
190 Original Basic

  de Farias JM et al. Reactive Oxygen Species and Lipolysis … Horm Metab Res 2013; 45: 190–196 

 received     07  .  05  .  2012 
    accepted     06  .  08  .  2012 

  Bibliography
DOI http://dx.doi.org/
10.1055/s-0032-1323740
Published online: 
September 12, 2012
Horm Metab Res 2013; 
45: 190–196
© Georg Thieme Verlag KG 
Stuttgart · New York
ISSN 0018-5043

  Correspondence
   R. A. Pinho, PhD 
 Laboratory of Exercise 
 Biochemistry and Physiology  
  Postgraduate Program in 
Health Sciences  
  Health Sciences Unit  
  Universidade do Extremo Sul 
Catarinense  
  88806-000 Criciúma, SC  
  Brazil  
  Tel.:  + 55/48/3431 2773  
  Fax:  + 55/48/3431 2773  
  pinho@unesc.net  

  Key words
   ●  ▶  exercise training
   ●  ▶  high-fat diet
   ●  ▶  epididymal fat
   ●  ▶  oxidative stress
   ●  ▶  lipolysis  

                                      Eff ect of Physical Training on the Adipose Tissue of 
Diet-induced Obesity Mice: Interaction Between 
Reactive Oxygen Species and Lipolysis

mone-sensitive lipase (HSL) have the capacity for 
TG degradation by cleaving the ester bond, gov-
erning the lipolysis pathway in adipose tissue   [ 6 ]  . 
Adipose tissue lipolysis has received much atten-
tion over the past 10 years because of its altered 
regulation in obesity.
  Studies have suggested that obesity is associated 
with changes in gene expression in adipocytes 
with diff erent metabolic pathways and in diff er-
ent organs and tissues, resulting in various meta-
bolic actions and molecular signals   [ 7 ]  , and is 
closely associated with the low-grade chronic 
infl ammatory response   [ 2 ]  . These biochemical 
and molecular changes involve the participation 
of a number of molecules as transcription fac-
tors, infl ammatory mediators, and the formation 
of reactive oxygen species (ROS).
  ROS are chemically reactive molecules that are 
produced during normal metabolism of oxygen 
and play important roles in cell signaling and 

        Introduction
 ▼
   Obesity is a public health problem that aff ects 
individuals of all social classes, gender, and age. 
Genetic predisposition, several environmental 
and behavioral factors are associated with the 
pathophysiology of obesity, and are recognized 
as risk factors for lifestyle-related diseases, such 
as cardiovascular disease and diabetes   [ 1 ]  . On the 
other hand, exercise training has been used as an 
important therapeutic resource for both the 
treatment and prevention of several diseases. It is 
now known that exercise training results in less 
body weight, adipose tissue depots via the regu-
lation of lipases, and induces anti-infl ammatory 
and antioxidant profi les   [ 2         – 5 ]  .
  Adipose tissue fat stores are mainly dependent 
on fatty acid (FA) supply, FA esterifi cation to trig-
lycerides (TG), and TG breakdown, or lipolysis. 
Both adipose triglyceride lipase (ATGL) and hor-
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                                      Abstract
 ▼
   It is well known that high-fat diets (HFDs) induce 
obesity and result in an increase in oxidative 
stress in adipose tissue, which leads to an impair-
ment of fat mobilization by a downregulation of 
the lipases, such as hormone-sensitive lipase 
(HSL) and adipose triglyceride lipase (ATGL). 
On the other hand, exercise training leads to a 
reduction in adipose tissue and an improvement 
of antioxidant status and the lipolytic pathway. 
Our aim was to examine the infl uence of exer-
cise and moderate intensity training on oxidative 
stress parameters and the relationship between 
the proteins involved in the lipolysis of animals 
subjected to a high-fat fed diet. Twenty-four 
mice were used and divided into 4 groups (n = 6): 
standard diet (SD); standard diet plus exercise 
(SD + Ex); high-fat diet (HFD); and high-fat diet 
plus exercise (HFD + Ex). The animals received 

HFD for 90 days and submitted to a daily train-
ing protocol in swinging. The animals were 
euthanized 48 h after the last session of exercise. 
White adipose tissue epididymal fat was excised 
for the measurement of oxidative stress param-
eters and protein levels of lipolytic enzymes by 
Western blotting. The results show an increase 
in body weight after 90 days of HFD, and exer-
cise training prevented great gain. In adipose 
tissue, lipid peroxidation and protein carbonyla-
tion increased after HFD and decreased signifi -
cantly after exercise training. The protein level 
of CGI-58 was reduced, and FAS was increased 
in the HFD than in SD, whereas ATGL exhibited 
an increase (p < 0.05) in HFD than in SD. The 
exercise plays a signifi cant role in reducing oxi-
dative damage, along with the regulation of pro-
teins that are involved in the lipolysis of animals 
exposed to HFD.
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homeostasis. However, ROS levels can increase dramatically due 
to several stimuli, and this may result in signifi cant damage to 
cell structures   [ 8 ]  . Several studies show the involvement of ROS 
in the pathophysiology of obesity   [ 2   ,  9      – 11 ]   and suggest that 
excessive ROS formation results in oxidative stress and infl am-
mation induces signifi cant changes in the gene expression of 
adipocytes, lipid metabolism, and the content of adipocytes. 
More recently, Krawczyk et al.   [ 12 ]   have postulated the contri-
bution of oxidative stress to the control lipolysis in the adipose 
tissue. However, this interaction was never examined in obese 
animals that were concomitantly submitted to physical training 
protocol. Here, we examined the molecular and biochemical 
mechanisms involved in obesity, investigated the oxidative 
stress parameters and proteins involved in lipolysis in adipose 
tissue, and explored the eff ects of exercise training as nonphar-
macologic therapy.

    Materials and Methods
 ▼
    Samples
  Twenty-four 2-month-old male Swiss mice from the colony 
maintained by the Universidadade do Extremo Sul Catarinense 
(UNESC), Criciúma, Santa Catarina, Brazil, were used in this 
study. The animals were randomized into 4 groups (n = 6): 
standard diet (SD); standard diet plus exercise (SD + Ex); high-fat 
diet (HFD); and high-fat diet plus exercise (HFD + Ex). They were 
housed 4 per cage in an animal room under a 12-h light-dark 
cycle at 22 ± 1 °C and received a chow diet and water ad libitum. 
The experiments were carried out after a one-week acclimation 
period. All procedures were conducted in accordance with regu-
lation no. 11794/08 (DOU 196, Section 1, October 2008) and 
approved by the local ethics committee.

    Diet and exercise protocol
  Composition of the experimental diet was according to Noeman 
and colleagues   [ 11 ]  . The diet applied was purchased from Nuvi-
tal Nutrientes SA, Brazil (     ●  ▶     Table 1  ). All animals had free access 
to water and food for 90 days. Thirty days after having started 
the high-fat diet, the animals were submitted to a daily training 
protocol. The exercise groups performed a continuous swim-
ming program 5 days/week for 8 weeks. The mice swam for two 
30-min sessions separated by a 5-min break. The untrained ani-
mals were placed in an empty swimming pool for the same 
amount of time as the exercise group for the entire duration of 

the 8 weeks. After 4 weeks, a tail weight (5 % of body weight) was 
used to increase the intensity of training. Training was con-
ducted in a 120 × 60 × 50 cm pool with 10 × 15 × 50 cm lanes and 
containing 37.5 cm³ water that was temperature controlled at 
30–32 °C.

       Weight and exercise control
  Body weight was measured both before and immediately after 
the last training sessions using a precision semi-analytic balance 
(Gehaka model BK300, precision 0.01 g). Training intensity was 
controlled by the blood lactate level. Before and immediately 
after the fi rst, twentieth, and last training sessions, approxi-
mately 25 μl blood samples were collected from the caudal vein 
of animals for lactate measurement using a lactometer (Accus-
port). Control animals were submitted to one training session 
only, for lactate measurement sampling. Body weight was mea-
sured during all experimental periods using a precision semi-
analytic balance (Gehaka model BK300, precision 0.01 g).

    Euthanasia
  Forty-eight hours after the last exposure session, mice were 
killed by cervical dislocation, and adipose tissue of visceral 
regions (epididymal fat) was surgically excised. Next, an aliquot 
of these tissues was homogenized in a specifi c buff er and used 
for biochemical analyses and intracellular proteins by Western 
blotting. The remaining material was stored in a freezer at  − 80 °C 
for further analysis.

    Homogenization of sample for Western blotting
  The samples were homogenized in a buff er containing 1 % Triton 
X 100, Tris 100 mM (pH 7.4), sodium pyrophosphate 100 mM, 
EDTA 100 mM, sodium vanadate 10 mM, PMSF 2 mM, and apro-
tinine 0.1 mg/ml at 4 °C. The homogenate was then centrifuged 
at 11 000 rpm for 40 min. The supernatant was used to deter-
mine the concentration of protein, and later, total extract was 
determined in the same material, using a specifi c antibody.

    Western blotting
  Aliquots containing 250 μg of protein (per sample) were applied 
on a 1.5 mm thick polyacrylamide gel. Electrophoresis was con-
ducted in a minigel cell (Bio Rad, Mini-Protean) with an electro-
phoresis buff er that had been diluted earlier. SDS-PAGE was 
initially conducted at 25 V (on the stacking gel) and 120 V (until 
the end of the resolution gel). Next, proteins separated by SDS-
PAGE were transferred to a nitrocellulose membrane using an 
electrotransference minigel device (Bio Rad), and the running 
buff er solution was maintained at 120 V for 2 h under continu-
ous refrigeration using ice. Nitrocellulose membranes contain-
ing run proteins were incubated in a blocking solution for 2 h at 
room temperature to reduce the nonspecifi c protein ligation. 
Then, the membranes were washed thrice (for 10 min each time) 
in wash buff er and incubated in specifi c antibodies [anti-super-
oxide dismutase (SOD), anti-catalase (CAT), anti-ATGL (adipose 
triglyceride lipase), anti-CGI-58 (comparative gene identifi ca-
tion 58), and anti-FAS (fatty acid synthase antibodies)] under 
constant shaking overnight at 4 °C. Next, the membranes were 
washed again thrice (for 10 min each time) in wash buff er and 
incubated in secondary antibodies conjugated with peroxide for 
2 h at room temperature. Excess secondary antibody was washed 
with wash buff er, and then, the membranes were incubated in 
enzyme substrate for 2 min and exposed to an X-ray fi lm (Kodak 
XAR, Rochester, NY, USA) with an intensifi er (Cronex Lightning 

  Table 1    Composition of high-fat and standard diet. 

    Standard diet    High-fat diet  

  Ingredients    g · kg  − 1     kcal · kg  − 1     g · kg  − 1     kcal · kg  − 1   

  Cornstarch    398    1 590    116    462  
  Casein    200    800    200    800  
  Sucrose    100    400    100    400  
  Dextrinated starch    132    528    132    528  
  Lard    –    –    312    2 808  
  Soybean oil    70    630    40    360  
  Cellulose    50    –    50    –  
  Mineral mix    35    –    35    –  
  Vitamin mix    10    –    10    –  
   L -Cystine    3    –    3    –  
  Choline    2.5    –    2.5    –  
  Total    1 000    3 948    1 000    5 358  
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Plus, DuPont, Wilmington, DE, USA) in a radiography cassette. 
Band intensity was determined by reading radiographies deve-
loped by optic densitometry using a scanner (HP 3400) and the 
Scion Image software (Scion Corporation).

    Antioxidant enzyme activities
  Superoxide dismutase (SOD) activity was determined according 
to the method described by Bannister and Calabrese   [ 13 ]  . The 
enzymatic activity estimation occurs by adrenaline autooxida-
tion inhibition read at 480 nm in a spectrophotometer. Enzyme 
activity was expressed as U/mg protein. To determine catalase 
(CAT) activity, the sample was sonicated in a 50 mM phosphate 
buff er, and the resulting suspension was centrifuged at 3 000  g  
for 10 min. The supernatant was used for enzyme assay. CAT 
activity was measured using the rate of decrease in hydrogen 
peroxide absorbance at 240 nm, determined according to the 
method described in   [ 14 ]  . Enzyme activity was expressed as 
U/mg protein.

    Oxidative damage
  Thiobarbituric acid reactive species (TBARS) was measured as a 
marker of lipid peroxidation by spectrophotometry at 532 nm. 
Results were expressed as nmol TBARS/mg protein   [ 15 ]  , and the 
generation of carbonyl groups in the reaction with 2,4-dinitro-
phenylhydrazine was used as a marker of the oxidation of pro-
teins. Carbonyl content was determined by spectrophotometry 
at 370 nm with a coeffi  cient of 22 000 molar  − 1  and was expressed 
as nmol/mg protein   [ 16 ]  .

    Protein content
  Protein content was assayed using bovine serum albumin as a 
standard. A folin phenol reagent (phosphomolybdic-phospho-
tungstic reagent) was added to bind the protein. The bound rea-
gent was slowly reduced and changed from yellow to blue. 
Absorbance was read at 750 nm   [ 17 ]  .

    Statistical analysis
  Data are expressed as mean and  standard error of the mean and 
analyzed using a two-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test in the Statistical Package for Social Sci-
ences (SPSS 16.0). Signifi cance level was defi ned as p < 0.05.

     Results
 ▼
    Body weight and training control
       ●  ▶     Table 2   shows body weight after exposure to a high-fat diet 
and exercise training protocol. Body weight in the HFD showed 
increased 37 % (p < 0.001), whereas HFD + Ex exhibited increased 
15 % (p < 0.05) when compared with SD. In addition, HFD + Ex 
exhibits a body weight of 19 % minor (p < 0.05) in relation to HFD. 
Lactate level increased in both groups treated with a standard 
diet and a high-fat diet, in relation to basal values . 

       Antioxidant enzymes
       ●  ▶     Fig. 1   shows that SOD activity and level changed after exercise 
training with regard to animals’ exposure to HFD. The SOD level 
in adipose tissue showed an increase in HFD (p < 0.05) compared 
to SD, whereas the HFD + Ex group showed an increase in SOD 
activity relative to SD, HFD, and SD + Ex (p < 0.05). In relation to 
CAT (     ●  ▶     Fig. 2  ), the results showed an increase in activity in the 
HFD + Ex in relation to HFD (p <  0.05), whereas the protein level 
of enzymes in adipose tissue was increased in the HFD + Ex 
group compared to SD, HFD, and SD + Ex (p < 0.05).

      Oxidative damage
       ●  ▶     Fig. 3   shows the values of TBARS and carbonyl protein. In the 
adipose tissue, the lipid peroxidation and protein oxidation were 
signifi cantly increased in the HFD (p < 0.01) compared to the SD 
group. In contrast, exercise training leads to a decrease in both 
parameters (p < 0.01).

    Fig. 1    Activity and level of superoxide dismutase 
in epididymal fat ( a  and  b ) of mice submitted to 
training after exposure to a high-fat diet. Values 
are presented as mean ± SEM, and p < 0.05 was 
considered as the minimum signifi cance between 
the groups. *Diff erent from a standard diet (SD), 
 #  diff erent from a high-fat diet (HFD), and  $  diff er-
ent from a standard diet plus exercise (SD + Ex). 

 

  Groups    Body weight (mg) 

Mean ± SEM  

  Blood lactate (nmol/l) Mean ± SEM  

  Basal    1 st  session    20 th  session    Last session  

  SD    40.43 ± 1.08       −      −      −   
  HFD    55.29 ± 2.00*    2.13 ± 0.19     −      −      −   
  SD + Ex    37.14 ± 0.90      3.92 ± 0.13*    4.27 ± 0.25*    4.13 ± 0.27*  
  HFD + Ex    46.88 ± 1.83* $       4.10 ± 0.10*    4.60 ± 0.20*    4.48 ± 0.28*  
  Blood lactate level (mmol/l) of mice exposed to physical training, a high-fat diet (HFD), and a standard diet (SD). Values are presented 
as mean ± SEM, and p < 0.05 was considered as the minimum signifi cance between the groups  
  *Diff erent from a standard diet (SD).  #  Diff erent from a high-fat diet (HFD).  $  Diff erent from a standard diet plus exercise (SD + Ex)  

 Table 2    Body weight and training 
control.
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     Lipolytic and lipogenic proteins
       ●  ▶     Fig. 4   shows the data of ATGL, CGI-58, and FAS, respectively. 
ATGL protein levels were increased in the HFD + Ex (p < 0.05) 
compared to all the groups. CGI-58 protein levels were reduced 
in all the groups (p < 0.05) in relation to the SD groups. FAS pro-
tein levels increased in the HFD (p < 0.05) relative to the SD and 
HFD + Ex groups, whereas they exhibited decreases in the SD + Ex 
and HFD + Ex (p < 0.05) than in the SD group.

      Discussion
 ▼
   Our results indicate that obesity induces great alterations with 
regard to several biochemical and molecular parameters in adi-
pose tissue, whereas physical training rebalances these altera-
tions, improving antioxidant profi le, and increasing ATGL protein 
level, which induces minor weight gain. Here, we have demon-
strated that, at least in part, changes in oxidative stress are asso-
ciated with the lipolysis process in adipose tissue in high-fat fed 
mice.

    Fig. 2    Activity and level of catalase in epididymal 
fat ( a  and  b ) of mice submitted to training after 
exposure to a high-fat diet. Values are presented 
as mean ± SEM, and p < 0.05 was considered as the 
minimum signifi cance between the groups. *Dif-
ferent from a standard diet (SD),  # diff erent from a 
high-fat diet (HFD), and  $ diff erent from a standard 
diet plus exercise (SD + Ex). 

    Fig. 3    TBARS level  a  and carbonyl content  b  in 
epididymal fat of mice submitted to training after 
exposure to a high-fat diet. Values are presented 
as mean ± SEM, and p < 0.05 was considered as the 
minimum signifi cance between the groups. *Dif-
ferent from a standard diet (SD),  # diff erent from a 
high-fat diet (HFD), and  $ diff erent from a standard 
diet plus exercise (SD + Ex). 

    Fig. 4    Levels of adipose triglyceride lipase (ATGL), 
comparative gene identifi cation 58 (CGI-58), and 
fatty acid synthase (FAS) in the epididymal fat of 
mice submitted to training after exposure to a 
high-fat diet. Values are presented as mean ± SEM, 
and p < 0.05 was considered as the minimum 
signifi cance between the groups. *Diff erent from 
a standard diet (SD),  # diff erent from a high-fat diet 
(HFD), and  $ diff erent from a standard diet plus 
exercise (SD + Ex). 
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  Lactate content was used to monitor changes in the physical 
capacity of animals and to control the training intensity. Changes 
in muscle mass alter the energetic metabolism due to diff er-
ences in oxidative and glycolytic capacities for adenosine tri-
phosphate (ATP) turnover. Thus, this marker may be considered 
as an indicator of the intensity of physical eff ort during training. 
Our results show an increase in lactate content in all groups 
after training sessions (immediately after the fi rst, the twenti-
eth, and the last training session). This increase suggests that the 
protocol utilized refl ects aerobic training and can result in an 
impact on oxidative metabolism.
  Obesity is closely associated with ROS, and studies have shown 
that the unbalance between oxidant production and the antioxi-
dant defense system is critically involved in the pathogenesis of 
obesity in the human   [ 9   ,  10 ]   and experimental model   [ 11   ,  18 ]  . It 
has been reported that obesity may induce systemic oxidative 
stress, and oxidative stress is associated with the overproduction 
of proinfl ammatory adipokines   [ 19 ]  . In contrast, antioxidant 
defense markers are lower depending on the amount of body fat 
  [ 20   ,  21 ]  . Our data corroborated with those found in the litera-
ture, which showed that adipose tissue in high-fat fed diet mice 
exhibits an increase in ROS concentrations   [ 22 ]  .
  The increase in obesity-associated ROS is probably due to the 
relationship between obesity and chronic infl ammation, because 
adipocytes and preadipocytes have been identifi ed as a source of 
proinfl ammatory cytokines, including TNF-α, IL-1β, and IL-6 
  [ 23   ,  24 ]  , and these cytokines serve as potent stimulators for the 
production of ROS by macrophages and monocytes   [ 25 ]  . In addi-
tion, it is observed that disruption in the lipolysis pathway leads 
to accumulated TAG in the adipose tissue, which favors an 
increase in this tissue and aggravates obesity.
  Adipocyte triglyceride lipase (ATGL) and hormone-sensitive 
lipase (HSL) assume triglyceride hydrolase activities in the adi-
pose tissue. Lipolysis, which is coordinated by lipases, occurs 
through catecholamine stimulation of β-adrenergic receptors 
and the subsequent activation of protein kinase A (PKA)   [ 26 ]  . In 
mice, the inhibition of HSL and ATGL has been shown to promote 
diet-induced obesity and its associated metabolic defects   [ 27 ]  . 
In humans, both HSL and ATGL protein levels are decreased in 
the adipose tissue from obese patients compared with that from 
lean individuals   [ 28   ,  29 ]  .
  Our data show that the FAS protein level is increased in the adi-
pose tissue in high-fat-fed diet mice, which favors the synthesis 
of fatty acids, whereas there are no changes observed in the 
ATGL protein level. The limitation of the present study was that 
phosphorylation of the enzyme was not examined. Taken 
together, our data suggest that an increase in oxidative stress is 
accompanied by the disruption lipolysis process in the adipose 
tissue high-fat fed diet mice. On the other hand, exercise training 
has been associated with an improvement in the antioxidant 
defense system and a decrease in oxidative damage in the brain 
  [ 30 ]  , lung   [ 31 ]  , liver   [ 32 ]  , muscle   [ 33 ]  , kidney   [ 34 ]  , heart   [ 35 ]  , 
adipose tissue   [ 2 ]  , and other tissues as well as the reduction in 
obesity   [ 36   ,  37 ]  .
  In the present study, we demonstrated that exercise training 
prevents marked weight adipose tissue gain, oxidative damage, 
and recovery of the ATGL protein level in adipose tissue. These 
data suggest that the protector eff ects of exercise training have a 
link between reduced ROS and the lipolysis pathway. This inter-
action has been recently postulated by Krawczyk et al.   [ 12 ]  , who 
demonstrated that ROS facilitates the translocation of HSL to the 
lipid droplet during lipolysis in human adipocytes.

  Intracellular antioxidant enzymes play an important role in cel-
lular antioxidant defenses. SOD and CAT are the 2 major scav-
enging enzymes that remove radicals in vivo, and a decrease in 
the activity of these enzymes can lead to an excess availability of 
superoxide anion and hydrogen peroxide, which, in turn, lead to 
the generation of hydroxyl radicals, resulting in the initiation 
and propagation of lipid peroxidation and protein modifi cation 
  [ 8 ]  . The increase in the activity and content of SOD observed in 
this study probably results from the concomitant increase in the 
production of ROS (superoxide), and this does not necessarily 
mean that the cell is exposed to oxidative stress. The extent to 
which the benefi ts of moderate exercise (training) might be 
related to the upregulation of SOD (activity and content). The 
increase in the activity and content of antioxidant enzymes 
induced by exercise is the main reason for the reduction of oxi-
dative damage that is also observed in this study. We observed 
that there was a diff erent modulation of SOD and CAT in the adi-
pose tissue in trained animals, when compared with untrained 
animals. The results suggest that SOD seems to be highly modu-
lated by exercise training. The most striking fi nding was the 
remarkable increase in SOD activity and protein levels observed 
in trained rats without a proportional increase in CAT activity. 
SOD reduces the superoxide radical to hydrogen peroxide 
(H 2 O 2 ), which is the substrate of CAT. When the cell has increased 
levels of SOD without a proportional increase in peroxidases, 
cells face a peroxide overload challenge   [ 8 ]  . However, the reduc-
tion of CAT in adipose tissue may be due to the rapid consump-
tion and exhaustion of the storage of this enzyme in fi ghting free 
radicals generated during the development of obesity   [ 11 ]  , 
although the increase in activity was an expected result. This 
result may be one factor that is responsible for increased oxida-
tive damage, and exercise training minimized these eff ects. The 
decrease in catalase can lead to redox imbalance and can accu-
mulate peroxides, reacting with transitional metals, generating 
the hydroxyl radical, which is the most harmful radical. This 
may explain the observed increase in oxidative damage after 
HFD.
  Exercise training was suffi  ciently able to prevent the increase in 
the levels of lipid peroxidation and protein oxidation. According 
to Petersen and Pedersen   [ 3 ]  , exercise exerts an anti-infl amma-
tory eff ect by inducing increased levels of IL-6. IL-6 not only 
induces an anti-infl ammatory environment by inducing the pro-
duction of IL-1ra and IL-10, but also inhibits TNF-α production 
  [ 38      – 40 ]  . In addition, exercise training appears to attenuate 
NADPH oxidase activity as result of elevated eNOS production 
and other factors   [ 41 ]  . In a recent study, Sakurai and colleagues 
  [ 2 ]   verifi ed the eff ects of exercise training on oxidative stress in 
rats  in the adipose tissue, especially focusing on infl ammation-
related adipokines. The results showed a reduction in oxidative 
damage and an increase in SOD content induced by exercise 
training. In addition, the study also showed a decrease in the 
expression of NADPH oxidase, and the authors suggest that this 
reduction is associated with lower oxidative damage in exer-
cised animals.
  In relation to lipolysis, we also observed a great elevation in the 
protein expression of ATGL in HFD + Ex. The data corroborate 
with minor weight of adipose tissue gain in the exercised groups 
that, at least in part, show recovery of lipolysis process. Chapa-
dos et al.   [ 42 ]   have shown that physical training decreases in 
vitro stimulated lipolysis in a visceral but not in the retroperito-
neal fat depot of high-fat fed rats. The authors showed that the 
elevation in stimulated lipolysis was reduced by training in high-
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fat-fed rats and might, at a fi rst glance, simply refl ect a reduction 
in fat mass in the adipose tissue.
  In contrast to HSL, ATGL appears to reside on the lipid droplet 
surface independent of PKA activation   [ 43 ]  . Rather than its acti-
vation being controlled by phosphorylation and translocation, 
ATGL is activated at least 20-fold by interactions with CGI-58, a 
member of an esterase/lipase family of proteins   [ 44 ]  . Compara-
tive Gene Identifi cation-58 (CGI-58) is also known as α/β-
hydrolase domain-containing protein 5 (Abhd5). CGI-58 lacks 
lipase activity itself, but activates the lipase activity of ATGL 
likely via protein-protein interaction. Fluorescence resonance 
energy transfer studies support a model in which CGI-58 binds 
to perilipin in adipocytes under basal conditions but is released 
from perilipin on lipolytic stimulation   [ 45 ]  . We suggest that, 
despite reduced CGI-58 protein levels in the HFD, the interac-
tions between CGI-58 and perilipin have been increased, but 
cannot affi  rm this situation. More studies are needed to confi rm 
the suggestion.
  In summary, the results of this study suggest that antioxidant 
enzymes play a signifi cant role in the regulation of obesity, but 
are not suffi  cient to reduce the oxidative damage induced by 
exposure to HFD. However, since we did not determine anti-
infl ammatory cytokines and NAPH oxidase, the exact role of 
physical training in the modulation of oxidative stress in animals 
exposed to HFD should be confi rmed in future studies.
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