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We examined and compared the inhibitory effects of D-tagatose on the growth, acid production, and
water-insoluble glucan synthesis of GS5, a bacterial strain of Streptococcus mutans, with those of
xylitol, D-psicose, L-psicose and L-tagatose. GS5 was cultured for 12h in a medium containing 10%
(w/v) of xylitol, D-psicose, L-psicose, D-tagatose or L-tagatose, and the inhibitory effect of GS5
growth was assessed. Each sugar showed different inhibitory effects on GS5. Both D-tagatose and
xylitol significantly inhibited the acid production and water-insoluble glucan synthesis of GS5 in the
presence of 1% (w/v) sucrose. However, the inhibitory effect of acid production by D-tagatose was
significantly stronger than that of xylitol in presence of sucrose.
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he definition of ‘rare sugars is monosaccha-

raides and their derivatives that are not com-
monly found in nature. The biological effects of rare
sugars have not been investigated in detail, partly
because they are difficult to obtain and partly because
their synthesis is laborious, time-consuming and inef-
ficient [1, 2]. Kagawa University Rare Sugar
Research Center established a simple method to pro-
duce rare sugars in large amounts from inexpensive
D-glucose and D-fructose [3]. Most types of rare
hexoses are now available for experiments to deter-
mine their functional characteristics. For example,
various favorable effects on human health have been
reported for D-psicose, a non-calorie sweetener and
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the most extensively examined rare sugar, including
anti-diabetes and anti-obesity effects [4-7].

The Gram-positive bacterium Strepiococcus mulans
plays one of the most important roles in the develop-
ment of dental caries, which is the most common oral
infectious disease in the world [8]. As part of the
mechanism of dental caries, S. mutans adheres to an
acquired pellicle formed on the tooth surface, synthe-
sizes glucan by the action of glucosyltransferases (gtf),
and promotes the formation of dental plaque [9]. In
the dental plaque, S. mutans produces organic acids as
a result of carbohydrate metabolism. These organic
acids induce demineralization of the tooth surface,
resulting in dental caries [10].

Xylitol is a well-known sugar that prevents dental

Conflict of Interest Disclosures: No potential conflict of interest relevant
to this article was reported.


https://core.ac.uk/display/32591487?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

106 Sawada et al.

caries [11]. However, the preventive effect of xylitol
has been shown to be remarkably inhibited by the
existence of another monosaccharide that can be
metabolized by S. mutans [12]. In the present study,
we examined the effects of 4 rare ketohexoses
(D-psicose, L-psicose, D-tagatose, and L-tagatose) on
the growth, acid production and water-insoluble
glucan synthesis of S. muians. We used xylitol, a
5-carbon polyalcohol, as a control monosaccharide
since xylitol is known to have inhibitory effects on the
growth, acid production and water-insoluble glucan
synthesis of S. mulans. The applications of xylitol
includes hygiene, nutraceutical formulations and
products such as anti-cariogenic gums. It is roughly as
sweet as sucrose with 33% lower calories.

Fig. 1 shows the structural differences of four
rare sugars including D-fructose and xylitol. D-psicose
and D-tagatose are C-3 and C-4 epimers of D-fructose,
respectively (Fig. 1). L-psicose and L-tagatose are
the optical isomers of D-psicose and D-tagatose,
respectively. All of these rare monosaccharides can
be synthesized according to the production strategy of
Izumoring, and D-psicose can be produced from
D-fructose by the enzymatic reaction of D-tagatose 3
epimerase [3]. D-tagatose is very similar in texture
to sucrose and is 92% as sweet, but with only 38% of
the calories and with a very low glycemic index. The
properties and functions of L-psicose and L-tagatose
have hardly been researched because of their limited
availability. The present study is the first to examine
the effects of these rare monosaccharides on a typical
bacterial strain of S. muians, GSb5.

Materials and Methods
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Rare Sugar Research Center of Kagawa University
(Kagawa, Japan). The TY medium was prepared from
1.4% tryptone and 0.8% yeast extract. Tryptone,
yeast extract and other chemicals were purchased
from Wako Pure Chemical Industries (Tokyo, Japan).
We found that it was difficult to reveal the different
effects of each rare sugar with a rich-sugar medium,
and thus we use a low-sugar TY medium.

Bacterial strains and culture conditions. S.
mulans GS5, a clinically isolated strain commonly
used in dental research [13], was kept at —80C
until use. GS5 was grown in TY medium at 37 C in
static culture in air-sealed tubes for 24h, and it was
diluted with TY medium at an optical density of
ODgoo = 0.3. Based on the results of previous studies,
we selected the static culture because there was no
difference between the static culture and the anaerobic
culture and because a caries induction test was possi-
ble with the static culture [14]. Two mL of TY
medium containing 200mg (10%w/v) xylitol, D-psicose,
L-psicose, D-tagatose or L-tagatose was prepared and
divided into two 1-mL solutions in the tubes.

Some of the rare sugars show insolubility when the
concentration is greater than 15%. In addition, most
of the soft drinks available to the public contain less
than 10% (10g/100mL solution) sugar [15]. We
therefore decided to use various sugars at 10% con-
centration in the present experiment. Ten mg of
sucrose (1%w/v) was added to one 1-mL. solution, and
no sucrose was added to the other 1-mL. solution.

To start the growth of GS5, 50uL of the bacterial
solution was inoculated into the TY medium, and the
tubes were sealed by Parafilm (Pechiney Plastic
Packaging Co., Batavia, IL, USA) for culture at
37°C. The optical density at 600 nm was measured at

Reagents. Rare sugars were supplied by the 4, 8, 12, and 20h after inoculation. The pH and the
CH,0H CH,0H CH,0H CH,0H CH,0OH
(:')=O :C=O :C=O C:)=O (:'}=O (‘3H20H
OH—C—H | H—C—OH [OH—C—H |OH—C—H | H—C—OH | H—C—OH
H—(‘E—OH H—‘C—OH OH—(‘)—H OH—‘C—H H—(‘3—OH OH—(‘D—H
H—(‘D—OH H—(‘Z—OH OH—(‘D—H H—(‘3—OH OH—(‘D—H H—(‘D—OH
(‘3HZOH ‘CHQOH C‘:HQOH ‘CHQOH (‘3H20H ‘CHQOH
D-fructose  D-psicose  L-psicose  D-tagatose L-tagatose xylitol

Fig. 1

Chemical structures of the monosaccharides used in this study.
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water-insoluble glucan production were measured at
12h.

Bacterial growth assay. Bacterial growth
was assessed by measuring the turbidity of the solu-
tion. In the presence of sucrose, GS5 formed many
bacterial aggregates containing insoluble glucan that
were difficult to homogenously dissolve. Thus, turbid-
ity measurement was performed only for the groups
without sucrose supplementation at 4, 8, 12 and 20h
after inoculation. To determine the solution turbidity,
optical density was measured using spectrophotometry
at 600nm (Gene Quant Pro, Amersham, Tokyo,
Japan).

Measurement of pH. The ability of GS5 to
produce acid at 12h after inoculation was evaluated by
measuring the pH of the solution using the CHECKER
pH tester (Hanna Instruments, Tokyo, Japan). The
initial pH of the TY medium in the presence of various
sugars was 7.4.

Measurement of water-insoluble glucan.
The production of water-insoluble glucan was mea-
sured at 12h after inoculation. Water-insoluble glucan
and bacteria lumps were collected by centrifugation at
3,500 X g for 10min. The pellets were then washed
with 0.5mL of phosphate-buffered saline (pH6.8),
then subsequently re-centrifuged at 3,500 X g for
10min. The precipitate was further washed twice with
distilled water, and the insoluble glucan in the pre-
cipitate was dissolved in an aqueous solution of 1 N
NaOH. Separation and removal of bacteria required
additional centrifugation at 3,500 X g for 10min. The
amount of total water-insoluble glucan in the superna-
tant was measured by the phenol sulfuric acid method
[16].

Statistical analysis. All experiments were
performed in triplicate. Each value represents the
mean + SD of triplicate results from a representa-
tive experiment. Statistical significance was deter-
mined by Student's i-test. P-values <0.05 were
accepted as significant.

Results

Bacterial growth assay. Fig. 2A shows the
time-dependent increase of the turbidity of the culture
medium caused by the increase in the amount of S.
muians in the first 8-12h of incubation; after that, the
turbidity was observed to decrease progressively until
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the 20th hour. The turbidity in D-tagatose was the
least among the sugars and also lower than xylitol
throughout the experiment, to the 20th hour.

GS5 grew rapidly in the control TY medium,
which contained no monosaccharide. The inhibition of
GS5 growth by xylitol, D-psicose, L-psicose, D-tagatose
and L-tagatose groups was significant (p < 0.05) com-
pared to the control group. Only D-tagatose had a
significantly stronger inhibition of bacterial growth
than xylitol (p < 0.05).

Decrement of pH. The decrease in pH along
with bacterial growth in the control medium and in the
xylitol-, D-psicose-, L-psicose-, D-tagatose- and L-
tagatose-containing media was measured in the absence
and presence of 1% sucrose (Fig. 3). In the absence
of sucrose, only xylitol significantly inhibited the pH
decrement. It the others showed only a tendency to
inhibit the pH decrement.

In the presence of sucrose, all of the sugars sig-
nificantly inhibited the pH decrement compared to the
change in the control group pH (p < 0.05). Interestingly,
both D-tagatose and D-psicose showed significantly
stronger inhibition of pH reduction compared to xyli-
tol (p < 0.05). L-psicose and L-tagatose did not show
stronger inhibition of pH reduction than xylitol.

Measurement of water-insoluble glucan.
Fig. 4 shows the amount of water-insoluble glucan
produced in the absence or presence of sucrose after
12h of incubation. There were no significant differ-
ences between the control group and any of the other
sugar groups. However, when sucrose was added to
the media, the amount of water-insoluble glucan was
markedly increased. Both the xylitol and D-tagatose
groups showed the strongest inhibition of water-
insoluble glucan synthesis induced by the addition of
sucrose to the medium (p <0.05). The other three
sugar groups showed a non-significant trend of moder-
ate inhibition on bacterial glucan synthesis.

Discussion

Table 1 summarizes the inhibitory effects of the
monosaccharides on bacterial growth, acid production
and water-insoluble glucan synthesis of S. mutans GS5.
Although for many years xylitol has been believed to
be useful as a tooth-friendly sweetener with an anti-
caries effect, 2 recent systematic reviews of clinical
trials could not find conclusive evidence that xylitol
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Fig. 2  Inhibition of S. mutans GS5 growth by various monosaccharides. A, Time course of turbidity of 10% xylitol, 10% D-psicose,
10% L-psicose, 10% D-tagatose and 10% L-tagatose solution containing GS5 was measured in the absence of 1% sucrose as described in
the Materials and Methods section; B, The ability of 10% xylitol, 10% D-psicose, 10% L-psicose, 10% D-tagatose and 10% L-tagatose to
inhibit GS5 growth at 12h after inoculation. *p < 0.05 for the mean values vs. the control group. **p < 0.05 for the mean values vs. the

xylitol group.

was indeed superior to other polyols such as sorbitol
[17] or equal to topical fluoride in its anti-caries
effect [18]. In addition, a 33-month xylitol caries
trial for adults at an elevated risk of developing car-
ies, in which participants were given either 5g of

xylitol or a placebo, found no statistically or clinically
significant reduction in 33-month caries increment
[19]. In the present study, it is also interesting to
note that unlike D-tagatose, the superior suppression
of acid production by xylitol in the absence of sucrose
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Fig. 3

Inhibition of acid production by various monosaccharides.
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The decrease in pH along with bacterial growth in the control medium

and in xylitol-, D-psicose-, L-psicose-, D-tagatose- and L-tagatose-containing media in the absence and presence of 1% sucrose was
measured. *p < 0.05 for the mean values vs. the respective control group. **p < 0.05 for the mean values vs. the xylitol group.
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Fig. 4

Inhibition of water-insoluble glucan by various monosaccharides. The amount of water insoluble glucan of control, 10% xylitol,

10% D-psicose, 10% L-psicose, 10% D-tagatose and 10% L-tagatose in the absence and presence of 1% sucrose 12h after incubation.

*p < 0.05 for the mean values vs. the sucrose groups.

disappeared when sucrose was added (Fig. 3). The
U.S. Food and Drug Administration (FDA) announced
that D-tagatose did not reduce plaque pH below 5.7
and therefore did not promote demineralization of
dental enamel.

Our present research is the first to demonstrate
the suppression of water-insoluble glucan by D-tagatose.
As shown in Fig. 2A, D-tagatose and xylitol clearly
suppressed the growth of S. muians more than other
sugar groups. The inhibition of acid production and
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Table 1 Summary of the inhibitory effects of various sugars
. Acid production Water |nsolubI(_=,
Bacterial growth glucan synthesis
(+sucrose)
(-++sucrose)
Xylitol ++ ++ +
D-psicose + e —
L-psicose + + —
D-tagatose +++ +++ +
L-tagatose + + —

The inhibitory effects of the five sugars as determined by statistical
analysis are shown as —, no inhibition; -+, slight inhibition; -++,
moderate inhibition; +++, strong inhibition.

water-insoluble glucan synthesis may be due to the
reduction of bacterial growth. Unlike xylitol,
D-tagatose can be incorporated into the human body,
and it then inhibits the activity of sucrase [20]. It
was also reported that D-tagatose can be catabolized
by a variety of lactic bacteria [21]. Although sucrase
in S. mutans may not be the same as that in the human
body [22], it is likely that incorporated D-tagatose
into S. muians can inhibit the activity of this enzyme.

We found that the inhibitory effect of D-psicose on
S. mutans growth was weaker than that of xylitol (Fig.
2A), and that its inhibitory effect on acid production
in the presence of sucrose was stronger than that of
xylitol (Fig. 3). Our preliminary study showed that
D-psicose, like D-tagatose, inhibited intestinal sucrase
(unpubl. data), and D-psicose may work similarly to S.
mulans. Further studies are necessary to elucidate the
inhibitory mechanisms of D-psicose as well as
D-tagatose.

S. muians adheres to an acquired pellicle formed on
the tooth surface, and it synthesizes glucan by the
action of gtf [9]. In a study using reverse transcrip-
tion-polymerase chain reaction (RT-PCR), we investi-
gated whether these sugars could alter the expression
of gtf genes. We found that D-tagatose had a tendency
to suppress the expression of the gifB gene in GS5
(data not shown). We will continue to do further
research to elucidate the effect of D-tagatose on gtf
expression.

However, the present study is the first to obtain
evidence that D-tagatose inhibits S. mulans growth,
acid production and water-insoluble glucan synthesis,
especially in the presence of sucrose. D-tagatose is a
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monosaccharide classified as a ketohexose, and it has
a structure similar to that D-fructose except for the
epimeric structure of the hydroxyl group on carbon 4.
D-tagatose has already attained Generally Recognized
As Safe (GRAS) status under FDA regulations,
thereby permitting its use as a sweetener in food and
beverages [23]. D-tagatose is 92% as sweet as
sucrose but has fewer calories at 1.5kcal/g compared
to xylitol (3.0kcal/g) and sucrose (4.0kcal/g), and it
can thus be used as a low-calorie sweetener which may
have a stronger anti-cariotic activity than xylitol.
Although further studies to clarify the precise mecha-
nisms of D-tagatose are necessary, D-tagatose seems
to be beneficial for oral health control.

Acknowledgments. We thank Mr. Akihiro Yoshida (Department of
Health Promotion, School of Dentistry, Kyushu Dental College) and
Prof. Osamu Matsushita (Department of Bacteriology, Okayama University
Graduate School of Medicine, Dentistry and Pharmaceutical Sciences) for
their help in our study. This research was supported by Adaptable and
Seamless Technology Transfer Program through Target-driven R&D,
Japan Science and Technology Agency (Study of effects on bacteria in the
oral cavity of D-tagatose: AS242703885Q).

References

1. McDonald EJ: A new synthesis of D-psicose (D-ribo-hexulose)
Carbohydr Res (1967) 5: 106-108.

2. Doner LW: Isomerization of D-fructose by base: liquid-chromato-
graphic evaluation and isolation of D-psicose. Carbohydr Res
(1979) 70: 209-216.

3. lzumori K: Bioproduction strategies for rare hexose sugars.
Naturwissenschaften (2002) 89: 120-124.

4. Hossain A, Yamaguchi F, Matsunaga T, Hirata Y, Kamitori K,
Dong Y, Sui L, Tsukamoto I, Ueno M and Tokuda M: Rare sugar
D-psicose protects pancreas beta-islets and thus improves insulin
resistance in OLETF rats. Biochem Biophys Res Commun (2012)
425: 717-723.

5. Hossain MA, Kitagaki S, Nakano D, Nishiyama A, Funamoto Y,
Matsunaga T, Tsukamoto I, Yamaguchi F, Kamitori K, Dong Y,
Hirata Y, Murao K, Toyoda Y and Tokuda M: Rare sugar
D-psicose improves insulin sensitivity and glucose tolerance in
type 2 diabetes Otsuka Long-Evans Tokushima Fatty (OLETF) rats.
Biochem Biophys Res Commun (2011) 405: 7-12.

6. Hayashi N, lida T, Yamada T, Okuma K, Takehara |, Yamamoto T,
Yamada K and Tokuda M: Study on the postprandial blood glu-
cose suppression effect of D-psicose in borderline diabetes and
the safety of long-term ingestion by normal human subjects. Biosci
Biotechnol Biochem (2010) 74: 510-519.

7. lida T, Hayashi N, Yamada T, Yoshikawa Y, Miyazato S,
Kishimoto Y, Okuma K, Tokuda M and Izumori K: Failure of d-psi-
cose absorbed in the small intestine to metabolize into energy and
its low large intestinal fermentability in humans. Metabolism (2010)
59: 206-214.

8. Takashio M and Okami Y: Screening of a Dextransucrase Inhibitor.
Agric Biol Chem (1982) 46: 1457-1464.



April 2015

10.

1.

12.

13.

14.

15.

16.

Matsumoto M, Minami T, Sasaki H, Sobue S, Hamada S and
Ooshima T: Inhibitory effects of oolong tea extract on caries-
inducing properties of mutans streptococci. Caries Res (1999) 33:
441-445,

Ooshima T, Osaka Y, Sasaki H, Osawa K, Yasuda H, Matsumura
M, Sobue S and Matsumoto M: Caries inhibitory activity of cacao
bean husk extract in in-vitro and animal experiments. Arch Oral
Biol (2000) 45: 639-645.

Forbord B and Osmundsen H: On the mechanism of xylitol-depen-
dent inhibition of glycolysis in Streptococcus sobrinus OMZ 176.
Int J Biochem (1992) 24: 509-514.

Gauthier L, Vadeboncoeur C and Mayrand D: Loss of sensitivity
to xylitol by Streptococcus mutans LG-1. Caries Res (1984) 18:
289-295.

Yoshida A and Kuramitsu HK: Multiple Streptococcus mutans
genes are involved in biofilm formation. Appl Environ Microbiol
(2002) 68: 6283-6291.

Kishi M, Aizawa F, Ando A, Imai S, Nishizawa T and Yonemitsu M:
Basic Studies on in vitro Cariogenicity Test for Sugar Substitutes
Using Growing System of Mutans Streptococci. J Dent Hith (1999)
49: 252-261.

Martin-Villa MC, Vidal-Valverde C and Rojas-Hidalgo E: Soluble
sugars in soft drinks. Am J Clin Nutr (1981) 34: 2151-2153.
Dubois M, Gilles KA, Hamilton JK, Rebers PA and Smith F:

Inhibitory Effects of D-tagatose on Streptococcus mutans GS5

20.

21.

22.

23.

111

Colorimetric method for determination of sugars and related sub-
stance. Analyt Chem (1956) 28: 350-356.

Mickenautsch S and Yengopal V: Effect of xylitol versus sorbitol:
a quantitative systematic review of clinical trials. Int Dent J (2012)
62: 175-188.

Mickenautsch S and Yengopal V: Anticariogenic effect of xylitol
versus fluoride - a quantitative systematic review of clinical trials.
Int Dent J (2012) 62: 6-20.

Bader JD, Vollmer WM, Shugars DA, Gilbert GH, Amaechi BT,
Brown JP, Laws RL, Funkhouser KA, Makhija SK, Ritter AV and
Leo MC: Results from the Xylitol for Adult Caries Trial (X-ACT). J
Am Dent Assoc (2013) 144: 21-30.

Lu Y, Levin GV and Donner TW: Tagatose, a new antidiabetic
and obesity control drug. Diabetes Obes Metab (2008) 10: 109-
134.

Bautista DA, Pegg RB and Shand PJ: Effect of L-glucose and
D-tagatose on bacterial growth in media and a cooked cured ham
product. J Food Prot (2000) 63: 71-77.

Reid SJ and Abratt VR: Sucrose utilisation in bacteria: genetic
organisation and regulation. Appl Microbiol Biotechnol (2005) 67:
312-321.

Levin GV: Tagatose, the new GRAS sweetener and health prod-
uct. J Med Food (2002) 5: 23-36.



