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Abstract: This study aimed to evaluate, in vitro, the antioxidative potential of fruit wines produced
from berry fruits (i.e., black chokeberry, blueberry, blackberry, and raspberry), cherry, and apple by
different technological processes. For this purpose, the activities of antioxidant enzymes (catalase,
glutathione peroxidase (GPx), and superoxide dismutase (SOD)) and malondialdehyde (MDA)
content as a marker of membrane damage were determined in wine-treated synaptosomes with
hydrogen peroxide-induced oxidative stress. All studied wines induced increased antioxidant
enzyme activities and decreased MDA levels compared to hydrogen peroxide-treated synaptosomes
(i.e., control). The highest SOD activity was observed in synaptosomes treated with blackberry
wine (6.81 U/mg), whereas blueberry wine induced the highest catalase and glutathione peroxidase
activities (0.058 U/mg and 0.017 U/mg, respectively). Black chokeberry proved to be the best in lipid
peroxidation protection with the lowest MDA value (1.42 nmol/mg). Finally, principal component
analysis and hierarchical cluster analysis additionally highlighted a higher antioxidant capacity of
wines produced from dark-skinned fruits (i.e., blackberry, black chokeberry, and blueberry). The
results suggest protective effects of the fruit wines against oxidative damage, and, accordingly, their
promising application as functional food.

Keywords: fruit wines; berry fruit; catalase; glutathione peroxidase; superoxide dismutase; lipid
peroxidation; rat synaptosomes; in vitro antioxidative properties; principal component analysis
(PCA); hierarchical cluster analysis (HCA)

1. Introduction

Free radicals are generated during the physiological processes in live organisms, which
is a precondition for life. During evolution of the human body, there was established a
system that consisted of all antioxidants involved in the protection against free radicals [1].
Antioxidant enzymes are one group that constitutes this system. The most important
enzymes are superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx),
which prevent damage of cells by free radicals [2]. Non-enzymatic antioxidants are present,
too. Among them, it is possible to highlight flavonoids, phenolic acids, vitamins, coenzyme
Q, and many others consumed daily [1,3].
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In addition to the generation of free radicals during physiological processes, different
factors, such as radiation, heavy metal poisoning, and poisoning with other toxicants, may
be a trigger for the uncontrolled formation of free radicals [4]. When free radicals are
present in high numbers, they can cause cell damage such as changes in DNA structure,
membrane lipid peroxidation, and protein oxidation. They can accelerate the development
of neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, and amyotrophic lateral sclerosis [5]. Moreover, free radicals are involved in
different pathological processes that cause the development of cardiovascular diseases,
carcinoma, inflammations, and diabetes [6].

When it comes to the danger of free radicals, the organism certainly activates its de-
fense system of antioxidant protection established during evolutionary development. This
provides a homeostasis between the formation and neutralization of free radicals. Cells are
protected against oxidative stress by increasing the activity of antioxidant
enzymes [2,7]. In addition, non-enzymatic antioxidants, such as flavonoids and phe-
nolic acids, are significantly involved, too. Flavonoids are known as good antioxidants that
are able, due to the fact of their polyphenolic structure, to scavenge free radicals and chelate
divalent cations [8,9]. Rich sources of these compounds are fruit, vegetables, nuts, seeds,
and beverages (fruit wine, grape wine, as well as tea) [10–12]. The influence of active prin-
ciples from fruit and wine on the enzymes of antioxidant protection is different and results
in activation or inhibition of enzyme activities. Some studies revealed increased catalase
activity in the presence of flavonoids [13], whereas, in others, decreased or unchanged
activities were recorded [14]. The same pattern was observed in studies in which SOD and
GPx activities were increased [15,16] and decreased [17] in the presence of grape wines.

The aim of this study was to evaluate the protective effects of different fruit wines
produced in Serbia on hydrogen peroxide (H2O2)-injured rat synaptosomes in vitro. The
investigated fruit wines were produced from berry fruits (i.e., black chokeberry, blueberry,
blackberry, and raspberry), cherry, and apple. Technological processes applied in the
production included microvinifications that were conducted with either Lievito Secco
or ICV D254 yeast. The experiments were conducted with one of these two yeasts and
with/without the addition of sugar and enzymatic preparation glycosidase (EPG) before
the start of fermentation. The selection of the fruit wines aimed to demonstrate if the
production conditions affected their antioxidant potential against H2O2-induced oxidative
stress in isolated rat brain synaptosomes as a model system. The antioxidant capacity
was assessed by following the activities of antioxidant enzymes (i.e., catalase, GPx, and
SOD) and the malondialdehyde (MDA) level as an indicator of membrane lipid damage.
Synaptosomes are isolated neuron terminals that functionally behave as minicells; hence,
they are used as an appropriate model system for in vitro studies [18,19].

2. Materials and Methods
2.1. Wine Production

The following fruits were used for wine production: black chokeberry, blueberry,
blackberry, raspberry, cherry, and apple. The experiments were conducted on the two
sets [20]. The fruits were disintegrated in both sets. Ten grams of K2S2O5/100 kg were
subsequently added to the obtained fruit must. Total soluble solids (expressed in ◦Brix)
were measured in the fruit must of the first set. Sugar was added in the second set to
increase the total soluble solids of the must up to 20.5 ◦Brix to obtain alcohol content in
wines up to 12%. Two sub-variants of the experiments were performed within the prior
mentioned sets. In the first subset, 2 g of EPG/100 g (Enartis, Italy) was added, while
in the second one it was not used. Inoculation with pure culture of commercial wine
yeasts (Lievito Secco, Enartis, Italy, and ICV D254, Lallemand, Canada) was conducted
respectively in both sub-sets in the amount of 20 g/100 kg. Both yeasts represent a
Saccharomyces cerevisiae strain. Cherry was processed in the same way, with two sets of
fermented musts with and without pit. Higher phenolic content was expected in the set
with pit due to the extraction during fermentation in vinification watts with a pigeage
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system (Hromil, Kovilj-Serbia). Alcoholic fermentation of 25 kg of each fruit was conducted
in watts of 30 L at 20 ◦C over 7–10 days. Fruit must was stirred twice a day. At the end of
fermentation, the pomace was separated by sedimentation from each fruit wine. Lees were
removed and wines were kept at 12 ◦C for the next six months until further analysis.

2.2. Chemicals and Reagents

All chemicals were of analytical grade. Glutathione reductase from baker’s yeast
(Saccharomyces cerevisiae) (205 units/mg proteins, 2.2 mg proteins/mL), reduced glutathione
(GSH), EDTA, SOD determination kit, NADH, NADPH, thiobarbituric acid (TBA), and
Folin–Ciocalteu reagent were from Sigma–Aldrich (Steinheim, Germany). Other reagents,
such as sodium dihydrogen phosphate, sodium hydrogen phosphate, sodium carbonate, su-
crose, hydrochloric acid, and n-butanol, were obtained from Merck (Darmstadt, Germany).

2.3. Lyophilization of Fruit Wines

Fruit wines were lyophilized in order to avoid the influence of ethanol on enzyme
activities and lipid peroxidation during the experiment. The lyophilization was carried
out under the pressure and temperature of 0.30 mbar and −55 ◦C, respectively, for 9 h
using the laboratory freeze-dryer, Christ Alpha 1-2/LD plus (Osterode am Harz, Germany)
(main drying time: 8.5 h; final drying: 30 min). The obtained lyophilized wine samples
were used for further analysis.

2.4. Preparation of Crude Synaptosomal Fraction

Isolation of synaptosomes was conducted from the whole brains of Wistar albino rats
by following a previously published method [21,22]. Guidelines from the European Con-
vention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes, Directive 2010/63/EU, and Good Laboratory Practice were fully followed. De-
capitation was carried out with a guillotine (Harvard Apparatus, Holliston, MA, USA).
Then, each brain was extracted, cut out, and homogenized in 10 mL of the solution contain-
ing 0.32 M sucrose and 10 mM Tris–HCl (pH 7.4). After centrifugation of the homogenates
at 1000× g for 10 min at 4 ◦C, the obtained supernatants were transferred to new tubes, and
the remaining pellets were resuspended in the homogenization solution and centrifuged as
described. Two collected supernatant fractions were merged and centrifuged at 10,000× g
for 20 min at 4 ◦C. Precipitated pellets of crude synaptosomes were resuspended in 3 mL
of buffered 0.32 M sucrose, then combined and divided into the appropriate number of
aliquots that were freshly used for subsequent treatment.

2.5. Synaptosomal Treatment with Fruit Wines

The lyophilized fruit wine samples (60 mg) were dissolved in 600 µL of distilled water.
The prepared wine solutions were added to 3 mL of the synaptosomal preparation and
were incubated at 37 ◦C for 10 min, before the addition of H2O2 (final concentration of
400 µM) [23]. The incubation was then allowed to continue for 1 h at 37 ◦C, and the treated
synaptosomes were used for the determination of antioxidant enzyme activities and lipid
peroxidation level. In addition, the aliquot of synaptosomal preparation was incubated in
the presence of H2O2 (1 h, 37 ◦C), which served as a control sample.

2.6. Determination of Antioxidant Enzyme Activities

For determination of catalase activity, an H2O2 degradation assay was employed [24].
The 50 µL of crude synaptosomal preparation was added to a quartz cuvette (room temper-
ature) that contained 2.975 mL of 0.05 M sodium phosphate buffer (pH 7.0) and 0.4 mM
EDTA. Then, 30 µL of 3% H2O2 was added to initiate the enzyme reaction. The absorbance
decrease (H2O2 degradation) was followed at 240 nm for 5 min, as a measure of catalase
activity that was expressed as U/mg protein. One unit (U) was defined as 1 µmol of H2O2
consumed/min.
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The GPx activity was determined according to a slight modified coupled enzyme
method following the decrease in NADPH at 340 nm [25]. A reaction mixture contained
8.9 mL of 0.05 M sodium phosphate buffer with 0.1 mM of EDTA (pH 7.0), 50 mL of
200 mM GSH, 100 mL of glutathione reductase (100 units/mL), and 1 mg NADPH. After
starting the enzyme reaction by the addition of 300 mL of synaptosomal preparation and
50 mL of 0.042% H2O2 (freshly prepared) to 3 mL of the reaction mixture, an absorbance
decrease was followed for 5 min. The GPx activity was expressed as U/mg protein. One
unit (U) was defined as the amount of the enzyme that catalyzed the oxidation of 1.0 mmol
of GSH by H2O2 per minute.

A commercially available SOD Assay Kit (code 19160, Sigma Aldrich, Hamburg,
Germany) was used for the determination of total SOD activity expressed as U/mg protein.

2.7. Lipid Peroxidation Assay

The level of lipid peroxidation was evaluated according to the published method [26].
The volume of 0.5 mL of the synaptosomal preparation was mixed with 0.5 mL of TBA in
0.05 M NaOH and 0.5 mL of 25% HCl, and then heated in boiling water for 10 min. After
cooling, 3 mL of n-butanol was added to extract the chromogen in the organic phase that
was separated by centrifugation at 2000× g for 10 min and used for spectrophotometric
reading of absorbance at 532 nm. The level of lipid peroxidation was expressed as nmol
of thiobarbituric acid-reactive substance (MDA equivalent)/mg protein, using a standard
curve of 1,1,3,3-tetramethoxypropane.

Total protein concentration in synaptosomal fraction was quantified by the procedure
of Lowry’s method [27] using Folin’s reagent, and bovine serum albumin as a standard.

2.8. Statistical Analysis

Statistical analysis was conducted using the software SPSS Statistic V22.0 (IBM,
Chicago, IL, USA; 2014). To show significant differences between values of parameters of
oxidative stress in H2O2-injured synaptosomes treated with lyophilized fruit wines pro-
duced by different technological processes, paired sample t-tests were applied. Correlation
between parameters of oxidative stress and antioxidant properties were shown by principal
component analysis (PCA) and hierarchical cluster analysis (HCA).

3. Results and Discussion
3.1. Effect of Various Types of Fruit Wines on the Activities of Antioxidant Enzymes and Lipid
Peroxidation in H2O2-Treated Synaptosomes

The cctivity of SOD was determined in the wine-treated synaptosomes with
H2O2-induced oxidative stress for different kinds of fruit and microvinifications (Table 1).
The obtained results indicate that the highest SOD activities (6.53 and 6.81 U/mg protein
for Lievito Secco and ICV D254, respectively) were observed in synaptosomes treated with
blackberry wine with added sugar and enzyme (+sugar, +enzyme), whereas apple wine
with no added sugar and enzyme before the fermentation (−sugar, −enzyme) exhibited
the lowest SOD values (4.67 and 4.58 U/mg protein for Lievito Secco and ICV D254, re-
spectively) (Table 1). Moreover, when comparing the SOD activities of the fruit wines that
were produced with added sugar and enzyme (+sugar, +enzyme) with the values of the
corresponding ones produced without added sugar and enzyme (−sugar, −enzyme), a
statistically significant difference (p < 0.05) can be noticed for all investigated fruit wine
samples, for both yeasts applied (Table 1). It is worthy to remark that all tested fruit wines
induced an increase in SOD activities related to a control value (4.51 ± 0.35 U/mg protein)
obtained for H2O2-treated synaptosomes.
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Table 1. The specific activities of SOD (U/mg protein) obtained for wine-treated synaptosomes with
H2O2-induced oxidative stress for different types of fruit wines and microvinification.

Type of
Fruit

Type of
Microvinification

Lievito Secco
Yeast

ICV D254
Yeast

U/mg Protein U/mg Protein

Black
chokeberry

−sugar
−enzyme 5.81 ± 0.50 5.95 ± 0.55

Black
chokeberry

+sugar
+enzyme 6.26 ± 0.62 a,* 6.22 ± 0.52 b,*

Blueberry −sugar
−enzyme 6.08 ± 0.45 5.86 ± 0.40

Blueberry +sugar
+enzyme 6.35 ± 0.50 a,* 6.22 ± 0.56 b,*

Blackberry −sugar
−enzyme 6.17 ± 0.47 6.26 ± 0.51

Blackberry +sugar
+enzyme 6.53 ± 0.62 a,* 6.81 ± 0.65 b,*

Cherry
−sugar
−enzyme

−pit
5.45 ± 0.48 5.59 ± 0.55

Cherry
+sugar

+enzyme
+pit

5.63 ± 0.52 a,* 5.50 ± 0.58 b,*

Raspberry −sugar
−enzyme 5.23 ± 0.49 5.01 ± 0.38

Raspberry +sugar
+enzyme 5.09 ± 0.41 a,* 5.32 ± 0.40 b,*

Apple −sugar
−enzyme 4.67 ± 0.38 4.58 ± 0.42

Apple +sugar
+enzyme 4.79 ± 0.40 a,* 4.73 ± 0.45 b,*

a Statistically significant difference from wine produced without the addition of sugar and enzyme
(−sugar, −enzyme) with Lievito Secco; b statistically significant difference from wine produced without the
addition of sugar and enzyme (−sugar, −enzyme) with ICV D254; * p < 0.05. Control value = 4.51 ± 0.35 U/mg.

The data in the literature indicated that blackberry extract showed good ex vivo and
in vivo activities in the protection against oxidative stress in a rat liver model. In this study,
increased activities of SOD, catalase, and GPx were confirmed in cells with CCl4-induced
oxidative stress [28]. Furthermore, a study conducted in healthy volunteers showed that
intake of dealcoholized red wine increased SOD and catalase activities, whereas it did not
influence GPx activity [29].

Catalase activity was determined in fruit wine-treated synaptosomes with
H2O2-induced oxidative stress (Table 2). It can be observed that all studied fruit wines
induced a catalase activation related to a control >0.0326 U/mg protein. Blueberry wine
(+sugar, +enzyme, Lievito Secco yeast) treatment resulted in the highest increase of catalase
activity (0.058 U/mg protein). On the other hand, the weakest effect was remarked for
apple wine (−sugar, −enzyme, ICV D254 yeast), 0.034 vs. 0.0326 U/mg protein, as ob-
tained for SOD activity. Furthermore, a statistically significant increase (p < 0.05) in catalase
activities was obtained for microvinification performed with the added enzyme and sugar
(+sugar, +enzyme), compared with the corresponding values for all fruit wines produced
without the initial addition of enzyme and sugar (−sugar, −enzyme) (Table 2).
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Table 2. Specific activities of catalase (U/mg protein) in wine-treated synaptosomes with
H2O2-induced oxidative stress obtained for different types of fruit wines and microvinification.

Type of
Fruit

Type of
Microvinification

Lievito Secco
Yeast

ICV D254
Yeast

U/mg Protein U/mg Protein

Black
chokeberry

−sugar
−enzyme 0.041 ± 0.005 0.042 ± 0.004

Black
chokeberry

+sugar
+enzyme 0.049 ± 0.005 a,* 0.048 ± 0.004 b,*

Blueberry −sugar
−enzyme 0.047 ± 0.005 0.043 ± 0.004

Blueberry +sugar
+enzyme 0.058 ± 0.004 a,* 0.054 ± 0.005 b,*

Blackberry −sugar
−enzyme 0.042 ± 0.004 0.043 ± 0.004

Blackberry +sugar
+enzyme 0.051 ± 0.005 a,* 0.050 ± 0.004 b,*

Cherry
−sugar
−enzyme

−pit
0.034 ± 0.003 0.035 ± 0.004

Cherry
+sugar

+enzyme
+pit

0.039 ± 0.003 a,* 0.037 ± 0.004 b,*

Raspberry −sugar
−enzyme 0.035 ± 0.003 0.036 ± 0.003

Raspberry +sugar
+enzyme 0.039 ± 0.004 a,* 0.040 ± 0.003 b,*

Apple −sugar
−enzyme 0.036 ± 0.003 0.034 ± 0.003

Apple +sugar
+enzyme 0.038 ± 0.003 a,* 0.039 ± 0.004 b,*

a Statistically significant difference from wine produced without the addition of sugar and enzyme (−sugar,
−enzyme) with Lievito Secco; b statistically significant difference from wine produced without the addition of
sugar and enzyme (−sugar, −enzyme) with ICV D254; * p < 0.05. Control value = 0.0326 ± 0.003 U/mg protein.

Blackberry and raspberry extracts were found to be a good source of biologically active
compounds essential for antioxidant protection. Corresponding berry extracts increased
SOD and catalase activities, which decreased oxidative stress-induced damage in gastric
mucosa cells of animal models [30]. A study showed that catechin and hydroxybenzoic acid
derivatives from white wine extracts can pass the blood–brain barrier. Their presence in
brain cells increased catalase activity and decreased lipid oxidation in cell membrane [31].

Specific GPx activity was determined in H2O2-injured synaptosomes treated with
the studied fruit wines (Table 3). The highest GPx activity was obtained in synaptosomes
treated with blueberry wine (0.017 U/mg protein), whereas the lowest value was observed
for cherry (0.00972 U/mg protein) (Table 3). As in the case of both SOD and catalase, the
wine treatment resulted in an increase of synaptosomal GPx activity related to the control
(0.00901 U/mg protein) for all tested wines and fermentation conditions. In addition,
the technological process of production in which enzyme and sugar were added before
the start of fermentation (+enzyme, +sugar) showed a statistically significant difference
(p < 0.05) (Table 3). A study conducted in Serbia with healthy volunteers showed that intake
of black chokeberry products over three months increased both SOD and GPx activities in
erythrocytes [32].
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Table 3. Specific activities of GPx (U/mg protein) in fruit wine-treated synaptosomes with H2O2-
induced oxidative stress obtained for different types of fruit wines and microvinification.

Type of
Fruit

Type of
Microvinification

Lievito Secco
Yeast

ICV D254
Yeast

U/mg Protein U/mg Protein

Black
chokeberry

−sugar
−enzyme 0.0147 ± 0.002 0.0141 ± 0.001

Black
chokeberry

+sugar
+enzyme 0.0163 ± 0.002 a,* 0.0159 ± 0.002 b,*

Blueberry −sugar
−enzyme 0.0153 ± 0.002 0.0148 ± 0.002

Blueberry +sugar
+enzyme 0.017 ± 0.002 a,* 0.0166 ± 0.002 b,*

Blackberry −sugar
−enzyme 0.0158 ± 0.002 0.0138 ± 0.001

Blackberry +sugar
+enzyme 0.0142 ± 0.002 a,* 0.0155 ± 0.002 b,*

Cherry
−sugar
−enzyme

−pit
0.00972 ± 0.001 0.0099 ± 0.001

Cherry
+sugar

+enzyme
+pit

0.0105 ± 0.001 a,* 0.0110 ± 0.001 b,*

Raspberry −sugar
−enzyme 0.0128 ± 0.001 0.0131 ± 0.001

Raspberry +sugar
+enzyme 0.0137 ± 0.002 a,* 0.0141 ± 0.002 b,*

Apple −sugar
−enzyme 0.0117 ± 0.001 0.0112 ± 0.001

Apple +sugar
+enzyme 0.0121 ± 0.001 a,* 0.0125 ± 0.001 b,*

a Statistically significant difference from wine produced without the addition of sugar and enzyme (−sugar,
−enzyme) with Lievito Secco; b statistically significant difference from wine produced without the addition of
sugar and enzyme (−sugar, −enzyme) with ICV D254; * p < 0,05. Control value = 0.00901 ± 0.001 U/mg protein.

The effect of synaptosomal exposure to fruit wines produced by different technological
processes on MDA content, as a marker of lipid peroxidation and membrane damage, was
determined (Table 4). In the presence of all analyzed wine samples, MDA values were
found to be lower related to H2O2-treated synaptosomes (control, 3.78 nmol/mg protein).
The lowest MDA level (1.42 nmol/mg protein) was observed for black chokeberry wine
fermented with added enzyme and sugar (+sugar, +enzyme), and apple wine treatment
resulted in the highest synaptosomal content of MDA (Table 4). Moreover, a statistically
significant difference was obtained for different types of microvinification (+/−sugar,
enzyme) of one fruit species.

The data in the literature indicated that blueberry extract decreased MDA levels in the
brains of experimental animals [33]. Moreover, orally administrated dealcoholized grape
wine extract significantly decreased serum MDA levels and affected blood vessel relaxation
in experimental animals [34].

As highlighted above, the technological process of production in which EPG and
sugar were added before the start of fermentation showed statistically significant difference
for all measured parameters (p < 0.05). On the contrary, the usage of different yeasts
in microvinification did not show statistical significance (p > 0.05) for the activity of the
selected enzymes and MDA values.
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Table 4. MDA content (nmol/mg protein) in synaptosomes with H2O2-induced oxidative stress
obtained in the presence of fruit wines produced by different types of microvinification.

Type of
Fruit

Type of
Microvinification

Lievito Secco
Yeast

ICV D254
Yeast

nmol/mg
Protein

nmol/mg
Protein

Black
chokeberry

−sugar
−enzyme 1.65 ± 0.15 1.74 ± 0.14

Black
chokeberry

+sugar
+enzyme 1.42 ± 0.11 a,* 1.50 ± 0.12 b,*

Blueberry −sugar
−enzyme 2.69 ± 0.22 2.57 ± 0.15

Blueberry +sugar
+enzyme 2.25 ± 0.18 a,* 2.32 ± 0.17 b,*

Blackberry −sugar
−enzyme 2.15 ± 0.16 2.31 ± 0.18

Blackberry +sugar
+enzyme 1.63 ± 0.16 a,* 1.85 ± 0.15 b,*

Cherry
−sugar
−enzyme

−pit
1.91 ± 0.15 1.79 ± 0.12

Cherry
+sugar

+enzyme
+pit

1.72 ± 0.14 a,* 1.85 ± 0.13 b,*

Raspberry −sugar
−enzyme 2.91 ± 0.25 2.62 ± 0.14

Raspberry +sugar
+enzyme 2.52 ± 0.13 a,* 2.43 ± 0.15 b,*

Apple −sugar
−enzyme 3.49 ± 0.22 3.37 ± 0.25

Apple +sugar
+enzyme 3.62 ± 0.20 a,* 3.52 ± 0.23 b,*

a Statistically significant difference from wine produced without the addition of sugar and enzyme (−sugar,
−enzyme) with Lievito Secco; b statistically significant difference from wine produced without the addition of
sugar and enzyme (−sugar, −enzyme) with ICV D254; * p < 0.05. Control value = 3.78 ± 0.25 nmol/mg protein.

In this study, the wine lyophilizates were used for the antioxidant activity assessment
of the analyzed fruit wines, which were reported to have almost identical polyphenolic con-
tents compared to wines before lyophilization [35] and are suitable for in vitro evaluation of
wine bioactivity [35,36]. The obtained results can be explained by the fact that antioxidant
compounds in wine affected the activities of the antioxidant enzymes and reduced MDA
content in the treated synaptosomes. Our prior study [20] analyzed the phenolic profile
of fruit wines that were used for the treatment of synaptosomes in this study. The results
indicated that the most predominant compounds were phenolic acids (i.e., chlorogenic,
caffeic, and gallic acid) and flavonoids (i.e., catechin and epicatechin). These findings are in
agreement with literature data reporting chlorogenic acid as a leading compound in berry
fruits with dark skin. Among them, it is possible to highlight blueberry which has fruits
and wine that were shown to be a rich source of the aforementioned phenolic acids [37–39].
The observed high content of chlorogenic, caffeic, and other phenolic acids [20] is in line
with the literature regarding black chokeberry wine [40,41] and fruit [38]. Furthermore,
the study on Croatian blackberry wines highlighted gallic acid as a major compound [42],
while chlorogenic and other phenolic acids were found as well [43]. The dominant content
of gallic acid in raspberry [20] is supported by the literature [44,45]. In addition to pheno-
lic acids, berries were confirmed as a rich source of epicatechin and catechin [46,47]. In
comparison with red grape, berry fruits (i.e., black chokeberry, blueberry, and blackberry)
have a similar or even higher content of phenolic compounds [48]. Cherry wine was also
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revealed in our previous study [20] as a rich source of phenolic acids, with chlorogenic acid
as the most abundant, which is in accordance with other studies [49,50].

During the production of wine, biologically active compounds (with an emphasis on
flavonoids and phenolic acids) are liberated from fruit into the ethanolic–water solution,
which improves their bioavailability [51]. During alcoholic fermentation of fruit juice, the
content of phenolic compounds increases due to the extraction from solid parts of fruit (i.e.,
skin and seeds) [52]. Vinification is a process that involves many biochemical reactions
conducted under the activity of pure yeast cultures, mostly from the Saccharomyces cerevisiae
strain, which play a key role during alcoholic fermentation [53]. It is important to highlight
that increased sugar content resulted in a higher level of alcohol in the final product—fruit
wine, which actually influenced better extraction of antioxidants. Moreover, EPG addition
increased aglycone content (with an emphasis on flavonoids and phenolic acids) as key
bioactive principles. The obtained results are in agreement with our previous study in
which wines produced from berry fruits with dark skin (i.e., black chokeberry, blueberry,
and blackberry) showed significantly higher content of selected phenolic compounds and,
accordingly, higher antioxidant activity [20]. The activity of EPG increased the content
of resveratrol free isomers in grape wines [54]. The content of phenolic compounds in
fruit wines depends on different factors such as fruit cultivar, duration of maceration,
climate, transport, and storage of fruit [52]. Literature data indicate that flavonoid aglycons
possess good free radical scavenging activities, a capability to chelate metal ions, and to
protect human health in general [29]. In cell lines that were exposed to herbal extract rich
in flavonoid aglycones, free radical generation and MDA levels decreased, whereas an
increase in SOD, catalase, and GPx activities was noticed. The observed activities confirm
the protective effects of flavonoid aglycones, which is in agreement with their antioxidant
properties [55].

3.2. Correlation between Parameters of Oxidative Stress and Antioxidant Properties—PCA Analysis

The obtained results for parameters of oxidative stress (i.e., SOD, CAT, GPx, and MDA)
(Tables 1–4), and values for ferric reducing/antioxidant power (FRAP), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging potency, and total phenolic content (TPC)
obtained from our previous study [20] were analyzed with PCA. Analysis was conducted
for wine samples produced with Lievito Secco and ICV D254 yeast.

After conducting a PCA analysis of the wines produced with Lievito Secco yeast,
it was possible to highlight two separate components with a cumulative diversity of
88.09%. The value of the first component was 4964, which explained 70.91% of the diversity,
while the value for the second component was 1202, which explained 17.17% of the
diversity. The first component, which showed the highest value, described more variables
in the PCA analysis, while the second one described less. To make better interpretability
with these two components, rotation was applied to achieve maximal availability of both
components to explain the existing variables. Orthogonal varimax rotation was applied,
since it maximally describes variance with new components. After rotation, it was noticed
that the first component better described variables of MDA, DPPH, and TPC, while the
second component better described CAT, GPx, FRAP, and SOD. It is possible to notice in
Figure 1 that wines made from black chokeberry, blueberry, and blackberry were clearly
grouped. These wines showed high values for FRAP, DPPH, and TPC and also highly
increased the activity of antioxidant enzymes (SOD, GPx, and CAT) and decreased MDA
values. The second group consisted of wines produced from cherry, raspberry, and apple.
These wines significantly less affected the activity of antioxidant enzymes and decreased
MDA values. The values for FRAP, DPPH, and TPC for wines in the second group were
much lower than in the first.
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After conducting the PCA analysis, the wines produced with ICV D254 yeast showed
that two separate components were highlighted that had a cumulative diversity of 88.55%.
The value of the first component was 4963, which explained 70.90% of the diversity, while
the value of the second component was 1236, which explained 17.65% of the diversity.
The first component showed the highest value and described more variables in the PCA
analysis, while the second one described less. After orthogonal varimax rotation it was
noticed that the first component better described variables of CAT, GPx, FRAP, and SOD.
The second component better described variables of MDA, DPPH, and TPC. It is possible
to notice in Figure 2 that wines produced from black chokeberry, blueberry, and blackberry
were in one group, while in another were wines produced from cherry, raspberry, and
apple. This classification is for the same reason as for wines made with Lievito Secco yeast.
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3.3. Correlation between Parameters of Oxidative Stress and Antioxidant Properties—HCA Analysis

The same variables that were used in the PCA analysis were applied in the HCA.
After analysis of the variables for wines produced with both yeasts (i.e., Lievito Secco and
ICV D254), HCA dendrograms were obtained. Wines produced from different fruits were
grouped in the dendrograms. Similar clusters were connected, so in this case were con-
nected wines that showed similar results. On the first level, three clusters were highlighted
in the dendrograms (Figure 3a,b). The first cluster consisted of wines produced from fruits
with dark skin (i.e., blueberry, black chokeberry, and blackberry), while in the second
one were apple wines. The third cluster consisted of wines produced from raspberry and
one from cherry, since these wines showed similar values for parameters (variables) that
were applied in the HCA. The cluster with dark-skinned fruits remained specially, while
the clusters with apple and raspberry were connected due to the similarity of the results.
Regardless of the type of yeast used in wine production, it can be concluded that fruits
with a darker skin showed more homogeneous traits compared to raspberry and apple.
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4. Conclusions

The results of this study demonstrated that the investigated fruit wines, primarily
those produced from berry fruits with the addition of sugar and EPG before fermentation,
activated the antioxidant enzymes and decreased reactive oxygen species, inducing mem-
brane lipid damage in synaptosomes. Phytochemicals from blackberry and blueberry wines
increased antioxidant enzyme activities the most, while biologically active compounds
from black chokeberry exhibited the most powerful protective effect against synaptosomal
membrane injury. The berry fruit-induced antioxidant action could be assigned to the syn-
ergistic effects of naturally occurring antioxidants in berries. Due to the protective effects
against the induced oxidative damage in the isolated neuron terminals, these fruit wines
could be considered as promising functional food in the prevention of the harmful effects
of oxidative stress and free radical-associated degenerative diseases of the nervous system.
Certainly, this in vitro observed protective role of fruit wines presents a good cornerstone
for more extensive in vivo studies necessary to prove their therapeutic implications.
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