Similarty, minimum pH with a cutoff value at
50 showed a high sansitivity (0.850) and
screenad 959 of subjpcts with canas activily,
although spacificity was low (0.381 in Fig 4b)
and 50.99% of subjacts without caries risk
may ba idantified as false positives. Bacause
of the multifactorial stiology of daental caries,
accurata pradiction of dantal caries using a
single measurs seems unmasonable?® Both
lactic acid production and minimum pH can
be used as primary screening tasts for caries
risk of praschool childran, but may nead to
ba combined with an sdditional tast.

Corversaly, the comalstion of ADFT with
minimum pH and lactic scid production was
unclsar (sea Table 2), snd pradictive powsr
for caries incremant was not high (see Figs
4d o 4f), A comelation was identified be-
twasn ADFT and dft at tha first oral axaming-
tion (s88 Tabls 2), supporting tha notion that
att is 8 caries predictor for permanam testn,
as repornad praviously. e

Recam studies using schooichildrsn as
subjects®™® have rsporad that plaque acido-
genicity aftar sugar eXposum is unrelawled o
canas incidanca. This may De dus 10 differ-
ancas in subject age! The acidogenicity of
dental plaque may vary among individuals
during preschool age and cormelate with
caries incidence more closaly, but during
and aftar school sgs, the acidogsnicity of
dantal plaqus may becoma similar among
individuals, Our obssarvation that minimum
pH valuas obtainad at ths sacond oral sxam-
ination showsad & narrowsr ranga and smalk-
ar standard daviation than thosa at the first
oral examination (see Table 1) may support
this speculation,

CONCLUSIONS

It & important for patients and their params
to understand the involvemert of deral
pltaque and its acidogenicity in dantal cares
atiology 10 improve lifestyles for dental canes
prevanton. Tha msthod for evaluating dental
plaqus acidoganicity devaloped in this study
can offer 8 practical and ussful mathod for
this pu rposa, sinca tha tachniqua is simpla to
parform chairsids in dantal clinica and

mquires only 15 10 20 minutes 0 ahow
raeuls 10 pstiems or their pamms, and both
minimum pH and lactic acid production
show signiticam cormlations with caries
axperienca. In addition, both minimum pH
and lactic acid production can bs applicabls
as primary scraaning teats for preschool chil-
dren with primary carias rizk, sithough thess
tasts nead o ba combined with an addition-
al tast for tha improvamant of accuracy.
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ABSTRACT

Objectives, 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 24 h. Fluoride and other elements in the eluate were quantified by fluoride ion elec-
trode and atomic absorption photometry, respectively. Streptococcus mutans NCTC 10449 and
Streptococtus 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+0.26mM), fluoride (0.49+0.02mM) and alu-
minum (0.06 %+ 0.00 mM), and inhibited the pH fall and the acid production rate of both
streptococci 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 odontoblast-like cells (1], a weak inhibitory
restorations of permanent or deciduous teeth for the patients effect on the protein synthesis of human gingival fibroblasts

* Corresponding author. Tel.: +81 22 717 8294, fax: +81 22 717 8297,
E-mail address: nobu-t@mail.tains tohokuw.ac.jp (N. Takahashi).
0109-5641/$ - see front matter © 2008 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.dental.2008.10.014
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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, enamel 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 S. 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-termn 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 sanguinis, under anaerobic 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 5mL of Dulbecco's phosphate-buffered saline containing
154 mM sodium ion, 4 mM, 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 10449 and 5. sanguinis ATCC 10556 were
used. Basal culture medium contained 1.7% tryptone (Difco
Laboratories, Detroit, M, 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% N, 10% Hz and 10% CO;) 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 7 min 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% N; 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 660nm), D-PBS and the GIC eluate or potassium
fluoride (KF) solution. The final concentrations of fluoride in
the reaction mixture ranged from 0 to 0.43mM, 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 4min 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.=3.5 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-211S, Toa Electronics)
with agitation by a magnetic stirrer, and preincubated at 35°C
for 4 min. 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 10min after the addition of
glucose, the reaction mixture was mixed with 0.6N perchloric

Please cite this article in press as: Nakajo K, et al. Fluoride released from glass-ionomer cement is responsible to inhibit the acid production of
caries-related oral streptococci. Dent Mater (2009), doi:10.1016/j.dental 2008.10.014
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Element Mean concentration (5.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 HCl and assayed using a carboxylic
acid analyzer (Eyela S-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.

3. 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 5. 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 0.43mM, 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
0.043 mM (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 S. sanguinis
(Table 2).

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

The rate of acid production of S, 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 pH5.5in the
presence of the eluate containing 0.43 mM fluoride (Table 3).

--#--Control

g Eliats (0,43 mM F)
~—a—Eluate (0.043 mM F)
—ur—0.43 mM KF
—a——0.043 mM KF

4 -
s i i L L
] 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.
mutans NCTC 10449. The data are the means of 3
independent experiments. Vertical bars indicate standard
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 5. sanqguinis (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 5. muta

; and S. sanguinis at 30 min
after the addition of glucc

Mean pH (5D)
In the presence of: S. mutans S. sanguinis
None (control) 4.21(0.04) 434 (0.7)
Eluate (0.043 mM F-) 4.35 (0.06) 4.44 (0.12)
Eluate (043 mM F~) 4.93 (0.10)™ " 4.79 (0.09)
0.043 mM KF 4.38 (0.02) 4.46 (0.08)
043 mM 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, "F < 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-).

Please cite this article in press as: Nakajo K, et al. Flucride released from glass-ionomer cement is responsible 1o inhibit the acid production of
caries-related oral streptococci. Dent Mater (2009), doiz10.1016/j.dental 2008.10.014
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Table 3 - Acid production rate by S. mutans and S. sanguinis for 10 min at pH 7.0 and 5.5.

In the presence of

Percentage of acid production rate (S.D.)

S. mutans S. sanguinis

None (control)
Eluate
0.43mMF-
KF
0.43mM

None (control)

Eluate
0.043mM F~
0.086mM F-
0.215mM F-
0.43mMF-

KF
0.043mM
0.086 mM
0.215mM
0.43mM

100 100

934 (4.5) 93.8 (3.9)

95.4 (4.6) 94.2(6.2)

613 (11.1) 356 (54)
325(5.2)
288(1.5)"
20.7 (2.6)""

6.2 (13"

325(6.1)
334017
15.6 (4.1)""
5.4 (35"

316 (5.4)"
284 (5.5)"
144217

6.5 (0.6)

29.0 (8.2)

28.7 (4.5

165 (22"
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

[ Formic acid

5. mutans NCTC 10449

Control

0

B Acstic acd

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

B Laciic acd

5. sanguinis ATCC 10556

Eluate (0.043 mM F7)

- Eluate (0.43 mM F) F
|

0.043 mM KF
0.43 mM KF

0 20 40 &0

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 10mM
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.

Please cite this article in press as: Nakajo K, et al. Fluoride released from glass-ionomer cement is responsible to inhibit the acid production of
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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 [X 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 into 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, 5i03~ and AI**, 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 production [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 fluoride 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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Abstract

This study evaluated acid production from cooked starch by
Streptococcus mutans, Streptococcus sobrinus, Streptococcus
sanguinis and Streptococcus mitis, and the effects of a-amy-
lase inhibitors (maltotriitol and acarbose) and xylitol on acid
production. Streptococcal cell suspensions were anaerobi-
cally incubated with various carbohydrates that included
cooked potato starch in the presence or absence of a-amy-
lase. Subsequently, the fall in pH and the acid production
rate at pH 7.0 were measured. In addition, the effects of add-
ing a-amylase inhibitors and xylitol to the reaction mixture
were evaluated. In the absence of a-amylase, both the fall in
pH and the acid production rate from cooked starch were
small. On the other hand, in the presence of a-amylase, the
pH fell to 3.9-4.4 and the acid production rate was 0.61-0.92
wmol per optical density unit per min. These values were
comparable to those for maltose. When using cooked starch,
the fall in pH by S. sanguinis and S. mitis was similar to that by
S. mutans and S. sobrinus. For all streptococci, a-amylase in-
hibitors caused a decrease in acid production from cooked
starch, although xylitol only decreased acid production by

S. mutans and S. sobrinus. These results suggest that cooked
starch is potentially acidogenic in the presence of a-amy-
lase, which occurs in the oral cavity. In terms of the acido-
genic potential of cooked starch, S. sanguinis and 5. mitis
were comparable to 5. mutans and §. sobrinus. «-Amylase in-
hibitors and xylitol might moderate this activity.

Copyright © 2009 5, Karger AG, Basel

Once the cariogenicity of monosaccharides and di-
saccharides were recognized [Scheinin et al., 1976], strat-
egies to prevent caries have included controlling the in-
take of these sugars and using nonfermentable sugar
substitutes. However, the cariogenicity of starch con-
tained in rice, wheat and potatoes, which are eaten fre-
quently not only as staple foods but also as snacks, has
yet to be determined [Glor et al., 1988; Lingstrom et al.,
2000].

Raw starch has been used in most animal experiments,
and results have demonstrated that raw starch is not car-
iogenic, as it cannot be easily degraded by salivary amy-
lase [Havenaar etal., 1984; Grenby, 1990]. It has also been
shown that oral bacteria such as Streptococcus mutans,
Streptococcus mitis and Actinomyces viscosus do not cause
afall in the pH due to raw starch [Ellen and Onose, 1978].
Furthermore, it has been reported that acid production
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from raw starch in the oral cavity is too small to be able
to demineralize the surfaces of the teeth [Brudevold et al.,
1985]. However, it is not realistic to consider evaluating
raw starch cariogenicity in modern society since cooked
starch rather than raw starch is used today, and cooked
starch is easily degraded by amylase.

In the animal experiments, cooked starch has been
shown to be noncariogenic in monkeys [Beighton and
Hayday, 1984, although it is cariogenic in rats [Firestone
etal., 1982, 1984]. The discrepancy for cooked starch car-
iogenicity may be due not only to the type of animal spe-
cies used, which involves saliva properties and bacterial
flora, but also the experimental conditions, such as the
quantity and frequency of intake and the physical prop-
erties of the foods, such as the food shape [Lingstrom et
al., 2000]. In humans, it has been reported that upon in-
take of cooked starch, dental plaque is able to lower the
pH to levels that allow enamel demineralization [Ling-
strom et al., 1994; Pollard, 1995; Lingstrom et al., 2000].
Thus, since starchy foods such as potato chips, popcorn
and rice crackers are now being consumed as snacks be-
tween meals around the world, it is necessary to evaluate
the acidogenic potential of cooked starch in human oral
bacteria, including mutans streptococci. Previous studies
[Clarkson et al., 1987; Duarte et al., 2008] suggested that
Streptococcus mutans produces acid from starch in the
presence of a-amylase.

Therefore, the present study attempted to evaluate the
acid production by representative oral streptococci when
exposed to cooked starch in the presence of salivary a-
amylase. In addition, a-amylase inhibitors, such as acar-
bose, maltotriitol and xylitol, were examined in order to
determine whether they can disturb the starch metabo-
lism of oral streptococci. Acarbose is an inhibitor of «-
glucosidases including a-amylase [Truscheit et al., 1981],
and is used as a medicine for diabetes by retarding the
digestion of carbohydrates and absorption of glucose
[Mérmann et al., 1983; Raimband et al., 1992], while
maltotriitol is an indigestible sugar alcohol known to in-
hibit the maltose metabolism of mutans streptococci
[Wursch et al., 1982].

Materials and Methods

Bacterial Strains

Streptococcus mutans NCTC10449, Streptococcus sobrinus
ATCC6715 were used as representatives of caries-related bacteria.
Streptococcus sanguinis ATCC10556 and Streplococcus mitis
NCTC3165, which represented non-mutans streptococci that are
predominant in dental plaque, were also used in this study.

Caries Res 2009;43:17-24

Culture Media

Basal culture medium (1 liter) contained 17 g of tryptone (Dif-
co Laboratories, Detroit, Mich., USA), 3 g of yeast extract (Difco)
and 5 g of NaCl. After autoclaving, 0.3% glucose and 14 mM
K,HPO, were added separately through a sterile membrane filter
(pore size 0.22 um; Pall Gelman Laboratory, Ann Arbor, Mich.,
USA). This medium was designated as a TYE culture medium.

Anaerobic Procedure

All the experiments for bacterial cultivation and metabolism
were conducted under strictly anaerabic conditions. The storage
and cultivation of bacteria were performed in an anaerobic cham-
ber (type NHC, gas phase: N3, 80%; H;, 10%; CO,, 10%; Hirasawa
Works, Tokyo, Japan). Preparation of bacterial cell suspensions
and bacterial metabolism experiments were carried out in an-
other anaerobic chamber (type NH, gas phase: N;, 90%; H;, 10%;
Hirasawa Works). During centrifugation outside of the anaerobic
chamber for harvesting and washing, the bacterial cells were pro-
tected from exposure to air by double-sealed centrifuge tubes
(Kubota Commercial Affairs, Tokyo, Japan) [Miyasawa et al,
2003]. To remove oxygen, culture media and solutions were kept
in the anaerobic chambers for at least 3 days prior to use, while
powdered reagents and experimental instruments were placed in
the anaerobic chamber for at least 1 day prior to use.

Bacterial Growth Conditions

The bacterial strains, which were cultured on blood agar plates
and stored at 4°C in the anaerobic chamber, were inoculated into
8 ml of TYE culture media, and then incubated anaerobically at
37°C overnight. The bacterial suspension was subcultured in an-
other 100 ml of TYE culture medium overnight, and then further
cultured in 800 ml of TYE culture medium. Bacterial growth was
monitored by measuring the optical density at 660 nm with a
spectrophotometer (model UV-160, Shimadzu, Kyoto, Japan).
The cells were harvested at the early exponential phase of growth
by centrifugation (6,500 g for 15 min at 4°C). The cells were
washed twice with 2 mM potassium phosphate buffer solution
(pH 7.0) containing 150 mM KCland 5 mm MgCl, (4°C). Washed
cells were finally resuspended in the same solution at a concentra-
tion of 1.9 mg dry weight of cells per ml. The cell suspensions were
stored at 4°C under anaerobic conditions until the following ex-
periments were performed.

Preparation of Starch Solution and Salivary a-Amylase

Starch powder prepared from cooked potatoes (Wako Pure
Chemical Industries, Osaka, Japan) was suspended in deionized
water at a concentration of 5%, and heated at 95°C for 15 min. To
remove small oligosaccharides that coexisted in the starch solu-
tion, the solution was place in a cellulose tube (Viskase Sales, Wil-
lowbrook, Ill., USA) and dialyzed against deionized water.

Human stimulated saliva was collected from 2 people. The
samples were centrifuged and then filtered through a membrane
filter, pore size 0.20 um (Advantec, polypropylene; Toyo Roshi,
Tokyo, Japan). The saliva samples were stored at 4°C and used
within 1 h, The a-amylase activity in the saliva was measured by
using an assay kit (amylase test, Wako). Commercially available
human salivary a-amylase (type VIII-A, Sigma, Tokyo, Japan)
was suspended in deionized water at the same enzymic activity.
In the following experiments, the salivary a-amylase solution was
used.
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Fig. 1. The pH fall by the acid production
from various sugars and cooked starch for —— Glucose —0— Sucrose  —&— Maltose ~ —— Starch  —O— Starch + amylase

20 min. The results were similar among 3
independent experiments.

Measurement of pH Fall and Acid Production

Cells suspended in 2 mM potassium phosphate buffer solution
{pH 7.0) containing 150 mM KCl and 5 mm MgCl; as described
above (2.70 ml) were preincubated at pH 7.0 and 35°C for 4 min
by titration with 60 mM KOH using a pH stat (Auto pH Stat; mod-
el AUT-211S, Toa Electronics, Tokyo, Japan) with a magnetic stir-
rer. The reaction was started in the cell suspensions by addition
of a mixture (0.30 ml) containing 0.5% glucose, maltose, sucrose
or cooked starch in the presence of 0.10 ml of a-amylase solution
or deionized water. The pH fall from the initial pH 7.0 was moni-
tored for 20 min by using a pH electrode without pH titration, The
acid production rate was monitored at pH 7.0 for 10 min by using
an automatic pH titration. The experiments were carried out 3
times independently.

Analysis of Acidic End Products from Various Sugar

Fermentations

At 10 min after the addition of various sugars in the pH titra-
tion experiment, the cell suspensions (1.00 ml) were sampled and
mixed immediately with 0.10 ml 6 N perchloric acid. The resultant
mixtures were brought out from the anaerobic chamber and fil-
tered (pore size 0.20 um; Advantec, polypropylene) to remove cell
debris. The cell-free filtrates were diluted with 0.2 N HCI and
stored at 4°C for the assay of acidic end products. Acidic end
products, which included lactic, acetic, formic and pyruvic acids,
were quantified with a carboxylic acid analyzer (model Eyela S-
3000X, Tokyo Rikakikai, Tokyo, Japan), as described previously
[Takahashi et al., 1987].

a-Amylase and Streptococcal Acid
Production from Starch

Effects of Acarbose, Maltotriitol and Xylitol

Asa-amylase inhibitors, acarbose (LKT Laboratories, St. Paul,
Minn., USA) and maltotriitol (a gift from Mitsubishi Foodtech,
Tokyo, Japan) were examined. Furthermore, we also used xylitol
(Wako), which is known to be non-fermentable by oral bacteria
[Ghring et al., 1974; Trahan, 1995} and to disturb the sugar me-
tabolism of the mutans streptococci [Kakuta et al., 2003; Miyasa-
wa et al,, 2003]. In addition, we used an assay kit (amylase test,
Wako) to determine whether acarbose, maltotriitol and xylitol
could inhibit a-amylase activity.

Statistical Analysis

All numerical data are given as means * standard deviations.
Comparison between substrates was made by the one-way repeat-
ed-measures ANOVA, and significance was examined by the
Scheffé post hoc test. Statistical analysis was performed using
StatFlex software version 5.0 (Artech, Osaka, Japan). Differences
were considered significant at the level p <0.05.

Results

pH Fall in Cell Suspensions

After addition of glucose and sucrose to S. mutans sus-
pensions there was a rapid fall in pH, which reached 3.58
at 20 min (fig. 1). While the pH fall from cooked starch
in the absence of a-amylase was negligible, in the pres-
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Table 1. Acid production rate from various sugars and cooked starch by streptococcal cells

Strains Substrate

glucose

starch +
amylase +
maltotriitol

starch +
amylase +
xylitol

S. mutans

Acid production rate, pmol/min/mg
Glucose rate, %

Starch + amylase rate, %

0.872£0.43
100*

0.78%0.35
W2

0.62+0.26 0.09+0.02
7345b

0.69%0.28
81 +6°
100

0.19%0.03 0.20%0.06 022%0.03

1*2
52120

3gx1b 43170

S. sobrinus

Acid production rate, wmol/min/mg
Glucose rate, %

Starch + amylase rate, %

1.17£0.12
100*

1.01 £0.06
87+ 4b

0.58 £0.08
49+ 4°

0.05+0.01
404

0.61+0.08 0.18+0.03
52%4°

100*

0.39%0.10 0.42+0.07

30£6" 65+12% 7050

S. sanguinis

Acid production rate, umol/min/mg
Glucose rate, %

Starch + amylase rate, %

0.89£0.25
100®

0.76 £0.27
85%6°

0.61£0.22
67 £ 16

0.30£0.21
R2+17t

0.92+0.31
103+5°
100

0.27+0.09 0.64+0.19 0.96%0.32

3040 70+09 837"

5. mitis

Acid production rate, wmol/min/mg
Glucose rate, %

Starch 4+ amylase rate, %

047 £0.03 0.51£0.03
100* 108 £12*

0.52+0.03
111x]2¢

0.09+0.02
206

0.61 £0.05
1310
100*

0.17+0.02 027+0.17 0.56=0.06

27£3° 2+£26" 913

Data presented are means *+ SD for 3 experiments. Acid production rates from all the substrates with and without inhibitors were

statistically analyzed in the same group.

A set of experiments was performed with the different substrates at the same time using the same culture of bacteria.
Data with different superscript letters in the same row are statistically different (p < 0.05).

ence of a-amylase the pH fall was almost equal to that
from maltose, which reached 3.80 at 20 min. The pH val-
ue at 20 min observed for both glucose and sucrose was
significantly larger (p < 0.01) than that for maltose and
cooked starch in the presence of a-amylase. Similar re-
sults were obtained for S. sobrinus, with the exception
that the pH fall noted with cooked starch in the presence
of a-amylase was a little larger than that for maltose.
On the other hand, the pH values at 20 min after the
addition of glucose, sucrose and maltose to S. sanguinis
suspensions were 3.95, 4.25 and 4.00, respectively, with
none of the differences exhibiting significance. In the ab-
sence of a-amylase, an obvious pH fall was observed for
the cooked starch, though it was smaller than that ob-
served for glucose, sucrose and maltose. In the presence
of amylase, the pH fall was closer to that observed for glu-
cose, sucrose and maltose. Similar results were obtained
in S. mitis with the exception that the pH fall noted for
cooked starch in the absence of a-amylase was negligible,
while the pH fall for cooked starch in the presence of
w-amylase was comparable to the other carbohydrates.

20 Caries Res 2009:43:17-24

The Rate of Acid Production by Cell Suspensions at

pH7.0

With the rate of acid production from glucose regard-
ed as being 100%, the rates for sucrose, maltose and
cooked starch in the absence of a-amylase by S. mutans
were 90 £ 2,73 £ 5and 11 % 2%, respectively (table 1).
In the presence of a-amylase, the acid production from
cooked starch was 81 * 6%, which was almost the same
as seen for maltose. Similar results were obtained for
S. sobrinus.

Similarly, the acid production rates for cooked starch
observed in 8. sanguinis and S, mitis were increased by
the presence of a-amylase and exceeded those seen for
glucose, sucrose and maltose,

Acidic End Products

For S. mutans, approximately one half of the total
amount of the acidic end products from glucose and su-
crose was lactic acid. In contrast, there was a low propor-
tion of lactic acid in the acidic end products from cooked
starch, which was the same for maltose (fig. 2). Similar
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results were obtained in S. sobrinus, S. sanguinis and
S. mitis (data not shown).

Effects of a-Amylase Inhibitors and Xylitol on pH Fall

and Acid Production Rate from Cooked Starch

The addition of 1 mMm acarbose inhibited the pH fall
from cooked starch in the presence of a-amylase (fig. 3).
While 60 mM maltotriitol also inhibited the pH fall, the
inhibitory effect was lower than that seen for 1 mM acar-
bose. In S. mutans and S. sobrinus, 60 mM xylitol moder-

a-Amylase and Streptococcal Acid
Production from Starch

ately inhibited the pH fall, while no effect was observed
with S. sanguinis and S. mitis.

Acarbose, maltotriitol and xylitol inhibited the acid
production rate of S. mutans from cooked starch in the
presence of a-amylase (table 1). Similar results were ob-
tained in S. sobrinus. While acarbose and maltotriitol in-
hibited the acid production by S. sanguinis and S. mitis,
xylitol only had a small effect.

While acarbose and maltotriitol only had small inhib-
itory effects on the acid production rates by S. mutans

Caries Res 2009;43:17-24 21
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from glucose (5 = 6%, 4 £ 4%, respectively), sucrose (16
+ 13%, 4 * 4%, respectively) and maltose (8 + 2%, 10
* 1%, respectively), xylitol efficiently inhibited the acid
production from glucose (21 * 10%), sucrose (31 * 9%)
and maltose (47 £ 5%). S. sobrinus exhibited similar re-
sults. In addition, S. sanguinis and S. mitis showed similar
results except that xylitol had no inhibitory effect (data
not shown).

Effects of Acarbose, Maltotriitol and Xylitol on

a-Amylase Activity

There were 87 and 32% inhibitions of a-amylase activ-
ity (619 Caraway unit) by 1 mMm acarbose and 60 mm
maltotriitol, respectively. Xylitol, however, exhibited no
inhibitory effect on a-amylase activity.

Discussion

It is known that a-amylase hydrolyzes cooked starch
mainly to maltose and maltotriose in addition to various
other low-molecular-weight dextrins [Mérmann and
Miihlemann, 1981; Kashket et al., 1996]. Oral streptococ-
ci are known to possess a multiple sugar transport system
that transports low-molecular-weight dextrins into cells
[Russell et al., 1992; Tao et al., 1993]. This allows for the
cells to grow by utilizing maltotriose, maltotetraose,
maltopentaose and maltohexaose [Glor et al., 1988; Rus-
sell et al., 1992; Tao et al.,, 1993]. In the present study, the
acid production from cooked starch in the presence of
a-amylase tended to be higher than that observed for
maltose (table 1, fig. 1), suggesting that the oral strepto-
cocci incorporate low-molecular-weight dextrins derived
from cooked starch more efficiently than maltose, and
are thus able to convert them into acids.

S. sanguinis was the only strain that showed both a pH
fall and acid production from cooked starch in the ab-
sence of a-amylase, suggesting that this strain possesses
an extracellular «-glucosidase activity, but this activity
was much smaller than that observed for the salivary «-
amylase. This result supports a previous study that some
oral streptococcal strains have a-amylase activity [Glor
et al., 1988].

Both the pH fall and the acid production from glucose
and sucrose by S. mutans and S. sobrinus exceeded those
by S. sanguinis and S. mitis (table 1, fig. 1). This clearly
indicates that mutans streptococci are more acidogenic
than the non-mutans streptococci. However, with cooked
starch in the presence of a-amylase, S. sanguinis and S.
mitis were acidogenic as compared to S. mutans and §.
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sobrinus. These results suggest that there is involvement
of non-mutans streptococci in the cariogenic potential of
cooked starch.

The main end products from maltose and cooked
starch are formate and acetate, while lactate is the main
end product from sucrose and glucose (fig. 2), suggesting
that there is a difference in metabolic regulation between
maltose/cooked starch and sucrose/glucose. Oral strepto-
cocci metabolize carbohydrates to pyruvate through the
Embden-Meyerhof-Parnas pathway, and convert pyru-
vate into lactate via lactate dehydrogenase. This enzyme
is activated by fructose 1.6-bisphosphate (FBP), one of the
glycolytic intermediates [Brown and Wittenberger, 1972;
Yamada and Carlsson, 1975]. Intracellular accumulation
of FBP has been observed during streptococcal glucose
and sucrose metabolism [Yamada and Carlsson, 1975],
which explains the lactic acid production observed dur-
ing glucose and sucrose metabolism. The profile of intra-
cellular glycolytic intermediates during maltose and
cooked starch metabolism might be different, i.e. there
might be low levels of intracellular FBP present, and, if
s0, pyruvate would be converted into formate and acetate
by a series of reactions initiated by pyruvate formate lyase
instead of by lactate dehydrogenase [Abbe et al., 1982].
This speculation may explain the observation that acetate
and formate accumulated with lactate in the retained
particles of starchy food (potato chips) in the dentition
[Kashket et al., 1996], while only lactate increased after
sucrose intake [Gao et al,, 2001]. It is suggested that high
pK, acids, such as acetic acid, diffuse efficiently in the
unionized form into the tooth surface layer [Featherstone
and Rodgers, 1981; Geddes et al., 1984]. If there was then
dissociation of the unionized acetic acid, this could result
in the release of protons inside the tooth, thereby promot-
ing the formation of subsurface demineralization [Feath-
erstone and Rodgers, 1981].

In the current study, 1 mm acarbose effectively inhib-
ited the metabolism of cooked starch by oral streptococci,
particularly by the mutans streptococci, while 60 mMm
maltotriitol only moderately inhibited the metabolism
(table 1, fig. 3). Since acarbose and maltotoriitol did not
inhibit streptococcal sugar fermentation by themselves,
but only exhibited inhibition when a-amylase was pres-
ent, the inhibitory effects can be considered to be indirect
and occur mainly through a-amylase inhibition. Acar-
bose has been reported to inhibit the incidence of caries
in rats fed a processed starch diet [Mérmann et al., 1983],
while maltotriitol has been reported to inhibit acid pro-
duction in human dental plaque in the presence of saliva
[Wursch and Koellreutter, 1982]. Thus, it is possible that
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a-amylase inhibitors such as acarbose and maltotriitol
are capable of moderating starch cariogenicity in hu-
mans.

The acarbose inhibition in S. sanguinis was weaker
than for the other streptococci. This could possibly be at-
tributed to the starch-degrading activity of S. sanguinis
(fig. 1), which might tolerate acarbose. Meanwhile, xylitol
inhibited the starch metabolism by the mutans strepto-
cocci through a direct inhibition of bacterial glycolysis. It
has been reported that xylitol is incorporated into mutans
streptococci as xylitol 5-phosphate and inhibits several
intracellular glycolytic enzymes including glucose phos-
phate isomerase and phosphofructokinase, which leads
to inhibition of glycolysis [Trahan, 1995; Miyasawa,
2003]. Xylitol did not inhibit starch metabolism of the
non-mutans streptococci, as xylitol has no effect on either
the glycolysis of the non-mutans streptococci [Vadebon-
coeur et al., 1983] or the activity of a-amylase as shown
in the present study.

In conclusion, the present study clearly showed that
cooked starch in the presence of salivary a-amylase was
a potential source of acids that could be produced by oral
streptococci. In addition, non-mutans streptococci as
well as mutans streptococci can be significant acid pro-
ducers from cooked starch since they have similar acido-
genicity. The acidogenicity might be controlled by c-am-
ylase inhibitors and xylitol.
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