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Summary-At pH 7, 0.013 M NaF had no inhibitory effect on the “basal” metabolism 
occurring in saliva under aerobic conditions, but caused about 40 per cent inhibition of 
anaerobic “basal” metabolism. When glucose was added to saliva in the presence of 
fluoride there was a much greater inhibition of metabolism under anaerobic than aerobic 
conditions. 

INTRODUCTION 

FLUORIDES are known to interfere with the metabolism and affect the growth of many 
micro-organisms. Dental caries is initiated as a consequence of oral microbiological 
activity and its onset can be partially prevented or delayed by the appropriate adminis- 
tration of fluoride. There is therefore a priori a case for postulating that the “anti- 

caries” effect of fluoride may in part be related to its inhibition of the metabolic pro- 

cesses of the oral microbiota. LILIENTHAL (1956) found that 0302M fluoride had no 

effect on salivary acid formation from sucrose under anaerobic conditions in the 
presence of 0402M calcium and 0*005M phosphate at pH 6.8. JENKINS (1959) on the 
other hand has shown that concentrations of fluoride as low as l-2 ppm (about 
04OOlM) have a detectable inhibitory effect on salivary acid production at pH 5, 
and at this pH concentrations of fluoride in excess of 6 ppm (about 04003M) inhibit 
acid production completely. Thus it appears that salivary organisms become more 
sensitive to fluoride as the hydrogen ion concentration rises. Nevertheless it is still 
important to gain information concerning the influence of fluoride on the metabolism 
occurring in saliva at a neutral pH. 

There have been many reports that anaerobic glycolysis is more sensitive to 
fluoride than is respiration (BOREI, 1945; HERMANN and M~~HLEMANN, 1958; HEWITT 

and NICHOLAS, 1963). It seemed of interest therefore to study the effects of fluoride 
on salivary metabolism in aerobic and anaerobic conditions, at a neutral pH and 
in the presence and absence of glucose. 

Material 

EXPERIMENTAL 

Five samples of saliva were obtained from each of five subjects on twenty-five 
separate days. The samples were collected by the subjects themselves in the morning 
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before breakfast and before cleaning the teeth. The flow of saliva was stimulated by 
the chewing of lozenges of paraffin wax (British Drug Houses Limited, m.p. 48-49”C). 
The saliva (15 ml) was collected in a screw-capped bottle in as short a time as possible 
and brought to the laboratory within 2 hr of collection. 

Respiration. 
Aerobic metabolism of saliva was measured manometrically in a War-burg micro- 

respirometer in the presence of air, at pH 7 and 37°C (HARTLES and MCDONALD, 
1950). Each flask contained in the main well O-5 ml saliva, i-8 ml Krebs-Ringer 
phosphate buffer (pH 7) and either O-28 ml of O-13 M NaF or O-28 ml water. The 
centre well contained a roll of filter paper (Whatman No. 1, 2 x 5 cm) soaked in 
0.22 ml of a saturated solution of KOH. The side arm contained either 0.20 ml of 
0.075M glucose or 0.02 ml water. Including the time taken for addition of all flask 
contents and for equilibration in the bath, fluoride when present was in contact with 
the saliva for about 1 hr before manometric readings were begun. After equili- 
bration in the bath, the glucose or water was tipped from the side arm and measure- 
ments of oxygen consumption were made at 1 5-min intervals for a period of 105 min. 

Anaerobic metabolism 
Total anaerobic activity was measured manometrically at 37°C as described by 

HARTLES and MCDONALD (1950). Each flask contained in the main well, O-5 ml saliva, 
2-O ml Krebs-Ringer bicarbonate buffer (pH 7.3) and either O-3 ml of 0~13M NaF 
or O-3 ml water, and the side arm contained either 0.20 ml 0*075M glucose or 0.20 ml 
water. The flasks were equilibrated whilst being flushed with a gas mixture of 95 
per cent Nz, 5 per cent COz, the contents of the side arm were tipped into the main 
well and COz evolution measured at 15-min intervals for 105 min. The CO% evolved 
arises from fermentation reactions resulting in the formation of CO, and from the 
release of CO8 from the bicarbonate buffer by acidic end-products of metabolism; 
it is thus a measure of the total anaerobic activity of the cellular components of saliva. 

In the anaerobic studies the initial pH of the flask contents (7.1-7.2) was found 
to be virtually unchanged (pH 7-l-7.15) at the end of the experiment. In aerobic 
conditions the initial pH (69-6~95) fell slightly to values of 6.65~6.7 in the presence 
of glucose and Auoride, but rose to pH 7.25 in the absence of glucose. When added, 
the final concentration of glucose was 0*005M and that of fluoride 0+013M. 

All determinations were carried out in triplicate and aerobic and anaerobic studies 
were done simultaneously on portions of the same saliva sample. Thus twenty-four 
manometric flasks were required for the study of each saliva sample. The evolution 
or uptake of gas of each set of triplicate observations was plotted on a graph to demon- 
strate the linearity of the gaseous interchange. The average activity per hour for each 
treatment was determined from the graph. 

RESULTS 

The data obtained from the saliva samples for each of the subjects relating to 
aerobic metabolism are shown in Table 1, those for anaerobic metabolism are given 
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in Table 2. The results are expressed either as ~~10, consumed or ~1 CO, evolved per 
0.5 ml saliva/hr. 

TABLE~.OXYGENCONSUMPTIONOFSALIVASAMPLESINTHEPRESENCEANDABSENCEOFGLUCOSE(O~OO~M) 

AND FLIJORIDE(@O13M) 

(Values for each sample are expressed as ~IO2jO.S ml saliva/hr) 
_ ~~~ .-. ~. .__ ..~ __~____ _ _.~___ 

-Glucose -Glucose _I- Glucose t Glucose 
Subject Sample -Fluoride +Fluoride -Fluoride :-Fluoride 

._._. ~~~ __- -.. _~ _ ~_~~_~ 
P.M. 1 68 68 108 100 

2 51 53 162 137 
3 153 153 240 183 
4 103 110 189 156 
5 94 94 180 150 

Total 469 478 879 726 
G.R. 1 74 74 149 110 

2 90 86 166 136 
3 128 120 197 132 
4 59 59 102 84 
5 64 63 108 91 

Total 415 402 122 553 
R.M. 1 45 53 105 76 

2 43 42 103 83 
3 63 60 131 97 
4 84 80 169 135 
5 49 46 119 88 

Total 284 281 627 479 
D.D. 1 107 105 207 143 

2 109 107 188 134 
3 118 118 220 152 
4 84 16 148 103 
5 116 109 200 141 

Total 534 515 963 673 
P.D. 1 44 44 104 58 

2 43 38 98 51 
3 60 59 156 98 
4 49 52 124 75 
5 44 48 115 75 

Total 240 241 597 357 
__-___- -____ 

From an inspection of the data in Tables 1 and 2 it appears that at approximately 
pH 7 and at 37”C, 0*013M fluoride has (a) no inhibitory effect on the aerobic “basal” 
metabolism in the absence of added glucose, (b) about a 40 per cent inhibitory effect 
on anaerobic “basal” metabolism, and (c) a much greater effect in depressing anaerobic 
metabolism of glucose. 

The results obtained from each of the five samples of saliva for each individual 
subject and for each treatment were added together (Tables 1 and 2). An analysis of 
variance was carried out on these totals obtained from each subject in both 
aerobic and anaerobic conditions. The total variation was divided into that due to 
treatments, that due to subjects and the residual or error variation. That portion of 
the variation due to treatments was subdivided into that due to glucose, that due to 
fluoride and that due to their interaction. The test of significance used was Snedecor’s 
P test and the effects of treatments and the levels of significance are shown in Table 3, 
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P.M. 

G.R. 
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TABLE 2. ANAEROBIC METABOLISM OF SALIVA SAMPLES IN THE PRESENCE AND ABSENCE OF GLUCOSE 
(0405M)AND FLUORIDE (O.OI3M) 

(Values for each sample are expressed as ~1 COJO.5 ml saliva/hr) 

-Glucose - -Glucose +Glucose _ + Glucose 
Sample -Fluoride +Fluoride -Fluoride + Fluoride _ ____~ 

1 I 2 176 
2 ;4 20 404 
3 13 384 
4 23 17 524 
5 17 4 383 

Total 103 56 1871 
1 24 19 260 
2 22 12 282 
3 13 304 
4 :; 12 238 
5 22 20 225 

Total 108 76 1309 
1 15 8 184 
2 18 10 251 
3 21 14 336 
4 23 14 414 
5 25 14 210 

Total 102 60 1521 
I 16 16 341 
2 30 18 346 
3 31 14 276 
4 23 11 194 
5 21 19 388 

Total 127 78 1545 
I 12 6 135 
2 10 6 276 
3 7 9 338 
4 7 4 139 
5 12 10 297 

Total 48 35 1185 

R.M. 

D.D. 

P.D. 

22 
63 
54 
74 
39 

252 
54 
54 
49 
56 
57 

270 
33 
42 
38 
49 
37 

199 
53 
43 
46 
38 
64 

244 
14 
13 
19 
IO 
27 
83 

TABLE 3. THE EFFECTS OF GLUCOSE AND FLUORIDE ON THE AEROBIC AND 

ANAEROBIC ACTIVITY OF SALIVA 
(Mean values of the totals obtained from the five subjects with the pooled 
standard error and the significance levels for the variation between subjects, 

the effects of glucose and fluoride and their interaction) 

Aerobic metabolism Anaerobic metabolism 
Treatment (~10, consumed) (~1 CO, evolved) 

-Glucose 
-Fluoride > 

388 98 

-Glucose 
+ Fluoride > 

383 61 

+ Glucose 
-Fluoride > 
+ Glucose 
+Fluoride > 

Standard error 
Significance levels 
of variation due to 
Subjects 
Treatments 
Glucose 
Fluoride 
Interaction 

758 1486 

558 209 

62.0 61.5 

p<O.OOl N.S. 
p<O.OOl p < 0.001 
p < 0.001 p < 0.001 
p<O.OOl p<O*OOl 
p < 0031 p<O.OOl 
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DISCUSSION 

It is realized that it is the metabolism within the dental plaque and not the saliva 
which is of greatest importance in relation to dental caries. Nevertheless the study of 
the salivary micro-organisms is relevant since their potential enzymic constitution 
is the same wherever they may occur in the mouth. 

JENKINS (1959) has shown that the effectiveness of inhibition of acid production 
in saliva by fluoride increases as the pH falls but his experiments were not intended 
to distinguish between aerobic and anaerobic reactions. Our comparative mano- 
metric studies cannot be carried out at low pH but can measure aerobic and anaerobic 
activity and their inhibition by fluoride at neutrality. Attention must be drawn to the 
fact that all measurements were made in the presence of buffer solutions and hence 
the ionic environment of the salivary flora has been changed. In recent years it has 
been found that the fluoride content of dental plaque can be much higher than in the 
saliva, ranging from 6.4 to 179 ppm; however, it is probable that much of this plaque 
fluoride is in a non-ionic form (HARDWICK, 1963; JENKINS, 1963). 

At a neutral pH, at 37”C, and in the absence of added glucose, the cellular material 
contained in saliva had a considerable aerobic metabolic activity which was approxi- 
mately doubled when glucose was added. This “basal” aerobic activity of the saliva 
was not inhibited by the relatively high concentration of fluoride (0.013M or 250 
ppm) whereas aerobic metabolism in the presence of glucose was inhibited by approxi- 
mately 30 per cent. This inhibition, although varying between subjects, was highly 
significant (p<O*OOl). The “basal” anaerobic activity was relatively small but was 
inhibited by approximately 40 per cent in the presence of 0*013M fluoride. In the 
presence of 0.005M glucose the anaerobic activity of the saliva was increased approxi- 
mately 15 times, and was inhibited by about 85 per cent in the presence of fluoride. 
There was no material change in the pH of the flask contents in the anaerobic studies. 
Tn aerobic conditions there was a small rise in acidity which, if it were to have any 
effect at all, would be likely to increase the inhibitory action of the fluoride. This 
would in no way invalidate the significance of the findings, for despite the slightly 
lower pH inhibition was significantly less in aerobic than anaerobic conditions. 

The microbiota of the saliva can be divided into two main categories, those possess- 
ing a cytochrome system or other means of utilizing oxygen, and those lacking such a 
system which therefore treat oxygen as an inert gas. Staphylococci are examples of 
the first category and streptococci of the second. The bacterial composition of saliva 
is variable but the majority of organism are streptococci; similarly, in dental plaque, 
about 70 per cent of the bacteria present are streptococci (KRASSE, 1963). Thus measure- 
ments of oxygen consumption wtll record the activity of only those organisms with 
an oxidative system. Organisms lacking such a system will continue their anaerobic 
activity in the presence of oxygen but the activity will not be measured in the conditions 
of the experiment. 

Measurements of activity in anaerobic conditions in the presence of a bicarbonate 
buffer will on the other hand record the metabolism of both types of organism. The 
anaerobes will continue to produce their acidic end-products which will release CO, 
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from the buffer, and the aerobes will in the absence of oxygen accumulate acidic 
intermediates which will also release COZ from the buffer. 

Many workers have shown that anaerobic glycolysis is more readily inhibited by 
fluoride than is aerobic glycolysis (BOREI, 1945), and MALM (1940) has shown that for 
yeast cells the effect may be related to the fact that fluoride permeates the cell membrane 
more rapidly under anaerobic conditions. This is-unlikely to be the explanation in 
the present case since the salivary flora was in contact with fluoride for at least 30 min 
before the system was made anaerobic. It is frequently assumed that the effect of 
fluoride is due to inhibition of enolase (LOHMANN and MEYERHOF, 1934; WARBURC 
and CHRISTIAN, 1941; KUN, 1950). In such a complex cellular mixture as occurs in 
saliva, caution must be exercised in drawing conclusions, but it may be that there 
is no obligatory part of the metabolic pathway which must be followed by all the oral 
flora in utilizing glucose. Several pathways of glucose metabolism exist in bacteria 
and it is only the main pathway of the Embden-Meyerhof scheme which is common 
to anaerobic glycolysis (GUNSALUS, HORECKER and WOOD, 1955). 

The marked effect of fluoride on the anaerobic glycolysis of the salivary flora 
suggests that the inhibition of enolase is the probable site of inhibition. When the 
activity of enolase is blocked no further pyruvate can be formed and so in anaerobic 
conditions the major source of hydrogen acceptor is no longer available and the 
reoxidation of NADH is halted. Thus in these anaerobic circumstances fluoride 
suppresses the formation of phosphoglyceric acid by both aerobic and anaerobic 
organisms. In aerobic conditions fluoride is likely to have the same effect on the 
anaerobic organisms which are indifferent to the presence or absence of oxygen. 
However in the presence of oxygen the aerobic flora is not dependent on the production 
of pyruvate for the reoxidation of NADH and thus the NAD dependent oxidation of 
phosphoglyceraldehyde to phosphoglyceric acid may proceed until the concentration 
of the latter stops the reaction. If the phosphoglyceric acid can pass out of the cell 
into the medium then the reaction may continue. FOSDICK (1939) investigated the 
products formed when 1 1. of saliva was incubated with 50 g glucose in the presence 
of 10 g tribasic calcium phosphate. No precautions were taken to ensure either 
aerobic or anaerobic conditions. In these circumstances no phosphoglyceric acid 
could be detected. However when the experiment was repeated in the presence of 
sodium fluoride (0.5 g/l, or ca. 0*012M) a substance was obtained by precipitation 
with barium acetate “that had the characteristics of phosphoglyceric acid”. This is 
presumptive if not conclusive evidence that, in the presence of fluoride, phosphogly- 
ceric acid accumulates; the method of detection did not permit any conclusion to be 
drawn concerning the intracellular or extracellular location of the phosphoglyceric acid. 
lt is possible, of course, that phosphoglyceric acid may be hydrolysed to glyceric acid 
by a bacterial phosphatase. Attention is now being directed to see if an increased extra- 
cellular concentration of either phosphoglyceric or acid glyceric acid can be detected 
when fluoride is added to saliva in the presence of glucose in aerobic conditions. 
If no increase can be shown in such circumstances then consideration must be given 
to the existence of alternative aerobic metabolic pathways in the salivary microbiota. 
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Relationship between aerobic and anaerobic activity 
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If glucose is completely metabolized to CO2 and water, 134.4 ~1 of 0, will be 
required for the oxidation of 1 pequiv. of glucose. Thus, making use of the average 
results in Table 3, 758 ,ul 0, could represent at most the oxidation of 5.64 pequiv. 
glucose. Assuming that in anaerobic conditions each glucose molecule is broken 
down into two 3-carbon acidic units, then 44.8 ~1 CO, would be evolved for each 
molecule of glucose metabolized, and 1486 ~1 CO2 would represent the anaerobic 
metabolism of 33.17 pequiv. of glucose. If, on the other hand, the extreme and un- 
likely assumption is made that the anaerobic metabolism of glucose results in the 
formation of six l-carbon acidic units, then 1486 ~1 CO, represents the breakdown 
of 11.06 pequiv. glucose. Thus it seems fair to conclude that even in aerobic con- 
ditions never more than half and probably much less of the glucose is metabolized 
aerobically. 

Salivary metabolism in the absence of added glucose. 
In aerobic conditions the “basal” metabolism is approximately one half of that 

achieved on adding glucose. In such a mixture as saliva, this basal activity is not an 
“endogenous” metabolism, in the sense that intracellular substrates exclusively are 
being utilized, but is a measure of the metabolism of substrates provided by the saliva. 
Since the basal aerobic metabolic activity is not sensitive to 0*013M fluoride it seems 
reasonable to infer that the substrate being used is unlikely to be a simple carbohy- 
drate. Preliminary studies have indicated an accumulation of ammonia when saliva 
is incubated alone but not when incubated with glucose. Investigations are proceeding 
therefore concerning the utilization of amino acids by the salivary flora for energy 
purposes. These observations link up with those of JENKINS (1959), who found that 
at pH 5.0, further acid production could be completely inhibited by fluoride, i.e. 
utilization of glucose had ceased and that the pH of the medium began to rise. JENKINS 
(1959) never observed a rise in pH when the medium was initially at a neutral pH but 
this may have been due to the fact that the salivary organisms were actively meta- 
bolizing carbohydrate. More work is necessary to elucidate the problems of the 
“basal” metabolism of the salivary organisms for it may prove to be an important 
factor in maintaining the equilibrium between the tooth surface and its environment. 

There is considerable variation in the “activity” of the same volume of saliva taken 
from the same subjects on different days and between subjects. However, it is worthy 
of comment that the variation in salivary oxygen consumption between subjects was 
highly significant, whereas that for anaerobic activity was not significant. BRAMSTEDT 
et al. (1954) reported that “resting” saliva from caries-inactive subjects consumed more 
oxygen than did saliva from caries-active subjects. This is an interesting observation 
suggesting that the ability of the microflora to consume oxygen may be a factor in 
caries resistance and that in seeking differences in behaviour of salivary samples 
more attention should be given to the study of aerobic processes. 
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RhumC-A pH 7, du NaF g 0,013 M n’a pas d’effet inhibiteur sur le m&abolisme 
“de base” de la salive en conditions akrobiques, mais provoque environ 40 pour cent 
d’inhibition du mCtabolisme “de base” anahrobique. Lorsque du glucose est ajoutb & 
la salive en prCsence de fluorure, il y a une inhibition plus grande du m&abolisme en 
conditions anakrobiques puis atrobiques. 

Zusammenfassung--O,Ol3 M NaF zeigte bei pH 7,0 keine Hemmwirkung auf den 
“basalen” Stoffwechsel, der unter aeroben Bedingungen im Speichel ablguft; es 
verursachte jedoch eine etwa 40 ‘A ige Hemmung des anaeroben “basalen” Stoffwechsels. 
Nach Zusatz von Glukose zum Speichel in Gegenwart von Fluorid gab es unter anaero- 
ben Bedingungen eine vie1 grijssere Hemmung des Stoffwechsels als unter aeroben 
Verhlltnissen. 
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