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Abstract

The aim of this study was to investigate the mhibitory
effect of xylitol on the growth of and acid production by
mutans streptococcl in the presence of various dietary
sugars and the relationship between the inhibition and
the accumulation of xyiitol 5 phosphate (X5P) under
strictly anaerobic condttions like those in the deep layers
of dental plaque Xylito! retarded the growth of mutans
streptococcl 1n the presence of glucose (G) galactose
{Gal} maltose (M} lactose (L} or sucrose (S) as an energy
source though the inhibition of growth on fructose (Fr)
was small Xyhtol inhibited acid production by washed
cells of Streptocaccus mutansfrom G Gal M Lor S {(12-
83% inhubition) S mutans accumulated X5P intracellu
larly through activity of the phosphoenolpyruvate xyiitol
phosphotransferase system (PEP xylitol PTS} when they
fermented these sugars in the presence of xylitol How
ever in the presence of Fr no inhibition of acid produc

tion was observed In addition the amounts of X5P dur
ing the fermentation of Fr were smaller than those of oth
er sugars In spite of the presence of PEP xyhtol PTS activ
ity These results suggest that along with the intracellular
accumulation of X5P xylitol decreases the growth and
actd production of mutans streptococel in the presence

of various dietary sugars except Fr
Copynight® 2003 S Karger AG Basel

Xylitol 15 a five catbon sugar alcohol which 18 pro-
duced 1n low concentration by a vaiiety of fiuits and vege
tables Its sweetness 1s similai to sucrose Xylitol 15 not
fermented mto acids by oral microorganisms mcluding
cariogenic bacternia such as Streptococcus mutans and
Streptococcus sobrinus leaving the final pH neutral 1n
dental plaque and leading to no enamel deminetalization
[Edwardsson et al 1977 Grenby et al 1989 Tiahan et
al 1991 Foibord and Osmundsen 1992 Assev and Ral
la 1993} Thus xylitol 1s widely used as a noncariogenic
sugar substitute for confectionery

In addiion chewing gums contaming xylitol have
been reported to decrease the formation of dental plaque
[Topitsoglouetal 1983 Soderlingetal 1989 1997]) and
the number of mutans streptococct 1n saliva [Soderling et
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al 1989 1997, Wennerholm et al 1994] Further the
reduction of the number of mutans streptococci 1s depen

dent on xylitol concentration in the chewing gums [Wen

nerholm et al 1994] These findings indicate that xylitol
may have a cariostatic effect

In vitro expeniments have shown that xylitol mhibits
the growth of §' mutans 1n the presence of glucose [Assev
et al, 1980 Gauthier et al 1984 Trahan et al, 1985
Beckers 1988 Rogers and Bert 1992] and that xylitol
inhibits acid production from glucose by washed cells of
S mutans [Vadeboncoeur et al 1983 Gauthier et al
1984 Trahanetal 1985 Rogersand Bert 1992] Xylitol
1s converted 1nto xylitol 5 phosphate (X5P) at the expense
of phosphoenolpyruvate via the phosphoenclpyruvate
xylitol phosphotransferase system (PEP xylitol PTS) 1n
the cells of § mutans [Assev and Rella 1984 Trahan et
al, 1985] Tt 1s suggested that the mtracellular accumula
tion of X5P mmhibits bacterial glycolytic enzymes and
growth [Trahan et al 1985 Assev and Rella 1986 Tra
han 1995]

We eat not only glucose but also various sugars (carbo
hydrates) 1n daily life However there are few reports on
the effects of xylitol on ac:d production and the growth of S
mutans in the presence of various dietary sugars In add
tion 1t 1s unknown whether xylitol s transported as X 5P in
S mutans cells by PEP xylitol PTS 1 the presence of these
sugars The aim of this study was to investigate the inhib:
tory effects of xylitol on the growth and acid production of
mutans streptococci in the presence of various dietary sug
ars and the relationship between the mhibition and the
accumulation of X 5P under strictly anaerobic conditions
like those 1n the deep layers of dental plaque

Matenals and Methods

Microorganisms and Culture Media

S mutans NCTC10449 and § sobiimus 6715 were used 1n this
study Basal culture medium (1 liter) contained 17 g of tryptone (Dif
co Laboratories Detroit Mich USA) 3 g of yeast extract (Difco
Laboratories) and 5 g of NaCl [Gauthieretal 1984] Ten millimolar
sugar (glucose galactose fructose maltose lactose or sucrose) and
14 mM K-HPO, were added through a sterile membrane filter (pore
s1ze ) 22 um Pall Gelman Laboratory USA) to the autoclaved basal
culture medium (TYE culture medium) Brain heart infusion (BHI)
medium (Difco Laboratonies) was also used as a preculture medium
These culture media were kept m an anaercbic chamber (Anaero box
type ANB 1801 Hirasawa Works Japan 80%N; 10% H- and 10%
CO») for at least 3 days before use to remove oxygen

Inlubttory Effect of Xyhitol on Growth

Bacterial growth was conducted at 35 C under anaerobic condi
ttons m the anaerobic glove box § mutansand S sobrinis were moc
ulated 1nto 5 ml of BHI medium After mncubation for 24 h at 35 C

Xylitol Inhibition and Dietary Sugars

the culture (2 5 ml) was transferred to 50 ml of TYE culture medium
After incubation for 24 h 5 ml of this culture was added to a new
TYE culture medrum (100 ml) with or without 60 mAf xylitol Bacte
rial growth was monitored by measuring the optical density (OD) of
cultures at 660 nm wrth a spectrophotometer (UV 160 Shimazu Ltd
Japan) The pH of cultures was monitored with a pH mete: (Toa
Electronics Ltd Japan) Doubling time of growth was estimated
from the growth curve at the logarithmic growth phase Al the cul
tures reached the stationary growth phase within 24 h except for the
culture 1n the presence of galactose which took 36 h to reach maxi
malgiowth Furthermoie the growth of § sobrinus in the presence of
galactose and xylitol was poor

Intibitory Effect of Xylito! on Acid Production by Washed Cells

of § mutans

Bacterial cells were grown i the medium without xylito! as
described above collected by centrifugation (10 000 g for 15 mun at
4 () at the logarithmic phase of growth washed twice with a buffe;
solution {2 mM potassium phosphate buffer (PPB) containing
150 mM KClI and 5 mM MgCl;] and suspended 1n the bufier solu
tion A double sealed centrifugation tube (Kubota Corp Tokyo
Japan) was used for the centnifugation of bactenial cell suspension to
protect the cells from air exposure The bacterial cell suspension (OD
= 30 at 660 nm) was transferred to a different type of anaerobic
chamber (Anaero box type ANB 180L Hirasawa Works 90% N
and 10% H>) and kept warm for 4 min at 35 C n the anaerobic
chamber Subsequently 10 mAf sugar substrate or a mixture of sugar
and 60 mAM xylitol was added The acid production rate was moni
tored by automatic titration with 50 mM KOH at pH 7 0 (pH stat
AUT 2118 Toa Electronics Ltd) All the solutions used mn these
experiments were kept for 3 days or moie in the anaerobic chamber
Lo remove oxygen

Measurement of Intracellular X5P

At 4 mun after the addition of sugar or sugar xylitol muxture
cells were collected by passing the reaction muxture thiough a mem
brane filter (pore size 0 45 pm Pall Gelman Laboratory) and 1m
mediately washed with cold buffer soiution (2 mAf PPB containing
150 mM KCl and 5 mM MgCl,) X5P in the cells was extracted
immediately with cold 0 6 N perchloric acid (3 5 ml) as described
previously [Iwami et al 2000] The acid extract was neutralized to
pH 6 0 with 5 M K»COj after addition of 100 mAf triethanolamine
HCI buffer (pH 7 6) X 5P in the neutralized cell extract was mea
sured 1n aw by the method of Miyasawa et al {2003] with a speciro
photometer (type 557 Hutachi Co Tokyo Japan) at 340 nm The
assay system for X5P contained | | mM NAD 5 mM MgCl
0 1 mM EDTA and the extract in 50 mAf Tris HCI buffer (pH 8 5)
The amounts of X 5P were determined by the sequential addition of
I 4 U/ml sorbitol dehydrogenase (Roche Molecular Biochemtcals
Germany) and 43 U/ml alkaline phosphatase (Roche Molecular
Biochemicals)

Measwement of PEP Sugar PTS and PEP Xylitol PTS

The activities of PEP sugar PTS and PEP xylitol PTS were mea
sured as described previously {London and Hausman 1982 Iwanu
et al 2000 Miyasawa et al 2003] Bactenal cells were harvested as
described above washed with the buffer solution (2 mAM PPB con
tamnng 130 mAf KCl and 5 mA4 MgCly) by centrifugation (7 700 g for
10 min) and stored at -20 C The frozen cells were thawed at room
temperature and suspended to 50 of OD (660 nm) with the same

Cares Res 2003 37 404-409 405



Table 1 Xyhitol inhibition of the growth of § mutans NCTC 10449 and S sebrinus 6715 m TYE culture medium containing various

sugars

Sugar contained Xyltol S mutans NCTC10449 S sobrinus 6715

in TYE culture mM

mediim ta final growth final culture ty final growth final culture

{ODss0) pH (ODsg0} pH

Glucose 0 099007 134017 501002 0971010 1 47001 5060£006
60 322+062%* 0900 26* 5041006 15410 17+ 131+024 516£006

Galactose 0 216005 1 60£0 57 4791012 6371038 073+£013 505+007
60 56241 3%+ 0790 01* 497+£004* nt nt nt

Fructose 0 099002 129£G08 5051007 100£0 14 137+006 517£005
60 125007 106003 517£006* 123£003* 1 19+0 09* 522£006

Maltose 0 115£021 2271018 429+002 0921006 1 [8+0 04 483005
60 3224026 1 42+£028** 4362001 225+0 11** 09910 08* 479001

Lactose 0 173+025 2161033 430000 097+008 1601061 475035
60 19720 1]1* 1 6410 13* 4390 0l** 1 380 16%* 125046 478+023

Sucrose 0 105018 1954011 430001 130019 | 441042 4621025
60 17320 14** 1 640 14 443006 1370 14 129049 467025

Means + standaid deviations from 3 independent expenments tq = Doubling time of logarithmic phase of growth (h} n t = not tested because of poor growth

Significant difference between the doubling time in the presence and absence of xylitol

p<005 p<001

buffer solution The cells were permeabilized by addition of G 01 vol
of toluene to the cell suspension followed by vigorous agitation for
I mm centrifuged (7 700 g for 3 mun) and resuspended to 50 of OD
{660 nm) with the buffer solution The reaction mixture for measure

ment of PEP sugar PTS or PEP xylitol PTS activity contained
[0 mAM MgCl, 01 mM NADH 1| mM PEP lactate dehydrogenase
(28 U/ml Roche Molecular Biochemicals) the permeabihized cells
{0 13 mg dry weight/ml) 1n 100 muM PPB solution (pH 7 §) The reac

tion was started by the addition of one of the various sugars (10 mAM)
or 60 mM xyhtol The activity was estimated by the oxidation of
NADH to NAD at 35 C from the change mn absorbance at 340 nm
with the spectrophotometer

Staustical Analysis

All numerical data are given as means * standard deviations
Statistical significance was assessed using a pared t test ar Dunnett
test analysis Differences were considered significant at the level p<
005

Results

Inhubitovy Effect of Xylitol on Bacterial Growth

Xylitol retarded the growth of both 8 mutans and §
sobrinus 1n the mesence of glucose galactose fructose
maltose lactose or sucrose (table 1) except fo1 the growth
of S sobrnus 1in the presence of sucrose Doubling time of
S mutans in the presence of glucose galactose maltose
lactose and suciose increased 1 60-3 25 tumes, while that
of § sobrinus in the presence of glucose maltose and lac
tose increased 1 42-2 45 times Xylitol strongly inhibited
the growth of § sobrinus in the presence of galactose and
no significant growth was observed during the incubation

406 Caries Res 2003 37 404-409

for 36 h Xylitol also retarded the bactenial growth 1n the
presence of fructose, but the increase in doubling time was
small (1 23-1 26 times) The addition of xylitol decreased
final growth and increased final pH 1n §' muzans signifi
cantly except for the final pH of growth with glucose In
case of § sobrinus, xylitol decreased final growth m the
presence of fructose and maltose significantly, but did not
mfluence final pH

Inlubitory Effect of Xylitol on Actd Production by

Washed Cells of § mutans

Xylitol inhibited the acid production from glucose
galactose, maltose lactose and sucrose (table 2) The rela
tive inhibition by xylitol of acid production from the sug
ar substrates ranged from 12 to 83% The inlubition of
ac:d production was significant (p < 0 05), except for the
mhibition of acid production from sucrose by the glucose
grown cells maltose by the maltose grown cells and lac-
tose by the lactose-grown cells In addition acid produc
tion from these sugars by fructose grown cells was inhibat
ed more effectively by xylitol

On the other hand xylitol did not inhibit the acid pro
duetion from fructose The inhibitory effects of xylitol on
the acid production from galactose and lactose by the glu
cose fructose maltose or sucrose grown cells were un
clear since galactose and lactose were little fermented by
these cells

Kakuta/Iwami/Mavanagy/Takahashi



Table 2 Acid production rate from various sugars (10 mM) 1n the presence of xylitol (60 mAf} by S mutans NCTC 10449 under strictly

anaerobic conditions

Substrate for Sugar contammed 1n TYE culture medium
fermentation

glucose galactose fructose maltose lactose sucrose
Glucose 334111 214+71 199 £ 66 160+ 83 272464 330+28
Glucose + xylitol 23727028 * 15961 (26)* 890127 (55)* 131279 (19 195 £30 (27)* 122+21{47)*
Galactose - 13653 - - 119£26 -
Galactose + xylitol - 74 1430 (46)* - - 856+ 18 (28)* -
Fructose 278451 16266 196 £ 60 119+352 117132 208427
Fructose + xylitol 277E55(1) 16?67 (0) 201 £62(-3) 122£57(-2) 120437 (-2) 216+33(-3)
Maltose 238468 139+56 677+19 215101 15325 10t +18
Maltose + xylutol 125+£39 (48)* 653+25(52)* 11 3£4(83)* 17793 (17 92 8+ 17 (39)* 34 2L 14(6TH
Lactose - 219475 - - 267138 -
Lactose + xylitol - 19470 (12)* - - 230430 (13)* -
Sucrose 309167 204177 102+24 171+78 (66127 248+ 48
Sucrose + xylitol 23721120 167£68 (19)* 379£10(63) 145+70(16) 13119 (21 228+41(T

- = Trace amount of acid production Sigmificant difference between acid production rates ) the presence and absence of xylitol * p< 005
Means + standaid deviations (nmol/muin/mg of dry weight of cells) from 3 independent experiments

b Relative mhibition by xylitol (%)

Table 3 Intiacellular X5P (nmol/mg of cells) at 4 min after addition of sugar plus xylitol to the cells of § mutans NCTC 10449

Sugar contained mn Fermentation substrate

TYE culture medium

glucose galactose fructose maltose lactose sucrose
Glucose 34212102 nt 13041 02% 300106 nt 291+253
Galactose 481+194 4712227 128078 333+£289 3224213 381037
Fructose 44541 31 nt 06610 58* 304170 nt 412+147

Data were obtained from 3 independent experiments nt = Not tested because of trace amount of acid production Significantly lower

than in the presence of glucose as fermentation substrate * p <0 05

Intracellular Accumulation of X3P

X 5P was accumulated 1n the cells of § mufans when
the cells were fermenting sugars 1n the presence of xylitol
(table 3) The amounts of X5P were 0 66—4 81 nmol/mg
dry weight of cells The amounts of X 5P m the presence of
fructose (0 66-1 30 nmol/mg dry weight of cells) weie
smaller than those n the presence of glucose (3 42-
4 81 nmol/mg dry weight of cells)

Activities of PEP Sugar PTS and PEP Xylitol PTS of

S mutans

S mutans had PEP sugar PTS activity for glucose
galactose fructose maltose lactose, suciose and PEP
xyhtol PTS activity (table 4) However PEP lactose PTS
was not detected 1n glucose grown and fructose grown
cells

Xylitol Inhibition and Dietary Sugars

Discussion

The inhibitory effect of xylitol on the growth of and
acid production by mutans streptococct in the presence of
glucose has been studied by several mvestigators [Assev et
al 1980 Vadeboncoeur et al 1983 Gauthier et al
1984 Trahanetal 1985 Beckers 1988 Rogersand Bert
1992], and the following mechanisms have been pro-
posed Xylitol 1s transported and phosphorylated as X5P
by a PEP-xylitol PTS into S mutans cells in the presence
of glucose [Assev and Rolla 1984 Tiahan et al 1985]
X 5P inhibits the activity of glycolytic enzymes [Assev and
Ralla, 1986, Trahan, 1995), resulting 1n the inhibition of
acid production and the growth of S mutans In addition
the accumulated X 5P 1s dephosphorylated to xylitol by an
intracellular phosphorylase and then xylitol 15 expelled

Caries Res 2003 37 404409 407



Table 4 PEP sugar PTS activity (umol/min/mg) of S mutans NCTC 10449 cells grown on glucose galactose or fructose

Sugar contained 1 Enzyme substrate
TYE culture medium

glucose galactose fructose maltose lactose sucrose xylitol
Glucose 498+2 59 nt 310x1 16 349x159 nt 299+159 179+1 17
Galactose 444+174 3612087 421+195 409+271 597342 501280 297147
Fiuctose 502+2 31 nt 6134148 300+150 nt 3374131 4141 10*

Data were obtamed from 3 independent experiments nt = Not tested because of trace amount of acid production The activity of
PEP xylitol PTS of fructose grown cells was significantly farger than that of glucose grown cells * p= 0032

outside the cells [Assev et al 1980 Assev and Rella
1984 1986 Rogersetal 1991, Trahan 1995] This phos
phorylation dephosphorylation cycle of xylitol 15 called a
futile cycle where PEP 1s wasted Since PEP 15 a phos
phoryl donor for ATP synthesis and an energy source for
PEP sugar PTS the existence of the futile cycle can also
decrease bacternal growth and acid production

In the present study xylitol retarded the growth of and
mhibited acid production by mutans streptococer in the
presence of various dietary sugars (tables 1 2) Further
more the cells of S mutans grown with the various sugars
had PEP xylitol PTS activity (table 4) and converted xyh
tol into X5P 1n the presence of these sugars {table 3)
These results suggest that through the reaction of X 5P for
mation by PEP xylitol PTS, xylito! decreases acid produc
tion and the growth of S mutans in the presence of var
1ous dietary sugars as well as glucose

In the presence of fructose however xylitol retarded
bacter:al growth only shightly (table 1) and did not inhibut
acid production {(table 2) In addition the amounts of
intracellular X5P 1n the presence of fructose (0 66—
1 30 nmol/mg dry weight of celis) were smaller than those
in the presence of the other sugars (2 91-4 81 nmol/mg
dry weight of cells) (table 3) In the glucose grown cells of
S mutans xyhtol 1s transpoited via a constitutive PEP
fructose PTS [Trahan et al 1985] while the affimty of
fructose for the PEP fructose PTS is higher than that of
xyhitol [Tiahan et al 1985 1991 Tiahan 1995] Thus
when fructose and xyhitol coexast the PEP fiuctose PTS
functions preferentially on fructose and the reaction of
X 5P formation does not occu efficiently [Trahan et al
1985] Our results suggest that the cells of § mutans
grown 1n the presence of various sugars also have the con
stitutive PEP fructose PTS which functions as a PEP
xylitol PTS to produce X5P

408 Canes Res 2003 37 404-409

In this study, xylitol influenced not only the doubling
time of growth but also final growth and final culture pH
{table 1) These phenomena suggest that xylitol caused
energy wasting through the futile cycle and that xylitol
increased acid sensitivity of mutans streptococct espe
cially of S mutans However since there was no informa
tion on sugar utilization durimg growth n this study fur
ther study 1s needed to clanify these aspects

The inhibitory effect of xylitol on acid production by
the fructose grown cells was larger than that by the other
sugar grown cells (table 2) Though the amounts of ntra-
cellular X5P 1n the fructose grown cells were similar to
those 1n the other sugar-grown cells (table 3) the activities
of PEP xylitel PTS 1n the fructose-grown cells were higher
than those 1n the other sugar grown cells (table 4) These
findings suggest that at an imtial stage of glycolysis just
after the addition of sugar and xylitol intracelluiar PEP 1s
consumed more rapdly through the phosphorylation of
xylitol by the higher activity of the PEP xylitol PTS n the
fructose grown cells resulting 1n the decrease of phos
phorylation of fermentable sugars by PEP sugar PTS due
to the lack of PEP It 1s also possible that the glycolytic
enzymes of the fructose grown cells are more sensitive to
X 5P inhibition than those of the other sugar grown cells

In conclusion xylitol inhibited the growth and the acid
production of mutans streptococct 1n the presence of var-
10us dietary sugars as well as glucose under strictly anaero
bic conditions
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