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The link between salivary composition and sensitivity to astringency as a function of age has still not been
established. In this work, we propose the hypothesis that ageing leads to changes in the concentration of salivary
proline-rich proteins (PRPs), which alters the astringency perception threshold with age. To test this hypothesis,
astringency sensitivity to tannic acid and saliva was assessed in 30 elderly people and 24 young people. Basic
PRPs (bPRPs) and glycosylated PRPs (gPRPs) were quantified immunochemically via western blot analysis. The
results showed that the amounts of bPRPs and gPRPs were similar between the young and elderly groups.

However, a positive correlation between the gPRP amount and astringency threshold was observed only in the
young group, while a negative correlation between the bPRP amount and astringency threshold was observed
only in the elderly group. This finding suggests differences in the contribution of PRP type to astringency

perception as a function of age.

1. Introduction

Ageing exerts significant impacts on various aspects of oral physi-
ology. With advancing age, individuals may experience tooth loss, al-
terations in saliva production and composition, oral cancer and changes
in flavour perception. These alterations arise from a multitude of factors,
including genetics, lifestyle habits, medications, and health conditions
(Lamster, Asadourian, Del Carmen, & Friedman, 2016; Riera & Dillin,
2016; Schwartz, Vandenberghe-Descamps, Sulmont-Rossé, Tournier, &
Feron, 2018). Consequently, these changes can have detrimental effects
on food intake, leading to reduced consumption of essential nutrients
such as vegetables, nuts and fish (Munoz-Gonzalez, Vandenberghe-
Descamps, Feron, Canon, Labouré, & Sulmont-Rossé, 2018;
Vandenberghe-Descamps, Laboure, Septier, Feron, & Sulmont-Rosse,
2018). Ultimately, this can result in malnutrition and diet-related dis-
eases, including cardiovascular disease and diabetes (Dainy, Kusharto,
Madanijah, Nasrun, & Turana, 2018).

One notable consequence of decreased vegetable and fruit con-
sumption is the reduced intake of polyphenols. Research indicates that a
diet rich in polyphenols might reduce the risk of age-related diseases,
such as cardiovascular diseases, diabetes and cancer (Vauzour et al.,
2017; Borsoi, Neri-Numa, de Oliveira, de Aratdjo, & Pastore, 2023).
Polyphenols encompass a diverse group of plant secondary metabolites
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that exhibit various chemical structures and share the common char-
acteristic of containing multiple phenol groups. Tannins, a type of
polyphenol compound, are commonly found in plant-based foods and
beverages, including vegetables, nuts, unripe fruits, red wines, teas, and
beers (Jiang, Gong, & Matsunami, 2014; Yang et al., 2022). Consump-
tion of these items is frequently accompanied by sensations of drying,
roughening and puckering in the mouth, referred to as astringency
(ASTM, 1989).

The molecular mechanisms underlying the sensation of astringency
have yet to be fully elucidated. Several hypotheses have been proposed,
primarily involving the interaction of tannins with proteins. First, tan-
nins may aggregate and precipitate salivary proteins, particularly
proline-rich proteins (PRP), thereby reducing the lubricating properties
of saliva. This phenomenon is perceived as increased oral friction
(Soares et al., 2011; Canon et al., 2021; Guerreiro et al., 2022). Second,
tannins may interact with oral epithelial cells or the salivary proteins
constituting the mucosal pellicle on the oral mucosa surface (Canon
et al., 2021; Ramos-Pineda, Garcia-Estévez, Soares, de Freitas, Duenas,
& Escribano-Bailon, 2019). These interactions can decrease the lubri-
cating properties of the mucosal pellicle or involve the transmembrane
mucin MUC1 (Canon et al., 2021). According to the latter hypothesis,
PRPs may prevent tannins from interacting with the oral mucosa by
scavenging them, thereby reducing the perception of astringency.
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Proline-rich proteins (PRPs) constitute approximately two-thirds of
the proteins secreted by human parotid glands (Pascal, Bigey, Ratoma-
henina, Boze, Moulin, & Sarni-Manchado, 2006). These bacteria are
characterized by a high proportion of proline (25-42 %), glycine (16-22
%), and glutamic/glutamine (15-28 %) residues (Sarni-Manchado,
Canals-Bosch, Mazerolles, & Cheynier, 2008). PRPs exhibit significant
polymorphism and heterogeneity in terms of primary amino acid
sequence, size and posttranslational modifications, which likely
contribute to their functional diversity (Ramos-Pineda et al., 2019).

The high affinity between PRPs and tannins is attributed to their
distinctive structural characteristics. PRPs are intrinsically disordered
proteins that primarily adopt random coil structures, with small seg-
ments forming polyproline helices (Boze et al., 2010). There are three
main classes of PRPs, i.e., acidic, glycosylated, and basic PRPs (Bacon &
Rhodes, 2000). Acidic PRPs are known to bind calcium and inhibit
crystal growth and may play a vital role in maintaining calcium ho-
meostasis in the mouth. They are also involved in dental pellicle for-
mation. Glycosylated PRPs contribute to oral lubrication and exhibit
binding capabilities towards oral bacteria. They can also interact with
tannins (Asquith, Uhlig, Mehansho, Putman, Carlson, & Butler, 1987).
Basic PRPs (bPRPs) can interact with plant tannins, providing a pro-
tective mechanism against the dietary effects of these polyphenols.
These interactions are also believed to be involved in the sensation of
astringency in food and beverages (Pascal et al., 2006).

The capacity of bPRPs to bind and precipitate tannins has been
ascribed to their proline-rich sequences and high glycine content, which
confer an open structure that provides a large binding surface area and
multiple contact points. IB5 is a human salivary bPRP for which a
method of production by heterologous expression of the human gene
PRB4S in the yeast Pichia pastoris and purification has been previously
developed (Boze et al., 2010). Additionally, this expression system
produces II-1, a glycosylated PRP, in its glycosylated (II-1) and non-
glycosylated (II-1 ng) forms.

In relation to saliva and ageing, previous research has observed that
changes in salivary composition are often observed with advancing age
(Dodds, Johnson, & Yeh, 2005; Xu, Laguna, & Sarkar, 2019). However,
the specific impact of age on the PRP concentration remains unclear.
Baum et al. (1982) investigated only the level of acidic PRPs (aPRPs) in
stimulated parotid glands and reported no significant correlation be-
tween the total aPRP amount or the percentage of aPRPs relative to total
secretory proteins or age (Baum, Kousvelari, & Oppenheim, 1982).

In a previous study conducted by our laboratory (Wang, Septier,
Brignot, Martin, Canon, & Feron, 2022), we identified differences in the
oral astringency threshold based on age. Notably, we observed a cor-
relation between salivary flow and the astringency threshold in young
individuals but not in elderly individuals.

Building upon these findings, we propose the hypothesis that ageing
leads to changes in the concentration of salivary PRPs, which could
affect the astringency perception threshold with age. To test this hy-
pothesis, we assessed the amount of PRP in saliva using a western blot
procedure among both young and elderly participants. The aim was to
examine the relationship between PRP levels and astringency sensitivity
in the context of age. The results and implications of these analyses are
discussed in the following sections.

2. Materials and methods

This study was approved on 31 October 2019 by the Ethical Com-
mittee CCP Ile de France IV under number 2019-A02434-53.

2.1. Panellist recruitment and sensory threshold evaluation

The detailed procedures for panel recruitment, inclusion criteria,
panel training and astringency threshold evaluation have been
described previously (Wang et al., 2022).

Fifty-four panellists, including 30 elderly (O) people (aged > 65 y/0)
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and 24 young (Y) people (aged < 35 y/0), were recruited to participate
in the sensory sessions. The panel is described in Table 1. The elderly
and young subjects had good oral health, with at least 7 functional
posterior units (Vandenberghe-Descamps et al., 2016). Moreover, the
elderly participants were autonomous persons living at home, had no
cognitive disorders (Mini Mental State Examination (MMSE) > 25
(Folstein, Folstein, & McHugh, 1975)), did not have complete or half-
complete dental appliances and took an average of 2 drugs per day
(median = 1).

2.1.1. Preliminary session

The objective of this session was to ensure that the participants were
able to (i) clearly identify and differentiate astringency from other
sensory sensations, particularly sourness, bitterness and olfactory cues,
and (ii) perfectly understand the procedure of the sensory test, i.e., the 2-
AFC, for use later.

The session was divided into two parts. During the first part, the
subjects received tasting samples (20 mL each) in a fixed order at room
temperature in plastic cups coded with random numbers. The partici-
pants were instructed to put the samples into their mouths, swirl the
sample gently in the mouth for 30 s, spit it out and judge which taste it
was. Between samples, the subjects rinsed their mouth with Evian water
and then waited for 1 min before the next sample. The tasting sensations
were saltiness, sweetness, sourness, bitterness and umami. Additionally,
the panellists were presented with a tannic acid solution as an example
of astringency.

In the second part, the subjects were trained and familiarized with
the 2-AFC procedure as described below.

During both parts of the preliminary session, there was a discussion
between the subjects and the experimenters after each test. At the end of
the session, all of the panellists indicated that they were able to (i)
clearly distinguish astringency from the other sensory sensations and (ii)
perform the 2-AFC test properly.

2.1.2. Testing session

The astringency threshold was evaluated by a 2-AFC procedure with
ascending concentrations of tannic acid. In each 2-AFC presentation,
two samples were presented: a target sample and a control sample. Each
2-AFC test was performed 3 times, and the evaluation was performed 3
times in 3 different sessions. Paired samples (5 mL) were presented in a
balanced order following a Latin square design (Williams design) at
room temperature in a white plastic cup coded with the letter A or B. The
testing procedure started from the lowest concentration. Panellists were
given the reference or stimulus sample. The participants were asked to
put the samples into their mouth, swirl them gently around the mouth
for 30 s, and then spit them out. The panellists then rinsed their mouths
and waited 1 min before the second sample was evaluated. After 30
additional seconds, the panellists were asked to indicate which sample
was perceived as astringent. Then, the panellists rinsed their mouths as
described previously (Wang et al., 2022).

A sensitivity level was reached when three correct answers were
obtained from the same concentration. The best estimate threshold for
each subject was evaluated as the geometric mean of the three correctly
answered concentrations and the previous lower concentration. When
the subjects correctly identified the lowest concentration (0.02 g/1), the
geometric means were calculated between this concentration and the
theoretical concentration below it, i.e., 0.02/3.05 = 0.0065 g/1. In
contrast, when subjects did not correctly identify the highest concen-
tration (0.574 g/1), the geometric mean was calculated between this
concentration and the theoretical concentration above it, i.e.,
0.574*3.05 = 1.75 g/1.

2.2. Saliva sample collection and treatment

Saliva was collected at the start and end of the 3 different sessions.
Saliva collection and saliva sample treatment and storage procedures
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Table 1
Characteristics of the young and elderly participants, thresholds, salivary flow (SF) and PRP amounts in the two groups.
Y (n = 24) O (n = 30)
Mean Median Range SD Mean Median Range SD
Age (years) 29.4 30 24-35 3.8 75 73.5 70-87 4.23
Threshold (mg/mL) 0.29 0.2 0.04-1.00 0.26 0.41 0.35 0.06-0.78 0.24
SF (mL/min) 0.49 0.47 0.27-0.82 0.16 0.42 0.35 0.11-0.92 0.23
bPRPs Mean (pg/mL) 10.16 8.57 0.19-28.98 7.67 11.99 10.78 1.33-34.11 9.05
bPRPs Start (ug/mL) 10.20 7.18 0-29.67 8.16 12.42 10.67 1.98-31.09 8.89
bPRPs End (pg/mL) 10.11 8.77 0.23-28.29 7.53 11.56 9.42 0-37.14 9.78
gPRPs Mean (jig/mL) 352.50 217.35 51.83-1136.49 308.87 640.68 360.48 0-2299.72 659.43
gPRPs Start (pg/mL) 402.59 244.71 53.12-1242.66 397.99 819.96 472.37 0-3066.78 910.26
gPRPs End (ug/mL) 308.43 205.95 43.49-1342.03 308.23 444.79 243.98 0-1584.48 442.96

SD: standard deviation of the mean.

were performed as described previously (Wang et al., 2022). Flow rates
were expressed as grams of saliva per minute (g/min). Saliva samples
were dried with a SpeedVac device, and each dried saliva sample was
then dissolved in 20 pL of buffer (Laemmli 2x, Bio-Rad) without a
denaturing agent. Then, the Eppendorf tubes with the reconstituted
saliva samples were heated in boiled water for 3 min before western blot
analysis.

2.3. Western blot

2.3.1. Standard PRP production

Both the PRPs IB5 and II-1 were produced and purified in our labo-
ratory as described previously (Boze et al., 2010), with slight modifi-
cations. Briefly, the Pichia pastoris GS115 strain harbouring the
pPICPRBA4S vector expression plasmid containing the PRB4 gene (NCBI:
txid9606) was incubated in buffered glycerol complex medium (BMGY,
10 g/L glycerol) at 28 °C and 200 rpm until the optical density at 600 nm
reached 40, corresponding to 20 g of dry cell weight per litre. The
biomass was transferred into synthetic excretion buffered methanol
complex medium (BMMY, 10 mL/L methanol). The expression and
secretion of the recombinant proteins were thereafter induced by
gradually adding methanol over 116 h for a total of 150 mL/L.

After centrifugation at 15000 x g for 30 min at 4 °C, the supernatant
was filtered through a 0.2 um filter and dialyzed (with a 1 kDa cut-off)
against 50 mM Tris-HCl, pH 8.0, for 48 h. The proteins were loaded onto
a cation exchange chromatography SP XL Streamline column (GE
Healthcare, Little Chalfont, UK) in 50 mM Tris HCI (pH 8.0) with a NaCl
gradient from 0 to 1 M. After pooling the fractions containing the pure
protein, the samples were lyophilized and loaded onto a gel filtration
HiPrep Sephacryl S100-26/60 column (GE Healthcare, Little Chalfont,
United Kingdom) in 50 mM ammonium acetate. After pooling the
fractions containing each pure PRP sample, the mixture was lyophilized
and stored at —80 °C.

The PRPs were analysed by mass spectrometry in MS and MS2 CID
(collision-induced dissociation) mode with an Orbitrap Tribrid Fusion
(Thermo Fisher Scientific, Waltham, USA) after electrospray ionization
(ESD in positive mode and intact protein mode. The spectra were in
accordance with previous production batch spectra (Pascal et al., 2006;
Boze et al., 2010; Canon et al., 2013).

2.3.2. Antibodies against IB5

Polyclonal antibodies were designed with and purchased from
Eurogentec (Seraing, Belgique). It was produced in rabbits against the
full amino acid sequence of the purified recombinant proteins IB5 pro-
duced in our laboratory. Final bleed containing antibodies raised against
IB5 has been validated by ELISA assay by Eurogentec.

Reactivity against pure recombinant II-1 also produced by the same
P. Pastoris transformed strain has already been demonstrated (Brignot
et al., unpublished results).

2.3.3. SDS-PAGE and western blot analyses

All of the samples collected at the beginning (B) and at the end (E) of
the 3 sensory sessions were analysed (n = 6) as one replicate.

Fifty microlitres of saliva sample was concentrated until dry with an
RC 10.22 Jouan SpeedVac device (Thermo Fisher Scientific, Waltham,
USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed as described by Laemmli (1970) with minor
modifications using 12 % TGX acrylamide precast gels and a Mini-
Protean II system (Bio-Rad, Hercules, USA) at a constant voltage of
200 V for 35 min. A Kaleidoscope molecular weight ladder (Bio-Rad,
Hercules, USA) was added to each gel to follow protein migration.

Briefly, proteins were separated by SDS-PAGE and transferred elec-
trophoretically to a PVDF membrane with a TransBlot Turbo Transfer
System (Bio-Rad, Hercules, USA). Thereafter, the membrane was incu-
bated in blocking solution (8 % (w/v) skim milk and 0.9 % (w/v) NaCl
solution) for 60 min with gentle shaking at room temperature. The
membrane was first probed with primary antibodies against IB5 at
1:1000 at room temperature for 60 min. After 2 washes with 0.05 % (v/
v) Tween 20 in PBS, the mixture was incubated again in blocking so-
lution for 30 min under gentle shaking at room temperature. The
membrane was washed with 0.9 % (w/v) NaCl and probed with sec-
ondary mouse anti-rabbit IgG HRP-conjugated (Invitrogen Thermo
Fisher Scientific, USA) at 1:5000 at room temperature for 60 min. The
membrane was thoroughly washed 3 times with 0.05 % (v/v) Tween 20
in PBS for 5 min. Next, the membrane was incubated with a mixture of a
peroxide reagent and luminol-enhancer reagent from the Clarity™
Western ECL Substrate kit (Bio-Rad, Hercules, USA) for chem-
iluminescence development. The membrane was immediately scanned
with a ChemiDoc imaging system (Bio-Rad, Hercules, USA) for a 90 sec
exposure time with 1 sec steps. The exposure selection criterion was
signal saturation. The images taken one second before target signal
(from IB5 or II-1) saturation were selected for quantification.

2.3.4. PRP quantification

Western blotting was used to assess the amount of bPRPs and gPRPs
in the saliva.

Recombinant IB5 and II-1 were used as references for bPRP and
gPRP, respectively. II-1 was considered to be present in all possible
glycosylated forms, so a target molecular weight range was selected.

The membrane area corresponding to bPRPs in saliva was deter-
mined from 10 western blots conducted on different days, and the
membrane area corresponding to gPRPs was determined as described
above.

The calibration ranges for IB5 and II-1 were designed to quantify the
bPRPs and gPRPs in the saliva samples. To handle intermembrane
variability, 3 ug/mL IB5 and 3 pg/mL II-1 were used as positive controls
to normalize the intensity of the raw signals.

The signal intensities from the selected areas on the membranes of
the targeted proteins bPRPs and gPRPs were compared to those of pure
recombinant IB5 and II-1 from the calibration range to yield quantitative
measures for bPRPs and gPRPs, respectively.
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2.4. Statistical analysis

Nonparametric analyses were conducted because normality as-
sumptions were not met. Mann-Whitney U tests were performed to
evaluate differences between the Y and O groups regarding salivary PRP.
Wilcoxon tests were performed on the PRP amount-to-pixel volume ratio
to evaluate differences between the start and end of each session.
Friedman ANOVA was also conducted on the PRP amount to evaluate
differences among the three sessions. Spearman rank order correlations
were performed for the whole group and for each group (Y and O) to
evaluate the relationships between the astringency threshold and the
PRP amount. The significance was set at p < 0.05. These tests were
performed using Statistica® version 13.5.0.17 (1984-2018; TIBCO
Software, Inc.).

3. Results
3.1. Threshold and salivary flow

In agreement with our prior investigation (Wang et al., 2022), dis-
similarities were detected between the Y and O groups (Table 1). Spe-
cifically, the O group exhibited a greater mean astringency threshold
than the Y group did (Z = -2.5, P = 0.0110). The salivary flow rate (SF)
in the O group was lower than that in the Y group, with a modest level of
statistical support (Z = 1.66, p = 0.09).

3.2. Western blot

The concentrations of the calibration range used for the quantifica-
tion of bPRPs and gPRPs in the saliva samples were 0.25, 0.5, 0.75, 1, 2,
3, 4, and 5 ug/mL of pure recombinant IB5 and 0.25, 1, 3, 5, 10, 25 and
50 ug/mL of pure recombinant II-1. The selected areas are presented in
Figs. 1 and 2, respectively. and ranged from 12 kDa to 18 kDa for bPRPs
and from 20 kDa to 150 kDa for gPRPs.

Calibration was performed by linear regression with the following
parameters for IB5: y = 0.2885x + 0.0631, r2 = 0.9939; and for II-1: y =
0.1812 + 0.4294, r* = 0.9984.

Figs. 3 and 4 show representative western blot analyses from a
panellist with a high amount of bPRPs but within the average range for
gPRPs. The major signal at approximately 50 kDa corresponds to gPRPs,
and the band at approximately 14 kDa corresponds to bPRPs.

3.3. PRP amount

No significant differences were found between sessions in terms of
the quantity of bPRPs for Group Y (Friedman Chi? = 1.33, p = 0.51) or
Group O (Friedman Chi% = 1.87, p = 0.39) (Table 1). Furthermore, no
differences were observed between the mean values at the start and end
of the sessions for the Y (Z = 0.31, p = 0.75) or O (Z = 0.89, p = 0.37)

MW (kDa) 0,25 0,5 0,75 1 2 3 4 5

250
150
100
75 _—
50

37
25

15

10

- e 4:-
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groups. Similarly, no significant difference was noted in the mean
amount of bPRPs between the Y and O groups (Z = -0.51, p = 0.61).
Similarly, no differences were observed between the Y or O group in
terms of bPRPs Start (Z = -0.81, p = 0.42) or bPRPs End (Z = -0.55, p =
0.58).

No differences were observed between the three sessions regarding
the amount of gPRPs for either the Y group (Chi®=3.58, p =0.17) or the
0O group (ChiZ = 3.29, p = 0.19). However, a significant difference was
detected within the O group between the start of the session (mean =
819.96 pg/mL) and the end of the session (mean = 444.79 pg/mL) in
terms of gPRP quantity (Z = 4.36, p = 0.000013). A moderate difference
was observed in the Y group between the session start (mean = 402.59
pg/mL) and session end (mean = 308.43 pg/mL) regarding the amount
of gPRPs (Z = 1.74, p = 0.08).

However, no significant differences were found between the Y or O
group in terms of gPRP quantity, whether considering the mean value (Z
=-1.30, p = 0.19), the start value (Z = -1.57, p = 0.12), or the end value
of the session (Z = -0.55, p = 0.58).

3.4. Correlation between astringency threshold and PRP amount

In the O group, a significant and negative correlation was observed
between the mean bPRP amount and the threshold (r =-0.41, p = 0.02)
(Fig. 5). This finding suggested that as the amount of bPRP increased,
the astringency threshold decreased. Conversely, no correlation was
found between the mean bPRP amount and the threshold in the Y group
(r = -0.16, p = 0.45).

Within the Y group, a significant and positive correlation was iden-
tified between the mean gPRP amount and threshold (r = 0.49, p =
0.01). This observation indicated that as the gPRP amount increased, the
threshold of astringency perception also increased (Fig. 6). Similarly,
significant and positive correlations were observed between the gPRPs
Start (r = 0.46, p = 0.02) and gPRPs End (r = 0.53, p = 0.007) and the
threshold. However, no significant correlation was found between the
mean gPRP amount and the threshold in the O group (r = 0.05, p =
0.79). Likewise, no significant correlations were observed between the
gPRPs Start (r = 0.04, p = 0.83) or gPRPs End (r = -0.04, p = 0.81) and
the threshold in the O group.

4. Discussion

Astringency is a multifaceted sensation characterized by oral surface
sensations of drying, roughing and puckering of the mucosa surrounding
the mouth (Horne, Hayes, & Lawless, 2002). Despite its significance in
food flavour perception, few studies have examined the age-related
variation in astringency sensitivity. In our previous study, we identi-
fied differences in oral astringency perception based on age, which was
not attributed to variations in salivary flow rates between the groups
(Wang et al., 2022). Consequently, the present study aimed to elucidate
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Fig. 1. Membrane image of IB5 gradient concentrations. The standard range of IB5 is expressed in pg/mL.
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Fig. 2. Membrane image of II-1 gradient concentrations. The standard range of II-1 is expressed in pg/mL.
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Fig. 4. Detection and quantification of gPRPs in the panelists’ samples. The membrane exposure time was 1 sec. IB5 and II-1 were used at 3 ug/mL. S1, S2, and S3
correspond to 3 different sessions conducted on different days, and sampling was performed at the beginning (B) or at the end (E) of the sessions. The arrows

represent the targeted gPRPs, and the dotted outline represents the selected area.

these differences by exploring the salivary composition, particularly the
protein patterns and, specifically, the abundance of PRPs.

First, the present study highlighted the large interindividual vari-
ability in both the young and elderly panels regarding sensitivity to
astringency and salivary parameters. It is well known that taste
responsiveness can vary substantially among individuals. Among other
factors, this variation comes from genetic differences, sex, taste pa-
thologies, age, BMI, and ethnic background (Prescott & Tepper, 2004;
Williams, Bartoshuk, Fillingim, & Dotson, 2016). Large interindividual
differences in salivary flow and composition have also been repeatedly
reported in the literature. Different types of factors can explain this
variation, such as lifestyle factors (diet and smoking habits, for
instance), age, sex and ethnicity (Mosca, Stieger, Neyraud, Brignot, van

de Wiel, & Chen, 2019; Quintana et al., 2009; Vandenberghe-Descamps
et al., 2016).

Assessing the PRP level in saliva, we found no disparities in either the
bPRP or gPRP amount between the young and elderly participants.
Baum et al. previously reported unaltered aPRP quantity with age (Baum
et al., 1982). Thus, the PRP concentration in saliva is not dependent on
age. Age-related changes in salivary protein concentrations seem to
exhibit an age-dependent influence on specific components and distinct
secretory glands. For instance, it is widely acknowledged that mucin
levels decline with age in unstimulated whole saliva; stimulated sub-
mandibular/sublingual saliva; and mucous glands, such as the sub-
mandibular, sublingual, and minor salivary glands (Arjan Vissink, 1996;
Dodds et al., 2005; Xu et al., 2019).
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sponds to the fitted data. The dotted line corresponds to the confidence interval
at 95%. The black dots represent individual data points.

1,2

1,0

o
[

o
~

Threshold (mg/mL)
o
o

o
N

0,0
0 200 400 600 800 1000 1200

gPRPs amount (pg/mL)

Fig. 6. Spearman correlation between astringency threshold and the mean
gPRPs observed in the group of young panellists. The solid line corresponds to
the fitted data. The dotted line corresponds to the confidence interval at 95%.
The black dots represent individual data points.

Interestingly, we observed a decrease in the quantity of gPRPs at the
end of the session compared to the initial level, especially in the elderly
group. The available literature on gPRP concentrations in saliva,
particularly before and after sensory testing, is limited. Speculatively,
this observation may be attributed to the multiple rinsing procedures
occurring during the sensory test, which could dilute saliva or remove
the salivary film, consequently reducing the concentration of gPRPs in
saliva. Notably, alterations in the salivary film have been suggested to
influence its rheological and lubricating properties, and gPRPs are
recognized as contributors to oral lubrication (Gibbins & Carpenter,
2013). Furthermore, rinsing the mouth with water significantly reduces
protein levels in saliva (Nayak & Carpenter, 2008). Our findings suggest
that this effect is more pronounced in elderly participants. Additionally,
the saliva of elderly individuals may exhibit a lower recovery of its
normal composition than that of young individuals following external
interventions. Indeed, the ability of individuals to maintain constant
saliva characteristics is thought to modulate astringency sensitivity
(Dinnella, Recchia, Fia, Bertuccioli, & Monteleone, 2009).

Upon examining the elderly group, we observed a significant nega-
tive correlation between bPRPs and the astringency threshold,
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indicating that increased bPRP levels were associated with heightened
sensitivity to astringent compounds. These findings suggested that bPRP
plays a direct role in the detection of astringent compounds. bPRP has
been shown to effectively scavenge tannins (Canon, Giuliani, Paté, &
Sarni-Manchado, 2010), forming soluble noncovalent complexes (Canon
et al., 2009) that subsequently aggregate and precipitate (Canon et al.,
2013). The aggregation of bPRP and tannins involves the binding of
tannins to two proteins simultaneously, forming a bridge between them.
Notably, a study of the interactions between bPRP and IB5 and between
flavan-3-ol and epigallocatechin gallate (EgCG) revealed that three
EgCG proteins are needed to form aggregates (Canon et al., 2013). The
strong affinity of bPRP for tannins is attributed to their unstructured
conformation, which allows them to undergo a structural transition from
an unfolded to a folded state upon tannin binding (Canon et al., 2011).
These structural rearrangements involve flexible amino acids sur-
rounding rigid clusters of polyproline residues (Canon et al., 2015),
which serve as preferential binding sites for tannins (Canon et al., 2013)
and allow the establishment of additional hydrogen bonds (Canon et al.,
2010). Previous studies have shown that the precipitation threshold of
bPRP, IB5, with EgCG is similar to the astringency threshold of the
compound (Canon et al., 2013). These observations suggest that the
aggregation of bPRP by tannins may be the mechanism underlying
astringency perception.

Conversely, in the young group, a significant and positive correlation
was found between gPRPs and the astringency threshold. This implies
that higher amounts of gPRPs are associated with higher thresholds for
astringency. Hence, we speculate that gPRP plays a protective role by
binding tannins before they interact with the mucosal pellicle. This
mechanism has been previously reported in vitro for bPRP IB5, which
protects the oral mucosa from tannin-induced mucosal pellicle aggre-
gation (Ployon et al., 2018). The discrepancy observed between bPRP
and gPRP may be attributed to the lower sensitivity of human gPRP to
tannin-induced aggregation than bPRP. This phenomenon is likely due
to steric hindrance caused by the presence of carbohydrates on the
peptide chain of gPRPs, which may prevent tannins from bridging two
proteins. Moreover, the negative charge on the carbohydrate residues
may maintain proteins in relatively open conformations and keep them
apart through repulsion charges. Soluble tannin-protein complexes
likely play a significant role in scavenging, thereby mitigating the
antinutritional effects of dietary tannins.

5. Conclusion

Our findings shed light on the relationship between PRP levels and
astringency perception, particularly in the context of age differences.
The observed disparities in astringency perceptions between the young
and elderly groups cannot be solely attributed to variations in the
abundances of the two groups of PRPs (bPRPs and gPRPs). Nevertheless,
within each group, significant correlations were observed between PRP
levels and the astringency threshold. In the elderly group, basic PRP
levels exhibited a negative correlation with the astringency threshold.
This finding suggested the involvement of PRPs in astringency detection
through precipitation at the surface of the oral mucosa. Conversely, in
the young group, glycosylated PRP levels were positively correlated
with the astringency threshold, suggesting that they play a protective
role in preventing tannin-mucosal pellicle interactions.

These findings contribute to our understanding of the mechanisms
underlying astringency perception and the potential modulation of this
perception by PRPs in saliva. However, further analysis should encom-
pass comprehensive analyses that consider other salivary factors,
including other tannin binding proteins, such as statherin and histatins
(Soares et al., 2011). This broader exploration has the potential to
provide a deeper understanding of the molecular mechanisms underly-
ing astringency perception.

All the authors have read and agreed to the published version of the
manuscript.
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