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ABSTRACT
Introduction: High intensity exercise causes an increase in reactive oxygen species production, which 
can be harmful to the health and function of several organ tissues. Objective: To analyze the effect of su-
pplementation with α-lipoic acid against the oxidative stress in the heart and liver of endurance-trained 
mice submitted to the exhaustive endurance exercise bout. Methods: Thirty-two male mice were submit-
ted to 6-week endurance swimming training, and divided in two groups according to supplementation 
protocol, α-lipoic acid or vehicle, during the last two weeks. The last training session was destined to 
the exhaustive exercise bout. It was analyzed the lipid peroxidation, oxidative damage to proteins and 
antioxidant marker in liver and heart immediately (0h) and four-hours (4h) after the exhaustive exercise 
in both groups. Results: The heart of supplemented animals showed a lower protein damage and higher 
levels of antioxidant in 0h and 4h. In the liver, lipid peroxidation was higher in supplemented animals 
in 0h but did not differ 4h after the exhaustion. The liver of supplemented animals showed higher levels 
of carbonylated protein in both 0h and 4h. Conclusion: The α-lipoic acid supplementation is an efficient 
antioxidant to the heart of trained mice submitted to exhaustive exercise but is unnecessary to avoid 
exhaustion-induced oxidative stress in the liver.
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RESUMO
Introdução: O exercício de alta intensidade promove um aumento na produção de espécies reativas, o que 
pode ser prejudicial para a saúde e função de diversos órgãos. Objetivo: Analisar o efeito da suplementa-
ção com ácido α-lipóico contra o estresse oxidativo no coração e no fígado de camundongos treinados em 
endurance submetidos a uma sessão de exercício exaustivo. Métodos: Trinta e dois camundongos machos 
foram submetidos a 6 semanas de treinamento em natação. Os animais foram divididos em dois grupos 
de acordo com a suplementação, ácido α-lipóico ou veículo, oferecida durante as duas últimas semanas. 
A última sessão do treinamento foi destinada ao exercício de exaustão. Foram analisadas a peroxidação 
lipídica, dano oxidativo às proteínas e marcador antioxidante no fígado e coração imediatamente (0h) e 
quatro horas (4h) após o exercício exaustivo nos dois grupos. Resultados: O coração dos animais suple-
mentados apresentou menor dano proteico e maiores níveis de antioxidante nas 0h e 4h. No fígado, a 
peroxidação lipídica foi maior nos animais suplementados em 0h, mas não diferiu 4h após a exaustão. O 
fígado dos animais suplementados apresentou níveis mais altos de proteína carbonilada nas 0h e nas 4h. 
Conclusão: A suplementação com ácido α-lipóico é um antioxidante eficiente para o coração de camun-
dongos treinados submetidos a exercício exaustivo, mas é desnecessário para evitar o estresse oxidativo 
hepático induzido pelo esforço exaustivo. 
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Introduction

The aerobic metabolism is the main reactive oxygen species (ROS) endoge-
nous source. The oxidative phosphorylation produces a large number of superoxide 
anions, which can form other reactive species, like as hydrogen peroxide and hydroxyl 
radical [1]. However, in physiological conditions, the ROS are neutralized by a com-
plex endogenous antioxidant system, which is composed of enzymatic and non-en-
zymatic antioxidants. The antioxidant molecules are extremely important to avoid 
oxidative damage to cell components, such as proteins, nucleic acids, and lipids [2,3].

High intensity or strenuous physical exercise bouts cause an expressive in-
crease in ROS production [1]. Besides exercise is a potential stimulus to trigger ROS 
production, the scientific literature has shown that an adequate physical exercise-
-training program has a protective effect against oxidative damage, since it enhanced 
the antioxidant system [4]. However, it has been shown that high production of ROS 
and impairment in the antioxidant system can limit the exercise adaptation and per-
formance [1,5]. Chronic exposition to high ROS levels can decrease significantly the 
activity of enzymatic antioxidant system (superoxide dismutase, catalase, glutathio-
ne peroxidase, etc.) and the concentration of non-enzymatic antioxidant (coenzyme 
Q10, glutathione, vitamin C and E, lipoic acid, etc.), impairing the cellular function 
by triggering damage, apoptosis, and necrosis [2]. 

The oxidative damage from exercise in trained muscle has been largely studied 
since the muscle is the most recruited organ during an exercise bout. However, other 
organs have an increase in their activity during and immediately after an exercise 
bout, especially heart and liver [6,7]. Studies have shown negative alterations in the 
redox status of the heart and liver after strenuous exercise [8,9]. Fortunately, it has 
been studied nutritional strategies able to prevent and/or reduces oxidative damage, 
and consequently, reduces physical stress, muscle pain, and impairments to sports 
performance [10]. Some studies have shown that the intake of exogenous antioxidant 
molecules has positive effects against exercise-induced oxidative damage [8,11].

The α-lipoic acid is cofactor to mitochondrial enzymes involved in energy me-
tabolism also, play a role in ROS neutralization and metal chelation [12]. The α-lipoic 
acid has been considered universal antioxidant since it acts both in the aqueous pha-
se and in the membrane, act in synergy with other antioxidants (such as glutathione, 
vitamin C and vitamin E). Also, it can recycle other antioxidants such as ascorbic 
acid, glutathione (GSH) and vitamin E [12,13]. Studies have shown that α-lipoic acid 
supplementation can improve antioxidant defense and reduces oxidative damage in 
muscle tissue after an exercise bout [14,15].

Thus, the present study aimed to analyze the effect of supplementation with 
α-lipoic acid against oxidative stress in the heart and liver of endurance-trained mice 
submitted to the exhaustive endurance exercise bout.
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Methods

Animals
Thirty-two 6-week-old male Swiss mice (Mus musculus) were placed in two 

experimental groups according to the intervention: 1) Vehicle group (VEH) (n = 16): 
animals submitted to exercise training and which did not receive supplementation; 2) 
Supplemented group (SUP) (n=16): animals submitted to exercise training and which 
received supplementation. The animals were housed in plastic cages, in an inverted 
circadian cycle (12-h dark/light), in 22 ± 1 °C and 55 ± 5% humidity with feeding and 
tap water ad libitum, in the animal facility of the Laboratory of Experimental Nutri-
tion of Federal University of Triangulo Mineiro (UFTM). The experiment protocol had 
the previous authorization of the Ethics Committee of Animal Use of UFTM, under 
protocol number 219/12.

Supplementation protocol
The α-lipoic acid (Zhejiang Chemicals, China) was diluted (1 mg/mL) in a 

vehicle solution (10% dimethyl sulfoxide (DMSO) in soybean oil). The solution was 
administered by gavage (100 mg/kg/day) during the last seven days of the exercise 
training protocol, in the animals of the SUP. The VEH received the same volume of the 
vehicle solution during the last seven days of the exercise training protocol.

Exercise training protocol
The exercise training protocol was applied according to proposed by Sam-

paio-Barros et al. [16]. The first week was destined for acclimation to the exercise 
training protocol. The animals were submitted to swimming training for 5-minutes 
on the first day, 15-min in the second, 30-min in the third day, 45-min, and 60-min in 
the fourth and fifth days, respectively. Then, the animals were daily submitted to a 
swimming session, 5 days per week, 60-min per session, during 6-weeks. The training 
session was applied in groups of 5 animals aimed to increase the intensity of exercise 
[16]. Animals swam in a plastic container of 22 cm diameter and 60 cm height, with a 
tap water depth of 40 cm, maintained at 32 ° C (± 1 °C) controlled by the heater with 
an automatic thermostat (HOPAR SA-333 Zhong Shan, China).

The last session was dedicated to the exhaustive exercise bout. The animals 
were submitted to an individual swimming session with a metal load corresponding 
to 10% of bodyweight attached to the proximal portion of the tail. Animals were con-
sidered to be exhausted when they were unable to support the snout in the surface of 
the water for 8 seconds [17].

Sample collection and preparation
The animals were euthanized by decapitation after being anesthetized with 

ketamine (80 mg/kg) and (5mg/kg) xylazine immediately after (0h) the exhaustive 
exercise (n = 8) and four-hours after (4h) the exhaustive exercise (n = 8). After the 



381

Rev Bras Fisiol Exerc 2021;20(3):378-387

euthanasia confirmation, the liver and heart were immediately excised, washed in 
saline solution, and immediately frosted in liquid nitrogen. The organs were kept at 
-20 °C until the time of analyzes. Aliquots of heart and liver tissue were homogenized 
with 25 mM phosphate buffer pH 7.4 (1:100 w/vol) immediately before the analyses 
start.

Determination of carbonylated proteins
The concentration of carbonylated proteins was determined by the method 

proposed by Odetti et al. [18]. Homogenate tissue (100 μL) was vigorously mixed with 
100 μL 20% tricarboxylic acid (TCA) and centrifugated for 10 minutes at 3500 rpm. The 
supernatant was discarded and 500 μL of 10mM 2,4-dinitrophenylhydrazine (DNPH), 
diluted in 2M HCl, was added to precipitate. The solution was incubated for 1 hour at 
room temperature in the dark, with shaking every 15 min. Then, it was added 1 mL of 
ethanol-ethyl acetate (1:1 vol/vol) was added and the solution was centrifugated for 
10 min at 3500 rpm at 4ºC. Ethanol-ethyl acetate was removed and the pellet was sus-
pended in 2 mL of 6M guanidine. The protein-guanidine solution was kept in a water 
bath at 34ºC for 15 min. The final solution was read in spectrophotometry set at 370 
nm, and the coefficient molar extinction rate 22,000 M-1cm-1 was used to calculate 
the carbonyl content. 

Determination of lipid peroxidation 
The lipid peroxidation was measured by the concentration of thiobarbituric 

reactive substances (TBARS) according to Buege and Austi [19]. It was added 1mL of 
TCA-TBA-HCL reagent to 500 μL of tissue homogenate. The solution was kept for 15 
minutes in boiling water (100ºC). After cooling, the solution was centrifuged for 10 
minutes at 10000g. The absorbance of the supernatant was read at 535nm. The TBARS 
concentration was determined using an equation of the calibration curve obtained 
by a similar reaction using commercial malondialdehyde solution.

Determination of non-protein thiols 
The non-protein thiols concentration was measured by colorimetric me-

thod, using the reaction of sulfhydryl group with 5.5’dhytiobis (2-nitrobenzoic acid) 
(DTNB). Tissue homogenate was deproteinized by adding 10% TCA. It was added 200 
μL of 0.2 M Tris -0.02M EDTA, 300 μL of DTNB, and 1.6 mL of methanol to 100 μL of 
tissue homogenate supernatant. The solution was incubated for 15-min at room tem-
perature and in dark. Then, the absorbance was read with a spectrophotometer set at 
a wavelength of 412 nm. The non-protein thiols concentration was determined using 
an equation of the calibration curve obtained by a similar reaction using commercial 
GSH solution [20].

Statistical analysis
The data are presented as mean ± standard deviation. The results were analy-

zed using the software SPSS 20.0. To check the variances’ equality and data distribu-
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tion, Levene’s test and Shapiro-Wilk test, respectively, were applied. The data were 
compared by the analyzes of variance (ANOVA) two-way and Tukey’s post hoc . A 
significance level of 95% (p < 0.05) was adopted. 

Results

The heart tissue of the VEH group showed a lower concentration of non-pro-
tein thiols in 0h-time compared to 4h. Similarly, the heart of supplemented animals 
showed a higher concentration of non-protein thiols in 4h than in 0h-time. The SUP 
group showed a higher concentration of non-protein thiols than the VEH in both 
experimental periods (0h, and 4h) (Figure 1A). 

The heart tissue of the SUP group showed higher TBARS concentration com-
pared to the VEH group in 0h-time. However, TBARS concentration was not different 
between the groups in 4h-time. The TBARS concentration in the heart tissue of both 
the groups did not alter through the experimental time (0h to 4h) (Figure 1B).

In 0h and 4-time, the heart tissue of the SUP group showed lower carbonyla-
ted protein concentration than the VEH group. Both the SUP and VEH group did not 
show any difference between the experimental periods (Figure 1C).

A = Non-protein thiols; B = Thiobarbituric acid reactive substances TBARS; C = Carbonylated protein. 
White bars represent the VEH group. Grey bars represent the SUP group. Dotted connector indicates 
an intergroup variation statistically significant (p < 0.05) at same time (SUP vs. VEH). Whole connector 
indicates an intragroup variation statistically significant (p < 0.05) at different times (0h vs. 4h)
Figure 1 - Oxidative stress markers in heart tissue

In the liver, the concentration of the non-protein thiols in 0h-time was higher 
than in 4h-time in both the SUP and VEH groups. There was no difference between 
groups in both experimental times (0h and 4h) (Figure 2A). 

In supplemented animals, the TBARS concentration in liver tissue showed a 
significant reduction 4 hours after the exhaustive exercise. The hepatic TBARS con-
centration of the VEH group did not differ through the experimental time. Imme-
diately after exhaustive exercise bout (0h), the TBARS concentration showed to be 
higher in the SUP than in the VEH group. However, there was no difference between 
the groups 4-hours after the exhaustive exercise (Figure 2B). 
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The concentration of carbonylated protein of the SUP group was higher than 
VEH in both experimental times (0h, and 4h). The liver of the non-supplemented 
animals showed higher protein carbonyl content in 4h compared to 0h-time. It was 
not finding any difference in carbonylated protein concentration between the times 
0h and 4h (Figure 2C).

 

A = Non-protein thiols; B = Thiobarbituric acid reactive substances TBARS; C = Carbonylated protein. 
White bars represent the VEH group. Grey bars represent the SUP group. Dotted connector indicates 
an intergroup variation statistically significant (p < 0.05) at same time (SUP vs. VEH). Whole connector 
indicates an intragroup variation statistically significant (p < 0.05) at different times (0h vs. 4h)
Figure 2 - Oxidative stress markers in liver tissue

Discussion

The present study aimed to evaluate how the α-lipoic acid supplementation 
affects the exhaustive exercise-induced oxidative stress in the heart and liver of en-
durance-trained animals after. It was found positive alterations in oxidative stress 
markers in the heart tissue of the supplemented animals, especially four hours after 
the exhaustive exercise. However, the α-lipoic supplementation seems to be related to 
increases in the oxidative damage in the liver.

ROS play an essential role in cell signaling and function [21]. The increase 
in the ROS concentration in the myocardium results in effects on its structure and 
functions, such as stimulation of cardiac hypertrophy and apoptosis of cardiomyo-
cytes, thus contributing to cardiac remodeling [22]. Since the improvement in heart 
efficiency is one of the most important exercise adaptations, the presence of mode-
rate ROS levels seems to be necessary. However, the excessive ROS attack on macro-
molecules can be harmful to cell function and can lead it to apoptosis [23]. Thus, the 
balance between antioxidant capacity and pro-oxidant activity must be considered to 
the maintenance of the cardiac health and sports performance of individuals enga-
ged in exercise training programs.

During an exhaustive effort, the heart workout is highly required. The myo-
cardium energy demand is mainly supplied by the aerobic metabolism [24]. Thus, the 
heart tissue is submitted to intense reactive species attack, since the mitochondrial 
metabolism is the main source of ROS. However, studies have shown no increases 
in oxidative damage in the heart of endurance-trained animals [25,26]. The present 
study also did not find any increase in oxidative damage markers in heart tissue four 



384

Rev Bras Fisiol Exerc 2021;20(3):378-387

hours after the exhaustion compared to the results obtained immediately after the 
exhaustive effort.

The α-lipoic acid could have mitigated the harmful effects of exhaustion-
-induced oxidative damage in the heart proteins. The heart tissue of supplemented 
animals showed a lower concentration of carbonylated protein, which indicates less 
oxidative damage to proteins. This could be related to the higher antioxidant concen-
tration in the supplemented animal. However, similar results could not be observed 
in the lipid peroxidation marker of heart tissue. Despite the TBARS concentration in 
supplemented animals to be slightly higher than non-supplemented animals imme-
diately after the effort, the values did not differ four hours later. It seems that the 
swimming exhaustive exercise was not enough stimulus to induce lipid peroxidation 
in the heart tissue of the trained mice. In fact, it was shown that exhaustive endu-
rance exercise was able to alter some oxidative stress markers in the heart tissue of 
endurance-trained rats, but not the lipid peroxidation marker [27]. 

The non-protein thiols, which are antioxidant molecules, showed in higher 
levels in the myocardium of supplemented animals in both the experimental times 
(0h and 4h). The α-lipoic acid has a known potential effect to recovery and/or im-
prove other antioxidant molecules and mechanisms, that can be related to high an-
tioxidant concentration, especially GSH [12], the main representative of non-protein 
thiols [28].

Although skeletal-muscles and myocardium are widely used during a stre-
nuous and prolonged effort, the liver work also has a significant increase in this 
situation [6]. Some works have shown increases in oxidative damage markers in liver 
tissue after exhaustive endurance exercise [6,29]. Several studies have shown the an-
tioxidants effects of α-lipoic acid in the liver [30-32]. An experimental study found 
that the administration of α-lipoic acid was effective in reducing lipid peroxidation 
and preserving glutathione peroxidase activity and GSH concentration in the liver of 
rats subjected to toxic doses acetaminophen [31]. In non-trained rats, it was showed 
that α-lipoic acid supplementation is able to protect liver cells against oxidative lipid 
damage promoted by strenuous exercise bout [30]. 

In the present study, it was observed an expressive reduction in antioxidant 
concentration in four hours after the exhaustive exercise in both groups. Interes-
tingly, the antioxidant concentration in 0h and 4h was not different between the 
groups. These data indicate that despite the α-lipoic acid play an important role in 
antioxidants recycling [12], it is not able to increase the concentration of non-protein 
thiols immediately after an exhaustive endurance bout in the liver tissue of trained 
mice. In addition, the supplementation protocol failed to maintain the antioxidant 
concentration throughout the four hours following the exhaustion.

It is important to highlight that the concentration of non-protein thiols suf-
fered a significant reduction four hours after the exhaustive effort, in both the expe-
rimental groups. This indicates that changes in oxidative stress markers continue to 
change for a few hours after the exhaustion bout. Several studies [33–35] have shown 
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that exercise-induced oxidative stress can be observed for a long time after exercise. 
In humans, it was shown that the antioxidant capacity was lower 24 hours after than 
immediately after a strenuous exercise bout [33]. 

There was a modest increase in the oxidative damage to proteins in the liver 
of the VEH group. However, the concentration of carbonylated proteins maintained 
higher in SUP groups in both the experimental periods. This can be related to the 
antioxidant mechanism of α-lipoic acid. Lipoic acid and dihydrolipoic acid (DHLA) 
(produced from α-lipoic acid) are reactive to thiol protein compounds [12]. In ad-
dition, DHLA is able to accelerate iron-dependent hydroxyl radical generation and 
lipid peroxidation [13]. Possibly, the same result was not observed in heart because 
iron concentration in hepatic tissue is expressively higher than in myocardium [36]. 
Moreover, the liver cells have a high capacity for uptake and accumulation of α-lipoic 
acid metabolites, such as DHLA and lipoate [37]. 

Immediately after the exercise, the liver of non-supplemented animals suf-
fered less lipid peroxidation. The TBARS concentration in the liver showed a modest 
decrease 4 hours after the effort only in supplemented animals, but the result was 
not different than in the non-supplemented animals. Thus, α-lipoic acid seems to not 
affect the exhaustive exercise-induced oxidative stress in the liver tissue of trained 
mice. The mice’s training level could be related to the inefficiency of the supple-
mentation protocol proposed in this study. Navarro et al. [38] showed that moderate 
exercise training, per si, decreases the oxidative stress in the liver of middle-age mice. 
Other study [39] found that endurance training promotes liver adaptations, which 
can attenuate exhaustive exercise-induced oxidative stress, becoming the antioxidant 
supplementation an unnecessary strategy against oxidative stress in the liver. 

Conclusion

The α-lipoic acid supplementation is effective to increase the antioxidant ca-
pacity and to reduce the oxidative damage in the heart tissue of trained mice after an 
exhaustive effort. However, the α-lipoic acid cannot maintain the antioxidant levels 
in liver tissue and it was related to an increase in oxidative damage. Thus, the α-lipoic 
acid supplementation is an effective strategy to avoid the exhaustion-induced oxida-
tive stress in the heart of trained mice, but does not in the liver tissue.
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