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Abstract: Red wine is a complex alcoholic beverage containing various substances, including
those of a potential health-promoting properties, such as polyphenols, responsible for the sensory
features of wine. Their potential positive influence is associated with possibility of antioxidative,
anti-inflammatory, anticancer, immunomodulating, and antiallergenic effects, but at the same time,
there is a possibility of their pro-oxidative effect. In spite of the fact that in adolescence alcohol
may be highly damaging, as it may disturb the development, it is abused frequently. The aim
of the study was to verify the association between red wine consumption as well as dietary
polyphenol intake with wine and the oxidative stress parameters in the liver of growing male
rats. The growing male Wistar rats were studied, while divided into three groups of six animals,
receiving red wine in a solution characterized by 10% of ethanol content since 30th day of life,
for two, four, and six weeks. The alcohol intake was controlled and the content of total phenolic
compounds, selected phenolic acids (hydroxybenzoic acid, caffeic acid, p-coumaric acid, ferulic acid,
and sinapic acid), total anthocyanidins and selected anthocyanins (cyanidin, cyanidin 3-glucoside,
cyanidin 3-rutinoside, delphinidin, and pelargonidin) were assessed. At the same time, for the
liver homogenates, the levels of Thiobarbituric Acid Reactive Substances (TBARS) and protein
carbonyl groups were verified. The analysis revealed statistically significant influence of red wine
intake, as well as of supply of phenolic acids (hydroxybenzoic acid, caffeic acid, p-coumaric acid,
ferulic acid, and sinapic acid), and anthocyanins (cyanidin, cyanidin 3-glucoside, cyanidin 3-rutinoside,
delphinidin, and pelargonidin) on TBARS and protein carbonyl groups level (R > 0.80; p < 0.05),
but the influence was stated only for the period of two weeks. The obtained results may suggest
pro-oxidative effect of both ethanol and polyphenols for the liver of the growing male rats. At the
same time, for the periods of four and six weeks, no influence on TBARS and protein carbonyl groups
level was observed (p > 0.05), which may allow to suppose an adaptive mechanism of the growing
organism while the ethanol and polyphenols exposition is prolonged. Further studies are required to
confirm the mechanism of the pro-oxidative effect of polyphenols contained in red wine for the liver
of growing organism.
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1. Introduction

The consequences of alcohol consumption in adolescence include alcohol abuse [1] and alcohol
dependence in adulthood [2–4], social issues (e.g., aggression, violence, and accidents), and other
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health issues such as influence on the development and functioning of the brain [5,6], bones [7],
endocrine system [8], and liver [9]. Hence, the period of adolescence is crucial for alcohol initiation and
the subsequent risk [10]. The data obtained in 2015 from 34 European countries through the European
School Survey Project on Alcohol and Other Drugs (ESPAD) survey [11] revealed that the preventive
actions in this age group do not effectively change the behaviors, and alcohol consumption is still quite
high. Such consumption of alcohol during adolescence may disturb the process of development, as it
is associated with several crucial biological changes in a short time [12].

For adults, moderate consumption of red wine is one of the typical elements of Mediterranean
diet [13], while low-to-moderate red wine consumption is attributed to the so-called Mediterranean alcohol
consumption pattern [14]. The specific dietary patterns for alcoholic beverages, including consumption
and preferences, are dependent on the country and are derived from cultural heritage of that
country [15,16]. In several European countries, red wine is the major alcoholic beverage consumed,
including southern and western Europe (e.g., Italy, Greece, Spain, Portugal, and France) and central and
eastern Europe (Hungary, Bulgaria, Romania, and Slovenia) [17]. However, the Mediterranean alcohol
consumption pattern is attributed to the population of adults alone [18], as the ESPAD data revealed that
for adolescents, wine is the major alcoholic beverage consumed in other countries, including Ukraine,
Moldova, and Georgia [11], and similar to that for adults, there are country-dependent differences in
alcoholic beverage dietary patterns of adolescents [19].

Red wine, besides alcohol, contains a number of other components, including proteins,
carbohydrates, fats, organic acids, aldehydes, esters, ketones, vitamins, minerals, and polyphenols;
among these components, polyphenols are an important group of natural compounds, as their
content in red wine is much higher than that in white wine [20]. The main polyphenols in red wine
are flavonoids, which contribute to its sensory features and its health-promoting properties [21].
Flavonoids are classified into various groups, including flavanols, flavanones, anthocyanidins (such as
delphinidin and pelargonidin), stilbenes (such as resveratrol), hydroxycinnamic acids, and phenolic
acids (such as coumaric acid, caffeic acid, and ferulic acid) [22–24]. Flavonoids occurring in red wine
exhibit various properties, including antioxidative, anti-inflammatory, anticancer, immunomodulating,
and antiallergenic effects [25]. The antioxidative properties of flavonoids enable the prevention of lipid
peroxidation and low-density lipoprotein oxidative changes [26]; thus, the antioxidants contained in
red wine may reduce oxidative stress and its consequences [27].

The liver is a specific organ for alcohol consumption as ethanol is metabolized by the liver, it
is especially prone to consequences of alcohol consumption [28]. At the same time, a crucial issue
linked to alcohol consumption is not only the influence of ethanol on the liver but also the effect of
antioxidative components that may act as pro-oxidants, stimulating free radical generation, and causing
DNA damage [26]. As there are limited possibilities to study the influence of red wine consumption in
adolescents on the oxidative stress parameters in the liver in human participants, the aim of the study
was to verify the association between red wine consumption, as well as dietary polyphenol intake with
wine and the oxidative stress parameters of lipid peroxidation and protein oxidation in the liver of
growing male rats.

2. Materials and Methods

2.1. Study Design

The study was accepted by the Local Ethics Committee for Animal Experiments at the Warsaw
University of Life Sciences, SGGW-WULS, Poland (for the study protocol: 21/2007 and for conducted
analysis: 26/2007).

The study was conducted in a group of 18 male Wistar rats, that was homogenic, with an identical
age of 20 days while beginning acclimatization and 30 days while beginning animal experiment,
and with an initial body mass of 92.76± 9.32 at the age of 20 days, being obtained from the Mossakowski
Medical Research Centre of the Polish Academy of Sciences (Warsaw, Poland). Since this moment



Appl. Sci. 2020, 10, 6389 3 of 17

rats were housed individually at constant room temperature (23 ± 2 ◦C), humidity of 50–55%, in a
12-h light/12-h dark cycle and were provided ad libitum a standard laboratory diet (Labofeed H,
Morawski Animal Feed Manufacturer, Kcynia, Poland).

For animal model studies it is important if animals are housed individually or in a group, as both
individual housing (due to social isolation) and housing in a group (due to social competition within the
group, which is influenced by factors such as the size of groups, the group composition, space available,
and the despotism of the dominant individual) may be a stressors [29]. This problem is especially
important in the case of studies analyzing the influence of alcohol intake, as the alcohol intake may
be influenced by a stress which is experienced by animal [30]. At the same time, for such studies,
it is crucial to monitor carefully the individual alcohol intake, along with the decision to choose the
model of individual housing, rather than housing in groups, as both options may influence the level
of stress and resultant alcohol intake [31]. Such an approach was applied in the number of studies
of various authors analyzing alcohol intake which housed their rats individually [32–35]. In such
situations, in order to reduce the influence of isolation on a stress that is experienced by animal,
the acclimatization period should be applied. Moreover, if rats are housed individually while being
juvenile, this is the other factor which may reduce their stress [36]. Based on the experiences by other
researchers, such model was applied in order to reduce the level of stress, as animals were housed
individually while being juvenile, and the acclimatization period was applied. Moreover, during all
the experimental procedures, as well as during acclimatization period, animals were in the same room
and remained in olfactory, auditory, and visual contact with their conspecifics, which is the other aspect
that may reduce their stress [37].

The scheme of the study is presented in Figure 1. Before the experiment, there was a period of
acclimatization, when rats received dry red wine (Sophia Sakar, Cabernet Sauvignon, Domain Menada,
Stara Zagora, and Bulgaria, 11% alc. vol.) diluted in tap water to increasing concentration of ethanol
(2%, 4%, 6%, 8%, and 10% (vol./vol.) ethanol solution), while the concentration was increased each
second day.
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After period of acclimatization, during the experimental period, rats received identical dry red
wine (Sophia Sakar, Cabernet Sauvignon, Domain Menada, Stara Zagora, and Bulgaria, 11% alc. vol.)
10% (vol./vol.) ethanol solution, as in the last stage of acclimatization, as in the previously published
studies [38,39]. The wine was chosen on the basis of its characteristics, with the aim to find the wine
which is broadly available and relatively cheap, but also characterized by a simple flavor, which results
from the fact that for adolescents abusing alcohol, a price is among the most important determinants
of its consumption. In the review by Chaloupka [40], it was indicated that the majority of studies
on price and youth drinking conclude that higher alcoholic beverage prices significantly reduce the
probability, frequency, and level of drinking among youth, so in order to develop an accurate model of
adolescents abusing alcohol, we tried to choose a wine with the highest possibility to be chosen in real
market conditions.

Animals received the prepared solution ad libitum and no water during the dark cycle, that was
applied according to the common procedure of inducing alcohol consumption in the animal model [41].
Animals were randomly divided into 3 groups (6 animals each), and the experiment duration was for
them 2, 4, and 6 weeks.

2.2. Analytical Methods and Measurements

2.2.1. Liver Homogenate Preparation

After experimental period (after 2, 4, or 6 weeks, depending on the group), animals were sacrificed
after overnight fasting, at the phase of deep anesthesia, by intraperitoneal thiopental administration
(amount calculated as 120 mg/kg body weight). The rats were bled up (by cardiac puncture)
and the livers were obtained as the study material; they were immediately excised, washed with
ice-cold 0.9% physiological saline (NaCl) solution, portioned, blotted dry, and frozen-stored at
−80 ◦C. Afterwards, liver tissues were homogenized (homogenizer PRO 200, PRO Scientific Inc.,
Oxford, CT, USA) with nine volumes of ice-cold 50 mM phosphate buffer characterized by pH of
7.4, containing 1M ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, St. Louis, MO, USA).
The obtained homogenates were centrifuged (9000× g for 20 min at 4 ◦C) and the supernatant was
pipetted into 1.5 mL Eppendorf tubes and, in order to reduce the bias associated with storage, it was
frozen-stored at −80 ◦C in aliquots without any thawing until analysis.

2.2.2. Liver Homogenate Analysis

The obtained samples of liver homogenates were used to assess the oxidative stress
parameters—the levels of Thiobarbituric Acid Reactive Substances (TBARS) and protein
carbonyl groups.

The level TBARS was measured in the obtained samples of liver homogenates using a
spectrophotometric method according to the procedure by Ohkawa et al. [42].

The level of protein carbonyl groups was measured in the obtained samples of liver homogenates
after additional preparation according to the method by Reznick and Packer [43], using a colorimetric
method according to the procedure by Levine et al. [44].

2.2.3. Red Wine Analysis

During the experimental period, the intake of red wine solution was controlled daily, for each rat.
Afterwards, the consumed amount of red wine was recalculated per ethanol intake, total phenolic
compounds, selected phenolic acids (hydroxybenzoic acid, caffeic acid, p-coumaric acid, ferulic acid,
and sinapic acid), total anthocyanidin, and selected anthocyanins (cyanidin, cyanidin 3-glucoside,
cyanidin 3-rutinoside, delphinidin, and pelargonidin) were determined.

The total phenolic compounds were assessed with Folin–Ciocalteu reagent applied, using the
procedure by Singleton and Rossi [45].
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The selected phenolic acids (hydroxybenzoic acid, caffeic acid, p-coumaric acid, ferulic acid,
and sinapic acid), and selected anthocyanins (cyanidin, cyanidin 3-glucoside, cyanidin 3-rutinoside,
delphinidin, and pelargonidin) were assessed using a high performance liquid chromatography
(HPLC) method according to the procedure by Häkkinen et al. [46]. The total anthocyanidins were
calculated based on the content of cyanidin, cyanidin 3-glucoside, cyanidin 3-rutinoside, delphinidin,
and pelargonidin.

2.3. Statistical Analysis

The distribution for assessed variables was verified using the W Shapiro–Wilk test. The results
were presented as mean ± standard deviation (SD). The one-way analysis of variance (ANOVA) with
the Duncan’s post hoc test were performed. The analysis of correlation was conducted while using the
Pearson’s correlation coefficient (due to normal distribution of data). Data were analyzed using the Statistica
software version 13.1 (StatSoft Inc., Tulsa, OK, USA). The statistical significance was considered at p < 0.05.

3. Results

The daily intake of red wine, ethanol, phenolic acids, and anthocyanins from wine, recalculated per
kg of body weight, assessed for the studied rats during the experiment is presented in Table 1, while the
daily intake of red wine, ethanol, phenolic acids, and anthocyanins from wine assessed for the studied
rats during the experiment (without any recalculation) is presented in Table 2. The daily red wine and
ethanol intake (g/kg body weight) differed significantly and the lowest daily intakes were observed for
the group attributed to a six weeks of the experiment. However, for daily intakes not recalculated to
body weight, there were no differences observed, which indicates that the differences were associated
with differences of body mass. Similarly, the daily total phenolic acids, caffeic acid, ferrulic acid,
hydroxybenzoic acid, sinapic acid, p-coumaric acid, total anthocyanins, cyanidin, cyanidin 3-glucoside,
cyanidin 3-rutinoside, delphinidin, and pelargonidin intake (mg/kg body weight) differed significantly
and the lowest daily intakes were observed for the group attributed to six weeks of the experiment,
but while not recalculated, there were no differences observed, confirming that differences were
associated with differences of body mass. Only for pelargonidin were the differences still observed for
the non-recalculated values. There was no significant between-group difference for daily red wine (g),
ethanol intake (g) phenolic acids intake (mg), and anthocyanins intake (mg).

Body weight of rats and selected oxidative stress parameters levels in liver of male Wistar rats
during the experiment are presented in Table 3. The final body weight and body weight gain (g)
differed significantly between the studied groups, and the highest final body weight and body weight
gain were observed for the group attributed to six weeks of the experiment.

Thiobarbituric acid-reactive substances and protein carbonyl group level in liver of male Wistar rats
are presented in Table 3. The protein carbonyl group level in liver differed significantly and independently
from the experiment duration; the highest final body weight and body weight gain were observed during
four weeks of the experiment.
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Table 1. Daily intake of red wine, ethanol, phenolic acids, and anthocyanins from wine, recalculated per kg of body weight, assessed for the studied rats during
the experiment.

Parameter
2 Weeks 4 Weeks 6 Weeks p-Value

Mean ± SD Mean ± SD Mean ± SD ANOVA 2 vs. 4 Duncan Test 2 vs. 6 4 vs. 6

Red wine intake (g/kg body weight) 52.43 ± 13.7 a 47.31 ± 9.13 a,b 35.43 ± 5.89 b <0.05 NS <0.05 NS
Ethanol intake (g/kg body weight) 5.46 ± 1.43 a 4.93 ± 0.95 a,b 3.69 ± 0.61 b <0.05 NS <0.05 NS

TPA (mg/kg body weight) 0.78 ± 0.20 0.71 ± 0.14 0.53 ± 0.09 <0.05 NS <0.05 NS
CA (mg/kg body weight) 0.017 ± 0.00 a 0.015 ± 0.00 a,b 0.011 ± 0.00 b <0.05 NS <0.05 NS
FA (mg/kg body weight) 0.07 ± 0.02 a 0.06 ± 0.01 a,b 0.04 ± 0.01 b <0.05 NS <0.05 NS

HBA (mg/kg body weight) 0.54 ± 0.14 a 0.49 ± 0.09 a,b 0.37 ± 0.06 b <0.05 NS <0.05 NS
SA (mg/kg body weight) 0.009 ± 0.00 0.009 ± 0.00 0.006 ± 0.00 b <0.05 NS <0.05 NS

pCA (mg/kg body weight) 0.15 ± 0.04 a 0.13 ± 0.03 a,b 0.09 ± 0.02 b <0.05 NS <0.05 NS
TA (mg/kg body weight) 3.29 ± 0.98 a 3.03 ± 0.65 a 1.72 ± 0.32 b <0.05 NS <0.05 <0.01
C (mg/kg body weight) 0.07 ± 0.02 a 0.06 ± 0.01 a,b 0.04 ± 0.01 b <0.05 NS <0.05 NS

C3G (mg/kg body weight) 0.39 ± 0.10 a 0.35 ± 0.07 a,b 0.26 ± 0.04 b <0.05 NS <0.05 NS
C3R (mg/kg body weight) 0.06 ± 0.02 a 0.05 ± 0.01 a,b 0.04 ± 0.01 b <0.05 NS <0.05 NS

D (mg/kg body weight) 0.16 ± 0.04 a 0.15 ± 0.03 a,b 0.11 ± 0.02 b <0.05 NS <0.05 NS
P (mg/kg body weight) 2.62 ± 0.81 a 2.41 ± 0.55 a 1.26 ± 0.24 b <0.01 NS <0.01 <0.01

(a,b) Different superscript letters indicate a significant difference between groups stratified by experiment duration (a vs. b, for p ≤ 0.05; TPA—total phenolic acids, CA—caffeic acid,
FA—ferrulic acid, HBA—hydroxybenzoic acid, SA—sinapic acid, pCA—p-coumaric acid, TA—total anthocyanins, C—cyanidin, C3G—cyanidin 3-glucoside, C3R—cyanidin 3-rutinoside,
D—delphinidin, P—pelargonidin, and NS—nonsignificant statistically.
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Table 2. Daily intake of red wine, ethanol, phenolic acids, and anthocyanins from wine assessed for the studied rats during the experiment.

Parameter
2 Weeks 4 Weeks 6 Weeks p-Value

Mean ± SD Mean ± SD Mean ± SD ANOVA 2 vs. 4 Duncan Test 2 vs. 6 4 vs. 6

Red wine intake (g) 10.95 ± 2.49 9.67 ± 2.16 10.28 ± 1.50 NS NS NS NS
Ethanol intake (g) 1.09 ± 0.25 0.97 ± 0.22 1.03 ± 0.15 NS NS NS NS

TPA (mg) 0.16 ± 0.04 0.14 ± 0.03 0.15 ± 0.02 NS NS NS NS
CA (mg) 0.0003 ± 0.0008 0.003 ± 0.001 0.003 ± 0.0005 NS NS NS NS
FA (mg) 0.014 ± 0.03 0.012 ± 0.0027 0.013 ± 0.001 NS NS NS NS

HBA (mg) 0.114 ± 0.025 0.100 ± 0.022 0.107 ± 0.02 NS NS NS NS
SA (mg) 0.002 ± 0.0004 0.002 ± 0.0004 0.002 ± 0.0003 NS NS NS NS

pCA (mg) 0.030 ± 0.007 0.027 ± 0.006 0.028 ± 0.004 NS NS NS NS
TA (mg) 0.68 ± 0.17 0.61 ± 0.12 0.49 ± 0.08 NS NS NS NS
C (mg) 0.014 ± 0.003 0.012 ± 0.003 0.013 ± 0.002 NS NS NS NS

C3G (mg) 0.081 ± 0.02 0.072 ± 0.02 0.076 ± 0.01 NS NS NS NS
C3R (mg) 0.013 ± 0.003 0.011 ± 0.002 0.012 ± 0.002 NS NS NS NS

D (mg) 0.03 ± 0.008 0.03 ± 0.01 0.03 ± 0.004 NS NS NS NS
P (mg) 0.54 ± 0.14 a 0.49 ± 0.09 a,b 0.37 ± 0.06 b <0.05 NS <0.05 NS

(a,b) Different superscript letters indicate a significant difference between groups stratified by experiment duration (a vs. b), for p ≤ 0.05. TPA—total phenolic acids, CA—caffeic acid,
FA—ferrulic acid, HBA—hydroxybenzoic acid, SA—sinapic acid, pCA—p-coumaric acid, TA—total anthocyanins, C—cyanidin, C3G—cyanidin 3-glucoside, C3R—cyanidin 3-rutinoside,
D—delphinidin, P—pelargonidin, and NS—nonsignificant statistically.

Table 3. Body weight, diet intake, and selected oxidative stress parameters levels in liver of male Wistar rats assessed during the experiment.

Parameter
2 Weeks 4 Weeks 6 Weeks p-Value

Mean ± SD Mean ± SD Mean ± SD ANOVA 2 vs. 4 Duncan Test 2 vs. 6 4 vs. 6

Final body weight (g) 211.18 ± 19.4 b 204.16 ± 19.7 b 290.77 ± 7.2 a <0.01 NS <0.01 <0.01
Body weight gain (g) 118.25 ± 11.6 b 110.73 ± 17.9 b 198.85 ± 8.9 a <0.01 NS <0.001 <0.001

Diet intake (g/d) 15.06 ± 1.15 16.18 ± 1.26 16.12 ± 1.09 NS NS NS NS
TBARS (µmol/mg protein) 0.36 ± 0.07 0.41 ± 0.09 0.38 ± 0.04 NS NS NS NS

PCG (nmol/mL) 21.49 ± 5.26 a 12.11 ± 5.38 b 26.71 ± 8.82 a <0.01 <0.05 <0.001 NS

(a,b) Different superscript letters indicate a significant difference between groups stratified by experiment duration (a vs. b), for p ≤ 0.05. TBARS—thiobarbituric acid-reactive substances
level, PCG—protein carbonyl group level, and NS—nonsignificant statistically.



Appl. Sci. 2020, 10, 6389 8 of 17

Table 4. Analysis of correlation between intake of red wine, ethanol, phenolic acids, anthocyanins, thiobarbituric acid-reactive substances (TBARS), and protein
carbonyl group level (PCG) in liver of the studied rats after two, four, and six weeks of experiment.

Parameter

2 Weeks 4 Weeks 6 Weeks

Red Wine Intake Ethanol Intake TBARS Red Wine Intake Ethanol Intake TBARS Red Wine Intake Ethanol Intake TBARS

p R p R p R p R p R p R p R p R p R

Red wine
intake - <0.05 0.95 NS - <0.05 0.87 NS - <0.001 0.99 NS

Ethanol
intake <0.05 0.95 - <0.05 0.87 <0.05 0.87 - NS <0.001 0.99 - NS

TPA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.05 0.95 NS NS
CA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS
FA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS

HBA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS
SA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS

pCA <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS
TA <0.05 0.88 NS NS NS NS NS <0.01 0.97 NS NS
C <0.05 0.95 NS <0.05 0.83 <0.05 0.87 NS NS <0.001 0.99 NS NS

C3G <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS
C3R <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS

D <0.05 0.95 NS <0.05 0.87 <0.05 0.87 NS NS <0.001 0.99 NS NS
P <0.05 0.86 NS <0.05 0.81 NS NS NS <0.01 0.97 NS NS

TBARS <0.05 0.87 NS - NS NS - NS NS -
PCG <0.05 0.85 NS NS NS NS NS NS NS NS

TBARS (thiobarbituric acid-reactive substances) and protein carbonyl group level in liver for the studied rats after two weeks of experiment. TPA—total phenolic acids (mg/kg body weight/d),
CA—caffeic acid (mg/kg body weight/d), FA—ferrulic acid (mg/kg body weight/d), HBA—hydroxybenzoic acid (mg/kg body weight/d), SA—sinapic acid (mg/kg body weight/d),
pCA—p-coumaric acid (mg/kg body weight/d), TA—total anthocyanin (mg/kg body weight/d), C—cyanidin (mg/kg body weight/d), C3G—cyanidin 3-glucoside (mg/kg body weight/d),
C3R—cyanidin 3-rutinoside (mg/kg body weight/d), D—delphinidin (mg/kg body weight/d), P—pelargonidin (mg/kg body weight/d), TBARS—thiobarbituric acid-reactive substances
level (µmol/mg protein), PCG—protein carbonyl group level (nmol/mL), and NS— nonsignificant statistically.
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The analysis of correlation between red wine intake, phenolic acids intake, anthocyanins intake,
ethanol intake, TBARS level in liver, and protein carbonyl group level in liver for the studied rats
after two weeks of experiment are presented in Table 4. It was stated that intake of the components
of red wine were highly correlated with TBARS (R > 0.80; p < 0.05) for ethanol, total phenolic acids,
caffeic acid, ferrulic acid, hydroxybenzoic acid, sinapic acid, p-coumaric acid, total anthocyanins,
cyanidin, cyanidin 3-glucoside, cyanidin 3-rutinoside, delphinidin, and pelargonidin. A positive
correlation was found also between red wine intake and TBARS level (R = 0.87; p = 0.023) and protein
carbonyl group level in liver of rats (R > 0.80; p < 0.05). At the same time, there was a correlation
between TBARS level and protein carbonyl group level (R = 0.92; p = 0.008), but no correlation
between phenolic acids, anthocyanins, or ethanol intake and protein carbonyl group level. Moreover,
a positive correlation was observed between ethanol intake and caffeic acid intake (R = 1.00; p = 0.000),
ferrulic acid intake (R = 1.00; p = 0.000), hydroxybenzoic acid intake (R = 1.00; p = 0.000), sinapic acid
intake (R = 1.00; p = 0.000), p-coumaric acid intake (R = 1.00; p = 0.000), total anthocyanins intake
(R = 0.98; p = 0.001), cyanidin intake (R = 1.00; p = 0.000), cyanidin 3-glucoside intake (R = 1.00;
p = 0.000), cyanidin 3-rutinoside intake (R = 1.00; p = 0.000), delphinidin intake (R = 0.95; p = 0.003),
and pelargonidin intake (R = 0.97; p = 0.001).

The analysis of correlation between red wine intake, phenolic acids intake, anthocyanins intake,
and ethanol intake for the studied rats after four weeks of experiment are presented in Table 4. It was
stated that intake of the components of red wine was neither correlated with TBARS, nor with protein
carbonyl group level. Moreover, a positive correlation was observed between ethanol intake and
total anthocyanins intake (R = 0.87; p = 0.011), cyanidin 3-glucoside intake (R = 1.00; p = 0.000),
and pelargonidin intake (R = 0.87; p = 0.023).

The analysis of correlation between red wine intake, phenolic acids intake, anthocyanins intake,
and ethanol intake for the studied rats after six weeks of experiment are presented in Table 4. It was
stated that intake of the components of red wine was neither correlated with TBARS, nor with protein
carbonyl group level. Moreover, a positive correlation was observed between ethanol intake and
total phenolic acids intake (R = 1.00; p = 0.000), p-coumaric acid intake (R = 1.00; p = 0.000) and
hydroxybenzoic acid intake (R = 1.00; p = 0.000), total anthocyanins intake (R = 0.99; p = 0.000),
pelargonidin intake (R = 0.99; p = 0.000).

4. Discussion

Oxidative stress is defined as the disturbance in balance between the production of reactive
oxygen species (ROS) in cells or tissues and the possibility to dispose them [47]. ROS are by-products
of cell metabolic activity, but their production may be enhanced by UV radiation, pollutants, drugs,
cigarette smoke, and ethanol [48]. It is unclear whether oxidative stress and its associated mechanisms
in adolescents differ from those in adults, but it should be noted that the period of maturation is
highly sensitive for all the changes [49]. The data published thus far indicate mainly the association
between oxidative stress in adolescents and pathogenesis of various diseases and disorders such as
anxiety disorders [50], type 2 diabetes, obesity [51] and hypertension [52]. It results from the fact
that ROS are essential for normal cell function; however, they mediate pathological changes in the
brain, the kidney and blood vessels that contribute to the genesis of indicated diseases and disorders,
while for hypertension, there is also emerging evidence that ROS contribute to immune activation [53].
In healthy adolescents, it is also noted that after intense physical activity, oxidative stress is increased,
but it is unknown whether this increase is just adaptation to physical activity or a marker of oxidative
damage [54,55].

In the present study, a positive correlation was observed between intake of red wine or chosen
polyphenols and protein carbonyl groups in the liver of growing male rats after two weeks of exposure,
as a parameter of oxidative stress. In other rat model studies, while ethanol was administered
alone (not as a component of a red wine), a higher level of protein carbonyl groups was observed
than that in the control group [56]. Increased protein oxidation due to ethanol exposure may
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contribute to disturbed mitochondrial functions, which is commonly observed after prolonged alcohol
consumption, while protein oxidation is a consequence of ROS generation during metabolic ethanol
transformation [57]. However, Gris et al. [58] showed that after red wine consumption for 30 days, the
level of protein carbonyl groups was decreased in the liver of adult mice. Similarly, Auberval et al. [59]
proved that high-fat diet supplemented with red wine polyphenols caused a significant decrease in
protein carbonyl groups and lipid peroxide levels in blood. Hence, it seems that red wine polyphenols
may have a positive effect and reduce the negative consequences of ethanol consumption for protein
oxidation. However, this was not observed in the growing rats in the present study. Lack of this
influence in our study may have resulted from too low alcohol intake, being one of the major obstacles
in animal model studies of alcohol consumption, as rodents typically do not self-administer alcohol
in sufficient amounts to produce signs of intoxication, and even under circumstances when access is
unlimited, they rarely consume alcohol in a manner that results in significant elevation in blood alcohol
levels above legal limits [60]. The other possible explanation of the lack of the expected influence in the
presented study may be associated with any adaptive, compensatory, or defense mechanisms resulting
from alcohol consumption, protecting against ethanol-induced damage [61,62], even one that may be
still unknown.

The TBARS level is one of the most important oxidative stress parameters that corresponds to
the level of lipid oxidation. In the present study, a positive correlation was observed between ethanol
consumption in the form of red wine and liver TBARS level in rats after two weeks of exposure.
At the same time, Patere et al. [63] noted higher TBARS level in the liver of adult male rats receiving
ethanol at a concentration of 10–30% for 30 days when compared with the control group. Similarly,
Reddy et al. [56] showed that in the liver of adult male rats receiving 5 g of ethanol per kg of body
weight at the concentration of 20% for 60 days, significantly higher TBARS level was observed than
that found in the control group. This results from the fact that ethanol intake causes oxidative stress
mainly due to increased production of oxygen free radicals and reduced antioxidant level in cells [64].
Fernandes et al. [65] revealed also that recurring episodes of alcohol intoxication in the period of
maturation enhance liver lipid peroxidation process in growing female rats.

The present study revealed a positive association between red wine intake as well as intake
of phenolic acids or anthocyanins and the TBARS level in the liver of growing male rats. To date,
there is not enough studies on the influence of specific polyphenols of red wine on the oxidative
stress parameters in the liver in growing organisms to be able to explain the results observed in the
presented own study. Several studies conducted in humans and laboratory animals indicate the
positive action of specific phenolic acids and anthocyanins on oxidative stress parameters, especially on
lipid peroxidation. Duchnowicz et al. [66] noted that cyanidin 3-glucoside, ferulic acid, and p-coumaric
acid significantly reduced lipid peroxidation in erythrocytes of patients with hypercholesterolemia;
hence, it was concluded that these compounds are characterized by important antioxidative properties.
Similarly, Balasubashini et al. [67] showed normalization of the TBARS level in the liver of diabetic
mice after 45 days of oral supplementation of ferulic acid. Shen et al. [68] also revealed that p-coumaric
acid is an important antioxidant that increases total antioxidant capacity and reduces lipid peroxidation
in the liver of hyperlipidemic mice. At the same time, Zych et al. [69] noted a positive effect of
sinapic acid on oxidative stress in the heart tissues of diabetic rats, while Yang et al. [70] revealed that
sinapic acid applied in case of high-fat diet reduced ROS and malondialdehyde levels in the colon,
while increasing the total antioxidant capacity in the liver of rats. Lafay et al. [71] also observed reduced
liver TBARS level in rats receiving high doses of iron and caffeic acid for four weeks, and the authors
emphasized its high bioavailability. Similarly, Montlahuc et al. [72] observed a negative association
between hydroxybenzoic acid intake and TBARS blood level. Furthermore, Tsuda et al. [73] proved that
cyanidin 3-glucoside was a powerful antioxidant and reduced oxidative damage in rat liver. From the
abovementioned studies, it could be summarized that various phenolic acids or anthocyanins reduce
lipid oxidation, which results from oxidative stress, in various tissues.
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Some other studies have assessed the influence of red wine and its polyphenols on oxidative
stress parameters. Estruch et al. [74] revealed that in a group of men consuming moderate amount
of red wine for 28 days, there was a significantly lower level of malondialdehyde—a marker of lipid
peroxidation—than in those consuming gin; this finding was attributed to the influence of red wine
polyphenols. Similarly, Gorinstein et al. [75] observed reduced level of lipid peroxidation products in
blood of adult rats after four weeks of consumption of a diet supplemented with red wine solution or
lyophilisate. However, the authors did not reveal any differences between the studied groups receiving
red wine solution and lyophilisate, which was thought to be associated with a low concentration of
ethanol and a high content of polyphenols received by both groups [75].

Pazzini et al. [76] and Montilla et al. [77] demonstrated that red wine may prevent
hyperglycemia-induced lipid peroxidation, but the effect was observed only for low doses of red wine.
This may indicate that consumption of low amounts of red wine is associated with a positive effect of
polyphenols, but consumption of excessive amounts of alcohol may lead to the inability of polyphenols
to neutralize the negative effect of ethanol itself. Schrieks et al. [78] conducted a study in a group
of young men consuming red wine for four weeks; they observed significantly higher level of lipid
oxidative damage marker in the red wine group than in the group consuming alcohol-free red wine.
This confirms that polyphenols may be unable to neutralize the effect of ethanol. It may be possible that
in the present study, the association between the intake of red wine or chosen polyphenols and TBARS
level indicates the lack of possibility to neutralize the effect of ethanol in the applied conditions of the
experiment. Moreover, it is also possible that during this specific period of maturation, lipid oxidation
in the liver is enhanced due to intensive biological processes in the body. Metabolic transformation of
polyphenols occurs mainly in the liver [79], but it remains unclear whether growing organisms have
the same characteristics for metabolizing alcohol as adult organisms, as this aspect has not been studied
to date. It is possible that in a growing organism, there is an action of both ethanol and polyphenols,
which enhances oxidative stress in the liver. However, the associations observed in the group after two
weeks of wine consumption were not observed after four and six weeks of wine consumption; this may
be attributed to some mechanisms of adaptive changes to adjust to the conditions of constant exposure
to ethanol and polyphenols from red wine. The indicated possibility of adaptation is presently a
hypothesis, but it may be confirmed by the results observed by Martins et al. [80], as they noted that
exposure to high resveratrol doses for a short time caused a significant increase in TBARS level, but no
such effect was observed after longer exposure. Further studies are necessary to confirm the potential
adaptation of a growing organism to red wine-induced oxidative processes in the liver.

The mechanism of action of polyphenols is associated with their ability to eliminate ROS,
chelate metals, and influence the activity of enzymes, cell signal transduction pathways, and gene
expression [81]. However, it must be emphasized that natural antioxidants may also act as a
pro-oxidative agent by generating free radicals and causing DNA damage and mutagenesis [7].
Low-molecular-weight polyphenols such as gallic acid and quercetin are subjected to oxidation
processes, and it is proven that they may exhibit pro-oxidative activity [82]; thus, such effect may also
be assumed for other low-molecular-weight polyphenols studied in the present research, which may
explain the observed results.

In the present study, red wine was analyzed for the content of only chosen polyphenols,
while some other polyphenols were not considered. Among these excluded ones, there was resveratrol,
being characterised by general anti-inflammatory, anticancer, cardioprotective, neuroprotective,
anxiolytic, and phytoestrogenic effects [83], and according to recent reports, also influencing
microbiota [84]. For a long time, resveratrol was supposed to be a polyphenol responsible for
the beneficial effect of red wine, but recently, this opinion is questioned [85]. However, it must be
mentioned here, that the effect of wine may be associated with the fact that phenolic compounds, as well
as resultant total antioxidant capacity, but also volatile components of red wines may result from the
region and its characteristics, including soil type, terrain characteristics, and climate conditions [86].
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Xiang et al. [87] observed that the most abundant polyphenol in red wine was caffeic acid and the
highest activity against free radicals was observed for gallic acid, while the contribution of resveratrol
to the total antioxidative activity of red wine was lower than that of other polyphenols. On the basis of
the obtained results, it was suggested that resveratrol may not be significant for the heath-promoting
properties of red wine. At the same time, Cavallini et al. [88] proved that resveratrol requires the
presence of other polyphenols to exert its optimum antioxidative activity. It is also emphasized that
resveratrol has low bioavailability and possible side effects [83], including pro-oxidative and cytotoxic
effects, depending on the dose and time of exposure [80]. Considering the fact that some polyphenols,
including resveratrol, were not studied in the present research, it would be valuable to include them
in further studies, as it is necessary to verify the obtained results because they suggest an important
association between polyphenols of red wine and oxidative stress parameters in growing organisms.

The present study revealed statistically significant influence of red wine intake and intake of
phenolic acids (hydroxybenzoic acid, caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid) and
anthocyanins (cyanidin, cyanidin 3-glucoside, cyanidin 3-rutinoside, delphinidin, and pelargonidin)
on TBARS and protein carbonyl group levels, but the influence was observed only for a period of two
weeks. The obtained results may suggest pro-oxidative effect of both ethanol and polyphenols on the
liver of growing male rats. Moreover, after a period of four and six weeks, there was no influence on
TBARS and protein carbonyl group levels; thus, it can be hypothesized that prolonged exposure of
ethanol and polyphenols triggers an adaptive mechanism in growing organisms.

In spite of the fact that the conducted study did not allow to indicate which compounds of red
wine were responsible for the observed effect, some important contributions of the presented study
should be indicated. The most important observation is associated with the differences for the periods
of two, four and six weeks. Moreover, as so far there were only some studies for growing organisms,
the possibility of adaptive defense of the young organisms is also a novel observation. As a result,
further studies are needed to confirm the mechanism of the pro-oxidative effect of polyphenols present
in red wine on the liver of growing organisms.

In spite of the fact that the conducted study revealed a novel interesting observations,
some limitations of the study must be listed. The most important issue is associated with the
fact that the study was conducted in animal model, so transferring the observations into population
is straitened. The other significant limitation is associated with the scope of the study—as only
TBARS and protein carbonyl groups were included for the analysis, and some other factors also
being markers of oxidative stress were not planned to be included. In the previous own study, it was
indicated that alcohol consumption may have influenced hepatic antioxidant defense, while the catalase
(CAT), superoxide dismutase (SOD), glutathione peroxidase, transferase (GST), reductase activities,
total antioxidant status, and glutathione level (GSH) were analyzed [39]. However, to the conducted
study, neither indicated parameters, nor the other factors (e.g., trolox equivalent antioxidant capacity
(TEAC), cytochrome P450), were planned to be included. Similarly, in the future studies also other
polyphenols should be included, such as quercetin and epicatechin, being among the major polyphenolic
compounds of red wine [89].

The other important limitation results from a sample size which was sufficient for animal
model study, but requires to be reproduced in a larger studies and also in a different models
(including experiments for different red wines). The other issue is associated with the applied research
methodology and tissue preparation, as some recent studies indicate that not only mild to moderate
hypothermia should be applied, but also perfusion should be included to maintain hepatic viability
and reduce oxidative stress which may influence TBARS results [90–92] and it is applied in some
studies [93]. However, in a number of other studies, such perfusion is not applied and liver is proceeded
immediately and in hypothermia only, to reduce oxidative stress and resultant changes [94–96] and
such approach was chosen also for the presented study. As the tissue samples from all the studied
groups were proceeded in an identical way, even if applied methodology have affected TBARS results,
the influence was similar in all the groups and for between-group comparisons the influence may be
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negligible. However, in the future, similar analysis, but in the model with perfusion applied, should be
also conducted.

5. Conclusions

The obtained results may suggest pro-oxidative effect of both ethanol and polyphenols for the liver
of the growing male rats. At the same time, for period of four and six weeks, no influence on TBARS
and protein carbonyl groups level was observed, which may allow to suppose adaptive mechanism of
the growing organism while the ethanol and polyphenols exposition is prolonged. Further studies are
required to confirm the mechanism of the pro-oxidative effect of polyphenols contained in red wine for
the liver of growing organism.
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