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its variation under wine consumption conditions†

Pérez-Jiménez Maŕıa, Muñoz-González Carolina and Pozo-Bayón Maŕıa Ángeles *

Salivary esterase enzymes have been related to the in vitro hydrolysis of carboxylic esters associated with

fruity and pleasant aroma nuances in many types of wine. However, very little is known about human

total salivary esterase activity (TSEA) under physiological conditions. The purpose of this study is to gain

understanding of TSEA and its relevance under wine consumption conditions. To do this, a methodology

for TSEA measurement was optimised and applied to examine inter-individual differences (n ¼ 10).

Furthermore, TSEA was correlated with other salivary parameters (flow, pH, total protein content). The

effect of the oral exposure to different types of wine-like solutions with different composition (ethanol,

phenolic and aroma compounds) on TSEA was also assessed. Results showed large inter-individual

differences, up to 86%, on TSEA values. Additionally, TSEA was positively correlated with the total salivary

protein content (TPC) and negatively correlated with salivary pH and flow. After the oral exposure to

wine-like solutions, the combined presence of ethanol, carboxylic esters and phenolic compounds

produced the highest TSEA value. Results from this work prove that human salivary esterase is active

during wine consumption, and adds support to the involvement of this enzymatic activity on wine aroma

perception during wine intake, which will require future studies.
1 Introduction

Esters are one of the most important groups of volatile
compounds contributing to the wine aroma prole.1 They can
be classied as ethyl esters of organic acids, acetate esters of
higher alcohols or esters of fatty acids.2 Wine esters are mainly
produced during alcoholic fermentation,3 but they can also be
formed from the esterication of alcohols and acids during
wine ageing.4 The importance of esters lies in their contribution
to the pleasant and fruity aroma of wines and therefore in their
quality.5–7 Although many esters can be present in wines at
concentrations below their threshold value, they can also rein-
force the fruity character of wines by a synergic effect.8 However,
at higher concentrations, esters might have negative connota-
tions in wine aroma.9 Because of this, small changes in their
concentration might have relevant consequences on wine
aroma.

Despite the transformations that could affect wine esters
during the winemaking process, which have been widely
studied,2–4,10 it is also important to take into account the
chemical and biochemical changes of these odorant
compounds that might take place during the oral processing of
wine.
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The time that wine is in the mouth when drinking is short,
but large enough to affect the release pattern of volatile
compounds in the mouth,11,12 or in the nose,13 and therefore
aroma perception.14 There are diverse oral physiological factors
that might affect aroma compounds during ingestion, for
instance, saliva and its components.15

Saliva is made up of 99% water, but it is also composed of
several inorganic salts (calcium, sodium, potassium, etc.)16 and
organic compounds (enzymes, proteins).17,18 The composition
of saliva varies among individuals and depends not only on
genetics, but also on diet, age, gender, oral hygiene, functional
status, pathologies, etc.18–20

Saliva plays a signicant role in wine aroma perception,
which cannot be explained by a single effect. Numerous studies
have demonstrated different mechanisms of saliva inuencing
volatile compounds such as, dilution, retention by salivary
proteins, salting-out effects or enzymatic conversion.21–27 In this
way, the capacity of salivary enzymes to metabolize certain
groups of aroma compounds such as thiols, ketones, aldehydes
and esters have been previously reported.17,20,21,26,28

In the specic case of esters, synthesis or hydrolysis
processes catalysed by enzymes could be particularly likely,
since it is well known that human saliva presents esterase
activity.26,29–31 There are different human saliva enzymes that
might contribute to the total salivary esterase activity (TSEA)
such as carboxylesterase,29 carbonic anhydrase isozyme IV,32,33

cholesterol esterase,34 choline esterase,31,35 lipase,35 or even
albumin.36,37
This journal is © The Royal Society of Chemistry 2020
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In a recent work26 using static headspace analysis, authors
showed a decrease in the release of esters when they were
incubated with human saliva (120 min 37 �C), which did not
occur in the case of inactive saliva (without enzymatic capacity).
These results are in agreement with previous works,17,28,38,39

conrming the capacity of esterase activity from human saliva
to hydrolyse odorant carboxylic esters. Furthermore, in the
above mentioned work,26 the corresponding products of ester
hydrolysis (carboxylic acids) were also found in the systems with
human saliva, which have been associated with very different
odour nuances and threshold values.

Although ester degradation in the presence of human saliva
has been demonstrated, salivary esterase activity has hardly
been investigated. For instance, the individual variations on
TSEA or how this activity could be affected by typical wine
components during wine consumption is still unknown. This
information would be of great relevance in order to consider the
importance of this enzymatic activity for wine aroma
perception.

In view of this, the purpose of this work was to gain under-
standing on TSEA and its relevance under wine consumption
conditions. For this, a methodology for the measurement of
TSEA was rst optimised and applied to check for inter-
individual differences (n ¼ 10). Additionally, the correlation of
TSEA with other salivary parameters (ow, pH, total protein
content) was also assessed. Finally, the two volunteers with the
highest and lowest TSEA values, were selected to determine the
effect of the oral exposure to different types of wine-like solu-
tions with different composition (ethanol, phenolic and aroma
composition) on TSEA.
2 Materials and methods
2.1 Saliva collection and characterisation

Stimulated saliva was collected from ten healthy subjects (four
men and six women) between 20 and 35 years old. They were
non-smokers, had not taken any food or drink and had not
brushed their teeth 1 hour prior sampling. All the volunteers
were informed of the nature of the study and completed
a written consent form before their participation. The experi-
mental protocol was approved by the CSIC Bioethics Committee
for Research.

For saliva collection, volunteers chewed a piece of Paraf-
ilm™ and spat the saliva produced directly into sterile tubes for
5 minutes. These tubes were weighed before and immediately
aer saliva collection in order to determine salivary ow, which
Table 1 Wine-like solutions (WLS) employed to determine TSEA under w

Code Types of “Wine

WLS 1 Water pH ¼ 3.5
WLS 2 Water pH ¼ 3.5
WLS 3 Water pH ¼ 3.5
WLS 4 Water pH ¼ 3.5

a GSE (grape seed extract).

This journal is © The Royal Society of Chemistry 2020
was calculated as mL min�1. A pH meter (Metler, Zabrze,
Poland) was used for pH measurement. Subsequently, salivary
samples were centrifuged at 15 000 g for 15 min at 4 �C (ref. 27)
and supernatants were stored at �80 �C until required. Prior to
the saliva storing, total protein concentration (TPC) was deter-
mined in supernatants using the commercial kit Pierce™ BCA
Protein Assay Kit (Pierce Thermo Scientic, Illinois, USA). The
TSEA determination was performed over the next 7 days. The
effect of saliva freezing storage on TSEA was previously checked
conrming the lack of effect within the whole duration of the
study (seven days) (Fig. 1S†) as previously established.40,41
2.2 Total salivary esterase activity (TSEA) methodology

TSEA was determined by using a previously published colori-
metric method42 with some modications and adapted to saliva
samples.

Briey, TSEA procedure was based on the hydrolysis of the
substrate 4-nitrophenyl acetate (4-NPA) to 4-nitrophenol by
salivary enzymes with esterase capacity. This hydrolysis
produces a colorimetric change (absorbance) which is
measured to calculate TSEA.

For this assay, a Tris 50 mM solution at pH¼ 8 was prepared
by mixing 50 mL of Tris (0.2 M) (GE Healthcare Uppsala, Swe-
den) with 26, 8 mL of HCl (0.2 M) provided by Sigma-Aldrich
(Steinheim, Germany). This mixture was made up to 200 mL
with milliQ water. A second buffer (McIlvaine buffer pH ¼ 5)
was also prepared with 23.4 mL of citric acid (Panreac Qúımica
S.A. Barcelona, Spain) at 0.1 M concentration and 25.7 mL of
Na2HPO4$12H2O (Merck. Darmstadt, Germany) at 0.2 M. The
mixture was then made up to 100 mL with milliQ water. For the
substrate preparation, 63 mg of 4-NPA (Sigma-Aldrich. Stein-
heim, Germany) were dissolved in 5 mL of methanol and made
up to 10 mL with McIlvaine buffer.

The TSEA measurements were carried out in m96 micro-
plates (VWR, Pennsylvania, EEUU) The nal reaction mixture in
each microwell using the optimised conditions contained 25 mL
of Tris 50 mM (pH¼ 8), 74 mL of saliva (previously defrosted at 4
�C) and 25 mL of 4-NPA. The microplates were incubated for 60
minutes at 37 �C in a Multiskan™ FC Microplate Photometer
(Thermo Fisher Scientic, Massachusetts, USA). The colori-
metric change was measured every 5 min until 35 min at
410 nm, pH 7.4 and 37 �C. One unit of esterase activity (UI) was
dened as a change of absorbance of 0.01 optical density. TSEA
was calculated as UI per min.34 All the measurements were
performed in triplicate.
ine consumption conditions

-like” solutions

, 10% ethanol
, 10% ethanol and GSEa (500 mg L�1)
, 10% ethanol, GSEa (500 mg L�1) and a mixture of 6 esters (2 mg L�1)

RSC Adv., 2020, 10, 24352–24361 | 24353

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04624h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 8
:2

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.3 Oral exposure to wine like solutions

Four different wine-like solutions (WLS) were prepared (Table 1)
using typical wine components (all food grade ingredients).
They were all prepared from a tartaric acid (Manuel Riesgo,
Madrid, Spain) water solution with pH 3.5 (WLS1). From this,
a second solution (WLS2) was prepared by adding 10% ethanol
(Panreac Qúımica S.A., Barcelona, Spain). Additionally, another
solution (WLS3) similar to WLS2, but containing a commercial
grape seed extract (GSE) (500 mg L�1) (Vitaavan®, DRT
Nutraceutics, Dax, France) mainly composed of procyanidins43

was prepared. The procyanidin concentration employed was in
the typical range of red wines.44 Finally, a fourth solution
(WLS4) was prepared with the same composition as WLS3, but
including an aroma mixture of six typical wine esters. For this,
six ester solutions were prepared in food grade ethanol. Each of
them contained one of the following esters: ethyl butanoate
(105-54-4), isoamyl acetate (123-92-2), ethyl pentanoate (539-82-
2), ethyl hexanoate (123-66-0), ethyl octanoate (106-32-1) and
ethyl decanoate (110-38-3); all of them were food grade and
supplied by Sigma-Aldrich (Steinheim, Germany). The nal
concentration of each odorant compound in WLS4 was
2 mg L�1.

From the 10 volunteers recruited for this study, the two with
the highest and lowest TSEA were selected. The two individuals
rinsed their mouth during 30 seconds with 15 mL of the cor-
responding wine like solution and then spat it out. Aer two
swallowing events of the remaining saliva in the mouth, their
saliva was collected in centrifuge tubes following the same
procedure previously explained in Section 2.1. A pectin-water
(1 g L�1) solution, followed by a bicarbonate solution and
nally, still water were used as palate cleaners between rinses
Fig. 1 Experimental procedure followed for saliva collection before and

24354 | RSC Adv., 2020, 10, 24352–24361
with different types of wine-like solutions (one rinse with each
solution). This ensured an adequate cleaning of the oral cavity
avoiding possible carryover of phenolic and aroma compounds.
The individuals then waited for een minutes until the next
WLS sample was tried. Previous trials in the lab showed that
most salivary parameters (included TSEA) returned to their
initial values aer 15 minutes of an oral intervention with wine-
like solutions. Additionally, a saliva control (SC) sample from
the two volunteers was collected prior to the assays with the
WLS. This salivary sample was the reference of their esterase
salivary status before the assay. Fig. 1 shows a schematic
representation of this procedure. All the saliva samples (saliva
control and saliva collected aer the rinsing with WLS) were
collected the same day. Saliva was kept at 4 �C until their
analysis (within the two hours of their collection) and TSEA
measurements were performed at the same time.
2.4 Statistical analyses

Different statistical analyses were used depending on the
experiment. Regression analysis and the lack-of-t test were
applied to ascertain the linearity of the TSEA method using
different amounts of saliva. One-way ANOVA was used to
examine differences in TSEA among individuals. Cluster Anal-
ysis was carried out to group the subjects depending on their
high or low TSEA values. Principal component analysis was
used to show the relationship between saliva composition and
interindividual differences in TSEA values. Finally, one-way
ANOVA was employed to determine differences in TSEA values
aer rinsing with the different wine-like solutions (WLS). The
level of signicance xed was p < 0.05 for all the statistical
analyses. Data treatments were carried out using XLSTAT
after oral rinsing with wine-like solutions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Representation of the linear regression models of the TSEA (UI
per min) and different volumes of saliva (37, 74 and 148 mL) from saliva
collected from one donor.
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(Addinso, Paris, France) and Statgraphics sowares (STSC
Inc., Rockville, MD, USA).
3 Results and discussion
3.1 Methodology for TSEA determination

The colorimetric method for TSEA was based on measuring the
change in absorbance of 4-NPA when it is hydrolysed by esterase
enzymes. In order to optimize a previous methodology42 for
saliva samples, some adjustments were necessary. Some of
them were related to the preparation of the buffer and the
volume of saliva. In the present work, the McIlvaine buffer was
prepared with 0.1 M citric acid and 0.2 M Na2HPO4$12H2O
instead of 0.1 M citric acid and 0.2 M K2HPO4,42 following the
protocol previously described.45 Additionally, a second enzy-
matic buffer (Tris 50 mM pH ¼ 8), which has also been previ-
ously employed for the measurement of esterase activity33,46 was
used in the present work. The optimized concentration of the
substrate (4-NPA) was also increased from 1 mM previously
employed in the reference method,42 to 1.4 mM in the case of
our optimised procedure.

In order to select the adequate amount of saliva for the TSEA
assay, three assays using different saliva volumes (37 mL, 74 mL
and 148 mL) collected from one donor (but the same amount of
Fig. 3 Absorbance (l ¼ 410 nm) values during the measurement of TSE
control (WC). Error bars represent �SD, at specific times of the measure

This journal is © The Royal Society of Chemistry 2020
4-NPA substrate) were used for TSEA determination. The rela-
tionship between saliva volumes and TSEA was determined by
linear regression analysis. These different volumes covered
a wide range of TSEA values. To judge the adequacy of the linear
models, the F-ratio for lack-of-t was calculated. The regression
results are depicted in Fig. 2. As it can be seen, the higher the
salivary volume, the higher the TSEA. A linear response between
TSEA and saliva volume was corroborated aer the application
of the lack-of-t test. A signicant correlation between TSEA
values and the volume of saliva employed (p-value < 0.0001) was
obtained with this test. The coefficient of determination of the
regression line was R2 ¼ 0.95. Additionally, as shown in Fig. 2,
a higher precision (better repeatability) was observed when
TSEA values were higher, which accounted for when using
larger salivary volumes. Nonetheless, the best repeatability was
obtained when using 74 mL of saliva. In this case, the precision
expressed as a percentage of relative standard deviation (%
RSD) was 2.30%, while in the case of 37 mL and 148 mL of saliva,
the RSD were higher (74.4% and 8.85%, respectively). Therefore,
the nal saliva volume selected for the TSEA was set to 74 mL.

To determine the total time for the TSEA measurement, the
changes in the absorbance measured at 410 nm in one saliva
sample (active saliva, AS), was followed for 60 minutes (Fig. 3).
The variation in absorbance was also measured in the same
saliva with CaCl2 (0.33 mg mL�1) (inactivated saliva, IS), which
had been previously used to inhibit the activity of saliva esterase
enzymes.11,17,26 Additionally, the gure also shows the results
corresponding to a control sample of water (WC). As it can be
seen in the gure (Fig. 3), a continuous increase in the absor-
bance during the rst 30 minutes of the measurement was
observed for the active saliva (AS). From this moment on,
absorbance was stable until the end of the measurement. As it is
shown in the Fig. 3, absorbance remained unchanged in the
case of the inactive saliva (IS) with CaCl2, conrming the inhi-
bition of salivary esterase enzymes exerted by this salt. This
inhibitory action can be linked to the changes in the ionic
strength and dielectric constant affecting the rate in which
enzymatic reactions occur, and it seems to depend on the
concentration on the salt.47 As expected, the absorbance
measured for the control sample (with water) did not change
A in active saliva (AS), saliva inactivated with CaCl2 (IS) and in a water
ment.

RSC Adv., 2020, 10, 24352–24361 | 24355
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either during the whole measurement time. Therefore, the total
time for TSEA measurements was set to 35 minutes.
3.2 Individual differences in TSEA and relationship with
salivary parameters

As previously suggested by different authors, salivary parame-
ters could be highly variable among individuals.18 To determine
interindividual differences in TSEA, saliva samples from 10
volunteers were collected and their TSEA was determined by
following the optimised methodology explained in Section 3.1.
One-way ANOVA test was run to check for signicant differences
(p < 0.05) among individuals. These results are shown in Fig. 4.
As it is shown, a great variability among volunteers was
observed. These values ranged between the lowest for individual
#2 (0.28 UI per min) and the highest corresponding to indi-
vidual #4 (2.63 UI per min). In fact, differences in TSEA values
varied as much as 86% among different individuals. Results
from the mean comparison test (Tukey test) revealed seven
signicance levels (described with the letters from a to f in the
graph) depending on the TSEA values (Fig. 4). These ndings
are in agreement with those previously reported,31 in which the
authors also observed large interindividual differences in
esterase activity in saliva collected from seven donors when
using different types of esterase substrates. When they used 4-
NPA, as in the present work, the interindividual variations in
TSEA values were up to 65% between subjects.31

A cluster analysis was applied with the aim to group the
subjects based on the similarities in their TSEA values. From the
hierarchical clustering procedure (Fig. 2S†), two main groups of
individuals were obtained depending on the higher or lower
TSEA values. The rst group included individuals with higher
TSEA values (individuals #4, #5, #7, #9, #1, #10 and #6), between
2.6 UI per min and 1.53 UI per min. The second group was
formed by the volunteers with lower esterase activity (individ-
uals #3, #8 and #2) with TSEA values between 0.97 UI per min
and 0.28 UI per min.

Additionally, in order to explore the relationship of TSEA with
other salivary parameters previously measured in the saliva
samples of the ten individuals (pH, ow, total protein content)
Fig. 4 Average values of TSEA determined for the individuals who
participated in this study (n ¼ 10). Error bars represent �SD. Different
letters above the error bars denote statistical significant differences (p
< 0.05) from Tukey test.

24356 | RSC Adv., 2020, 10, 24352–24361
(Table 1S†), a principal components analysis was also run. The
TSEA group (low or high) obtained from the cluster analysis was
considered as a supplementary variable. From the PCA, the three
rst components (PC) explained 96.21% of data variability. Fig. 5
showed the projection of the rst two PCs, which explained
57.99% (PC1) and 24.64% (PC2) of data variation. The rst
component (PC1) was positively correlated to salivary ow (factor
loading ¼ 0.853) and pH (factor loading ¼ 0.809), and negatively
with the total protein content (factor loading ¼ �0.776). Except
for individuals #1 and #9, this component separated the indi-
viduals with low TSEA values from those with high TSEA. Both of
them presented a high salivary pH compared to the other high
TSEA individuals. The second component (PC2) was positively
correlated to TSEA (factor loading ¼ 0.719). This component
allowed the discrimination of individuals #2, #3 and #8 (low TSEA
group) from most of the individuals from the group with high
TSEA values (except for individuals #6, #5 and #10).

As it can be seen in the PCA (Fig. 5), salivary ow was posi-
tively correlated with pH and negatively with the total protein
concentration (TPC). The effect of salivary ow in the saliva
buffer capacity (bicarbonate, phosphate buffers) which inu-
ences saliva pH48,49 could explain this correlation.48,50,51 Addi-
tionally, the dilution of proteins at higher ow rates have been
also described.52 Interestingly, a positive relationship between
TPC and TSEA was also shown in the PCA. This positive corre-
lation was also conrmed using a Spearman correlation test
(data not shown) and is in agreement with results from previous
works30 in which the authors showed a positive signicant
correlation between esterase activity of human saliva and a-
amylase, one of the main salivary proteins.53
3.3 TSEA under wine consumption conditions

Finally, an interesting aspect to check was how TSEA can be
affected under wine consumption conditions, which could be
Fig. 5 Principal Component Analysis (PCA) performed with the sali-
vary compositional data (averages) from the 10 individuals. The TSEA
group (low or high) obtained from the cluster analysis was considered
as a supplementary variable. TPC: total protein concentration; TSEA:
total salivary esterase activity.

This journal is © The Royal Society of Chemistry 2020
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indicative of the potential impact of this salivary activity on wine
ester hydrolysis, and therefore, on wine aroma perception. To
check this, from the 10 individuals participating in this study,
the two with the lowest and the highest TSEA (Ind #2 and Ind #4,
respectively) were selected as saliva donors. TSEA was measured
in the stimulated saliva collected from these individuals aer
the oral rinsing with four types of wine-like solutions (WLS1,
WLS2, WLS3, and WLS4) as explained in Section 2.1. They all
differed in their ethanol, polyphenol (grape seed extract) and
odorant (carboxylic esters) content and also had an increasing
complexity (Table 1). This means that WLS4 was the most
complex wine like solution and the most similar to a wine (pH
3.5, 10% ethanol, GSE and a mixture of odorant compounds).
Additionally, saliva control samples (CS) from the two individ-
uals before rinsing their mouths with the different solutions
were also collected and TSEA was also measured.

Fig. 6 shows the average TSEA values determined in the two
individuals aer the oral rinsing with the four synthetic wines.
As it can be observed in the gure, great differences in TSEA
values were obtained between the two subjects, with as ex-
pected, individual #2 presenting lower TSEA values than indi-
vidual #4.

A one-way ANOVA (one per each subject) was performed in
order to check the signicant differences among TSEA values. In
the case of individual #2, who was chosen because he exhibited
the lowest TSEA values from the ten initial volunteers, no
signicant differences were observed among TSEA values
determined in his control saliva compared to his saliva samples
collected aer the oral exposure to WLS1, WLS2 and WLS3.
However, a signicant increase in TSEA (about 69% compared
to the control saliva) aer the oral application of the most
complex wine solution (WLS4) was observed. Interestingly, only
the presence of a mixture of odorant esters in WLS4 was the
difference between this wine type and WLS3 (without them).

One hypothesis to explain these results may be related to the
fact that the presence of aromas could have affected salivary
secretions, some of which, as shown in Fig. 5, were related to
TSEA. Although, to the authors knowledge, there are no studies
on the direct effect of the application of odorants in the mouth
on salivary secretions, some previous studies have observed that
salivary secretions, such as ow, could be altered by olfactory
Fig. 6 Comparison of the TSEA values in the control saliva (CS) and in th
solutions (Table 1) in saliva from two individuals: with lower (Ind #2) an
significant differences from Tukey test (p < 0.005).

This journal is © The Royal Society of Chemistry 2020
stimulus.54–57 Thus, these results suggest that the presence of
odorants could affect TSEA, although further studies are
required to understand the mechanisms behind this
phenomenon.

Regarding individual #4, who showed the highest TSEA
values from the ten volunteers, signicant differences in the
TSEA values measured in the CS and the saliva samples
collected aer the oral exposure to the four types of wine like
solutions were found (Fig. 6). As it can be observed, the saliva
collected for this individual aer oral rinsing with WLS1
produced a drop in TSEA compared to the TSEA measured for
his control saliva. This could be due to the fact that oral rinsing
with an acid solution (like WLS1) might have increased his
salivary ow.58,59 As salivary ow was negatively related to TSEA
(Fig. 5), this could explain the low TSEA values in this saliva.

On the contrary, it is worth noting that TSEA values were
signicantly higher in the case of the oral exposure to the three
wines with ethanol (WLS2, WLS3, WLS4) compared to the CS or
the WLS1, which were only composed of an aqueous tartaric
solution. This clearly shows that the salivary esterase enzymes
were activated by ethanol. A lack of effect of ethanol on the
inhibition of some human salivary cholinesterase enzymes has
been shown,31 although this nding was observed at typical
saliva pH (7). However, in agreement with results from the
present work, a stimulating effect of ethanol (10–16%) on this
enzymatic activity at typical wine pH (3.5) has been shown when
studying the effect of ethanol concentration on wine lactic acid
bacteria esterase activity.42,60 In order to explain this, an increase
in the cell membrane permeability produced by ethanol allow-
ing a better penetration of the substrates and hence, increasing
the substrate–enzyme interaction has been proposed.60 Other
explanations for the stimulating effect of ethanol on TSEA could
be the increasing solubility of the enzyme substrates, the higher
stability of the enzyme or a decrease in the water-dependent
side-reactions.61–63

Interestingly, a lower TSEA aer the oral application of WLS3
(with polyphenols) compared to the TSEA values aer oral
exposure to WLS2, which presented the same composition as
WLS3 but without polyphenols (grape seed extract) was also
observed (Fig. 6). The main components of the grape seed
extract (GSE) employed in this study were avonoid type
e saliva collected after the oral exposure to the four types of wine like
d higher (Ind #4) TSEA values. Different letters above the bars denote
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compounds, and specically, monomers and dimers of pro-
cyanidins.43 Many works have previously reported the inhibitory
effect of different avonoids such as catechins on salivary a-
amylases,64,65 salivary glucosyltransferase66 or digestive
lipases.67 The inhibitory effect of oligomeric procyanidins has
also been reported for pancreatic lipases.68 Additionally, it has
been shown that some types of esterases such as carbonic
anhydrases IV and carboxyl esterases can also be affected by
different types of phenolic compounds.69–72 For instance,
a strong inhibitory effect of avonoid-type phenolics on human
carboxylesterases has been proven under – in vitro condi-
tions.69,70 Therefore, it can be hypothesized that the presence of
GSE could have slightly inhibited the TSEA in individual #4 aer
oral rinsing with WLS3 compared to WLS2. Results from the
present work are also in agreement with the lower hydrolysis
and signicantly higher amounts of the odorant ethyl hex-
anoate in the headspace of synthetic wines with avonoids
compared to the same wines without them, that have been
recently reported.73

However, saliva recovered aer the oral exposure to the
compositionally most complex wine (WLS4) was signicantly
higher than that measured for saliva aer rinsing with WLS3
and slightly higher than saliva recovered aer rinsing with
WLS2. As previously commented for individual #2, the presence
of odorants in the synthetic wine could have produced an effect
on salivary secretions, minimising the inhibitory effect exerted
by procyanidins, which are also present in this synthetic wine.
Additionally, a synergistic effect of different factors (presence of
ethanol, carboxylic esters) cannot be discarded, as it has also
been shown in the case of lactic acid bacteria esterases.42

Lastly, it is important to highlight that the effects of the wine
matrix components on TSEA were different between individ-
uals. The relatively low TSEA values for individual #2 could have
hidden some signicant changes between the control saliva
(CS) and the saliva collected aer the oral exposure to the other
three wine-like solutions (WLS1, WLS2, WLS3), that could be
observed for individual #4 (with high TSEA values). Moreover,
and as previously mentioned, several types of enzymes could
simultaneously contribute to the total esterase activity from
human saliva. In fact, it has been suggested that esterase
enzymes from human saliva are derived from different sources
which includes epithelial cells, salivary glands, inammatory
response, and bacteria.74 The fact that the two individuals could
have presented different enzyme proles in their saliva could
have contributed to the different effects that the wine compo-
nents had on their TSEA. This could be another plausible
explanation for the great differences found in the TSEA values
between the two volunteers aer wine rinsing, which will
require future investigations.

4 Conclusions

Results from the present work have proven the large interindi-
vidual differences in TSEA, which could be up to 80%. Addi-
tionally, it has been demonstrated that there is a positive
correlation between some salivary parameters such as total
protein content and TSEA. Results have also shown that TSEA
24358 | RSC Adv., 2020, 10, 24352–24361
values signicantly increased aer the oral exposure to wine-
like solutions with similar composition to that of wine (pH
3.5, 10% ethanol, procyanidins and carboxylic esters). This
proves that human salivary esterase is active during wine
consumption, adding support to the involvement of this enzy-
matic activity on ester hydrolysis during wine intake, which
might also inuence aroma perception. However, is also
important to highlight that new studies involving a higher
number of individuals presenting a wide range of TSEA should
be necessary to conrm these preliminary results.
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organic co-solvents on the activity and substrate specicity
of feruloyl esterases, Bioresour. Technol., 2011, 102, 4962–
4967.

62 S. Cherif and Y. Gargouri, An organic-solvent-tolerant
esterase from turkey pharyngeal tissue, Bioresour. Technol.,
2010, 101, 3732–3736.

63 P. Heitmann and H. Ruttloff, Industrielle Enzyme, Behr's
Verlag, Hamburg, 1994, p. 913.

64 Y. Hara and M. Honda, The inhibition of a-amylase by tea
polyphenols, Agric. Biol. Chem., 1990, 54, 1939–1945.
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