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ABSTRACT

Salivary glands and oral lesions in diabetes mellitus.
An experimental and clinical study with special reference to 

the influence of metabolic control and duration of the disease

Carl-Olof Reuterving
Departments o f  Internal Medicine, Oral Pathology and Pathology, 

University o f  Umeå, Umeå, Sweden

Diabetes mellitus is associated with several clinically significant abnormalities in the oral cavity and salivary 
glands, the most common being periodontitis, salivary gland enlargement and a sensation of dry mouth. The pre
valence o f dental caries in diabetics is mostly reported to be decreased or unaffected. Since there is a shortage of 
information concerning the influence of metabolic control and duration of diabetes on these abnormalities, the 
present studies were performed.

Three-month-old rats were made alloxan-diabetic and investigated after one and twelve months’ duration of dia
betes for oral lesions and feeding behavior. They had free access to a standard pellet diet and tap water. Strepto
coccus mutans and lactobacilli were naturally occurring. In diabetic rats the proportion o f the oral flora which 
was lactobacilli was positively correlated to the blood glucose level. Untreated long-term alloxan-diabetic rats de
veloped advanced periodontal disease and root surface caries in the molars at sites o f interdental impaction of 
foreign material. The degree of alveolar bone loss was positively correlated to the blood glucose level. Diabetic 
rats were hyperphagic and had a longer total eating time, including day-time eating, mainly by having longer 
meals but no significant increase of meal frequency, as compared with non-diabetic animals. The untreated al
loxan-diabetic rats developed reduced salivary gland weight which was o f the same degree in short- and long
term diabetic animals. Short- and long-term untreated alloxan-diabetic rats showed a similar degree of morpho- 
metrically estimated lipid accumulation in the acinar cells of the submandibular glands, and the degree was posi
tively correlated to the blood glucose level. However, lipid inclusion occurred only in rats with a morning non
fasting blood glucose level exceeding 15 mmol/L. The capillaries in the submandibular glands of the untreated 
long-term alloxan-diabetic rats had a significantly increased thickness of the basement membranes as compared 
with the observations in short-term diabetic and non-diabetic rats. Untreated alloxan-diabetic rats were also 
shown to have a decreased salivary flow rate compared with non-diabetic rats, and the decreased flow was 
negatively correlated to the blood glucose concentration. Salivary flow rate increased with the duration of the 
disease. The diabetic rats had increased salivary glucose levels, which were positively correlated to blood glucose 
values when the latter were above 15 mmol/L, suggesting a threshold mechanism for salivary glucose excretion. 
Insulin therapy reversed salivary flow rate and salivary glucose concentrations toward normal.

Salivary investigations were performed in eleven diabetic patients on two occasions with different metabolic con
trol. Salivary flow rate showed marked interindividual differences but was not significantly changed by improv
ed metabolic control although several of the patients initially had severely deranged glucose metabolism. A posi
tive correlation between the glucose concentration in blood and saliva was seen in the parotid saliva during secre
tory stimulation. No significant change in electrolytes, amylase or antimicrobial factors was found.

Key words: diabetes mellitus, salivation, salivary glucose, saliva, submandibular gland, pilocarpine, root surface 
caries, periodontal disease, alloxan, feeding behavior, rats, humans.
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ABSTRACT

Diabetes mellitus is associated with several clinically significant abnormalities in the oral cavi
ty and salivary glands, the most common being periodontitis, salivary gland enlargement and 
a sensation of dry mouth. The prevalence of dental caries in diabetics is mostly reported to be 
decreased or unaffected. Since there is a shortage of information concerning the influence of 
metabolic control and duration of diabetes on these abnormalities, the present studies were 
performed.

Three-month-old rats were made alloxan-diabetic and investigated after one and twelve 
months’ duration of diabetes for oral lesions and feeding behavior. They had free access to a 
standard pellet diet and tap water. Streptococcus mutans and lactobacilli were naturally oc
curring. In diabetic rats the proportion of the oral flora which was lactobacilli was positively 
correlated to the blood glucose level. Untreated long-term alloxan-diabetic rats developed ad
vanced periodontal disease and root surface caries in the molars at sites of interdental impac
tion of foreign material. The degree of alveolar bone loss was positively correlated to the 
blood glucose level. Diabetic rats were hyperphagic and had a longer total eating time, includ
ing day-time eating, mainly by having longer meals but no significant increase of meal fre
quency, as compared with non-diabetic animals. The untreated alloxan-diabetic rats develop
ed reduced salivary gland weight which was of the same degree in short- and long-term diabet
ic animals. Short- and long-term untreated alloxan-diabetic rats showed a similar degree of 
morphometrically estimated lipid accumulation in the acinar cells of the submandibular 
glands, and the degree was positively correlated to the blood glucose level. However, lipid in
clusion occurred only in rats with a morning nonfasting blood glucose level exceeding 15 
mmol/L. The capillaries in the submandibular glands of the untreated long-term alloxan-dia
betic rats had a significantly increased thickness of the basement membranes as compared 
with the observations in short-term diabetic and non-diabetic rats. Untreated alloxan-diabetic 
rats were also shown to have a decreased salivary flow rate compared with non-diabetic rats, 
and the decreased flow was negatively correlated to the blood glucose concentration. Salivary 
flow rate increased with the duration of the disease. The diabetic rats had increased salivary 
glucose levels, which were positively correlated to blood glucose values when the latter were 
above 15 mmol/L, suggesting a threshold mechanism for salivary glucose excretion. Insulin 
therapy reversed salivary flow rate and salivary glucose concentrations toward normal.

Salivary investigations were performed in eleven diabetic patients on two occasions with diffe
rent metabolic control. Salivary flow rate showed marked interindividual differences but was 
not significantly changed by improved metabolic control although several of the patients ini
tially had severely deranged glucose metabolism. A positive correlation between the glucose 
concentration in blood and saliva was seen in the parotid saliva during secretory stimulation. 
No significant change in electrolytes, amylase or antimicrobial factors was found.
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INTRODUCTION

Diabetes mellitus is a metabolic disease with associated generalized vascular lesions and af
fects on the nervous system (Cudworth et al 1982). Concerning the oral cavity and salivary 
glands, several clinically significant abnormalities have been described, the most common be
ing periodontitis, salivary gland enlargement and dry mouth (xerostomia) (see Gottsegen 
1970, Wolf 1977, Saadoun 1980, Murrah 1985 for reviews). However, the prevalence of dental 
caries is generally reported to be lower in diabetic children than in non-diabetics (Matsson and 
Koch 1975). Periodontal and periapical inflammatory processes also seem to impair the meta
bolic control in diabetic patients (Wolf 1977, Elfving et al 1979).

Xerostomia

Thirst and a sensation of dry mouth have been reported to be experienced by individuals with 
diabetes mellitus during periods of poor metabolic control (Mandel 1980). However, several 
authors have failed to demonstrate a consistent relationship between hyperglycemia and a sen
sation of dry mouth (Freund et al 1986, Pennebaker et al 1981, Eastman et al 1983).

Saliva

Saliva is essential for the integrity and physiology of the oral tissues. The mechanism of fluid 
and electrolyte secretion in the salivary glands are only partially understood. The available evi
dence indicates that saliva is first formed in the acini (Fig. 1) when neurotransmitters trigger a 
series of events involving transport of ions and as a consequence, para- or transepithelial flow 
of water (Gallacher and Petersen 1983, Young and Cook 1986). The composition of this near
isotonic primary saliva is then modified by the duct cells (Young et al 1981). Proteins are add
ed to the fluid, mainly by exocytosis of secretory granules from acinar and duct cells (see Em- 
melin 1981 for review). Salivary secretion is influenced by the autonomic nervous system (Em- 
melin 1981). How the central nervous system is able to interfere with and regulate, the tran
sport processes is still largely unknown. In addition, glandular nerves and hormones exert 
some long-term action. Loss of innervation or hormonal control, e.g. hypophysectomy, re
sults in atrophy of the salivary glands (Emmelin 1981).

The volume and composition of the saliva vary with the type of stimulus used. For example, 
the rat submandibular gland has cholinergic, peptidergic, alfa-adrenergic and beta-adrenergic 
receptors (Gallacher and Petersen 1983, Bylund et al 1982). Stimulation of the first three types 
of receptors results in secretion of moderately large volumes of saliva with a characteristic 
electrolyte composition, while stimulation of beta-receptors causes the secretion of smaller 
volumes of saliva with a different electrolyte profile and a larger organic component 
(Henriksson et al 1981, Henriksson 1982, Gallacher and Petersen 1983, Martinez and Cassity 
1983).
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Fig. 1. Schematic drawing, showing the acinus-duct system and the distribution of nerves in the rat sub
mandibular gland. Redrawn and modified from Tamarin and Sreebny (1965) and Emmelin (1981).

Results from clinical as well as experimental studies on salivary flow rate in diabetes have been 
contradictory and not correlated to the degree of metabolic control or to the duration of the 
disease (Ulrich 1961, Conner et al 1970, Kjellman 1970a, Vogt and Zahl 1973, Marder et al 
1975, Muratsu and Morioka 1985, Takai et al 1983a, Sharon et al 1985, Tenovuo et al 1986a).

A permeability or transport barrier for glucose exists across the secretory cells of the rat paro
tid gland resulting in a glucose concentration in the primary saliva ranging from 5 to 20% of 
the level in plasma (Mangos et al 1973). Small, polar non-electrolytes like glucose are thought 
to cross the secretory epithelium of the salivary gland and enter the saliva by a passive 
mechanism. In principle, this could involve not only simple diffusion but also solvent drag 
where the non-electrolyte is swept through a pathway that is shared with the secretory water 
flow (Potter et al 1984). The glucose flux of the rat submandibular gland appears to pass para- 
cellularly across the tight junctions (Takai et al 1983b). Stimulated final saliva of rats is vir
tually glucose-free (about 2% of the plasma concentration), because of reabsorption of glu
cose by the duct system (Takai et al 1983b).

The level of glucose in the saliva of diabetic patients is greater than normal (Englander et al 
1963, Campbell 1965, Kjellman 1970b, Forbat et al 1981, Sharon et al 1985), but generally no 
correlation between the level of glucose in blood and saliva of diabetics has been observed 
(Kjellman 1970b, Campbell 1965, Forbat et al 1981, Sharon et al 1985). However, a positive 
correlation between glucose level in blood and parotid saliva has been reported in the period 
after an oral glucose load in diabetics (Englander et al 1963) and in non-diabetic healthy indi
viduals (Shannon et al 1960, Feller and Shannon 1975, Von Ahrens 1971). On an individual 
basis there was a considerable variability, and there was an overlapping of the concentrations



of glucose in saliva between diabetics and non-diabetics which might be explained by, e.g., 
differences in salivary flow rates. It has been shown that salivary glucose levels are negatively 
correlated to flow rate of saliva, with a mean value of 0.07 mmol/L in parotid saliva during 
resting and 0.02 mmol/L during stimulation (Feller and Shannon 1975). A positive correlation 
between glucose in blood and saliva has been shown in experimentally diabetic dogs (Langley 
et al 1958) but not in diabetic rats (Matsumurà 1979). A threshold mechanism for salivary glu
cose excretion has been discussed in humans, but not verified (Forbat et al 1981). In experi
mentally diabetic dogs such a mechanism seems probable (Langley et al 1958).

Saliva is a hypotonic solution regardless of the rate of secretion. Almost all of the osmolality 
of saliva is accounted for by four ions: sodium, potassium, chloride, and bicarbonate. The 
concentration of each of these varies with the flow rate (Suddick et al 1980). Of importance 
for the protection against dental caries are the buffering role of bicarbonate and the concen
trations of calcium and phosphate ions (Dawes 1984). Reports on electrolytes in the saliva of 
diabetics have been inconclusive. Sodium concentration is reported to be unchanged (Marder 
1975, Sharon 1985), decreased (Vogt and Zahl 1973) or increased (Ulrich 1961); potassium to 
be unchanged (Vogt and Zahl 1973, Marder 1975, Ulrich 1961) or increased (Sharon et al
1985); and calcium to be unchanged (Sharon et al 1985) or increased (Marder et al 1975). Sali
vary concentration of chloride and bicarbonate in diabetics have not been reported.

One of the most important functions of the salivary secretions is to continually provide the 
constituents of the protein coats for the teeth and for the oral mucosa (Boackle and Suddick 
1980). In this regard, salivary secretions may be involved in processes such as lubrication of 
mucosa, remineralization of decayed tooth surfaces, reduction of microbial attachment to the 
teeth, neutralization of microbes and their products, and maintainance of taste acuity by in
teracting with the taste buds. Innate antimicrobial defence factors (lysozyme, lactoferrin, sali
vary peroxidase, myeloperoxidase, and bacteria aggregating proteins) in the saliva are impor
tant for the defence against a variety of microbiota (Tenovuo et al 1981, Ericson and Runde- 
gren 1983, Arnold et al 1984). The oral microorganisms are also under the continuous influen
ce of two principal immunoglobulin classes: secretory IgA and IgG. Dimeric IgA is produced 
by immunocytes in the major and minor salivary glands and a secretory component of 
epithelial origin is added. IgG is derived from serum and reaches the oral cavity through the 
gingival crevices (Brandtzaeg 1984). Although insulin deficiency in man affects the overall 
protein metabolism (Manchester 1970) and that in the salivary glands of experimentally dia
betic animals (Anderson and Shapiro 1980), it has not been conclusively shown if diabetic pa
tients have altered amounts of protein in their saliva. A decreased level was reported by Vogt 
and Zahl (1973) while unchanged levels were seen by Sharon et al (1985) and Tenovuo et al 
(1986a) as compared with non-diabetic individuals. No difference in the level of salivary amy
lase is reported in diabetics as compared with controls (Sharon et al 1985, Tenovuo et al 
1986a). Saliva from experimentally diabetic rats does not show a significant change in the level 
of total protein (Anderson and Johnson 1981, Muratsu and Morioka 1985), but salivary 
amylase is decreased as compared with controls (Anderson and Johnson 1981).

There is no indication of impaired antibacterial defence capacity of saliva in diabetics. In sti
mulated whole saliva from diabetics, Tenovuo et al (1986a) found increased levels of peroxi
dase, Ig A and lg G, but the same concentrations of lactoferrin and lysozyme as compared 
with controls. Marder et al (1975) found normal concentrations of IgA and IgG in stimulated 
parotid and submandibular saliva of diabetics. Experimental studies of saliva in diabetic ani-
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mals have shown both decreased (Muratsu and Morioka 1985) and increased levels (Anderson 
and Johnson 1981) of salivary peroxidase as compared with controls. The former study also 
reported decreased levels of salivary lysozyme in the saliva of the diabetic animals.

There could be several reasons for the varying results concerning salivary flow rate and com
position. The degree of metabolic control has not been considered except in salivary glucose 
studies. In addition, patients with other diseases have been included or it has not been explicit
ly stated if the diabetic patients had other concomitant diseases or if they were treated with 
drugs which might affect the salivary parameters.

Morphology of the salivary glands

Asymptomatic enlargement of the salivary glands has been reported to be rather common in 
human diabetics although it is easily overlooked (Davidson et al 1969, Rao and Rao 1979, 
Rusotto 1981, Baumann et al 1985). The enlargement is caused by interstitial fat infiltration 
(Davidson et al 1969) and increased acinar cell size due to accumulation of secretory granules 
(Donath and Seifert 1975, Baumann et al 1985). Rao and Rao (1979) reported that the enlarge
ment was associated with poor metabolic control of the disease, and that glandular size was 
reduced when the metabolic control was improved.

The morphological changes observed in experimentally diabetic rats include atrophy of the 
parotid and submandibular glands, degeneration of autonomic nerves, lipid inclusions in the 
acinar cells, and death of acinar cells with subsequent replacement with fibrous tissue (Liu and 
Lin 1969, Anderson 1983, Takai et al 1983a, Hand and Weiss 1984, Cutler et al 1979, High et 
al 1985). Ultrastructural studies of the submandibular glands have not been based on morpho- 
metric measurements (Cutler et al 1979, Takai et al 1983a, Anderson and Garrett 1986). Fur
thermore, the influence of the severity of diabetes on gland morphology has not been evaluat
ed.

Gingivitis and periodontitis

The rate of infection seems to be increased in diabetic patients (Larkin et al 1985). There is a 
positive correlation between the overall prevalence of infection and mean plasma glucose level 
(Rayfield et al 1982). Chemically induced diabetes has been reported to predispose for endo
genous infections in rodents (Imai and Kurihara 1984).

It is generally held that diabetics have a higher prevalence of gingivitis and periodontitis than 
non-diabetics in spite of comparable amounts of supragingival plaque (Glavind et al 1968, 
Cohen et al 1970, Bernick et al 1975, Wolf 1977, Sznajder et al 1978, Gislén et al 1980, Cian- 
ciola et al 1982). When it comes to periodontitis, the difference between diabetics and non
diabetics is most pronounced in older individuals (Glavind et al 1986, Wolf 1977, Sznajder et 
al 1978).

In children and adolescents with insulin-dependent diabetes mellitus there appears to be a cor
relation between the degree of gingival inflammation and the level of glycosylated hemoglobin 
in the blood (Gislén et al 1980, Gusberti et al 1982, Ervasti et al 1985). In the studies of Ervasti 
et al (1985) and Tervonen and Knuutila (1986) the diabetic patients with good metabolic con
trol had less gingivitis and periodontitis than the controls, and the patients with poor meta
bolic control had more gingivitis but the same degree of periodontitis. There also seems to be a
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correlation between the degree of periodontitis and the duration of diabetes (Glavind et al 
1968, Wolf 1977), although this could not be verified in the study of Nichols et al (1978).

The incidence of periodontal disease has been studied in diabetic animals (Glickman 1946, 
Sweeney et al 1962, Bissada et al 1966, ElGeneidy et al 1974), but the results are contradictory. 
This might be explained by differences in experimental models of diabetes, strains, diets, de
gree and duration of diabetes. No studies of the correlation between degree of periodontal dis
ease and the degree or duration of diabetes have been performed as yet, except a study on 
genetically diabetic mice (ElGeneidy et al 1974).

Gingivitis is caused by substances derived from microbial plaque accumulating at or near the 
gingival sulcus (see Page 1986 for review). Other suspected local and systemic factors either 
enhance plaque accumulation or enhance the susceptibility for microbial attack. A portion of 
gingivitis lesions progresses to periodontitis, which is characterized by loss of periodontal liga
ment fibers and alveolar bone into which they are inserted. Only a few percent of the oral bac
teria species are considered to be strongly associated with periodontitis. The microbiota at 
healthy sites include predominantly non-motile gram-positive facultative cocci and rods, while 
sites with gingivitis and periodontitis are associated with more complex microbiota with in
creasing proportions of more motile, gram-negative and anaerobic species (see Listgarten 1986 
for review). An intact epithelial barrier and a high rate of epithelial turnover and surface des
quamation prevent the bacteria from gaining direct access to the tissues. Under normal condi
tions there is a constant stream of migrating neutrophils from the vessels of the gingival plexus 
through the junctional epithelium to the gingival margin. Most bacteria produce substances 
that chemotactically attract neutrophils, and chemotactic substances are also present in the 
saliva. These neutrophils are members of first line of defense around the teeth; the epithelial 
barrier is the second. Other defence mechanisms in the gingival sulcus include flushing and an
tibacterial action of saliva and gingival fluid. Periodontal destruction results from episodes of 
acute inflammation due to an imperfectly balanced host/parasite interaction (Listgarten
1986).

Impaired functions of leukocytes (Van Dyke et al 1986), changes of the microbial flora in mar
ginal plaque (Mashimo et al 1983), increased tissue collagenolytic activity (Schneir et al 1984), 
thickening of basement membranes of the gingival blood-capillaries (Listgarten et al 1974, Lin 
et al 1975), and reduced salivary flow rate (Takai et al 1983a) have been pointed out as possi
ble pathogenetic mechanisms for exaggerated periodontal breakdown in diabetics (see 
Manouchehr-Pour and Bissada 1983 for review).

Dental canes

The prevalence of dental caries in diabetics is mostly reported to be decreased in young and 
teen-age diabetics (Sterky et al 1971, Matsson and Koch 1975, Leeper et al 1985, Sarnat et al 
1985) and unchanged in adult diabetics (Wolf 1977, Tenovuo et al 1986b, Kjellman et al 
1970 ) as compared to non-diabetics. No epidemiological study has reported on the preval
ence of root surface caries in diabetics, except a study in the preinsulin era (Zilz 1915) that re
ported profuse existence of caries at the cervical margins. However, this early report was bas
ed on clinical observation rather than on controlled investigations.

Increased caries incidence has been observed in rats with experimentally-induced diabetes 
(Sweeney et al 1962, Dalstein et al 1982). However, no existence of root surface caries was re
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ported in long-term diabetic rats although they had root surfaces exposed to bacteria (Glick- 
man 1946, Bissada et al 1966).

Dental caries is considered to be a result of the interplay of three principal ecologie factors: 
the host (teeth and saliva), the microflora, and the diet (Keyes 1962). Investigations in both 
animals and humans have shown that the feeding pattern has a significant influence on the 
cariogenicity of the diet (Gustafsson et al 1954, König 1970, Theilade and Birkhed 1986). The 
most important parameters of feeding pattern discussed are the frequency of intake, the total 
daily eating time and the clearence time of carbohydrates from the oral cavity.

The composition of the diet is perhaps the most obvious factor that might differ between dia
betics and non-diabetics. A “ diabetic diet” is recommended to be high in complex carbohyd
rates and fiber but low in simple sugars and fat (Kabadi 1986). The reduced sugar content 
might reduce the cariogenicity of the diet (Newbrun 1982a). However, the recommendation of 
separating the daily food intake into several small meals including a bedtime light meal has a 
caries-promoting influence if the diet has a cariogenic potential (Gustafsson et al 1954). Fol
low up studies of the dietary habits have shown that diabetic children and adolescents have a 
higher intake of protein than non-diabetics, but the amounts of fat and carbohydrates do not 
differ significantly (Sarnat et al 1985). However, the diabetics eat mainly polyunsaturated fat
ty acids and a lower proportion of the carbohydrates are refined carbohydrates, 5 to 7% in 
diabetics as compared with 7 to 11% in non-diabetics according to a study in Sweden (Sterky 
et al 1971) and 12% in diabetics and 25% in non-diabetics according to an Israeli study (Sar
nat et al 1985). However, Sterky et al (1971) reported a lower average intake frequency of re
fined carbohydrates in the diabetic group (0.8 times per day versus non-diabetics, 1.8 times a 
day). Besides, Sarnat et al (1985) documented that the diabetics had six to eight regular meals 
a day, while the non-diabetics had three meals a day, and the diabetics had a late evening light 
meal not found in the nondiabetic group.

Simple sugars for acid production by acidogenic caries inducing bacteria could also be derived 
from the saliva and gingival crevicular fluid. The concentration of glucose in saliva is increas
ed in diabetics but it is still less than a few percent of that in serum. In a study of 31 diabetics 
with blood glucose values between 4 and 20 mmol/L, the glucose concentration in stimulated 
parotid saliva ranged from 0.06 to 0.8 mmol/L (Forbat et al 1981). However, the glucose level 
in the gingival exudate approaches that of serum (Ficara et al 1975).

When root surfaces are exposed to the oral environment as a result of retraction of the margi
nal gingiva, the plaque retention areas may increase in extent, particularly in the large inter- 
proximal areas and along the cemento-enamel junction (Fejerskov and Thylstrup 1986). Due 
to its structure and chemistry, the root surface appears more vulnerable to mechanical and 
chemical destruction than the enamel (Nyvad and Fejerskov 1982). Root surface caries fre
quently develop as several brownish small lesions along the cemento-enamel junction. The 
prevalence of root surface caries increases with age. In the sixth decade the percentage of at
tacked root surfaces of all root surfaces with gingival recession in a selected sample of North 
Americans was reported to be 22% (Katz et al 1982) and the percentage of attacked teeth was 
2.8% in a comprehensive study on a Finnish sample of individuals (Vehkalahti et al 1983). 
More than half of all new caries lesions in a study on institutionalized individuals above 50 
years of age developed on root surfaces (Gustafsson et al 1954). These lesions are most fre
quently found on approximal and buccal surfaces. Epidemiological findings in ancient civili
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zations and primitive populations report that root lesions occur in the absence of significant 
coronal decay (Jordan and Sumney 1973, Schamschula et al 1974, Molnar and Molnar 1985). 
Thus root surface caries can occur in populations whose diets have little sucrose (Newbrun 
1982a, 1984). As research on this type of caries has been largely neglected in the past, it is ob
vious that our knowledge of its etiology and pathogenesis is incomplete. A specific 
microorganism has so far not been demonstrated to be responsible for the development of 
root surface caries (Ellen et al 1985). A low salivary flow rate (Ravald and Hamp 1981, Ravald 
et al 1986) and medication with drugs with xérostomie (Kitamura et al 1986) effects have been 
related to the development of root caries lesions. A high number of lactobacilli in the saliva 
has also been connected with the development of root surface caries (Ravald and Hamp 1981, 
Ravald et al 1986), but this condition could be secondary to a high consumtion of fermentable 
carbohydrates (Nyvad and Fejerskov 1982).

In the future, teeth will be retained longer than before in humans in the industrialized count
ries (Bowen 1984). The prevalence of root surface caries will probably rise, a fact that has rap
idly increased the research efforts on this type of dental caries. In order to elucidate the etiolo
gy of the disease and devise effective methods of prevention, the need of well-defined animal 
models has been emphasized (Bowen 1984). The prevalence of naturally occuring impactions 
of hair between rat molars and associated induced periodontitis can be increased by mixing 
hair in a highly cariogenic diet and infecting the oral cavity with highly cariogenic bacteria 
(Guggenheim and Lutz 1985). Another way of inducing root surface caries is to reduce the 
salivary flow and feed the rats a cariogenic diet (Bowen et al 1986). However, in both these ex
perimental models coronal caries also develop to a large extent, which was avoided in the 
briefly reported study of Weisberger et al (1940), in which desalivated rats were fed a nonspe
cified standard laboratory diet for as long as five months.
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AIMS OF THE STUDY

A To study the influence of the metabolic control and duration of alloxan-induced diabetes 
in rats on the following parameters:

1. The occurrence of dental caries and periodontal disease in rats fed a defined laboratory 
diet.

2. Food and water intake, especially the circadian rhythm and the relationship between 
eating and drinking.

3. Salivary gland morphology.

4. Salivary fiow-rate and salivary glucose concentration.

B To study the influence of the metabolic control of diabetes in humans on salivary flow-rate 
and saliva composition.
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STATISTICS

Common statistical methods were used (Colton 1974). Independent samples were compared 
with the Wilcoxon rank sum test. Comparisons between dependent pairs of samples were per
formed with the Wilcoxon matched pairs signed-rank test. Correlations between dependent 
variables were performed with Spearman’s rank correlation coefficient (rs). In evaluating dif
ferences of proportions between samples the Chi-square test was used. The samples were de
scribed with the mean value and standard error of the mean (SE). A p-value less than 0.05 was 
considered statistically significant.
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MATERIAL

Animal studies (Paper I, II, III and IV)

Animals
Female albino rats of the highly inbred R-strain (Medical Faculty, Umeå, Sweden) were used. 
The number of rats in the different studies were:

• Paper I: 38 untreated alloxan-diabetic and 23 non-diabetic rats.

• Paper II: 35 untreated alloxan-diabetic, 10 insulin-treated alloxan-diabetic and 23 non-dia
betic rats. These rats except the insulin-treated were also included in study I.

• Paper III: 50 untreated alloxan-diabetic and 58 non-diabetic rats.

• Paper IV: 22 untreated alloxah-diabetic, 7 insulin-treated alloxan-diabetic and 20 non-dia
betic rats.

The animals were housed in plastic cages, bedded with wood chips, in air-conditioned rooms 
with a 12 h light/dark cycle (lights on 6.00 a.m. to 6.00 p.m.).

Diet. The animals had free access to tap water and a pelleted standard laboratory diet (R3 Ro
dent diet, Astra-Ewos, Södertälje, Sweden) containing 25.0% protein, 5% fat, 14.2% dietary 
fiber, 50.1% carbohydrate and 5.7% vitamins and minerals (Berglund et al 1982). Of the car
bohydrates, less than 0.4% were found to be mono- and disaccharides when determined ac
cording to Fuchs et al (1974). The diet contained 15 mg fluoride per kg and the water 0.23 mg 
per litre.

Human study (Paper V)

Subjects. The sample consisted of eleven diabetic patients who were hospitalized because of 
poor metabolic control (Paper V, Table 1). Mean age was 28.7 years (range: 20 to 45 years). 
Salivary flow rate and composition were registered both during the period of poor metabolic 
control (HbAlc: 11.5±0.6%, blood glucose: 18.2±2.7 mmol/L) and one to five months later 
(mean 3 months) when the HbAlc-value had decreased by at least one percent-unit and the 
blood glucose level was below 10 mmol/L (HbAlc: 7.9±0.5%, blood glucose: 5.8±0.8 
mmol/L). None of the patients had any other systemic or cardiovascular disease or any drug 
therapy other than that for diabetes control. None of the patients suffered from severe dental 
caries or advanced periodontal disease.
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METHODOLOGY

Animal studies (Paper I, II, III and IV)

Induction and control o f  diabetes. After a 48-h fast at the age of 3 months a single injection of 
alloxan monohydrate, 55 mg/kg, was given under ether anesthesia into a tail vein during ex
ternal compression of the kidneys for five minutes according to Korec (1967). The degree of 
diabetes was monitored by regular determinations of the blood glucose level at about 10.00 
a.m. by the glucose oxidase method (GLOX, Kabi, Stockholm). Only rats with a nonfasting 
blood glucose level above 10 mmol/L and glucosuria (Keto-Diastix, Ames Division, Slough, 
UK) during the whole experimental period were included. All control rats had a nonfasting 
blood glucose level below 6.3 mmol/L, and were aglucosuric.

Insulin treatment. Rats diabetic for two weeks (Study II and IV) were housed in metabolic 
cages and treated with a subcutaneous injection of protamine-zinc-insulin (Kabi-Vitrum, 
Sweden) each morning for two weeks. The doses were slowly increased according to daily 
urine volume and finally ranged from 1.2 to 3.0 IU.

Paper I

Dental and periodontal conditions
The oral status was studied 1 month and 12 months after the induction of diabetes. Control 
rats were of the same ages. During sodium pentobarbital anesthesia the tissues of the head and 
neck were fixed by perfusion through the ascending aorta for 10 min. with 2% glutaraldehyde 
in isotonic (0.1 M) sodium cacodylate buffer, pH 7.4 (Sjöstrand 1967). All the following 
assessments of dental and periodontal parameters were made blindly.

The two halves of the mandible were dissected free of soft tissue, demineralized, and embed
ded in paraffin (Fig. 2). From one of the halves, mesio-distal sections were made through the 
center of the molars, and from the other half bucco-lingual sections were made through the 
first molar, step-wise at seven levels. The sections were stained by Meyer’s hematoxylin and 
eosin and by the Brown and Brenn method for bacteria (Luna 1968).

The maxilla was divided into two halves and dissected free of soft tissue. Furter treatment of 
the jaws and assessments are described in Fig. 2. The extent of carious decay was evaluated by 
using microradiographs and photographs of the molars. The following scoring system was us
ed:

Grade 0. No demineralization was visible.

Grade 1. Demineralization was seen in the dentin at a proximal cemento-enamel junction.
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Grade 2. The demineralization had resulted in loss of the proximal occlusal edge. 

Grade 3. The disintegration of the tooth had passed half the occlusal surface.

THE MAXILLA WAS RINSED FROM SOFT
TISSUE
Registration of:
—distance from the cemento-enamel 
junction at the prominence of each 
root to the alveolar bone crest.

THEREAFTER A MESIO-DISTAL GROUND 
SECTION THROUGH THE CENTER OF THE 
MOLARS WAS PREPARED AND A MICRO
RADIOGRAPH WAS TAKEN 
Registration of:
—occlusal wear
—frequency and extent of carious lesions.

THE MANDIBLE WAS DEMINERALIZED AND  
EMBEDDED IN PARAFFIN

A MESIO-DISTAL SECTION 
THROUGH THE CENTER 
OF THE MOLARS WAS PRE
PARED 
Registration of:
—frequency of interdental 
impactions o f foreign material.

BUCCO-LINGUAL SECTIONS 
THROUGH THE FIRST 
MOLAR AT TEN LEVELS 
WERE PREPARED 
(Not possible in the 12-month- 
diabetic rats because of frequent 
tooth losses)
Registration of:
—extent of deposits on the 
cervical enamel.
—area and apical extension of 
the junctional epithelium.
—number of leukocytes in the 
junctional epithelium.
—bone density, in the body of 
the mandible.

Fig. 2. Scheme describing treatment of the jaws for dental and periodontal assessments.

Bacteriological methods. Bacterial samples were taken with sterile cotton-coated steel pins 
(approx. 3 mm in diameter) from the supragingival molar regions. The diabetic and control 
rats were 4 to 14 months old. Bacterial cultivation was performed on blood agar, mitis-sali- 
varius agar (S. mutans) and Rogosa SL agar (lactobacilli).

Buffering capacity o f  serum. Inflammatory exudate ought to contribute to a large proportion 
of the fluid that surrounds the bacterial plaque on the root surfaces. Bacterial fermentation of 
glucose in this exudate can yield at most twice as much acid as the amount of glucose, on a 
molar ratio. The ability of the exudate to counteract a drop in pH was roughly estimated. 
During ether anaesthesia blood was taken from 12 non-diabetic four-month-old rats by heart 
puncture. After coagulation the sera were pooled. Portions (50 /xl) of 1 M lactic acid were add
ed to 8 ml of a serum sample and during stirring and gasing (C 02 5%, 0 2 20% and N2 75%) 
pH was measured. The experiment was repeated three times.

Paper II

Registration o f  daily fo o d  and water intake
Three-month-old rats were put into individual metabolic cages of a wire mesh construction 
with free access to food and water. Body weight, blood glucose level, glucosuria and keto-
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nuria, food intake, water intake and urine excretion were registered daily during the period 
from one week before alloxan injection until four weeks thereafter. The construction of the 
cages did not prevent evaporation of urine during collection.

The same measurements were also performed for 48 h in rats with one and 12 months’ dura
tion of untreated diabetes and in age-matched controls.

Continuous and simultaneous recording o f  eating and drinking
Short-term diabetic and age-matched control rats were housed for 48 hours in metabolic mesh 
wire cages where containers for powdered standard pellet diet and water were placed on elec
tromechanical balances with continuous and simultaneous quantitative paper recording of 
both eating and drinking (Spengler 1960). Recording during the last 24 hours of each rat was 
used. The following parameters of feeding and drinking behavior were calculated: total eating 
and drinking time and amount during 24 hours, eating and drinking time during each hour of 
the 24-hour period, number of meals and drinking bouts per 24 hours, duration of meals and 
drinking bouts, and meal-associated drinking pattern. When presenting results, a new meal 
was defined to begin whenever 15 minutes or more had elapsed since the end of the last eating 
period. The least interdrinking interval was defined as only 5 minutes because the act of drink
ing is more quickly accomplished than that of eating (Kissileff 1969).

Paper III

Morphology o f  the submandibular gland
Specimens were studied one month and 12 months after the induction of diabetes. Control 
rats were of the same ages. Food but not water was removed from the cages at 8.00 a.m. One 
to three hours later the animals were anesthetized with sodium pentobarbital.

The combined submandibular/sublingual gland (SMG/SLG) on the left side was removed, 
quickly frozen in liquid nitrogen, stored in a plastic container and weighed. The in vivo re
maining parotid glands and SMG/SLG were then fixed by perfusion (See study I).

The amount and distribution of lipid inclusions in the frozen submandibular glands were eval
uated in sections that were fixed in Baker’s formol calcium and stained with the Oil Red O 
procedure. The proportion between lipid and acinar cell area was estimated for each rat with 
Weibel’s point counting method (Weibel 1979).

SMG capillary basement membrane width (CBMW) was measured ultrastructurally with a 
method described by Weibel and Knight (1964). The 10 first observed cross-sectioned intact 
capillaries of each rat were photographed in an electron microscope and a mean value of 
CBMW in each rat was calculated.

Paper IV

Determination o f  serum osmolality was performed at the time of saliva collection in seVen un
treated and seven insulin-treated alloxan-diabetic rats and in 13 age-matched controls after 
cutting the tail tips. The osmolality of serum from blood samples was measured by freezing 
point determinations with a Knauer osmometer.
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Saliva sampling and analyses. In the morning the rats were deprived of food but not water. 
One to three hours later the animals were anesthetized with sodium-pentobarbital. Pilocarpine 
1.25 mg/kg was given subcutaneously between the shoulders when the corneal reflex had just 
disappeared. Each rat was placed on a table tilted to the vertical plane with the head of the 
animal hanging into a plastic funnel. Saliva was collected in an ice-chilled graded tube during 
15 minutes after the injection of pilocarpine (Bernarde et al 1956). The tubes were then sealed 
and stored at -20°C . Salivary glucose concentrations were determined by the hexoki- 
nase/glucose-6-phosphatase method. Blood glucose assays were performed simultaneously 
with collection of saliva.

Paper V

Saliva collection. All samples were collected before noon at least one hour after smoking and 
eating. Immediately before collection, blood glucose level was estimated. Whdle saliva was 
then collected during chewing. Aliquots of saliva were withdrawn for estimation of lactoba- 
cilli and S. mutans. Lashley cups were fixed over the parotid duct openings about 15 min later 
and resting parotid saliva was collected. Simultaneously submandibular/sublingual saliva was 
collected from the mouth-bottom with a pipett. Finally the tongue was swabbed with 2% citric 
acid every 30th second and parotid saliva was collected.

Laboratory analyses. HbAlc was measured at the Department of Clinical Chemistry, Umeå 
University Hospital. pH and buffer capacity of the whole saliva fractions were estimated. Ex
act portions of the stimulated parotid saliva and resting parotid and submandibular/subl
ingual saliva fractions for the different chemical analyses were transferred to test tubes and 
frozen at -20°C . Within four months the samples were thawed and analyzed for glucose (en
zymatically with hexokinase and glucose-6-phosphate dehydrogenase, Sigma Co, St. Louis, 
MO.; the least detectable concentration was about 0.01 mmol/L), total protein, amylase, per
oxidase, lysozyme, IgA, inorganic phosphate and the electrolytes Na +, K +, Ca2+ and Mg2 + . 
Several of the resting saliva samples were small and allowed estimation of only some of these 
variables. However, glucose was estimated in resting saliva from nine of the patients.
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RESULTS

Paper I

Lactobacilli and Streptococcus mutans were naturally occurring inhabitants of the oral bac
terial flora. The proportion of lactobacilli of the total cultivable bacteria was significantly 
(p<0.05) higher in diabetic rats (3.0±1.4%) than in controls (0.3±0.2%). The proportion of 
the oral flora which was lactobacilli was positively correlated with the blood glucose level in 
the rats with diabetes of one month’s duration (rs = 0.87, pcO.Ol).

In short-term diabetic rats (one month) there was less dental plaque in the buccal gingival 
region of the first mandibular molar than in control rats (p <0.01), but the density of leuko
cytes in the junctional epithelium was increased (p<0.05). Interdentally the gingival papillae 
were intact and the prevalence of foreign material impactions was as low as for the controls 
(17% versus 25% of all interdental spaces). The distances from the cemento-enamel junction 
of the molars to the most apical point of the junctional epithelium and to the alveolar bone 
crest were not significantly different between the diabetic and control rats. No caries lesions 
were seen.

In long-term diabetic rats (12 months) there was more periodontal breakdown than in the age- 
matched control rats (Paper I, Fig. 2). The periodontal breakdown was always associated with 
large interdental impactions of foreign material. In the diabetic rats there was a significantly 
(p<0.05) higher prevalence of impactions of foreign material in the interdental areas that 
were examined histologically (47%) than in the age-matched control rats (14%). In the dia
betic rats, the impactions usually were composed of both hairs, food, and bedding material, 
while in the controls the impactions consisted of only one hair at each site. In the control rats 
there were no exposed root surfaces for plaque accumulation.

Caries was only seen in the diabetic rats and in sites with interdental impactions. The decay 
was shown to start in the cementum at the cemento-enamel junction (Fig. 3).

M, distally

M2 mesially

M2 distally

M3 mesially

Fig. 3. Mean prevalence of different 
degrees o f caries lesions (grade 1 - 3 ,  
see “ Methodology” ) in the maxillary 
molars (Mj, M2, and M3) of rats with 
diabetes o f 12 months’ duration 
(n = 18).

i i i i i i i i I □  i»  «ries Ü  grade 1
20 40 60 80 100

DECAYED SURFACES (%) ^  grade 2 H  grade 3
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Bone loss was seen in diabetic rats, both of the central body of the mandible (one month’s dia
betes) and of the alveolar crest (12 months* diabetes).

The amount of alveolar bone loss in the diabetic rats was related to the degree of hypergly
cemia (rs = 0.60, p<0.05). The same tendency was seen concerning the number of caries le
sions (rs = 0.40) but it did not reach statistical significance. Occlusal wear of the molars in 
long-term diabetic rats was significantly increased as compared with the controls.

The pH of pooled rat serum in three experiments showed a continuous and identical decrease 
from 7.4 to 5.0 when small quantities of lactic acid were added (Fig. 4).

8.0  -

7 0  -  * .

6.0 - * * ,  

x  5 0 -  * *
*  *  *

* * * * * * *

3.0 -

2.0  -

X  i i i i i 1 I I I I I

10 20 30 40 50 60 70 80 90 100 110
Lactic acid (mmol/l)

Fig. 4. Buffering capacity o f rat serum when adding lactic acid.

Paper II

After two days of fasting followed by alloxan injection, mean food and water intake increased 
and mean body weight decreased progressively during about one week and then stabilized. 
Glucosuria was already present in all rats from the first day after alloxan administration. 
Mean blood glucose concentration was about the same level from one to four weeks after al
loxan injection. Transient ketonuria was seen in all rats for varying periods during the second 
to seventh day after alloxan injection, but thereafter was only seen sporadically in a few rats.

The rats with one and 12 months duration of diabetes ate nearly twice as much as the controls. 
For the diabetic rats there was a significant correlation between blood glucose level and 
amount of food intake (rs = 0.50, p<0.01), water intake (rs = 0.61, pCO.OOl), 24-h urine vol
ume (rs = 0.62, p <0.001) and body weight (rs= —0.45, p<0.05).

Control rats started to eat sporadically late in the afternoon (Fig. 5). When the the light was 
turned off at 6.00 p.m. they markedly increased their eating and drinking. Then there was a 
slow decrease until 4.00 a.m. when eating and drinking abruptly increased. When the light was 
turned on at 6 a.m. the rats stopped both eating and drinking. The drinking and eating pattern 
for the diabetic rats during the dark period was essentially parallel to that of the controls but 
at a higher level. The biphasic eating and drinking pattern during the dark period was similar 
in both groups. The diabetic rats also ate and drank during most of the light period whereas 
the controls only ate or drank during the last three hours of the light period.
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Fig. 5. Circadian pattern o f food and water intake in 12 rats with 1 month duration o f diabetes (unfilled 
area) and 12 age-matched controls (filled area). Mean±SE.

There was no significant difference in eating frequency between diabetic rats (13±0.8 
meals/24 h) and controls (11±0.6), but the diabetic rats drank twice as often as the controls 
(24±0.4 drinking bouts/24 h versus 12±0.8). The meal and drinking bout durations were 
about twice as long in the diabetic rats as in the control rats (p <0.01 for both). Most drinking 
occurred during the meal or within 5—15 min before or after the meal in both controls and 
diabetics.

Insulin therapy partly normalized the amounts of food and water intake (p <0.001, for both 
parameters compared with pretreatment amounts).

Paper III

Weights of the parotid glands and the combined SMG/SLG’s were about 20 to 30% lower in 
the diabetic rats than in the age-matched controls. The weights were not influenced by the du
ration of diabetes, but tended to be correlated to the blood glucose level. However, the corre
lations were not statistically significant (rs varying between — 0.19 and — 0.90). Only the paro
tid gland weight to body weight ratio, but not the combined SMG/SLG’s to body weight 
ratio, was decreased in the diabetic rats compared with age-matched controls.

Only diabetic rats had lipid inclusions in the submandibular glands. The inclusions were situ
ated basally in the acinar cells, and were not seen in the ductal cells except in a few intercalated 
duct cells. The amount of lipid inclusions did not differ significantly between rats with diabet
es for one month and 12 months. There was a significant correlation to the blood glucose level 
in the 12-month diabetic rats (rs = 0.79, p<0.01).

There was a non-significant tendency to an age-dependent increase of the CBMW in the non
diabetic rats. Long-term diabetic rats had significantly wider SMG capillary basement mem
branes than the other groups of rats (Table).
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Table. Capillary basement membrane width (CBMW) in the submandibular glands o f  diabetic 
rats and age-matched controls.

Age/group Number of rats CBMW nm

4 months
Control 10 69.2±3.6
Diabetic 10 65.0±3.0
15 months
Control 11 83.8±3.8
Diabetic 12 106.7±7.2*

*p<0.05 as compared with age-matched controls. Mean±SE. Diabetes was induced at three months’ age.

Paper IV

Salivary flow rate was significantly lower and salivary glucose concentration higher in the dia
betic rats than in age-matched controls. In the diabetic animals there was a negative correla
tion between salivary flow rate and blood glucose level (rs= —0.44, p<0.05) and a positive 
correlation between salivary and blood glucose concentrations (rs = 0.71, p <0.001) at blood 
glucose levels exceeding 15 mmol/L. In the diabetic rats salivary flow rate increased toward 
normal with the duration of the disease: p <0.05 when comparing animals with 2 and 4 weeks’ 
duration; p<0.01 when comparing animals of 4 weeks’ and 12 months’ duration. Insulin 
therapy reversed salivary flow rate and salivary glucose concentration towards normal.

Serum osmolality, above approximately 15 mmol/L blood glucose level, was positively corre
lated to the blood glucose level (rs = 0.81, p<0.05).

Paper V

Resting and stimulated salivary flow rates were not significantly altered when the degree of 
metabolic control was improved. Nor was there any significant correlation between the 
change of blood glucose or HbAlc levels and the change of salivary flow rate between the two 
occasions. However, there was a positive correlation between stimulated salivary flow rate 
during the first and the second occasion (whole saliva rs = 0.93, p <  0.001 and parotid saliva 
rs = 0.77, p <0.05).

The glucose levels in the different salivary portions were about three times higher during the 
first investigation than during the second. There was a positive correlation between the glu
cose level in stimulated parotid saliva and blood at the first investigation (Fig. 6). However, no 
such relationship was seen concerning the resting submandibular/sublingual and parotid 
saliva fractions. No significant correlation between glucose levels in the salivary fractions on 
the one hand and HbAlc or salivary flow rate on the other hand were seen.
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F/g. 5. Relationship between the concentrations o f glucose in blood and stimulated parotid saliva during 
worse (■, rs = 0.64, P <0 .05) and better metabolic control (□ ) .

The concentration of S. mutans in whole mixed paraffin-stimulated saliva was significantly 
lower during the period of improved metabolic control than at the first investigation, but no 
significant changes of the number of lactobacilli, salivary pH or buffering capacity were seen.

Chemical analyses of stimulated parotid saliva for total protein, amylase, peroxidase, lyzo- 
syme, IgA and electrolytes (Na + , K+, Ca2+, P 0 42- and Mg2+ ) did not reveal any differen
ces between the two occasions, but the interindividual variations were pronounced.
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DISCUSSION

Periodontal disease and caries in alloxan-diabetic rats

Increased susceptibility to periodontal disease and coronal caries has been demonstrated in al
loxan-diabetic rats (Bissada et al 1966, Sweeney et al 1962). Bissada et al (1966) found that 
periodontal breakdown occurs in diabetic rats only at sites with a local source of irritation. 
Morphometrie registration or bacterial characterization were not performed and caries was 
not seen. In the present study large interdental impactions of hairs, food particles and bedding 
material were frequent in the long-term diabetic group and seemed to be a prerequisite for 
periodontal destruction and caries as these changes did not occur at sites free from impac
tions.

Alloxan diabetic rats not treated with insulin show increased levels of kininogens in plasma 
(Ottlecz et al 1979). This might lead to an enhanced inflammatory response (Lithner and Hägg 
1975) and an enhanced bone resorption due to prostaglandin production (Gustafson and 
Lerner 1984, Gustafson et al 1986). The increased periodontal and medullar bone loss observ
ed in the present investigation may be a consequence of an increased inflammatory response 
to bacterial and mechanical stress.

In the present study an increased number of leukocytes was seen in the gingival crevicular epi
thelium of the diabetic rats, which might be explained by an increased traumatic effect of the 
hyperphagia seen in these rats. This effect of eating was indicated in the study of Irons and 
Schaffer (1966). Furthermore chemically-induced diabetes has been reported to predispose for 
endogenous infections in rodents (Imai and Kurihara 1984). The impaired microbial host de
fense in diabetes may partly be ascribed to decreased chemotactic activity (Ramamurthy et al 
1979, Golub et al 1982) and to lowered bactericidal capacity of the leukocytes (Dziatkowiak et 
al 1982). The predominant leukocyte of the gingival crevice in both health and disease is the 
neutrophil, and it is known that quantitative or qualitative defects of neutrophils rapidly lead 
to acute inflammation and destruction of the gingival tissues (Van Dyke et al 1985).

Increased prevalence of root surface caries in human diabetics or in experimental diabetes has 
not been shown previously. Dental caries has a complex multifactorial etiology where host, 
dietary and bacterial factors interact over a period of time to induce demineralization (Keyes 
1962).

The enamel of molars in rats older than about 3 months, which were used in the present study, 
is well mineralized and very resistent to dental caries (Fitzgerald and Larson 1967). However, 
when gingival tissue recedes the more vulnerable cementum becomes exposed to the oral envir
onment and dental caries may involve only the cementum and leave the enamel intact as was
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seen in the present study (Jordan et al 1972). Decreased salivary flow rate is seen in diabetic 
rats (Takai et al 1983a, Reuterving 1986) and might contribute to an increased incidence of 
root surface caries and development of periodontal disease in these animals (Weisberger et al 
1940, Bowen et al 1986, Takai et al 1985). A positive relationship between decreased salivation 
and development of root caries is also seen in humans (Ravald and Hamp 1981, Kitamura et al 
1986).

There is overwhelming evidence that dental caries is initiated by the production of organic 
acid end products via carbohydrate metabolism by plaque bacteria and the subsequent disso
lution of enamel mineral (see van Houte 1980 for review). The “ critical pH ” at which the 
overlaying dental plaque ceases to be saturated with calcium and phophate ions and below 
which dental mineral will dissolve is often assumed to be about 5.2 to 5.7 for mature enamel, 
but only about 6.0 to 6.9 for dental root hard tissue (Van Houte 1980, Hoppenbrouwers et al 
1986). Therefore, only a slight decrease of pH in dental bacterial plaque may lead to root sur
face caries. However, the critical pH varies with the size of the pool of bound Ca and P 0 4 and 
the availability of this pool. At a low “ critical pH ” only certain bacteria, e.g. S. mutans and 
lactobacilli, are acidogenic and considered to be caries promoting (Van Houte 1980). However 
at a high “ critical pH ” a broader spectrum or oral bacteria become cariogenic.

Dietary sugar is pointed out as an initiating factor in the etiology of coronal caries, but the 
role of diet in root caries is not well understood (Newbrun 1982b). However, a relationship be
tween the incidence of root caries and total sugar content of the food is shown in rice rats 
(DePalma 1983). The rats of the present study were fed a standard laboratory diet with a low 
cariogenic potential. However, hyperphagia and retention of food interdentally in this study 
might promote caries by elongating the exposure of food components to the bacteria (Birkhed
1983).

The carious lesions in the present study were always associated with interdental impactions of 
foreign material and an inflammatory reaction in the periodontal tissue. Since the blood of 
the diabetic rats contained high glucose levels, the glucose of the gingival inflammatory exu
date might have served as a substrate for bacterial production of acids at these sites, initiating 
carious lesions on the root surfaces. In human diabetics it has been shown that the concentra
tion of glucose in the gingival exudat is only slightly lower than that in the blood (Ficara et al 
1975). The rats of the present study harbored the strongly acidogenic and acid tolerant 
bacteria species S. mutans and lactobacilli which are able to produce lactic acid from glucose 
in the surrounding fluid such as saliva and inflammatory exudat (Carlsson 1984). In the pre
sent study rat serum was titrated with lactic acid and this in vitro assay suggests that a signifi
cant decrease of pH might occur in the diabetic rats as a result of bacterial metabolism of 
glucose in the plasma-like inflammatory exudate.

Thus it has been shown that advanced periodontitis and caries, almost exclusivly confined to 
the root surfaces, can appear in long-term alloxan-diabetic rats fed a low cariogenic diet and 
without experimental manipulation of the teeth.

Feeding behavior in diabetic rats

Rats with experimental diabetes mellitus are extremely hyperphagic when fed a standard labo
ratory diet which contains mostly carbohydrates and only little fat (Brodsky et al 1952, Car
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penter and Grossman 1983). Dietary carbohydrates may serve only little more than a non-nu
tritive filler to a diabetic rat (Friedman 1978). Diabetic rats then have to rely on dietary fats as 
the primary source of metabolic fuels once endogenous lipid reserves are depleted a few days 
after induction of diabetes (Friedman 1978).

Both diabetic and control rats ate discrete meals separated by distinct intermeal intervals. The 
larger daily food intake in the diabetic rats could not be explained by a higher frequency of 
meals, but rather a larger meal size, which is in agreement with most previous reports (De 
Castro and Balagura 1975, Thomas et al 1976). Furtermore, daytime eating occurred among 
the diabetic rats, which only rarely was seen in the control animals.

Diabetic rats also had increased drinking (drinking frequency, drinking bout duration, and 
drinking rate) which was mainly meal-associated.

The hour to hour circadian pattern of food and water intake in experimental diabetes, and re
lationship between them, has not been reported earlier.

In desalivated rats all drinking occurs within meals in alternating periods of minute draughts 
and food intake which is supposed to be a response to the necessity to swallow dry food from 
a dry mouth (Kissileff 1969). Although rats diabetic for one month only have about 16% of 
the normal pilocarpine-stimulated salivary flow rate (Reuterving 1986) this pronounced pran
dial drinking behavior was not seen in the diabetic rats in the present study.

A longer total circadian eating time might have a caries-promoting effect (König 1970). 
Whether increased meal-associated drinking has the opposite effect is unsettled.

Salivary glands

As in earlier investigations (Anderson 1983, Liu and Lin 1969), an atrophy of the salivary 
glands was seen in diabetic animals. The trophic stimulus (Johnson and Sreebny 1982) on the 
salivary glands from an increased intake of pelleted diet in the diabetic rats was of minor im
portance compared with the influence of the diabetic condition. Salivary gland enlargement 
has been observed in some human diabetics (Davidson et al 1969, Donath and Seifert 1975, 
Rao and Rao 1979, Baumann et al 1985). However, there are no studies measuring salivary 
gland size in a sample of diabetic patients.

In the present study lipid inclusions were almost exclusively seen in acinar cells following al
loxan-induced diabetes. This derangement has been reported previously (Anderson and 
Johnson 1981, Anderson 1983, Hand and Weiss 1984, Cutler et al 1979, Anderson and Gar
rett 1986), but the amount of lipid has not previously been quantified morphometrically. The 
finding of a positive correlation between the amount of lipid inclusions and blood glucose 
level has not been reported previously. This correlation supports the concept that the metabol
ic derangements associated with diabetes lead to lipid inclusions rather than the lipid inclu
sions being the result of alloxan toxicity. These conclusions are further strengthened by previ
ous reports (Anderson 1983, Anderson and Garrett 1986) which show that the glandular accu
mulation of lipid disappears following insulin treatment. It has been suggested that thè lipid 
accumulation is the result of an increased uptake of lipids for use as an energy source, or a 
decreased utilization for the synthesis of secretory granule and plasma membrane material
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(Anderson and Garrett 1986). Inclusion of lipid in acinar cells of salivary glands of human 
diabetics has not not been observed (Davidson et al 1969, Donath and Seifert 1975, Rao and 
Rao 1979, Baumann et al 1985).

In the present study an increased width of the capillary basement membranes in the SMG’s 
was found. This has not been reported previously. It is possible that changes in the salivary 
gland capillary basement membrane might affect its permeability and filtration properties (see 
Williamson and Kilo 1983 for review) thus affecting salivary fluid production.

Reduced salivary gland weight, lipid inclusions in the acinar cells and capillary basement 
membrane thickening in the submandibular glands of diabetic rats might be of importance for 
salivary gland function.

Saliva in diabetic rats

Pilocarpine is a parasympathomimetic drug that induces marked salivary fluid secretion (Abe 
et al 1982). Parasympathetic, sympathetic and substance P stimulation of the submandibular 
salivary gland of diabetic and control rats result in lower salivary flow-rate in the former, 
which is reversed by insulin treatment (Takai et al 1983a). This is in accordance with the obser
vations of the present study, although Takai et al (1983a) studied rats only 10 days after induc
tion of diabetes when the changes in energy metabolism are not yet stabilized (Booth 1972, 
Carpenter and Grossman 1983).

The pathogenesis of reduced pilocarpine-induced salivary flow rate in diabetic rats is not 
known. Several morphological and functional changes have been reported in the salivary 
glands of diabetic rats: reduced glycolysis (Murakami 1974), reduced protein synthesis 
(Anderson and Shapiro 1980, Anderson 1983), reduced weight (Liu and Lin 1969, Murakami 
1974, Takai et al 1983a, Anderson 1983, Reuterving paper III), lipid deposits in glandular cells 
(Liu and Lin 1969, Anderson and Johnson 1981, Anderson 1983, Hand and Weiss 1984, 
Reuterving paper III), alterations of the basement membranes of the acini (Hand and Weiss
1984) and capillaries (Reuterving paper III) and possible nerve lesions (Takai et al 1983a).

In the present study there seemed to be no correlation between salivary glucose and blood glu
cose concentration when the blood glucose level was below 15 mmol/L. When blood glucose 
levels exceeded this value salivary glucose concentration rose steeply in a linear fashion. There 
are several possible explanations for this phenomenon: the reabsorbtion of glucose from the 
ducts (Takai et al 1983b) could be limited as in the kidneys (Johansen et al 1984); the 
demonstrated increase of serum osmolality in rats with blood glucose levels exceeding 15 
mmol/L might decrease water content in the saliva and thus increase salivary glucose concen
tration; impaired cellular metabolism in highly diabetic animals might perhaps cause a 
decrease in salivary reabsorption of glucose (Murakami 1974).

A direct toxic effect of alloxan on the salivary glands is not probable because insulin treatment 
in the present study increased the salivary flow rate toward normal.

The decreased salivary flow-rate and increased salivary glucose concentration in the diabetic 
rats might contribute to the development of periodontitis and root surface caries which is seen 
in these rats.
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Saliva in human diabetes

In the present study, salivary flow rate, during both stimulation and relative rest, was not sig
nificantly affected by the metabolic control of diabetes. Thus the degree of glucose metabolic 
derangement does not seem to be important for salivary secretion rate in diabetics. There was, 
however, marked interindividual differences in salivary flow rates in the present study. In 
previous investigations diabetics have been reported to have similar (Marder et al 1975, 
Sharon et al 1985, Tenovuo et al 1986a), lower (Ulrich 1961, Conner et al 1970, Kjellman 
1970a), or even higher (Vogt and Zahl 1973) salivary flow rates as compared with non-diabetic 
individuals. The results of salivary flow rate at different degrees of metabolic control in the 
present study contrasts to the results in alloxan-diabetic rats. Possible reasons for this 
discrepancy, besides species differences, might be different modes of secretory stimulation.

The sensation of dry mouth in some diabetics during periods of poor metabolic control does 
not seem to be explained by reduced salivary flow rate from the major salivary glands. How
ever, the function of the accessory salivary glands has not been investigated.

A significant correlation between the glucose level in blood and saliva could only be demon
strated in the stimulated parotid saliva fraction. A threshold mechanism for salivary glucose 
excretion has been discussed in humans, but not verified (Forbat et al 1981). The results of 
glucose assays in stimulated parotid saliva in the present study might indicate that there is, in 
fact, a threshold at blood glucose levels of about 10-15 mmol/L i.e. about the same level as 
for urinary excretion of glucose (Johansen et al 1984).

In conclusion, the degree of diabetic metabolic control did not seem to be of major import
ance for salivary flow rate or composition in diabetics except for the glucose concentration 
and possibly the number of S. mutans. In stimulated parotid saliva a positive correlation be
tween glucose levels in saliva and blood was seen and a blood glucose threshold for glucose ex
cretion at about 10—15 mmol/L might be present.
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SUMMARY AND CONCLUSIONS

Animal studies

Untreated alloxan-diabetic rats fed a standard laboratory diet were investigated after one 
(short-term) and 12 months’ duration of diabetes (long-term). They were compared with age- 
matched non-diabetic animals concerning the prevalence of caries, periodontal disease, mor
phology of salivary gland lesions, eating and drinking habits, salivary flow rate and salivary 
glucose levels. The influence of insulin treatment on feeding and salivary flow rate was also 
studied in short-term diabetic rats. The main findings were:

Paper I

• Streptococcus mutans and lactobacilli were naturally occurring inhabitants of the oral 
cavity in both control and diabetic rats.

• In short-term diabetic rats no dental caries or periodontitis were seen, but a loss of medul
lary bone of the mandible was registered. The proportion of the oral flora which was lacto
bacilli was positively correlated with the blood glucose level.

• Long-term diabetic rats developed advanced periodontal breakdown and root surface 
caries of the molars at sites of interdental impactions of foreign material. The alveolar 
bone loss was related to the degree of hyperglycemia.

Thus it has been shown that altered oral bacterial flora, advanced periodontitis and caries, al
most exclusivly confined to the root surfaces, can appear in long-term alloxan-diabetic rats 
fed a low cariogenic diet and without experimental manipulation of the teeth. Factors predis
posing for periodontitis and root surface caries appear to be the diabetic state and the in
terdental impactions. Long-term alloxan diabetes in rats might serve as a model for studying 
the genesis of root surface caries and periodontal disease.

Paper II

• Diabetic rats were hyperphagic and had longer meals and total eating time (including day
time eating) compared with non-diabetic animals and these parameters were positively 
correlated to blood glucose levels.

• Diabetic rats also had increased drinking (drinking frequency, drinking bout duration, and 
drinking rate) which was mainly meal-associated.
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A longer total circadian eating time might have a root surface caries-promoting effect. 
Whether increased meal-associated drinking may have the opposite effect is unsettled.

Paper III

• Diabetic rats developed a reduced salivary gland weight which was of the same degree in 
short and long-term diabetic animals and was proportional to the reduced body weight in 
these rats. However, the parotid glands showed a relatively larger weight reduction than 
the combined submandibular/sublingual glands.

• Short- and long-term diabetic rats showed a similar degree of morphometrically estimated 
intracellular lipid accumulation in the submandibular glands which was positively correlat
ed to blood glucose levels in the long-term group. Lipid inclusions occurred only in rats 
with a blood glucose level exceeding 15 mmol/L.

• Long-term diabetic rats had a significantly increased capillary basement membrane thick
ness in the submandibular glands compared to short-term diabetic and non-diabetic rats.

Reduced salivary gland weight, lipid inclusions in the acinar cells and capillary basement 
membrane thickening in the submandibular glands of the diabetic rats might be of importance 
for salivary gland function.

Paper IV

• Untreated alloxan-diabetic rats had decreased salivary flow rate which was negatively cor
related to blood glucose concentration. Salivary flow rate increased with the duration of 
the disease.

• Diabetic rats had increased salivary glucose levels, which were positively correlated to 
blood glucose values when the latter were above 15 mmol/L, suggesting a threshold 
mechanism for salivary glucose excretion.

• Insulin therapy reversed these abnormalities toward normal.

The decreased salivary flow-rate and increased salivary glucose concentration in the diabetic 
rats might contribute to the development of periodontitis, root surface caries and an increased 
number of oral lactobacilli.

Human study

Paper V

Eleven diabetics underwent salivary investigations (flow rate, pH, buffering capacity, content 
of glucose, total protein, IgA, enzymes, electrolytes and the number of S. mutans and lacto
bacilli) on two occasions, one to five months apart, with different metabolic control.
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• There was no significant difference of salivary flow rate or saliva composition except for 
glucose and S. mutans levels between the two investigations.

• In stimulated parotid saliva a correlation between glucose levels in saliva and blood was 
seen.

The degree of diabetic metabolic control did not seem to be of major importance for salivary 
flow rate or composition in diabetics except for the glucose concentration and possibly the 
number of S. mutans. There might be a blood glucose threshold for glucose excretion in sti
mulated parotid saliva.
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