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BACKGROUND: Performing high intensity or exhaustive exercise can lead to muscle damage such as injuries,
chronic fatigue and overtraining, partly due to the high synthesis of reactive oxygen species. The α-lipoic acid
(ALA) and its reduced form, dihydrolipoic acid, act as potent antioxidant and eliminate free radicals. Although
this response depends on the type of exercise and supplementation, animal and human studies have shown the
benefits of antioxidant supplementation on the recovery of damages caused by exhaustive exercise, either by
restoring antioxidant levels or by decreasing the damage.
OBJECTIVE: We evaluated the effect of ALA supplementation on muscular biomarkers of oxidative stress following
exhaustive exercise of trained mice.
METHODS: Sixty mice were trained to swim for 6 weeks. On the last week, half of the animals were supplemented
daily with 100 mg/kg of oral gavage of ALA in soy oil as a vehicle. The other half received just the vehicle. On the
last day 20 animals from each group were submitted to an exhaustion protocol with 10% overweight attached
to tail. Animals were euthanized on 3 moments: basal, just after the exhaustive protocol (0 h) and, 4 h after the
exhaustive protocol. The gastrocnemius muscle was promptly excised and homogenized. The homogenates were
used to estimate oxidative stress biomarkers.
RESULTS: There was a simultaneous decrease of non-protein thiols and vitamin E after 4 h of exhaustive exercise in
the ALA group (p<0.05) compared to the control group, suggesting the consumption of these compounds in the
process of lipid peroxidation. Interestingly, there was an increase of nitrate and nitrite in ALA group (p<0.05) and
a decrease in the control (p<0.05) compared to basal moment, possibly by activation of endothelial nitric oxide
synthase. The total antioxidant capacity remained unchanged in the ALA group.
CONCLUSION: The supplementation with ALA resulted in a protection against oxidative stress caused by exhaustive
exercise.
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■ INTRODUCTION
Physical exercise, in its different variations of
intensity or type, increases the production of free radicals
in the body1 which can play an important role in muscle
DOI: 10.5935/MedicalExpress.2017.01.05

fatigue or damage.2 Strenuous exercise can increase, by
up to 100 times, the metabolic rate in skeletal muscle
compared to resting levels and consequently increase
the oxygen demand leading to increased superoxide
anion production in the mitochondria, and other reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2)
and hydroxyl radicals.3 Another important free radical
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related with exercise is nitric oxide (NO). NO is a free
radical generated mainly by nitric oxide synthase (NOS)
from L-arginine, while a secondary but important source in
tissues is its bound form, stored as S-nitrosothiols. Basically,
3 isoforms of NOS have been indentified, i.e., an endothelial
(eNOS), a neuronal (nNOS) and, an inducible (iNOS) related
with inflammatory processes.4
More than three decades of studies on the production
of free radicals by aerobic exercise have yielded is insufficient
evidence on the role of antioxidant supplementation to
prevent or restore damage after an exhaustive exercise
session.5 Although this depends on the type of exercise and
supplementation, animal and human studies have shown
benefits of antioxidant supplementation on the recovery of
damages caused by exhaustive exercise, either by restoring
antioxidant levels or by decreasing the damage.6-8
The α-lipoic acid (ALA) is a disulfide compound with
eight carbon atoms which acts as the natural cofactor in the
pyruvate dehydrogenase and α-ketoglutarate complexes.9
The exogenous α-lipoic acid is absorbed and taken to the
cells where it is reduced to dihydrolipoic acid (DHLA) which
has been shown by presenting potent antioxidant activity.10
DHLA is known as a strong reducing agent that regenerates
the main physiological antioxidants of lipid and aqueous
phases, such as vitamin E, ascorbic acid, and glutathione
(GSH), which are oxidized by ROS.10,11
Because DHLA has a potent reducing power and
works synergistically with other antioxidant systems
because of its very low toxicity, ALA supplementation
has been the object of research regarding its therapeutic
potential. Therefore, in this study, we decided to evaluate
the effect of supplementation of α-lipoic acid on oxidative
stress biomarkers in exhaustive post-exercise period of
trained mice.

■ MATERIALS AND METHODS

The experimental design was approved by the Ethics
Committee on Animal Use of Federal University of Triangulo
Mineiro case # 219/12. Male swiss mice (n = 60), weighing
18.9 to 28.7 g were acclimated to the environment for 1
week (ambient temperature of 22-230 C and photoperiod
of 12/12 hours of light/darkness). All animals had free
access to water and food (Nuvilab CR1, Nuvital Nutrients
Ltda, Curitiba, PR, Brazil). Before the training protocol
began the animals were adapted for five consecutive days
(day 1: 5 min; day 2: 15 minutes; day 3: 30 min; day 4: 45
min; day 5: 60 min) to the aquatic environment to minimize
the stressor effects of the water. After a two-day break the
animals were submitted to 6 weeks of a swimming protocol,
60 min/dail, 5 days/week (monday to friday). The training
was performed in 40 cm high, 20 cm diameter drilled PVC
cylinders immersed in a polystyrene box filled with 30 cm
of water maintained at 31±1°C) by means of thermostat
2
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(Hopar SA-333, ZhongShan, China). This device allowed to
place 6 groups of animals to swim simultaneously, while
keeping the water at the desired temperature for longer.
Mice were carefully towel-dried after each training session.
The animals swam in groups of 5 for more vigorous exercise
promotion when compared with individual swimming.12
During the last week of the training protocol (8th week),
half of the animals received a daily load of 100 mg/kg body
weight (by gavage, always after the training sessions), of
α-lipoic acid (Zhejiang Chemicals, Hangzhou, Zhejiang,
China) diluted in soybean oil. The other half of the animals
received the same protocol but only with soybean oil
(Control group).
On the last day of the protocol, the animals were
submitted to an exhaustion protocol consisting of the
addition of 10% of body weight attached to the animal’s
tail. The exhaustion was determined by the inability of the
animal to remain on the surface of the water for about 8
to 10 seconds.12 The exercise time was monitored and the
exhaustion was confirmed by blood lactate levels.
Animals were sacrificed by decapitation forming
3 subgroups: subgroup 1) Baseline: 10 controls, 10 tests,
euthanatized but not subject to the exhaustion protocol;
subgroup 2) zero hours post-exhaustion: 10 controls,
10 tests, euthanized immediately after they arrived at
exhaustion; and sub group 3) four hours post-depletion; 10
controls, 10 tests, euthanized 4 h after exhaustion protocol.
The gastrocnemius muscle was promptly excised and
homogenized in Potter-Elvehjem tissue grinder, centrifuged
at 3000 rpm for 15 min to remove tissue debris; the
supernatant was stored at -20 ° C for later analysis.

Analysis of biomarkers of oxidative stress

The oxidative stress biomarkers were analyzed in
homogenates by methods already used in our laboratory.
All the reagents used were of analytical grade or better. The
dosage of protein carbonyls was performed by the method
proposed by Odetti et al. (1996).13 Lipid peroxidation was
measured by thiobarbituric acid (TBARS) according to the
methodology proposed by Buege and Aust (1978).14 The
quantification of nitrate and nitrite was obtained following
the method described by Miranda et al. (2001).15 Nonprotein thiols, whose main representative in biological
systems is the reduced glutathione (GSH), was assayed by the
method of Sedlak and Lindsay (1968).16 Vitamin E analysis
was performed on HPLC after the extraction recommended
by Arnaud et al. (1991).17 The total antioxidant capacity
was determined in muscle homogenates by commercial
kit from Sigma Co. (St. Louis, MO, USA) following the
manufacturer instructions: briefly, the antioxidant assay
is based on the formation of a ferryl myoglobin radical
from myoglobin and hydrogen peroxide, which oxidizes
the ABTS (2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid)) to produce a radical cation ABTS+, a soluble green
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color chromogen that can be determined at 405 nm. In the
presence of antioxidants, the radical cation is suppressed
to an extent dependent on the activity of the antioxidant
and the color intensity is decreased proportionally. Trolox,
a water-soluble vitamin E analogue, serves as a standard
or a control antioxidant.

Statistical treatment

The normality of the data was verified by the
Kolmogorov-Smirnov test. Because all data had normal
distribution they are presented as mean±standard
deviation. ANOVA was used for detecting differences
in results in the same group at different times, while
differences between two groups at the same time were
determined using Student’s t test. A p value of less than 0.05
was set as the level of significance. Statistical analyses were
carried out using GraphPad Instat (GraphPad Software, Inc.,
San Diego, California USA).

■ RESULTS

The exhaustive exercise session was effective, as
evidenced by similar lactecemia values found in group 0
h post-exhaustion of both the Control group (10.5 ± 0.9
mmol / L) as the ALA group (12.6 ± 0.5 mmol / L) with no
difference between them (p> 0.05). However, the ALA group
remained longer in exercise compared to control, 147.0 ±
79.0 vs. 87.0 ± 41.2 s (p <0.05), respectively, showing greater
exhaustive capacity (Figure 1).
Table 1 shows the values of oxidative damage
biomarkers and antioxidants. Note that in the ALA group
lipid, peroxidation estimated by TBARS decreased soon
after the exhaustion protocol and remained low within
4 hours, while in the control group a decrease at 0h
was followed by an increase in TBARS after 4 hours of
exhaustion. No differences were found between the protein
carbonyl values for the groups or tested times, although the
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values were higher for the supplemented group (almost
60% higher in 0h after exhaustive test). Regarding nitric
oxide, tested by the sum of nitrate and nitrite, there was a
decrease from baseline in the period of exhaustion after 4
hours in the control group while the reverse was observed
for the supplemented group. However, at baseline the
control group was significant higher compared with ALA
group. For non-protein thiols, there was an increase after
the exhaustion for the supplemented group while this
increased in the control group was observed only in the
period 4 hours after exhaustion. There were no changes
in relation to the total thiols over time or between groups.
Similarly to non-protein thiols, vitamin E increased in the
ALA group soon after exhaustion while in the control group
this increase was only seen 4 hours after exhaustion. The
only variation in the total antioxidant capacity was observed
in control group that increased was observed immediately
after exhaustion.

■ DISCUSSION

The objective of this study was to evaluate the effect
of supplementation with ALA on oxidative stress in trained
mice muscle just after the exhaustion test and 4 hours after
this same test.
In global terms, we observed a benefit of
supplementation with ALA in terms of oxidative stress on
the longer time to reach exhaustion. Although certainly
several other adaptations promoted by the training may be
involved such as enhanced cardiac output and VO2, capillary
density, mitochondrial biogenesis, our experimental
design was proposed to equalize these effects by training
all groups with the same intensity and therefore the only
different variable was the supplementation with a supposed
antioxidant substance.
The parameters of oxidative injury analyzed have
shown that supplementation was effective in decreasing
the concentration of TBARS, an indirect parameter of

Figure 1 - Time to exhaustion (left) and lactate levels (right) in treated and control mice. Exhaustion was significantly delayed in treated mice, whereas lactate levels were equivalent.
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Table 1 – Muscle biomarkers of oxidative stress in the different times relative to exhaustive exercise
Parameters

Groups

Basal

0h after

4h after

Control

9.9±1.9 ª,*

4.7±1.2 *

7.1±0.5 a*

ALA

7.3±1.4 ª*#

4.1±1.2 *

4.4±0.9 a#

Carbonyl content (mol/g
of tissue)

Control

1.8±2.0

1.7±2.0

1.3±0.6

ALA

2.2±0.8

2.9±1.3

2.5±1.7

Nitrate + Nitrite (mol/g of
tissue)

Control

1.5±0.4 ª*

1.5±0.4

#

0.8±0.2 ª*#

ALA

0.6±0.3 ª*#

1.4±0.4 *

1.3±0.1 ª#

Non-protein thiol content
(mol/g of tissue)

Control

283.2±51.7 *

343.5±49.2

391.3±57.0 a*

ALA

316.0±71.7 *

399.7±68.2 *

342.9±43.2 a

Total thiol content
(mmol/g of tissue)

Control

15.9±3.1

19.1±2.7

17.7±4.6

ALA

18.0±5.5

17.4±3.9

21.1±1.8

Control

2.9±1.4 *

2.6±1.8 ª

6.9±2.1 ª*#

ALA

3.2±1.4 *

7.4±3.4 ª*

Control

518.2±206.8 *

812.6±120.5 *

596.9±114.1 #

ALA

667.3±190.6

852.1±151.6

668.8±202.2

TBARS (nmol/g of tissue)

Vitamin E (g/g of tissue)
Total antioxidant capacity
(mmol/g of tissue)

#

4.9±1.7 ª
#

Equal superscript letters mean p<0.05 between groups in a same time. Equal superscripts symbols mean p<0.05 between time in a same group.

lipid peroxidation. However, although without statistical
differences, the values of carbonylated protein were higher
for the group supplemented with ALA. This unexpected
finding may be a metal-catalyzed prooxidant effect of ALA
supplementation. Actukeren et al (2010)18 demonstrated in
vitro the increase of carbonylated protein in the presence
of high concentrations of ALA (100µM). The vitamin E, a
potent antioxidant located on lipophilic compartments19,
was increased in the ALA group after the exhaustion while
in the control group the increase was only observed after
4 hours in the same test. These results seem an effect of
recruit circulating vitamin E in order to protect membranes
from oxidative damage. In addition, it is possible that there
was an ALA interaction in restoration of vitamin E.
ALA can also recycle the GSH or even spare it.10
An increase was observed in the concentration of nonprotein thiols 4h post-exhaustion in the control group
was observed compared to animals that did not undergo
exhaustive exercise. It was also observed and an increase
after exhaustion at the ALA group than those who did not
undergo exhaustive exercise indicating that the recovery of
cellular homeostasis remains several hours after exercise.
NO possesses an important role in local
hemodynamics, and it’s physiologically caused by activation
of eNOS4, which we observed in the control group at baseline
while the supplemented group was possibly suppressed
at the same time. However, NO reacts with superoxide
anion producing a more reactive species, peroxynitrite.20
Soon after exercise nitric oxide levels increased to the
supplemented group and decreased in control indicating
a possible protective role in order to restore muscle
hemodynamics in the first case and possibly the reaction
of nitric oxide with superoxide anion, in the latter.

4

The total antioxidant capacity indicates the
cumulative effect of all the antioxidants and is used to
evaluate a number of physiological conditions in humans
and animals.21 In our study, no differences were found
between the control group and ALA. However, in the
control group noticed an increase in the concentration of
total antioxidant capacity in animals that were euthanized
soon after exhaustion than those who did this exercise
and then a decrease in the animals that were euthanized
4h after exhaustion in relation to that were euthanized
0h post-exhaustion. This finding agrees with a study by
Michailidis et al. (2007)22, that although measured in the
serum of untrained humans, found an immediate increase
in the total antioxidant capacity after exhaustive treadmill
running and a decline after 3 hours of exercise. This increase
in total antioxidant capacity after exercise suggests that
the acute exercise actives the body’s antioxidant defenses.
Our study has some limitations which have to be
pointed out. First, there was no sedentary group as a
control to test the effect of exercise per se as an antioxidant.
However, this untrained group could bring false positive
results due to inability to perform the exhaustion test.
Additionally, another limitation is the fact that we used the
whole gastrocnemius muscle without separating its red
and white portions due to the minute amount of sample
present in mice. Certainly this may be relevant for terms of
comparison with other studies, such as, glutathione values..
We had no other methodology than TBARS to access lipid
peroxidation, although we know of the lack of specificity
of this methodology.
In conclusion, we have demonstrated that
supplementation with ALA induced a protective effect on
oxidative stress in the post-exercise exhaustive of trained
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mice, perceived through the simultaneous increase of
non-protein thiols and vitamin E in the process of lipid
peroxidation. The recovery of cellular homeostasis
continues for several hours after exercise, as perceived
by the increase in both vitamin E and non-protein thiols
4h post-exhaustion in the control group, although the
role of the enzymatic antioxidant system (eg, superoxide
dismutase, catalase, glutathione peroxidase, among others)
can not be ruled out. Only the total antioxidant capacity
remained unchanged in the supplemented group, and
nitrate and nitrite increased with supplementation.
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EFEITOS DA SUPLEMENTAÇÃO COM ÁCIDO
ALFA-LIPÓICO SOBRE BIOMARCADORES
ANTIOXIDANTES MUSCULARES DE
CAMUNDONGOS TREINADOS

CONTEXTO: A realização de exercício de alta
intensidade ou exaustivo pode levar a danos musculares,
como lesões, fadiga crônica e overtraining, em parte devido
à alta síntese de espécies reativas de oxigênio. O ácido
α-lipóico e sua forma reduzida, o ácido dihidrolipóico, atuam
como potentes antioxidantes e eliminam os radicais livres.
Apesar de depender do tipo de exercício e suplementação,
estudos com animais e humanos mostram benefícios da
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suplementação com antioxidante na recuperação de danos
causados pelo exercício exaustivo, seja restaurando os
níveis de antioxidantes ou diminuindo os danos.
OBJETIVO: Avaliar o efeito da suplementação com ácido
α-lipóico sobre biomarcadores musculares de estresse oxidativo
após o exercício exaustivo de camundongos treinados.
METODOLOGIA: Os camundongos (n = 60) foram
treinados em natação por 6 semanas. Na última semana,
metade dos animais foram suplementados diariamente
com gavagem oral de 100 mg / kg de ácido α-lipóico
em óleo de soja como veículo. A outra metade recebeu
apenas o veículo. No último dia 20 animais de cada
grupo foram submetidos ao protocolo de exaustão com
10% de sobrepeso atado à cauda. Os animais foram
eutanasiados em 3 momentos: basal, logo após o protocolo
de exaustão (0 h) e 4 h após o protocolo de exaustão.
O músculo gastrocnêmio foi imediatamente coletado e
homogeneizado. Os homogeneizados foram usados para
acessar os biomarcadores de estresse oxidativo.
RESULTADOS: Houve diminuição simultânea de
tióis não protéicos e vitamina E após 4 h de exercício
exaustivo no grupo ácido α-lipóico (p <0,05) em relação
ao grupo controle, sugerindo o consumo destes compostos
no processo de peroxidação lipídica. Interessantemente,
houve aumento de nitrato e nitrito no grupo ácido α-lipóico
(p <0,05) e diminuição no controle (p <0,05) em relação
ao momento basal, possivelmente pela ativação da óxido
nítrico sintase endotelial. A capacidade antioxidante total
permaneceu inalterada no grupo ácido α-lipóico.
CONCLUSÃO: A suplementação com ácido α-lipóico
resultou em proteção contra o estresse oxidativo causado
pelo exercício exaustivo.
PALAVRAS-CHAVE: Ácido alfa-lipóico; Antioxidantes;
Estresse oxidativo; Exercício.
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