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Abstract
The effects of dietary sucrose and systemic glucocorticoid treatment on the response of the
pulpodentinal complex to dental caries were examined in an experimental rat model. The possible
role of dentinal caries on dentin formation was also examined. After 5-6 weeks of a dietary and/or
medication period, the areas of dentin formation and dentinal caries were quantified in the molars of
growing animals. Also the number and severity of caries lesions were estimated. The 43% sucrose
diet significantly reduced dentin formation and increased dentinal caries progression. Although
glucocorticoid medication alone reduced dentin formation, without dietary sucrose it did not have an
effect on caries. In combination of these two, glucocorticoids further increased the progression of
dentinal caries, however without significant increase in the number of caries lesions. The cariogenic
bacterial inoculation of rats fed a sucrose or control diet increased the progression of dentinal caries.
The relationship between cariogenic bacteria and caries was not strong, but there was a stronger
relationship between the total amount of dietary sucrose and dentinal caries. In addition to the overall
reduction of dentin formation there was no difference in the amount of dentin formed between intact
and carious fissures in the sucrose diet group. On the contrary, rats receiving the control diet
positively responded to the dentinal caries by increasing dentin formation to prevent pulpal exposure.
Whereas the high sucrose diet impaired both the deposition and mineralization of the dentin matrix,
glucocorticoids affected matrix formation only. These results indicate that the functional alterations
in the pulpo-dentinal complex might contribute to dentinal caries progression in a cariogenic
environment, irrespective of the causative mechanism.
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And though I have the gift of prophecy,
And understand all mysteries and all knowledge,
And though I have all faith,
So that I could remove mountains,
But have no love,
I am nothing.
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1. Introduction

The most important factors for dental caries are considered to be infection by the oral
microbial flora, a caries susceptible host and dietary factors, sucrose being the “arch
criminal“. Bacterial mediation occurs through the production of organic acids by oral
micro-organisms, which utilize locally available carbohydrates as substrates. The diet of
the host provides the source of carbohydrates. Also the virulence and composition of the
bacterial plaque are important factors. The host factors affecting the caries initiation and
progression include saliva composition and flow rate, tooth form, physico-chemical
nature of tooth surface and host oral hygiene habits. (Hoffman 1980)

Enamel is regarded as a primary determinant for either resistance or susceptibility to
caries. Caries occurs when hydrogen ions from the plaque diffuse into the enamel,
causing the loss of minerals. When the caries attack is terminated by a rise in plaque pH,
the saliva and plaque provide remineralizing activities. Dentinal caries progression
consists of demineralization of the mineral fraction, destruction of the organic matrix and
defense reactions of the pulpo-dentinal complex. Another possibility has been brought
forward, namely the adverse systemic effects through pulp on dental health (Larmas et al.
1992). Metabolism of odontoblasts and other pulpal cells may be influenced by various
substances such as dietary components, growth factors and hormones.

Dentin is the product of odontoblasts exclusively and odontoblasts do not deposit
extracellular matrices other than dentin. Furthermore, unlike bone, dentin does not
undergo remodelling. Therefore, the amount and composition of dentin serves as a
marker of odontoblast function.

In caries studies only the factors affecting the external surface of the tooth have been
supposed to be of importance. In many experimental caries studies diets containing as
high as a 56-72% concentration of sucrose have been used (Shaw 1981). Even if the high
sucrose diets were balanced in regard to other and essential nutrients, systemic effects
may contribute to both initiation and progression of caries. In addition to its caries
inducing effect a 43% concentration of dietary sucrose has several times been shown to
reduce dentin formation in young rat molars (Larmas & Tjäderhane 1992, Tjäderhane et
al. 1994, Hietala & Larmas 1995, Autio et al. 1997).

In this work, I have studied the systemic effects of dietary sucrose and glucocorticoid
treatment in modifying dentin formation and dentinal caries progression. To delineate the
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reaction pattern of the pulpo-dentinal complex to dentinal caries, the effects of dietary
sucrose in intact and carious fissures were also estimated. The amount of dentin formed
was analyzed to ascertain any differences in the dentin formation rates due to different
diets and glucocorticoid medication. The amounts of calcium, phosphorus and total
mineral elements were analyzed to find out alterations in the mineral phase of dentin
possibly increasing the susceptibility of a tooth to caries.
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2. Review of the literature

2.1. Structure and formation of dentin

Dentin is a mineralized connective tissue which constitutes the main bulk of the tooth.
Coronal dentin is covered by the enamel and root dentin by the dental cementum.
Whereas the epithelial enamel forming cells, i.e. ameloblasts, undergo degeneration with
the eruption of the tooth, odontoblasts, forming the dentin, remain functional cells
throughout the life of the tooth. Odontoblasts are capable of responding to various
external and internal stimuli by modulating their functional activity. Dentin consist of an
organic extracellular matrix and minerals attached to it. Functionally dentin also includes
odontoblasts, with their cytoplasmic processes penetrating mineralized dentin, predentin
and dentinal fluid.

2.1.1. Composition and formation of dentin extracellular matrix

The extracellular matrix of dentin consists of collagen fibers that form a matrix for the
deposition of minerals. The collagen fibrils which become mineralized in the
transformation of predentin to dentin are primarily type I, with smaller amounts of type V
collagen and perhaps some type I trimer (Butler & Ritchie 1995). Type III collagen is not
normally seen in dentin, but it has been found to be present in certain pathological
conditions such as osteogenesis imperfecta (Lukinmaa 1988) and also in reparative
dentin (Karjalainen et al. 1986, Magloire et al. 1988). In addition, dentin contains a
number of other proteins and proteoglycans, collectively referred to as non-collagenous
proteins. One category of dentin non-collagenous proteins includes those that are found
exclusively in dentin, and expressed only by the odontoblasts, namely the dentin-specific
proteins. These are dentin phosphoprotein and sialoprotein. Another group consists of
proteins found in bone, dentin and cementum and synthesized by the appropriate cells in
these tissues. These are, for example, bone sialoproteins and osteocalcin. Dentin also
contains other macromolecules synthetized and secreted by odontoblasts, but also present
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in many other tissues, for example, osteopontin and osteonectin. A fourth category of
dentin proteins is those found in the circulation after being synthetized primarily in the
liver. The most abundant of these proteins are glycoproteins. (Butler & Ritchie 1995)

During primary dentinogenesis odontoblast cell bodies synthesize the matrix
components, but the exo- and endocytotic activities occur mainly in their processes. The
extracellular matrix for intertubular dentin is formed in the predentin zone, in which the
collagen molecules produced in odontoblasts aggregate to collagen fibrils and further the
collagen mesh of dentin. The density of this collagenous network increases toward the
mineralization front. Collagen is exocytosed near the odontoblast cell bodies and
becomes associated in fibrils, on which inter- and intramolecular stabilizing cross-links
form. (Holland 1985)

The order of collagen fibers is regulated by the functional activity of the
odontoblasts. During the time between the initial collagen molecule aggregation and
mineralization of the extracellular matrix the composition of the matrix is modified -
components are added or subtracted before reaching the mineralization front (Goldberg
& Septier 1996). The formation rate of predentin is dependent on the age and function of
the tooth and the site in which the cell is situated. During primary dentinogenesis, i.e.
before eruption of the tooth, odontoblasts are active in secretion, while older cells
produce predentin at a much slower rate (Couve 1986).

2.1.2. Types of dentin

Dentin can be divided into distinct types on different bases, such as the
molecular/mineral composition, morphological features and developmentally determined
characteristics. It has been described as a heterogeneous tissue that contains tubules
surrounded by highly mineralized (ca. 95 vol% mineral phase) peritubular dentin
embedded within a partially mineralized (ca. 30 vol% mineral phase) collagen matrix
(intertubular dentin) (Marchall 1993). The composition and structure of dentin varies
between different parts of the tooth. For example, the water content of dentin near the
dentin-enamel junction is about 1% (volume), while near the pulp it is about 22%
(Pashley 1984). Thus the wetness is not uniform, but varies 20-fold from superficial to
deep dentin. On an average the mineral phase holds 70% of the weight percentage and
50% of the volume, and the organic matrix about 20% and 30%, respectively. The
remaining fraction is reported to be water. (Linde & Goldberg 1993)

Dentin contains numerous dentinal tubules which extend peripherally from the
odontoblast-predentin junction throughout its thickness (Mjör & Nordal 1996). Dentin
permeability is a direct consequence of the presence of these tubules. Dentinal tubules
are formed when deposition and mineralization of predentin matrix occur around the
odontoblast process. The average volume occupied by the tubules has been calculated to
be 10%, but this varies considerably throughout the tissue, with average values of 4% at
the dentinoenamel junction and 28% close to the pulp (Garberoglio & Brännström 1976).
Probably because of a high proportion of tubules, inner dentin is more permeable than
outer dentin (Fogel et al. 1988).

A layer of predentin is located on the pulpal aspect of dentin, between the
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mineralized tissue and the loose connective tissue of the dental pulp. It varies
considerably in width, about 10 - 30 µm, depending on species and localization. It is
limited on its proximal side by the cell bodies of the odontoblasts, firmly connected by
their distal junctional complexes, and on its distal side by the mineralized front.
Predentin is a non-mineralized organic matrix, primarily comprising of collagen but also
of non-collagenous constituents, and without any inclusions of cell bodies. (Linde &
Goldberg 1993) The main distinction between mineralized dentin and non-mineralized
predentin appears to be that dentin contains some dentin-specific non-collagenous
proteins thought to be involved in the mineralization of dentin (Butler & Ritchie 1995).

The first layer of primary dentin, which is deposited peripherally in the dental papilla
beneath the enamel organ at the onset of dentin formation, is called mantle dentin.
Primary dentin constitutes the major part of the dentin mass and is produced at a
relatively high rate during formation of the tooth. Thereafter odontoblasts continue to
form secondary dentin on the pulpal aspect of the primary dentin, although at a much
slower rate. The timing of the change from primary to secondary dentinogenesis is
unclarified, although many authors regard the tooth eruption as the time of the change
from primary to secondary dentinogenesis. It has been concluded that active and rapid
primary dentin formation changes to slow secondary dentin formation due to undefined
regulatory factors related to aging, rather than factors related to tooth eruption.
(Karjalainen 1984)

As a response to external stimuli such as chemical irritants, caries, restorative
procedures, attrition, or other trauma and in general any external noxious stimuli may
induce the formation of reparative dentin (tertiary, reactionary or irritation dentin) later
during the life of the tooth (Cox et al. 1992). It varies widely in shape and appearance. It
may be atubular or tubular. Reparative dentin is formed beneath those dentinal tubules
directly affected by the stimulus, and is localized to certain areas of the pulp-dentin
interface. An active caries lesion causes production of sparse, irregular tubular dentin
with inclusion of cells, whereas less intense irritation is related to a slower formation of
more regular dentin (Soames & Southam 1998, Torneck 1994). Reparative dentin is
suggested to be formed by odontoblasts and/or odontoblast-like cells differentiated from
pulp cells after the beginning of irritation (Mjör 1985, Magloire et al. 1992, Lesot et al.
1993).

The dentin may also be divided into intertubular and peritubular dentin. The
intertubular dentin is the main secretion product of the odontoblasts, constituting the
largest volume of primary dentin, whereas the peritubular (intratubular) dentin forms a
less voluminous sheath of mineralized tissue in the periphery of dentinal tubules.
Peritubular dentin may be absent in the most pulpal part. The intertubular dentin is
formed by odontoblasts during dentinogenesis, and it forms through predentin
mineralization. The deposition of peritubular dentin causes progressive reduction in the
tubule lumen and may totally obliterate the tubules (Hawkinson & Eisenmann 1983).
This phenomenon is called dentin sclerosis. During environmental stimulus and irritation
the formation of peritubular dentin may be accelerated (Torneck 1994, Weber 1974).
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2.1.3. Pulpo-dentinal complex

Although there are a number of marked differences between dentin and pulp, these units
function as a complex. The living portion creates and maintains the mineralized
extracellular matrix, which in turn protects the delicate cells from injury. For example
through the dentinal fluid medium bacterial substances can diffuse across dentin to
produce pulpal reactions. The pulp responds to these insults in the short term by
mounting an inflammatory response which produces an outward movement of fluid and
macromolecules. In the long term, pulpal cells produce reparative dentin as a biologic
response to reduce the permeability of the pulpo-dentinal complex and to restore its
original composition. The continuity of the dentinal fluid and pulpal fluid circulation in
exposed dentin are important in clearing pulpal interstitial fluids of exogenous material.
(reviewed by Pashley 1996)

2.1.4. Mineralization of dentin

The initial stages of dentin mineralization are thought to involve ionic nucleation
phenomena mediated by the same cells, i.e. odontoblasts, that produce the extracellular
matrix components on which critical nuclei appear. The extracellular dentin consists of
inorganic crystals (hydroxyapatite), collagen, non-collagenous proteins, extracellular
organelles and water. Non-collagenous proteins specific to dentin, such as
phosphophoryn could be involved in the ionic nucleation of calcium- and phosphate-
containing crystals. Such proteins not only induce nucleus formation but also seem to
control its initial growth and orientation (Mann 1993, Houllé et al. 1997). Other
constituents of the organic matrix may also, after the nucleation step, control the size and
morphology of the crystal (Höhling et al. 1995). Collagen is believed to control mineral
orientation and organization (Iijima et al. 1995). The hydroxyapatite crystals of collagen-
containing calcified tissues (bone, dentin and dental cementum) are oriented with their
long axes parallel to the long axes of the fibrils. In the initial mineralization steps,
crystals may directly grow in a hydroxyapatite structure (Arnold et al. 1997), but
hydroxyapatite crystal formation could also be preceded by the transient formation of
precursors such as octacalcium phosphate. Octacalcium phosphate could then be
hydrolyzed to hydroxyapatite (Iijima et al. 1995).

Mineralization appears at some distance from the cells, which are, however, very
important mediators, because they synthesize and lay down the components of the
extracellular matrix where the mineral is deposited, control calcium and phosphate
fluxes, and produce the required growth factors and enzymes (Butler & Ritchie 1995,
Boskey 1996). The calcium concentration is higher close to the mineralization front than
in the neighboring areas (e.g., pulpal circulation), which explains the existence of a
cellular transduction pathway (Bawden et al. 1994). The non-collagenous proteins,
especially the phosphoproteins, could be responsible for hydroxyapatite crystal
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nucleation and growth. These proteins could interact at the junction areas of the collagen
molecules and could bind the calcium, for which they have a high affinity (Höhling et al.
1995). The increase in phosphate and calcium concentrations at these reactive sites of
collagen may give rise to the first hydroxyapatite crystals (Arnold et al. 1997). The non-
apatitic and unstable PO4

3- increase is transient and decreases with the advancement of
the mineralization process (Rey et al. 1990). The geometric arrangement and the
distribution of charges facilitate the new crystal nucleation. These ionic nuclei grow and
coalesce to form developed crystals. Houllé et al. (1997) advances a possible mechanism
for dentin mineralization in which the nuclei coalesce, whereas no individual nucleus
possesses enough energy to be stable. The newly formed structure is more stable. The
phosphophoryns with their phosphate groups may trap calcium, yielding a new protein
arrangement favoring mineralization.

2.1.5. Experimental modulation of dentin formation

In previous studies a high percentage of dietary sucrose (41-43%) has several times been
found to reduce dentin formation in growing rats (Kortelainen & Larmas 1990, Hietala &
Larmas 1994, Tjäderhane et al. 1994, Autio et al. 1997, Bäckman & Larmas 1997,
Pekkala et al. 1998). The 43% starch diet slightly reduced dentin formation (Tjäderhane
et al. 1994). Dietary calcium deficiency significantly reduced dentin formation rate, and
this reduction was reversible as dentin formation rate was acclerated after normalizing
the dietary calcium (Tjäderhane et al. 1995a). Replacing 20% of sucrose with xylitol in
the 43% sucrose diet resulted in a significantly smaller area of dentin than the 43%
sucrose diet. A slight reduction was observed in rats fed a diet where 5% of the sucrose
had been replaced by xylitol (Tjäderhane et al. 1995b). Rats receiving 1 or 19 parts/106

of fluoride in drinking water and fed with a 43% sucrose diet had significantly smaller
areas of dentin than without fluoridated water (Kortelainen et al. 1990). Metabolic
acidosis induced by acidic drinking water (pH 6.10) reduced dentin formation in rats fed
either 43% sucrose or control diets (Bäckman & Larmas 1996). The effect of metabolic
alkalosis was a slight reduction in dentin formation (Bäckman & Larmas 1997). In all
these studies no selection of fissures into intact and carious was made, giving the
possibility that caries may have had an effect on the results.

2.2. Effects of systemic glucocorticoid treatment on mineralized
tissues

Bone and dentin are both mineralized connective tissues sharing the main organic matrix
constituents and the mineral phase. Therefore, systemic interference with bone formation
has been shown to affect dentinogenesis and vice versa (Hietala 1995). Glucocorticoids
are known to affect both the organic matrix formation and its mineralization in bones.

The potentially most disabling side effect of long-term glucocorticoid therapy is the
development of osteopenia with a consequent increased propensity to bone fractures.
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Bone loss is more severe in those regions of the skeleton with a high content of
trabecular bone and less striking in the long bones, which are predominantly composed
of metabolically less active cortical bone (Reid 1989). In children, a high bone turnover
rate and rapid skeletal remodelling are factors which predispose to the rapid occurrence
of severe bone loss and delayed skeletal growth (Loeb 1976). Glucocorticoid induced
osteopenia is suggested to be caused by a depressed bone formation in the presence of an
unaltered but ongoing bone resorption (Prummel et al. 1991). In vitro glucocorticoids
have been found to stimulate osteoclast-like cell formation (Kaji et al. 1997). The
decrease in formation rate has generally been attributed to the direct inhibitory effects of
glucocorticoids on osteoblast function. In vitro glucocorticoids inhibit bone collagen
synthesis by suppressing pre-existing osteoblasts and conversion of precursor cells to
functionary osteoblasts (Canalis 1983). Indirect effects of glucocorticoids on bone
metabolism include inhibition of intestinal calcium absorption (Hahn et al. 1981),
increasing urinary calcium excretion and lowering of serum calcium and consequent
increase in parathyroid hormone secretion (Suzuki et al. 1983).

In the dentin of rats the effects of glucocorticoids are conflicting. In incisors both
excessive formation of bone-like substances (Anneroth & Bloom 1966) and reduced
width of dentin walls (Ball 1977) have been found. In molars of young rats depressed
dentin formation has been found (Johannessen 1964). In adult rats methylprednisolone
medication did not alter Ca, P or Ca/P ratio in the roots of molars (Näsström 1996). In
humans high amounts of glucocorticoids resulted in a widened predentin layer and an
irregular mineralization front (Näsström et al.1993).

2.3. Metabolic effects of dietary carbohydrates

The most common dietary disaccharide is sucrose, a combination of glucose and
fructose. Glucose is the main monosaccharide in the body and the main source of energy
to cells.

Feeding young rats with a high sucrose diet for 3 weeks elevates plasma glucose and
insulin levels, decreases glucose tolerance and peripheral insulin sensitivity (Wright et al.
1983). In older rats hyperglycemia or alteration in glucose tolerance is not observed. In
older rats pancreases release greater amount of insulin to prevent hyperglycemia and this
decreases peripheral insulin sensitivity to a greater degree than in young ones. (Hara et
al. 1992) Overall, the metabolic adaptations to a sucrose rich diet seems to be
multiphase. During the first 22 days a marked decrease in glucose tolerance has been
found. It becomes less pronounced in subsequent time periods. (Gutman et al. 1987)

The long-term (1 month) effect of high-sucrose (63 % of calories from sucrose)
indicates that glucose tolerance is ameliorated with a high-carbohydrate diet in the
normal rat, as well as in the normal human (Anderson et al. 1973, Lin & Anderson 1977,
Portha et al. 1982, Vallerand et al. 1986). However, others have reported that rats given
a sucrose or fructose diet displayed a relative inability to tolerate a glucose load (Reiser
& Hallfrisch 1977, Laube et al. 1978, Hallfrisch et al. 1979, Kanarek & Orthen-Gambill
1982). The results of Kergoat et al. (1987) indicate that the increased insulin secretion in
response to glucose is related to an hyper-reactivity of the pancreatic ß cells to glucose.
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The mechanism involved in the high insulin output by the pancreases of sucrose-fed rats
remains presently unknown, as the insulin biosynthesis by isolated islets was not found to
be elevated, and the islet insulin content (Laube et al. 1976) or the total pancreatic
insulin content (Portha et al. 1982) remained unaffected.

High concentration of dietary sucrose lowers the density and mechanical strength in
the long bones of rats (Li et al. 1990, Zernicke et al. 1995, Tjäderhane & Larmas 1998).
Li et al. (1990) suggested that high fat-sucrose diet related changes in cortical bone
quality were related to reduced cortical bone quality rather than reduced bone quantity.
Several mechanisms may contribute to sucrose-related changes in bone. In humans
sucrose ingestion results in increased urinary calcium excretion (Ericsson et al. 1990). A
high sucrose diet in the rat can elevate blood insulin levels and induce hyperinsulinemia
(Grimditch et al. 1988, Barnard et al. 1993). Hyperinsulinemia, in turn, produces
hypercalciuria (Wood & Allen 1983, Holl & Allen 1987), as insulin inhibits renal tubular
reabsorption of calcium (Leman et al. 1970, deFronzo et al. 1975). Calcium deficiency
and high insulin level can lead to poor bone mineralization (Kream et al. 1985). Calcium
deficiency weakens bone mechanical properties (Härmä et al. 1987). Furthermore, high
glucose levels can diminish renal reabsorption of magnesium (Lemann et al. 1970), and
magnesium depletion results in reduced bone turnover (Jones et al. 1980). Low bone
turnover for an extended time can result in osteoporosis (Härmä et al. 1987).

2.4. Dental caries

Dental caries causes loss of tooth substance mainly in the pits and fissures and on the
interproximal surfaces of the crown. It occurs less frequently on the buccal and lingual
surfaces. Enamel caries lesions consist of different histological zones, which reflect
different degrees of demineralization (Soames & Southam 1998). Dentinal caries consists
of demineralization of the mineral phase, followed by proteolytic degradation of the
organic phase. Initiation of the root caries in the cementum involves sub-surface
demineralization (Schüpbach et al. 1989, Nyvad et al. 1997), starting at several points
over a wide area of exposed cemental surface. Because cementum is thin and porous,
caries rapidly extends to the underlying dentin.

2.4.1. Course of dentinal caries

Caries lesions advance through the enamel to reach the amelodentinal junction, where
they spread laterally (Soames & Southam 1998). Variations in enamel porosity determine
the dentinal reactions, and the shape of the dentinal lesion is the result of dentin
responses to caries attack (Björndal & Thylstrup 1995). At this early stage of dentinal
caries bacteria themselves have not invaded the dentin, only their acids diffuse there. The
acids dissolve apatite crystals from the periphery in the peri- and intertubular dentin
(Arends et al. 1989). The dissolved minerals diffuse into the dentinal tubules and begin
to precipitate as a new whitlockite crystal formation to form a sclerotic zone. This
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reduces the permeability of dentin. (Pashley et al. 1991) The formation of crystals in
arrested dentinal caries occurs stepwise by the dissolution of intertubular dentin, the
saturation of the solution in the dentinal tubules with calcium, phosphate and magnesium
ions, and final precipitation of whitlockite, resulting in a locally increased mineral
content. Later there may be further maturation of apatite crystals under the physiological
control of odontoblasts. (Daculsi et al. 1987) On the other hand, there are findings that in
the sclerotic zone the apatite crystals of the peri- and intertubular dentin are markedly
decreased in size and number with an associated increase in the intervals between them,
resulting in demineralization and softening (Fusayama 1991).

The difference between the inner and outer layers of carious dentin is that the
crossbanded structure of collagen remains only in the inner layer. The presence of the
crossbanded collagen fibers seems to be essential for physiological remineralization of
the dentin, forming a base on which apatite crystals can become attached. Therefore,
remineralization increases the density only in the dentin matrix leaving the tubules
nonmineralized. The presence of the living odontoblast process is also essential for
physiological remineralization, because it supplies calcium phosphate from the vital pulp.
(Fusayama 1991)

After the enamel lesion cavitates bacteria are able to penetrate into the tissue and
multiply within the dentinal tubules. The first wave of bacteria infecting the dentin are
primarily acidogenic. The acids diffuse deeply into the dentin causing demineralization.
Bacteria first occupy the tubules towards the periphery of the lesion. (Arends et al. 1989,
Ozaki et al. 1994) Thereafter the widening of the tubules also damage the surrounding
dentin. Acids, toxic substances and bacteria can penetrate deeper (Lormeé et al. 1986,
Schüpbach et al. 1990). Towards the amelodentinal junction, there is a more mixed
bacterial population (Ozaki et al. 1994). Proteolytic and hydrolytic enzymes destroy the
organic matrix (Larmas 1972). Demineralization alters non-collagenous components of
the organic matrix more easily than the collagenous part of the matrix (Lormèe et al.
1986), and demineralization may precede far ahead of organic destruction.

With further progression of the lesion, aggregations of bacteria and necrotic tissue
coalesce in the softened matrix (Frank 1990, Schüpbach et al. 1990). The destructive
processes overcome the defensive reactions. Acids and enzymes ultimately break into the
sclerotic zone. The zone of penetration occupies the major region of the carious dentin.
The zone of destruction is positioned deep in the cavity formed within the destroyed
dentin. Ultimately bacterial invasion takes place in the pulp and a pulp abscess or severe
pulp inflammation is found. (Silverstone & Mjör 1988)

2.4.2. Cellular and tissue response to dentinal caries

The reactions against caries in dentin are a combination of vital responses by the
odontoblasts and their processes within the dentinal tubules and a physico-chemical
process involving dissolution and partly re-precipitation of mineral salts. Various
products such as bacterial metabolites and substances of the extracellular dentinal matrix
are released during actively progressing caries (Larmas 1986). Organic acids produced
by micro-organisms play an important role not only in demineralizing the inorganic
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materials, but also in enhancing bacterial penetration (Michelich et al. 1980). Bacteria
have also been suggested to be responsible for the proteolytic destruction of organic
material (Katz et al. 1987, Goldberg & Keil 1989). However, recent findings imply that
host enzymes—matrix metalloproteinases, which are capable of degrading practically all
extracellular matrix proteins in normal remodeling, as well as in pathological
processes—might also be responsible for the degradation of dentin organic matrix in
caries lesions and the bacterial acids may have an important role in the initiation of the
process because matrix metalloproteinases are activated in a low pH (Tjäderhane et. al.
1998). In line with these findings the experiments of van Strijp et al. (1997) indicate that
bacteria harvested from dentinal caries lesions failed to degrade collagen in vitro.

It is likely that only a small portion of tissue breakdown products, bacterial
metabolites, or serum proteins, which are assumed as biologically stimulating or
initiating molecules, are able to affect the pulp (Magloire et al. 1992). Consequently, the
quality and size of permeating molecules are determining factors for odontoblast
response (Pashley et al. 1977). The inward diffusion of potentially cytotoxic bacterial
products is opposed by the outward convective movement of dentinal fluid. This tends to
flush the tubules free of irritants and would increase if the underlying pulpal tissue
pressure increases during inflammation (van Hassel 1971, Heyeraas 1985, Kim &
Dörscher-Kim 1989). Presumably, the bacteria residing in plaque continuously shed
products into tubules. These potentially cytotoxic substances may diffuse to the pulp
where, depending upon their concentration and potency, they may initiate an
inflammation reaction. One phenomenon in the inflammatory reaction is an increase in
the permeability of local blood vessels and vasodilatation. These reactions combine to
increase the rate of transudation of plasma across pulpal blood vessels. This leads to a
localized increase in pulpal tissue fluid pressure (Kim & Dörscher-Kim 1989) which
produces more fluid movement across dentin to the surface to flush cytotoxic materials
from the tubules.

Under a small lesion, bacteria have not invaded the dentin (Arends et al. 1989), and
enlargement of the intercellular spaces between odontoblasts is noted, as well as a
reduction in the number and size of intracellular organelles (Magloire et al. 1992). At
this stage of carious attack, no sign of changes in odontoblast processes occur (Frank
&Voegel 1980, Yamada et al. 1983). They extend up to the top of carious dentin through
the sclerotic layer which is characterized by periodontoblastic spaces and tubules filled
with packed bundles of coarse collagen fibrils that will later undergo mineralization. The
dentinal sclerosis probably corresponds to an increase of the normal physiological
process of peritubular dentin mineralization. Increases in alkaline phosphatase and
adenosine triphosphate activities (Läikkö & Larmas 1978, 1979) allow the sequestration
of calcium, and provide phosphate and energy for immediate mineral formation, giving
rise to the sclerotic dentin layer. The endocytosis of immunoglobulins and other serum
proteins indicates that most of the dynamic properties of odontoblasts are preserved
(Okamura et al. 1980, Ackermans et al. 1981). The stimulatory effect of carious
components seems to extend to the underlying cells connected to odontoblast cell bodies
(Köling 1988).

Under initial caries lesions the main odontoblast response consists of an increase in
collagen I synthesis (Karjalainen & Söderling 1980). Consequently, some molecules of
the dentin matrix, intact or partly degraded, are probably released and interact with
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odontoblasts through specific or nonspecific receptors. Several growth factors including
insulin-like growth factor, skeletal growth factor/insulin-like growth factor as well as
transforming growth factor beta appear to be trapped in the mineralized dentin matrix
(Finkelman et al. 1990, Tziafas & Papadimitriou 1998). Magloire and his colleagues
(1992) suggested that in pathological situations such as caries, growth factors could be
liberated from the dentin during the demineralization process and stimulate subjacent
odontoblasts to lay down reparative dentin. In the case that odontoblasts are destroyed,
pulpal cells can differentiate into dentin-forming cells (Lesot et al. 1993).

The metabolic activity of dental pulp cells, other than odontoblasts, is enhanced in the
early phase of dental caries, and it increases with the progression of caries. Kobayashi et
al. (1996) suggested that pulpal cells proliferate only when caries severely affects dentin.
On the other hand, a weak and slow response by cellular proliferation in contrast to the
early elevation of metabolic activity might be related to the pulpal susceptibility to the
stimulation of caries or pulpitis. With a slowly progressing dentinal lesion the diffusion
of bacterial products in advance may be responsible for the stimulus reaching the pulp.
Inflammatory cell infiltrates composed of macrophages, lymphocytes and plasma cells
are usually found in carious dental pulps. (Langeland 1987) As the caries lesion
progresses both T- and B-lymphocytes increase in the amount. T-lymphocytes increase
even in teeth with shallow dentinal caries, while B-lymphocytes and plasma cells,
responsible for the synthesis of circulating immunoglobulins, increase only in teeth with
deep caries. This gives support to the central role of T-lymphocyte-mediated immune
responses in the initiation of pulpal-specific immunity following exposure to protein
antigens. (Izumi et al. 1995)

The sclerotic zone is formed as a result of mild irrigation. In active lesions the degree
of sclerosis is directly related to the successful arrest of the lesion progression. The
absence of sclerosis may be the result of rapidly progressing caries. (Schüpbach et al.
1990, 1992) If present, the sclerotic zone generally occupies a narrow area in which the
tubular lumens may be narrowed or occluded by fine, precipitated calcium phosphate
crystallites leached out during the demineralization (Daculsi et al 1987). It is also
possible that the lumens may have been occluded by the recrystallization brought on by
odontoblastic action during periods of cariogenic remission (Frank & Voegel 1980). The
sclerotic zone occurs at the periphery of the lesion where the stimulus is reduced,
however in a slowly progressing caries it may occur anywhere in the subjacent dentin
(Mjör 1985). The degree of the sclerosis and the resistance to caries may be dependent
upon the initial size of the tubules and therefore in young teeth with wide tubules caries
may progress more rapidly than in older teeth with partially or fully obturated tubules
(Tagami et al. 1992).

2.4.3. Cariogenic bacteria

Germ-free animals consuming carbohydrates do not develop caries unless they are
infected by acidogenic, fermentative micro-organisms. Although Streptococcus mutans is
surely not the only organism which is capable of inducing caries, abundant data indicate
that among oral flora it is the most potent cariogenic organism yet described. Because
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levels of acidogenic organisms are influenced by the consumption of carbohydrates by
the host, levels of Streptococcus mutans on the teeth of the host are profoundly
influenced by sucrose consumption. (Tanzer 1986) Obviously the frequency and duration
of the acid phase of plaque affects the rate of development of caries (Soames & Southam
1998).

Organic acids produced by micro-organisms play an important role not only in
demineralizing the inorganic material, but also in enhancing bacterial penetration
(Michelich et al. 1980). Dentinal caries lesions contain a variety of acids such as lactate,
acetate and propionate, but the acid profiles between different lesions vary markedly
(Hojo et al. 1991). Featherstone and Rodgers (1981) emphasize the importance of acid
profile and concentration, rather than pH alone, during the demineralization process.
Therefore, the variation in acid profile may relate to the progression stage of caries in
dentin and enamel. Low pH has been found in deep carious layers (Dirksen et al. 1962,
1963). Also carious dentin in active lesions is characterized by a low pH and lactate-
dominant acid profile (Hojo et al. 1994). This is suggested to be due to the high numbers
of streptococci and lactobacilli. These bacteria are suggested to produce lactate when
sugars are available in excess. Furthermore, lactobacilli (Harper & Loesche 1984) and
Streptococcus mutans (Iwami & Abbe 1992) produce more lactate in acidic than in
neutral pH.

A more complex bacterial population has been found in advanced than in initial
caries lesions (Schüpbach et al. 1996). In deep dentinal lesions a high number of bacteria
has been isolated from the outermost part of the lesion. The following segments harbored
only a negligible number of bacteria. This corresponds with the structural features of
lesions, as bacteria in peripheral areas are observed to progress along the dentinal tubules
towards the pulp and to spread laterally into the intertubular dentin along the side
branches of the tubules (Schüpbach et al. 1990). In the dentin at the front of the lesion,
bacteria are present in a limited number of dentinal tubules only, while the majority of
tubules remained unpopulated (Schüpbach et al. 1996).

2.4.4. Dietary carbohydrates and caries

In spite of cariogenic bacterial inoculation, in the absence of food ingestion, caries does
not develop in rats (Bowen et al. 1980). One of the most important components in the
etiology of caries is dietary carbohydrates, especially sucrose. Sucrose may be important
in the pathogenesis of caries in several ways. Krasse (1965) showed that cariogenic
streptococci could be implanted in hamsters much more successfully when the animals
were fed a 56% sucrose diet than when the diet contained a comparable quantity of
glucose. However, another report of an experiment on rats (van Houte 1976) indicates
that small amounts of sucrose are almost as effective as large in facilitating colonization
by strains of Streptococcus mutans. It is unlikely that the presence of this bacterial
species on the teeth could be inhibited by restricting  sucrose intake because children
with congenital sucrase deficiency, living on a diet with a low sucrose content, have
Streptococcus mutans in their dental plaque (van Houte & Duchin 1975). The fact that
sucrose can be converted into an insoluble polymer by enzymatic action (Guggenheim
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1970) is a second factor thought to contribute to its cariogenity. The water insoluble
glucans, unlike the more soluble levans and dextrans, are not readily broken down in the
plaque (Dewar & Walker 1975). Even allowing for the possibility that in certain
circumstances they may undergo degradation, such polymers add to the bulk of plaque
and also its adhesiveness. Thirdly, sucrose is readily fermentable to acid by plaque
bacteria.
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3. Purpose of the present investigation

High dietary sucrose is known to increase the initiation and progression of caries, but it
also seems to affect dentin formation in the molars of growing rats. The pulpo-dentinal
complex responds to the caries destruction even in its very initial stages, and this process
includes not only the carious destruction but also the defensive reactions in dentin and
pulp. Based on the hypothesis that disturbances in odontoblast metabolism,
morphologically evident as retarded dentin formation might predispose teeth to more
advanced caries attack, it was thought that dietary sucrose may contribute to dentinal
caries progression in a dose response fashion through this systemic mechanism.
Glucocorticoids are known to reduce collagen metabolism and affect calcium balance,
and therefore offer a non-sucrose agent of comparison for study of the suppression of
dentin formation and possible modulation of caries progression.

Caries is thought to increase dentin formation to protect pulpal tissue from exposure.
Therefore, the hypothesis that under carious fissures dentin formation is increased
compared to intact fissures was tested.

The following questions were selected as the aims of the present study to resolve the
problems stated above (the numbers in parenthesis refer to the original papers):

1. Is there dose-response relationship between sucrose concentration in the diet and
retardation of dentin formation (I)?

2. Does the increase in the concentration of dietary sucrose correlate with the size of
dentinal caries lesion (I)?

3. Are there diet-related differences in the dentin formation rate to defend against
dentinal caries (II)?

4. Are the effects of high dietary sucrose concentration and glucocorticoid medication
on the formation rate and mineralization of dentin similar (III, IV, V)?
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4. Material and methods

4.1. Animals

The experiments were performed using Sprague-Dawley and Wistar rats. The
experiments started after weaning of the rats, at the age of 21 days. Altogether 147
female rats were used in the experiments I, III - V; in the experiment II data were
combined from five distinct experiments on altogether 181 rats (47 males and 134
females). The rats were born and raised in the Department of Laboratory animals,
Institute of Dentistry, or in the Laboratory Animal Center, University of Oulu.

The rats were housed 2-4 to a cage, Makrolon III, using European aspen shavings as
bedding. The animals were subjected to normal atmospheric conditions at 21ºC, and
subjected to the same regimen of lightning (12 h of light and 12 h of dark) and the same
times of feeding, handling and noise. Food and drinking water were freely available.
Food and water consumption were measured at regular intervals by weighing the amount
left in the cage. The rats were weighed at intervals of 2-7 days.

4.2. Ethical approbation

All the experiments were performed by a person licensed to perform animal experiments
and the protocols were approved by the Experimental Animal Committee of the Medical
Faculty, University of Oulu, Oulu, Finland. Surgical operations were performed under
anesthesia. The animals were killed under anesthesia.

4.3. Experimental procedures

At the beginning of each experiment, weaning animals of 21 days of age were randomly
divided into the treatment groups to avoid genetic effects. To ensure the random fashion
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of the allocation, rats were selected by a person not knowing the treatment chosen for the
group. All animals were given an intraperitoneal injection of oxytetracycline
hydrochloride (30-40 mg/kg, Terramycin®, Pfizer Corp., Brussels, Belgium) at the onset
of the experiment (I - III, V) to mark the areas of dentin formation during the test period.
In experiments III, IV and V all animals and in experiment II two groups of rats were
inoculated with a fresh suspension of Streptococcus sobrinus (ATCC 27531 K 1
Fitzgerald) in a thioglycollate (NIH thioglycollate broth; DIFCO, Detroit, USA) on days
2 and 3 of the experiment and then weekly to assure the cariogenic challenge. Because in
the other experiments the main interest was the systemic effects of sucrose on dentin
formation instead of caries, no inoculation with cariogenic bacteria was performed.
Therefore rats had only their own oral bacterial flora (I, II two groups).

The glucocorticoid medication of the animals was performed by implanting pellets,
which maintained a steady state of medication during the experimental period (III, IV,
V). The medication started at the age of 21 days (III, IV) or at the age of 31 days (IV)
and lasted for six weeks. The cortisone pellets were controlled by placebo pellets, which
contained all the other substances, but the cortisone (Innovative Research of America,
Toledo, Ohio, USA). Each pellet held 25 mg of cortisone for 60 days release. One pellet
was implanted at the back of the neck of each medicated and placebo rat through an
about 10 mm incision made by small scissors and pushing it subcutaneously with small
forceps. The wound was not sutured to avoid the animal biting and scratching. The
stability of the pellet was controlled at the end of the experiment by inspecting it from
surgical incisions.

The duration of the experimental periods were from 35 to 52 days (rats were 21 days
old at the beginning of the experiments and 56-73 days old at the end of experiments). At
the end of the experiments, the animals were anaesthetized with ether or a combination of
fentanyl-fluanisolone (Hypnorm®, Janssen Pharmaceutica, Brussels, Belgium) and
midazolam (Dormicum®, Roche, Basel, Switzerland), and killed by decapitation.

4.4. Developmental stages of the teeth

An assumption has been made in this work that the division between primary and
secondary dentinogenesis in rats is mostly developmental and does not depend on the
cells involved. Surviving primary odontoblasts may be involved in primary and
secondary dentinogenesis, perhaps even in reparative dentin formation. Both primary and
secondary dentinogenesis can be regarded to be normal physiology for a living tooth. As
no histological examinations were made and the data gives no information of the cells
involved, the term secondary dentin/dentinogenesis is used. Moreover, in analyzing
dentin formation, no efforts were made to distinguish reparative dentin formation from
total dentin formation. It is evident that possible reparative dentin formation is included
in the areas of dentin formed.

Rat lower first molars emerge into the oral cavity on postnatal day 19 and reach
functional occlusion on day 25. The corresponding figures for the second molar are day
22 and day 28, respectively (Osborn 1981). The experiments started on postnatal day 21
and continued for at least 35 days. Therefore, irrespective of whether conversion of
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primary dentinogenesis into secondary dentinogenesis is considered to correspond to the
time of tooth eruption or functional occlusion, the main bulk of dentin formed during the
experiments in both molars represented secondary dentin. On the other hand, under
caries lesions, reparative dentin formation occurred.

4.5. Diets

A detailed specification of the different diets is given in Tables 1, 2. The control
(reference) diets were commercially available diets specially manufactured for growing
rats and mice (R3 and R36, Ewos AB, Södertälje, Sweden). The basic experimental diet
was a 43% concentration of sucrose diet (further referred as 43% sucrose diet). In
experiment III sucrose was replaced by starch (raw potato flour) to introduce a complex
carbohydrate diet (further referred as starch diet). Sucrose was in part replaced with
wheat flour to reduce the amount of sucrose to 30% and 15% concentrations (further
referred as 30% and 15% sucrose diet, respectively) and to mimic the control diet (I). All
the ingredients of the diets were in the form of fine powder and the sucrose and starch
diets were mixed in our laboratory to ensure the uniform constitution of the foods. Also
the control food was pulverized in our laboratory. The pulverization of foods in caries
experiments is widely used, because small food particles are pressed during mascitation
into the sulci, and are there available for cariogenic bacteria (Shaw 1981). Nutrient
requirements of the laboratory rat are shown in Table 2.
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Table 1. The composition of the diets. Roman numerals refer to the experiment in which
the diet was fed.

Diet Ingredient Amount (g/100g)

15% sucrose diet (I) Sucrose                  15
(17% energy from sucrose) Wheat flour          50

Skim milk powder          32
Vegetable oil            1
Liver powder              2

30% sucrose diet (I) Sucrose          30
(34% energy from sucrose) Wheat flour          35

Otherwise as 15% sucrose diet

43% sucrose diet (I - V) Sucrose          43
(47% energy from sucrose) Wheat flour          22

Otherwise as 15% sucrose diet

Starch (III) Potato flour          43
Otherwise as 43% sucrose diet

Control diet1 (II) Barley flour          34
Wheat products          48
Soya            5
Fish powder            4
Vitamins and minerals            6
Limestone powder            2

Control diet2 (I - V) Barley flour          28
Wheat products          50
Soya            7
Fish powder            7
Fodder yeast            3
Minerals and trace elements                   3
Fat            3

1 Brood Stock Feed for Rats ad Mice R36; Ewos, Södertälje, Sweden
2 Brood Stock Feed for Rats and Mice R3; Ewos, Södertälje, Sweden
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4.6. Preparation and measurements of the tooth sections

Only mandibular molars were used in these experiments, because mandibles were easier
to dissect than maxillas. The mandibles were defleshed and preserved in absolute
ethanol. They were then sectioned sagittally in halves on the midline of the fissures of the
first and second molars under water cooling by the method of Keyes (1958) by using a
diamond disc (Horico Diaflex, Berlin, Germany) with a diameter of 23 mm and thickness
of 0.1 mm (Fig. 1). Only the outer side of the disc was diamond surfaced to minimize the
loss of specimen during the cutting. The disc was mounted on a technical handpiece.

Fig. 1. Sagittal sectioning of the rat mandible.

To measure the area of dentin formed during the experiment, a method based on the
fluorescence reaction of tetracycline labeling was used as described by Larmas &
Kortelainen (1989). To measure the area of dentinal caries, the spontaneous fluorescence
of carious dentin under ultraviolet light was used (Larmas & Kortelainen 1989, Hietala et
al. 1993, Banerjee & Boyde 1998). The main central fissure of the first molar and mesial
one of the second molar were photographed under an Orthoplan Ploemopack microscope
with 16x magnification (Leitz, Westlar, Germany; subsidiary, Midland, ON, Canada),
equipped with UV light (C2 200W/4 mercury vapor lamp, Philips, Belgium) using
Kodak 400 or 1000 ASA daylight film. The excitation wavelength was 355-425 nm and
detector wavelength was 460 nm.

The tetracycline-marked areas of dentin formed during the experiment were measured
by circumscribing their respective areas on a monitor (Salora 445 A RGB, Salo, Finland;
camera Hitachi VKM 96 E, Japan) using a serial “mouse“ connected to a PCVision
Frame Grabber (Imaging Technology, Inc., Woburn, MA, U.S.A.) (Larmas &
Kortelainen 1989) (Fig. 2). The thickness of dentin in the direction of the fissure formed
during the experimental period was also measured in experiment (I) to verify the area
measurements. Likewise, the areas of dentinal caries lesions were measured from the
spontaneous fluorescence seen under ultraviolet light.
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Fig. 2. Schematic drawing of sagittally sectioned mandibular molars of rat. Black
line=enamel; shadowed area=dentin formation during the experiment; intermittent
line=tetracycline-marked dentin at the beginning of the experiment and gray spots=areas of
mineral analyses.

For caries scoring the classical Schiff’s reagent method was used to stain the caries
lesions. The reaction is based on detection of the aldehyde groups of by-products in
proteolyses of dentinal matrix (König et al. 1958), and therefore reveals the lesions in
which practically total demineralization has already occurred (Dreizen 1979). This
staining was used to classify different types of caries lesions. The fissures were classified
as intact fissures, enamel lesion and dentinal lesion (III, IV). Alternatively, the teeth were
scored by number and severity of carious fissures (I, IV). In scoring by number, intact
fissures was given a value 0 and carious fissures a value 1. In scoring by severity, intact
fissures got 0, enamel lesions 1 and dentinal lesions 2. The total score of both was
calculated for each animal. To guarantee the optimal plain of cutting determined by the
curvature of the mandible, in the experiments I and IV, only the first and second molars
were included in the classification, resulting into the maximum potential caries score of
10 per rat (all fissures in the first and second mandibular molars carious) and 20 for
severity of lesions (dentinal lesions in all fissures in the first and second mandibular
molars; I, IV). In experiment III all fissures of the three molars were included in
classification of caries lesions.

4.7. Element analyses of dentin

From experiment III the intact main central fissure of the first and the mesial one of the
second molars were chosen for detailed analyses of dentin element contents using the
electron probe microanalyzer (EPMA). To present a bulk sample from the dentin the
sectioned halves of the mandibles were embedded in epoxy resin, polished and coated with
carbon for detailed element analyses by means of scanning electron microscopy (JEOL
JSM-35 Scanning Microscope with JEOL JCXA-733 Super probe electron probe
microanalyzer (EPMA) with ZAF-correction program; JEOL Ltd. Tokyo, Japan). Calcium
(Ca), phosphorus (P) and total contents of elements were determined. For calibration of the
microanalysis system, the following standards were used: wollastonite (CaSiO3) to Ca and
hydroxyapatite to P, respectively.

The examination spot diameter was 20 µm with 15 nA beam current. Spectra were

1st 2nd 3rd
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collected at 15 kV. The areas of dentin formed during the pre-weaning (pre-experimental)
period and during the experiment were confirmed by comparing the electron microscope
images with the photographs taken under the fluorescent microscope, revealing the
tetracycline line. Three measurements of both areas were carried out in each tooth and an
average was calculated from these three spots to ensure that the measurements represent the
dentinal area as a whole (Fig. 2). The actual weight percentages of the elements were
calculated from the original values of EPMA, which were given as oxides (P2O5 and CaO),
using the atomic weights of the oxides. Also Ca/P-ratios were calculated from the weight
percentages. The total amounts of mineral elements were analyzed as such.

4.8. Statistical methods

Means and standard deviations were calculated for the weight gain, the area and
thickness of dentin formation, the areas of dentinal caries lesions and the classification of
caries according to Schiff´s staining. Median values with minimums and maximums were
calculated for the areas of dentinal caries in paper II.

If several groups were analyzed, one way ANOVA with Tukey’s honestly significant
difference test (I - III, V) was used to identify differences in dentin formation and
mineral content among different groups; if only two groups were analyzed, the
independent samples T-test (II) was used. The paired samples T-test was used to analyze
the statistical differences of mineral elements between pre-weaning and experimental
periods (V). Paired samples T-test was also used, when the effect of cortisone treatment
on dentin formation was compared between the first and second molars (Fig. 3, 4).

Pearson correlation coefficients were calculated to analyze the relationship between
increasing dietary sucrose concentration and the area of dentinal caries (I). To analyze
the differences between the groups in the areas of dentinal caries and classifying of
caries, nonparametric tests were used because these data did not meet the assumption of
homogeneity of variances. When several groups were analyzed, Kruskall-Wallis
ANOVA was used to determine whether an overall difference existed among groups. If a
difference was detected, Dunn’s method (I) or the Mann-Whitney U test (II) was used to
determine differences between the groups. If only two groups were compared the Mann-
Whitney U test was used (IV). To analyze the effect of diet and caries on the area dentin
two-way ANOVA with 2-way interactions was used. If the there were interaction
between diet and caries, paired analyses within each diet group was done with
independent samples T-test (Table 4). Statistical analyses were performed using the
SPSS statistical software package (SPSS Versions 6.0, 6.1, 7.1, SPSS, Chigago, IL).
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5. Results

5.1. The growth of the animals

No differences in food or water consumption occurred. None of the diets altered the
weight gains of rats. At the beginning of the experiment the cortisone medication caused
weight loss in rats fed 43% sucrose diet compared to other diet groups. After a few days
their weight curves became similar with those of the others, but they never reached the
weight of the rats in other groups (III, IV).

5.2. Dentin formation

Rats fed the 43% sucrose diet had a significantly smaller area of dentin in both molars
compared to the 15 and 30% sucrose, starch or control diet groups (I - III). However, rats
fed the 43% sucrose diet and medicated with cortisone had a slightly smaller area of
dentin in both molars compared to the respective placebo group (III) (Fig. 3, 4). Rats fed
either the starch or control diet and medicated with cortisone had a smaller area of dentin
in the first molars than the respective placebo group (III) (Fig. 3).

When 43% of sucrose was replaced with an equal amount of starch, the area of dentin
formed during the experiment was almost two times greater than in rats fed the 43%
sucrose diet. On the other hand, the starch diet resulted in a smaller area of dentin than
the control diet, but the statistical significance was reached only in the second molars.
With the cortisone medication the starch diet had a significantly smaller area of dentin
than with the placebo (III) (Fig. 3, 4).

Cortisone medication significantly reduced the area of dentin in the first molars
compared to the second molars (P<0.000, Paired samples T-test (Fig. 3, 4)).
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Fig 3. The area of dentin formed (in square µm) in different groups in the first mandibular
molars. 15, 30, 43% are the concentration of sucrose in diets. P=placebo; G=glucocorticoid
medication; S=starch diet; Cnt=control diet group. The box reveals the 1st and 3rd quartiles
with the median value inside, and the whiskers show the minimum and maximum. Dots and
asterisk represent the values bigger than the maximal or smaller than minimal values
statistically calculated in the “box and whiskers“. The groups connected with line differ
significantly (P<0.05).

Fig. 4. The area of dentin formed in different groups in the second mandibular molars.
Abbreviations as in Fig. 3.

µm
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5.3. Initiation and progression of caries

The number and severity of caries lesions were determined by the Schiff´s staining
method. All sucrose diets increased the number and severity of caries lesions compared
to the control diet groups (I, III) (Fig. 5, 6). Even without Streptococcus sobrinus
inoculation, the increase of severity was significant at all the concentrations of sucrose
(15%, 30%, 43%) (I). Also a positive correlation was found between the number and
severity of lesions and the increase of sucrose in the diet (I). The cortisone medication
had no effect on the induction of caries, not even with the Streptococcus sobrinus
inoculation (III) (Fig. 5, 6). However, after the initiation of enamel lesions the severity of
caries lesions was significantly increased after cortisone medication with 43% sucrose
diet and Streptococcus sobrinus inoculation (IV) (Fig. 6). Without sucrose, even with the
cariogenic bacterial inoculation, most of the teeth were intact (III).

Fig. 5. Number of carious fissures in different groups measured with Schiff’s method. Only
the first and second molars were included in the analyses. Maximum number of carious
fissures per rat is 10. 15, 30, 43% are the concentrations of dietary sucrose. 10% means the
sweetened drinking water. P=placebo; G=glucocorticoid medication; S=starch group;
Cnt=control diet. Starch and control groups (cortisone and placebo) were combined, because
most of the fissures were intact. The groups connected with line differ significantly (P<0.05).
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Fig. 6. Severity of fissural caries. Severity index is calculated from the penetration depth of
caries lesions of the first and second molars per rat (maximum 20). Abbreviations as in Fig. 5.

5.4. Dentinal caries

The areas of dentinal caries lesions were measured from the change of fluorescence.
Without cariogenic bacterial inoculation only small dentinal lesions existed in the 15 and
30% sucrose diet groups (I). There was a positive correlation between the amount of
sucrose in the diet and the area of dentinal caries (I). 43% sucrose diet without cariogenic
bacterial inoculation was needed to significantly increase the area of dentinal caries (I).
The mean or median size of dentinal caries lesions in rats fed the starch or control diet
was practically zero (I - III) (Fig. 7, 8).

In the cortisone medicated groups without 43% sucrose diet, practically no dentinal
caries lesions developed (III). After initiation of the cariogenic challenge with 10%
sucrose in drinking water, the rats medicated with cortisone developed larger dentinal
caries lesions than the rats in the placebo group (IV) (Fig. 7, 8).

As far as the area of dentinal caries is concerned, the amount of dietary sucrose
seemed to be more important factor than Streptococcus sobrinus inoculation (I, II) (Fig.
7, 8).
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Fig. 7. Area of dentinal caries in the first mandibular molars. Abbreviations as in Fig. 5.

Fig. 8. Area of dentinal caries in the second mandibular molars. Abbreviations as in Fig. 5.

µm
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5.5. Relationship between dentin formation and dentinal caries

Comparison of the area of dentin formation within each group separately in the first and
second molars, rats fed the 15, 30 and 43% sucrose diet did not respond to dentinal
caries destruction by increasing their dentin formation. In the control diet group an
increase was seen in dentin formation in the first molars without cariogenic bacteria and
in second molars with cariogenic bacteria under carious fissures compared to the intact
fissures (Table 3, 4; Paper I, II).

Table 3. The area of dentin formed (µm2x103) under intact and carious fissures.

Group                              intact fissures 1 carious fissures 1

Paper I (all without cariogenic bacterial inoculation)
First molars

15% sucrose      144 (25)      131 (22)
30% sucrose      153 (28)     149 (28)
43% sucrose      128 (16)     109 (29)
Control      155 (21)

Second molars
15% sucrose      114 (25)     108 (7.9)
30% sucrose      117 (8.8)      116 (19)
43% sucrose        89 (26)         87 (22)

Control      122 (16)

Paper II
First molars

Sucrose with bacteria      139 (42)     109 (53)
Control with bacteria      180 (31)      176 (36)
Sucrose without bacteria      144 (30)      124 (32)
Control without bacteria      176 (34)      232 (34)*

Second molars
Sucrose with bacteria        88 (47)
Control with bacteria      118 (17)     168 (32) *
Sucrose without bacteria      100 (22)     102 (28)
Control without bacteria      147 (44)    160 (24)

1 mean (SD)
* Significantly different from intact fissures (P<0.05, Independent samples T-test)
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Table 4. Results of the statistical analyses of the areas of dentin formation in intact and
carious fissures shown in Table 3. Two-way ANOVA with 2-way interaction was used to
test the effect of diet and caries on dentin formation.

Independent variables F df p-value

A. Full model 1. Paper I, first molars
intact/carious fissures 2.1 1 0.16
diets (15, 30, 43% sucrose) 4.7 2 0.01
2-way interaction 0.3 2 0.76

A. Full model 2. Paper I, second molars
intact/carious fissures 0.5 1 0.5
diets (15, 30, 43% sucrose) 7.3 2 0.002
2-way interaction 0.5 2 0.6

A. Full model 3. Paper II, first molars, without cariogenic bacteria
intact/carious fissures 4.8 1 0.03
diets (43% sucrose/control) 71.0 1 0.000
2-way interaction 23.2 1 0.000

B. Stratified model by diet 3. Independent samples T-test
intact/carious fissures (43% sucrose diet) - - 0.1
intact/carious fissures (control diet) - - 0.000

A. Full model 4. Paper II, second molars, without cariogenic bacteria
intact/carious fissures 1.4 1 0.2
diets (43% sucrose/ control) 44.5 1 0.000
2-way interaction 0.7 1 0.4

5.6. Mineral elements of dentin

No differences in calcium, phosphorus or total mineral element contents were found
between the groups in dentin formed during the pre-weaning (pre-experimental) period.
The dentin formed during the experiment contained less calcium, phosphorus and total
mineral elements than that formed during pre-weaning in all groups. The 43% sucrose
diet significantly lowered the contents of calcium, phosphorus and total mineral elements
of dentin compared to the dentin formed during pre-weaning; in the other groups the
reduction was only slight. The cortisone medication resulted in a higher content of
calcium in the dentin formed during the experiment, when compared to the placebo
groups with sucrose and control diets. (V)
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6. Discussion

6.1. Methodological considerations

6.1.1. Diets and feeding

The nutritional requirements of the diet in animal experiments are described to promote
optimal growth and performance of biological functions (National Research Council
1972). When diets are considered, the growth, appearance and health of animals were
normal. The weight gains were compatible with the average growth curves given by the
National Research Council (1972). Although the content of some elements was lower
than recommended (Table 2), rats are known to adjust their food intake to meet their
energy needs (Rogers 1979).

The differences in the nutritional values between the 43% sucrose and that of the
starch diet are only marginal. There are reports (Tjäderhane et al. 1994, Tjäderhane &
Larmas 1998) in which both diets are used, and the differences in dentin formation and
bone mechanical properties are suggested to be due to the high concentration of sucrose.
Other reports, in which 41% of sucrose has been added to the control diet, and balanced
otherwise nutritionally, the outcome has again been the same in regard of dentin
formation (Autio et al. 1997, Pekkala et al. 1998).

In most of the caries experiments the factors associated with the external surface of
teeth have been considered to be the only factors affecting caries. In addition to the effect
of food on the pH of plaque, the frequency of eating is considered to be the most
important reason. However, in most of these experiments food has been freely available.
(Tanzer 1986) Also metabolic cages, paired feeding and programmed feeding have been
used. In these experimental methods caloric intake, frequency and pattern of
consumption, among other things, can be controlled. To get rat to eat 18-36 times daily,
they must be kept underfed (König et al. 1968). These studies have been subject to
criticism because undernourishing might result in an abnormal response to cariogenic
challenge (Tanzer 1986). In some experiments animals have been fed a basic nutrient
supply by gastric intubation once or twice daily, while only test foods given by a
programmed feeder made direct contact with the teeth. By feeding animals essential
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nutrition by gastric intubation and offering experimental foods at the same time with the
same frequency, the incidence of caries induced can be directly compared. (Bowen et al.
1980)

In humans the relationship between the frequency of ingestion of sucrose-containing
foods and caries has been found several times (Gustafsson et al. 1954, Duany et al. 1972,
Clancy et al. 1977). While the frequency/caries hypothesis is highly plausible, several
studies with humans have failed to show such an association (Sreebny 1982). In a
longitudinal study performed in England total sugar consumption was more strongly
correlated with caries incidence than was frequency. Neither correlation was strong,
however, and the reported frequency of intake of many foods seemed low (Rugg-Gunn
1984). Burt & Ismail (1986) suggested that the causal relation between the frequency of
sugar consumption and caries experience may be simplest in communities where
frequency of intake is low. In most industrialized societies, frequency of consumption
may be less important against the background of generally high sugar intake.

In our experimental animal studies the frequency of intake was not controlled, but a
significant positive correlation was found between the increase of the concentration of
dietary sucrose and dentinal caries progression. The caries increasing effect was
significant with the 43% sucrose diet, but not 15 or 30% sucrose diets. This implies that
the high total amount of sucrose masks the effect of the frequency of intake.

6.1.2. Medication

In these studies (III, IV, V) glucocorticoids were administrated via subcutaneous,
sustained release pellets to give animals a stable level of medication. This simulates
pathological or pharmacological glucocorticoid excess. Rats are known to have a high
metabolic clearance rate for drugs and in most studies intermittent administration of
pharmacological agents does not reflect the changes in blood levels seen in humans
(King et al. 1996). The dose of cortisone used in these studies was 0.42 mg/day. This can
be considered a low-dose and it did not have an effect on general growth of animals
without the 43% sucrose diet. On the other hand a relative dose per rat decreased as the
animal grew. In respect of effective dose comparisons between rats and humans are
complicated because of differencies in hormone metabolism.

Although the food consumption of all the animals was evaluated to be the same, the
animals fed the 43% sucrose diet and medicated with cortisone lost weight in the
beginning of the experiment. They never reached the level of weight gain of the other
groups (III, IV). Administration of glucocorticoids can induce hyperglycemia and
hyperinsulinemia (Meacham et al. 1997) and might in our experiments have caused more
pronounced disturbance in rats fed the 43% sucrose diet, as in the other dietary groups no
differences in weight gain was observed. During continuous administration of the drug,
steroid-induced glucose intolerance and insulin resistance are largely reversible (Olefsky
& Kimmerling 1976).
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6.1.3. Problems in the measuring the area of dentin and dentinal caries

The sagittal bisectioning of the teeth (Keyes 1958) is widely used and accepted in caries
experiments (Larson 1981). The sagittal bisectioning of the mandible half is fast and easy
to perform. It enables the cutting to be adjusted to the long axis of the tooth and in the
mesio-distal direction in the middle of the tooth. Choosing to exclude the third molars (I,
II, IV) (in the experiment III third molars were included in caries scoring) before the
cutting permitted the cutting line to be fitted more precisely to the direction of the
fissures of the first and second molars. The problem of this method is the possibility that
the slicing does not divide the tooth into equal halves, and the areas of dentin and
dentinal caries may appear smaller than they actually are or a small carious lesion is not
registered to either section. Also some material is lost at cutting. Some of these problems
could have been avoided by serial sectioning of the jaws, as is frequently done in short
term caries experiments (Green 1981). However, the same problems with the curvature
of the molar arch and difficulties in cutting teeth sagittally in the middle of the teeth
would have resulted in non-parallel sections anyway.

Measuring the area of dentin formed during the experiment by using tetracycline
labeling to mark the onset of the experiment is an easy, reliable and reproducible method
with minor inter- and intra-examiner variability and systemic percentage error (Larmas &
Kortelainen 1989, Hietala et al. 1993). We also measured the thickness of dentin in
direction of fissure in one study (I) to monitor the differences between different groups.

All caries experiments are dependent on reliable diagnosis of caries at the earliest
possible stage by a method which should entail the least number errors. The methods
most commonly used in rat caries experiments are those of König et al. (1958) and Keyes
(1958), which are based on semi-quantitative estimation of the penetration depth of the
lesions. König et al. (1958) prepared parallel serial slices from the mandibular molars in
a sagittal direction in order to form a comprehensive picture of the caries process, and
according to Keyes (1958), sagittal bisectioning of rat molars gives a reasonably accurate
estimate of sulcal caries.

6.1.4. Caries scoring

Schiff´s staining was chosen as an another method for revealing caries, because it has
been indicated to be superior to many staining methods used in caries scoring (Green
1981). It is the most common method used in experiments studying the initiation and
progression of caries (Green 1981, Larson 1981). However, scoring of the lesions is
dependent on the staining reagent used and on the cut off points set to discriminate the
different types of lesions. Even so, this classification also enabled enamel lesions to be
included in the results and calculation of the caries scores per rat could be performed in
different ways. It gave further possibilities to compare, for example, the number or
severity of lesions caused by different diets or treatment regimens.

To measure the area of dentinal caries the fluorescence method was chosen because it
provides a more sensitive indicator of caries process in dentin than Schiff´s staining,
revealing the areas of mineral loss earlier (Hietala et al. 1993, Banerjee & Boyde 1998).
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6.2. Dentin formation

Only young rats undergoing active secondary and/or reparative dentin formation were
involved in the present experiments. As earlier reports did not show any diet-related
differences in old rats, this kind of depression of the odontoblast function may, in fact,
depend on age (Hietala & Larmas 1992, Kortelainen & Larmas 1994).

Both in the first and the second molar having emerged into the oral cavity before or at
the onset of the experiment, the dentin formed during the experiment represented
secondary dentin or, in the case of a caries lesion, reparative dentin. Therefore, the
greater decrease in dentin formation in the first molars caused by glucocorticoid
treatment may have been related to the more advanced developmental stage of the first
molar rather than the type of dentin (Fig. 3, 4).

Many reports have shown that a 43% sucrose diet markedly reduces dentin formation
in the molars of young rats (Larmas & Tjäderhane 1992, Tjäderhane et al. 1994, 1995b,
Hietala & Larmas 1995, Autio et al. 1997). Also a 41% sucrose diet based on our control
diet has resulted in severe reduction in dentin formation (Autio et al. 1997, Pekkala et al.
1998). The sucrose concentration needed to markedly reduce dentin formation was
between 30 and 43% (I). In sucrose diet groups the area of dentin formed was not
different under intact and carious fissures (I, II). In the control diet groups increase in the
area of dentin was seen under carious fissures (II) compared to intact fissures, to support
the importance of the defensive reactions of the pulpo-dentinal complex against caries
attack. However, since reparative dentin is formed under carious fissures and secondary
dentinogenesis occurs under intact fissures, direct comparisons in terms of the type of
dentin formed were not possible.

Many commercial cariogenic sucrose diets containing 56 - 72% sucrose are available
(Shaw 1981). They are considered to be nutritionally sufficient after adding vitamins,
minerals and trace elements. However, these reports lack the considerations of the
possible systemic effects of sucrose on the pulpo-dentinal complex and thereby caries.

Finkelman et al. (1990) have shown that dentin is a potential source of several growth
factors including insulin-like growth factor, skeletal growth factor/insulin-like growth
factor and transforming growth factor beta. Bone morphogenetic proteins have been
found to be involved already in the early tooth morphogenesis (Heikinheimo 1994).
These growth factors appear to be trapped in the mineralized dentin matrix. Magloire et
al. (1992) suggested that in pathological situations such as caries, growth factors could
be liberated from the dentin during the demineralization process and thus stimulate
subjacent odontoblasts to lay down reparative dentin. The release of these growth factors
might permit their diffusion into the pulp, where they can activate appropriate genes to
initiate repair processes either by odontoblasts or in the case of odontoblast destruction,
to induce differentiation of pulpal cells into hard-tissue forming cells. On the other hand
there is evidence that high glucose concentration impairs the responsiveness of
osteoblasts to insulin-like growth factor stimulation in vitro. As mannitol does not have
the same effect, this inhibition is specific to glucose (Tereda et al. 1998). This effect was
not due to cytotoxicity of the glucose, because after seven days of incubation in high
glucose concentration, cells that were transferred to normal glucose concentration
resumed normal proliferation (Tereda et al. 1998). Also glucocorticoids have been
shown to reduce insulin-like growth factor production in cultured rat osteoblastic cells
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(McCarthy et al. 1990). Further, the results of Chevalley et al. (1993) showed that bone
formation and the collagen synthesis inhibiting effect seen in vitro, was mediated by
inhibiting the insulin like growth factor binding protein activity. Dentin and bone share
most of the organic matrix components and the mineral phase. Therefore, impaired
dentin formation as a result of glucocorticoid treatment and consequently, the impaired
ability of odontoblasts to defend against caries attack could also involve inhibition of
growth factors and/or their receptors.

In the control diet groups, but not in the sucrose diet groups (II), dentinal caries in
general increased the rate of dentin formation. There is evidence that under normal
dietary conditions even enamel caries activates reparative dentin formation in human
teeth. Before reparative dentin formation the pulpal reactions are dependent on the
activity of caries lesion. (Björndal et al. 1998) Although in our series of experiments the
progression rate of caries was not clarified, it is reasonable to suppose that without
sucrose diet it was slower. On the other hand it has been shown that sucrose diet reduces
the flow rate of dentinal fluid (Leonora et al. 1992). This implies that bacterial products
can penetrate more rapidly towards the pulp and further reduce the already impaired
defence capacity of the pulpal cells against caries.

Bacterial substances can diffuse through dentinal tubules across dentin to produce
pulpal reactions (Bergenholtz 1977, Bergenholtz & Warfvinge 1982). The pulp responds
to these insults in the short term by mounting an inflammatory response which produces
an outward movement of fluid (Vongsavan & Matthews 1992, 1994) and
macromolecules (Maita et al. 1991). In the long term, odontoblasts/pulpal cells
differentiated into hard-tissue forming cells produce reparative dentin as a biologic
response to reduce the permeability of the pulpo-dentinal complex and to restore its
original structure. Although the composition of dentinal fluid is not completely known, it
has been shown that in intact teeth the concentrations of sodium, potassium, magnesium,
calcium and phosphate are about the same as in serum. In carious teeth calcium and
sodium concentrations are increased. (Larmas et al. 1986) Presumably the dentinal fluid
has an ion product of calcium and phosphorus which is near or above the solubility
product constants for a number of forms of calcium phosphate. This would tend to form
many types of mineral deposits in dentinal tubules. (Mjör 1985) This principle has been
used in vitro to show the reduced penetration of caries-like lesions after supersaturated
pulpal fluid perfusion (Shellis 1994). Both the reduced formation rate of dentin and
reduced flow rate of dentinal fluid might predispose the teeth of the 43% dietary sucrose
group to more severe caries attack due to reduced defence by the pulpo-dentinal
complex. This is supported by the finding that after severe cariogenic challenge
glucocorticoid-medicated and sucrose-fed rats had greater caries lesions than those
without medication, although the initiation of caries was only slightly altered. This
finding indicates that the medication had only some modifying effects on the extrinsic
factors such as saliva and plaque, but a direct systemic effect on the pulpo-dentinal
complex. Although also without dietary sucrose, the area of dentin formed was smaller
than in the respective placebo group, it seemed that high dietary sucrose was the primary
determinant in respect of reduced defence system, evident as reduced dentin formation in
addition to severe cariogenic challenge.
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6.3. Caries initiation and progression

The increase in the number and progression of the caries lesions deeper into dentin with
the high-sucrose diet was a natural consequence of the strong cariogenic challenge
caused by the diet. The inoculation of Streptococcus sobrinus into the oral cavities of the
animals was not requisite to initiate caries, and normal oral flora of rats has the ability to
produce acids. All the diet groups containing sucrose also exhibited caries lesions
without bacterial inoculation, but the inoculation speeded up the progression of caries
lesions in the high-sucrose diet groups. This is clearly observed when the areas of
dentinal caries in the experiment with bacterial inoculation was compared to the one
without it, and when the sweetened drinking water was also available. In the 43% sucrose
diet group the bacterial inoculation approximately tripled the area of dentinal caries, as
measured by the fluorescence (II). Also in control diet groups the inoculation of
cariogenic bacteria induced dentinal caries progression, although only smaller lesions
existed than in the 43% sucrose diet groups.

The glucocorticoid medication did not further increase the initiation of enamel caries,
but together with the high-sucrose diet and after sweetened drinking water the
progression of the lesions was faster than without glucocorticoid treatment, as visualized
by fluorescence (II, IV) and confirmed by the Schiff´s staining. The cariogenic bacterial
flora and 43% sucrose diet in combination with glucocorticoid medication increase the
susceptibility to caries in the molars of growing rats.

6.4. Relationship between dentin formation and dentinal caries

The 43% sucrose diet consistently resulted in the largest areas of dentinal caries and
smallest formation of dentin, and this relationship seemed to be unique. Glucocorticoid
medication also resulted in a smaller area of dentin, but without dietary sucrose, even
with cariogenic bacterial inoculation, practically no caries developed (III). The same
phenomenon has been observed with phenytoin medication (Larmas & Tjäderhane
1992), again with cariogenic bacteria. On the other hand, glucocorticoid treatment in
combination with the 43% sucrose diet increased caries progression, once the caries
process had been initiated.

The number and severity of caries lesions, in addition to the area of dentinal caries,
was increased with the increasing concentration of sucrose in the diet (I). As the rats fed
the 43% sucrose diet had a significantly smaller area of dentin and significantly greater
area of dentinal caries than any other in that regimen, the critical concentration of sucrose
was between 30 and 43%.

6.5. Minerals of dentin

The reduction of calcium, phosphorus and total mineral elements of dentin in the 43%
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sucrose diet group is in accordance with a previous finding (Tjäderhane 1996). Sucrose
diet reduced both the quantity and mineralization of dentin. This suggests that the sucrose
diet modulates the odontoblast function, thus slowing down both dentin formation and its
mineralization. The mechanism of the effect of glucocorticoid medication on
dentinogenesis appeared to be different as, although the amount of dentin formed was
smaller, normal or slightly elevated amounts of mineral elements were found (V). It
seems that the mineralization process might be normal or less severely affected, but the
organic matrix formation more seriously disturbed. In bones glucocorticoids have been
shown to both reduce collagen I synthesis in vitro (Canalis 1983) and impair its
mineralization (Goans et al.1995). The organic matrix may be more seriously affected
than its mineralization (Gohel et al. 1995). An unexpected finding here was that in the
sucrose diet group glucocorticoids either re-established or prevented the mineral-
reducing effect of sucrose, increasing the mineral concentration to the same level as in
the control diet group. At the same time the amount of dentin was reduced. The
alterations in mineral elements analyzed do not explain the increased susceptibility of
rats to dentinal caries receiving the 43% sucrose diet alone or in combination with
glucocorticoid medication. Higher amount of the minerals in the pre-weaning dentin
compared to the dentin formed during experiment may reflect the different mineral
contents of the primary and secondary dentin. However the unique role of sucrose in
caries progression, apart from the external initiating effect, implies that a prerequisite for
the disruption of the pulpal defence is a coincident disturbance in both the formation and
mineralization of the dentin matrix.

6.6. Clinical aspects

Many caries studies are ethically problematic in humans. For testing caries in vivo using
non-human subjects rats are the most widely used. Dental caries in rats behaves in major
respects like dental caries in humans (Tanzer 1986). However, care has to be taken when
conclusions are drawn from the results of animal experiments for humans.

In humans the crowns of the permanent first molars are completed at an age of about
7 years. Mineralization ceases at an average age of 10 years. The process from the
initiation of crown mineralization to the closure of the root apex, takes from 8 to 14
years. Tooth eruption begins upon the completion of crown formation and/or the
beginning of root formation. At the time of clinical eruption, root formation is
approximately three-quarters complete in most teeth (Haavikko 1985).

An epidemiologic study in Finland among children and adolescents has shown that
approximately 10% of the diet consists of sucrose. The percentage was highest in the
youngest age groups (Räsänen et al. 1985). Among one- to two-year-old Finnish children
the sucrose intake has been on average 12% (range 3-33%) of the total energy intake
(Räsänen & Ylönen 1992). Icelandic teenagers of 14 years of age ate 170 g sucrose daily
leading to 62 kg of sucrose per year (Àrnadòttir et al. 1998). It seems that a part of the
children and youngsters consume a lot of sucrose-containing foods and drinks while their
teeth develop, erupt and thereafter. Teeth are the most susceptible to caries during a
couple of years after eruption. In our studies in rats the critical concentration of dietary
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sucrose in respect of dentin formation and caries was over 30%. On the other hand
sucrose consumption contributes to the cariogenicity of dental plaque (Soames &
Southam 1998).

Glucocorticoids are widely used in the long-term tratment of many different clinical
disorders, such as bronchial asthma, organ transplantations, arthritis and in cancer
therapy. The prevalence of asthma among children has increased in Finland (Harju et al
1997, Remes et al. 1995). In our experiments glucocorticoid medication alone did not
have an effect on caries. Only after cariogenic challenge, which consisted of a high-
sucrose diet and cariogenic bacteria was an increase in the progression of dentinal caries
lesions found.
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7. Conclusions

These results demonstrate that dietary sucrose with over 30% concentration reduces
dentin formation in the molars of growing rats. At the same time an increase in the
number and severity of caries lesions, and progression of dentinal caries was found
implying a causative relationship between the two. In many caries experiments a 56-72%
concentration of dietary sucrose has been used, and in most of those experiments only the
frequency of the local contact of sucrose to teeth has been considered to be important in
respect of caries, without taking into consideration the possible systemic effects of
dietary sucrose.

With the 43% sucrose diet the pulpo-dentinal complex was not able to defend against
dentinal caries by increasing the rate of dentin formation. In the control diet groups the
pulpo-dentinal complex responded to dentinal caries by increasing dentin formation. This
adds further evidence of the importance of the systemic contribution to the regulation of
dentinal caries.

Glucocorticoid medication reduced dentin formation, but at the dose used in this
study, it did not suppress dentin formation as much as the 43% sucrose diet. Whereas
mineralization of the dentin formed during the experiment was smaller in the sucrose-fed
rats, a normal or slightly elevated amount of mineral elements was found in
glucocorticoid medicated rats with or without the 43% sucrose diet. Hence, the sucrose
diet and glucocorticoid medication probably reduced dentin formation by different
mechanisms.

Without a sucrose diet glucocorticoids could not induce caries, but with the 43%
sucrose diet glucocorticoids increased dentinal caries progression even more than the
43% sucrose diet alone. Cariogenic bacterial inoculation had only a minor cariogenic
effect. This study shows that the failure of odontoblasts to defend against caries attack,
morphologically evident as reduction instead of acceleration of dentin formation,
contributes to caries progression irrespective of the mechanism underlying the functional
suppression. However, external cariogenic challenge is needed for the systemic
component to become functional.

These results show the importance of systemic regulation of dentinal caries
progression and offer a new approach to understand the mechanisms of dentinal caries.
Further studies are needed to determine the mechanisms behind these and other possible
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systemic effects that increase the susceptibility teeth of young individuals to caries. With
this basic knowledge of the regulation of the systemic defence reactions and the factors
affecting it, it is possible to find ways to predict and inhibit the rapid destruction of teeth
in these situations.



53

8. References

Ackermans F, Klein PJ & Frank RM (1981) Ultrastructural localization of immunoglobulins in
carious human dentine. Archs Oral Biol 26: 879-886.

Anderson JW, Herman RH & Zakim D (1973) Effects of carbohydrate restriction on glucose
tolerance on normal men and reactive hypoglycemic patients. Am J Clin Nutr 26: 600-607.

Anneroth G, Bloom G (1966) Structural changes in the incisors of cortisone-treated rats. J Dent
Res 45: 229-235.

Arends J, Ruben J & Jongebloed WL (1989) Dentine caries in vivo. Combined scanning electron
microscopic and microradiographic investigation. Caries Res 23: 36-41.

Árnadottir IB, Rozier RG, Sæmundsson SR & Holbrook WP (1998) Approximal caries and sugar
consumption in Icelandic teenagers. Community Dent Oral Epidemiol 26: 115-121.

Arnold S, Plate U, Wiesmann H-P, Kohl H & Höhling H-J (1997) Quantitative electron-
spectroscopic diffrction (ESD) and electron-spectroscopic imaging (ESI) analyses of dentine
mineralization in rat incisors. Cell Tissue Res 288: 185-190.

Autio J, Hietala E-L & Larmas M (1997) The effect of two sucrose diets on formation of dentin
and predentin in growing rats. Acta Odontol Scand 55: 292-295.

Bäckman T & Larmas M (1996) Effect of metabolic acidosis on dentinogenesis in rat. In:
Shimano, M Maeda, T, Suda, H & Takahashi, K (eds) Dentin/Pulp Complex. Quintessence
Publishing Co., Ltd., Tokyo, Japan. p 291-292.

Bäckman T & Larmas M (1997) Cronic metabolic alkalosis, sucrose diet and dentine formation in
young rats. Archs Oral Biol 42: 299-304.

Ball PC (1977) Lack of effect of excess glucocorticoid hormone on the rate of dentin deposition in
rats. J Dent Res 56: 685-690.

Banerjee A & Boyde A (1998) Autofluorescence and mineral content of carious dentine: scanning
optical and backscattered electron microscopic studies. Caries Res 32: 219-226.

Barnard RJ, Faria DJ, Menges JE & Martin DA (1993) Effects of a high-fat, sucrose diet on serum
insulin and related atherosclerotic risk factors in rats. Atherosclerosis 100: 229-236.

Bawden JW, Rozell B, Wurtz T, Fouda N & Hammarström L (1994) Distribution of protein kinase
Cα and accumulation of extracellular Ca2+ during early dentin and enamel formation. J Dent
Res 73: 1429-1436.

Bergenholtz E (1977) Effects of bacterial products on inflammatory reactions in the dental pulp.
Scand J Dent Res 85: 122-129.

Bergenholtz E & Warfvinge (1982) Migration of leukocytes in dental pulp in response to plaque
bacteria. Scand J Dent Res 90: 354-362.

Björndal L, Darvann T & Thylstrup A (1998) A quantitative light microscopic study of the
odontoblast and subodontoblastic reactions to active and arrested enamel caries without
cavitation. Caries Res 32: 59-69.



54

Björndal L & Thylstrup A (1995) A structural analysis of approximal enamel caries lesions and
subjacent dentin reactions. Eur J Oral Sci 103: 25-31.

Boskey AL (1996) Matrix proteins and mineralization: An overview. Conn Tissue Res 35: 411-
417.

Bowen WH, Amsbaugh SM, Monell-Torrens S, Brunelle J, Kuzmiak-Jones H & Cole MF (1980)
A method to assess cariogenic potential of foodstffs. J Am Dent Assoc 100: 677-681.

Burt BA & Ismail AI (1986) Diet, nutrition and food cariogenicity. J Dent Res 65(Spec Iss): 1475-
1484.

Butler WT, Ritchie H (1995) The nature and functional significance of dentin extracellular matrix
proteins. Int Dev Biol 39: 169-179.

Canalis E (1983) Effect of glucocorticoids on type I collagen synthesis, alkaline phosphatase
activity, and deoxyribonucleic acid content in cultured rat calvariae. Endocrinology 112: 931-
939.

Chevalley T, Strong DD, Mohan S, Baylink DJ & Linkhart TA (1996) Evidence for a role for
insulin-like growth factor binding proteins in glucocorticoid inhibition of normal human
osteoblast-like cell proliferation. Eur J Endocrinol 134: 591-601.

Clansy KL, Bibby BG, Goldberg HJV, Ripa LW & Bernice J (1977) Snack food intake of
adolescents and caries development. J Dent Res 56: 568-573.

Couve E (1986) Ultrastructural changes during the life cycle of human odontoblasts. Archs Oral
Biol 31: 643-651.

Cox CF, White KC, Ramus DL, Farmer JB & Millner-Snuggs H (1992) Reparative dentin. Factors
affecting its deposition. Quintessence Int 23: 257-270.

Daculsi G, LeGeros RZ, Jean A & Kerebel B (1987) Possible physico-chemical processes in
human dentin caries. J Dent Res 66: 1356-1359.

deFronzo RA, Cooke CR, Andres R, Faloona GR & Davis PJ (1975) The effect of insulin on renal
handling of sodium, potassium, calcium, and phosphate in man. J Clin Invest 55: 845-855.

Dewar MD & Walker GJ (1975) Metabolism of the polysaccharides of human dental plaque. I.
Dextranase activity of streptococci, and the extracellular polysaccharides synthesized from
sucrose. Caries Res 9: 21-35.

Dirksen TR, Little MF, Bibby BG & Crump SL (1962) The pH of caries cavities. I. The effect of
glucose and phosphate buffer on cavity pH. Archs Oral Biol 7: 49-58.

Dirksen TR, Little MF & Bibby BG (1963) The pH of caries cavities. II. The pH at different
depths in isolated cavities. Archs Oral Biol 8: 91-97.

Dreizen S (1979) Mechanism of dental caries. In: Lazarri EP (ed) Dental biochemistry. Lea &
Febinger, Philadelphia, p 274-288.

Duany LF, Zinner DD & Jablon JM (1972) Epidemiologic studies of caries-free and caries-active
students. II. Diet, dental plaque and oral hygiene. J Dent Res 51: 727-733.

Ericsson Y, Angmar-Månsson B & Flores M (1990) Urinary mineral ion loss after sugar ingestion.
Bone and Mineral 9: 233-237.

Featherstone JDB, Rodgers BE (1981) Effect of acetic, lactic and other organic acids on the
formation of artificial caries lesions. Caries Res 15: 377-385.

Finkelman RD, Mohan S, Jennings JC, Taylor AK, Jepsen S & Baylink DJ (1990) Quantitation of
growth factors IGF-I, SGF/IGF-II and TGF-ß in human dentin. J Bone Miner Res 5: 717-723.

Fogel HM, Marshall FJ & Pashley DH (1988) Effects of distance from the pulp and thickness on
the hydraulic conductance of human radicular dentin. J Dent Res 67: 1381-1385.

Frank RM (1990) Structural events in the caries process in enamel, cementum, and dentin. J Dent
Res 69 (Spec Iss): 559-566.

Frank RM & Voegel JC (1980) Ultrastructure of the human odontoblast process and its
mineralization during dental caries. Caries Res 14: 367-380.

Fusayama T (1991) Intratubular crystal deposition and remineralization of carious dentin. J Biol
Buccale 19: 255-262.

Garberoglio R & Brännström M (1976) Scanning electron microscopic investigation of human
dentinal tubules. Archs Oral Biol 21: 355-362.

Goans RE, Weiss H, Abrams SA, Perez MD & Yerley AL (1995) Calcium tracer kinetics show
decreased irreversible flow to bone in glucocorticoid treated patients. Calcif Tissue Int 56:
533-535.



55

Gohel AR, Hand AR & Gronowicz GA (1995) Immunogold localization of ß1-integrin in bone:
Effect of glucocorticoids and insulin-like growth factor I on integrins and osteocyte formation.
J Histochem Cytochem 43: 1085-1096.

Goldberg M & Keil B (1989) Action of bacterial achromobacter collagenase on the soft carious
dentine: An in vitro study with the scanning electron microscope. J Biol Buccale 17: 269-274.

Goldberg M & Septier D (1996) A comparative study of the transition between predentin and
dentin, using variouspreparative procedures in the rat. Eur J Oral Sci 104: 269-277.

Green RM (1981) Evaluation of caries in short term rat experiments. In: Tanzer JM (ed)
Symposium on Animal models in Cariology. Information Retrieval Inc., Washington, DC. p
189-193.

Grimditch GK, Barnard RJ, Hendricks L & Weitzman D (1988) Peripheral insulin sensitivity
modified by diet and exersice training. Am J Clin Nutr 48: 38-43.

Guggenheim B (1970) Enzymatic hydrolysis and structure of water-insoluble glucan produced by
glucosyltransferases from a strain of streptococcus mutans. Helv Odontol Acta. 14(Suppl 5):
89-108.

Gustafsson B, Quensell CE & Lundquist C (1954) The Vipeholm dental study: the effect of
different levels of carbohydrate intake on caries activity in 436 individuals observed for five
years. Acta Odontol Scand 11: 232-263.

Gutman RA, Basilico MZ, Bernal CA, Chicco A & Lombardo YB (1987) Long-term
hypertriglyceridemia and glucose intolerance in rats fed chronically an isocaloric sucrose-rich
diet. Metabolism 36: 1013-1020.

Haavikko K (1985) Development of the dentition. In: Thilander B & Rönning O (eds)
Introduction to orthodontics. Tandläkarförlaget, Stockholm.

Hahn TJ, Halstead LR & Barant DT (1981) Effects of short-term glucocorticoid administration on
intestinal calcium absorption and circulating vitamin D metabolites concentrations in man. J
Clin Endocrinol Metab 52: 111-113.

Hallfrish J, Lazar FL, Jorgensen C & Reiser S (1979) Insulin and glucose responses in rats fed
sucrose or starch. Am J Clin Nutr 32: 787-793.

Hara SL, Ruhe RC, Curry DL & McDonald RB (1992) Dietary sucrose enhances insulin secretion
of aging Fischer 344 rats. J Nutr 122: 2196-2203.

Harju T, Tuuponen T, Keistinen T & Kivelä SL (1997) Asthma-induced hospitalizations among
conscripts in Finland in 1982-1992. Int J Circumpolar Health 56: 90-96.

Härmä M, Parviainen M, Koskinen T, Hoikka V & Alhava E (1987) Bone density,
histomorphometry and biochemistry in patients with fractures of the hip or spine. Ann Clin
Res 19: 378-382.

Harper DS & Loesche WJ (1984) Growth and acid tolerance of human dental plaque bacteria.
Archs Oral Biol 29: 843-848.

Hawkinson RW & Eisenmann DR (1983) Electron microscopy of dentinal tubule sclerosis in the
enamel-free region of the molar. Archs Oral Biol 28 :409-414.

Heikinheimo K (1994) Stage-specific expression of decapentaplegic-Vg-related genes 2, 4, and 6
(bone morphogenetic proteins 2, 4, and 6) during human tooth morphogenesis. J Dent Res 73:
590-597.

Heyaraas KJ (1985) Pulpal microvascular and tissue pressure. J Dent Res 64: 585-589.
Hietala E-L (1995) The effect of ovariectomy and high-sucrose diet on rat dentine and bone. Acta

Univ Oul D 339: pp.15-62.
Hietala E-L & Larmas M (1992) The effect of ovariectomy on dentin formation and caries in adult

rats. Acta Odontol Scand 50: 337-343.
Hietala E-L & Larmas M (1994) The effect of ovariectomy and high-sucrose diet on dentine

formation and caries in growing rats. Archs Oral Biol 39: 973-978.
Hietala E-L & Larmas M (1995) Evidence that high-sucrose diet reduces dentin formation and

disturbs mineralization in rat molars. J Dent Res 74: 1899-1903.
Hietala E-L, Tjäderhane L & Larmas M (1993) Dentin caries recording with Schiff’s reagent,

fluorescence, and back-scattered electron image. J Dent Res 72: 1588-1592.
Hoffman S (1980) Histopathology of caries lesions. In: Menaker L (ed) The biologic basis of

dental caries. Harper & Row Publishers, Inc. Maryland, USA, p 226-246.



56

Höhling HJ, Arnold S, Barckhaus RH, Plate U & Wiesmann HP (1995) Structural relationship
between the primary crystal formations and the matrix macromolecules in different hard
tissues. Discussion of general prinsiple. Connect Tissue Res 33: 171-178.

Hojo S, Komatsu R, Okuda R, Takahashi N & Yamada T (1994) Acid profiles and pH of carious
dentin in active and arrested lesions. J Dent Res 73: 1853-1857.

Hojo S, Takahashi N & Yamada T (1991) Acid profile in caries dentin. J Dent Res 70: 182-186.
Holl MG & Allen LH (1987) Sucrose ingestion, insulin response and mineral metabolism in

humans. J Nutr 117: 1229-1233.
Holland GR (1985) The odontoblast process: Form and function. J Dent Res 64(Spec iss): 499-

514.
Hoshino E (1985) Predominant obligate anaerobes in human dentin. J Dent Res 14: 1195-1198.
Houllé P, Voegel JC, Schulz P, Steuer P & Cuisiner FJG (1997) High resolution electron

microscopy: Structure and growth mechanisms of human dentin crystals. J Dent Res 76: 895-
904.

Iijima M, Moriwaki Y & Kuboki Y (1995) Oriented growth of octacalcium phosphate on and
inside the collagenous matrix in vitro. Connect Tissue Res. 33: 519-524.

Iwami Y & Abbe K (1992) Acid production by streptococci growing at low pH in a chemostat
under anaerobic conditions. Oral Microbiol Immunol 7: 304-308.

Izumi T, Kobyayashi I, Okamura K & Sakai H (1995) Immunohistochemical study on the
immunocompetent cells of the pulp in human non-carious and carious teeth. Archs Oral Biol
40: 609-614.

Johannessen LB (1964) Effects of cortisone on dentinogenesis in mandibular first molars of albino
rats. Archs Oral Biol 9: 421-434.

Jones JE, Schwartz R & Krook L (1980) Calcium homeostasis and bone pathology in magnesium
deficient rats. Calcif Tissue Int 31: 231-238.

Kaji H, Sugino T, Kanatani M, Nishiyama K & Chihara K (1997) Dexamethasone stimulates
osteoclast-like cell formation by directly acting on hemopoietic blast cells and enhances
osteaclast-like cell formation stimulated by parathyroid hormone and prostaglandin E2. J Bone
Miner Res 12: 734-741.

Kanarek R & Orthen-Gambill N (1982) Differential effects of sucrose, fructose and glucose on
carbohydrate-induced obesity in rats. J Nutr 112: 1546-1554.

Karjalainen S (1984) Secondary and reparative dentin formation. In: Linde A (ed.) Dentin and
dentinogenesis Vol 2. CRC Press, Boca Raton, Florida. p 108-110.

Karjalainen S & Söderling E (1980) The autoradiographic pattern of the in vitro uptake of proline
by the coronal areas of intact and carious teeth. Archs Oral Biol 24: 909-915.

Karjalainen S, Söderling E, Pelliniemi L & Foidart JM (1986) Immunohistochemical localization
of types I and III collagen and fibronectin in the dentine of carious human teeth. Archs Oral
Biol 31: 801-806.

Katz B, Park KK & Palenik CJ (1987) In vitro root surface caries studies. J Oral Med 42:40-48.
Kergoat M, Bailbé D & Portha B (1987) Effect of high sucrose diet on insulin secretion and

insulin action: A study in the normal rat. Diabetologia 30: 252-258.
Keyes PH (1958) Dental caries in molar teeth of rats. II. A method for diagnosing and scoring

several types of lesions simultaneously. J Dent Res 37: 1088-1099.
Kim S & Dörscher-Kim J (1989) Hemodynamic regulation of the dental pulp in a low compliance

environment. J Endod 15: 404-408.
King CS, Weir EC, Gundberg CW, Fox J & Insogna KL (1996) Effects of continuous

glucocorticoid infusion on bone metabolism in the rat. Calcif Tissue Int 59: 184-191.
Kobayashi I, Izumi T, Okamura K, Matsuo K, Ishibashi Y & Sakai H (1996) Biological behaviour

of human dental pulp cells in response to carious stimuli analyzed by PCNA immunostaining
and AgNOR staining. Caries Res 30: 225-230.

Köling MD (1988) Structural relationship in the human odontoblast layer as demonstrated by
freeze fracture electron microscopy. J Endod 14: 230-246.

König KG, Marthaler TM & Mühlemann HR (1958) Methodig der kurtzfristig erzeugten
rattenkaries. Dtsch Zahn Mund Kiefelheilkd 29: 99-127.

König KG, Schmid P & Schmid R (1968) An apparatus for frequency-controlled feeding of small
rodents and its use in dental caries experiments. Archs Oral Biol 13: 13-26.



57

Kortelainen S & Larmas M (1990) Effects of low and high fluoride levels on rat dental caries and
simultaneous dentine apposition. Archs Oral Biol 35: 229-234.

Kortelainen S & Larmas M (1994) Effect of fluoride on the rate of dentin apposition and caries
progression in young and old Wistar rats. Scand J Dent Res 102: 30-33.

Krasse B (1965) The effect of the diet on the implantation of caries-inducing streptococci in
hamsters. Archs Oral Biol 10: 215-221.

Kream BE, Smith MD, Canalis E & Raisz LG (1985) Characterization of the effect of insulin on
collagen synthesis in fetal rat bones. Endocrinology 116: 296-302.

Läikkö I & Larmas M (1978) Phosphomonoesterase activity in dentin of sound and carious human
teeth. Caries Res 12: 148-158.

Läikkö I & Larmas M (1979) Adenosine triphosphate in normal and carious human dentine. Archs
Oral Biol 24: 15-20.

Lang NP, Hotz PP, Gusperti FA & Joss A (1987) Longitudinal clinical and microbiological study
on the relationship between infection with Streptococcus mutans and the development of
caries in humans. Oral Microbiol Immunol 2: 39-47.

Langeland K (1987) Tissue response to dental caries. Endod Dent Traumatol 3: 149-171.
Larmas M (1972) Enzymes in carious human dentine. A histochemical and biochemical study.

Acta Odontol Scand 30: 555-573.
Larmas M (1986) Response of pulpo-dentinal complex to caries attack. Proc Finn Dent Soc 82:

298-304.
Larmas M, Häyrynen H & Lajunen L (1986) Sodium, potassium, calcium, magnesium contents of

dentinal and gingival crevicular fluid in health and disease. In: Lehner T & Gimasoli G (eds)
Borderland between caries and periodontal disease III. Editions Médecine et Hygiène. Geneve
p. 105-110.

Larmas M & Kortelainen S (1989) Quantification of the areas of dentinal caries lesions and
secondary dentin in fissures of rat molars. Caries Res 23: 32-35.

Larmas M, Kortelainen S, Bäckman T, Hietala E-L & Pajari U (1992) Odontoblast-mediated
regulation of the progression of dentinal caries. Proc Finn Dent Soc 88(Suppl 1): 313-320.

Larmas M & Tjäderhane L (1992) The effect of phenytoin medication on dentin apposition, root
length, and caries progression in rat molars. Acta Odontol Scand 50: 345-350.

Larson RH (1981) Merits and modifications of scoring rat dental caries by Keyes’ method. In
Tanzer JM (ed) Symposium on Animal Models in Cariology. Information Retrieval Inc.
Washington, DC. p 195-203.

Laube H, Schatz H, Nierle C, Fussgänger R & Pfeiffer EF (1976) Insulin secretion and
biosynthesis in sucrose fed rats. Diabetologia 12: 441-446.

Laube H, Wojcikowski C, Schatz H & Pfeiffer EF (1978) The effect of high maltose and sucrose
feeding on glucose tolerance. Horm Res 10: 192-195.

Lemann J, Lennon EJ, Piering WR, Prien EL & Ricanati ES (1970) Evidence that glucose
ingestion inhibits net renal tubular reabsorption and magnesium in man. J Lab Clin Med 75:
578-585.

Leonora J, Tieche J-M & Steinman RR (1992) The effect of dietary factors on intradentinal dye
penetration in the rat. Archs Oral Biol 37: 733-741.

Lesot H, Bègue-Kirn C, Kubler MD, Meyer JM, Smith AJ, Cassidy N & Ruch JV (1993)
Experimental induction of odontoblast differentation and stimulation during reparative
process. Cells Materials 3: 201-207.

Li K-C, Zernicke RF, Barnard RJ & Li AF-Y (1990) Effects of a high fat-sucrose diet on cortical
bone morphology and biomechanics. Calcif Tissue Int 47: 308-313.

Lin W & Anderson JW (1977) Effects of high sucrose or starch bran diets on glucose and lipid
metabolism of normal and diabetic rats. J Nutr 107: 584-595.

Linde A & Goldberg M (1993) Dentinogenesis. Crit Rev Oral Biol Med 4: 679-728.
Loeb JN (1976) Corticosteroids and growth. N Engl J Med 295: 547-552.
Loesche WJ & Syed SA (1973) The predominant culticable flora of carious plaque and carious

dentin. Caries Res 7: 201-216.
Lormée P, Weil R & Septier D (1986) Morphological and histochemical aspect of carious dentine

in Osborne-Mendel rats. Caries Res 20: 251-262.



58

Lukinmaa P-L (1988) Developmental dental aberrations in osteogenesis imperfecta. A clinical,
radiographic and immunohistochemical study. PhD Thesis, Univ. Helsinki, p 45-97.

Magloire H, Bouvier M & Joffre A (1992) Odontoblast response under carious lesions. Proc Finn
Dent Soc 88 (Suppl 1):257-274.

Magloire H, Joffre A & Hartman DJ (1988) Localization and synthesis of type III collagen and
fibronectin in human reparative dentine. Immunoperoxidase and immunogold staining.
Histochemistry 88: 141-149.

Maita E, Simpson MD, Tao L & Pashley DH (1991) Fluid and protein flux across the pulpodentin
complex of the dog, in vivo. Archs Oral Biol 36: 103-110.

Mann S (1993) Molecular tectonics in biomineralization and biomimetic materials chemistry.
Nature 363:499-505.

Marchall (1993) Dentin microstructure and characterization. Quintessence Int 24: 606-617.
Massler M (1967) Pulpal reactions to dental caries. Int Dent J 17: 441-460.
McCarthy TL, Centrella M, Canalis E (1990) Cortisol inhibits the synthesis of insulin-like growth

factor-I in skeletal cells. Endocrinology 126: 1569-1575.
Meacham LR, Abdul-Latif H, Sullivan K & Culler FL (1997) Predictors of change in insulin

sensitivity during glucocorticoid treatment. Horm Metab Res 29: 172-175.
Michelich VJ, Schuster GS & Pashley DH (1980) Bacterial penetration of human dentin in vitro. J

Dent Res 59: 1398-1403.
Mjör IA (1985) Dentin-predentin complex and its permeability: Pathology and treatment

overview. J Dent Res 64 (Spec Iss): 621-627.
Mjör IA & Nordal I (1996) The density and branching of dentinal tubules in human teeth. Archs

Oral Biol 41: 401-412.
Näsström K (1996) Dentin formation after corticosteroid treatment. A clinical study and

experimental study on rats. PhD Thesis, Univ of Lund, p 25-34.
Näsström K, Möller B & Petersson A (1993) Effect of human teeth of renal transplantation: A

postmortem study. Scand J Dent Res 101: 202-209.
National Research Council (1972) Nutrient requirements of the laboratory rats. In: Committee on

animal nutrition (ed) Nutrient requirements of laboratory animals, no 10, 2nd edition. National
academy of Science, Washington DC p 56-93.

Nyvad B, ten Cate JM & Fejerskov O (1997) Arrest of root surface caries in situ. J Dent Res 76:
1845-1853.

Okamura K, Maeda M, Nishikawa T & Tsutsui M (1980) Dentinal response against carious
invasion: Localization of antibodies in odontoblastic body and process. J Dent Res 59: 1368-
1373.

Olefsky JM & Kimmerling G (1976) Effects of glucocorticoids on carbohydrate metabolism. Am J
Med Sci 271: 202-210.

Osborn JW (1981) Comparative anatomy of dentition. In: Osborn JW (ed) Embryology. Blackwell
Scientific Publications, Oxford, p 399-439.

Ozaki K, Matsuo T, Nakae H, Noiri Y, Yoshiyama M & Ebisu S (1994) A quantitative
comparison of selected bacteria in human carious dentine by microscopic counts. Caries Res
28: 137-145.

Pashley DH (1984) Smear layer: physiologic considerations. Oper Dent (suppl 3): 13-29.
Pashley DH (1996) Dynamics of the pulpo-dentin complex. Crit Rev Oral Biol Med 7: 104-133.
Pashley DH, Livingstone MJ & Outhwaite WC (1977) Rate of permeation of isotopes through

human dentine in vitro. J Dent Res 56: 83-88.
Pashley EL, Talman R, Horner JA & Pashley DH (1991) Permeability of normal versus carious

dentin. Endodont Dent Traumatol 7: 207-211.
Pekkala E, Hietala E-L & Larmas M (1998) Comparison of dentin apposition and dentinal caries

progression in the mandibular and maxillary molars of the rat. Acta Odontol Scand, in press.
Portha B, Giroix MH, Picon L (1982) Effect of diet on glucose tolerance and insulin response in

chemically diabetic rats. Metabolism 21: 1194-1199.
Prummel MF, Wiersinga WM, Lips P, Sanders GT & Sauerwein HP (1991) The course of

biochemical parameters of bone turnover during treatment with corticosteroids. J Clin
Endocrinol Metab 72: 382-386.



59

Räsänen L, Ahola M, Kara R & Uhari M (1985) Atherosclerosis precursors in Finnish children
and adolescents. VIII. Food consumption and nutrient intakes. Acta Pediatr Scand Suppl 318:
135-153.

Räsänen L & Ylönen K (1992) Food consumption and nutrient intake of one to two-year-old
Finnish children. Acta Pediatr 81: 7-11

Reid IR (1989) Pathogenesis and treatment of steroid osteoporosis. Clin Endocrinol 30: 83-103.
Reiser S & Hallfrisch J (1977) Insulin sensivity and adipose tissue weight of rats fed starch or

sucrose diets ad libitum or in meals. J Nutr 107: 147-155.
Remes S, Korppi M, Timonen K, Taskinen T, Remes K & Pekkanen J (1995) Astma kouluiässä.

Duodecim 111: 2153-2158.
Rey C, Shimizu M, Collins B & Glimcher MJ (1990) Resolution enhanced Fouries transform

infrared spectroscopy study of the environment of phosphate ion in the early deposits of a
solid phase of calcium-phosphate in bone and enamel, and their evolution with age. Calcif
Tissue Int 46: 383-388.

Rogers AD (1979) The laboratory rat, vol II (Eds Baker HJ, Linsay JR and Weisbroth SH) Chap.
3. Academic press, New York.

Rugg-Gunn AJ, Hackett AF, Appleton DR, Jenkins GN & Eastoe JE (1984) Relationship between
dietary habits and caries increment assessed over two years in 405 English adolescent scool
children. Archs Oral Biol 29: 983-992.

Schüpbach P, Guggenheim B & Lutz F (1989) Human root caries: Histopathology of initial
lesions in cementum and dentin. J Oral Pathol Med 18: 146-156.

Schüpbach P, Guggenheim B & Lutz F (1990) Human root caries: Histopathology of advanced
lesions. Caries Res 24: 145-158.

Schüpbach P, Lutz F & Guggenheim B (1992) Human root caries: histopathology of arrested
lesions. Caries Res 26: 153-164.

Schüpbach P, Osterwald V & Guggenheim B (1996) Human root caries: Microbiota of a limited
number of root caries lesions. Caries Res 30: 52-64.

Shaw JH (1981) A summary of the relationship of dietary carbohydrates to experimental dental
caries. In: Tanzer JM (ed) Proceedings “Symposium on animal models in cariology“. Spec
Suppl. Microbiology Abstracts, p 287-297.

Shellis RP (1994) Effects of a supersaturated pulpal fluid on the formation of caries-like lesions on
the roots of human teeth. Caries Res 28: 14-20.

Silverstone LM & Mjör IA (1988) Dental caries: Caries of dentin. In: Hörsted-Bindslev P and
Mjör IA (eds). Modern concepts in operative dentistry. Munksgaard, Copenhagen, p 45-58.

Soames JV & Southam JC (1998) Dental caries. In: Oral Pathology. 3rd edition. Oxford Unirersity
Press, New York, p 19-35.

Sreebny LM (1982) Sugar availability, sugar consumption and dental caries. Community Dent
Oral Epidemiol 10: 1-7.

Suzuki Y, Ichikawa Y, Saito E & Homma M (1983) Importance of increased urinary calcium
excretion in the development of secondary hyperparathyroidism of patients under
glucocorticoid therapy. Metabolism 32: 151-156.

Tanzer JM (1986) Testing food cariogenicity with experimental animals. J Dent Res 65 (Spec Iss):
1491-1497.

Tagami J, Hosoda H, Burrow MF & Nakajima M (1992) Effect of aging and caries on dentin
permeability. Proc Finn Dent Soc 88 (suppl 1): 149-154.

Tereda M, Inaba M, Yano Y, Hasuma T, Nishizawa Y Morii H & Otani S (1998) Growth
inhibtory effect of a high glucose concentration on osteoblast-like cells. Bone 22: 17-23.

Tjäderhane L (1996) The effect of high sucrose diet on dentin minerals measured by electron
probe microanalyzer (EPMA) in growing rat molars. In: Shimano, M Maeda, T, Suda, H &
Takahashi, K (eds) Dentin/Pulp Complex. Quintessence Publishing Co., Ltd., Tokyo, Japan. p
293-296.

Tjäderhane L, Bäckman T & Larmas M (1995b) Effect of sucrose and xylitol diets on dentin
formation and caries in rat molars. Eur J Oral Sci 103: 166-171.

Tjäderhane L, Hietala E-L & Larmas M (1994) Reduction in dentin apposition in rat molars by a
high sucrose diet. Archs Oral Biol 39: 491-495.



60

Tjäderhane L, Hietala E-L, Svanberg M & Larmas M (1995a) Morphological analysis of dentine
formation in young rat molars during the recovery phase with calcium alone or combined with
xylitol following a low-calcium dietary regimen. Archs Oral Biol 40: 707-711.

Tjäderhane L & Larmas M (1998) High sucrose diet decreases the mechanical strength of bones in
growing rats. J Nutr 128: 1807-1810.

Tjäderhane L, Salo T, Sorsa T, Uitto V-J & Larjava H (1998) The activation and function of host
matrix metalloproteinases in dentin matrix breakdown in caries lesions. J Dent Res 77: 1622-
1629.

Torneck CD (1994) Dentin-pulp complex. In: Ten Cate AR (ed) Oral Histology. Development,
Structure and Function. 4th edition. Mosby, St Louis, p169-217.

Tziafas D & Papadimitriou S (1998) Role of exogenous TFG-β in induction of reparative
dentinogenesis in vivo. Eur J Oral Sci 106 (suppl 1): 192-196.

Vallerand AL, Lupien J & Bukowiecki LJ (1986) Synergistic improvement of glucose tolerance by
sucrose feeding and exercise training. Am J Physiol 250: E607-E614.

van Hassel HJ (1971) Physiology of the human dental pulp Oral Surg 32: 126-134.
van Houte J (1976) Oral bacterial colonization: mechanisms and implications. In: Stiles HM.,

Loesche W & O´Brien T (eds) Microbial aspects of dental caries. Spec Supp Microbial
Abstracts, 1: 2-32.

van Houte J & Duchin S (1975) Streptococcus mutans in the mouths of children with congenital
sucrase deficiency. Archs Oral Biol 20: 771-773.

van Strijp AJ, van Steenberger TJ, de Graaff J & ten Cate JM (1997) Bacterial colonization of
mineralized and completely demineralized dentin matrix in situ. Caries Res 31: 349-355.

Vongsavan N & Matthews B (1994) The relation between fluid flow through dentine and the
discharge of intradental nerves. Archs Oral Biol 39 (Suppl): 140S.

Vongsavan N & Matthews B (1992) Changes in pulpal blood flow and fluid flow through dentine
produces by autonomic and sensory nerve stimulation in the cat. Proc Finn Dent Soc 88 (suppl
1): 491-497.

Weber DF (1974) Human dentinal sclerosis: A microradiographic survey. Archs Oral Biol 19:
163-169.

Wood RJ & Allen LH (1983) Evidence for insulin involvement in arginine- and glucose-induced
hypercalcuria in the rat. J Nutr 113: 1561-1567.

Wright DW, Hansen RI, Mondon CE & Reaven GM (1983) Sucrose-induced insulin resistance in
the rat: modulation by exercise and diet. Am J Clin Nutr 38: 879-883.

Yamada T, Nahamura K, Iwaku M & Fusayama T (1983) The extent of the odontoblast process in
normal and carious human dentin. J Dent Res 62: 798-803.

Zernicke RF, Salem GJ, Barnard RJ & Schramm E (1995) Long-term, high-fat-sucrose diet alters
rat femoral neck and vertebral morphology, bone mineral content, and mechanical properties.
Bone 16: 25-31.


