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Stress-related variations of fluoride concentration in supernatant saliva and salivary sediment, salivary
cortisol, total protein and pH after acute mental stress were assessed. The hypothesis was that stress
reactions have no influence on these parameters. Thirty-four male students were distributed into two
groups: first received the stress exposure followed by the same protocol two weeks later but without stress
exposure, second underwent the protocol without stress exposure followed by the stress exposure two weeks
later. The stressor was a public speech followed by tooth brushing. Saliva was collected before, immediately
after stress induction and immediately, at 10, 30 and 120 min. after tooth brushing. Cortisol concentrations,
total protein, intraoral pH, and fluoride content in saliva were measured. The data were analyzed
statistically. Salivary sediment was ca 4.33% by weight of whole unstimulated saliva. Fluoride bioavailability
was higher in salivary sediment than in supernatant saliva. The weight and fluoride concentration was not
altered during 2 hours after stress exposure. After a public speech, the salivary cortisol concentration
significantly increased after 20 minutes compared to the baseline. The salivary protein concentration and
pH also increased. Public speaking influences protein concentration and salivary pH but does not alter the
fluoride concentration of saliva.

S
alivary flow rate, salivary composition, fluoride bioavailability and lifestyle-related factors, such as mental
stress, have been recognized as important for oral health1–3. Normal whole saliva is composed of water,
electrolytes, proteins, hormones, and cellular components, such as desquamated mucosal epithelium and

microorganisms4–6. After centrifugation, two fractions of saliva are separated: supernatant saliva and salivary
sediment4,6,7. Salivary sediment consists of organic material, such as oral bacteria, epithelial cells and proteins, and
inorganic substances, including electrolytes such as fluoride ions5,8. Supernatant saliva is composed of 99% water
and a variety of electrolytes, including sodium, potassium, calcium, magnesium, bicarbonate, phosphates7 and
proteins9,10.

Usually, salivary composition and saliva’s consequent traits undergo fluctuations due to the influence of
various factors: daily and seasonal circadian rhythms11, taste and smell12 and short-term acute mental stress13,14.
The complex patterns of salivary responsiveness during mental stress are reflected by an increase in total salivary
protein concentration13–15 and changing cortisol levels16.

Salivary proteins support the ecology of the oral cavity, increase defensive mechanisms in the mouth3 and
determine the chemical and physical properties of saliva, such as viscosity17 and lubrication18. Salivary proteins
have special functions not only for oral cavity health but also for microorganisms, including nutrition, survival
and colonization19,20, as well as for microorganism adhesion and aggregation21. Additionally, salivary proteins and
other saliva components that selectively adsorb to bacteria form a ‘‘salivary-acquired bacterial pellicle’’ that likely
modifies the adhesive character of the bacterial surface22 and supposedly the whole salivary sediment.

Increased total protein concentration after short-term acute stress changes the chemical properties of saliva,
such as the adhesion or lubrication of oral surfaces13.

Fluoride in saliva is essential for the balance between enamel demineralization and remineralization. It is a very
reactive anion which can bind easily to positive charged molecules and surfaces. Bound fluoride to the sediment is
not reactive. Bioavailability of fluoride in the saliva is defined as the amount of free fluoride ions in the salivary
supernatant23. Bioavailable fluoride enhances the mineralization of calcium and phosphate into hydroxyapatite,
which remineralizes the crystalline structures of tooth lesions3.

Salivary sediment binds fluoride ions and has its own fluoride clearance kinetics6,8. The distribution of calcium
ions between the two salivary fractions was investigated by McGaughey in 197524, and the distribution of fluoride
ions was analyzed by Naumova et al. in 20128. It has been shown that the fluoride concentration in the liquid
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phase of saliva decreases after fluoride application after 30 minutes
and is reaching the baseline level after 120 minutes again. In salivary
sediment the fluoride concentration is remaining higher8. Fluoride
normally is applied with fluoride containing toothpaste twice daily
during tooth brushing. Throughout the whole day individuals are
exposed to changing physiological conditions which may alter saliv-
ary composition. One of these conditions which frequently occurs is
mental stress. The relative amounts of salivary sediment and super-
natant saliva may change under pathological conditions25, and
pathological conditions may thus influence fluoride bioavailability
and promote the progression of dental caries26. No data are available
in the literature about the relative amounts of salivary sediment and
supernatant saliva in stimulated and unstimulated saliva in healthy
subjects. It is still not entirely clear how changes in salivary composi-
tion after acute mental stress influence saliva’s solubility properties
and the distribution of inorganic components (electrolytes) in the
salivary sediment and supernatant saliva of stimulated and unstimu-
lated saliva in healthy people. Exploration of the changes in salivary
content and its properties can help to clarify the mechanisms of
fluoride bioavailability and the factors that influence oral health.

The goal of this study was to determine the relative amounts of the
two whole saliva fractions: salivary sediment and supernatant saliva,
and the corresponding fluoride ion distributions after acute mental
stress in stimulated and unstimulated saliva, considering the stress-
dependent total salivary protein concentration and pH fluctuation in
healthy people.

Methods
Ethics statement. The protocol was approved by the ethics committee of Witten/
Herdecke University (#39/2009). All experiments were performed in accordance with
relevant guidelines and regulations.

Study design. This two-arm cross-over study included 34 healthy male participants
(20–30 yrs. old) who were all dental medical or medical students. Verbal and written
consent regarding the study design and investigation were obtained before beginning
the study. The inclusion criteria were good oral and general health, and the exclusion
criteria were hormonal medication and endocrinological diseases. The participants
were randomly allocated into two groups: The first group (n 5 17) received the stress
exposure first (subgroup stress 1) followed by the same protocol two weeks later but
without the stress exposure (subgroup control 2). The second group (n 5 17)
underwent the protocol without the stress exposure first (subgroup control 1)
followed by the stress exposure two weeks later (subgroup stress 2).

The investigation period was scheduled in autumn between 2:00 and 4:30 p.m. so
that cortisol oscillation due to the circadian rhythm could be standardized and
minimized16. Baseline values (T0) of unstimulated saliva were collected at 2:00 p.m.
for five min. The following stress exposure was achieved by a public speech in front of
an audience composed of university lecturers and students and was always performed
between 2 p.m. and 2.30 p.m. in the same room of the university27,28. The stress
exposure was a question from one of the university lecturers concerning general
knowledge. Study subjects were given a two-minute reflection period, after which they
performed their two-minute speech. Immediately after stress induction, unstimulated
whole saliva samples (T1) were collected for five min. Afterwards, all participants
brushed their teeth for three min. with the Bass tooth brushing method29 with an
identical toothbrush (ELMEXH, soft, short head ‘‘elmex Kariesschutz interX’’) using
an amine fluoride-containing dentifrice (see below). Tooth brushing served for flu-
oride application as well as stimulation of saliva secretion. Immediately after tooth
brushing, the entire salivary slurry was collected (stimulated whole saliva sample T2).
Then, 10 (T3), 30 (T4) and 120 (T5) min. after tooth brushing, additional unstimu-
lated whole saliva samples were collected for five min. each. A similar chronological
protocol was performed for the control investigation, only without the public speech.

Oral hygiene product. Amine fluoride (AmF) was administered as a dentifrice
(ELMEXH, Gaba, Lörrach, Germany) containing 1400 ppm fluoride from OlaflurH.
One gram of dentifrice was weighed and administered onto the toothbrush.

Whole saliva sampling. Stimulated (T2 for three min.) and unstimulated (T0, T1, T3,
T4 and T5 for five min. each) whole saliva was collected from each participant into
previously weighed 20 ml tubes for the control and stress protocols. Stimulated saliva
after tooth brushing was collected by spitting the whole amount of saliva into the
prepared tubes in a sitting position. Unstimulated whole saliva sampling was
performed in a seated position with open eyes in a silent atmosphere with the head
tilted forward while making as few orofacial movements as possible. Visible blood
contamination of all whole saliva samples was excluded16.

All samples were frozen and stored at 280uC until cortisol, protein and fluoride
assays were performed. Cortisol and fluoride samples were centrifuged before
freezing.

Amounts of whole saliva and salivary sediment. The weight of whole saliva was
measured in the collected samples using a precision scale (Sartorius, CP Series CPA
1245, Göttingen, Germany) by calculating the difference between the weight of the
empty tube and the tube containing the saliva sample. Saliva consists of more than
99% water7; therefore, the saliva was presumed to have the same density as water (1 g
o 1 ml)8,14.

Microcentrifuge tubes were weighed, filled with 1.5 ml of whole saliva, and cen-
trifuged. After centrifugation of the sample for 10 min. at 3000 3 g, the supernatant
saliva was completely removed from the microcentrifuge tubes using a pipette. The
residual salivary sediment within the microcentrifuge tube samples was weighed
again and calculated as a percentage of whole saliva.

Fluoride determination in supernatant saliva. Whole saliva samples were
centrifuged for 10 min. at 3000 3 g in microcentrifuge tubes. The supernatant
salivary fluoride analysis was performed after mixing 1 ml of saliva with 1 ml of
TISAB II buffer solution (Thermo Scientific, Waltham, MA, USA) using a fluoride-
sensitive electrode (96-09 Orion, Thermo Electron, Beverly, MA, USA). All
supernatant saliva samples were measured three times, and the mean value was used
for further statistical analysis. Direct calibration and incremental techniques (the
method of known addition for low ionic strength samples with a fluoride
concentration less than 0.38 ppm) were standardized and performed as analytical
techniques. Afterward, a series of prepared fluoride standards was used for direct
calibration: 0.4, 4.0, 40 and 400 ppm.

Fluoride determination in salivary sediment. Salivary sediment samples for fluoride
determination were removed with the pipette from the microcentrifuge tubes,
replaced in a previously weighted 4 ml tubes, weighed and then mixed with 500 ml of
TISAB II buffer by vortexing ca. 10 seconds until a homogeneous solution was
achieved. The fluoride content of the salivary sediment was analyzed as described
above. The dilution of the salivary sediment with TISAB II has been taken into
account for the calculated fluoride concentration.

Stress and salivary cortisol evaluation. The stress reaction was determined as
previously described14 by analyzing saliva cortisol concentration. A significant
increase in salivary cortisol concentration after the public speech compared to
baseline values indicated a positive stress reaction. A commercial enzyme-linked
immunosorbent assay (Cortisol ELISA, Immunoassay RE 52611 from IBL
International, Hamburg, Germany) was used to determine the amount of salivary
cortisol in supernatant saliva. There was cross-reactivity of the anti-cortisol antibody
with other relevant steroids: 7.0% 11-deoxycortisol, 4.2% cortisone, 1.4%
corticosterone, 0.35% progesterone and ,0.01% testosterone, estrone, estradiol and
estriol. The intra- and interassay variance averaged 4.8% and 5.9%, respectively.

Total salivary protein concentration. A total of 100 ml of saliva was centrifuged at
3000 3 g. Total protein contents were photometrically measured from the
supernatants according to the Bradford method at 595 nm30, and 0.1, 0.3, 0.5 and
0.7 mg/ml solutions of bovine serum albumin served as standards.

Salivary pH. An intraoral salivary pH measurement was performed after each saliva
collection. The study participants were asked to collect saliva in the area of the
vestibulum oris of the lower jaw. The pH was measured with a Beetrode (World
Precision of Instruments, WPI) and an Orion 4 stars series measuring device (sn
007352 Thermo Electron Corporation, Beverly, USA). After previous two-point
calibration of the Beetrode with standard solutions of pH between 5 and 7, as well as
between 7 and 10, the lower lip was held with a wooden spatula, and the tip of the
electrode was placed into the saliva in the vestibule for 30 seconds until stabilization of
the measured salivary pH value on the monitor and visual confirmation from the
measuring device.

Statistical methods. The obtained data were processed with the Statistical
Package for Social Sciences (SPSS 18.0, Chicago, III, USA). The carry-over effect
was determined by comparing the data of stress 1 plus control 2 with control 1
plus stress 2 using the non-parametric Wilcoxon-Mann-Whitney test. Data on
fluoride bioavailability in supernatant saliva and salivary sediment, salivary
secretion rate, intraoral salivary pH and salivary cortisol concentration between
time points T0, T1, T2, T3, T4 and T5 were analyzed with the nonparametric
sign test for related variables. Five tests were applied to the data for the time
intervals, and the a-adjustment after Bonferroni resulted in a p-value of p ,

0.01 for those tests. To compare the results for fluoride bioavailability in
supernatant saliva, the salivary sediment and salivary flow rate between the
control and stress group curves were plotted for every individual for all time
intervals, and the area under the curve (AUC) was calculated and compared. The
non-parametric Wilcoxon-Mann-Whitney test for independent variables was
applied. The level of significance for the comparison between the two groups was
p , 0.05.
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Results
Carry-over effect. A positive carry-over effect between the groups
stress 1 – control 2 and control 1– stress 2 was found for the salivary
cortisol concentration and fluoride concentration in salivary
sediment. Therefore, the cortisol and fluoride concentrations in
salivary sediment and supernatant saliva were calculated separately.

No carry-over effect was determined for fluoride concentration in
supernatant saliva, salivary total protein, pH and amount of salivary
sediment and supernatant saliva. Therefore, the statistical analysis

for these parameters was performed by pooling both control sub-
groups and both stress subgroups data (with the exception of super-
natant saliva).

Amount of saliva and salivary sediment. There was a statistically
significant increase of the total salivary weight (in g) immediately
after tooth brushing (T2) (stimulated saliva) compared to T0 in all
subgroups (Tables 1 and 2, Fig. 1a). The same was found for
supernatant saliva (Table 1 and 2, Fig. 1b). There was also a
significant increase of the total weight of salivary sediment except
in the subgroup control 2 (Table 1 and 2, Fig. 1c). The mean (6SD)
relative amount of salivary sediment in healthy subjects was 4.33 6

3.21% of the whole saliva weight. The relative amount of salivary
sediment did not significantly change after acute mental stress
during the entire test period.

Fluoride bioavailability in supernatant saliva. The fluoride
concentration in supernatant saliva in all subgroups at baseline
(T0) was between 0.029 and 0.048 ppm with no statistically
significant difference between the subgroups. The highest fluoride
concentration was reached immediately after tooth brushing (T2);
the fluoride concentration decreased within 30 min. (T4), but
remained higher than that at baseline. After 2 hours (T5), fluoride
bioavailability in supernatant saliva returned to baseline values
(Table 3 and 4, Fig. 2).

Comparison of the AUC calculations using the non-parametric
Wilcoxon-Mann-Whitney test revealed no statistically significant
differences between the subgroups stress 1 and control 2 (p 5

0.956), control 1 and stress 2 (p 5 0.521).

Fluoride bioavailability in salivary sediment. At baseline (T0), the
salivary sediment fluoride concentration in the control subgroups
was between 0.796 and 3.15 ppm. The highest fluoride concentration
was reached immediately after tooth brushing (T2), but the fluoride
concentration decreased within 30 min. (T4). After 2 hours (T5), the
fluoride concentration was two times higher than that measured at
T0; however, this difference did not show statistical significance in
the stress subgroups (Table 3 and 4, Fig. 3).

There were no significant differences between the salivary sedi-
ment fluoride concentrations in the subgroups stress 1 and control 2

Table 1 | Mean weight (in g) of whole saliva, supernatant saliva
and salivary sediment (p - the statistical significance between the
baseline value (T0) and the next time point) in the first group stress 1
- control 2

Stress 1 Control 2

Time
point Mean SD p Mean SD p

Whole saliva
T0 2.96 1.82 3.10 1.48
T1 2.86 1.28 0.633 2.78 1.19 0.205
T2 5.91 1.18 ,0.001 5.87 2.50 0.001
T3 3.27 1.28 0.628 2.99 1.13 0715
T4 3.28 1.18 0.692 3.28 1.25 0.635
T5 3.33 1.27 0.633 3.58 2.00 0.276

Supernatant saliva
T0 2.44 1.22 2.81 1.30
T1 2.84 1.55 0.313 2.51 0.91 0.301
T2 5.58 0.64 0.001 6.19 2.61 0.001
T3 3.60 1.30 0.076 2.73 1.15 0.749
T4 3.53 1.22 0.148 3.21 1.40 0.244
T5 3.74 1.81 0.220 3.47 2.38 0.185

Salivary sediment
T0 0.07 0.07 0.11 0.07
T1 0.11 0.05 0.914 0.09 0.05 0.297
T2 0.21 0.08 0.003 0.22 0.26 0.181
T3 0.16 0.04 0.310 0.11 0.06 0.965
T4 0.09 0.06 0.336 0.11 0.05 0.812
T5 0.16 0.12 0.240 0.12 0.10 0.730

Table 2 | Mean weight (in g) of whole saliva, supernatant saliva and salivary sediment (p - the statistical significance between the baseline
value (T0) and the next time point) in the second group control 1 - stress 2

Control 1 Stress 2

Time point Mean SD p Mean SD p

Whole saliva
T0 2.02 0.79 2.66 1.32
T1 2.38 0.91 0.181 2.70 1.44 0.831
T2 5.91 1.18 ,0.001 6.40 1.69 ,0.001
T3 2.82 1.96 0.053 3.00 1.10 0.234
T4 2.15 0,87 0.450 2.58 0.96 0.786
T5 2.50 0.96 0.120 3.05 1.54 0.300
Supernatant saliva
T0 1.95 0.74 2,79 1,32
T1 2,43 0.93 0.048 2,47 1,27 0.432
T2 5.71 0.89 ,0.001 6.18 1.97 ,0.001
T3 3.22 2.02 0.061 2.80 1.11 0.978
T4 2.15 0.94 0.460 2.72 0.95 0.686
T5 2.64 0.84 0.008 3.40 1.48 0.229
Salivary sediment
T0 0.06 0.04 0.14 0.11
T1 0.08 0.06 0.409 0.55 1.55 0.087
T2 0.34 0.18 0.004 0.34 0.19 0.023
T3 0.15 0.16 0.098 0.18 0.19 0.433
T4 0.09 0.07 0.306 0.11 0.06 0.391
T5 0.11 0.08 0.097 0.17 0.12 0.222
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(p 5 0.072), control 1 and stress 2 (p 5 0.669) after performing the
non-parametric Wilcoxon-Mann-Whitney test.

Ratio of fluoride bioavailability and weight between salivary
sediment and supernatant saliva. The ratio between the fluoride
bioavailability in salivary sediment and supernatant saliva (F ratio)
in the control 1, control 2 and stress 2 subgroups changed
significantly between T2 and T3 (Table 5), whereas no significant
differences were found at any time interval in the stress 2 subgroup.

The comparison of the F ratio and weight ratio between the sub-
groups stress 1 – control 2 and control 1 – stress 2 revealed no
significant differences.

Salivary cortisol concentration. The salivary cortisol concentration
in the subgroups stress 1 and control 2 at baseline (T0) was 7.23 6

4.79 and 3.91 6 1.97 nmol/l, and did not differ significantly. In the
subgroup stress 1, the cortisol level increased 20 min. after stress
exposure (T3) to a level of 14.73 6 8.99 nmol/l and was
significantly (p 5 0.002) higher than in the subgroup control 2. In
the subgroups control 1 and stress 2, no significant differences in the
salivary cortisol levels were found (Fig. 4).

Salivary total protein content. The baseline salivary protein content
in the control subgroups was 0.81 6 0.31 mg/ml. The salivary
protein content decreased to 0.63 6 0.35 mg/ml at T1, with little
change at T2 (0.61 6 0.34). At T3, the protein content increased
slightly to 0.69 6 0.27 mg/ml. Throughout the remainder of the

experiment, the protein concentration further increased from 0.71
6 0.38 mg/ml at T4 to 0.75 6 0.54 mg/ml at T5.

In the stress subgroups at baseline (T0), a protein concentration of
0.92 mg/ml was determined. After stress exposure (T1), an increase
in the protein content to 1.02 6 0.44 mg/ml was observed. A similar
concentration of 1.09 6 0.77 mg/ml was measured at T2. The pro-
tein concentration continuously decreased from 0.98 6 0.47 mg/ml
at T3 to 0.79 6 0.34 mg/ml at T4 and finally to 0.74 6 0.40 mg/ml at
T5 (Fig. 5).

A comparison between the control and stress groups using the
non-parametric Wilcoxon-Mann-Whitney test showed that the pro-
tein concentration at T1 in the stress subgroups was significantly
higher than that in the control subgroups.

Salivary pH. The intraorally measured salivary pH value in the
control subgroups during the two hour investigation period
showed no significant changes: at baseline, the value was (T0) 7.6
6 0.5; at T1, the value was 7.5 6 0.4 (p 5 0.774); immediately after
tooth brushing (T2), the pH was 7.6 6 0.3 (p 5 1.0); after 10 min.
(T3), the pH was 7.7 6 0.3 (p 5 0.774); after 30 min. (T4), the pH
was 7.7 6 0.4 (p 5 0.774); and after 2 hours (T5), the pH was 7.8 6

0.6 (p 5 0.065). The pH value in the stress subgroups showed no
significant changes from time points T0 to T5. At time intervals T0 to
T3, the pH values were as follows: T0, 7.8 6 0.60; T1, 7.5 6 0.7 (p 5
0.424); T2, 7.8 6 0.7 (p 5 1.0); T3, 8.3 6 1.1 (p 5 0.013); and T4, 8.4
6 1.0 (p 5 0.013). At T5, the differences in the pH compared to T0
were significant (T5: 8.2 6 0.7; p , 0.001) (Fig. 6). By applying the

Figure 1 | Boxplot graphics of the total weight of whole saliva, supernatant saliva and salivary sediment. Immediately after toothbrushing (T2) there is a

significant increase of the total weight of whole saliva, supernatant saliva and total weight of salivary sediment except in the subgroup control 2.

Table 3 | Fluoride bioavailability (in ppm) in supernatant saliva and salivary sediment (p - the statistical significance between the baseline
value (T0) and the next time point) in the first group stress 1 - control 2

Stress 1 Control 2

Time point Mean SD p Mean SD p

Supernatant saliva
T0 0.095 0.203 0.048 0.084
T1 0.079 0.154 50.778 0.06 0.17 0.234
T2 113.40 28.67 50.001 111.63 25.81 ,0.001
T3 2.36 2.42 50.001 3.01 3.02 50.001
T4 0.69 0.79 50.001 0.72 0.88 ,0.001
T5 0.08 0.06 50.116 0.12 0.18 50.011

Salivary sediment
T0 1.58 2.13 1.65 3.25
T1 6.08 11.45 50.463 7.67 20.90 0.463
T2 705.30 908.69 50.028 194.76 82.39 50.003
T3 15.40 8.83 50.043 12.16 4.30 50.002
T4 0.67 1.35 50.028 5.18 3.38 50.004
T5 24.20 45.45 50.043 3.48. 5.95 0.133
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non-parametric Wilcoxon-Mann-Whitney test, no significant
differences in salivary pH values between the stress and control
subgroups at T0 to T3 were revealed. At T4 and T5, the differences
between the control and the stress subgroups were significant (T4: p
5 0.041; T5: p 5 0.037).

Discussion
Saliva is essential for maintaining oral health. Fluoride is an import-
ant component in this rather complex system. Saliva consists of two
fractions with different chemo-physical properties: supernatant sal-
iva and salivary sediment.

Investigations that address the distribution of fluoride in salivary
sediment and supernatant saliva are scarce4,6–8,27,31. The majority of
publications about whole saliva content deal with supernatant saliva.
Some studies have shown that AmF binds to plaque32 and reduces the
viability of plaque bacteria33. There are no data about the weight and

the fluoride distribution between the two fractions of whole saliva
under different psychological conditions in healthy people.

The data from the present study showed that public speaking
induces stress reactions that include a significant increase in the
salivary cortisol concentration, confirming a previous investiga-
tion14,27 The limitation of the investigated cohort to healthy male
participants of the same age group helped to exclude age34, health
state- and gender-dependent35–37 salivary cortisol fluctuations and to
minimize cortisol analysis misinterpretation.

The total protein concentration in the saliva of the stress sub-
groups significantly increased, immediately after stress exposure
(T1), confirming the results of investigation by Bosch et al., 199613.
The increase in the total protein concentration after stress exposure
may be due to sympathetic activation during stress as the sympath-
etic innervation of the salivary glands controls protein secretion12,38.
Recent studies14,27 showed that the salivary flow rate does not change

Table 4 | Fluoride bioavailability (in ppm) in supernatant saliva and salivary sediment (p - the statistical significance between the baseline
value (T0) and the next time point) in the second group control 1 - stress 2

Control 1 Stress 2

Time point Mean SD p Mean SD p

Supernatant saliva
T0 0.029 0.014 0.048 0.081
T1 0.052 0.042 0.145 0.067 0.096 0.338
T2 118.92 30.77 ,0.001 118.82 40.30 ,0.001
T3 2.155 1.673 ,0.001 2.61 2.61 ,0.001
T4 0.639 0.523 ,0.001 0.823 1.33 ,0.001
T5 0.125 0.102 50.001 0.085 0.052 50.003

Salivary sediment
T0 3.15 6.30 0.796 0.588
T1 1.21 1.92 0.382 1.32 0.897 0.441
T2 623.16 767.23 2.002 320.38 137.69 0.012
T3 11.00 5.23 0.013 12.71 15.17 0.047
T4 2.54 2.11 0.152 4.57 2.97 0.009
T5 24.48 43.69 0.055 60.45 12.32 0.333

Figure 2 | Boxplot graphics of measured fluoride concentrations in supernatant saliva. The highest fluoride concentration was reached immediately

after fluoride application (T2). The fluoride concentrations at T3 and T4 were significantly higher compared to that at T0 in all subgroups.
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during stress responses. The intraoral salivary pH at 30 min. and up
to 120 min. after stress exposure was significantly more alkaline
compared to the control group. There are some indications that
cortisol can affect acid-base transporters. In the kidney proximal
tubule, increased expression of the NaHCO3 cotransporter can be
induced by applying hydrocortisone39. Additionally, increased adre-
naline increases renal NaHCO3

40. Because the NaHCO3 cotranspor-
ter is important for the secretion of bicarbonate into the saliva, this
mechanism could be a possible explanation for the observed changes
in pH. Dietary induced salivary pH changes41 were minimized by
abstaining from any food uptake during the investigation period.

In the present study, it was found that the amount of salivary
sediment in healthy subjects was approximately 4.33% of whole
unstimulated saliva; this amount did not change significantly

throughout the entire test period. However, at time point T2 a sig-
nificant increase in the total weight of salivary sediment was mea-
sured except for the group control 2. Salivary sediment is composed
of desquamated cells and bacteria, which may bind the inorganic and
organic constituents of supernatant saliva. It can be hypothesized
that salivary sediment is involved in the regulation of dissolved con-
stituents within supernatant saliva. In this context, salivary sediment
may play an important role in maintaining oral health.

It was also shown that the fluoride distribution between the
salivary sediment and supernatant saliva is unequal and varies
considerably. After tooth brushing, the increase in fluoride in
sediment was higher than that in supernatant saliva. These results
are in accordance with those of a previous study8. The data from
the present investigation suggest that fluoride binds to the salivary

Figure 3 | Boxplot graphics of the distribution of the measured fluoride concentrations in salivary sediment. The highest fluoride concentration

was reached immediately after fluoride application (T2). The fluoride concentration 120 (T5) min. after tooth brushing was higher than at the baseline

(T0) in all subgroups. In the stress subgroups at T5 was a strong variation.

Table 5 | Ratio of the fluoride concentration between supernatant saliva and salivary sediment (p - the statistical significance between the
baseline value (T0) and the next time point)

Stress 1 Control 2

Time point Mean SD p Mean SD p

T0 47.37 62.73 34.15 41.89
T1 195.95 394.55 0.249 127.99 351.05 0.552
T2 28.78 50.5 0.249 1.83 0.62 0.004
T3 17.38 22.41 0.249 5.32 3.59 0.002
T4 10.78 24.12 0.753 13.48 16.7 0.033
T5 539.64 898.32 0.80 57.7 85.04 0.753

Control 1 Stress 2
T0 47.72 86.69 95.44 205.98
T1 58.86 54.06 0.515 85.91 194.64 0.311
T2 6.5 8.6 0.005 12.72 32.05 0.016
T3 7.84 8.53 0.005 8.99 16.81 0.001
T4 31.63 53.66 0.093 187.21 594.63 0.035
T5 95.64 171.88 0.959 678.12 1409.37 0.109
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sediment to a limited extent as the ratio between the fluoride
concentrations in sediment and supernatant saliva increases with
increasing fluoride content immediately after tooth brushing. The
fact that salivary sediment always showed higher fluoride con-

centrations than supernatant saliva indicates that AmF is
associated with the organic constituents of salivary sediment.
Therefore, the salivary sediment serves as a reservoir for fluoride
ion bioavailability.

Figure 4 | Boxplot graphics of measured cortisol concentrations. An increased cortisol level was observed only in the subgroup stress 1.

Figure 5 | Boxplot graphics of total salivary protein. The median values of the stress subgroups from T1 to T5 are all higher than those of the control

subgroups.
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Regarding fluoride bioavailability in supernatant saliva, a sudden
decrease by T1 compared to baseline values in the control subgroups
was observed. A possible explanation is the spontaneous redistribu-
tion of fluoride ions between supernatant saliva and salivary sedi-
ment, considering the increase in fluoride bioavailability in salivary
sediment. The fact that the increase in fluoride bioavailability in
salivary sediment at T5 was not significant compared to the baseline
value can be explained by the major difference between the absolute
values of fluoride bioavailability in supernatant saliva and salivary
sediment.

It can therefore be assumed that the distribution of AmF between
the salivary sediment and supernatant saliva is influenced by the
binding behavior of AmF to organic constituents. AmF may bind
not only to bacterial surfaces but also to the cell surfaces of salivary
sediment, thus increasing the capacity for fluoride retention.

After stress exposure, the fluoride concentration in the salivary
sediment was always higher (T1-T5) than that of the control sub-
groups but without statistical significance. Therefore, there is only a
tendency towards a higher fluoride concentration in the salivary
sediment after stress exposure. These considerable changes in the
distribution between the salivary sediment and supernatant saliva
may be due to fluoride retention in the salivary sediment.
However, a clear effect of stress reactions on the bioavailability of
fluoride in supernatant saliva could not be shown, confirming the
results of a previous investigation27.

The present study has the following limitations: (1) the test sub-
jects were only men, which excluded gender-dependent cortisol fluc-
tuation34–36, and (2) all of the men belonged to the same age group.

The results of this investigation showed that acute mental stress
during a 120-minute period after stress exposure does not influence
fluoride bioavailability in either salivary fraction. The null hypothesis
was therefore supported. However, the results also supported the
hypothesis that salivary sediment serves as a reservoir for fluoride
ions to maintain fluoride bioavailability in supernatant saliva.

Conclusions
The amount of salivary sediment in healthy people was approxi-
mately 4.33% by weight of whole unstimulated and stimulated after
tooth brushing saliva. The salivary protein increase and pH
changes after acute mental stress showed no influence on the saliv-
ary sediment amount within two hours after stress. Fluoride bioa-
vailability in the supernatant saliva and salivary sediment is not
affected by acute mental stress. Further investigations are necessary
to appraise the role of salivary sediment in maintaining salivary
composition homeostasis. Further investigations should also
address the feeling of dry mouth during acute mental stress, which
is a subjective indication of alterations in salivary tribological prop-
erties and possibly other chemo-physical salivary properties, such
as changing solubility.
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