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Abstract
The purpose of this study was to evaluate the combined
inhibitory effect of fluaride and xylitol on acid produc-
tion by mutans streptococci, Streptococcus mutans
NCTC10449 and Streptococcus sobrinus 6715, from glu-
cose under strictly anaerobic ¢onditions at fixed pH 5.b
and 7.0. The bacteria were grown in a tryptone-yeast ex-
tract broth under strictly anaerobic conditions (N»: 80%;
Hs: 10%; CO4: 10%). Reaction mixtures for acid produc-
tion from glucose contained bacterial cells with fluoride
(0-6.4 mM) and/or xylitol (60 mM). Acidic end products
of glucose fermentation and intracellular glycolytic inter-
mediates were assayed. The combination of fluoride and
xylitol inhibited acid production more effectively than
fluoride or xylitol alone. In the presence of fluoride and
xylitol, the praportion of lactic acid in the total amount
of acidic end products decreased, while the propartion
of formic and acetic acids increased. Analyses of intra-
cellular glycolytic intermediates revealed that xylitol in-
hibited the upper part of the glycolytic pathway, while
fluoride inhibited the lower pari. This study indicates that
fluoride and xylitol together have synergistic inhibitory
effects on the acid production of mutans streptococci
and suggests that xylitol has the potential to enhance
inhibitory effects of low concentrations of fluoride.
Copyright @ 2005 S. Karger AG, Basel

Both fluoride and xylitol have been widely used as car-
iostatic agents. Fluoride inhibits the acid production and
growth of oral bacteria such as the cariogenic bacteria
mutans streptococei [Kashket et al., 1977; Hamilton and
Ellwood, 1978; van Houte, 1980; Okuda and Frostell,
1982; Marsh et al., 1985; Zameck and Tinanoff, 1987],
particularly under anaerobic conditions [Hata et al.,
1990]. The effects on streptococcal celis of fluoride are
partly ascribed to the inhibition of enolase, one of the se-
ries of glycolytic enzymes [Jenkins, 1999]. This inhibition
decreases the intracellular level of phosphoenolpyruvate
(PEP), and thus decreases bacterial sugar uptake via PEP-
dependent phosphotransferase system (PEP-P'TS) [Jen-
kins, 1999]. In addition, fluoride can directly inhibit bac-
terial proton-translocating ATPase (H"-ATPase) that is
considered to partly contribute to the exeretion of proton
out of the cells, leading to the acidification of intracellular
pH. The dissociation of unionized hydrofluoric acid into
H* and F~ in the cells also promotes intracellular acidifi-
cation [Jenkins, 1999]. This intracellular acidification
can further reduce bacterial metabolic activity.

Kylitel is a valuable sugar alcohol for caries prevention
[Scheinin et al., 1976; Trahan, 1995] because the major-
ity of oral bacteria, including mutans streptococei, do not
ferment it [Birkhed et al., 1985]. Xylitol is taken into the
cells and phosphorylated to xylitol-5-phosphate (X5P) by
PEP-PTS [Assev and Rélla, 1984; Trahan et al., 1985;
Trahan, 1995). Since X 5P cannot be metabolized further
[Hausman et al., 1984; Assev and Roélla, 1986], the intra-
celtularly accumulated X5P inhibits glycolytic enzymes
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such as phosphoglucose isomerase (PGI) and phospho-
fructokinase (PFK) and subsequently represses sugar me-
tabolism [Assev et al., 1983; Vadeboncoeur et al., 1983;
Assev and Rélla, 1986, Bradshaw and Marsh, 1994], Af-
ter that, the X5P can be dephosphorylated into xylitol and
excreted out of the cells [Trahan et al., 1991]. In this ‘fu-
tile cycle’ [Assev and Rélla, 1986], the bacterial cells are
forced to waste energy and their growth is obstructed as
a result [Mékinen and Scheinin, 1976; Assev et al., 1980,
1983; Vadeboncoeur et al., 1983; Loesche, 1984; Assev
and Rélla, 1986; Bradshaw and Marsh, 1994].

Since both fluoride and xylitol have mbhibitory effects
on sugar metabolism of mutans streptococei as stated
above, using them together in clinical situations is ex-
pected to inhibit acid production of mutass streptococci
effectively. Scheie et al. [1988] demonstrated the com-
bined inhibitory effect of fluoride and xylitol on the
growth of mutans streptococei and suggested the inhibi-
tory step of glucose metabolism. Moreover, Rogers and
Bert [1992] showed the possibility that xylitol enhances
the inhibitory effect of fluoride on mutans streptococei
growing in continuous culture. However, the biochemical
mechanism of the fluoride and xylitol combination on
dental plaque bacteria has not been elucidated yet.

Therefore, this study aimed to evaluate the combined
inhibitory effect of fluoride and xylitol on the acid pro-
duction of mutans streptococcei from glucose under strict-
ly anaerobic conditions like those of dental plaque with
a pH-stat that can exactly keep the constant pH of reac-
tion mixtures, Furthermore, we attempted to elucidate
the biochemical mechanism by analyzing the profiles of
intracellular glycolytic intermediates.

Materials and Methods

Bacterial Strain

Streptococcus muitans NCTC10449 and Streptococcus sobrinys
6715 were used in this study.

Anaerobic Procedure

All the experiments for bacterial coltivation and metabolism
were conducted under strictly anaerobic conditions [Yamada and
Carlsson, 1975]like those of the deep layers of mature dental plague
[Ritz, 1967; Kenney and Ash, 1969, Katayama et al., 1975], which
ate closely associated with causation of dental caries. The storage
and cultivation of bacteria were performed in an anaerobic cham-
ber (type NHC, gas phase: N, 80%; Hy, 10%; CO,, 10%, Hirasawa
Works, Tokyo, Japan). Preparation of bacterial cell suspensions
and the bacterial metabolism experiments were carried out in an-
other anaerobic chamber (type NH, gas phase; No, 90%; H,, 10%,
Hirasawa Works). During centrifugation outside the anaerobic
chamber for harvesting and washing, the bacterial cells were pro-
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tected from exposure te air by double sealed centrifuge tubeg
(Kubota Commercial Affairs, Tokyo, J apan) [Miyasawa et al,,
2003]. To exclude oxygen, growth media and solutions were plagegd
in the anaerobic chambers for at least 3 days prior to use, while
powdered reagents and experimental instruments were placed i
the anaerobic chamber for a( least 1 day prior to use.

Bacterial Growth Conditions

The bacterial strains, cultured on blood agar plates and stored
at 4°C in the anaerobic chamber, were inoculated into 5 ml of tryp-
tone-yeast extract (TYE; pH 7) broth containing 1.7% tryptone
{Difco, Detroit, Mich., USA), 0.3% yeast extract (Difco), 85.5 mas
NaCl, 4.4 mM dipotassium phosphate and 11.1 mas glucose, and
incubated anaerobically at 37°C overnight. The bacterial suspen-
sion was subcultured into another 100 ml of TYE broth (inoculum
size 5%) for 12 &, and then farther cultured into 800 m! of TYE
broth (inoculum size 5%). Bacterial growth was monitored by opti-
cal density at 660 nm of aliquots from the culture using a spectro-
photometer (model UV-160 Shimazu, Lid., Kyoio, Japan), The
cells were harvested at the early exponential phase of growth by
centrifugation (10,000 g for 10 min at 4°C). The cells were washed
twice with a solution containing 150 mM KCl and 5 mM MegCl,
(4°C) by centrifugation (13,000 g for 8 min at 4°C) and the washed
cells were finally resuspended in the same solution. The cell suspen-
sion was adjusted to 2.7 mg dry weight cells per milliliter and stored

at 4°C under anaercbic conditions until the following experi-
ments.

Acid Production from Glucose in the Presence of Fluoride and/

or Xylitol

The reaction mixture contained bacterial cells (0.9 mg diy
weight cells), 150 mM KCl and 5 mM MgCl in 2 mM potassium
phosphate buffer (pH 5.5 or 7.0}. Potassium fluoride {0-6.4 mAq},
xylitol (60 mA4) or both were added into the reaction mixtures. The
controf reaction mixture contained no flnoride or xylitol, The reac-
tion mixture was maintained at pH 5.5 or 7.0 by titration with
60 mM KOH using a pH stat (AUTO PHSTAT; model AUT-2118,
TOA Electronics, Tokyo, Japan) with agitation by a magnetic stir-
rer, and then preincubated at 35°C for 4 min, The reaction was
started by the addition of 10 ms glucose,

Analysis of Carboxylic Acids from Glucose Fermentation

Lactic, formic and acetic acids were assayed following the meth-
od of Takahashi et al, [1987], At 10 min after the addition of glu-
cose, aliquots of the reaction mixture of § muzgns NCTC 10449
were sampled and immediately mixed with 0.6 ¥ perchloric acid.
The resultant mixture was brought out from the anaerobic cham-
ber, filtered to remove cell debris through a membrane filter (pore
size 0.20 pm; Advantec, polypropylene, Toyo Roshi Ltd., Tokyo,
Japan), diluted with 0.2 N HCl and assayed with a carboxylic acid
analyzer (model Evela S-3000, Tokyo Rika Co. Ltd., Tokyo, Ja-
pan).

Determination of Glveolytic Intermediates

Glycolytic intermediates were extracted from cells following the
method of Twami et al. [2001], The cells of S, mutans NCTC 10449
were collected by filtering 3.0 ml of reaction mixture through a
membrane filter (pore size 0.45 pm; Acrodisc, polyethersulfone,
Pall Gelman Laboratory, Ann Arbor, Mich., USA)at 0,2, 4 and
6 min after the addition of glucose. The elycolytic intermediates
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were immediately extracted by passing 2.0 ml of 0.6 N perc:,hloric
acid through the filter, The filter was filtered twice be:sides w1t1} the
same perchloric acid solution to extract glycolytig mtermec.hates
fully, The extracts were neutralized to pH of 6.0 using 1 A trietha-
nolamine-HCI and 5 M K;CO4 with chilling at 4°C, and filtered
through another membrane filter (pore size 0.20 pm; Advantec;,
polypropylene, Toyo Roshi 1td., Tokyo, Japan) to remove sedi-
ment. The neutralized exiracts were stored at 4°C until assayed.
Glycolytic intermediates in the cell extracts were determined at
35°C by the fluorometric methods of Maitra and Estabrook [1964]
and Takahashi et al. [1991] with some modifications. A fluores-
cence spectrophotometer (model CAF-110, Jasco (?org., Tol(y‘o, _Ja-
pan) was used with a slit width of 10 am and excitation/emission
wavelengths of 340/470 nm. The assay mixture for gll}cose 6-phos-
phate (G6P) and fructose 6-phosphate (F6P) contained 20 mM
triethanolamine hydrochloride-NaOH buffer (TA buffer, pH 7.5),
0.06 mM NADP and the cell extract. The amounts of G6P were
determined from the increase of NADPH after the addition of
0.6 U/ml glucose 6-phosphate dehydrogenase (EC 1.1.1.49), After
NADPH increase reached a plateau, 3.3 U/ml phosphoglucose
isomerase {EC 5.3.1.9) was added, and the amount of F§P was then
determined from the subsequent increase of NADPH., The assay
mixture for dihydroxyacetone phosphate (DHAP), glyceraldel'lyde
3.phosphate (G3P) and fructose 1,6-bisphosphate (FBP) contained
20 mM TA buffer, 0.5 mM ethylenediamine tetraacetate, 7.5 mif
NADH and the cell extract. Glycerol 3-phosphate dehydrogenase
(EC 1.1.1.8; 0.85 U/ml), triose phosphate isomerase (EC 5.3.1.1;
23 U/mlyand aldolase (EC 4.1.2.13; 0.23 U/ml) were added sequen-
tially to determine the amounts of DHAP, G3P and FBP from the
respective decrease of NADH. The assay mixture for 3-phospho-
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glycerate (3PG) and 2-phosphoglycerate (2PG) contained 20 mid
TA buffer, 2 mAM cysteine, 1.5 mM MgCly, 1.5 mM ATP, 0.0l mM
NADH and the cell extract. Glyceraidehyde 3-phosphate dehydro-
genase (EC 1.2.1.12; 2.5 U/ml), 3-phosphoglycerate kinase (EC
2.7.2.3; 8.4 U/ml) and phosphoglycerate mutase (EC 5.4.2.1;
4.5 U/ml) were added sequentially to determine the amounts of
3PG and 2PG from the respective decrease of NADH., The assay
mixture for PEP and pyruvate (PYR) contained 20 maA TA buffer,
10 mM KCl, 5 mM MgCly, 0.5 mM ADP, 5 pM NADH and the
cell extract. Lactate dehydrogenase (EC 2.7.1.40; 3.5 Usml) land
pyruvate kinase (EC 1.1.1.27; 2.4 U/ml) were added sequenna.]ly
to determine the amounts of PYR and PEP from the respective
decrease of NADH.

Statistical Analysis . .

All numerical data were given as means with standard devia-
tions. Statistical significance was assessed using ANOVA and Dun-
nette test. Differences were considered significant at the level p <
0.05.

Results

Acid Production from Glucose in the Presence of

Fluoride and/or Xylitol

In the presence of fluoride, the acid production by S.
mutans NCTC10449 from glucose for 10 min decreased
at both pH 7.0 and 5.5. The decrease of acid production

Caries Res 2005;39:521-528 523




S. mutans NCTC10449
3T cnnte L7
S Control & F
i Bk .
g . .
£ _
- Al al
8 -
B3 3+
3
go]
o 2f 2
[» X f.
<L ’ o .
i i i 0 " 1, 1 i 1

(=]

i r :
X F+X
B[ ) er . .
5_' 5F
4ar 4

[=]

2 -4 - 6B 8B 10 0 24 6 8

'S. sobr‘imfs 6715

= 77 _ . LN _ 7 )
S Control - F. X F+X
o . : . J 6 6l 6 : '
o g5k [ |
EE 5 . 5
*é4- 4 a4 7 4
Sl 3 i
E 3 3
C 2 2 L
o 2 2
=
-5_,1- 1 17 1

a i I fal 1 1 0 r ] i] o

¢ 2 4 6 B 10 0 . 2 4 6 8 10 o 2 4 6 .8 10 "0

min

Fig. 2. Effect of fluoride and/or xylitol on the acid production curves of the cells of S. mutans NCTC 10449 and
S. sobrinus 6715 after addition of 10 mA glucose at pH 7.0. F = 1.6 and 2.4 mM fluoride alone for S, mutans and
S. sobrinus, respectively; X = 60 mAM xylitol alone; F + X = fluoride plus xylitol. The data represent three inde-
pendent experiments. The results were similar among three independent experiments.

was dose-dependent (fig. 1). At pH 7.0, 2.4 mM fluoride
was required to reduce acid production by 50% or more,
while only 0.35 mM fluoride had a similar effect at
pH 5.5. Similar results were obtained in S, sobrinus 6715
(fig. 1).

The inhibition of acid production by fluoride was en-
hanced in the presence of xylitol. At pH 7.0, the acid pro-
duction by S. mutans decreased by 21.7% in the presence
of 1.6 mM fluoride alone and by 8.9% in the presence of
60 mA xylitol alone, while the acid production was de-
creased by 58.4% in the presence of a combination of
1.6 mM fluoride and 60 mAM xylitol. The enhanced inhibi-
tion caused by the addition of xylitol was also observed
at pH 5.5, with 16.3% inhibition in the presence of
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0.3 mM fluoride alone and 80.1% inhibition by the com-
bination of 0.3 mM fluoride plus 60 mM xylitol. A simi-
lar inhibition by the combination of fluoride and xylitol
was observed in S. sobrinus 6715.

In the absence of fluoride or xylitol, the acid produc-
tion by S. mutans NCTC 10449 started immediately after
the addition of glucose and gradually slowed down (fig. 2,
control). In the presence of xylitol alone (fig. 2, X), no acid
production was detected for about 1 min after the addi-
tion of glucose. Once it started, the acid production pat-
tern was similar to the control, though the acid produc-
tion rate was slower, In the presence of fluoride (fig. 2, F)
and the combination of fluoride and xylitol (fig. 2, F + X),
the acid production was very low right after the addition

Maehara/lwami/Mayanagi/Takahashi

Fig. 3. Effect of fluoride and/or xylitol on
the production of acidic end products from
10 mAd glucose for 10 min by the cells of S.
muitans NCTC 10449 at pH 7.0. Left =
Amounts of acidic end products; right =
profiles of acidic end products, F= 1.6 mAf
fluoride alone; X = 60 mAd xylito! alone;
F + X = fluoride plus xylitol. The data are

-0
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the means of three independent experi-
ments. Error bars indicate standard devia-
tions from three independent experiments.
* Significant difference from control (p <
0.05).
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of glucose and increased gradually and became nearly
constant by 10 min, Similar inhibitory effects of fluoride
and xylitol were observed in S. sobrinus 6715.

Production of Carboxylic Acids from Glucose in the

Presence of Fluoride and/or Xylitol

The effects of fluoride and xylitol on the formation of
acidic end products from glucose and the profile of intra-
cellular glycolytic intermediates were evaluated at a fluo-
ride concentration of 1,6 mAM and pH 7.0 using S. mutans
NCTC 10449, where the combined effect of fluoride and
xylitol was evident. The total amount of carboxylic acids
(sum of lactic, formic and acetic acids) produced by §.
mutans NCTC10449 at pH 7.0 for 10 min was 4.49 nmol/
mg of cells in the control, while those in the presence of
fluoride alone and xvylitol alone were 3.75 and 4.27 nmol/
mg of cells, respectively, In the presence of fluoride
and xylitol combined, the total amount decreased to
2.23 nmol/mg of cells (fig. 3). These results showed that
the combination of fluoride and xylitol was more effective
in inhibiting the acid production than fluoride or xylitol
alone, similar to the results of acid production rate ob-
tained by pH stat (fig. 1), In addition, lactic acid as a pro-
portion of the total amount of carboxylic acids decreased,
while the proportion of formic and acetic acids increased
in the presence of xylitol alone. A similar result was ob-
served in the presence of a combination of fluoride and
xylitol (fig. 3, right).

Profile of Intracellular Glycolytic Intermediates in the

Presence of Fluoride and/or Xylitol

In the presence of fiuoride alone, the levels of FBP and
PYR were lower and the levels of 3PG and 2PG were

Combination of Fluoride and Xylitol on
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higher than those in the control during glucose fermenta-
tion (fig. 4). In contrast, in the presence of xylitol alone,
the levels of glvcolytic intermediates except PYR were
mostly lower. Moreover, in the presence of the combina-
tion of fluoride and xylitol, the levels of G6P through G3P
were similar to those in the presence of xylitol alone, while
the levels of 3PG through PYR were similar to those in
the presence of fluoride alone (fig. 4).

At 0 min (just before glucose addition), the control
cells had low levels of glycolytic intermediates, except
3PG, 2PG and PEP (the intermediates which comprise
the ‘PEP potential’ for sugar uptake into cells [Thompson,
19779]). The levels of these ‘PEP potential’ intermediates
(3PG, 2PG and PEP) at 0 min in the presence of fluoride
alone were twice as high as those of the control, while the
levels of those were negligible in the presence of xylitol
alone. The level of ‘PEP potential’ in the combination of
fluoride and xvlitol was close to the control at 0 min,
though PEP was not detected (fig. 4).

Discussion

Acid production from glucose by mutans streptococei
was inhibited in the presence of fluoride or xylitol as pre-
viously reported [Kashket et al., 1977; Hamiiton and Ell-
wood, 1978; Assev et al, 1983; Vadeboncoeur et al.,
1983; Marsh et al,, 1985; Bradshaw and Marsh, 1994].In
addition, this study has demonstrated that the inhibitory
effect was enhanced by a combination of fluoride and xy-
litol. This is consistent with previous results for combined
effects of fluoride and xylitol on the growth of mutans
streptococei [Scheie et al., 1988; Rogers and Bert, 1992].

Caries Res 2005;39:521-528 5235




DHAP [
Gap §
PG

2PG |

GeP G6P
1 0 mjn
= 2 min
FeP F6P = 4 in
o = 5 min
FEP e Fop FEp Rk
DHAP [ DHAP
G3P E G3P @
PG g, 3PG
I3
2PG |4 2PG
K
Control PEP |1 X PEP |1 F+X
PYR i“; PYR
0O 20 40 60 8 100 D 20 40 60 B0 100 0 20 40 60 80 100 80 100

Glycolytic intermediates  (nmol/mg cells}

Fig. 4. Effect of flucride and/or xylitol on the levels of glycolytic intermediates of the cells of S, mutans NCTC
10449 during glucose fermentation. The levels of glycolytic intermediates at 0, 2, 4, and 6 min after addition of
10 md glucose to the cells S. mutans NCTC 10449 in the presence of 1.6 mA fluoride and/or 60 mM xylitol.
F = 1.6 mM fluoride alone, X = 60 mAM xylitol alene; F + X = fluoride plus xylitol. Error bars indicate stan-
dard deviations from three independent experiments. Significant difference from control (* p < 0.05; ** p < 0.01;
*** p < 0.001). # = Not detected. The data are the means of three independent experiments,

Moreover, percent inhibition by combination of fluoride
and xylitol was larger than the sum of percent inhibition
by fluoride alone and percent inhibition by xylitol alone,
indicating that the combined effect was synergistic
(fig. 1, 2).

The observation that fluoride did not change the pro-
file of end products while xylitol decreased the proportion
of lactic acid implies a difference in inhibitory mecha-
nism between xylitol and fluoride (fig. 3). This finding led
us to the analysis of glycolytic intermediates to under-
stand the biochemical mechanism for the synergistic ef-
fects of xylitel and fluoride.

The presence of fluoride alone increased the level of
2PG and 3PG in the lower part of glycolysis as reported
previously [Hata et al., 1990]. This indicates that fluoride
inhibited enolase (a glycolytic enzyme catalyzing the con-
version of 2PG to PEP) and resulted in the accumulation
of 3PG and 2PG and the decrease of PEP (fig. 4), In bac-
terial cells, PEP is a phosphoryl donor for sugar uptake
by PEP-PTS [Schachtele and Mayo, 1973; Dills et al.,
1980] and builds ‘PEP potential’ together with 3PG and
2PG, precursors of PEP. Although 3PG and 2PG levels
were high in the presence of fluoride, the slow supply of
PEP from 3PG and 2PG caused by the fluoride inhibition
could decrease glucose uptake via PEP-PTS and slow
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down the entire glycolytic process [Kanapka and Hamil-
ton, 1971; Bender et al., 1985] (fig. 2, 4).

In the presence of xylitol alone, in contrast, most gly-
colytic intermediates decreased as acid production was
inhibited, suggesting the repression of sugar uptake by
xylitol. In addition, the marked decrease of FBP as previ-
ously reported [Miyasawa et al,, 2003] may be due to the
inhibition by X5P of PGI and PFK catalyzing the conver-
sion of G6P to FBP [Trahan, 1995]. Since FBP is an ac-
tivator of lactate dehvdrogenase, the decrease in FBP
caused inactivation of lactate dehydrogenase and conse-
quent reduction of lactic acid production {(fig. 3) as previ-
ously reported [Miyasawa et al., 2003].

The combination of fluoride and xylitol increased the
intracellular levels of 3PG and 2PG as observed in the
presence of fluoride alone, while the other glycolytic in-
termediates decreased similarly to the presence of xylitol
alone. These observations indicate that the simultaneous
inhibition, e.g. the inhibition of enolase by fluoride and
the inhibition of PGI, PFK and glucose uptake by xylitol,
repressed the entire glycolytic pathway more efficiently.

These inhibitory effects seemed more efficient in the
initial stage of acid production. During preincubation in
the presence of fluoride alone, PEP could not be con-
sumed and 3PG and 2PG were accumulated through fly-
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oride inhibition of enolase (fig. 4). After addition of glu-
cose, the ‘PEP potential’ could be used for glucose uptake,
however, the enolase inhibition by fluoride continued to
interfere with the conversion of 2PG into PEP and con-
sequently slowed down the entire glycolytic flow (Ag. 2).
In the presence of xylitol alone, the level of “PEP poten-
tial’ was low due to the consumption of PEP (fig. 4)
through the phosphorylation of xylitol to X5P by PEP-
PTS [Assev and Rolla, 1984; Trahan et al., 19835; Trahan,
1995; Miyasawa et al., 2003]. As a result, the lack of ‘PEP
potential’ defayed acid production from glucose for about
1 min after glucose addition (fig. 2). The combination of
fluoride and xylitol was more effective. The combination
caused both enolase inhibition and low ‘PEP potential’
(fig, 4), resulting in the prolonged delay of initiation of
acid production (fig. 2).

The inhibitory effect of fluoride on dental plaque ac~
idogenicity in vivo is still unclear since there are numer-
ous clinical observations but very few appropriate meth-~
ods for evaluating antimicrobial activity of fluoride in
vivo [van Loveren, 2001]. Reduction of plaque acidoge-
nicity after sucrose challenge has been reported in plaque
from subjects who used fluoridated water or rinsed their
mouths daily with 48 madf (912 ppm) sodium fluoride
[Edgar et al., 1970, Geddes and McNee, 1982]. Moreover,
Neff [1967] reporied that when applied simultaneously
with sucrose, 0.52 mM (10 ppm) sodium fluoride was suf-
ficient to inhibit acid production of dental plaque. How-
ever, Giertsen et al. [1999] argued that mouth rinsing
with 12 mA4 (228 ppm) sodium fluoride had no significant
effect on the acidogenic potential of dental plaque. In ex-
periments using a continuous culture of mixed oral bac-
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teria [Rogers et al., 1991; Bradshaw and Marsh, 1994]
and an artificial biofilm [Bradshaw et al., 2002] that mim-
ic some aspects of the dental plaque micro-ecosystem,
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tion were able to reduce the acid production of the micro-
ecosystem with a reduction of the number of mutans
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sibility that the combination of fluoride and xylitol could
reduce dental plaque acidogenicity in vivo, though a
proper method for clinical application of fluoride and xy-
litol should be developed as soon as possible.

In conclusion, direct inhibition of glycolytic enzymes,
enolase, PGT and PFK and the consequent inhibition on
the supply of ‘PEP potential’ for sugar uptake appears to
be the cause of the synergistic inhibition by combination
of fluoride and xylitol on glycolysis by mutans strepto-
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mutans streptococei and also that xylitol has the potential
to enhance the inhibitory effects of low concentrations of
fluoride.

Acknowledgments

This work was supported by Grants-in-Aid for Science Research
(B) No. 13470446, No. 14370687 and No. 16390601 from the Min-
istry of Education, Science, Sports and Culture, Japan.

Amaechi BT, Higham SM, Edgar WM: The influ-
ence of xylitol and fluoride on dental erosion
in vitro. Arch Oral Biol 1998;43:157-161.

Arends I, Smits M, Ruben JL, Christoffersen JI;
Combined effect of xylitel and fluoride cn
enamel demineralization in vitro. Caries Res
1990;24:256-257.

Assev 5, Rblla G: Evidence for presence of a xylitol
phosphotransferase system in Strepiococcus
mutans OMZ 176. Acta Pathol Microbiol Im-
munol Scand [B] 1984;92:89-92,

Assev 8, Rdlla G: Further studies on the growth
inhibition of Streptococcus mutans OMZ 176
by xylitol, Acta Pathol Microbiol Immunol
Scand [B] 1986,94:97-102.

Combination of Fluoride and Xylitol on
Mutans Streptococeal Glycolysis

Assev 8, Vegarud G, Rélla G: Growth inhibition
of Streptococcus mulans strain OMZ 176 by
xylitol, Acta Pathol Microbiol Scand [B] 1980,
88:61-63,

Assey S, Wiler SM, Rélla G: Further studies on the
growth inhibition of some oral bacteria by xy-
litol. Acta Pathol Microbiol Immunol Scand
[B] 1983;91:261-265.

Bender GR, Thibodeau EA, Marquis RE: Reduc-
tion of acidurance of streptococeal growth and
glycolysis by flucride and gramicidin, J Dent
Res 1985;64:90-95.

Birkhed D, Kalfas 8, Svenstiter G, Edwardsson S:
Microbiological aspects of some caloric sugar
substitutes. Int Dent J 1985;35:9-17,

Bradshaw DJ, Marsh PD: Effect of sugar alcohols
on the composition and metabolism of a mixed
culture of oral bacteria grown in a chemostat.
Caries Res 1994;28:251-256.

Bradshaw DJ, Marsh PI2, Hodgson RJ, Visser JM:
Effects of glucose and fluoride on competition
and metabolism within in vitro dental bacte-
rial communities and biofilns, Caries Res
2002,36:81-86,

Dills 88, Apperson A, Schmidt MR, Saier MH:
Carbohydrate transport in bacteria, Microbiol
Rev 1980;44:385-418.

Edgar WM, Jenkins GN, Tatevossian A: The in-
hibitory action of fluoride on plaque bacteria:
Further evidence. Br Dent J 1970;128:129—
132,

Gaffar A, Blake-Haskins JC, Sullivan R, Simone
A, Schmidt R, Saunders F: Cariostatic effects
of a xylitol/NaF dentifrice in vivo. Int Dent J
1998;48:32-39,

Caries Res 2005;39:521-528 527




Geddes DA, McNee SG; The offect of 0.2 per cent
(48 mM) NaF rinscs daily on human plague
acidogenicity in situ (Stephan curve) and fluo-
ride content. Arch Oral Biol 1982;27:765-
769.

Giertsen E, Emberland H, Scheie AA; BEffects of
mouth rinses with xylitol and fluoride on den-
tal plague and salivs, Caries Res 199%:33:23—~
31

Hamilton IR, Ellwood DC: Effects of fluoride on
carbohydrate metabolism by washed cells of
Streptococes mutans grown at various pH val-
ues in a chemostat. Infect Immun 1978;19:
434-442,

Hata 8, Iwami Y, Kamiyama X, Yamada T: Bio-
chemical mechanisms of enhanced inhibition
of fluoride on the anaerobic sugar metabolism
by Strepiococciis sanguis. } Dent Res 1990:69:
1244-1247,

Hausman 87, Thompsen J, Lendon I: Futile xyli-
tol cycle in Laciobacillus casei. ] Bacteriol
1984;160:211-2135,

van Houts J: Bacterial specificity in the ctiology of
dental caries. Int Dent J 1980;30:305-326.

Iwami Y, Takahashi-Abbe S, Tzkahashi N, Yama-
da T, Kano N, Mayanagi H: The time-course
of acid excretion, levels of fluorescence depen-
dent on cellular nicotinamide adenine nucleo-
tide and glycolytic intermediates of Streptococ-
cus mutans cells exposed and not exposed to
air in the presence of glucose and sorbitol. Oral
Microbiol Immunol 2001;16:34-39,

Jenkins GN: Review of fluoride research since
1959, Arch Oral Biol 1999:44:985-592.

Kanapka JA, Hamilton IR; Fluoride inhibition of
enolase activity in vivo and its relationship to
the inhibition of glucose-6-P formation in
Streptococcus salivarius. Arch Biochem Bio-
phys 1971;146:167-174.

Kashket 8, Rodriguez VM, Bunick FJ: Inhibition
of glucoss utilization in oral streptococei by
low concentrations of fluoride. Caries Res
1977;11:301-307.

Katayama T, Suzuki T, Okada S: Clinica! observa-
tion of dental plaque maturation: Application
of oxidation-reduction indicator dyes. J Peri-
odontol 1975;46:610-613,

Kenney EB, Ash MM: Oxidation reduction poten-
tial of developing plaque, periodontal pockets
and gingival sulei, J Periodontol [969;40:630—
633.

Loesche WJ: The cffect of sugar alcohols on plague
and saliva level of Sireptococcus mutans. Swed
Dent J 1984;8:125-135.

van Loveren C: Antimicrobial activity of flzoride
and its in vivo importance: Identification of
research questions. Carics Res 200(;35(suppi
13:65-70,

Maitra PK, Estabrook RW: A fluorometric method
for the enzymic determination of glycolytic in-
termediaies. Anal Biochem 1964;41;472—
484,

Mikiren KK, Scheinin A; Turku sugar studies.
VIL Principal biochemical findings on whole
saliva and plaque. Acta Odontol Scand 1976;
34:241-283.

Marsh PD, McDermid AS, Keevil CW, Ellwood
DC; Effect of environmental conditions on the
fluoride sensitivity of acid production by S,
sangtis NCTC 7865, J Dent Res 1985;64:85-
89,

Miyasawa H, Iwami Y, Mayanagi H, Takahashi N:
Xylitol inhibition of anaerobic acid production
by Streptococeus mutans at various pH levels,
Oral Microbiol Immunol 2003;18:215-219,

Neff D Acid production from different carbohy-
drate sources in human plaque in situ. Caries
Res 1967;1:78-87,

Okuda K, Frostell G: The effect of fluoride on the
acid production of Streptococeus mutans and
other oral streptococei. Swed Dent T 1982;6:
29-36.

Ritz FIL: Microbial population shifts in developing
human dental plaque. Arch Oral Biol 1967;12:
1561-1568.

Rogers AH, Bert AG: Effects of xylitol and fluoride
on the response to glucose pulses of Streptococ-
cus rutens T8 growing in continuous culture.
Oral Microbiol Immunol 1992;7:124-125,

Rogers AH, Pilowsky KA, Zilm PS, Gully NJ: Bfi-
fects of pulsing with xylitol on mixed continu-
ous cultures of oral streptococel. Aust Dent J
1991;36:231-235.

Schachiele CF, Mayo JA; Phosphoenolpyruvate-
dependent glucose transport in oral streptococ-
ci, J Dent Res 1973;52:1209-1215.

Scheie AA, Assev S, Rélla G: Combined effect of
xylitol, NaF and ZnCly on growth and metabo-
lism of Streptococcus sobrinus OMYZ, 176,
APMIS 1988;96:761-767.

528

Caries Res 2005;39:521-528

Scheinin A, Mikinen KK, Ylitalo K: Turky sugar
studies. V. Final report on the effect of Sucrose
froctose and xylito! diets on ihe caries inci:
dence in man. Acta Odentel Scand 1976;34,
179-2186.

Smits MT, Arends I: Influence of xylitl and/or
ftuoride-containing toothpastes on the remip.
eralization of surface softened ename] defects
in viva, Caries Res 1985;19:528-535,

Takahashi N, Abbe K, Takahashi-Abbe S, Yamady
T: Oxygen sensitivity of sugar etabolism ang
interconversion of pyruvate formate-lyase jp
Inlact cells of Streptocaccus mutans and Strep.
iococcus sanguis. Infect Immun 1987;55:650
656.

Takahashi N, Iwami ¥, Yzmada T: Metabolism of
intracellular polysaccharide in the cefls of
Streptococcus mutans under strictly anaerobic
conditions. Oral Microbicl Immung] 1991;6:
299-304,

Thompson I:; Lactoss metabolism in Strepiococeys
lactis: Phosphorylation of galactose and gly.
cose moieties in vive. T Bacteriol 1979;140;
774-785,

Trahan L: Xylitol; A review of its action on mutans
streptococei and dental plaque - its ¢linical sig-
nificance. Int Dent J 1995;,45:77-92.

Trahan L, Bareil M, Gauthier L, Vadeboncoeur C:
Transport and phosphorylation of xylitol by a
fructose phosphotransferasc system in Strepto-
coceus mitans. Caries Res 1985;19:53-63,

Trahan L, Néron 8, Bareil M: Intracellular xylitol-
phosphate hydrolysis and efflux of xylitol in
Streptococcus sobrinus. Oral Microbiol Trmmu-
nol 1991:6:41-50,

Vadebeneoeur C, Trahan L, Mouten C, Mayrand
D: Effect of xylitol on the growth and lycolysis
of acidogenic oral bacteria, J Dent Res 1983;
62:882-884,

Yamada T, Carlsson J: Regulaticn of lactate dehy-
drogenase and change of fermentation prod-
ucts in streptococci. J Bacteriol 1975;124:55—
61,

Zameck RL, Tinanoff N; Effects of NaF and SoF;
on growth, acid and glucan production of sev-
eral oral streptococel. Arch Oral Biol 1987;32:
807-810.

Maehara/Iwami/Mayanagi/Takahashi




