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ABSTRACT: The fruit of Prunus avium L. commonly known as sweet
cherry, is an excellent source of phytochemicals, namely, phenolic
compounds. This study aims to determine in vitro the bioavailability and
the bioactivity of phenolic compounds present in cherries. Caco-2 cells were
used, and the permeability and integrity of the monolayer formed were
investigated. After incubation, the phenolic compounds that permeabilized
the cell monolayer were quantified using a high-performance liquid
chromatography—diode array detector, and the antioxidant activity was
evaluated by the 1,1-diphenyl-2-picrylhydrazyl method. The results
demonstrated that the phenolic compounds of sweet cherries after undergoing
a simulated digestion were absorbed by the cellular barrier, becoming
bioavailable. Contrary to what was found after incubation with the in vitro
digested extract, the integrity of the cell monolayer was altered and its
permeability increased upon incubation with the sweet cherry phenolic
extract. Regarding the antioxidant activity, it was verified that this decreased after the absorption by the cellular monolayer. This
study suggests that digestion is an indispensable process for absorption because without it the phenolic content of the food
matrix does not become bioaccessible.

B INTRODUCTION compounds already mentioned.” Its antioxidant activity has
been extensively studied in different trials. Studies have shown
that the consumption of sweet cherries leads to a decrease in
lipid peroxidation, inflammation, and oxidative stress.”’~”
Other assays have shown that consumption of sweet cherries
leads to an increase in anthocyanin levels, resulting in
anticancer effects by inhibiting mutagenesis and inducing
apoptosis.'’ Epidemiological studies have also shown a
negative correlation between individuals with chronic diseases
and individuals with diets rich in fruits and vegetables with
high amounts of polyphenols.11 However, for the phenolic

The fruit of Prunus avium L., known as sweet cherry, belongs to
the family Rosaceae, subfamily Prunoideae, and genus Prunus."”
Sweet cherry is an important culture, being most prevalent in
temperate zones, particularly in Asia, Europe, North Africa,
Australia, New Zealand, and the American continent.”® This
fruit has a high nutritional value because it presents a high
content of proteins, carbohydrates and water, low glycaemic
index and fat content, presenting only 58 kcal/100 g of fresh
fruit.” In addition, sweet cherry is also a source of bioactive
compounds, particularly phenolic compounds, including i | o o
phenolic acids, flavonoids, and anthocyanins. These com- f:ompounds of sweet cherries to exert their ant}omdant.actmty
pounds are responsible for the characteristic red color of sweet mn the buman body, first they have to become bioaccessible and
cherries and also have beneficial biological effects.”** blozi‘vallal?le.' ) ) o )

Phenolic compounds are the main secondary metabolites of Bioavailability and bioaccessibility are often misunderstood
plants, characterized by having at least one aromatic ring with concepts; although related, they have different definitions.
one or more hydroxyl groups, which makes them structurally Whereas bioaccessibility is the amount of a determined
and functionally very diverse.' They are essential for various compound that is released from a matrix becoming available
functions in plants and are responsible for the organoleptic and to be absorbed after undergoing the digestion process,

nutritional properties of plant-derived foods.®
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Table 1. Concentration of the Sweet Cherry Phenolic Compounds in the Different Digestion Steps

initial concentration

quercetin not detected
gallic acid 0.51 + 0.01
p-coumaric acid 2.28 + 0.01
rutin 10.66 + 0.07
chlorogenic acid 2,95 + 0.10
epicatechin 1.51 + 0.15
cyanidin-3-O-glycoside 22.03 £ 0.74
quercetin-3-4’-di-O-glycoside 24.61 + 042

salivary” gastric” duodenal”
1.02 + 0.00 0.86 + 0.00 1.46 + 0.00
0.11 + 0.00 0.10 + 0.01 0.18 + 0.02
0.61 + 0.02 0.51 + 0.01 1.13 + 0.01
8.17 + 0.10 7.55 + 0.33 7.25 + 0.06
1.18 + 0.12 1.15 + 0.17 1.25 + 0.14
0.36 + 0.04 0.33 + 0.08 2.12 £ 02§
22.36 + 0.74 24.12 + 3.04 2.81 + 0.33
25.73 £ 2.73 21.93 + 0.39 11.80 + 0.70

“Concentrations expressed in milligrams per 100 g of fresh fruit (mean + SD).

bioavailability consists of the amount of a compound that
reaches the systemic circulation and exerts its effect after being
metabolized and distributed by tissues.'” It is thus necessary to
ensure that the components of interest of a food matrix are
released and become available for absorption into the blood
stream. Equally important is to know the various mechanisms
by which these same components cross the epithelium and
access the blood stream.'”

In vitro digestion has been used to evaluate the quantity of
compounds that become bioaccessible. Most of the models
that use in vitro digestion simulate the digestive process in the
mouth, stomach, small intestine, and in some cases intestinal
fermentation, and so bioavailability studies can be performed
in a more viable way.'>'* These procedures aim to simulate
physiological conditions, considering factors such as digestive
enzymes, pH, digestion time, and saline concentrations.'* On
the other side, the potential of bioaccesibility is mainly
evaluated using cell lines, the most commonly used being
Caco-2, which is derived from a human colon carcinoma.”
These cells are morphologically similar to the cells constituting
the small intestine, because they present a brush border
appearance on the apical face, expressing enzymes identical to
those of the small intestine and also narrow intercellular
junctions.'®"” This experimental model allows the simulta-
neous study of the main transport mechanisms in the
intestine.'®"®

In this paper, we evaluate the impact of the bioavailability
and bioaccessibility of the phenolic compounds from sweet
cherries, in the antioxidant activity. For this purpose, the
conditions under which the release of polyphenols from the
food matrix and the absorption of these into the blood stream
happen have been verified.

B RESULTS AND DISCUSSION

Phenolic Profile of the Sample. In order to quantify the
phenolic compounds present in the sample, an analytical
method using high-performance liquid chromatography
(HPLC)—diode array detector (DAD) was used. The
analytical method developed was fully validated according to
the guiding principles of the Food and Drug Administration."”
The calibration curve was established according to the linearity
between 2 and SO pg/mL. The correlation coefficients ()
were found to be >0.996. The phenolic profile of the Saco
cherry samples and the obtained concentrations are shown in
Table 1.

When analyzing the results, it was noticed that there is a lack
of quercetin and cyanidin, which is compatible with the
literature, although there is at least one study that identifies
trace amounts of cyanidin.”’ On the other hand, cyanidin-3-O-
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glycoside, quercetin-3,4’-di-O-glycoside, and rutin are the most
abundant compounds.

In an article published by Serra et al,”’ the compounds
epicatechin, chlorogenic acid, rutin, and cyanidin-3-O-glyco-
side were studied for the Saco cultivar, among others. The
comparison between the results obtained in the present work
and the mentioned article is found in Table S1.

When compared to other sweet cherry cultivars, the results
are very different. A study was conducted by Martini et al,,*’
where the quantification of phenolic compounds in six cultivars
of sweet cherries (Della Marca, Celeste, Bigarreau, Durone
Nero, Lapins, and Moretta) allows the same comparison. It
was possible to verify that the concentration of epicatechin
present in the extracts of the cultivar Saco (1.507 mg/100 g
fresh fruit) is much lower than in the other cultivars studied in
that work (136.61—397.19 mg/100 g fresh fruit). Relative to
the concentration of rutin (10.657 mg/100 g fresh fruit), the
cultivars Della Marca and Celeste had lower concentrations
(5.13 mg/100 g fresh fruit and 7.28 mg/100 g fresh fruit,
respectively). On the contrary, the cultivars Bigarreau, Durone
Nero, Lapins, and Moretta presented higher concentrations
(46.02 mg/100 g fresh fruit, 47.44 mg/100 g fresh fruit, 51.97
mg/100 g fresh fruit, and 41.42 mg/100 g fresh fruit,
respectively). Concerning cyanidin-3-O-glycoside (22.034
mg/100 g fresh fruit), there is also a great variation among
the different cultivars. In the cultivars Della Marca, Celeste,
and Lapins, the concentrations of that compound were lower
(0.01 mg/100 g fresh fruit, 1.11 mg/100 g fresh fruit, and
13.24 mg/100 g fresh fruit, respectively). In contrast, the
cultivars Bigarreau, Durone Nero, and Moretta presented
concentrations much higher than those measured in the
cultivar Saco (47.23 mg/100 g fresh fruit, 142.03 mg/100 g
fresh fruit, and 37.78 mg/100 g fresh fruit, respectively).

Characterization of Phenolic Compounds after
Digestive Process. The simulated digestive process was
applied to cherry extracts of the Saco cultivar. Regarding the
aliquots collected at the end of each step of the digestion, it
was possible to visually distinguish them through color. These
color changes can be explained by pH change (especially
anthocyanins).

In the same aliquots, the phenolic content was determined
using HPLC—DAD, and the results obtained are shown in
Table 1.

It is possible to observe that some of these phenolic
compounds’ concentration, in particular, quercetin, gallic, or p-
coumaric acids, increased during the procedure. This increase
because of the conversion during the digestion to other
compounds was previously mentioned. In the case of
epicatechin, the amount increased greatly (approximately six
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times) between the first (salivary digestion) and the last
(duodenal digestion) digestive process.

Nevertheless, other concentrations of phenolic compounds
decrease during the digestive process. Rutin, cyanidin-3-O-
glycoside, and quercetin-3-4'-di-O-glycoside, whose binding
between the glycoside and the compound is chemically more
unstable, degrade during the digestive process. Thus, the
conversion of these compounds into cyanidin and quercetin
can be considered, although cyanidin concentrations are below
the established lower limit of quantification (2 pg/mL), and
conclusions cannot be drawn. However, with regard to
quercetin, there is an increase in concentration. Regarding
epicatechin, a considerable increase occurs during the intestinal
phase, probably as a result of the conversion of other
compounds to epicatechin, namely, tannins or procyanidins.

The results obtained were considered accurate, taking into
consideration the analysis of the standard deviation and its
coeflicient of variation, always below 15%. As mentioned, the
concentration/time evolution during each of the digestive
phases is practically depreciable, reason why a quantification
can be carried out only at the end of each digestive moment.

Compared with existing literature, only one study involving
a simulated digestive process was found to predict the
bioavailability of the fruit of P. avium L.,”* using a modification
of the work of Gil-Izquierdo et al.** The authors of the work,
through dialyzable membranes, photocolorimetric methods,
and HPLC—DAD, evaluated the difference in compounds
between the two sides of the membrane. However, the
objective of the study was not to quantify the evolution of the
concentrations during the digestive process, reason why it was
not possible to make comparisons and to draw conclusions.

Cell Culture. Evaluation of the electrical resistance of
the transendothelial membrane of Caco-2 cells. Initially, an
assay was performed with 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) to evaluate the cytotox-
icity of the crude and digested extracts after 6 h of incubation
with cells. It was found that none of the extracts was toxic for
the cell line Caco-2. These results are in agreement with those
presented by Martini et al,”* where it was found that extracts
of sweet cherries rich in phenolic compounds did not affect the
proliferation of the Caco-2 cell line.

Then, the integrity of the monolayer of Caco-2 cells, before
and after incubation with the extracts, was evaluated by the
TEER assay (n = 4), and the results presented in Table 2 were
obtained.

Table 2. TEER Values Obtained before (t = 0) and after (t =
6) Incubation with the Extracts”

TEER (Q cm?) att=0h TEER (Q cm?) att=6h
645.56 + 20.01 682.67 + 197.49
356.22 + 35.72% 266.25 + 50.33%*
350.00 + 65.94 256.00 + 80.88

control
phenolic extract
digested extract

“The values are expressed as mean + SD considering statistically
significant values of p < 0.05 (*).

On the basis of the initial measurements (t = 0 h), it was
possible to confirm that the cell monolayer was intact before
contact with the extracts. The values were above the minimum
acceptable threshold (150—200 Q cm?).** After 6 h of cell
incubation with the sweet cherry phenolic extract and digested
extracts, a second TEER measurement was performed.
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It was observed that after the cell incubation with the
extracts, TEER values decreased, although they remained
higher than 150—200 Q cm? and therefore, the whole cell
monolayer could still be considered whole.”> It was also
possible to observe that the phenolic extract, after 6 h of
incubation, promoted a significant decrease in TEER values,
suggesting that significant changes occurred in the conforma-
tion of the membrane. It can further be seen that the digested
extract did not significantly affect the same cells in the same
time interval.

Studies suggest that the decrease in the TEER value in Caco-
2 cells is related to an increase in ionic permeability across the
plasma membrane or throu%h the intracellular junctions caused
by the target compound.”® There is evidence that some
substances alter intracellular junctions, influencing the function
of the intestinal barrier, resulting in increased permeability.
This increase in permeability is reflected in a TEER decrease.””

Several times, the decrease in TEER values leads to the high
concentration of a target compound.’® However, in the present
study, this does not apply because the concentration was the
same for the phenolic and digested extracts, the latter not
showing a significant decrease. Another reason commonly
suggested for the decrease in this value is the high number of
cell passages, because older cells tend to form multilayers.”®
However, the cells used were between passages 30 and 34,
considered relatively low. Also, the density of seeded cells can
influence the TEER measurement as it interferes with
proliferation capacity, not allowing minimal cell division.”*
However, once again this is not valid for the present study,
because the cell density used was the one recommended by the
manufacturer.

This suggests that compounds present in the phenolic
extract that did not undergo digestion interfere in the
intercellular junctions. However, after the digestive process,
these compounds are transformed into others that do not affect
cell integrity.

Evaluation of Endothelial Membrane Permeability. The
permeability of the Caco-2 cell monolayer after incubation
with the extracts was evaluated by the Lucifer Yellow
permeability assay (Table 3).

Table 3. Percentage of Permeability of Caco-2 Cells after 6
h of Incubation with the Cherry Extracts

permeability (%)

control 0.205 + 0.108
phenolic extract 0.438 + 0.050*
digested extract 0.304 + 0.082

“The values are expressed as mean + SD considering statistically
significant values of p < 0.05 (*).

The values obtained for the percentage of permeability of
the cellular monolayer are less than 3%. It is possible to infer
that the cell monolayer had an efficient and adequate
permeability to the passage of the compounds to be analyzed,
because these values are considered acceptable.””

It was found that there was a significant increase in the
percentage of permeability of the cell monolayer after
incubation with phenolic extract when compared to the
control. The same was not observed for the digested extract
after the same incubation time.

These results are consistent with those obtained previously
for the TEER measurement. In fact, several studies describe
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Table 4. Concentration of the Phenolic Compounds in the Aliquots Collected after the Different Incubation Times with the

Digested Extract (Mean pg/g Extract) + SD

time gallic acid

(h) (ug/g extract)
05  0.067 + 0.005
1 0.080 + 0.003
1.454 + 0.096
1.793 + 0.038

1.749 £ 0.021

epicatechin
(ug/g extract)
0.000 + 0.000
0.000 + 0.000
0.000 + 0.000
0.000 + 0.000
0.335 + 0.025

chlorogenic acid
(ug/g extract)
0.258 + 0.072
0.385 + 0.080
1.312 + 0.151
3.499 + 0.248

2
4
6 3.241 + 0414

p-coumaric acid
(ug/g extract)

0.116 + 0.001
0.116 + 0.000
0.122 + 0.001
0.137 + 0.003
0.133 + 0.002

rutin
(ug/g extract)
0.000 + 0.000
0.002 + 0.003
0.146 + 0.024
0.509 + 0.049
0.492 + 0.026

quercetin-3,4’-di-O-glycoside
(ug/g extract)
0.000 + 0.000
0.363 + 0.002
0.373 + 0.002
0.407 + 0.006
0.403 + 0.007

cyanidin-3-O-glycoside
(ug/g extract)
0.000 + 0000
0.241 + 0.005
0.329 + 0.015
0.453 + 0.022
0.396 + 0.020

the significant increase in permeability in Caco-2 cells after
incubation with different compounds, accompanied by a
decrease in the TEER value.’””" This variation suggests that
the function of the cellular barrier, as well as the intracellular
spaces, and consequently their permeability, were altered after
incubation.’’™**

Taking this into consideration, there is the possibility of the
phenolic extract inducing damage to the cell monolayer,
interfering with its integrity and increasing its permeability.
Regarding the digested extract, this does not occur, possibly
because after digestion the compounds present herein
underwent transformations into other smaller ones, which in
turn were less susceptible to damage the integrity of the
cellular monolayer.

Quantification of Phenolic Compounds after Digestion in
Vitro and after Cell Incubation. The phenolic content of the
aliquots collected after the incubation of digested extract with
the cell cultures was quantified by HPLC—DAD (Table 4).

On the basis of the obtained results for this assay, it is
possible to verify that gallic and chlorogenic acids are the main
phenolic compounds, present in the digested extract, crossing
through the cellular monolayer. Its concentration gradually
increases in the basolateral compartment until 4 h of
incubation, remaining constant between 4 and 6 h in contact
with the cells.

Regarding quercetin-3,4’-di-O-glycoside, and cyanidin-3-O-
glycoside, present in the same extract, it is possible to verify
that they accumulate more sharply in the basolateral chamber
during the first hour of incubation. After this period, its
concentration continues to increase, but gradually. At the end
of 6 h incubation, there is a slight decrease in the amount of
these two phenolic compounds.

Regarding rutin, during the first hour of incubation, it is not
detected; however, from that moment and until 4 h, a
progressive increase in the concentration is observed in the
basolateral compartment, however, remaining until 6 h of
incubation.

Epicatechin and p-coumaric acid present in the digested
extract seem to cross the cellular monolayer in smaller
amounts. Nevertheless, although p-coumaric acid remains
constant throughout the incubation process, epicatechin is
detected only after 6 h of the same process.

On the contrary, during the incubation with the phenolic
extract, only quercetin-3,4’-di-O-glycoside was able to cross the
cell monolayer. It was possible to observe a substantial increase
in the concentration of the same compound in the basolateral
chamber after 1 h of incubation. This concentration remained
constant until 4 h of the same process and then decreased to
the initial concentration (Figure 1). These results suggest that
the digestion is an important step for the absorption of the
phenolic compounds, because without digestion, the phenolics
do not become bioaccessible from the food matrix.
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Concentration (ug/g extract)

0 1 2 3 4 5 6 7
Time

Figure 1. Concentration of quercetin-3,4'-di-O-glycoside in the
aliquots collected after the different incubation times.

In addition to the compounds that have been reported,
quercetin and cyanidin were also not detected initially by
HPLC—DAD. However, after cell incubation of the phenolic
extract and the digested extract, the absence of the same was
verified. Overall, it is possible to verify that, with the exception
of quercetin and cyanidin, the phenolic compounds present in
the digested extract were able to cross the cell monolayer,
being present in the aliquots collected from the basolateral
chamber. The same did not occur in the phenolic extract,
because only quercetin-3,4"-di-O-glycoside was detected in
these aliquots. The compounds of this extract cannot cross the
cell monolayer. These results were compared with those
obtained in other studies. However, it is important to note the
limited literature with similar evaluations, and no bioavail-
ability assay of P. avium L. fruit was evaluated in Caco-2 cell
cultures.

It was possible to verify that all the compounds decreased
after passing through the cell monolayer, when comparing the
results obtained after the digestion and after cell incubation.
Moreover, the most abundant compounds differ according to
the treatment. After digestion, quercetin-3,4'-di-O-glycoside,
cyanidin-3-O-glycoside and rutin prevail, whereas chlorogenic
and gallic acids are more abundant following incubation, as
previously verified. In both cases, cyanidin was not detected. In
a study developed by Rubi6 et al.*® the effect of in vitro
digestion on the bioaccessibility of phenolic compounds
present in thyme-flavored olive oil, using Caco-2 and HepG-
2 cell models, was evaluated. The results indicated that the
bioaccessibility of the compounds increased when the extracts
were digested. An increase in the passage of flavonoids by the
cell barrier was also observed after digestion. These results are
in agreement with those obtained in the present work, because
there was also an increase in the passage of the compounds by
the cellular monolayer during the digestion of the extract. In
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contrast, the non-digested compounds (phenolic extract) had a
much lower absorption rate.

Another study developed by Toydemir et al.** evaluated the
bioavailability of epicatechin and cyanidin-3-O-glycoside in
acid cherry (Prunus cerasus L.) and its juice, using cell
incubation with Caco-2 cells and subsequent quantification by
HPLC—FLD. These authors verified that after the passage by
the cell monolayer, of both juice and fruit, the concentration of
the target compounds was lower. This corroborates the
previous comparison, because the same decrease was verified.

Still in another work published by Fazzari et al.,** an in vitro
digestion in extracts of different cultivars of cherries was
simulated, and a dialysis membrane was used to simulate the
intestinal wall. One side of the membrane was given the name
“accessible to the serum” and the other “accessible to the
colon”. It was found that the percentage of phenolic
compounds passing through the membrane and traveling to
the “serum accessible” side was much lower than on the
opposite side. Again, these results are in agreement with the
above, which leads to believe that phenolic compounds can
cross the cell monolayer that simulates the intestinal
epithelium. However, during this process, some of these
substances are lost or cannot cross the aforementioned
monolayer, reflecting these compounds in a smaller amount
in the compartment that simulates the access to the blood
stream.

Evaluation of the Antioxidant Activity of the Extracts
after Digestion in Vitro and after Cell Incubation. The
analysis of the antioxidant activity of the extracts after each in
vitro digestion step and of the aliquots collected after the
incubation of the phenolic and digested extracts was performed
by 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay (Table S).

Table 5. Antioxidant Activity of the Extracts after the
Various Digestion Steps (Mean + SD)

sample % inhibition
phenolic extract 83.18 £ 0.21
salivary digestion extract 4128 + 047
gastric digestion extract 7240 + 0.03
duodenal digestion extract 63.23 + 0.01

On the basis of the results obtained, it was verified that the
antioxidant activity is maximum in the fruit extract of P. avium
L. before it undergoes any digestion process, decreasing to
approximately half after salivary digestion. In gastric digestion,
there is a new increase in the percentage of inhibition of
DPPH, and consequently of antioxidant activity, which
decreases slightly in duodenal digestion. In contrast, all
aliquots collected after incubation of the extracts with the
cell culture, regardless of the elapsed time, did not demonstrate
antioxidant activity.

The results concerning the antioxidant activity obtained for
the aliquots collected during the digestive process can be
explained by the variation of the phenolic content during in
vitro digestion observed previously. Concerning the evaluated
polyphenols, quercetin-3,4’-di-O-glycoside and cyanidin-3-O-
glycoside remained constant during salivary and gastric
digestion, and decreased only during duodenal digestion. In
contrast, p-coumaric acid increased during duodenal digestion.
Rutin, gallic, and chlorogenic acids remained constant during
all digestion process. The concentration of quercetin increased
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in the duodenal digestion because of the cleavage of the O-
glycoside moiety.

These results are in agreement with those obtained by
Fazzari et al.”> and Toydemir et al.** As mentioned previously,
the phenolic concentration after passage through the cell
monolayer decreases substantially, so the antioxidant activity in
these aliquots will also be lower, reflected in a smaller, or in
this case nonexistent, percentage of inhibition of the DPPH
radical.

The percentage of each compound passing through the cell
monolayer was also determined, based on the relative values of
the concentration of each compound in the phenolic extract

(Table 6).

Table 6. Percentage of Each Compound, Present in
Digestive Extract, That Crosses the Cell Monolayer Relative
to the Initial Composition of the Extract

quantity of compound that crosses the cell

compound monolayer (%)
gallic acid 5.716
p-coumaric acid 0.097
epicatechin 0.370
rutin 0.077
chlorogenic acid 1.831
quercetin-3,4’-di-O-glycoside 0.027
cyanidin-3-O-glycoside 0.030

It is possible to observe that only a very small percentage of
each compound crosses the cell monolayer and becomes
bioavailable. As expected, the less-absorbed compounds were
the glycosides (rutin, quercetin-3,4’-di-O-glycoside, and
cyanidin-3-O-glycoside), possibly because of their size. The
gallic and chlorogenic acids were the most transported. Again,
these results corroborate those verified in the measurement of
the antioxidant activity, justifying the difference of values
obtained before and after the incubation of the extracts with
the cellular monolayer.

B CONCLUSIONS

Overall, the content of phenolic compounds remains
unchanged during the digestive process, with the exception
of glycosides, which undergo a significant transformation. After
the simulated digestion process, the polyphenols detected and
identified in the extracts of cherries were able to be absorbed
by the cell barrier, becoming bioavailable. However, these same
compounds were present in very small concentrations, not
demonstrating any antioxidant activity. The same had not
occurred before passage through the cell monolayer.
Conversely, when the same cherry extract not subjected to
digestion was placed in contact with the same cell layer, only
quercetin-3,4’-di-O-glycoside was able to cross and become
bioavailable. Therefore, digestion is an indispensable process
for the absorption to take place, and without it, the phenolic
content of the food matrix does not become bioaccessible.
The present work also allowed the verification that after
cellular incubation with the phenolic extract, the integrity of
the cellular monolayer was modified and its permeability
increased. The same was not verified after incubation with the
extract that underwent the digestive process. This suggests that
the compounds that interfere with the intercellular junctions
present in the crude extract, after the digestive process,
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Figure 2. Chromatogram of the studied phenolic compounds.
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undergo modifications, being transformed into smaller ones,
which in turn fail to affect cellular integrity and permeability.

However, the present work is only an in vitro test, and
therefore, all conclusions should be considered with caution.
Thus, future investigations are required, namely, using cellular
cocultures, of this and another cell line, so that a more realistic
approximation of the intestinal epithelium is possible and to fill
its flaws and disadvantages. Subsequently, in vivo assays should
also be performed in order to confirm the results previously
obtained.

B MATERIALS AND METHODS

Chemicals and Materials. The analytical standards
cyanidin, quercetin-3,4'-di-O-glycoside, and cyanidin-3-O-
glycoside were purchased from Extrasynthese (Genay Cedex,
France). The remaining standards, namely, quercetin, gallic
acid, p-coumaric acid, rutin, epicatechin, and chlorogenic acid,
were obtained from Sigma-Aldrich (Sintra, Portugal). DPPH
and Lucifer Yellow were also obtained from Sigma-Aldrich
(Sintra, Portugal).

The mobile phase and remaining solutions were prepared
with acetonitrile and methanol (HPLC grade) from Laborspirit
(Lisbon, Portugal) and Fischer Chemical (Loughborough,
UK), respectively. Trifluoracetic acid and hydrochloric acid
were purchased from Sigma-Aldrich (Sintra, Portugal).
Deionized water was obtained from a Milli-Q System
(Millipore, Billerica, MA, USA).

Stock and Working Solutions. Individual stock solutions
of the analytes (for HPLC analyses) were prepared at 1 mg/
mL in methanol. The phenolic extract was prepared at 0.12 g/
mL in Roswell Park Memorial Institute (RPMI) medium
(purchased from Sigma-Aldrich, Sintra, Portugal). Working
solutions were prepared with serial dilutions in methanol. All
solutions were stored at temperatures recommended by the
manufacturer and protected from light.

Cherry Fruit Samples. In the present work, the studied
cultivar was Saco, typical from the region of Fundao
(Portugal). These cherry samples were kindly offered by
Cerfundao—packagers and marketers of cherries from Cova da
Beira, Lda. The cherries were processed immediately after
harvest.

Preparation of Cherry Samples. 200 g of fresh cherry
were weighed and frozen at —80° C for 24 h. A lyophilization
process was then carried out for 60 h using a system Savant
Novalyphe-NLS00 (Holbrook, USA). Starting from the
lyophilized fruit, an extraction process was carried out directed
to the phenolic compounds. Acidified methanol with 0.1% HCI
was used, using a ratio of 1 g of lyophilized fruit to 20 mL of
solvent. The sample was placed in a thermostatic bath for 2 h
at a temperature of 35° C and shaking at 64 rpm. This
extraction process was repeated twice. Subsequently, the
extract was centrifuged for 20 min at 4000 rpm. The solvent
was further evaporated, under reduced pressure (130 mbar)
and temperature of 35° C. The obtained extract was preserved
at 4° C and protected from light until its use. The samples of
cherry were lyophilized, after which they were diluted with
acidified methanol with 0.1% HCIL. Different dilution factors
were studied in order not to saturate the signal of the studied
compounds (1:25; 1:12,5; 1:6.25, and 1:3.125). The most
appropriate dilution factor (1:6.25) was also selected for the
posterior characterization of the extracts.

In Vitro Simulation of Human Digestion Process. The
in vitro digestion assay followed a previously described
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methodology; however, some modifications were applied.'”"*

Briefly, the salivary fluid had in its constitution potassium
chloride, monosodium phosphate, sodium sulfate, sodium
chloride, sodium bicarbonate, urea, a-amylase, mucin, and uric
acid. The gastric fluid consisted of sodium chloride,
monosodium phosphate, potassium chloride, calcium chloride,
ammonium chloride, hydrochloric acid, glucose, urea, pepsin,
mucin, and bovine serum albumin. The duodenal fluid
consisted of a mixture of sodium chloride, sodium bicarbonate,
potassium dihydrogen phosphate, potassium chloride, magne-
sium chloride, hydrochloric acid, urea, calcium chloride
dihydrate, bovine serum albumin, pancreatin, and lipase.
Finally, the bile fluid had in its composition sodium chloride,
sodium bicarbonate, potassium chloride, hydrochloric acid,
urea, calcium chloride dihydrate, bile, and bovine serum
albumin. For the assay, 1 g of cherry extract was dissolved in 10
mL deionized water; then, 6 mL simulated salivary fluid (pH
6.8) was added. The solution was incubated at 37 °C for S min
while orbital shaking at 90 rpm. The next step of the assay was
performed by adding 12 mL simulated gastric fluid (pH 1.3)
followed by an incubation period of 2 h at 37 °C.
Subsequently, 12 mL simulated duodenal fluid (pH 8.1),
with 6 mL simulated biliary fluid (pH 8.2) and 2 mL sodium
bicarbonate solution (1 M), was added, maintaining the same
temperature and shaking for 2 h. Aliquots were collected at the
end of each digestive step. In the entire digestive process, the
pH was measured, being the physiologic value maintained.
Also, a pH gradient was maintained between the apical and
basal side (6.5 apical, 7.5 basal) in order to achieve the
transport of cyanidins and other phenolics. Prior to the HPLC
analysis, these aliquots were sonicated at 4 °C in an ice bath for
30 min. Subsequently, they were centrifuged for 10 min at 10
000 rpm to facilitate the separation of the components and
purification of the sample. Afterward, the supernatant was
collected and filtered on a 0.22 pm cellulose acetate pore filter
and then quantified, with measurement of antioxidant activity
and cell incubation.

It is also important to mention that in this work a parallel
artificial membrane permeability assay test was performed,
which is the most correct and similar way to mimic what
happens physiologically.

Instrumental and Chromatographic Conditions. The
quantification of the phenolic compounds was performed on
an HPLC system 1290 with a binary pump coupled to DAD
from Agilent technologies (Soquimica, Lisboa, Portugal). The
compounds were separated with an Eclipse Plus C18 (3.5 ym,
4.6 X 100 mm) analytical column from Agilent Technologies
(Soquimica, Lisboa, Portugal). Gallic acid and epicatechin
were detected at 280 nm; quercetin-3,4'-di-O-glycoside, p-
coumaric, and chlorogenic acids at 320 nm; rutin and
quercetin at 360 nm; and cyanidin and cyanidin-3-O-glycoside
at 520 nm (Figure 2). The mobile phase was composed of
0.1% trifluoroacetic acid in water (A) and acetonitrile (B). A
gradient elution system was applied at a flow rate of 0.5 mL/
min. The gradient elution process included 10% A (0—3 min),
15% A (3—1S min), 15% A (15—20 min), 18% A (20—2S
min), and finally 30% (25—40 min). The injection volume was
20 pL. The column and sampler temperatures were set to 35
and 4 °C, respectively.

DPPH-Free Radical Scavenging Assay. The method
used to evaluate the antioxidant activity was DPPH assay and
followed a methodology previously described.”® In this assay,
100 pL of each sample (digested fractions, aliquot cell
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incubation, and phenolic extract) was added to 3.9 mL of a 0.1
mM DPPH methanolic solution. A blank (methanol only) and
a control (100 uL methanol +3.9 mL DPPH) were also
prepared.

The samples were shaken and kept in the dark at room
temperature for 15 min. After this time, the absorbances were
measured at 517 nm, using an UV—vis spectrophotometer
(Helios Omega, Thermo Scientific, USA). The assays were
performed in duplicate, and the percentage of inhibition of
DPPH-free radical by the samples (% inhibition) was
determined using the following equation:

absorbance of control — absorbance of sample
X 100

(1)

Cell Culture. Caco-2 cell line was cultured in RPMI
medium supplemented with 10% FBS and 1% mixture of
antibiotics and subsequently incubated at 37 °C in a
humidified atmosphere containing 5% CO,. The cells were
seeded onto a culture insert at a cell density of 6 X 10* cells.
Cells were used for the experiment with passages between 30
and 34 and after a 21-day period to form the confluent
monolayer. The volume of the culture medium was 0.5 mL in
the apical chamber and 1.5 mL in the basolateral chamber, and
it was changed every 48 h.

After 21 days, 500 uL of phenolic extract and digested
extract were placed in contact with the cell monolayer in the
apical chamber. After 0.5, 1, 2, 4, and 6 h, aliquots of 250 L
were collected in the basolateral chamber. The collected
aliquots were used for quantification of the phenolic
compounds by HPLC and for evaluation of the antioxidant
activity. All assays were done in quadruplicate.

MTT Cell Viability Assay. In order to determine the
cytotoxic effects of the extracts in the Caco-2 cell line, the cell
viability was assessed by the MTT assay after 6 h of incubation.
The procedure is similar to that used by our research group.*
A Bio-Rad xMark microplate reader spectrophotometer was
used, and the absorbance was read at 570 nm. Each experiment
was performed in quadruplicate, using a control consisting of
untreated cells.

TEER Assay. The transepithelial electrical resistance
(TEER) was used to monitor the integrity of the cell layer
and the alterations of the tight junctions. Before and after the
bioavailability studies, TEER was measured in each well, using
a transepithelial resistance meter (EVOM2). The electrode was
placed in a tube with culture medium for equilibration. Only
then the TEER measurement began by placing the electrode
into each well. The shortest part remained in the apical
chamber, whereas the longest in the basolateral chamber,
making an angle of approximately 90°. This procedure was
repeated in triplicate throughout the 12-well culture plate, and
the TEER was determined using the following equation

% inhibition =

absorbance of control

TEER value = (mean of the resistances of each well

— mean resistances of blank) X insert area

)

Lucifer Yellow Permeability Assay. The evaluation of
the permeability characteristics of the cells can be performed
by measuring passive passage of different molecules through
the monolayer. The passage of compounds, such as Lucifer
Yellow, through the tight junctions was also used to check the
integrity of the barrier and to determine whether a test
compound disrupts the integrity of the monolayer by
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increasing permeability. In this work, the Lucifer Yellow
assay was performed after bioavailability studies. For this, the
medium was removed into both chambers bounded by the
insert. 500 4L of the Lucifer Yellow solution was placed in the
apical chamber and 1.5 mL of the HBSS (Hank’ balanced salt
solution) buffer in the basolateral chamber. The culture plate
was incubated for 1 h, and after that time, 200 yL of each
basolateral chamber was pipetted into another 96-well culture
plate. A blank (only with HBSS buffer) and a positive (Lucifer
Yellow 0.1 mg/mL) control were added to the same plate.
Fluorescence was measured at 485 nm (excitation) and 535
nm (emission) using a spectrofluorimeter.

The percentage of permeability was calculated based on the
following equation

% permeability =
mean of fluorescence of each well — fluorescence of blank % 100
fluorescence of positive control — fluorescence of blank
(3)

Statistical Analysis. The results are expressed as mean
values with standard deviations (SD). The values represented
were obtained by ¢-Student test considering statistically
significant values of p < 0.05 (*).
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