& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Eduardo Rivadeneyra Dominguez,
Universidad Veracruzana, Mexico

REVIEWED BY

Stefania Schiavone,

University of Foggia, Italy

Enéas Andrade Fontes-Junior,
Federal University of Para, Brazil

*CORRESPONDENCE
Orietta Segura-Badilla
osegura@ubiobio.cl

These authors have contributed equally to
this work and share first authorship

RECEIVED 28 September 2023
ACCEPTED 20 December 2023
PUBLISHED 11 January 2024

CITATION

Navarro-Cruz AR, Judrez-Serrano D,
Cesar-Arteaga |, Kammar-Garcia A,
Guevara-Diaz JA, Vera-Lopez O,
Lazcano-Hernandez M, Pérez-Xochipa | and
Segura-Badilla O (2024) Oral administration
of resveratrol reduces oxidative stress
generated in the hippocampus of Wistar rats
in response to consumption of ethanol.
Front. Behav. Neurosci. 17:1304006.

doi: 10.3389/fnbeh.2023.1304006

COPYRIGHT

© 2024 Navarro-Cruz, Juarez-Serrano,
Cesar-Arteaga, Kammar-Garcia, Guevara-
Diaz, Vera-Lopez, Lazcano-Hernandez,
Pérez-Xochipa and Segura-Badilla. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Behavioral Neuroscience

Frontiers in Behavioral Neuroscience

TYPE Original Research
PUBLISHED 11 January 2024
pol 10.3389/fnbeh.2023.1304006

Oral administration of resveratrol
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generated in the hippocampus of
Wistar rats in response to
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Introduction: Chronic ethanol intake has been found to favor hippocampal
deterioration and alter neuronal morphological maturation; resveratrol has been
suggested as an antioxidant that may counteract these effects. The objective of
this study was to analyze the effect of resveratrol on oxidative stress markers,
endogenous antioxidant system in the hippocampus, and the behavior of male
Wistar rats administered different concentrations of ethanol.

Methods: The animals, at 3 months old, were randomly distributed into 11 study
groups (n=6/group), orally administered (5days on, 2days off) with water
(control), ethanol (10, 20, 30, 40 or 50%), or ethanol (10, 20, 30, 40 or 50%)
plus resveratrol (10 mg/Kg/day) for 2 months. Subsequently, the production
of nitrites, malondialdehyde, and 4-hydroxy-alkenal (HNE) and the enzymatic
activity of catalase and superoxide dismutase (SOD) were quantified.

Results: The levels of nitric oxide and lipid peroxidation products were
significantly increased in each ethanol concentration and were statistically
different compared to the control group; however, resveratrol significantly
reduced oxidative stress caused by high ethanol concentration. The SOD and
CAT did not present significant changes with respect to the controls in any of
the study groups. In the different concentrations of ethanol used, GR increases
significantly in the groups administered with resveratrol but not GPx. Resveratrol
was shown to maintain the results similar to the control at most ethanol
concentrations.

Discussion: Our results suggest that resveratrol prevents oxidative stress induced
by ethanol in the hippocampus by decreasing cellular lipid peroxidation, but
does not prevent the activation of catalase or SOD enzymes; however, allows
glutathione to be kept active and in adequate concentrations in its reduced
form and avoids alterations in the locomotor system.
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1 Introduction

Ethanol is a psychoactive substance with dependence-causing
properties, and it has been widely used in many cultures for centuries.
Alcohol abuse causes serious social and economic problems, as well
as various pathological consequences, representing more than 5.1%
worldwide (WHO, 2022). Alcohol exerts negative effects on different
organs, considerably affecting the liver (Jeon and Carr, 2020), heart
(Roerecke, 2021), skeletal muscle (Laudato et al., 2021), pancreas
(Petersen, 2021), and brain (Topiwala and Ebmeier, 2017; Lees
et al., 2020).

In this sense, it is known that ethanol abuse induces detrimental
effects in the central nervous system, one of them being neuronal damage
associated with increased oxidative-nitrosative stress and activation of
the inflammatory cascade that ultimately results in structural and
functional deficits of an organism (Tiwari and Chopra, 2013). In the
brain, chronic alcohol consumption induces neuronal death by apoptosis
in brain regions related to cognition, such as the hippocampus and the
cerebral cortex of adult rats (Diaz et al., 2016), thus showing affectation
of motor and cognitive functions, especially those related to fine motor
behavior, attention, learning, and declarative memory.

Post-mortem studies have shown that alcoholic patients present a
marked degeneration of the hippocampus characterized by a decrease
in cell survival and alteration of cell morphological maturation (Golub
et al, 2015; Zahr and Pfefferbaum, 2017). Increased oxidative stress,
that emerges when an imbalance exists between reactive oxygen and
nitrogen species formation and the capability of cells to clear them
(Pizzino et al, 2017), causes damage to macromolecules and
consequently increases loss of brain tissue, disorganization of the
hippocampal detrital structure, and reduced levels of neurotrophins
such as brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), nerve growth factor (NGF), and glial cell-derived
neurotrophic factor (GDNF) (Davis, 2014; Silva-Pena et al., 2018).

In recent years, it has been shown that a therapeutic option for the
neurodegenerative effects caused by chronic ethanol intake is
antioxidant therapy. In nature, there are several compounds with high
antioxidant capacity, one of the most important groups is polyphenols,
whose molecular structure is characterized by the presence of one or
several phenolic rings (Costa et al., 2021). One of the most important
polyphenols is resveratrol (3,5,4-trihydroxystilbene), naturally present
in many plants and fruits in the diet, for example, grapes, blueberries,
raspberries, blackberries, and products such as red wine (Snopek et al.,
2018; Buljeta et al., 2023). Various properties of resveratrol are currently
known including being antioxidant, anti-aging, cardioprotective,
anticancer, anti-inflammatory, and chemoprotective, and possessing
neuroprotective molecules (Baur and Sinclair, 2006; Flores et al., 2016).

In various stress models, resveratrol has been shown to have the
ability to reduce the presence of free radicals such as reactive oxygen
and nitrogen species (RNOS), decrease neuronal death, and
strengthen the endogenous enzymatic antioxidant system. Within the
first line of endogenous antioxidant defense, catalase and superoxide
dismutase (SOD) are included, which participate in a chain preventing
the formation of free radicals at the cellular level and rapidly
neutralizing any molecule with the potential to become a free radical
(Ighodaro and Akinloye, 2018).

In vitro and in vivo studies have shown that treatment with
exogenous dietary antioxidants prevents neuronal apoptosis and
avoids ethanol-induced spatial memory deficits (Sheth et al., 2009;
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Ataie et al., 2016). However, there are no reports showing the effect of
resveratrol on the progression of oxidative stress and the state of the
endogenous antioxidant system in the face of excessive consumption
of ethanol. The objective of this study was to analyze the effect of
resveratrol on oxidative stress markers, on the endogenous antioxidant
system in the hippocampus, and on the behavior of male Wistar rats
administered different concentrations of ethanol.

2 Materials and methods
2.1 Experimental design

In this experimental study, we used 66 male Wistar rats, 3 months
old, weighing 280-320 g, obtained from the vivarium “Claude Bernard”
of the Benemérita Universidad Auténoma de Puebla. The animals were
kept under standard conditions with dark-light cycles of 12h at a
temperature of 21°C with ad libitum access to water and food.

Through random allocation (simple randomization), 11 study
groups were formed (6 rats each), which were orally administered
through an intragastric cannula with water (control), ethanol (10, 20,
30, 40, and 50%) or ethanol (10, 20, 30, 40, and 50%) plus resveratrol
(10mg/kg/day), for 2 months.

Ethanol (d=0.789g/mL) solutions were prepared with distilled
water at concentrations of 10, 20, 30, 40, and 50%, which is equivalent,
respectively, to doses of 78.9, 157.8, 236.7, 315.6, or 394.5 mg/kg. Ethanol
was administered (1 mL/kg/day) for 5days (Monday to Friday) with
2days off (Saturday and Sunday) pattern (between 8:00a.m. and
10:00a.m.), to minimize the chances of gastrointestinal damage. The
different concentrations of ethanol were prepared to model different
types of drinks. In the ethanol + resveratrol groups, resveratrol
(ResVitéle®, Polygonum cuspidatum, USA) was diluted and administered
together with ethanol, and the concentration of resveratrol was 5mg/mL.

At the end of the follow-up, the rats were euthanized using
ketamine/xylazine solution; to prepare the ketamine/xylazine solution,
4.0mL of ketamine HCL (100 mg/mL) and 2.0 mL of xylazine (20 mg/
mL) were mixed with 2mL of sterile saline in a sterile vial. The
ketamine/xylazine solution was administered intraperitoneally at a
dose of 100mg/Kg of ketamine and 10mg/Kg of xylazine. The
hippocampus was dissected bilaterally and stored at —70°C
(Ultrafreezer716 Thermo Forma, Dreieich, Alemania) for the
determination of oxidative stress markers. All procedures were
approved by the Institutional Committee for the Care and Use of
Laboratory Animals with project folio 100,426,322-CICUALVIEP-18/3
and were carried out according to the Official Mexican Standard
NOM-62-Z00-1999, as well as the “Guide for the Care and Use of
Laboratory Animals” from Mexico. All procedures were carried out
minimizing the unnecessary suffering of the animals. The study is
reported in accordance with the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines.

2.2 Biochemical analysis

2.2.1 Total protein quantification

Total proteins (TP) were quantified using Sedmak and Grossberg’s
method, in which bovine serum albumin is used as a standard.
Proteins were quantified in 2 puL of the supernatant plus 500 uL of the
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color reagent (0.06% Coomassie blue at 465nm), brought to 1 mL with
distilled water. The reaction product was read in a spectrophotometer
(Lambda EZ 150, PerkinElmer, USA) at 620 nm. Protein concentration
was determined by interpolating the optical density of the samples to
the bovine serum albumin standard curve (1-10pg) (Sedmak and
Grossberg, 1977).

2.2.2 Nitrite (NO,") quantification

Nitric oxide (NO) production was analyzed using the NO,~
content in the supernatant obtained, utilizing the method of Tsikas,
based on the Griess reaction. In this assay, the colorimetric reaction is
induced by adding 100 puL of supernatant +100 pL of Griess reagent
and 800 pL of H,O. Subsequently, the reaction product was read in a
spectrophotometer at 540nm. The NO,” concentration was
determined by interpolating the optical density of the samples on the
NaNO, standard curve determined for the assay (1-10 pg). The results
were expressed as micromoles of nitrite per milligram of total protein
(NO, pM/mg TP) (Tsikas, 2007).

2.2.3 Determination of MDA+ 4-HDA

The content of malondialdehyde (MDA) and 4-hydroxyalkenals
(4-HDA) was tested using Erdelmeier’s method. Lipid peroxidation
products were analyzed, using N-methyl-2-phenyl-indole as
chromogenic reagent [10.3mM]. For this, 100 uL of distilled water
+100 pL of supernatant +650 puL of diluted solution I were added,
shaken vigorously, and finally, added with 150 pL of methanesulfonic
acid (MDA +4-HDA determination) or 35% HCI (determination of
MDA). The tubes were incubated at 45°C for 60 min (MDA) and 45°C
for 40 min (MDA +4-HDA), allowed to cool at room temperature for
5min, and centrifuged for 15min at 3,000 rpm. Subsequently, the
absorbance of the reaction product was read at 586nm. The
concentration of MDA and 4-HDA was determined by interpolating
the optical density of the samples on a standard curve of 1, 1, 3, 3,
tetramethoxypropane (1-10pg). The results were expressed as
micromoles of MDA and 4-HDA per milligram of total protein (MDA
or 4-HDA pM/mg TP) (Erdelmeier et al., 1998).

2.3 Enzymatic analysis

2.3.1 Catalase enzyme activity

Catalase activity was determined spectrophotometrically by the
method of Aebi; 635 pL of phosphate buffer [50 mM] pH 7.4, 330 pL
of H,0, [30 mM], and 35 pL of hippocampus supernatant were added
to a quartz cell. The reaction was followed for 2min, reading in
minutes 0 and 2 at a temperature of 20°C, and the readings were made
at 240nm. To determine the enzymatic activity, the AOD was
multiplied by the molar extinction coefficient (Aebi, 1984).

2.3.2 Superoxide dismutase activity

The SOD activity was determined according to the method of
Marklund and Marklund. The blank test of the uninhibited reaction
was carried out until obtaining a AOD 0.020£0.001. The enzymatic
activity was calculated by means of the equation given below:

Mean value of AOD of the samplex100 | 100 |x 0.6
Mean value of the AOD of the blank '
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Generally, 1 U of SOD is considered as the amount of enzyme that
inhibits the pyrogallol autoxidation by 50% at 25°C and pH 8.2. The
SOD activity is expressed as U/mg TP/min (Marklund and
Marklund, 1974).

2.4 Glutathione system

The activity was determined according to the method of Juarez
et al. (2023).

2.4.1 Total glutathione (Total-GSH), reduced
glutathione (GSH), and oxidized glutathione
(GSSQ)

The total content of GSH and GSSG was determined using the
enzymatic recycling technique based on the use of the enzyme
glutathione reductase (Juarez et al., 2023). Glutathione is oxidized by
5,5’-5-nitrobenzoic acid (DNTB) and reduced by nicotinamide
adenine dinucleotide phosphate (NADPH) in the presence of
glutathione reductase. To determine the concentration of total
glutathione, the formation of 2-nitro-5-thiobenzoic acid was
monitored at 412nm, and the glutathione present was evaluated by
comparing the result with the standard curve. When 2-vinylpyridine
or 4-vinylpyridine (which does not inhibit glutathione reductase, GR)
is used to mask GSH, the procedure is specific for GSSG.

2.4.2 Determination of glutathione S-transferase
enzymatic activity

The tissue was homogenized in 50mM phosphate buffer;
subsequently, the samples were centrifuged at 10,000 rpm for 10 min
at 4°C. In total, 30 uL of the supernatant obtained previously was
taken, and 125 pL of reagent 1, 15 uL of reagent 2, and 3.5 pL of reagent
3 were added. The DABS/min was obtained by monitoring the
reaction for 5min at 37°C at a length of 340nm. One unit of
glutathione S-transferase (GST) is defined as pmol of GSH-conjugated
CDNB per minute, and the specific activity is represented as
nanomoles per milligram of protein.

2.4.3 Determination of the enzymatic activity of
glutathione reductase
— Step A: 150 puL of the main reagent +30 pL of the regulatory buffer
+10pL of sample + 10 pL of 315 pM FAD were added. DABS/min
was determined for 3min in a spectrophotometer tempered at
340nm (A).
— Step B: 20 pL of regulatory buffer +30 pL of GSSG were added.
DABS/min was determined for 3min in a spectrophotometer at
37°C at a length of 340 nm (B).

One GR unit is defined as micromoles of GSSG reduced per
minute, and the specific activity is represented as nanomoles per
milligram protein.

2.4.4 Determination of the enzymatic activity of
glutathione peroxidase

For the reaction, 125 pL of sample and 200 pL of coupling reagent
were taken. The reaction contained 2mM GSH, 0.15U/mL GR,
0.4mM sodium azide, 10mM tert-butyl hydroperoxide, 0.5mM
NADPH, and 26 pL of sample (0.08-0.16 mg protein). One unit of
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glutathione peroxidase (GPx) was defined as micromoles of NADPH
consumed per minute, and the specific activity is represented as
nanomoles per minute per milligram (nM/min/mg) of protein.

2.5 Locomotor behavior and memory

2.5.1 Open field

After the different treatments, the animals were tested for
spontaneous locomotor activity in a new environment. Assays were
performed as previously described (Hernandez-Hernandez et al.,
2018). Locomotor activity was monitored in a wooden cubic device
measuring 60 cm long x 60 cm wide and 60 cm high where the base is
divided into three quadrants of 20cm x 20cm per side. The test
consisted of placing the animal in the central quadrant and evaluating
horizontal behavior (distance traveled), recording with a camera for
5min. All animals were evaluated from 8:00 to 10:00 a.m.

2.5.2 Novel object recognition test (NORT)

The method described by Pulido et al. (2019) was used. This is a
behavioral assay commonly used for the investigation of various
aspects of learning and memory in rodents. This test can be completed
in 3days: habituation (motor activity) day, short-term memory/
training day, and long-term memory analysis day. Since rodents have
an innate preference for novelty, if the animal recognizes the familiar
object, it will spend most of its time on the novel object, in both tests.
Due to this innate preference, there is no need for positive or negative
reinforcement or long training programs.

2.5.2.1 Phase 1: habituation day

The animals were habituated; for this purpose, the rat was placed
inside the box for 5min for exploration without objects; they were
later placed again in an acrylic cage. Between each test, the area and
the objects between each tested animal were thoroughly cleaned using
70% ethanol. This habituation is important for the animal to become
familiar with the environment.

2.5.2.2 Phase 2a: training phase

Twenty-four hours after habituation, the training phase was
performed. The animal was placed equidistant from two identical
objects and allowed to explore for 5min. Between each test, the area
and the objects between each tested animal were thoroughly cleaned
using 70% ethanol.

2.5.2.3 Phase 2b: short-term memory evaluation phase

After 2h of the training phase, the short-term memory was
assessed, using one of the objects used in the previous phase and a
novel object in the work area. The objects were placed in the same
location used in the previous phase. Free exploration was allowed for
5min, and at the end, the area and the objects were thoroughly cleaned
between each tested animal using 70% ethanol.

2.5.2.4 Phase 3: long-term memory evaluation phase

After 24h of the short-term memory assessment, one of the
objects with which short-term memory was tested was replaced with
a novel object, and free exploration was allowed for 5min and
thoroughly cleaned at the end. The area and the objects between each
animal were tested using 70% ethanol.
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During each stage, the time the animal touched the object with
the nose and/or front paws or sniffed it was measured, and the
recognition memory index was calculated using the following formula:

NO

Recognition memory index = ——
FO+ NO

where FO is the time with a familiar object, and NO is the time
with a novel object.

2.6 Statistical analysis

Data are presented as mean * standard error (SE). To determine
the effect of resveratrol on markers of oxidative stress and endogenous
antioxidants, a two-way fixed effects ANOVA model was used; to
determine the differences between groups, pairwise comparisons were
applied using Tukey’s post-hoc test, and the results were summarized
as mean difference and 95% confidence interval. A value of p of <0.05
was considered a statistically significant difference. All analyses and
graphs were performed in GraphPad Prism v.9.0.1 software.

3 Results

3.1 Effect of resveratrol on
ethanol-induced changes in nitrite levels

The results of the comparisons of nitrite production between the
study groups are shown in Figure 1. The control group had a mean of
0.53£0.036 NO,” pM/mg TP. At ethanol concentrations of 10 and
20%, the ethanol only and ethanol + resveratrol groups had similar
results to those observed in the control group. From the 30%
concentration, the ethanol group showed higher levels of nitrites than
the control group (30% MD=-0.92, 95%CI, —1.48 to —0.38,
p<0.0001; 40% MD=-1.01, 95%CI: —1.57 to —0.47, p<0.0001 and
50% MD =—1.44, 95%CI: —1.99 to —0.89, p <0.0001). The resveratrol

2.5+
@ Ethanol only
B Ethanol + Resveratrol
2.0 {

=

o *

o 1.5+ E 4

£ "

= * i

o 1.0 ° "l i }

~ 1.0+ ¥ *

g . l L
0_5_ZIIZZZZiiIIZZZZZZIZZEiZIIZZZZZZIIIZZZZZZIZ.ZZZZIIZZZZZ.IZIZZZZIIIZZZ.ZZI Control
0.0 T T T T T

10% 20% 30% 40% 50%
Ethanol (%)
FIGURE 1

Antioxidant activity of resveratrol on nitrite production in the
hippocampus of rats administered with ethanol. Data are presented
as mean + SE. The straight line is the mean of the control group, and
the dotted line is the SE. Comparison is made using a two-way fixed
effects ANOVA model, and post-hoc comparison was made using
Tukey's test. *p <0.05, **p < 0.01, ***p <0.001.
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group had similar results to the control group in all concentrations,
with the exception of the 30% concentration (MD =-0.57, 95%CI:
—1.21to —0.02, p=0.04). Between the ethanol and resveratrol groups,
the ethanol-only group presented higher values of nitrite than the
resveratrol group, but statistically significant differences were only
observed at concentrations at 40% (MD =0.63, 95%CI: 0.08 to 1.78,
p=0.01) and 50% (MD=0.91, 95%CI: 0.36 to 1.46, p <0.0001).

3.2 Effect of resveratrol on
ethanol-induced changes in lipid
peroxidation

For the evaluation of lipid peroxidation products, the comparisons
of MDA +4-1I between the study groups are shown in Figure 2. The
mean of the control group was 1.92+0.13puM/mg TP, and it was
observed that, in all ethanol concentrations, the resveratrol group did
not have different values from the control (all p >0.05), but the ethanol
group was statistically higher than the control group at the
concentrations of 10% (MD =-1.43, 95%CI: —2.67 to —0.20, p=0.01),
40% (p=0.002), and 50% (MD =1.87, 95%CI: 0.64 to 3.11 p=0.0004).
Regarding the comparison between the ethanol and resveratrol
groups, only differences were observed in the ethanol concentration
at 10% (MD=1.53, 95%CIL: 0.29 to 2.75, p=0.005) and 50%
(MD=1.87, 95%CI: 0.64 to 3.11, p=0.0004).

A comparison of each of the subproducts of lipid peroxidation
was carried out; in Figure 3, we show the comparisons of the MDA
values between the study groups, and in Figure 4, we show the results
of the comparisons of the production of 4-HDA promoted by ethanol
in different concentrations.

First, the mean MDA of the control group was 1.08 +£0.11 pM/mg
TP, the resveratrol group showed values similar to the control at all
concentrations (all p>0.05); meanwhile, the ethanol group showed
statistically higher values at the concentrations at 10% (MD=-1.72,
95%CI: —2.53 to —0.91, p <0.0001), 40% (MD =-1.25, 95%CI: —2.06
to —0.44, p=0.0003), and 50% (MD =—-2.23, 95%CI: —3.04 to —1.42,
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FIGURE 2

Antioxidant activity of resveratrol on lipid peroxidation products
(MDA + 4-HDA) in the hippocampus of rats administered with
ethanol. Data are presented as mean + SE. The straight line is the
mean of the control group, and the dotted line is the SE. Comparison
is made using a two-way fixed effects ANOVA model, and post-hoc
comparison was made using Tukey's test. *p <0.05, **p < 0.01,

***p <0.001.
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p<0.0001). The ethanol group showed higher MDA values than the
resveratrol group, but only in the concentrations at 10% (MD=1.34,
95%CI: 0.53 to 2.15, p<0.0001) and 50% (MD =1.42, 95%CI: 0.61 to
2.23, p<0.0001), statistically significant differences were observed. On
the other hand, about the levels of 4-HDA, no statistical differences
were observed between the study groups, and only at the concentration
of 50%, the ethanol group had higher values than the control group
(MD=-0.68, 95%CI: —1.28 to —0.07, p=0.02).

3.3 Effect of resveratrol on catalase and
SOD activity

The comparisons of the antioxidant effect of the catalase between
the study groups are shown in Figure 5. None of the ethanol
concentrations administered significantly changed catalase activity
when compared to the control group (199.80+10.91 U/mg TP/min).
Additionally, the animals treated with resveratrol showed no
significant difference from the control or ethanol groups. In Figure 6,
we show the results of the antioxidant effect of SOD between the study
groups. The mean antioxidant effect in the control group was
1195.19+50.07U/mg TP/min. No significant differences were
observed in any group, in any of the ethanol concentrations, and with
respect to the control group (all p>0.05), only a difference was
observed between the study group at the 50% ethanol concentration
(DM =-569.2, 95%CI: —1,087 to —51.62, p=0.02).

3.4 Effect of resveratrol on the
components of the glutathione system in
the hippocampus

The results in the comparisons of the glutathione components
between the study groups in the different concentrations of ethanol
are shown in Table 1. The ethanol group showed differences with the
control group only in Total-GSH at the 10% concentration and in GSH
and GST at the 50% concentration. On the other hand, the resveratrol
group showed statistically significant increases with respect to the
control group Total-GSH and GSH, both at concentrations of 10-40%;
in the case of GPx, the resveratrol group had statistically lower values
than the control at all ethanol concentrations. For GST, resveratrol had
higher values than the control group only at the 20 and 30%
concentrations, while the values of GR were higher than the control
from the 30% concentration onward. Between the ethanol and
resveratrol groups, significant differences were observed at all ethanol
concentrations in Total-GSH, GSH, and GPx. While in GST,
differences were only observed in the concentrations of 20, 40, and
50%, and in GR, there were only differences in the highest
concentrations (40 and 50%).

3.5 Effect of resveratrol on locomotor
behavior and memory

The results of the four open field tests are shown in Figure 7.
Figure 7A shows the comparison of the distance traveled between the
study groups, and the mean distance traveled in the control group was
823.2+1.01 cm. We observed that the distance traveled is lower at the
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FIGURE 3

Antioxidant activity of resveratrol on MDA levels in the hippocampus
of rats administered with ethanol and treated with resveratrol. Data
are presented as mean + SE. The straight line is the mean of the
control group, and the dotted line is the SE. Comparison is made
using a two-way fixed effects ANOVA model, and post-hoc
comparison was made using Tukey's test. *p <0.05, **p <0.01,
***p < 0.001
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FIGURE 4

Antioxidant activity of resveratrol on 4-HDA levels in the
hippocampus of rats administered. Data are presented as mean + SE.
The straight line is the mean of the control group, and the dotted
line is the SE. Comparison is made using a two-way fixed effects
ANOVA model, and post-hoc comparison was made using Tukey's
test. *p <0.05, **p <0.01, ***p < 0.001.

highest concentrations of ethanol (30, 40, and 50%), being statistically
significant for all concentrations (all p<0.0001), in the resveratrol
group, the distances do not differ from those of the control group in
the concentrations of 40 and 50%, and in the lower concentrations (10,
20, and 30), the distance traveled in resveratrol group was greater than
the control. Figure 7B shows the time in seconds of the exploration of
two objects, the media time in the control group was 19.16+0.44s,
and it was observed that the ethanol group at 30% concentration had
shorter times than the control group and resveratrol group, but the
resveratrol group showed no differences with the control group in any
of the ethanol concentrations. Figure 7C shows the values of the short-
term recognition index, the media in the control group was 0.81+0.04
points, the ethanol group had lower index values compared to the
control group and the resveratrol group at 20% concentration, while
the resveratrol group only showed differences with the control at the
50% concentration. Figure 7D shows the values of the long-term
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FIGURE 5

Antioxidant effect of resveratrol on catalase activity in the
hippocampus of rats administered with ethanol. Data are presented
as mean + SE. The straight line is the mean of the control group, and
the dotted line is the SE. Comparison is made using a two-way fixed
effects ANOVA model, and post-hoc comparison was made using
Tukey's test. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6

Antioxidant effect of resveratrol on superoxide dismutase activity on
the hippocampus of rats administered ethanol. Data are presented as
mean + SE. The straight line is the mean of the control group, and
the dotted line is the SE. Comparison is made using a two-way fixed
effects ANOVA model, and post-hoc comparison was made using
Tukey's test. *p<0.05, **p <0.01, ***p <0.001

recognition index, the media in the control group was 0.82+0.002
points, and similar to the short-term, the ethanol group shows a lower
score compared to the control and the resveratrol group, at 10, 20, 30,
and 50% concentrations, while resveratrol group only showed
differences with the control group at the 50% concentration.

4 Discussion

In this study, the effect of resveratrol on oxidative stress markers
and endogenous antioxidant enzymes in the hippocampus of Wistar
rats administered ethanol at 10, 20, 30, 40, and 50% concentrations
was analyzed. It was observed that resveratrol had a protective effect
for the elevation of nitrite production and lipid peroxidation products,
mainly at high concentrations of ethanol, but it was not observed to
have any specific effect on endogenous antioxidant enzymes. In
various in vivo models, it has been shown that the continuous or
periodic consumption of ethanol causes long-term brain problems in

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1304006
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org

Navarro-Cruz et al.

10.3389/fnbeh.2023.1304006

TABLE 1 Effects of resveratrol on the enzymatic activity of the glutathione system in the hippocampus of rats administered with ethanol.

Control

10% of ethanol

Ethanol only

Ethanol + Resveratrol

Total glutathione (Total-GSH)

1.2421+0.0592

1.0144£0.5036 *

2.3967+0.1770 *°

Reduced glutathione (GSH)

1.3727+0.0754

1.5467 +£0.0633

2.3967+0.1770 **

Oxidized glutathione (GSSG)

0.0145+0.0010

0.0106+0.0025

0.0104+0.0003

Glutathione peroxidase (GPx)

1.8147+0.0481

1.5533+£0.1567

1.5600 +£0.0700 *°

Glutathione S-transferase (GST)

39.0080+0.6760

39.6233+3.0533

48.2533+2.1967

Glutathione reductase (GR)

4.7587£0.2162

3.2633+0.5867

4.2933+0.1967

20% of ethanol

Total glutathione (Total-GSH)

1.2421+0.0592

1.0554 +0.0209

2.1790+0.1286 **

Reduced glutathione (GSH)

1.3727+0.0754

1.0667 £0.0033

2.1700+0.1290 **

Oxidized glutathione (GSSG)

0.0145+0.0010

0.0112+0.0024

0.0125+0.0020

Glutathione peroxidase (GPx)

1.8147+0.0481

1.7600+0.1332

1.1067 £0.0120 **

Glutathione S-transferase (GST)

39.0080 £0.6760

35.3933+4.0709

54.5733 +1.3641 *°

Glutathione reductase (GR)

4.7587£0.2162

4.9633+0.3767

5.1733+0.4667

30% of ethanol

Total glutathione (Total-GSH)

1.2421+0.0592

1.2434+0.1595

2.1904+0.1108 *°

Reduced glutathione (GSH)

1.3727+0.0754

1.4107£0.1293

2.1800+0.1114 **

Oxidized glutathione (GSSG)

0.0145+0.0010

0.0128+£0.0027

0.0104+0.0024

Glutathione peroxidase (GPx)

1.8147+0.0481

1.9433+0.0167

0.8133+0.1468 **

Glutathione S-transferase (GST)

39.0080+0.6760

41.8700+0.6213

51.1733+£2.4253 ¢

Glutathione reductase (GR)

4.7587+£0.2162

5.6593+0.1866

6.8167+£0.3031 %

40% of ethanol

Total glutathione (Total-GSH)

1.2421+0.0592

1.0964 +0.1200

2.1754+0.0545 **

Reduced glutathione (GSH)

1.3727+0.0754

1.2200£0.0800

2.1667+£0.0536 **

Oxidized glutathione (GSSG)

0.0145+0.0010

0.0170+0.0028

0.0087 +0.0009

Glutathione peroxidase (GPx)

1.8147+0.0481

1.4767 £0.0633

1.0000 +0.0473 **

Glutathione S-transferase (GST) 39.0080 +0.6760 29.5033+1.4751 43.2067+2.3710°
Glutathione reductase (GR) 4.7587+£0.2162 3.2367+0.0667 7.7333+0.3333 *°
50% of ethanol

Total glutathione (Total-GSH) 1.2421+0.0592 0.8800+0.0569 1.8194+0.0491 °
Reduced glutathione (GSH) 1.3727 £0.0754 0.8500+0.0839 * 1.8167+0.0491°
Oxidized glutathione (GSSG) 0.0145+0.0010 0.0138+0.0025 0.0069 £0.0009
Glutathione peroxidase (GPx) 1.8147+0.0481 1.8100+0.0577 0.8600 +0.0289 **

Glutathione S-transferase (GST)

39.0080+0.6760

22.7900+1.1738 ¢

40.8433+1.6810°

Glutathione reductase (GR)

4.7587+£0.2162

3.3500+0.2500

7.5867 +0.6220 *°

Data are presented as Mean * standard error. Comparisons are made using the two-way fixed effects ANOVA model and a pairwise comparison using Tukey’s post-hoc test. a: statistically
significant difference (p <0.05) with respect to the control group; b: statistically significant difference (p <0.05) with respect to the ethanol-only group.

the adult brain by deregulating its redox balance, generating changes
in various markers of oxidative stress such as NO and lipid
peroxidation, that, depending on the pattern of consumption, the
dose, and the period of exposure to ethanol, a variety of structural and
functional brain deficits can be observed (Brocardo et al., 2016). At
the end of the 1980s, a group of biomarkers for measuring oxidative
stress was introduced, indicating the possible damage to
macromolecules such as lipids and proteins, markers of physiological
and cognitive functions, as well as the relationship with some specific
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pathology (Rossi et al., 2016), which are used with the aim of
developing new preventive, diagnostic, and therapeutic strategies to
prevent the appearance of various diseases (Grotto et al., 2009).

The groups given resveratrol show lower nitrite levels compared
to those treated solely with ethanol. Prolonged administration of
resveratrol over a 2-month period keeps, similar to the controls, the
nitrite levels in the hippocampus of Wistar rats exposed to different
ethanol concentrations ranging from 10 to 50%. This outcome aligns
with the findings of Lorenz et al. (2003), who observed a notable
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reduction in nitrite levels in glial cells exposed to elevated ethanol
concentrations following resveratrol treatment. Other studies carried
out in recent years support the results found in this study, for
example, Zima et al. (2001) showed that NO metabolites (nitrites and
nitrates) increase in alcoholic patients (34.3, SD: 2.6 vs. 22.7, SD:
1.2 umol/L); in addition, Ng and Lee (2019) found in vitro that high
concentrations of NO diffuse into surrounding cells in the brain,
which could be linked to increased cytotoxicity in neurons, glia, and
myelin. Teixeira et al. (2014) found a significant reduction in the
number of neurons and glial cells with an increase in nitrite levels in
young rats administered ethanol. One of several possible mechanisms
for alcohol-induced neurotoxicity may be attributable to the
modulation of the hypothalamic—-pituitary response to alcohol by
nitric oxide generating systems. For example, alcohol can regulate
NOS, a rate-limiting enzyme, so that NO increases its local levels,
leading to neurotoxicity (Lancaster, 1995). It was recently shown that
downregulation of NO synthesis by inhibition of nNOS enhanced
the activity of ionotropic GABA receptors (GABAaRs), which
favored greater permeability of chloride ion (Cl7) a higher
concentration of Cl~ reduces neuronal excitability such as
glutamatergic cells in the hippocampus and consequently a decrease
in memory and learning processes (Colrain et al., 2014; Yu et al,,
2019). While some articles provide backing for these theories, there
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is still a lack of a widely accepted mechanism to explain the
neurotoxic effects of alcohol. However, the existing and previous
evidence indicates that the immediate impact of alcohol consumption
might trigger programmed cell death, leading to subsequent
non-programmed degeneration of neurons as alcohol exposure
increases (Seo and Rivier, 2003).

The results obtained in this study suggest that resveratrol could
be beneficial for neurons since it prevented the accumulation of NO
and its metabolites in all ethanol concentrations studied; the
maintenance of NO observed in the study could avoid the neurotoxic
effect, suggesting that resveratrol has the capacity to prevent the toxic
effects of ethanol by maintaining nitrite levels, since these increase
under conditions of high oxidative stress, in this case generated by the
administration of ethanol in 30, 40, and 50% concentrations. On the
other hand, part of the evidence of the possible protective effect of
resveratrol was observed in behavioral evaluations, where it was found
that in most of the tests, animals that received resveratrol together
with ethanol had values similar to controls in open field tests. It is
important to point out that NO has several physiological functions in
the central nervous system; therefore, the evaluation of a single marker
such as NO may be incorrect to dictate that there is oxidative stress,
so in future studies, it should be studied in conjunction with
other markers.
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Lipoperoxidation is a complex process that involves the
formation of different products with various biological functions
such as regulation of gene expression and cell signaling (Forman
et al., 2008). MDA and 4-HDA are generated after oxidation of
biological membranes. These compounds are most called
lipoperoxides and are used as markers of oxidative stress in plasma
and tissues (Ayala et al., 2014). Hippocampal atrophy is one of the
most prominent manifestations of alcoholism, often caused by the
experimental administration of ethanol. Ramezani et al. (2012)
found that chronic exposure to ethanol (35% orally ethanol
solution) in rats significantly increased lipid peroxidation in the
brain, as an indicator of oxidative stress in the cerebellum.
Investigations carried out in the last decades maintain that the
reduction of lipid peroxidation consequently allows for favoring
the neuroprotective effect of resveratrol (Kasdallah-Grissa et al.,
2006). The results of our study show that in the animals
administered with ethanol at concentrations of 40 and 50%, the
levels of MDA + 4-HDA increased, and an increase of 150.91% (SD:
8.17) was observed in the group administered with 50% ethanol
compared to the control group; and although at lower
concentrations (20 and 30%), higher ethanol levels were also
observed than those in the control groups, there were no significant
statistical differences. It is important to mention that these results
cannot be taken as a dose effect of ethanol on the MDA +4-HDA
since the variable is categorical in nature and not a continuous
quantitative variable with which a linear relationship can be made.
The oral administration of 10 mg/kg/day of resveratrol maintained
MDA +4-HDA levels similar to those of the control in all ethanol
concentrations, and this protective activity agrees with results
previously obtained in the laboratory where it is observed that the
administration of resveratrol with a 10% ethanol solution
significantly decreases lipid peroxidation in the same tissue
(Aguilar-Alonso et al., 2018).

In vivo and in vitro studies have reported that chronic ethanol
administration significantly increases MDA levels (Grotto et al.,
2009). Nahar and Jat (2021) demonstrated that chronic ethanol
consumption caused a significant increase in MDA levels in rat
brain synaptosomes. Similarly, Turkcu et al. (2010) found that
MDA levels in rat brain tissue samples increased significantly in
animals treated with ethanol compared to the control and that
when an antioxidant was administered, these metabolites returned
to their normal levels, acting as a protective agent. These findings
are similar to those we observed in the hippocampus of rats used
in this investigation, where we observed that MDA increased in the
40 and 50% concentrations of ethanol compared to the control
group, but we do observe increases at lower concentrations;
however, in the group of animals that were administered resveratrol
plus ethanol, the MDA levels remained similar to the levels
observed in the control group at all ethanol concentrations, and
this could be interpreted as the protective effect of resveratrol that
is mentioned in the aforementioned studies.

A study conducted by Petrovic et al. (2020) demonstrated that the
marked increase in the product of lipid peroxidation (4-HDA) and the
decrease in specific neuronal neurofilaments support the idea that the
peroxidation process and the disruption of the cytoskeleton
neurodegeneration could be initial steps in alcohol-associated
neurodegeneration. The dual role of 4-HDA is known, and high
concentrations are extremely toxic, leading to cell death. Prior to this
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event, many effects occur, such as rapid glutathione depletion, protein
damage, increased lipid peroxidation, impaired calcium homeostasis,
inhibition of DNA, RNA, and protein synthesis, inhibition of
respiration and glycolysis, lactate release, and morphological changes
(Esterbauer et al., 1991). It is known that 4-HDA is produced in less
quantity compared to MDA during the lipid peroxidation process; in
this investigation, we observed that both the animals in the ethanol-
only group and the ethanol + resveratrol group had 4-HDA levels
similar to those of the control group, and differences were only
observed in the highest ethanol concentration (50%).

Regarding catalase, the administration of any concentration of
ethanol did not show significant changes, and in the 50% concentration
of ethanol, the enzymatic activity had an increase of 30.48% (SD:
12.65) compared to the control group, without presenting a statistical
difference, while with the administration of resveratrol showed a less
catalase enzymatic activity of 29.64% (SD: 10.33) compared to the
ethanol group in the 50% concentration, but also, without a statistical
difference. It seems that at these concentrations, this enzyme does not
need to be activated or increase its activity; however, with the
administration of 50% ethanol, a significant increase is observed in
various investigations that have shown more catalase activity, and the
deficient activity of the endogenous enzymatic system leads to a
greater production of free radicals and consequently greater cell
damage (Ledesma et al., 2013).

Regarding the effect of resveratrol on antioxidant enzyme activity,
SOD did not show statistically significant changes in rats administered
with any concentration of ethanol, maintaining similar levels to the
control group; on the other hand, the group treated with resveratrol
showed an increase in enzymatic activity in the doses of 40 and 50%
0f 21.24% (SD: 13.86) and 56.9% (SD: 25.6), respectively, with respect
to the group administered with ethanol; however, only in the 50%
concentration, a statistically significant difference was observed. It is
important to mention that although in the groups administered with
40 and 50% ethanol, no significant difference was observed in the
activity of this enzyme with respect to the control group, when using
resveratrol, its activity did increase, showing a significant difference
with respect to the ethanol group up to a concentration of 50%. This
may be because, at concentrations lower than 50% ethanol, resveratrol
acts as a scavenger, eliminating excess free radicals; however, at higher
concentrations, it is not capable of reducing stress levels and begins to
act as an inducer of the enzymatic activity.

The glutathione antioxidant system includes enzymatic and
non-enzymatic elements. Glutathione represents the predominant
source of antioxidants in the central nervous system and plays a
crucial role in preserving redox homeostasis (Aoyama, 2021). It is
important to mention that the behavior of this system varies in
different brain regions. When the concentration of free radicals
[reactive oxygen species (ROS) and reactive nitrogen species (RNS)]
is very high, the endogenous antioxidant system composed of enzymes
such as catalase, SOD, and the enzymes of the glutathione system is
activated to reduce said concentration. Specifically, when numerous
free radicals are within the cell, GPx becomes active, diminishing the
reactive species and converting GSH into its oxidized form (GSSG).
Consequently, GSSG undergoes reduction to GSH through the
enzymatic action of GR, thereby reinstating the initial GSH levels.
Throughout this mechanism, there is a continuous turnover of GSH
and its oxidized counterpart, GSSG, as substrates for the enzymes
involved. Our results show that in the different concentrations of
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ethanol used, GR increases significantly in the groups administered
with resveratrol but not GPx; they are even minor, which shows the
very low concentration of glutathione in its oxidized form. Sommavilla
etal. (2012) found that after chronic administration with ethanol, GPx
activity was elevated, which is consistent with our groups administered
only with ethanol. Therefore, it is demonstrated that resveratrol allows
glutathione to be kept active and in adequate concentrations in its
reduced form, even under attack conditions such as higher
concentrations of ethanol. GST is another antioxidant detoxification
enzyme that participates in the detoxification of oxidized products by
conjugating GSH with electrophilic centers on many toxic substrates
to form non-toxic products (Mazari et al., 2023). In our results, this
enzyme appears active in the animals administered with resveratrol
but without showing differences between the control group and the
group treated only with ethanol. This shows the strengthening of the
endogenous antioxidant system caused by resveratrol.

It is well known that ethanol is a molecule capable of crossing up
to 90% of the blood-brain barrier; this is one of the reasons why it is
attributed to a direct effect. Various studies have shown that ethanol
can interfere with nerve action potentials and influence behavior and
short- and long-term recognition memory (Balifio et al., 2021). When
ethanol is ingested, biochemical changes occur until it is converted
into acetaldehyde, the latter passes into the blood and produces
intoxication, which is largely caused by its accumulation and an earlier
generation of ROS. In the brain, ethanol favors synaptic inhibition
produced by the GABA transmitter; the anesthetic effect is carried out
mainly through an inhibitory action on the NMDA receptors of the
neurotransmitter glutamate, which has an excitatory power in the
brain (Pascual et al., 2011) producing modifications in the neuronal
mechanism of the hippocampus and cortex, which could constitute
neurochemical correlates of memory loss, and this would also explain
why the animals that were administered with high concentrations of
ethanol their locomotor activity decreases. On the other hand, it is
known that acute or chronic exposure to ethanol must be metabolized
by dehydrogenases and by the microsomal ethanol oxidation system
that is related to the production of NADH, NADP + and in greater
quantities ROS (Jiang et al., 2020). Subsequently, ROS levels and the
resulting oxidative stress represent an important threat to cell survival
since macromolecules such as polyunsaturated fatty acids in cell
membranes are altered, protein misfolding occurs, and there is a
decrease in the endogenous defense system, which in turn leads to the
malfunction of neuronal cells. These oxidative damages accumulate
until finally changes in neurochemistry and neuronal plasticity are
reflected, thus causing behavioral problems. Resveratrol is an
antioxidant par excellence; given its chemical structure, it can greatly
reduce the negative effects caused by ROS by acting as a scavenger and
stabilizing free radicals before they cause cellular damage.

The reason why a single dose of resveratrol (10 mg/Kg/day) is
used in our study is that, to the best of our knowledge, there is no
conclusive evidence of what would be the best dose of resveratrol for
health benefits; the more recent studies in animal models show that
both low (<20 mg/Kg/day) and high (>30mg/Kg/day) doses of
resveratrol have similar effect sizes on clinical outcomes such as
ischemia/reperfusion injury (Xue et al., 2022) and pulmonary
arterial hypertension (Ferreira et al., 2020). Unfortunately, at the
date of writing this study, there is no meta-analytic evidence on the
most useful dose for the protection of oxidative stress, so we consider
it widely useful to evaluate a single low dose to reduce the
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confounding factor of dose-dependence. In turn, it could serve as
evidence, for developing countries (such as Mexico) of the usefulness
of low doses of resveratrol that imply lower costs in the translation
to supplementation in humans. We would like to add that the use of
different concentrations of ethanol in this study tries to simulate the
different types of consumption of different beverages that exist in the
consumer market for human beings. The 10% ethanol concentrations
were used to simulate the consumption of natural or unfortified
wines that contain between 8 and 12% ethanol, although some
varieties have a somewhat higher content, ranging between 12 and
14%; therefore, for the latter, the concentration of 20% was used. The
concentrations of 30, 40, and 50% try to simulate alcohol
concentration in brandy that ranges between 35 and 60% depending
on how it is prepared and also for spirits, including vodka, rum, and
whiskey, which typically contain between 30 and 50% alcohol. A
standard drink contains between 0.5 and 0.7 fluid ounces of absolute
alcohol (one ounce is approximately 30 mL.). Therefore, a 1.5-ounce
(45mL) shot of vodka, a 5-ounce (150mL) glass of wine, and a
12-ounce (355mL) bottle of beer induce the same effects.

The present study has several limitations that must be taken into
account while reading. The first is that there was no positive control
group in which only resveratrol was given, and the absence of this
positive control may bias the comparison to not have an estimated
effect of resveratrol outside of ethanol concentrations. The second
limitation is that it cannot be considered with 100% reliability that the
oxidative stress effects of ethanol are only due to its consumption since
the experimental animals were subjected to stress by being forced to
consume ethanol by administrations and not by free access
consumption. The third limitation of our study is that a single dose of
resveratrol was used for the five study groups of ethanol + resveratrol.
This was done since it was intended to evaluate the effect of said single
dose in various concentrations, but when using a single dose, the study
of the dose effect of resveratrol on oxidative stress markers is
impossible. The fourth limitation of our study is that we cannot
demonstrate that resveratrol reduces oxidative stress markers since it
was administered together with ethanol in the same study period. Our
study only shows that resveratrol maintains similar levels to the
control group in various markers of oxidative stress or antioxidant
enzymes. The fifth limitation of our study is that no data on plasma
ethanol concentrations were obtained for any of the study groups; this
would be important to facilitate the understanding of the effects of
each ethanol concentration used.

5 Conclusion

The administration of high concentrations of ethanol for a period
of 2months in Wistar rats gradually causes an increase in NO
metabolites (nitrites), products of the lipid peroxidation process
(MDA and 4-HDA), but not the modification of the activity of catalase
and SOD enzymes; by contrast, the administration of resveratrol in a
single dose of 10 mg/kg/day promotes protection against the oxidative
stress generated by high concentration of ethanol. Under the
conditions of the present investigation, resveratrol did not modify the
enzyme activity of superoxide dismutase and catalase in
administrations of less than 50% ethanol but allowed glutathione to
be kept active and in adequate concentrations in its reduced form and
avoided alterations in the locomotor system.

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1304006
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org

Navarro-Cruz et al.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by Institutional Committee for the
Care and Use of Laboratory Animals with project folio
100426322-CICUALVIEP-18/3. The study was conducted in
accordance with the Mexican legislation and institutional requirements.

Author contributions

AN-C: Conceptualization, Writing - original draft. DJ-S:
Investigation, Validation, Writing - review & editing. IC-A:
Investigation, Resources, Writing - review & editing. AK-G: Data
curation, Formal analysis, Investigation, Writing — original draft.
JG-D: Writing - review & editing. OV-L: Visualization, Writing -
review & editing. ML-H: Formal analysis, Visualization, Writing -
review & editing. IP-X: Visualization, Writing - review & editing.
OS-B: Funding acquisition, Methodology, Resources, Writing -
original draft.

References

Aebi, H. (1984). Catalase in vitro. Methods Enzymol. 105, 121-126. doi: 10.1016/
$0076-6879(84)05016-3

Aguilar-Alonso, P, Vera-Lépez, O., Brambila-Colombres, E., Segura-Badilla, O.,
Avalos-Lopez, R., Lazcano-Herndndez, M., et al. (2018). Evaluation of oxidative stress
in cardiomyocytes during the aging process in rats treated with resveratrol. Oxidative
Med. Cell. Longev. 2018, 1-9. doi: 10.1155/2018/1390483

Aoyama, K. (2021). Glutathione in the brain. Int. . Mol. Sci. 22:5010. doi: 10.3390/
{jms22095010

Ataie, A., Ataie, R., and Shadifar, M. (2016). Polyphenolic antioxidants and neuronal
regeneration. Basic Clin Neurosci. J. 7, 81-90. doi: 10.15412/j.bcn.03070201

Ayala, A, Muioz, M. E, and Argiielles, S. (2014). Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and 4-Hydroxy-2-Nonenal.
Oxidative Med. Cell. Longev. 2014, 1-31. doi: 10.1155/2014/360438

Balino, P, Romero-Cano, R., and Muriach, M. (2021). Biochemical and behavioral
consequences of ethanol intake in a mouse model of metabolic syndrome. Int. J. Mol.
Sci. 22:807. doi: 10.3390/ijms22020807

Baur, J. A., and Sinclair, D. A. (2006). Therapeutic potential of resveratrol: the in vivo
evidence. Nat. Rev. Drug Discov. 5, 493-506. doi: 10.1038/nrd2060

Brocardo, P. S., Gil-Mohapel, J., Wortman, R., Noonan, A., McGinnis, E., Patten, A. R.,
et al. (2016). The effects of ethanol exposure during distinct periods of brain
development on oxidative stress in the adult rat brain. Alcohol. Clin. Exp. Res. 41, 26-37.
doi: 10.1111/acer.13266

Buljeta, I, Pichler, A., Simunovi¢, J., and Kopjar, M. (2023). Beneficial effects of red
wine polyphenols on human health: comprehensive review. Curr. Issues Mol. Biol. 45,
782-798. doi: 10.3390/cimb45020052

Colrain, I. M., Nicholas, C. L., and Baker, E. C. (2014). Alcohol and the sleeping brain.
Handb. Clin. Neurol. 125, 415-431. doi: 10.1016/B978-0-444-62619-6.00024-0

Costa, M., Sezgin-Bayindir, Z., Losada-Barreiro, S., Paiva-Martins, E, Saso, L., and
Bravo-Diaz, C. (2021). Polyphenols as antioxidants for extending food shelf-life and in
the prevention of health diseases: encapsulation and interfacial phenomena. Biomedicine
9:1909. doi: 10.3390/biomedicines9121909

Davis, M. L. (2014). Neurotrophic factors and ethanol neurotoxicity. Handbook
Neurotoxicity, 1671-1732. doi: 10.1007/978-1-4614-5836-4_47

Diaz, A., Trevifo, S., Guevara, J., Mufioz-Arenas, G., Brambila, E., Espinosa, B., et al.
(2016). Energy Drink Administration in Combination with alcohol causes an

Frontiers in Behavioral Neuroscience

11

10.3389/fnbeh.2023.1304006

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study was
developed with financial support from the Council of Science and
Technology of the State of Puebla (CONCyTEP). The funders had no
role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

inflammatory response and oxidative stress in the Hippocampus and temporal cortex
of rats. Oxidative Med. Cell. Longev. 2016, 1-9. doi: 10.1155/2016/8725354

Erdelmeier, 1., Gérard-Monnier, D., Yadan, J.-C., and Chaudiére, J. (1998). Reactions
of n-Methyl-2-Phenylindole with malondialdehyde and 4-Hydroxyalkenals. Mechanistic
aspects of the colorimetric assay of lipid peroxidation. Chem. Res. Toxicol. 11,1184-1194.
doi: 10.1021/tx970180z

Esterbauer, H., Schaur, R. J., and Zollner, H. (1991). Chemistry and biochemistry of
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Radic. Biol. Med. 11,
81-128. doi: 10.1016/0891-5849(91)90192-6

Ferreira, A. C., Serejo, J. S., Durans, R., Pereira Costa, J. M., Maciel, A. W. S,
Vieira, A. S. M, et al. (2020). Dose-related effects of resveratrol in different models of
pulmonary arterial hypertension: a systematic review. Curr. Cardiol. Rev. 16, 231-240.
doi: 10.2174/1573403X15666191203110554

Flores, G., Vazquez-Roque, R. A., and Diaz, A. (2016). Resveratrol effects on neural
connectivity during aging. Neural Regen. Res. 11, 1067-1068. doi:
10.4103/1673-5374.187029

Forman, H. J., Fukuto, J. M., Miller, T., Zhang, H., Rinna, A., and Levy, S. (2008). The
chemistry of cell signaling by reactive oxygen and nitrogen species and
4-Hydroxynonenal. Arch. Biochem. Biophys. 477, 183-195. doi: 10.1016/j.
abb.2008.06.011

Golub, H. M., Zhou, Q.-G., Zucker, H., McMullen, M. R., Kokiko-Cochran, O. N.,
Ro, E. ], et al. (2015). Chronic alcohol exposure is associated with decreased
neurogenesis, aberrant integration of newborn neurons, and cognitive dysfunction in
female mice. Alcohol. Clin. Exp. Res. 39, 1967-1977. doi: 10.1111/acer.12843

Grotto, D., Maria, L. S., Valentini, J., Paniz, C., Schmitt, G., Garcia, S. C., et al. (2009).
Importance of the lipid peroxidation biomarkers and methodological aspects for
malondialdehyde quantification. Quimica Nova 32, 169-174. doi: 10.1590/
50100-40422009000100032

Hernéndez-Hernandez, E. M., Caporal Hernandez, K., Vazquez-Roque, R. A.,
Diaz, A., de la Cruz, E, Flordn, B., et al. (2018). The neuropeptide-12 improves
recognition memory and neuronal plasticity of the limbic system in old rats. Synapse
72:€22036. doi: 10.1002/syn.22036

Ighodaro, O. M., and Akinloye, O. A. (2018). First line Defence antioxidants-
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their
fundamental role in the entire antioxidant Defence grid. Alexandria J. Med. 54, 287-293.
doi: 10.1016/j.ajme.2017.09.001

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1304006
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1155/2018/1390483
https://doi.org/10.3390/ijms22095010
https://doi.org/10.3390/ijms22095010
https://doi.org/10.15412/j.bcn.03070201
https://doi.org/10.1155/2014/360438
https://doi.org/10.3390/ijms22020807
https://doi.org/10.1038/nrd2060
https://doi.org/10.1111/acer.13266
https://doi.org/10.3390/cimb45020052
https://doi.org/10.1016/B978-0-444-62619-6.00024-0
https://doi.org/10.3390/biomedicines9121909
https://doi.org/10.1007/978-1-4614-5836-4_47
https://doi.org/10.1155/2016/8725354
https://doi.org/10.1021/tx970180z
https://doi.org/10.1016/0891-5849(91)90192-6
https://doi.org/10.2174/1573403X15666191203110554
https://doi.org/10.4103/1673-5374.187029
https://doi.org/10.1016/j.abb.2008.06.011
https://doi.org/10.1016/j.abb.2008.06.011
https://doi.org/10.1111/acer.12843
https://doi.org/10.1590/s0100-40422009000100032
https://doi.org/10.1590/s0100-40422009000100032
https://doi.org/10.1002/syn.22036
https://doi.org/10.1016/j.ajme.2017.09.001

Navarro-Cruz et al.

Jeon, S., and Carr, R. (2020). Alcohol effects on hepatic lipid metabolism. J. Lipid Res.
61, 470-479. doi: 10.1194/jlr.r119000547

Jiang, Y., Zhang, T., Kusumanchi, P, Han, S., Yang, Z., and Liangpunsakul, S. (2020).
Alcohol metabolizing enzymes, microsomal ethanol oxidizing system, cytochrome P450
2E1, catalase, and aldehyde dehydrogenase in alcohol-associated liver disease.
Biomedicine 8:50. doi: 10.3390/biomedicines8030050

Juarez, D., Arteaga, L., Cortes, H., Vazquez-Roque, R., Lopez-Lopez, G., Flores, G.,
et al. (2023). Chronic resveratrol administration reduces oxidative stress and brain cell
loss and improves memory of recognition in old rats. Synapse 77:¢22271. doi: 10.1002/
syn.22271

Kasdallah-Grissa, A., Mornagui, B., Aouani, E., Hammami, M., Gharbi, N.,
Kamoun, A., et al. (2006). Protective effect of resveratrol on ethanol-induced lipid
peroxidation in rats. Alcohol Alcohol. 41, 236-239. doi: 10.1093/alcalc/agh256

Lancaster, E E. (1995). Alcohol and the brain: What's no got to do with it? Metab.
Brain Dis. 10, 125-133. doi: 10.1007/bf01991860

Laudato, J. A., Tice, A. L., Call, J. A., Gordon, B. S., and Steiner, J. L. (2021). Effects of
alcohol on skeletal muscle contractile performance in male and female mice. PLoS One
16:€0255946. doi: 10.1371/journal.pone.0255946

Ledesma, J. C., Balifio, P, and Aragon, C. M. (2013). Reduction in central H,O, levels
prevents voluntary ethanol intake in mice: a role for the brain catalase-H,O, system in
alcohol binge drinking. Alcohol. Clin. Exp. Res. 38, 60-67. doi: 10.1111/acer.12253

Lees, B., Meredith, L. R, Kirkland, A. E., Bryant, B. E., and Squeglia, L. M. (2020).
Effect of alcohol use on the adolescent brain and behavior. Pharmacol. Biochem. Behav.
192:172906. doi: 10.1016/j.pbb.2020.172906

Lorenz, P,, Roychowdhury, S., Engelmann, M., Wolf, G., and Thomas, E. W. (2003).
Oxyresveratrol and resveratrol are potent antioxidants and free radical scavengers: effect
on Nitrosative and oxidative stress derived from microglial cells. Nitric Oxide 9, 64-76.
doi: 10.1016/j.ni0x.2003.09.005

Marklund, S., and Marklund, G. (1974). Involvement of the superoxide anion radical
in the autoxidation of Pyrogallol and a convenient assay for superoxide dismutase. Eur.
J. Biochem. 47, 469-474. doi: 10.1111/j.1432-1033.1974.tb03714.x

Mazari, A. M. A,, Zhang, L., Ye, Z. W,, Zhang, J., Tew, K. D., and Townsend, D. M.
(2023). The multifaceted role of glutathione S-transferases in health and disease. Biomol.
Ther. 13:688. doi: 10.3390/biom13040688

Nahar, M., and Jat, D. (2021). Long-term exposure of alcohol induced behavioral
impairments and oxidative stress in the brain mitochondria and synaptosomes of adult
zebrafish. Zebrafish 18, 110-124. doi: 10.1089/2¢b.2020.1913

Ng, S. Y, and Lee, A. Y. (2019). Traumatic brain injuries: pathophysiology and
potential therapeutic targets. Front. Cell. Neurosci. 13. doi: 10.3389/fncel.2019.00528

Pascual, M., Balino, P, Alfonso-Loeches, S., Aragén, C. M., and Guerri, C. (2011).
Impact of TLR4 on behavioral and cognitive dysfunctions associated with alcohol-
induced neuroinflammatory damage. Brain Behav. Immun. 25, $80-S91. doi: 10.1016/j.
bbi.2011.02.012

Petersen, O. H. (2021). Different effects of alcohol on the liver and the pancreas.
Function 2:2qab008. doi: 10.1093/function/zqab008

Petrovic, S., Arsic, A., Ristic-Medic, D., Cvetkovic, Z., and Vucic, V. (2020). Lipid
peroxidation and antioxidant supplementation in neurodegenerative diseases: a review
of human studies. Antioxidants 9:1128. doi: 10.3390/antiox9111128

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, E, Arcoraci, V., et al. (2017).
Oxidative stress: harms and benefits for human health. Oxidative Med. Cell. Longev.
2017, 8416763-8416713. doi: 10.1155/2017/8416763

Pulido, G., Trevifio, S., Brambila, E., Vazquez-Roque, R., Moreno-Rodriguez, A., Peiia
Rosas, U, et al. (2019). The Administration of Cadmium for 2, 3 and 4 months causes a
loss of recognition memory, promotes neuronal hypotrophy and apoptosis in the
Hippocampus of rats. Neurochem. Res. 44, 485-497. doi: 10.1007/s11064-018-02703-2

Frontiers in Behavioral Neuroscience

12

10.3389/fnbeh.2023.1304006

Ramezani, A., Goudarzi, 1., Lashkarboluki, T., Ghorbanian, M. T., Abrari, K., and
Elahdadi Salmani, M. (2012). Role of oxidative stress in ethanol-induced neurotoxicity
in the developing cerebellum. Iran. J. Basic Med. Sci., 965-974.

Roerecke, M. (2021). Alcohol’s impact on the cardiovascular system. Nutrients
13:3419. doi: 10.3390/nul13103419

Rossi, W. M., Garrido, G., Sellés, A., and Nunez, J. (2016). Biomarcadores del estrés
oxidativo en la terapia antioxidante. J. Pharmacy Pharmacognosy Res., 62-83.

Sedmak, J. J., and Grossberg, S. E. (1977). A rapid, sensitive, and versatile assay for
protein using Coomassie brilliant blue G250. Anal. Biochem. 79, 544-552. doi:
10.1016/0003-2697(77)90428-6

Seo, D. O., and Rivier, C. (2003). Interaction between alcohol and nitric oxide on
ACTH release in the rat. Alcohol. Clin. Exp. Res. 27, 989-996. doi:
10.1111/j.1530-0277.2003.tb04425.x

Sheth, D. S., Tajuddin, N. E, and Druse, M. J. (2009). Antioxidant neuroprotection
against ethanol-induced apoptosis in HN2-5 cells. Brain Res. 1285, 14-21. doi: 10.1016/j.
brainres.2009.06.029

Silva-Pefa, D., Garcia-Marchena, N., Alén, F,, Araos, P, Rivera, P, Vargas, A, et al.
(2018). Alcohol-induced cognitive deficits are associated with decreased circulating
levels of the Neurotrophin BDNF in humans and rats. Addict. Biol. 24, 1019-1033. doi:
10.1111/adb.12668

Snopek, L., Mlcek, J., Sochorova, L., Baron, M., Hlavacova, L., Jurikova, T., et al. (2018).
Contribution of red wine consumption to human health protection. Molecules 23:1684.
doi: 10.3390/molecules23071684

Sommavilla, M., Sinchez-Villarejo, M. V., Almansa, L., Snchez-Vallejo, V., Barcia, J. M.,
Romero, E ], et al. (2012). The effects of acute ethanol exposure and ageing on rat brain
glutathione metabolism. Free Radic. Res. 46, 1076-1081. doi: 10.3109/10715762.2012.688963

Teixeira, E B., Santana, L. N., Bezerra, E. R., De Carvalho, S., Fontes-Junior, E. A.,
Prediger, R. D,, et al. (2014). Chronic ethanol exposure during adolescence in rats
induces motor impairments and cerebral cortex damage associated with oxidative stress.
PLoS One 9:e101074. doi: 10.1371/journal.pone.0101074

Tiwari, V., and Chopra, K. (2013). Protective effect of curcumin against chronic
alcohol-induced cognitive deficits and Neuroinflammation in the adult rat brain.
Neuroscience 244, 147-158. doi: 10.1016/j.neuroscience.2013.03.042

Topiwala, A., and Ebmeier, K. P. (2017). Effects of drinking on late-life brain and
cognition. Evidence Based Mental Health 21, 12-15. doi: 10.1136/eb-2017-102820

Tsikas, D. (2007). Analysis of nitrite and nitrate in biological fluids by assays based on
the Griess reaction: appraisal of the Griess reaction in the L-arginine/nitric oxide area
of research. J. Chromatogr. B 851, 51-70. doi: 10.1016/j.jchromb.2006.07.054

Turkcu, O., Ummubhani, A. B., Biberoglu, G., and Caglar, O. M. (2010). Carnosine
supplementation protects rat brain tissue against ethanol-induced oxidative stress. Mol.
Cell. Biochem. 339, 55-61. doi: 10.1007/s11010-009-0369-x

World Health Organization. (2022). Alcohol. Available at: https://www.who.int/news-
room/fact-sheets/detail/alcohol (Accessed September 5, 2023)

Xue, R., Gao, S., Zhang, Y., Cui, X., Mo, W,, Xu, ], et al. (2022). A meta-analysis of
resveratrol protects against cerebral ischemia/reperfusion injury: evidence from rats
studies and insight into molecular mechanisms. Front. Pharmacol. 13:988836. doi:
10.3389/fphar.2022.988836

Yu, X, Li, W, Ma, Y,, Tossell, K., Harris, J. J., Harding, E. C,, et al. (2019). GABA and

glutamate neurons in the VTA regulate sleep and wakefulness. Nat. Neurosci. 22,
106-119. doi: 10.1038/541593-018-0288-9

Zahr, N. M., and Pfefferbaum, A. (2017). Alcohol’s effects on the brain: neuroimaging
results in humans and animal models. Alcohol Res. 38, 183-206.

Zima, T., Fialova, L., Mestek, O., Janebovd, M., Crkovsk4, J., Malbohan, L., et al. (2001).
Oxidative stress, metabolism of ethanol and alcohol-related diseases. J. Biomed. Sci. 8,
59-70. doi: 10.1007/bf02255972

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1304006
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1194/jlr.r119000547
https://doi.org/10.3390/biomedicines8030050
https://doi.org/10.1002/syn.22271
https://doi.org/10.1002/syn.22271
https://doi.org/10.1093/alcalc/agh256
https://doi.org/10.1007/bf01991860
https://doi.org/10.1371/journal.pone.0255946
https://doi.org/10.1111/acer.12253
https://doi.org/10.1016/j.pbb.2020.172906
https://doi.org/10.1016/j.niox.2003.09.005
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.3390/biom13040688
https://doi.org/10.1089/zeb.2020.1913
https://doi.org/10.3389/fncel.2019.00528
https://doi.org/10.1016/j.bbi.2011.02.012
https://doi.org/10.1016/j.bbi.2011.02.012
https://doi.org/10.1093/function/zqab008
https://doi.org/10.3390/antiox9111128
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1007/s11064-018-02703-2
https://doi.org/10.3390/nu13103419
https://doi.org/10.1016/0003-2697(77)90428-6
https://doi.org/10.1111/j.1530-0277.2003.tb04425.x
https://doi.org/10.1016/j.brainres.2009.06.029
https://doi.org/10.1016/j.brainres.2009.06.029
https://doi.org/10.1111/adb.12668
https://doi.org/10.3390/molecules23071684
https://doi.org/10.3109/10715762.2012.688963
https://doi.org/10.1371/journal.pone.0101074
https://doi.org/10.1016/j.neuroscience.2013.03.042
https://doi.org/10.1136/eb-2017-102820
https://doi.org/10.1016/j.jchromb.2006.07.054
https://doi.org/10.1007/s11010-009-0369-x
https://www.who.int/news-room/fact-sheets/detail/alcohol
https://www.who.int/news-room/fact-sheets/detail/alcohol
https://doi.org/10.3389/fphar.2022.988836
https://doi.org/10.1038/s41593-018-0288-9
https://doi.org/10.1007/bf02255972

	Oral administration of resveratrol reduces oxidative stress generated in the hippocampus of Wistar rats in response to consumption of ethanol
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Biochemical analysis
	2.2.1 Total protein quantification
	2.2.2 Nitrite (NO2−) quantification
	2.2.3 Determination of MDA+ 4-HDA
	2.3 Enzymatic analysis
	2.3.1 Catalase enzyme activity
	2.3.2 Superoxide dismutase activity
	2.4 Glutathione system
	2.4.1 Total glutathione (Total-GSH), reduced glutathione (GSH), and oxidized glutathione (GSSG)
	2.4.2 Determination of glutathione S-transferase enzymatic activity
	2.4.3 Determination of the enzymatic activity of glutathione reductase
	2.4.4 Determination of the enzymatic activity of glutathione peroxidase
	2.5 Locomotor behavior and memory
	2.5.1 Open field
	2.5.2 Novel object recognition test (NORT)
	2.5.2.1 Phase 1: habituation day
	2.5.2.2 Phase 2a: training phase
	2.5.2.3 Phase 2b: short-term memory evaluation phase
	2.5.2.4 Phase 3: long-term memory evaluation phase
	2.6 Statistical analysis

	3 Results
	3.1 Effect of resveratrol on ethanol-induced changes in nitrite levels
	3.2 Effect of resveratrol on ethanol-induced changes in lipid peroxidation
	3.3 Effect of resveratrol on catalase and SOD activity
	3.4 Effect of resveratrol on the components of the glutathione system in the hippocampus
	3.5 Effect of resveratrol on locomotor behavior and memory

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

