High-sucrose diet reduces defensive reactions of the pulpo-dentinal
complex to dentinal caries in young rats
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The significance of systemic dietary effects on the response of the pulpo-dentinal complex to dentinal caries
was examined. Weanling rats were divided into high sucrose or control diet groups both with and without
cariogenic bacterial inoculation. At the onset, tetracycline was injected to mark the dentin formation
during the experiment. After 5-6 week, mandibular molars were sectioned sagittally. The areas of dentin
formed during the experiment and those of dentinal caries were quantified separately in the first and
second molars. In the control diet groups the area of dentin was significantly greater under carious fissures,
whereas in the high sucrose diet groups the area of dentin formed did not differ between intact and carious
fissures. The high sucrose diet resulted in a significantly smaller area of dentin formation than did the
control diet. The high sucrose diet with cariogenic bacterial inoculation resulted in the greatest area of
dentinal caries. With the control diet a positive response against dentinal caries occurs, but the high dietary
sucrose content impairs the defensive reactions of pulpo-dentinal complex against dentinal caries. These
findings add further evidence of the importance of the local endogenous factors of caries progression.
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In addition to its cariogenic effect, a high concentration
(43 g/100 g) of dietary sucrose has been shown to reduce
both dentin formation (1-3) and mineralization of dentin
(4) in the molars of young rats. Detrimental effects of
dentinal caries lesions on cell function is not likely, since no
differences were detected in the amount of dentin under
intact and carious fissures in the high-sucrose group (1)
This observation is also paradoxical to the present concept
of the effect of caries on dentin. Caries has been supposed
to activate the deposition of dentin in the form of
reparative dentin (5) regardless of the manner of caries
induction.

The caries process advances from non-cellular enamel
to dentin. Dentin containing an inorganic component
closely associated with an organic extracellular matrix is
connected to living cells—that is, odontoblasts and other
pulpal cells. The pulpo-dentinal complex is capable of
responding to caries even in its very initial stage (5—-8). The
possibility of the systemic factors modulating this response
(2) challenges the traditional opinion that caries is
regulated only by factors affecting the external surface of
the teeth.

Dietary carbohydrates and the virulence of cariogenic
bacteria are considered the most important factors for
caries initiation in enamel. The defence mechanisms of the
pulpo-dentinal complex in the regulation of caries
progression is not known, but the progression of the lesion
in dentin is probably modulated not only by the intensity
of bacterial challenge or by endogenous factors within the
dentin but also by systemic factors through dental pulp.

Indeed, the negative correlation between dentin formation
and dentinal caries progression suggests that deprivation of
the systemic defence reactions by the high sucrose diet
might enhance the dentinal caries progression (1, 3).
However, these assumptions are based on a fairly small
data set. To clarify further the roles of external and
internal factors affecting the dentinal caries progression,
we collected a larger data set to test the relationship
between the dentin formation and dentinal caries
progression in the molar teeth of young rats fed either a
control or a high-sucrose diet with and without cariogenic
bacterial inoculation.

Materials and methods

Animals, animal care, and collection of the data

The areas of dentin formation and dentinal caries from
five separate experiments were combined to form two
larger data sets (see later). The aim of this approach was to
collect a data set large enough to diminish the effect of the
variation between individuals on the results and to assess
more reliably the association between dentin formation
and dentinal caries progression. The experiments were
similar in terms of all the factors affecting the results: a) all
the experiments were performed in our laboratory with
Wistar or Sprague—Dawley rats; b) the timing of the start
of the experiment (at 21 days of age) and the duration of
the experiment (56 weeks) were similar; ¢) the diets were
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Table 1. The area of dentin formed in the first and second
mandibular molars of rats fed a high-sucrose or a control diet with
and without cariogenic bacterial inoculation for 5-6 weeks*
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Table 2. The area of dentinal caries lesions in the first and second
mandibular molars of rats fed a high-sucrose or a control diet with
and without cariogenic bacterial inoculation for 5-6 weeks*

Dentin area

Group n (um? x 10%)
First mandibular molar
Sucrose with bacteria 36 111.4 £52.1*
Sucrose without bacteria 55 127.4 + 31.8°
Control with bacteria 38 177.7 4+ 33.2°
Control without bacteria 52 199.4 £+ 43.8°
Second mandibular molar
Sucrose with bacteria 36 87.9 +46.9°
Sucrose without bacteria 55 101.9 4+ 27.2°
Control with bacteria 38 138.7 + 34.8"
Control without bacteria 52 150.7 & 39.8"

* Values are means % standard deviation. Values with different
superscript letters differ significantly (P < 0.05).

the same in all experiments. The high-sucrose diet
contained 43% sucrose, 22% wheat flour, 32% milk
powder, 2% whole liver powder, and 1% corn oil. Control
diets were standard laboratory diets containing 28%—34%
oat flour, 50%—48% wheat products, 5%—7% soya, 4%—
7% fish powder, and 8% other products (Brood Stock
Feed for Rats and Mice R3 and R36, Ewos AB,
Sodertilje, Sweden). All the diets satisfied fairly well the
requirements of the National Research Council (9). The
free fluoride concentration of the sucrose diet was 0 ppm
and that of the control diets 0.05 ppm; the total fluoride
concentration was 5 and 50 ppm, respectively. In the
preliminary analysis there were no differences in dentin
formation or caries progression between the control diet
groups, so they were combined for the analyses. Only the
groups fed the sucrose or control diet with and without
bacterial inoculation but without any additional experi-
mental procedures were included from each experiment,
and food and water were freely available; d) animal care
was similar (housing, handling, feeding, and noise); and ¢)
specimen processing was identical (the cutting of the
mandibles and measuring the dentin formation and
dentinal caries). At the beginning of each experiment all
the animals were given an intraperitoneal injection of
oxytetracycline hydrochloride (30-40 mg/kg, Terramy-
cin®™, Pfizer Corp., Brussels, Belgium) to mark the
mineralizing dentin at that time. All experimental
procedures were approved by the Animal Care and Use
Committee, University of Oulu, Oulu, Finland.

The first data were collected to investigate the role of
rapid caries progression in the defensive mechanisms of the
pulpo-dentinal complex as evaluated by the amount of
dentin formed during the experiment. The rats were
inoculated with a fresh suspension of Streptococcus sobrinus
(ATCGC 27531 K 1 Fitzgerald) on days 2 and 3 of the
experiment and then weekly to ensure the cariogenic
challenge. In these combined data there were 36 animals
in the sucrose group and 38 in the control group.

The second data set was collected to evaluate the
importance of the systemic dietary factors for the defence

Caries area (um” x 10°)

Group n Min Med Max
First mandibular molar
Sucrose with bacteria 36 0.0 35.6% 130.6
Sucrose without bacteria 55 0.0 12.5" 43.4
Control with bacteria 38 0.0 0.0° 44.0
Control without bacteria 52 0.0 0.0¢ 30.9
Second mandibular molar
Sucrose with bacteria 36 7.6 51.7% 127.3
Sucrose without bacteria 55 0.0 14.7° 46.4
Control with bacteria 38 0.0 0.0¢ 70.5
Control without bacteria 52 0.0 0.0¢ 25.6

* Values are minimum, median, and maximum. Values with different
superscript letters differ significantly (£ < 0.05).

reaction of the pulpo-dentinal complex with minimal
cariogenic challenge. For this reason the rats were not
inoculated with cariogenic bacteria. There were 55 rats in
the sucrose group and 52 in the control group.

At the end of the experiments, the animals were
anesthetized either with ether or with a combination of
fentanyl-fluanisone (Hypnorm™, Janssen Pharmaceutica,
Brussels, Belgium) and midazolam (Dormicum™®, Roche,
Basel, Switzerland), and killed by decapitation. The
mandibles were dissected, defleshed, and sectioned
sagittally by the technique of Keyes (10). To measure the
amount of dentin formation, the first and second molars
were cach examined under an Orthoplan Ploemopack
microscope (Leitz, Westlar, Germany) equipped with
fluorescent light (detector wavelength, 460 nm), with
which the tetracycline stripes surrounding the newly
formed dentin during the experiment could readily be
seen (11). The main central transverse fissure of the first
mandibular molar and the mesial one of the second molar
were photographed with Kodak Ektacrome daylight film
(400 ASA; Kodak, UK). The tetracycline-marked zones of
dentin formation were measured planimetrically from
video images by circumscribing their respective areas on a
monitor (Salora 445 A RGB, Salo, Finland; camera,
Hitachi VKM 96 E, Tokyo, Japan) using a serial ‘mouse’
connected to a PCVision Frame Grabber (Imaging
Technology, Woburn, Mass., USA) (11). The size of the
dentinal caries lesion, seen as a change of fluorescence (12)
under the fissure, was also measured planimetrically as
described above.

Statistical methods

Statistical analyses were performed using the SPSS
statistical package (SPSS Version 7.1, SPSS, Chigago, IIl.,
USA). Means and standard deviations were calculated for
the areas of dentin formation. Median values with
minimums and maximums were calculated for the areas
of dentinal caries because these data were not normally
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Fig. 1. The areas of dentin under intact (int) and carious (car) fissures in the molars of rats fed a high-
sucrose (Suc) or control (Ctr) diet with (A and B) and without (C and D) cariogenic bacterial inoculation.
There were no differences between intact (Suc—int) and carious (Suc—car) fissures in the sucrose diet
groups. In the control diet groups a significantly greater area of dentin formation was observed in the first
molars without cariogenic bacteria and in the second molars with cariogenic bacteria under carious (Ctr-
car) fissures than in intact (Ctr-int) fissures. The box shows the 1st and 3rd quartiles with the median value
inside, and the whiskers show the minimum and maximum. The dots and asterisk represent the values
higher than the statistically calculated maximal value in the ‘box and whiskers’. In the sucrose diet group
there were only three intact fissures in the first molars, and the three dots represent these individual values;

in the second molar no intact fissures were observed.

distributed. One-way ANOVA with Tukey’s honestly
significant difference test was used to identify differences
in the area of dentin formation between the groups. To
analyze the differences between the groups in the area of
dentinal caries, the non-parametric Kruskal-Wallis ANO-
VA was used to determine whether an overall difference
existed among the groups. If a difference was detected, the
Mann—Whitney U-test was used to determine differences
among the groups. After selection of fissures into intact
and carious within the groups, an independent samples ¢
test was used to determine differences in the areas of
dentin within each group. The level of statistical
significance was set at P < 0.05.

Results

No differences were found in the weight gain of the rats or
in food or water consumption between the groups (data
not shown).

The high-sucrose diet with and without bacterial
inoculation significantly reduced dentin formation in the

first and second molars compared with the control diet.
The formation rate of dentin was higher in the control diet
group without bacterial inoculation than in the respective
diet group with cariogenic bacteria in the first molars
(Table 1).

Rats fed the sucrose diet and inoculated with cariogenic
bacteria showed the largest dentinal caries lesions in both
molars. Even though the inoculation of cariogenic bacteria
increased the area of dentinal caries in the control group,
the sucrose diet without cariogenic bacteria caused an
even greater increase the area of dentinal caries than the
control diet with bacteria in both molars (Table 2).

When intact and carious fissures were analyzed
separately in different groups, the area of dentin was
significantly greater under carious fissures than under
intact fissures in the control diet group in the second
molars with cariogenic bacteria (Fig. 1B) and in the first
molars without cariogenic bacteria (Fig. 1C). In the control
diet group in the second molars without cariogenic
bacteria the area of dentin was also greater under carious
fissures (Fig. 1D), but statistical significance was not
reached. In the high-sucrose diet groups no differences
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in the area of dentin formation was detected under intact
or carious fissures (Fig. 1).

Discussion

As we collected the data from several experiments, two rat
strains were included in the analyses. In caries experiments
different rat strains have been used. Although there may
be differences in caries susceptibility between different
strains, there is evidence that individual variation is also
marked (13, 14). In this experiment we did not find any
obvious strain differences with regard to either caries
progression or dentin formation. Furthermore, in our data
the analysis of the dentin formation and caries progression
was done tooth by tooth. Thus we think that the use of two
different strains of rats did not have an influence on the
results or conclusions from the findings.

The finding that the effect of a high-sucrose diet reduces
dentin formation under both intact and carious fissures is
in accordance with our previous study (1), in which we
showed that the critical concentration with regard to the
dentin formation was between 30% and 43% of dietary
sucrose. Notably, in most animal caries experiments the
concentration of dietary sucrose has been between 43%
and 70% (15). In those experiments the external factors
causing the initiation of enamel caries have been
considered to be of importance also in caries progression
in dentin. Although there is much evidence that the pulpo-
dentinal complex responds differently to slowly and rapidly
progressing caries, possibly regulated by the growth factors
released from carious dentin (16), the systemic effects
modifying the defence reactions have not previously been
considered to be of importance.

Rats fed the control diet showed significantly smaller
caries lesions than those fed the sucrose diet. This indicates
that without dietary sucrose, even the inoculation of
cariogenic bacteria does not result in rapid dentinal caries
progression. This supports the previous finding that the
relationship between the bacterial counts and caries is not
very strong, the relationship between dietary sucrose and
dental caries being stronger (17).

Whereas progression of caries into dentin resulted in the
formation of a greater amount of dentin in the control diet
group, no such difference was observed in the teeth of the
sucrose diet group, even though the traditional view holds
that the increase in caries progression should increase the
dentin formation to prevent pulpal exposure (5) It seems
that the teeth of rats fed the high-sucrose diet are not able
to defend against caries attack. The reduction of dentin
formation by the sucrose diet irrespective of the dentinal
caries further emphasizes the role of the systemic effect on
dentinogenesis suggested earlier (1-3). With regard to
humans, these results offer a possible explanation of the
clinically familiar situation in which an active caries lesion
rapidly penetrates deeply into the dentin without activa-
tion of adequate defensive mechanisms resulting in
reparative dentin formation or physiologic sclerosis of
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dentin. On the other hand, the finding of increased dentin
formation under carious fissures in the control diet group
corresponds to two previously known phenomena. First,
small caries lesions cause an increase both in the
predentinal collagen formation and in matrix mineraliza-
tion (18). Second, enzymatic changes in the pulpal border
of dentin occur (8, 19, 20). Under deep lesions several
enzyme activities along with the collagen formation rate
are decreased (18). It has been concluded that, whereas
under small lesions reparative dentin formation is induced,
dentin collagen maturation and matrix mineralization are
seriously disturbed under deeper lesions. The only enzyme
showing a slight increase in activity under deep lesions is
acid phosphatase, indicating cell deaths in the odonto-
blastic layer (18). In progressive acute lesion the defensive
reaction may be overtaken by the caries process itself, and
pulpal exposure may occur after a relatively short time of
caries development (5).

With regard to the severity of caries, the amount of
sucrose has previously not been believed to be as critical as
the frequency of its intake (21). This might well be true
with regard to the number of carious fissures, but the data
from previous (1) and this experiment indicate that in the
progression of caries in dentin, the impairment of the
systemic defensive mechanisms in the dentin-pulp complex
caused by a high total intake of sucrose is even more
important.

In addition to the reduction in dentin formation with
the sucrose diet, it has been shown that the dentinal fluid
flow is reduced (22-24). The diet-induced reduction of
dentin formation and dentinal fluid flow could be related.
Impaired function of odontoblasts and/or pulpal cells
could interfere with physiologic defensive reactions, such
as increased outward flow of dentinal fluid, sclerosis of
dentin, and neutralization of acids in dentinal tubules. In
active lesions the pH of the carious dentin is markedly
lower and the acid profile differs from that of chronic
lesions (25, 26), and this could be caused by a lowered
dentinal fluid flow. Alternatively, the diet-induced altera-
tion in odontoblast metabolism may result in a decreased
response to the growth factors liberated from dentin
during caries progression. This may, at least partially,
contribute to the reduced dentin formation. There are
studies showing that implantation of bioactive molecules in
the base of unexposed cavities can lead to stimulation and
up-regulation of cellular activity in the odontoblasts
underlying the cavity (16, 27).

Only young rats still undergoing active secondary dentin
formation were included in these studies. Therefore, this
kind of depression of the odontoblast function may be
characteristic of metabolically highly active odontoblasts.
In older rats with 10% of the dentin formation rate in
young rats (28, 29) the high-sucrose diet does not alter
dentin formation (28). Although there are apparent species
differences, this could also be the case for humans,
explaining the higher caries susceptibility of young
individuals.

In conclusion, this study provides evidence that the
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pulpo-dentinal complex is able to defend against caries
independently of the presence of cariogenic bacteria, so
long as the exposure to dietary carbohydrates is within
reasonable limits. However, the systemic effect of a high
concentration of dietary sucrose abolishes the ability of the
dentin-pulp complex to induce the defensive reactions
against dentinal caries. The acknowledgement of the
existence and importance of the endogenous regulation of
the dentinal caries progression offers an alternative
approach to the understanding of the mechanisms of
caries.
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