and
selects for the most rapidly prolifer-
ating cells. Cell culture data should be

cautiously extrapolated to the in virro
situation, particularly in providing
evidence for cellular origins. However,
this should not preclude the fact that
valuable information can be obtained
from in vitro studies, because the
results from in vitre studies reflect
various situations in vive, Moreover,
cells derived from periodontal ligament
should produce the same proteins and
mRNAs as those expressed in perio-
dontal ligament tissues.

In conclusion, the data presented
here indicated that the interaction
between putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts modulates the
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expression of alkaline phosphatase,
osteocalein and bone sialoprotein in
putative epithelial rests of Malassez
cells and human periodontal ligament
fibroblasts in vitro. Considering the
homeostasis of the periodontium, we
suggest that epithelial-mesenchymal
interactions are highly associated with
mineralization in periodontal ligament
and play a role in the maintenance of
the periodontal ligament.
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F - : *  tal plaque covering snamal caries lasions
displays highar pH-lowsaring activity than that
from haalthy woth surfaces, All thess find-

ngs

3gest that

asamant of pH-owsring

ot e e P < sduse  BCtiVity of dental plaque i ona of ths fimt

ng) Frafe = i3oe steps inavaluating dental canes risk

Corraspondancs: Dr Hotoubirs Takahashi © on of Cry Micmorganisms in demal plaque produce
3 Varous organic ac
o 31 aams- including lactic, acstic, and formic scids®

nase, lactc scid I the mam product

by sugar termentation,
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Fig 1 Portable pH meter (@ model pH BOY-P1,
Sindengen Kogyo) and dental spoon excavator (b
model No. 1, Yamaur Seisakusyo). A spoon-excava-
tor<up of dental plaque (2.4 pl) was immediately
placed on the sensor of the pH meter (c, arrow)
using a sterllized toothpick.

contributing to reductions in dental plaque
pH at the initial phase of the Stephan
curve.*’ In starved piague from aduls, con-
cantration of lactate was highsr in cares-pos-
itive subjects than in caries{rea subjects,
although the proportion of lactate among all
organic anions was small®? After sucrose
was sdded to dantal plaque, only lactic acid
increasad among the orgsnic acids® and
concanrations of lactic acid wers highear in
canes-positive subjacts than in caries-fres
subjects.?

The association of caries activity with pH-
lowaring sctivity and lactic acid production of
dental plague describad sbove strongly
suggests that avaiuation of these factors in
demal plaque is importam for caries risk
assassmant. Howaver, untll now, no simple
mathods have been avallabla for chairside
avaluation of these 2 factors as dental plagqus
acidoganicity, and little information has besn
accumulated on melationships with demal
carnes activity in childmen. In this study, we
first atemptad to davelop 8 msthod for chair-
side evaluation of pH{owaring activity and
lactic acid production by dental plaque in
preschool children, Second, we examined

the association of dental plague acidoganicr
ty with caries expeariencea by oral examination
and with caries activity by following caries
incidenca for 4 yaars, Third, wa sttamptad to
determine cutoff points for pH-lowering activ-
ity and lactic scid production for screening
subjects with high caries risk.

METHOD AND MATERIALS

Subjects and oral examination
Subjects comprisad 51 preschool children
(25 boys, 26 girls; mean age, 4 years 0
maorths, ranga, 2 years 10 months 1o 6 yaars
4 months) who visited Shimizu Pediatric
Dertal Clinic in Shizuoka City, Shizuoka
Prafecturs, Japan. No subjects wam using
orthodontic appliances, had bsen diag-
nosed with flucrosis, or were on meadication.
Subjects and thair parsmtz provided in-
formed consant to participata in this study,

Oral examination was parformed by ons
clinician t© determina the numbar of
dacayad, filled wath (dft) and the modifisd
Oral Hygiena Index Simplifiad (OHS)® using
a damal mirror and an axplorar undar suffi-
ciant light. In addition, demal radiographs
wara used if necassary. Teeth with caries
lasionz of C2 (dentin lasion), C3 (perforation
to pulp), and C4 (axistanca of oot only) ware
countad as "dt” Howevar, no incidents of C4
wara found in our subjects,

Measurement of dental plaque
acidogenicity at first oral
examination

After confirming that the subject had not con-
sumed any food for st lesst 2 hours, dental
plaque was sampled from sound buccal sur-
faces of maxillary primary second molars using
a dantal spoon sxcgvator (modal MNo. 1,
Yamaura Seisakusyo). Tha volume of one cup
of the spoon axcavator is equal to 2.4 pul A
spoon-acavaorcup of demal plague was
immediaiely placed on tha sarsor ama of 8
portable pH metsr (modsl pH BOY-P1,
Sindangen Kogyo) (Fig 1) using a sterilized
oothpick and then mbed with 30 pl of 228
mmol/L sucrosa solution. Changes n pH wens
monitorad for 10 minutes st room temperstuns.
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Table 1 Values of dft, minimum pH, lactic acid production, and OHI-S at the first
oral examination, and dft, Adft, DFT, ADFT, minimum pH, and OHI-S at

the second oral examination

Range Mean + SD
First oral examination (n = 51)
av 0-18 41%389
Minimum pH 3.2-6.9 481044
Lactic acid {mmol ) 1.4-18.6 15+38
OHI-S 05-20 11208
Second oral examination (n = 43)
* 0-16 584428
Adft 0-10 24%304
DFT 0-4 0.6+ 118
ADFT 0-4 05+ 116
Minimum o+ 4.3-566 47+025
OH-S 00-1.0 0.6+03

* Filled teeth at the fimt oal eamination = 0

The pH wvslue at 10 minutes sfter sucrose
addition was designated ss minimum pH. As
praviously meported,* pH values meached a
minimum within 10 minutes

Promptly at 10 minutes, 3 pL of 500
mmol/L sodium phosphats buffer (pH £.8)
was addaed 10 the maction mbauns 10 neutral
iza tha scidic miture, concantrations of lac-
tate wara measursd using a portable lactate
matar (modal Lactata Pro, Arcray), The lactate
matar adopts an amparomastric mathod using
the lactate Gadase nsaction with an ogtimal
pH in the nautral arsa, Lactate concamraton
was designaid as lactic acid production

Measurement of dental plaque
acidogenicity at second oral
examination

At 4 yaars sfter the first oral axamination, 43
of 51 children (12 boys, 24 gids; maan ags, 8
yadars 0 months; rangs, 6 yaars 0 months 1o
10 yaars 4 months) underwant oral sxamina-
tion and measuramant of pH-lowering activity
of dental plaque as dascribed for tha firstoral
gxamingtion. Incremants of pnmary tooth
cariss (Adft) snd psrmanent tooth caries
(ADFT) wers calculstad

Statistical analysis

Comalations among minimum pH, lactic acxd
production, dft, DT, OFT, Adft, sand ADFT
wems evalusted by regression analysis and
anatysiz of varignca (ANOVA). To svsaluats tha

pradictability of minimum pH and Bctic scid
production for futurs carisa incidanca, recaiv-
ar oparsting characteristic (ROC) curves
wears plotted from 2 > 2 tables showing dis-
tributions of subjects with and without cariss
incramant at aach cutot! valua of minimum
pH or lactic acid production, Sansitivity and
specificity wars also evaluated by x* analysis.

RESULTS

All clinical data at the firat and second oral
eaminations are summarizaed in Tabla 1. At
tha firgt cral sxamination, subjacts with high-
ar dft showead lowar minimum pH (r = -0.53,
P = 001, Fig 2a) and highar lactic acid pro-
duction {r= 0.38, P < .001; Fig 2b). In addi-
tian, a significant comsistion was idsantifisd
bstwean minimum pH and lactic acid pro-
duction (r = =0.74, P < 001, Fia 3). No sig-
nificant comalation was apparant batwean
QOHI5 and dft, or betwean OHES and mini-
mum pH or lsctic acid production. A similar
cormalation wss obssrved batwssn dft and
minimum pH st the second oral examination
(r=-0.54, P< ,001)

Caras incremant in teath be-
twaan tha first and second oral eaminations
(Adft) significantly comalatad with minimum
pH and lactic scid production gt the first oral
examination, but not with dit st the tirst orsl

primary
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sxamination (Tabls 2). Caries incramant in
parmanant tasth (ADFT) was significantly
comalated with minimum pH and dft at tha
first oral examinaton, but Not with lactic acid
production at the first oral examination (see
Table 2). No comslation was observed
bstween caries increment and OHES (data
not shown).

Figure 4a shows ROGC curves for Adftand
minimum pH or lactic acid production. In
generl, tha curve for lactic acid production
was clogerto the x = 0 axis and y= 1 axis, but
the sensitivity of minimum pH was higher
than that of lactic acid production when
spacificity was decreased. Sening the cutoft
valua for minimum pH at pH 5.0 screanad
subjacts with new caries 1or 4 years with s
sensitivity of 0.950 and a spacificity of 0.391
(P < ,05) (Fig 4b), Satting the cutoff value for

Table 2 Correlation coefficient and

probability of significance
First oral examination Aan ADFT
Minimum pH -0.47°° -0.38*
Lactic acid 0.686*** 026
dft* 0.27 0.45°*
*Fillad Wath ot e first orel @aminetion = O
P 08
**p< 008
P 000

Fig3 Pelationship between lactic acid production
and minimum pH.

lactic acid production at 7.0 mmol/L
scraansd subjects with a senaitivity of 0.800
and a specificity of 0.783 (P < .001) (Fig 4c).
Conversely, ROC curves for ADFT wers
close o the y = x ing (Fig 4d), and no signit-
icant cutoff value wasa obtainad Ior minimum
pH or lactic acid production (Figs 4e and 41),

DISCUSSION

Chairside measurement of
minimum pH and lactic acid
production of dental plaque
Carigs-rizk 18sting raquires s method that is
simpla, rapid, and usabla from chairside o
idartify subjects who will bacoma dissassd
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and lactic adid producticn (@), Distribution maps showing Adft versus minimum pH () and lactic acid pro-
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and exclude subjects who will remain
heatthy." In saliva tests svaluating caries risk,
microbial counts of mutans streptococc and
factobacilli and biochemical propsarties (vok
uma, pH. buffer capacity, etc) of saliva are
usually evaluated. Howsever, since dsntal
cariss is 8 phsnomsnon occurring at the
intarface batwsan tha tooth surfacs and den-
tal plaquae whera salivation is limited, tests
using ssliva may not always cleary show
caries status. In preschool childran, the asso-
ciation batween dft and salivary rata was not
significart, while associgtion betwssn dft
and salivary buffer capacity vanss from study
to study.®-% Afthough significant correia-
tions have bssn observed Detwsen salivary
mutans straptococci count and dental caries
experience in preschool children this
method is not rapid and afficient bacause of
the cultivation procedurs, which requires 24
1o 48 hours,

Cariostat (Sankin), a cariosrisk 18st evalu-
ating scidogenicity (decraasas in pH) of den-
tal plaque by culthation of dental plagus in
sucrose-containing liquid cutture medium,
has been considered ussful for scresning
high-risk intants' and predicting caries
occurrsnce in children '™ |n addition, this
195t usas simple mathods for sampling, ana-
lyzing, and managing.® However, tha tast
raquires 48 hours of cultivation to obtain
rasults, Corversaly, tha mathod used in the
present study was capsble of measuring
rapid sucrose-depandent falis in pH that
occur naturally in the oral cavity. In addition,
thizs msthod can bs complsted at chairside
using a8 standsrdized amount of dental
plaque,

Correlation of minimum pH and
lactic acid production with caries
experience

The results obtained by our method indicate
lowsar minimum pH in peschool childmen
with highar dft (r= -0 53, A< .001). Minimum
pH aftar adding sucrosa reportadly depsnds
on the aging of dental plagque -2 Howaver,
aach subject in this study performad daily
oral cars (parsonal toothbrushing) with rala-
tivaly low COHIS (mean, 1.1 £ 0.5, rangs, 0.5
o 20), and no significant differance was
apparant batween OHI-S and minimum
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plaque pH. The difference in minimum
plaque pH obsarved in our study may bs
attributabla to individual variation rather than
plagque age, g, differances in scidogenic
activity of dental plaque. Lingstrom st ak
comparad the acidoganicity of denmtal plaque
from sound surfaces of adult subjects having
low DMFS (decaysad, missing, filled surfaces)
with that of adult subjects having high DMFS,
and reportad that differences in minimum pH
ara relatively small among adults. This could
ba dua o diffarances bstwssan adults and
children, or differances in plaque samples.
Subjects In the study by Lingstrdm et al
refrained from oral hygiense for 3 dsys w0
allow sufficient plague formation, so that
overaccumulgtion and maturity of dental
plaque may hava obscured individual varia-
tions in dental plaque acidoganicity. The cor
relation betwasn DFT (= ADFT) and mink
mum pH at the second oral examination in
the present study was not significant (see
Table 2), slso suggesting & differance
batween caries in primary and permansnt
teath,

Minimum pH and lactic acid
production as a caries activity
indicator

High lactic acid production corrslatad with
minimum plaque pH in this study (288 Fig 3),
indicating that pH reductions in dental
plagque ara mainly caused by lactic acid pro-
duced from sucrose under the conditions of
this study. This s similar to the phsnomeana
occuming in dental plsgue after sucrose
ringe.#3# A corrslgtion bstwesn Adft and
both minimum pH and |actic acid production
thus seems natural (ses Table 2), suggsesting
the validity of minimum pH and lactic acid
production as an indicator of caries activity
tor praschool children. Both correlation cost-
ficiant (ssa Table 2) and ROC curva (ses Fig
4a) indicate that lactic acid production was
morms strongly related to Adft, suggssting the
supsriority of lactic acid production as a
carias activity indicator When a cutoff valua
of 7.0 mmol/L was set, sansitivity and spaci
ficity of lactic acid production as caries pre-
dictors wara 0,800 and 0.783, mapactivaly,
supporting the validity of this method for
predicting caries incidenca (see Fig 4c)
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Similarly, minimum pH with a cutoff valus at
5.0 showed a high sansitivity (0.950) and
somenad 95% of subjacts with canes activity,
aithough specificity was low (0.391 in Fig 4b)
and 80.9% of subjacts without caries risk
may be identilied as false positives, Eecauss
of the muhifactorisl sticlogy of demsal carias,
accurate pradiction of demal caries using a
single messura seams unmasconable.®* Both
lactic acid production and minimum pH can
ba used as primary scresning tasts for caries
rigk of praschool children, but may need 0
bs combined with an sdditional test

Corverssly, the comslation of ADFT with
minimum pH and lactic acid production was
unclear (sea Table 2), and pradictive powsr
for caries incremant was not high (see Figs
4d w© 4f), A comelation was idantified be-
twaen ADFT and dft at tha first oral sxaming-
tion {see Table 2), supporting the notion that
dft ia a cares pradictor for permmanant 1@sth,
as raponad praviously®®

Reacent studies using schoolchildran as
subjects™= have reported that plaqus acido-
genicity after sugar exposura is unmelated to
carias incidenca, This may be due 1o diffar
ancas in subject age: The acidoganicity of
dental plaque may vary among individuals
during prsschool age and comsiate with
cariss incidenca mors clossly, but during
and sfter school sgs, tha acidogsnicity of
dental plaqua may becoma similar among
individuals. Our obsarvation that minimum
pH valuas obtainad at tha sacond oral axam-
ingtion showad a narrowsr range and smalk
or standard deviation than those at the first
oral sxamination (ses Tabie 1) may support
this speculation.

CONCLUSIONS

It is important for patisnts and their pamns
to undsratand the involvamsm of dsntal
plaqua and its acidogenicity in dental canes
sticlogy o improva |ifastyles for demal caries
pravermion. The mathod for svaluating dental
plaqusa acidoganicity davsiopad in this study
can offer 8 practical and ussful method for
this purposa, sinca tha tachnique s simpla to
parform cheairsids in demal clinics and

mquies only 15 t© 20 minutas o show
rasults 10 patiants or their parants, and both
minimum pH and lactic scid production
show significart cormlgtions with caries
edparienca. In addition, both minimum pH
and lactic acid production can be applicabla
as primary screening tests for preschool chil-
dran with primary carias risk, although these
tests need 10 be combined with an sddition-
al 133t for tha improvemant of accuracy.
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ABSTRACT

Dbjectives. Glass-ionomer cements (GICs) are known to have inhibitory effects on bacterial
growth, but the biochemical mechanism of this property has not been fully understood. This
study aimed to evaluate inhibitory effects of GIC on the acid production of caries-related oral
streptococci, and to identify the components responsible for the inhibition.
Methods. An eluate was prepared by immersing set GIC in phosphate-buffered saline at 37 'C
for 24h. Fluoride and other elements in the eluate were quantified by fluoride ion elec-
trode and atomic absorption photometry, respectively. Streptococcus mutans NCTC 10449 and
Streptococcus sanguinis NCTC 10556 were used to evaluate the pH fall and the rate of acid
production after the addition of glucose in the presence or absence of the eluate. Acidic end
products from glucose were also assayed by carboxylic acid analyzer.
Results. The eluate contained silicon (1.24+0.26 mM), fluoride {0.49 +0.02mM) and alu-
minum (0.06 +0.00mM), and inhibited the pH fall and the acid production rate of both
streptococei at acidic pH, with a concomitant decrease in lactic acid production. These
effects were comparable to those of a potassium fluoride solution containing the same
concentration of fluoride as the eluate.
Significance. These results indicate that the GIC eluate inhibits the acid production of caries-
related oral streptococci at acidic pH and that the effect is due to fluoride derived from the
GIC. Thus, adjacent to GIC fillings, bacterial acid production and the subsequent bacterial
growth may decrease, establishing a cariostatic environment.

© 2008 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved

1. Introduction

with high caries-risk because of their biocompatibility and
cariostatic properties.

Fluoride-releasing restorative materials, including conven- The eluate of GICs has been found to have no effect on the
tional glass-ionomer cements (GICs), are frequently used for viability of mouse odontablast-like cells [1], a weak inhibitory
restorations of permanent or deciduous teeth for the patients effect on the protein synthesis of human gingival fibroblasts
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[2] and a weak damaging effect on the morphology of human
gingival fibroblasts [3]. In addition, GICs are free of cytotoxic
components such as 2-hydroxyethyl methacrylate (HEMA),
usually contained in resin-modified glass-ionomer [4]. Thus,
the available evidence indicates that GICs are less toxic to the
cells compared with resin-based materials.

Furthermore, ename! and dentin surfaces adjacent to GIC
fillings are protected from acid attack 5,6}, indicating that GICs
can inhibit acid-induced demineralization of teeth. Further-
more, the demineralized dentin layer adjacent to GIC fillings
turns acid resistant with an increase in mineral content such
as calcium, and becomes harder [7], suggesting that GICs can
promote tooth remineralization [8]. It is considered that these
cariostatic properties are due to the fluoride released from
GICs; the fluoride can be incorporated in a hydroxyapatite
crystal lattice and form fluoroapatite, which has a low acid-
solubility [9].

GICs have also been found to have antibacterial effects. It
was reported that the population of Streptococcus mutans on
the surface of GIC fillings was lower than on composite fill-
ings [10,11]. In addition, the pH fall after sucrose fermentation
for 4 or 20h by 5. mutans cells layered on the surface of a
GIC disc was smaller than that on the composite disc [12,13],
These results suggest that GICs inhibit the acid production of
S. mutans and subsequently decrease the bacterial population.
However, the identity and mechanism of this component of
GICs is unclear. The observation that the pH of dental plaque
decreases within a few minutes after sugar intake [14,15] sug-
gests that the short-term measurement of pH is needed to
evaluate the inhibitory effect on microbial acid production.

Therefore, the hypothesis tested was that GIC eluate has a
short-term inhibitory effect on the pH fall and the acid pro-
duction rate of caries-related oral streptococci, S. mutans and
Streptococcus under bic conditions mimicking
those in a deep layer of dental plaque, where tooth deminer-
alization occurs. An attempt was also made to identify the
components of the GIC eluate that were responsible for these
effects.

2. Materials and methods

2.1.  Preparation of GIC eluate and determination of
composition

The powder and liquid of GIC (Fuji IX, GC, Tokyo, Japan)
were mixed at the ratio of 1:3.6 for 30s, and placed into a
cylindrical mold (height, 2mm; diameter, 10 mm). The spec-
imen was allowed to set for 30 min at 25°C, and immersed
in S5mL of Dulbecco's phosphate-buffered saline containing
154 mM sodium ion, 4mM, potassium ion, 139mM chloride
ion, 10.75mM hydrogen ion and 9.6mM phosphate ion (D-
PBS; Invitrogen Corp., Rockville, MD, USA) using multi-plates
(6 wells). After storage at 37°C for 24 h, the eluate was col-
lected and the concentration of fluoride was measured using
a fluoride ion electrode (F-53, Horiba, Ltd., Kyoto, Japan) after
buffering the solution with total ionic strength adjustment
buffer (TISAB; Orion Research Inc., Cambridge, MS, USA) at
PH 5.3. The concentrations of silicon, aluminum, strontium,
magnesium, and calcium in the eluate were determined using

atomic absorption spectrometry (AA-6800F, Shimadzu Corp.,
Kyoto, Japan).

2.2.  Bacterial strains and growth conditions

S. mutans NCTC 10448 and S. sanguinis ATCC 10556 were
used. Basal culture medium contained 1.7% tryptone (Difco
Laboratories, Detroit, MI, USA), 0.3% yeast extract (Difco Lab-
oratories), and 0.5% NaCl. 0.5% glucose and 50 mM potassium
phosphate buffer were added through a sterile membrane
filter (pore size 0.22 um, Millipore Corp., Bedford, Mass, NY,
USA) to the autoclaved basal culture medium. This culture
medium was kept in an anaerobic chamber (ANB-180L, Hira-
sawa Works, Tokyo, Japan: 80% Nz, 10% Hz and 10% CO3) for
at least 3 days before use to remove oxygen. Each strain was
pre-cultured in the medium at 37 *C overnight, transferred (5%
inoculum size) to medium at pH 7.0 and incubated at 37°C
until the late-log growth phase (0.D. =0.9-1.0 at 660 nm) in the
anaerobic chamber. Bacterial cells were harvested and washed
3 times by centrifuging (21,000 x g for 7min at 4 'C) in D-PBS.
Double-sealed centrifuging tubes (Kubota Corp., Tokyo, Japan)
were used to protect bacterial cells from air exposure. The cells
were suspended in D-PBS in another anaerobic chamber (ANB-
180L, Hirasawa Works: 90% Nz and 10% Hj). The following
experiments were performed in this chamber.

2.3.  pH fall by glucose fermentation in the presence of
the GIC eluate

The reaction mixture contained the cell suspension (0.3 mL,
0.D.=10 at 660 nm), D-PBS and the GIC eluate or potassium
fluoride (KF) solution. The final concentrations of fluoride in
the reaction mixture ranged from 0 to 0.43 mM, which were
equivalent to fluoride concentrations in the reaction mixtures
for the GIC eluate. The maximum fluoride concentration in
the reaction mixture for the GIC eluate containing 0,49 mM
fluoride turned to 0.43mM after mixing with bacterial cell
suspension and glucose solution. The reaction mixture was
adjusted to pH 7.0, and preincubated at 35 C for 4 min with
agitation by a magnetic stirrer. Then, 10mM glucose was
added to the mixture, and the pH fall was monitored for at
least 30 min, using a pH electrode (GS-5015C, Toa Electronics,
Tokyo, Japan).

2.4.  Acid production rate from glucose fermentation in
the presence of the GIC eluate

The reaction mixture contained the cell suspension (0.3 mL,
0.D.=13.5 at 660 nm), D-PBS and the GIC eluate or KF solution.
The reaction mixture was maintained at pH 5.5 or 7.0 by titra-
tion with 60 mM KOH using pH stat (AUT-2115, Toa Electronics)
with agitation by a magnetic stirrer, and preincubated at 35°C
for 4min. The reaction was started by the addition of 10mM
glucose and the acid production was monitored for 10 min.

2.5.  Analysis of acidic end products
Procedures for analysis of lactic, formic and acetic acids have

been detailed previously [16]. At 10 min after the addition of
glucose, the reaction mixture was mixed with 0.6N perchloric
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Table 1 - Concentrations of elements in the GIC

Element Mean concentration (S.D.)
Fluoride 0.49 (0.02) mM
Silicon 0.82 (0.26) mM
Aluminum 0.01 (0.02) mM
Strontium <0.001 mM
Magnesium <0.001 mM

Calcium <0,001 mM

Data are given in mean (standard deviation) of 3 replicates.

acid. The resultant mixtures were brought out from the anaer-
obic chamber, filtered through a membrane (pore size 0.20 um;
polypropylene; Toyo Roshi Ltd,, Tokyo, Japan) to remove cell
debris, diluted with 0.2N HCI and assayed using a carboxylic
acid analyzer (Eyela 5-3000, Tokyo Rika Co. Ltd., Tokyo, Japan).

2.6. Statistical analysis

Statistical significance was assessed by the Dunnett test. A
probability of P <0.05 was considered to indicate significance.

- @-=-Control
e Elumtm (043 mM F)
—a— Eluate (0.042 mM F)
—wr—{0.43 mM KF
——0.043 mM KF

7.5

e Pt
1 L " i i i
0 10 20 30 40 50 60 70
Time (min)

Fig. 1 - Effect of the GIC eluate or KF solution on the pH fall
after addition of 10 mM glucose to the cell suspension of S.

B; Results

3.1.  Determination of composition in the eluate from
GIC

The eluate contained silicon, fluoride and aluminum with
trace amounts of strontium, magnesium and calcium (Table 1)

3.2.  pH fall by glucose fermentation in the presence of
the GIC eluate

Serial pH falls by glucose fermentation of S. mutans are shown
in Fig. 1. In all experiments using S. mutans, pH started to fall
immediately after the addition of glucose. However, 10 min
after the addition of glucose, the pH of reaction mixtures
differed between the various concentrations of fluoride. At
30 min, in reaction mixtures containing eluate with a fluoride
concentration of 0.43 mM or KF solution with a fluoride con-
centration of 0.43 mM, the pH stabilized at 4.93-5.00, which
was significantly higher than the pH values of the control
reaction mixture, the reaction mixture containing eluate with
a fluoride concentration of 0.043 mM, and the reaction mix-
ture containing KF solution with a fluoride concentration of
0.043mM (Table 2), After 30 min, in the reaction mixture con-
taining eluate with fluoride concentration of 0.043 mM or KF
solution with a fluoride concentration of 0.043mM, the pH
continued to fall and approached the control gradually (date
not shown). Similar results were obtained for 5. sanguinis

{Table 2)

3.3.  Acid production rate from glucose fermentation in
the presence of the GIC eluate

The rate of acid production of 5, mutans at pH 5.5 was inhibited
significantly by the GIC eluate in a dose-dependent manner,
and decreased to about 10% of the control value at pH 5.5 in the
presence of the eluate containing 0.43 mM fluoride (Table 3)

NCTC 10449, The data are the means of 3
d ts. Vertical bars indicate standard

ind experi

{ 4 r

deviations.

Only a weak inhibition was observed at pH 7.0. All KF solutions
inhibited acid production to a degree similar to that of the elu-
ate containing the same concentration of fluoride. There was
no significant difference between the Eluate and KF solution
containing the same concentration of fluoride. Similar results
were obtained for S. sanguinis (Table 3).

3.4.  Analysis of acidic end products

The profiles of acidic end products at pH 5.5 are shown in Fig. 2.
As the concentration of fluoride in the eluate or KF solution
increased, the proportion of lactic acid decreased, whereas the
proportion of formic and acetic acids increased.

Table 2 - pH fall by S. mutans and S. sanguinis at 30 min
after the addition of glucose.

Mean pH (SD)
In the presence of: S. mutans S. sanguinis
None (control) 4.21 (0.04) 434(0.1)
Eluate (0.043 mM F-) 4.35 (0.06) 4.44 (0.12)
Eluate (043 mM F~) 493 (0,10)"* 4.79 (0.09)
0.043 mM KFP 4.38 (0.02) 4.46 (0.08)
0.43mM KF 5.00 (0.03)™* 4.98 (0.00)™*

Data are given in mean (standard deviation) of 3 replicates. Sig-
nificant difference (P <0.05, "P <0.01) from the controls. Significant
difference (*P <0.05, *P <0.01) from the eluate (0.043mM F~) and KF
solution (0.043mM F-).
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Table 3 - Acid production rate by 5. mutans and 5. sanguinis for 10 min at pH 7.0 and 5.5.

In the presence of

Percentage of acid production rate (5.D.)

S. mutans 5. sanguinis

None (control)
Eluate
043mMF-
KF
043mM

None (control)

Eluate
0.043mMF~
0.086 mM F-
0.215mM F-
043mMF

KF
0.043 mM
0.086 mM
0.215mM
043mM

100 100
934 (4.6 938 (39)

95.4 (4.6)
613 (111

942 (6.2)
356 (5.4)

325(5.2)"
288(15)""
20.7 (2.6)"
62 (13"

32.5 (6.1)"

334 (1L7)

156 (4 1)‘-"
5.4 (35"

316(54)"
284 (55"
144 (2.1

6.5 (0.6)

29.0 (8.2)

28.7 (45)

16.5 (2.2
4.5(2.0)"

Data are given in mean (standard deviation) of 3 replicates. There was no significant difference between the Eluate and KF solution containing

same concentration of fluoride.
* Significant difference (P <0.01) from the control at pH 7.0
* Significant difference (P <0.01) from the controls at pH 5.5.

4, Discussion

In the present study, in addition to fluoride, silicon, aluminum,
strontium, magnesium, and calcium were detected in the GIC
eluate (Table 1). These elements have previously been reported
to leach from GICs [17-19]. The concentrations of these ele-
ments are known to differ among GICs (18], probably due to
differences in composition. In addition, their concentrations
in eluates appear to vary according to eluting conditions, With
Fuji IX (a filling cement used in the present study) and Fuji |
(a luting cement similar in composition to Fuji IX), the propor-
tion of silicon in the eluate is known to decrease under acidic

O Formic acid

S. mutans NCTC 10449

Control

0

@ Acetic acid

conditions and increase under neutral pH conditions [17-19].
Consequently, in the present study, D-PBS at pH 7.3 was used
for elution, and the proportion of Si in the eluate was relatively
high.

The GIC eluate stopped the pH fall completely around pH
4.8-5.0 (Table 2 and Fig. 1) and markedly decreased the rate
of acid production at pH 5.5 (Table 3). These findings suggest
that streptococcal acid production in areas adjacent to GIC
fillings may be inhibited at an acidic pH around the critical
pH of tooth demineralization, resulting in a decrease in strep-
tococcal cariogenicity. Furthermore, the present finding that
the GIC eluate inhibited acid production to a degree similar to
that of the KF solution with the same concentration of fluoride

M Lactic acid

S. sanguinis ATCC 10556

I 4

Eivate ossmv ) I ||

Eluate (0.43 mM F) -

0.043 mM KF
0.43 mM KF

]

Acidic end products (%)

Fig. 2 - Effect of the GIC eluate or KF solution on the profiles of acidic end products for 10 min after addition of 10 mM
glucose to the cells of S. mutans NCTC 10449 and S. sanguinis ATCC 10556 at pH 5.5. The data are the means of 3

independent experiments.
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(Tables 2 and 3, Fig. 1) indicates that this effect of the eluate
was due to the fluoride derived from the GIC.

The efficient inhibition of fluoride at acidic pH is due to
the fact that hydrogen fluoride (HF) behaves according to the
equilibrated reaction, H* + F~ = HF with a pKa value of 3.15.
It is possible that fluoride is released from GIC mainly in
the form of sodium fluoride (NaF) because the main cation
released from Fuji IX is reportedly Na* [19], but NaF dissoci-
ates to sodium ion (Na*) and fluoride ion (F~) immediately
at neutral pH. At acidic pH, F~ accepts a proton (H*) and
forms the undissociated form (HF) more easily, according to
the equilibrated reaction where the reaction shifts toward
the right as the environmental pH is lowered; the concen-
tration of HF is calculated to be about 30 times higher at
pH 5.5 than at pH 7.0. Because bacterial cell membranes
are more permeable to HF than F- [20], HF can enter the
cells and dissociate inte F~ and H* again in the relatively
alkaline cytoplasm. This intracellular F- inhibits enolase, a
glycolytic enzyme, resulting in a decrease in acid produc-
tion from glycolysis [21-23]. Thus, an acidic environment can
promote entry of HF into bacterial cells and the subsequent
inhibition of bacterial acid production via intracellular F~.
Furthermore, H* released from HF in the cell can acidify the
intracellular pH, leading to a decrease in the entire glycolytic
activity. F~ can also inhibit cell membrane-associated H*-
ATPase, a proton pump, resulting in decreased excretion of
H* from the cells. This can also enhance the acidification of
intracellular pH [24-26].

In addition to the inhibitory effect of fluoride, it has been
reported that GICs such as Fuji IX are able to neutralize acidic
conditions [27), suggesting that there is a buffering potential
of released elements from GICs to neutralize acids produced
by bacteria.

The present finding, that the proportion of lactic acid was
decreased by both the eluate and KF solution (Fig. 2) supports
that the eluate and KF solution exert this effect via the same
mechanism. Previous researches indicate that this decrease
in the proportion of lactic acid coincides with a slowdown
in glycolysis through the enolase inhibition by F~ and the
subsequent decrease in levels of intracellular glycolytic inter-
mediates [28,29]. A slowdown in glycolysis leads to a decrease
in the level of fructose 1,6-bisphosphate (a glycolytic inter-
mediate that activates lactate dehydrogenase), resulting in
a decrease in lactic acid production, while the concomitant
decrease in levels of glyceraldehyde 3-phosphate and dihy-
droxyacetone phosphate (glycolytic intermediates that inhibit
pyruvate formate-lyase), keeps formic and acetic acids pro-
duction [30].

From the atomic absorption spectrometry, it is not possi-
ble to determine the form in which the elements were present
in the eluate, i.e. compounds, complexes or ions. Therefore, it
is difficult to evaluate the inhibitory effects of elements other
than fluoride precisely. However, the most possible ions of the
elements in the eluate, Si03~ and Al**, have no inhibitory
effects on oral bacterial acid production at the concentra-
tions determined in the present study [31,32]. Although Al** is
known to enhance the inhibitory effects of fluoride on bacte-
rial acid preduction [33] and H*-ATPase [25), the concentration
of Al’* seemed to be too low to express the synergistic effect.
It appears that the concentrations of the other elements were

too low to demonstrate the influences on bacterial acid pro-
duction.

The previous study indicated a possible retention within
dental plaque. In the case of resin-modified GIC [8], the
plaque fluoride levels increased from the saliva/plaque inter-
face (0.1 mM) towards the plaque/GIC filling interface (1.6 mM).
Although flueride contained in cured GICs is expected to
decrease gradually over time [12,34], GIC fillings can undergo
a fluoride-recharge by absorbing fluoride from fluoride prod-
ucts such as dentifrices and mouth washes [35,36]. GICs may
function as a biomaterial to reserve and release fluoride con-
tinuously in the oral cavity.

It is reported that fluoride is bacteriostatic and bactericidal
to oral streptococci at concentrations of >15.8 and >160mM,
respectively [37,38]. However, in the current study as well as
previous studies [29,39], bacterial acid production from sugar
fermentation was inhibited by a lower fluoride concentration,
especially at an acidic pH around the critical pH of tooth dem-
ineralization. Hallgren et al. [40] observed that dental plaque
on the orthodontic brackets retained with GIC had a lower
activity of lactic acid production by glucose fermentation as
compared to composites. This result supports the antibac-
terial effect at a low concentration of fluoride as shown in
the present study. In addition, they demonstrated that those
plaque samples had a lower proportion of mutans streptococci
in total viable count [41] and a higher content of fluoride [42].

The inhibition of bacterial acid production not only directly
protect against dental caries, but also suppresses the growth of
caries-related oral bacteria, which obtain most of the energy
for their growth from sugar fermentation. Thus, adjacent to
GIC fillings, the acid production and the subsequent growth
are expected to decrease. It appears that the inhibition of acid
production observed in the present study, together with the
inhibition of demineralization and the promotion of reminer-
alization at the tooth surface, would establish a cariostatic
environment around GIC fillings in vive. Further study is
needed in vivo to confirm the expectation.
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