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Abstract Berries possess structurally diverse polyphe-
nols that may have different effects on their antioxidant
properties; a combination of various berries may exhibit
additive, synergistic, or antagonistic interactions between
their different bioactive compounds. Even if this kind of
interactions between the antioxidant properties of green tea
polyphenols and other plant-derived foods has already been
studied, in what concerns berries and their major polyphe-
nols, such study has not yet been undertaken. Therefore, the
goal of this work was to study the individual antioxidant
activity of 19 selected major polyphenols from the most
consumed berries as well as the activity of the mixtures
resulting from the 171 possible combinations between them
using 2 in vitro model systems. It was observed that 2.92%
of the mixtures presenting synergistic effects in scavenging
DPPH free radicals were composed by cyanidin, and 2.34%
composed by cyanidin-3-O-glucoside. These results indi-
cate that cyanidin, a common anthocyanin present in ber-
ries, is responsible for the enhancement of the radical scav-
enging properties of other berries’ polyphenols.
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Introduction

Members of the families Rosaceae (strawberry, raspberry,
blackberry) and Ericaceae (blueberry, cranberry) are the
most consumed types of berries, and are among the species
with more bioactive compounds, allowing their classifica-
tion as functional foods [1, 2]. The bioactive compounds
found in berries are mainly polyphenols such as anthocya-
nins, which are plant pigments that can be either red or pur-
ple, and are often present in the form of glycosides [3]. The
type and content of polyphenols differ among the varieties
of berries, and depend on climatic and cultivation condi-
tions, as well as the timing of the harvest [3]. The biologi-
cal activities and health-related benefits of polyphenols are
well known and documented, particularly their antioxidant
properties [4, 5]. Moreover, the intake of berries has been
associated with the decrease of blood pressure, inhibition
of platelet aggregation, improvement of plasma lipid profile
and endothelial function [6, 7].

Since berries possess structurally diverse polyphenols
that may have analogous, overlapping, or diverse but com-
plementary effects in their antioxidant properties, a combi-
nation of various berries may exhibit additive, synergistic,
or antagonistic interactions between their different bioac-
tive compounds. These effects may also occur when differ-
ent polyphenol-rich foods are ingested simultaneously, for
example, tea, wine, pomegranate and grapes [8]. An addi-
tive effect is observed when a combination of compounds
provides the sum of the effects of the individual ones by
themselves; a synergistic effect occurs when the obtained
effect is greater than the sum of the individual compounds;
an antagonistic effect happens when the sum of the effects
is lesser than the mathematical sum predicted for the indi-
vidual components in the mixture [8]. This kind of interac-
tions in the antioxidant properties of green tea polyphenols
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and other plant-derived foods has already been widely stud-
ied [8—10]. For example, the antioxidant synergistic effects
of Osmanthus fragrans flowers with green tea and their
major contributed antioxidant compounds were undertaken,
being observed that significant synergistic effect between
O. fragrans flowers and green tea occurred [11]. Among the
combinations, acteoside and gallic acid contributed most
to the antioxidant synergy between O. fragrans flowers
and green tea [11]. The combination of chemoprevention
with grape polyphenols was also evaluated and recently
reviewed [12]. More recently, the association between the
antioxidant capacity of blackberry extracts with their dif-
ferent phytochemical compositions was studied [13], being
concluded that diverse antioxidant capacities can result
even when total polyphenols is similar [13].

The study of the effects on antioxidant activity result-
ing from the interactions between the major polyphenols
of berries, to our knowledge, remains yet to be undertaken.
For this reason, the general aim of this work is to study
the individual antioxidant activity of 19 selected major
polyphenols of the most consumed berries as well as that
of the mixtures resulting from the 171 possible combina-
tions between them using 2 in vitro model systems. The
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scaveng-
ing assay and P-carotene bleaching test were employed to
determine the additive, synergistic and antagonistic anti-
oxidant interactions between berries’ major polyphenols.
Furthermore, this work will allow to know which polyphe-
nols are responsible for the antioxidant properties of berries
and which combinations result in the enhancement of the
observed antioxidant activity in berries. In addition, and to
predict the effects on antioxidant activity resulting from the
interactions between polyphenols in the mixtures, a math-
ematical model will be developed based on a multinomial
logistic regression.

Materials and methods
Compounds

Naringin, pelargonidin-3-O-rutinoside chloride, cyanidin
chloride and cyanidin-3-O-glucoside chloride were pur-
chased from EXTRASYNTHESE (France). Pterostilbene
and pinosylvin were obtained from Sequoia Research Prod-
ucts Ltd. (United Kingdom), and resveratrol and (—)-epicat-
echin were supplied from TCI Europe N.V. (Belgium), and
Fluka (Portugal), respectively. Quercetin, rutin, gallic acid,
vanillic acid, caffeic acid, ferulic acid, ellagic acid, chloro-
genic acid, syringic acid, p-coumaric acid, and (+)-catechin
were provided by Sigma-Aldrich (USA). Stock solutions of
the individual compounds (0.5 and 1 mM) were prepared in
methanol (Sigma-Aldrich, USA).
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Mixtures of compounds

The mixtures of the individual compounds were prepared
by mixing 600 pL of each stock solution at 1 mM, result-
ing in combinations of compounds in equimolecular pro-
portions (1:1 v/v) at a final concentration of 0.5 mM for
each compound in the mixture.

Antioxidant activity evaluation
DPPH free radical scavenging assay

The DPPH free radical scavenging assay was used to
evaluate the antioxidant activity of the individual com-
pounds as well as of the mixtures [14, 15]. Briefly,
100 pL of each individual compound (0.5 mM) was added
to 3.9 mL of a 0.1 mM DPPH (Sigma-Aldrich, USA)
methanolic solution. These 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 a
UV-Vis spectrophotometer (Helios—Omega, Thermo Sci-
entific, USA). The assays were performed in triplicate,
and the percentage of inhibition of DPPH free radical
by the samples (% Inhibition) was determined. The same
procedure was followed to determine the % Inhibition of
the mixtures of compounds [9].

The Experimental Scavenging Capacity (ESC) of the
individual compounds and mixtures was calculated using
the following equation:

(Asample _Ablank) x 100
A b

control

ESC =100 — (1)

where A, is the absorbance of the sample after the reac-
tion with DPPH, A, is the absorbance of the methanolic
solutions of polyphenols or its mixtures, and A | is the
absorbance of the control sample [9].

The Theoretical Scavenging Capacity (TSC) was only
determined for the mixtures, and is defined as the sum of the
individual scavenging capacities of each compound present
in the mixtures, calculated using the following equation:

ESC, x ESC,
100 > @)

contro!

mixture

TSC =U$Q+Emg—<
where ESC, and ESCj are the ESC values of the each indi-
vidual polyphenol in the mixture [9, 16].

p-Carotene bleaching test

The p-carotene bleaching test was also employed to
evaluate the antioxidant properties of the samples [17].
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After the preparation of a p-carotene (Sigma-Aldrich,
USA) solution (20 mg/mL in chloroform), 500 pL was
added to 40 pL of linoleic acid (TCI Europe N.V., Bel-
gium), 400 pL of Tween 40 (Riedel-de Hien, Germany)
and 1 mL of chloroform (Scharlab, Spain). The chlo-
roform was then removed under vacuum (45 °C) and
100 mL of oxygenated distilled water was added to the
mixture to form an emulsion. Five mL of this emulsion
was transferred into test tubes containing 300 pL of
each individual compound (0.5 mM) or 300 pL of the
mixtures. Finally, the tubes were shaken and placed at
50 °C in a water bath for 1 h. The absorbances of the
samples were measured at 470 nm, using a UV-Vis
spectrophotometer (Helios—-Omega, Thermo Scientific,
USA). The measurements were carried out in triplicate
at initial time (z = 0 h) and at final time (t = 1 h). The
antioxidant activity was measured in terms of percent-
age of inhibition of B-carotene’s oxidation (% Inhibi-
tion) [14, 18].

The calculation of ESC of the individual compounds
and mixtures, and TSC of the mixtures was performed
as described in the DPPH free radical scavenging assay
(Egs. 1 and 2).

Calculation of the effects on antioxidant activity
between polyphenols in the mixtures

The effects of the combinations between polyphenols in
the mixtures were calculated as Synergistic Effects (SE),
defined as the ratio of the obtained antioxidant activity
in the mixtures (ESC, ;) and the expected antioxidant
activity (TSC ), as follows:

ESC

SE = mixture )
TSC )

mixture

mixture

The occurrence of synergistic interactions was con-
sidered if the SE was higher than 1 (SE >1), antagonistic
effect was considered when SE was lower than 1 (SE <1),
and additive effect was confirmed when SE was approxi-
mately 1 [9, 16].

Statistical analysis

The data were analyzed using the statistical program SPSS
version 24. The 95% confidence interval (CI) for the mean
was calculated for all cases. One-way analysis of variance
(ANOVA) was undertaken to test for significant differ-
ences among means (p < 0.05 was considered significant).
Furthermore, synergistic, or antagonistic effects were only
assigned if there were significant differences (p < 0.05)
between the mean values of ESC and TSC

mixture mixture*

Multinomial logistic regression

To predict the antioxidant activity between polyphenols in
the mixtures (categorical dependent variable), a multino-
mial logistic regression was developed, considering that in
each mixture the total number of hydroxyl groups, aromatic
rings, carboxyl groups, carbonyl groups and double bonds
in the linear chain, is independent variables that are known
to contributing to the antioxidant properties. This math-
ematical model was developed using the SPSS version 24
software.

Quality assurance/quality control (QA/QC)

In this work, to ensure the quality assurance (QA), the
methods employed (DPPH free radical scavenging assay
and f-carotene bleaching test) were previously vali-
dated considering the Harmonized Guidelines for Inter-
nal Quality Control in Analytical Chemistry Laboratories
from International Union of Pure and Applied Chemistry
(IUPAC) [19], to evaluate the antioxidant properties of sev-
eral types of matrixes, being extensively documented, and
widely used by the international scientific community.

In what concerns the quality control (QC), it involves
the practical steps undertaken to ensure that errors in ana-
lytical data are of a magnitude appropriate for the use to
which the data will be put [19]. In the present work, the QC
was performed, using strict statistical control of the data
obtained, as described previously, being the measurements
repeated at least three independent times. The use of ref-
erence materials was implicit, since the pure polyphenolic
compounds under investigation were the ones used as refer-
ence compounds.

In general, the limit of detection (LOD) is taken as the
lowest concentration of an analyte in a sample that can be
detected, but not necessarily quantified, under the stated
conditions of the test [20]. The limit of quantitation (LOQ)
is the lowest concentration of an analyte in a sample that
can be determined with acceptable precision and accu-
racy under the stated conditions of test [20]. As it was said
previously, the methods now used were previously imple-
mented according to these requirements.

Results and discussion

Polyphenols are the main bioactive compounds present
in berries that could potentially lead to health benefits in
humans [21]. In the present work, the antioxidant activity of
19 selected major polyphenols of the most consumed ber-
ries was evaluated. Additionally, the antioxidant properties
resulting from the interactions between those polyphenols
were also studied. Two different methods were employed
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to measure the antioxidant activities of the individual poly-
phenols as well as of the mixtures between them, because
the specificity and sensitivity of a single method would
not guarantee a reliable assessment of all types of antioxi-
dant properties [8]. Finally, a multinomial logistic regres-
sion was developed to explain the relationship between the
antioxidant properties of the mixtures and the independent
variables, total number of hydroxyl groups, aromatic rings,
carboxyl groups, carbonyl groups and double bonds in the
linear chain.

Antioxidant properties of the individual polyphenols

Table 1 summarizes the antioxidant properties, expressed
as % Inhibition, of the 19 polyphenols measured by the 2
methods for testing the antioxidant activity.

Regarding the results of DPPH free radical scaveng-
ing assay, gallic and ellagic acids are the compounds with
the best antioxidant activity, presenting 97.48 + 0.11 and
94.95 + 0.12%, respectively, of inhibition of DPPH free
radical (Table 1). Otherwise, vanillic acid, p-coumaric
acid and naringin presented residual activity, near 0%, in
scavenging the DPPH free radicals (Table 1). Addition-
ally, flavonols, like quercetin and rutin, resulted in 78%
of DPPH free radical inhibition, a result that is similar to

Table 1 Antioxidant properties of the individual compounds

Compounds (0.5 mM) % Inhibition (95% confidence interval)

DPPH free radical p-Carotene

scavenging assay

bleaching test

Quercetin 78.28 + 0.71%" 60.72 + 1.37!
Rutin 78.70 + 0.42" 22.64 +0.12¢
Gallic acid 97.48 + 0.05! 19.67 + 0.81°%
Vanillic acid 1.29 + 0.39° 9.76 + 0.70°
Caffeic acid 59.86 + 0.00" 24.26 + 0.71¢
Ferulic acid 25.58 + 0.76° 14.04 + 0.75
Ellagic acid 94.95 + 0.06! 41.98 + 1.05¢
Chlorogenic acid 33.80 + 0.41¢ 15.65 + 0.92°¢
Syringic acid 71.78 +0.71&" 21.77 + 0.46%
p-Coumaric acid 0.88 + 0.35* 1.66 + 0.08*
Resveratrol 24.94 4 0.25° 52.50 + 0.30"
Pterostilbene 6.33 £ 0.83° 23.57 + 0.73°F
Pinosylvin 6.80 + 0.60° 9.72 + 1.09°
(—)-Epicatechin 74.89 + 0.37¢ 23.74 + 1.21°F
(+)-Catechin 77.99 + 0.598" 27.68 + 0.54°
Cyanidin 40.08 + 0.27% 62.93 + 0.33!
Cyanidin-3-O-glucoside 44.99 + 0.89° 28.71 + 0.87"
Pelargonidin-3-O-rutino- 21.73 £ 0.38¢ 11.84 + 0.26°
side
Naringin 0.00 + 0.00* 3.93 + 0.66"

Mean values in a column with different letters are significantly differ-

ent (p < 0.05)
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those obtained with syringic acid, (—)-epicatechin, and
(4+)-catechin, compounds that belong to the same statistical
group (Table 1). The antioxidant properties of gallic acid,
and particularly its ability to scavenge free radicals, have
already been exhaustively studied and documented, since
this compound is considered one of the major phenolic
acids present in plant-derived products [1, 22]. This abil-
ity is mainly linked to the presence of 3 hydroxyl groups,
which can easily and rapidly donate an hydrogen atom to
the free radical, leading to the formation of a non-radical
chemical structure. Moreover, the small and simple molec-
ular structure of gallic acid means that it does not shield
the hydrogen atoms of its hydroxyl groups, making easier
its donation to the free radical. Ellagic acid is chemically
characterized as a natural dimeric derivative of gallic acid
and is found in fruits, namely berries and pomegranates
[23]. It has 4 hydroxyl groups that are not blocked and can
react with the free radicals, conferring this compound its
relevant antioxidant properties. In what concerns the results
of flavonols (quercetin and rutin), the presence of several
hydroxyl groups on phenolic A and B rings, together with
the carbonyl group on the heterocyclic C ring, gives these
compounds the ability to react with free radicals, donating
a hydrogen atom or even an electron, due to the delocaliza-
tion of the electrons in those molecules. Quercetin has an
identical number of hydroxyl groups in the same positions
as (+)-catechin and contains in addition the 2,3-double
bond in the C ring and the 4-oxo function, which explains
the results of the antioxidant properties of these compounds
[24]. Vanillic acid, p-coumaric acid and naringin showed
residual capacity to scavenge DPPH free radicals, which is
explained by the low number of hydroxyl groups present in
vanillic and p-coumaric acids and by the complexity of the
chemical structure of naringin, disabling them from donat-
ing a hydrogen atom to the free radicals.

Concerning the results of -carotene bleaching test, cya-
nidin and quercetin showed the best antioxidant properties,
opposing to what was observed to p-coumaric acid and nar-
ingin (Table 1). The B-carotene bleaching test is an indirect
measure of the inhibition of lipid peroxidation by the com-
pounds. This inhibition may occur in different moments: in
the Initiation step of lipid peroxidation, inhibiting the oxi-
dation of linoleic acid molecule, and thus the generation of
highly reactive allyl and lipid peroxyl radicals; in the Prop-
agation step, inhibiting the production of lipid hydroper-
oxides; in the Branching step, inhibiting the breakdown of
lipid hydroperoxides; or, in the Termination step, inhibiting
the combination of radicals [25]. This variety of inhibition
pathways may explain the different results obtained in the
2 methods for testing the antioxidant properties of the ber-
ries’ polyphenols.

Cyanidin with the central anthocyanidin C ring, that
allows conjugation, presented approximately the same
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antioxidant activity as quercetin, measured with the
B-carotene bleaching test (Table 1). This demonstrates the
importance of the unsaturation in the C ring and allows
electron delocalization across the molecule for stabilization
of the aryloxyl radical, as it was also previously described
[24]. The glycosylation of flavonoids reduces their activ-
ity when compared to the corresponding aglycones [24].
Blocking the 3-hydroxyl group in the C ring of quercetin
as a glycoside, as in rutin (or quercetin-3-O-rutinoside),
decreases its antioxidant activity, measured by this method
(Table 1).

The results obtained in the present work allow to con-
clude that the diverse antioxidant properties of berries are
due to the presence of quercetin, rutin, gallic acid, ellagic
acid, syringic acid, (—)-epicatechin, (+)-catechin and cya-
nidin, indicating the potential use of these fruits as func-
tional foods for the prevention and/or treatment of oxidative
stress-related diseases in humans.

Effects on antioxidant activity resulting
from the interactions between polyphenols
in the mixtures

Table 2 indicates the antioxidant activities resulting from
the interactions between polyphenols in the mixtures.

DPPH free radical scavenging assay

It was observed that 2.92% of the mixtures presenting syn-
ergistic effects in scavenging DPPH free radicals were com-
posed by cyanidin; and 2.34% composed by cyanidin-3-O-
glucoside (Table 2). In contrast, 9.36% of mixtures with
antagonistic effects possess pelargonidin-3-O-rutinoside
(Table 2). These interesting results indicate that cyanidin, a
common anthocyanin present in berries [26], is responsible
for the enhancement of the radical scavenging properties of
other berries’ polyphenols, contrariwise to the effects of pel-
argonidin-3-O-rutinoside. Pelargonidin-3-O-rutinoside con-
fers to the mixtures antagonistic effects because of its large
chemical structure that makes the interactions with the other
polyphenols in the mixtures more difficult. In contrast, cyan-
idin and its glycosylated form are the compounds responsible
for the synergistic interactions, which must be highlighted,
since berries are known to possess high concentrations of
these compounds, which also may explain the strong antioxi-
dant properties of these fruits [27]. The antioxidant activity
of the anthocyanins can be attributed to the reducing power
of the O-dihydroxy structure in the B ring [24].

As it was mentioned previously, gallic acid was the
compound with the highest ability to scavenge the DPPH
free radicals; however, when it was mixed with other com-
pounds, namely phenolic acids, stilbenes and catechins,

the resulting antioxidant activity of the mixtures decreased
significantly (Table 2). Similar results were found for the
mixtures of other phenolic acids, namely caffeic and ferulic
acids (Table 2). These findings show that the compounds in
the mixtures are interacting, making difficult the donation
of a hydrogen atom to the DPPH free radicals. The com-
pounds in the mixtures may be linked by hydrogen bonds,
blocking the ability of the hydrogen atoms of the hydroxyl
groups to leave its original position in the molecule to sta-
bilize the radical structure of DPPH.

p-Carotene bleaching test

In contrast to the results obtained in the DPPH free radi-
cal scavenging assay, in which cyanidin and cyanidin-3-O-
glucoside contributed significantly to the occurrence of
synergistic effects in the mixtures, in the p-carotene bleach-
ing test, 18.72% of the mixtures with antagonistic effects
were the ones composed by those 2 compounds (Table 2).
Ellagic acid was the tested polyphenol that contributed
most to the synergistic effects, being present in 7.02% of
mixtures with synergism (Table 2). These apparent con-
flicting results are explained by the different antioxidant
properties of the compounds, which reinforce the impor-
tance of using different methods to evaluate the antioxidant
activity of the samples.

Another surprising result was the synergistic effects
observed in the mixtures composed by naringin and
quercetin, or rutin, or resveratrol, or (+)-catechin, or pelar-
gonidin-3-O-rutinoside (Table 2). Naringin alone presented
3.93 + 1.40% of inhibition of linoleic acid oxidation; how-
ever, when it was mixed with one of the above-mentioned
compounds, it was able to produce synergistic effects
(Tables 1, 2). This can possibly be explained by the molec-
ular interactions on those mixtures, protecting the linoleic
acid from the oxidation. Naringin is a flavanone glycoside;
2 rhamnose units are attached to its aglycone portion, nar-
ingenin, at the 7-carbon position [28]. Both these com-
pounds are considered to be antioxidants; however, nar-
ingin is less potent compared with naringenin because the
sugar moiety in the former causes steric hindrance of the
scavenging group [28].

More mixtures with synergistic effects by this method
were obtained (Table 2), probably due to the different anti-
oxidant mechanisms exerted by the compounds. The lipid
peroxidation is a more complex process than the chemical
reaction between the DPPH free radicals and the antioxi-
dant compounds.

The results clearly show that berries’ polyphenols could
inhibit the lipid peroxidation and when in combination they
interact favorably to protect the oxidation of linoleic acid
molecules.
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Table 2 Antioxidant activities resulting from the interactions between polyphenols in the mixtures

Mixtures of compounds (A + B)

DPPH free radical scavenging assay

B-Carotene bleaching test

Compound A (0.5 mM) Compound B (0.5 mM) SE 95% C1 Effect SE 95% C1 Effect
Quercetin Rutin 0.97 £ 0.00 - 0.88 +0.01 Antagonistic
Gallic acid 0.94 + 0.00 - 0.92 + 0.00 -
Vanillic acid 0.95+0.01 Additive 1.13 £ 0.02 Additive
Caffeic acid 1.00 £ 0.01 Additive 0.92 +£0.02 Additive
Ferulic acid 0.87 +£0.02 Additive 0.94 +0.01 Additive
Ellagic acid 0.93 +0.00 - 1.00 £ 0.01 Additive
Chlorogenic acid 1.09 +0.01 Additive 0.96 + 0.01 Additive
Syringic acid 0.95 + 0.00 Antagonistic 0.89 + 0.00 -
p-Coumaric acid 0.86 + 0.02 Additive 1.02 +0.02 Additive
Resveratrol 1.01 +0.02 Additive 0.82 + 0.01 Antagonistic
Pterostilbene 0.99 + 0.01 Additive 0.85 +0.01 Antagonistic
Pinosylvin 1.10 = 0.05 Additive 0.93 +0.02 Additive
(—)-Epicatechin 0.99 + 0.00 - 0.83 +0.02 Additive
(+)-Catechin 0.99 + 0.00 Additive 0.87 +0.00 -
Cyanidin 1.03 + 0.00 Additive 0.63 +0.01 Antagonistic
Cyanidin-3-O-glucoside 1.07 £ 0.02 Additive 0.79 £ 0.02 Additive
Pelargonidin-3-O-rutinoside 0.62 = 0.00 Antagonistic 0.82 + 0.02 Additive
Naringin 0.67 = 0.00 Antagonistic 1.46 + 0.03 Synergistic
Rutin Gallic acid 0.86 = 0.02 Additive 0.44 +0.01 Antagonistic
Vanillic acid 0.79 = 0.00 - 0.36 + 0.04 Antagonistic
Caffeic acid 0.83 £ 0.02 Additive 0.46 + 0.04 Antagonistic
Ferulic acid 0.58 + 0.02 Antagonistic 0.33 £ 0.00 Antagonistic
Ellagic acid 0.93 +0.00 - 0.95 +£0.03 Additive
Chlorogenic acid 0.92 + 0.01 Additive 0.00 + 0.00 -
Syringic acid 0.89 + 0.00 Antagonistic 0.11 £ 0.01 Antagonistic
p-Coumaric acid 0.82 + 0.01 Antagonistic 0.00 + 0.00 -
Resveratrol 0.80 + 0.02 Antagonistic 0.88 + 0.00 Antagonistic
Pterostilbene 0.89 + 0.00 Antagonistic 0.54 + 0.02 Antagonistic
Pinosylvin 0.80 + 0.02 Antagonistic 1.02 + 0.05 Additive
(—)-Epicatechin 0.97 £ 0.00 - 0.94 + 0.03 Additive
(+)-Catechin 0.97 + 0.00 Antagonistic 0.75 + 0.02 Antagonistic
Cyanidin 0.72 + 0.01 Antagonistic 0.44 + 0.00 Antagonistic
Cyanidin-3-O-glucoside 0.88 + 0.01 Additive 0.05 + 0.01 Antagonistic
Pelargonidin-3-O-rutinoside 0.36 + 0.00 Antagonistic 0.27 £ 0.02 Antagonistic
Naringin 0.47 +0.01 Antagonistic 1.17 £ 0.01 Synergistic
Gallic acid Vanillic acid 0.59 + 0.01 Antagonistic 0.79 = 0.02 Antagonistic
Caffeic acid 0.87 + 0.02 Additive 0.84 + 0.01 Antagonistic
Ferulic acid 0.67 + 0.01 Antagonistic 0.87 +0.02 Additive
Ellagic acid 0.95 +0.00 - 1.19 + 0.00 Synergistic
Chlorogenic acid 0.93 +0.00 Antagonistic 0.64 +0.01 Antagonistic
Syringic acid 0.76 + 0.00 Antagonistic 0.75 +0.03 Additive
p-Coumaric acid 0.60 + 0.01 Antagonistic 1.01 = 0.05 Additive
Resveratrol 0.68 + 0.00 - 0.80 + 0.00 Antagonistic
Pterostilbene 0.67 + 0.02 Antagonistic 0.82 + 0.00 Antagonistic
Pinosylvin 0.64 +0.02 Antagonistic 0.96 + 0.02 Additive
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Table 2 (continued)

Mixtures of compounds (A + B)

DPPH free radical scavenging assay

-Carotene bleaching test

Compound A (0.5 mM) Compound B (0.5 mM) SE 95% CI Effect SE 95% C1 Effect
(—)-Epicatechin 0.88 + 0.02 Additive 0.82 + 0.00 Antagonistic
(+)-Catechin 0.84 + 0.02 Additive 0.73 £ 0.00 Antagonistic
Cyanidin 0.87 +0.00 Antagonistic 0.49 + 0.07 Antagonistic
Cyanidin-3-0-glucoside 1.00 + 0.01 Additive 0.27 + 0.00 -
Pelargonidin-3-O-rutinoside 0.83 +0.00 Antagonistic 0.48 + 0.03 Antagonistic
Naringin 0.78 +0.01 Antagonistic 2.14 +0.00 -

Vanillic acid Caffeic acid 0.55 +0.01 Antagonistic 0.64 + 0.04 Additive
Ferulic acid 0.84 + 0.02 Antagonistic 1.26 + 0.08 Additive
Ellagic acid 0.93 +£0.01 Additive 1.29 £ 0.05 Additive
Chlorogenic acid 0.85 + 0.00 - 0.87 = 0.07 Additive
Syringic acid 0.53 £ 0.02 Antagonistic 0.84 +0.02 Antagonistic
p-Coumaric acid 2.27 +0.68 Additive 1.84 £ 0.12 Additive
Resveratrol 0.70 = 0.00 Antagonistic 0.87 £ 0.02 Additive
Pterostilbene 240 +0.41 Additive 0.99 +0.01 Additive
Pinosylvin 1.15 £ 0.01 Additive 1.19 +£0.12 Additive
(—)-Epicatechin 0.61 = 0.00 Antagonistic 1.34 + 0.09 Additive
(+)-Catechin 0.55 + 0.00 Antagonistic 1.04 +0.05 Additive
Cyanidin 1.23 +0.02 Synergistic 0.45 + 0.00 Antagonistic
Cyanidin-3-0-glucoside 1.23 + 0.00 Synergistic 0.38 +0.03 Antagonistic
Pelargonidin-3-O-rutinoside 0.44 + 0.00 Antagonistic 0.42 +0.03 Antagonistic
Naringin 1.36 = 0.41 Additive 1.35 +0.06 Additive

Caffeic acid Ferulic acid 0.66 + 0.02 Antagonistic 1.22 + 0.06 Additive
Ellagic acid 0.95 + 0.00 - 1.45 +0.02 Synergistic
Chlorogenic acid 0.84 +0.02 Antagonistic 1.11 +£0.02 Additive
Syringic acid 0.67 +0.01 Antagonistic 1.01 +0.02 Additive
p-Coumaric acid 0.58 +0.02 Antagonistic 0.96 + 0.06 Additive
Resveratrol 0.63 +0.02 Antagonistic 1.03 + 0.00 Additive
Pterostilbene 0.54 +0.03 Antagonistic 1.12 £ 0.05 Additive
Pinosylvin 0.58 +0.02 Antagonistic 1.60 +0.10 Additive
(—)-Epicatechin 0.93 + 0.00 - 1.07 £ 0.05 Additive
(+)-Catechin 0.80 + 0.02 Antagonistic 1.14 +£ 0.04 Additive
Cyanidin 0.95 +0.01 Additive 0.60 + 0.00 Antagonistic
Cyanidin-3-O-glucoside 1.14 + 0.02 Additive 0.52 +0.03 Antagonistic
Pelargonidin-3-O-rutinoside 0.50 + 0.01 Antagonistic 0.46 + 0.02 Antagonistic
Naringin 0.42 +0.01 Antagonistic 1.44 +0.10 Additive

Ferulic acid Ellagic acid 0.93 + 0.01 Additive 1.43 +0.03 Synergistic
Chlorogenic acid 0.93 +0.03 Additive 1.57 £ 0.11 Additive
Syringic acid 0.68 + 0.00 Antagonistic 0.38 + 0.01 Antagonistic
p-Coumaric acid 0.80 + 0.01 Antagonistic 1.41 +0.13 Additive
Resveratrol 0.81 +0.02 Antagonistic 1.53 + 0.03 Synergistic
Pterostilbene 0.86 +0.01 Antagonistic 1.30 +0.05 Additive
Pinosylvin 0.75 + 0.00 Antagonistic 1.83 +£0.18 Additive
(—)-Epicatechin 0.80 + 0.01 Antagonistic 1.34 + 0.09 Additive
(+)-Catechin 0.71 + 0.00 Antagonistic 1.07 £ 0.02 Additive
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Table 2 (continued)

Mixtures of compounds (A + B)

DPPH free radical scavenging assay

-Carotene bleaching test

Compound A (0.5 mM) Compound B (0.5 mM) SE 95% CI Effect SE 95% C1 Effect
Cyanidin 1.12 £ 0.01 Synergistic 0.59 = 0.01 Antagonistic
Cyanidin-3-O-glucoside 1.07 = 0.01 Additive 0.62 + 0.01 Antagonistic
Pelargonidin-3-O-rutinoside 0.57 +£0.01 Antagonistic 0.35 +0.00 Antagonistic
Naringin 0.66 + 0.00 Antagonistic 1.74 +0.18 Additive
Ellagic acid Chlorogenic acid 0.97 +0.00 Antagonistic 1.38 + 0.03 Synergistic
Syringic acid 0.94 + 0.00 - 1.61 +0.02 Synergistic
p-Coumaric acid 0.97 + 0.00 Additive 1.72 + 0.04 Synergistic
Resveratrol 0.96 + 0.00 - 1.38 + 0.01 Synergistic
Pterostilbene 0.97 +0.00 - 1.80 + 0.04 Synergistic
Pinosylvin 0.97 +0.00 - 2.04 + 0.05 Synergistic
(—)-Epicatechin 0.94 + 0.00 - 1.67 +0.05 Synergistic
(4)-Catechin 0.94 +0.00 - 1.51 +0.04 Synergistic
Cyanidin 1.01 + 0.01 Additive 0.62 +0.02 Antagonistic
Cyanidin-3-O-glucoside 0.99 +0.00 Additive 0.77 +£0.01 Antagonistic
Pelargonidin-3-O-rutinoside 0.80 + 0.00 Antagonistic 1.59 + 0.06 Synergistic
Naringin 0.78 +£0.01 Antagonistic 1.59 +0.08 Additive
Chlorogenic acid Syringic acid 0.74 + 0.01 Antagonistic 0.31+0.01 Antagonistic
p-Coumaric acid 0.95 +0.02 Additive 0.72 £ 0.07 Additive
Resveratrol 0.86 +0.01 Antagonistic 1.13 +0.17 Additive
Pterostilbene 0.87 + 0.01 Antagonistic 1.08 + 0.06 Additive
Pinosylvin 0.86 + 0.01 Antagonistic 1.07 +0.09 Additive
(—)-Epicatechin 0.82 +0.00 Antagonistic 0.58 +0.01 Antagonistic
(4)-Catechin 0.77 +£0.01 Antagonistic 0.66 + 0.03 Antagonistic
Cyanidin 1.05 +0.01 Additive 0.33+0.01 Antagonistic
Cyanidin-3-0-glucoside 1.26 +0.02 Synergistic 0.38 = 0.00 Antagonistic
Pelargonidin-3-O-rutinoside 0.66 + 0.01 Antagonistic 1.36 + 0.06 Additive
Naringin 0.68 + 0.02 Antagonistic 0.82 +0.03 Additive
Syringic acid p-Coumaric acid 0.56 +0.01 Antagonistic 0.77 £ 0.00 Antagonistic
Resveratrol 0.66 + 0.0 Antagonistic 1.17 +0.01 Synergistic
Pterostilbene 0.63 +0.00 - 1.17 £ 0.02 Synergistic
Pinosylvin 0.57 +£0.00 - 1.10 £ 0.02 Additive
(—)-Epicatechin 0.79 £ 0.02 Antagonistic 0.92 +0.00 Antagonistic
(+)-Catechin 0.76 £ 0.01 Antagonistic 0.90 + 0.02 Additive
Cyanidin 0.77 +£0.01 Antagonistic 0.49 + 0.00 Antagonistic
Cyanidin-3-0-glucoside 0.78 +0.01 Antagonistic 0.33 +£0.03 Antagonistic
Pelargonidin-3-O-rutinoside 0.49 + 0.00 Antagonistic 1.14 + 0.00 Synergistic
Naringin 0.55 +£0.00 Antagonistic 1.02 + 0.04 Additive
p-Coumaric acid Resveratrol 0.73 +£0.01 Antagonistic 1.59 +0.02 Synergistic
Pterostilbene 2.30+0.35 Additive 1.59 +0.05 Synergistic
Pinosylvin 0.89 +0.08 Additive 0.75 +0.14 Additive
(—)-Epicatechin 0.63 +0.01 Antagonistic 1.04 +0.03 Additive
(4)-Catechin 0.56 + 0.00 Antagonistic 0.27 +0.02 Antagonistic
Cyanidin 1.21 + 0.00 Synergistic 0.64 +0.01 Antagonistic
Cyanidin-3-O-glucoside 1.15 +0.00 - 0.61 +0.05 Antagonistic
Pelargonidin-3-O-rutinoside 0.43 +0.01 Antagonistic 242 +0.10 Synergistic
Naringin 1.78 +£0.32 Additive 0.32 +0.05 Antagonistic
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Table 2 (continued)

Mixtures of compounds (A + B)

DPPH free radical scavenging assay  p-Carotene bleaching test

Compound A (0.5 mM) Compound B (0.5 mM) SE 95% CI Effect SE 95% C1 Effect
Resveratrol Pterostilbene 0.71 £ 0.00 Antagonistic 1.27 £ 0.02 Synergistic
Pinosylvin 0.67 + 0.00 - 1.22 £ 0.02 Synergistic
(—)-Epicatechin 0.77 £ 0.00 Antagonistic 1.08 + 0.03 Additive
(+)-Catechin 0.65 + 0.00 Antagonistic 0.99 + 0.00 Additive
Cyanidin 1.06 + 0.00 Synergistic 0.65 + 0.01 Antagonistic
Cyanidin-3-O-glucoside 1.05 + 0.00 - 0.62 + 0.01 Antagonistic
Pelargonidin-3-O-rutinoside 0.56 + 0.01 Antagonistic 1.40 + 0.03 Synergistic
Naringin 0.62 + 0.01 Antagonistic 1.29 + 0.03 Synergistic
Pterostilbene Pinosylvin 0.94 + 0.08 Additive 0.72 + 0.06 Additive
(—)-Epicatechin 0.76 + 0.02 Antagonistic 1.16 = 0.05 Additive
(+)-Catechin 0.69 + 0.00 Antagonistic 0.56 + 0.01 Antagonistic
Cyanidin 1.24 £ 0.01 Synergistic 0.68 + 0.00 -
Cyanidin-3-O-glucoside 1.23 £ 0.00 Synergistic 0.78 + 0.01 Antagonistic
Pelargonidin-3-O-rutinoside 0.60 + 0.02 Antagonistic 1.72 £ 0.07 Synergistic
Naringin 1.04 + 0.05 Additive 1.35 +0.08 Additive
Pinosylvin (—)-Epicatechin 0.80 + 0.00 Antagonistic 0.85 +0.08 Additive
(+)-Catechin 0.66 + 0.00 Antagonistic 0.90 + 0.06 Additive
Cyanidin 1.23 +0.02 Synergistic 0.59 + 0.00 Antagonistic
Cyanidin-3-O-glucoside 1.18 + 0.00 Synergistic 0.55 +0.02 Antagonistic
Pelargonidin-3-O-rutinoside 0.45 +0.01 Antagonistic 1.84 £ 0.16 Additive
Naringin 1.17 £ 0.08 Additive 1.44 +0.19 Additive
(—)-Epicatechin (+)-Catechin 0.98 + 0.00 Additive 0.53 + 0.00 Antagonistic
Cyanidin 0.92 +0.00 Antagonistic 0.57 + 0.00 Antagonistic
Cyanidin-3-O-glucoside 1.06 + 0.01 Additive 0.57 £ 0.02 Antagonistic
Pelargonidin-3-O-rutinoside 0.65 + 0.01 Antagonistic 1.38 +0.08 Additive
Naringin 0.68 + 0.02 Antagonistic 2.39 +0.16 Synergistic
(+)-Catechin Cyanidin 0.82 +0.01 Antagonistic 0.52 + 0.01 Antagonistic
Cyanidin-3-O-glucoside 0.90 + 0.00 Antagonistic 0.45 +0.02 Antagonistic
Pelargonidin-3-O-rutinoside 0.46 + 0.00 Antagonistic 1.95 + 0.06 Synergistic
Naringin 0.43 +0.00 Antagonistic 2.24 +0.10 Synergistic
Cyanidin Cyanidin-3-O-glucoside 1.08 + 0.02 Additive 0.41 +0.00 Antagonistic
Pelargonidin-3-O-rutinoside 1.05 + 0.02 Additive 0.36 +0.02 Antagonistic
Naringin 0.32 + 0.00 Antagonistic 0.11 + 0.01 Antagonistic
Cyanidin-3-O-glucoside Pelargonidin-3-O-rutinoside 0.51 +0.00 - 0.46 + 0.03 Antagonistic
Naringin 0.26 + 0.01 Antagonistic 0.31 +0.02 Antagonistic
Pelargonidin-3-O-rutinoside Naringin 0.51 £ 0.05 Antagonistic 4.36 +0.30 Synergistic

SE synergistic effects, CI confidence interval, (—) It was not possible to attribute the classification of the effects, because the SD = 0 and the

statistical test (ANOVA) did not make sense to use

Mathematical model

To predict the effects on antioxidant activity resulting from
the interactions between polyphenols in the mixtures, a
mathematical model was developed based on a multino-
mial logistic regression, considering in each mixture the

total number of hydroxyl groups, aromatic rings, carboxyl
groups, carbonyl groups and double bonds in the linear chain.
The obtained results can only be applied to the DPPH free
radical scavenging assay, since for the P-carotene bleach-
ing test the results of the multinomial logistic regression
were not adjusted to the results obtained experimentally.
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Table 3 Results of the
multinomial logistic regression

Classification

for the DPPH free radical Observed Predicted
scavenging assay — — —
Additive Antagonistic Synergistic Correct per-
centage (%)
Additive 47 15 5 70.10
Antagonistic 18 44 4 66.70
Synergistic 14 9 7 23.30
Global percentage (%) 48.50 41.70 9.80 60.10

The mathematical model allows to conclude that the fac-
tor that contributes significantly (p < 0.05) to the existence
of synergistic effects in the mixtures is the total number of
aromatic rings (Odds Ratio = 3.146; 95% Confidence Inter-
val 1.304-7.593; p = 0.011); and the factors that contrib-
ute significantly (p < 0.05) to the existence of antagonistic
effects in the mixtures are the total number of carbonyl and
hydroxyl groups (Odds Ratio = 0.373; 95% Confidence
Interval 0.195-0.714; p = 0.003 and Odds Ratio = 1.270;
95% Confidence Interval 1.085-1.486; p = 0.003, respec-
tively), together with the total number of double bonds in the
linear chain (Odds Ratio = 0.406; 95% Confidence Interval
0.200-0.824; p = 0.012).

The aromatic rings confer to the compounds their reso-
nance structures, due to the delocalization of the electrons
in the molecules. When different aromatic compounds are
mixed, their electrons can be delocalized from one compound
to another, and so can easily react with free radicals, lead-
ing to synergistic effects. Otherwise, carbonyl and hydroxyl
groups result in antagonistic effects because in mixtures with
compounds possessing those functional groups the presence
of hydrogen bonds is favored, inhibiting the hydrogen atoms
from leaving and reacting with free radicals.

The following equations describe the mathematical
model obtained to predict the interactions in the mixtures:

where P is the probability of a given mixture of compounds
which have additive, antagonistic, or synergistic effects;
OH represents the total number of hydroxyl groups in the
mixture; AR is the number of aromatic rings in the mix-
ture; CN corresponds to the carbonyl groups in the mixture;
and DB is the total number of double bonds in the linear
chain present in mixtures.

Moreover, the obtained model has an acceptable dis-
crimination. It correctly classifies 60.1% of the mixtures
(Table 3); corresponding to 70.1% of mixtures with addi-
tive effects, and 66.7% of mixtures with antagonistic
effects.

This work concludes that gallic acid, quercetin, ellagic
acid, and cyanidin are compounds with remarkable anti-
oxidant activity, in scavenging free radicals and inhibit-
ing the lipid peroxidation. Additionally, concerning the
results obtained by mathematical modeling, it was pos-
sible to conclude that the factor that contributes sig-
nificantly to the existence of synergistic effects in the
mixtures is the total number of aromatic rings. Moreo-
ver, it was also demonstrated that berries’ polyphenols
can interact between them, enhancing their antioxidant
properties, and resulting in numerous health benefits
to humans. In conclusion, the results obtained in this
work allow to predict which combinations have the best

iti = 4
P(additive effect) 1 + ¢0-367+0.2390H—-0.362AR—0.986CN—0.902DB 1 o—4.840~0.0320H+1.146AR+0.545CN+0.01 I DB @)
o 0-367+0.2390H-0.362AR~0.986CN~0.902DB )
P(antagonistic effect) = 1 + ¢0-367+0.2390H—0362AR—0.986CN—0.002DB . o—4840—0.0320H+1.146AR+0.545CN+0.011DB
o~ 4840-0.0320H+1.146AR +0.545CN+0.01 1DB
P(synergistic effect) = (6)

1 4 £0-367+0.2390H-0.362AR-0.986CN—-0.902DB  ,—4.840—0.0320H+1.146AR+0.545CN+0.011DB ’
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antioxidant activities in view of the future application of
these compounds.
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