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ABSTRACT

Oxidative stress, physical inactivity and high-fat (FAT) diets are associated with hepatic disorders such as
metabolic syndrome (MS). The therapeutic effects of physical training (PT) were evaluated in rats with MS
induced by FAT diet for 13 weeks, on oxidative stress and insulin signaling in the liver, during the last 6
weeks. FAT-sedentary (SED) rats increased body mass, retroperitoneal fat, mean arterial pressure (MAP)
and heart rate (HR), and total cholesterol, serum alanine aminotransferase, glucose and insulin. Livers of
FAT-SED rats increased superoxide dismutase activity, thiobarbituric acid-reactive substances, protein
carbonyl and oxidized glutathione (GSSG); and decreased catalase activity, reduced glutathione/GSSG
ratio, and the mRNA expression of insulin receptor substrate 1 (IRS-1) and serine/threonine kinase 2.
FAT-PT rats improved in fitness and reduced their body mass, retroperitoneal fat, and glucose, insulin,
total cholesterol, MAP and HR; and their livers increased superoxide dismutase and catalase activities,
the reduced glutathione/GSSG ratio and the expression of peroxisome proliferator-activated receptor
gamma and insulin receptor compared to FAT-SED rats. These findings indicated adaptive responses
to PT by restoring the oxidative balance and insulin signaling in the liver and certain biometric and
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biochemical parameters as well as MAP in MS rats.

Introduction

It is generally agreed that an individual’s genetic background
and lifestyle factors contribute to the pathogenesis of meta-
bolic disorders such as obesity, hyperglycemia, hyperlipide-
mia and hypertension, or the joint occurrence of these
disorders, characterized as metabolic syndrome (MS) [1,2].
Both poor nutrition and physical inactivity are major factors
in determining the manifestation of MS, but the exact
causes remain unclear. Resistance to insulin in insulin-sensi-
tive tissues such as adipose tissue, liver and muscle has
been identified as a central disorder of MS [3,4]. The molecular
mechanisms that lead to the onset of insulin resistance are
diverse and incompletely understood. However, it is known
that resistance to insulin is related to situations of overproduc-
tion of reactive oxygen species (ROS), due to mitochondrial
dysfunction, overproduction of oxidants, the accumulation
of fat, dyslipidemia, lipid peroxidation, hyperglycemia and
hyperactivity of the renin-angiotensin system, nicotinamide
adenine dinucleotide phosphate oxidase, nitric oxide and
increased proinflammatory substances [5]. Nutritional stress,
such as caused by a high-fat (FAT) diet, promotes oxidative
stress through the increase of lipid peroxidation products
and of protein carbonylation, and decreased concentrations
of reduced glutathione (GSH) and antioxidant substances [6].

The liver plays a pivotal role in maintaining glycemia
through the control of gluconeogenesis and the release of
glucose into the blood in situations of metabolic alterations
that occur during physical training (PT) and consumption of

a FAT diet [6]. In situations of increased metabolism, such as
high-intensity PT [7,8] and metabolic diseases [9], the liver is
subject to oxidative stress with increased lipid peroxidation
and protein carbonylation, and decreased antioxidant
defenses [10]. PT represents a transitory physical stress
that alters the metabolism and homeostasis [11]. However,
different levels of PT intensity (high, moderate or low)
induce different adaptations in the body. In contrast to
high-intensity PT, moderate-to-low-intensity training leads
to increased antioxidant defenses and has a preventive
and therapeutic role in major diseases associated with oxi-
dative stress [3,12-17].

Studies on the effect of PT as a treatment and not as pre-
vention of metabolic diseases are few [1,18], and are increas-
ingly important because sedentary individuals have lower
adherence to regular practice of PT [19] and therefore have
a greater chance of developing obesity and other risk
factors for MS. Accordingly, our aim in the present study
was to determine the benefit of low-to-moderate-intensity
PT, during 6 weeks after MS was established; and the associ-
ation of these PT levels with cardiovascular parameters, oxi-
dative stress and insulin signaling in the liver.

Methods
Animals

The study used male Fischer rats, newly weaned at 4 weeks
of age (rats, 40-60g) from the Animal Science Center
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(CCA/UFOP) of the Federal University of Ouro Preto (UFOP,
Brazil). The animals were kept in individual cages under con-
trolled temperature (25+1°C) and a 12 h-12 h light-dark
cycle. Throughout the experiment, the animals had free
access to water and diets. All procedures were performed in
accordance with the Guidelines for Ethical Care of Experimen-
tal Animals and are approved by the Institutional Ethics Com-
mittee of the Federal University of Ouro Preto, Minas Gerais,
Brazil (protocol 31/2011).

Experimental protocol

Rats, after weaning, were randomly subjected to two different
diets, AIN-93M control (CT) diet or FAT diet (Table 1), for 13
weeks; and in the last 6 weeks of the diets, the animals
were either subjected to low- or moderate-intensity PT by
swimming, or were kept sedentary (SED). In order to
confirm that the FAT diet could induce characteristic disorders
of MS and that PT could be used as a treatment for MS, in
week 7 of the diets, the mean arterial pressure (MAP) and
heart rate (HR) were evaluated indirectly and the body
weight was taken. The experimental groups used were: (1)
CT-SED: rats were subjected to CT diet during a period of 13
weeks and kept SED for the last 6 weeks of the diet; (2) CT-
PT: rats were subjected to CT during a period of 13 weeks
and subjected to low- or moderate-intensity PT (swimming)
for the last 6 weeks of the diet; (3) FAT-SED: rats were sub-
jected to a FAT diet during a period of 13 weeks and kept
SED for the last 6 weeks of the diet; and (4) FAT-PT: rats
were subjected to a FAT diet during a period of 13 weeks
and subjected to low- or moderate-intensity PT (swimming)
for the last 6 weeks of the diet.

Arterial pressure measurements

MAP (mmHg) and HR (beats/min) were assessed in awake rats
in all groups in weeks 7 and 13 of the diets, by digital tail
plethysmography (Panlab, LE5001).

Table 1. Composition and energy content of diets.

Ingredients (g/kg) Control AIN-93 High-fat diet
Corn starch 620.70 -
Sucrose 100.00 -
Fructose - 33.0
Casein 140.00 180.50
Condensed milk - 316.00
Soybean oil 40.00 -
Lard - 370.00
Fiber (cellulose) 50.00 50.00
Wheat bran - -
Mineral mix (AIN-93G-MX)* - 35.00
Mineral mix (AIN-93M-MX)* 35.00 -
Vitamin mix (AIN-93G-VX)* 10.00 10.00
pL-Methionine 1.80 3.00
Choline chloride 2.50 2.50
Macronutrients (% by weight)
Carbohydrate 72.07 20.68
Fat 4.00 39.53
Protein 14.00 20.26
Macronutrients (% kcal)
Carbohydrate 75.82 15.92
Fat 9.46 68.48
Protein 14.72 15.60
kcal/g 3.80 5.19
kJ/g 15.91 21.73

Composition of diets (9/kg) consumed by rats that started the experiment at 4
weeks of age and for 13 weeks.
*See Reeves et al. [47].

PT protocol

The rats were subjected to swimming for 1 h/day, 5 days/
week for 6 weeks, starting in week 7 after implementation
of the diets. Swimming was performed by groups of four
rats in a 38 x 60 x 50-cm tank. Water temperature was main-
tained at approximately 30°C, controlled by a thermostat. In
session 1, the rats were subjected to 20 min, in session 2 to
40 min and beginning with session 3 the animals swam,
without a workload, for 60 min. From sessions 6-8, the
animals performed the PT with a load of 1% +0.05 g of the
body mass. In sessions 9 and 10 a load of 1.5% +0.05 g was
added; and in sessions 11-13, the load was 2% +0.05 g
body mass. From session 14 on, a load of 2.5% +0.05¢g
body mass was added. The load consisted of a screw-nut or
washer fixed on the tail of each animal. SED rats were
placed in the swimming apparatus with shallow water for
60 min, 5 days/week for 6 weeks to mimic the water stress
associated with the experimental protocol. The animals
were decapitated 48 h after they completed the swimming
protocol, in the fasted state.

Plasma analysis

At the end of the experiment, after euthanasia by instant
decapitation of animals fasted overnight, blood samples (2—
3 ml) were collected and treated with the anticoagulant
Glistab® containing EDTA and potassium fluoride. Then,
these samples were centrifuged (8,000g, 4°C, 6 min) to separ-
ate the plasma for determination of fasting glucose, or the
serum for determination of the total cholesterol, albumin
and transaminase alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) concentrations. The plasma and
serum were aliquoted (—80°C) to conduct the biochemical
analyses. The analyses were performed using individual com-
mercial kits (Labtest, Lagoa Santa, MG, Brazil) according to the
instructions provided by the manufacturer.

Analysis of oxidative damage in the liver

In another groups of animals, the activities of superoxide dis-
mutase (SOD) and catalase (CAT), and the concentrations of
thiobarbituric acid-reactive substances (TBARS), protein car-
bonyl, total glutathione (GSHt) and oxidized glutathione
(GSSG) were analyzed in the liver at the end of week 13 of
the experimental protocol. The left ventricle was perfused
with 0.9% saline and the livers were collected, frozen in
liquid nitrogen and stored at —80°C for subsequent biochemi-
cal analysis of SOD, CAT, TBARS, GSHt and GSSG.

Superoxide dismutase activity

Samples of liver (100 mg) were homogenized in phosphate
buffer (pH 7.4) and centrifuged at 12 000g for 10 min at 4°C.
The SOD activity was determined with an ELISA reader at
570 nm, based on the ability of this enzyme to eliminate the
superoxide anion (03) and to convert it into hydrogen per-
oxide (H,0,) and thus reduce the rate of auto-oxidation of
pyrogallol [20]. The results were expressed as activity per milli-
gram of protein.

Catalase activity
To assess the activity of CAT enzyme, 100 mg of each liver
sample was homogenized in phosphate buffer (pH 7.4) and



centrifuged at 10 000g for 10 min at 4°C. The supernatant was
collected and used as the biological sample. CAT activity was
measured by the rate of decrease of hydrogen peroxide
(H,0,) at 240 nm. The total protein content in the samples
of organ homogenates was determined using the Bradford
method [16,21,22]. The results were expressed as activity
per milligram of protein.

Thiobarbituric acid-reactive substances and carbonyl
protein

As an index of lipid peroxidation, we used the formation of
TBARS during an acid-heating reaction [16,23]. Liver samples
(100 mg) were homogenized in KPE (potassium phosphate-
EDTA) buffer (pH 7.4) and centrifuged (10 000g, 10 min, at
4°C). The supernatant was then collected and used as the bio-
logical sample. Briefly, the samples from homogenates were
mixed with 1 ml of 10% trichloroacetic acid and 1 ml of
0.67% thiobarbituric acid and then heated in a boiling water
bath for 30 min. TBARS were determined from the absorbance
at 532 nm. The content of carbonyl protein was determined
according to the method of Levine et al. [24]. The absorbance
of the supernatant was determined at 370 nm. Both series of
data are expressed in nmol/mg of protein.

Reduced and oxidized glutathione

Glutathione is present in cells mainly in its reduced form (GSH,
nmol/ml), comprising around 90%, and the remainder
appears in the form of GSSG (nmol/ml). This assay was
adapted from a Sigma CS0260 kit based on the studies by
Akerboom and Sies [25], and used a kinetic method to
measure the GSHt (GSH+GSSG) in biological samples by redu-
cing the 5,5'-dithio-bis-(2-nitrobenzoic acid) to 5-thio-2-nitro-
benzoic acid (TNB), which was measured kinetically in a
microplate reader at 412 nm (Biotek ELx808 St. Winooski,
USA). For derivatization, 4-vinylpyridine (Sigma-Aldrich, St.
Louis, USA) was added to the biological samples and a
GSSG assay was performed using the same assay kit. The
data for the GSH content were obtained by subtracting the
GSSG content from the GSHt content [26].

mRNA expression of the insulin signaling pathway in
the liver

The real-time reverse transcription polymerase chain reaction
(QRT-PCR) was performed on livers from the different groups
of rats. For quantitative analysis of mRNA expression, the liver

Table 2. Rat Genome Database (RGD) accession numbers and primer sequences
of genes selected for qRT-PCR.

Gene Accession number (RGDID) Primer sequence (5'-3')
Rn18s 5687330 F GTAAGTGCGGGTCATAAG

R CCATCCAATCGGTAGTAGC
Insr 2917 F CCTTGGATCGTTCCTCTCAC

R GGTCCGTTTGATGCTCAGAG
Irs-1 2922 F TGAGAGCGGTGGTGGTAAGC

R GGGCTGCTGGTGTTGGAATC
Irs-2 69316 F GCAGGACTTTCCCAGTGAACG

R GCCACACCACATTCGCATG
AKT-2 2082 F GGAGGTCATGGAGCATCGGTTC

R GTTTGAAGGGTGGCAGGAGC
Slc2a4 2711 F GGTGCCTTGGGAACACTCAAC

R TGCAGGAGAGCAGGGAGTACTG
Ppary 3371 F CGTGAAGCCCATCGAGGACATC

R TCTGGAGCACCTTGGCGAACAG

Primers used (Forward and Reverse).
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was rapidly removed, placed in liquid nitrogen and stored at
—80°C until processed. The total RNA from liver was isolated
with TRI reagent® (Sigma-Aldrich) according to the manufac-
turer’s protocol. All RNA isolated was quantified by spectropho-
tometry, and the optical density was estimated from the 260/
280 nm absorbance ratio. A reverse transcriptase reaction
was performed using a SuperScript™ lll (Invitrogen Life Tech-
nologies) for the first-strand cDNA synthesis. A real-time PCR
was carried out following the generation of first-strand cDNA.
A PCR for each sample was carried out in triplicate for all
cDNAs and for the 18s ribosomal control. Insulin receptor (IR)
and substrate IR 1 (IRS-1), glucose transporter type 4 (GLUT4),
serine/threonine kinase 2 (AKT-2), peroxisome proliferator-acti-
vated receptor gamma (PPARy) and the endogenous 18s ribo-
somal cDNA were amplified using specific primers (Table 2) and
SYBR® Green PCR Master Mix (Applied Biosystems, Rockford,
USA). The analyses were performed by a relative method of
quantifying gene expression (comparative Cq, ACq), which
allows one to quantify differences among samples in the
level of expression of a specific target. The expression levels
were normalized for the amount of the reference gene (185
rRNA) on each plate. The results were obtained with the
formula that considers the amount of the target gene normal-
ized to the calibrator gene, given by (272<9).

Histological analyses

For histopathological analysis, fragments of approximately
1.0x 1.0x 0.2 cm of liver were fixed in 10% formalin. After
72 h of fixation, the fragments were dehydrated, cleared
and embedded in paraffin. Paraffin blocks were cut into
4 um-thick sections and stained with hematoxylin and eosin
for assessment of architectural damage and inflammation
(optical microscopy). Using optical microscopy the presence
or absence of micro- and macrovesicular non-alcoholic fatty
liver disease, necrosis, inflammation and fibrosis areas was
observed in the liver tissue. Representative photomicrographs
were obtained with a Leica BM5000 microscope coupled to a
Leica DFC 300 FX camera in RGB mode, using a 40x magnifi-
cation objective.

Statistical analysis

The results are expressed as means + SEM. The data were ana-
lyzed for Kolmogorov-Smirnov normality and followed the
standard normal distribution; they were subsequently
assessed by two-way ANOVA, followed by the Bonferroni
post-test. Statistical analyses were performed with the soft-
ware GraphPad Prism (version 6.0, San Diego, USA). The cri-
terion for statistical significance was set at P< 0.05.

Results
Evaluation of BP, HR, body and liver masses

In week 7 of the diets, the FAT group had higher values of
MAP (134 £2.4 mmHg, n=8), HR (454 £ 8.5 beats/min, n=8)
and body mass (276 £4.6g, n=8) compared to the CT
group (119 £ 6.2 mmHg, 367 £ 12.5 beats/min, 193+ 6.1 g, n
= 8; respectively). These data were used as characteristics of
MS disorders induced by the FAT diet, and based on these
results the animals were submitted to PT as the treatment
or kept SED for another 6 weeks.
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The indirect evaluation, by tail plethysmography, per-
formed at week 13 of the diets revealed that the FAT-SED
animals showed high levels of MAP and HR compared to
CT-SED animals. Furthermore, the FAT-SED animals showed
increases in body mass and in the mass of retroperitoneal
fat deposits compared to the CT-SED group. The FAT-PT
group had a similar body mass to CT-SED animals. The FAT-
PT group had decreased retroperitoneal fat deposits com-
pared to FAT-SED animals. However, no difference was
observed in liver mass among all experimental groups. The
blood lactate concentration in the FAT-SED animals was
higher than in CT-SED animals. However, in the FAT-PT rats
the lactate concentration was lower than in FAT-SED rats,
and was similar to that in CT-SED rats (Table 3).

Plasma analysis

The biochemical analyses performed in week 13 of the diets
showed that FAT-SED rats had increases in the concentrations
of fasting glucose, insulin and total cholesterol compared to
the CT-SED group. The FAT-PT rats showed an increase in
ALT concentration compared to the CT-SED rats, and a
similar concentration to the FAT-SED rats. However, the con-
centrations of insulin, total cholesterol and glucose in the
FAT-PT rats were similar to those in the CT-SED and FAT-
SED rats (Table 3).

Evaluation of oxidative stress in the liver

The FAT-SED rats showed an increase in oxidative stress in the
liver, as indicated by the increased concentration of TBARS
(1.28 £ 0.07 nmol/mg of protein, n=7) and carbonyl protein
(6.13 = 1.35 nmol/mg of protein, n=5). In addition, although
an increase was observed in SOD activity (2.60+0.2 U/mg
of protein, n=6), there was a reduction in CAT activity (0.77
+0.10 U/mg of protein, n=10) compared to CT-SED animals
(TBARS =0.789 £ 0.02 nmol/mg of protein, n=6; carbonyl
protein = 3.24 + 0.31 nmol/mg of protein, n=6; SOD =1.40

Table 3. Biometric, biochemical and cardiovascular parameters of rats fed a
control diet (CT) or a high-fat diet (FAT), and submitted to physical training
(PT) or kept sedentary (SED).

CT diet FAT diet
SED PT SED PT

Total cholesterol 1.8+£0.03 1.7+0.08 2.1+0.03* 1.8+£0.07

(mmol/I)
ALT (U/1) 542+1.2 624 +£3.1 68.2 + 3.4* 70.0 + 3.5*%
AST (U/1) 8.1+22 149+43 53+1.8 11131
Albumin (umol/I) 41+0.1 41+0.06 4.1+0.08 4.06 +0.09
Glycemia (mmol/I) 6.2+0.2 6.5+0.3 7.2+0.1* 6.6 +0.2
Insulin (ng/ml) 1.3+£0.2 1.5+03 24+0.1*% 14+0.2
Lactate (mmol/l) 941+12 102+24 169+0.9* 8.03+0.2"
MAP (mmHg) 109+5.8 125+5.2 147 £ 5.7% 107 +11.7*
HR (beats/min) 369+7.8 338+27.5 435+7.2% 384 + 4.6"
Liver (g/100 g body 3.3+0.08 32+0.04 3.0x0.05 3.0x£0.04

mass)
Retroperitoneal fat 1.66 £ 0.1 149+0.1 342+0.1* 2.5 +0.09"

(9/100 g body

mass)
Body mass (g) 287+3.6 263 +6.1 336 +9.6* 289.6 +9*
N 5-6 5-6 5-6 5-6

Fischer rats fed a high-fat diet (30% fat, FAT) or a control diet (AIN-93, CT) for 13
weeks and submitted to physical training (PT) or maintained sedentary (SED)
during the last 6 weeks of diet. ALT, alanine aminotransferase; AST, aspartate
aminotransferase.

*P < 0.05 compared to CT-SED group.

#P < 0.05 compared to FAT- SED group (two-way ANOVA followed by Bonferroni
post-test).

+0.04 U/mg of protein, n=5 and CAT=2.20+0.33 U/mg of
protein, n=9). The FAT-SED rats showed an increase in
GSSG concentration (19.83+3.78 nmol/ml, n=7) and a
reduction in the GSH/GSSG ratio (3.43 + 0.85, n = 5) compared
to the CT-SED group (GSSG = 8.50 + 1.58 nmol/ml, n = 8; GSH/
GSSG=9.81+1.09, n=5) (Figures 1 and 2). However, PT was
efficient in reducing oxidative stress, as shown by the
reduction in the concentrations of TBARS (1.04 £ 0.06 nmol/
mg of protein, n=5) and carbonyl protein (2.50 + 0.33 nmol/
mg of protein, n=6) and the increase in CAT activity (1.60 +
0.13 U/mg of protein, n=13) in FAT-PT rats compared to
CT-SED animals. However, the SOD activity in the FAT-PT
group was higher (2.50 + 0.34 U/mg of protein, n=6) com-
pared to CT-SED (1.40 £0.04 U/mg of protein, n=5) and it
was similar to FAT-SED rats (2.60 + 0.23 U/mg of protein, n=
6) (Figure 1). In addition, in FAT-PT rats, the GSSG was
reduced (9.40 +2.73 nmol/ml, n=12) compared to FAT-SED
rats (19.83 £3.78 nmol/ml, n=7), and it was similar to CT-
SED rats (8.50 = 1.58 nmol/ml, n=8). The GSH concentration
was similar in all groups (Figure 1).

mRNA expression of the insulin signaling pathway in
the liver

The mRNA expressions of AKT-2 (0.001 + 3.348e-004 UA, n=4)
and IRS-1 (0.001 £ 2.359e-004 UA, n =4) in FAT-SED rats were
reduced compared to the CT-SED group (0.005 £ 0.001 UA, n
=4 and 0.003+0.001 UA, n=3, respectively) (Figure 3);
however, the expressions were similar in FAT-PT (0.003 +
0.0003 UA, n=4 and 0.002 £ 0.0002 UA, n =4, respectively)
and CT-SED animals. The mRNA expressions of PPARy
(0.0002 + 0.000043 UA, n=4) and IR (0.002 £ 0.0003 UA, n=
4) in the FAT-PT rats were increased compared to FAT-SED
rats (3.9333e-005 +0.00002 UA, n=3 and 0.001 £ 0.0003 UA,
n =4; respectively). There were no differences in the mRNA
expression of GLUT-4 among all groups (Figure 3).

Histological analyses

The hepatic histology revealed that the FAT-SED rats showed
macrovesicular steatosis with 50% of the hepatocytes with a
mild grade; while the FAT-PT rats showed a lower percentage,
with 33% mild hepatocytes. With respect to microvesicular
steatosis, the FAT-SED animals showed 50% of the hepato-
cytes with a mild grade and 16.6% of the hepatocytes with
a moderate grade; while the FAT-PT rats showed only 16%
of the hepatocytes with a mild grade (Figure 4). The
number of inflammatory cells did not differ among the exper-
imental groups.

Discussion

This study demonstrated the effectiveness of PT in inducing
beneficial adaptive responses in rats with MS induced by a
FAT diet. The adaptive responses induced by PT in MS rats
included improvement of the oxidative balance and of the
insulin signaling pathway in the liver, restoring biometric
and biochemical parameters and blood pressure.
Epidemiological studies show that the consumption of FAT
diets (>30% of energy from fat) is correlated with high rates of
overweight, central obesity and MS [27,28]. In a previous
study [29] we showed that the FAT diet led to increases in
blood pressure and HR, in mesenteric, retroperitoneal and
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Figure 1. (A) Activity of enzyme superoxide dismutase (SOD, U/mg protein; n = 5-6), (B) activity of the enzyme catalase (CAT, U/mg protein, n = 9-13), (C) reduced
glutathione (GSH, nmol/ml, n = 5-11), (D) oxidized glutathione (GSSG, nmol/ml, n = 7-12) and (E) GSH/GSSG ratio (n = 5-9) in liver of rats fed a high-fat diet (30% fat,
FAT) or a control diet (AIN-93, CT) for 13 weeks and submitted to physical training (PT), or maintained sedentary (SED) during the last 6 weeks of the diet. *P < 0.05
compared to CT-SED group. #P < 0.05 compared to FAT-SED group (two-way ANOVA followed by Bonferroni post-test).

epididymal fat deposits, fasting glucose, ALT, AST and total
cholesterol, and induced hepatic steatosis and renal inflam-
matory infiltrates. The data from the present study are consist-
ent with our prior study and with other studies [27,28] and
show that the rats submitted to the FAT diet for 13 weeks
and kept SED, also showed lower physical fithess due to
high blood concentrations of lactate [13,30] and total choles-
terol, glucose, insulin and ALT; and increases in the body mass
and retroperitoneal fat. Additionally, the FAT-SED rats showed
micro- and macro-steatosis, reduction of CAT activity,
increased concentrations of TBARS, GSSG, protein carbonyl
and the GSH/GSSG ratio, and reduced gene expression of
IRS-1 and AKT-2 in the liver, in addition to increases in MAP
and HR.

Several studies [31,32] showed that low-to-moderate PT
intensity is effective in inducing benefits by preventing the
establishment of MS. In these studies [31,32] PT began with
the start of the diet for development of MS. Few studies
[1,18] have evaluated PT as a treatment of already established
MS. These studies show that PT induces a reduction in systolic
blood pressure, together with increased sensitivity to insulin

and in the gene expression of GLUT4 in white adipose
tissue and gastrocnemius muscle [1], and reduces retroperito-
neal and epididymal fat [18,33]. In our present study, PT
should be considered a treatment because it started in the
last 6 weeks of the diets, and therefore with an already estab-
lished MS disorder, as shown through the increased MAP, HR
and body mass of the rats.

Different lines of evidence suggest that regular PT induces
beneficial adaptations in diseases associated with oxidative
stress, including high blood pressure, type Il diabetes and Alz-
heimer’s disease [3,16,17]. In previous studies we found that
rats with renovascular hypertension (2K1C) submitted to
swimming training showed reversal of altered cardiovascular
parameters, reduced collagen deposition in the myocardium
and the kidneys, reduced TBARS concentration in the left ven-
tricle, and increased CAT activity in the left ventricle and
kidney [16]. In the present study, PT improved the physical
fitness of rats with MS, as shown by the decrease in the
blood concentration of lactate and in the HR. Reductions in
these parameters have been recognized as markers of phys-
ical fitness [13,30,34].
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Figure 2. (A) Concentrations of malondialdehyde (MDA, U/mg of protein; n = 5-10) by concentrations of thiobarbituric acid-reactive substances (TBARS) method and
(B) carbonyl proteins (nmol/mg of protein, n = 6) in the liver of rats fed a high-fat diet (30% fat, FAT) or a control diet (AIN-93, CT) for 13 weeks and submitted to
physical training (PT) or maintained sedentary (SED) during the last 6 weeks of the diet. *P < 0.05 compared to CT-SED group. *P < 0.05 compared to FAT-SED group
(two-way ANOVA followed by Bonferroni post-test).
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Figure 3. Evaluation of gene expression (U.A.) of insulin signaling pathway mediators (n =3-4) and peroxisome proliferator-activated receptor gamma (PPARy,
n =4) in the liver of rats fed a high-fat diet (30% fat, FAT) or a control diet (AIN-93, CT) for 13 weeks and submitted to physical training (PT) or maintained sedentary
(SED) during the last 6 weeks of the diet. (A) Insulin receptor (IR), (B) Insulin receptor substrate 1 (IRS-1), (C) Insulin receptor substrate 2 (IRS-2) (D) serine/threonine
kinase 2 (AKT-2), (E) glucose transporter type 4 (GLUT4), (F) peroxisome proliferator-activated receptor gamma (PPARy). *P < 0.05 compared to CT-SED group.
#P < 0.05 compared to FAT-SED group (two-way ANOVA followed by Bonferroni post-test).
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Figure 4. Photomicrographs of liver stained with hematoxylin and eosin (HE). Arrow indicates microvesicular steatosis, and arrowhead indicates macrovesicular
steatosis. (A) Rat fed with a control (CT) diet and maintained sedentary (SED). (B) Rat submitted to a control (CT) diet and physical training (PT). (C) Rat submitted
to a high-fat (FAT) diet and maintained sedentary (SED). (D) Rat submitted to a high-fat (FAT) diet and physical training (PT). Magnification 440x. Bar = 50 p. Quali-
tative evaluation of macrovesicular steatosis (E) and microvesicular steatosis (F) in liver tissue, using a grade from absent to mild, moderate or intense.

The liver plays an important role in the adaptive response
to oxidative stress induced by PT. A balance between ROS and
their detoxification by antioxidant enzymes is essential to
prevent oxidative damage. Low to moderate PT intensity
has been considered an effective non-pharmacological treat-
ment to upregulate the expression and activity of antioxidant
enzymes in various tissues and metabolic disorders [35],
besides improving insulin sensitivity and hepatic steatosis
[36]. This adaptation to exercise training in the redox
balance within the liver is most likely because aerobic exercise
induces a transient production of ROS in the liver [6] and con-
sequently also induces a resistance oxidative stress response,
protecting the liver from certain toxic effects of increased ROS
generation [37,38]. Additionally, hepatic CAT and glutathione
peroxidase, responsible for a considerable H,0, scavenging
capacity, are also altered in the liver in situations of metabolic
alterations such as diabetes, MS [39] and PT [38]. Additionally,

the present data showed that the SOD activity was increased
in SED and PT rats submitted to the FAT diet, suggesting con-
siderable formation of H,0, in the liver of these animals.
However, in FAT-SED rats, this increase in SOD activity was
not accompanied by an increase in CAT activity. In fact, the
CAT activity was reduced, as the GSH/ GSSG ratio and the
GSSG were increased in these rats, leading to oxidative
damage as evidenced by lipid peroxidation, as shown by
the high concentrations of TBARS and protein carboxylation.
However, PT in rats with MS was effective in preventing oxi-
dative damage. These FAT-PT rats also showed increases in
the SOD and CAT activities and the GSH/GSSG ratio, and
reductions in the concentrations of TBARS and protein car-
boxylation. Our data accord with the results of Botezelli
et al. [37] and Lima et al. [6], who found that Wistar rats sub-
mitted to swimming training for 6-8 weeks showed
decreased lipid peroxidation, which they attributed partly to
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an improved antioxidant system due to increase of SOD
activity. Navarro et al. [40] also reported that chronic moder-
ate exercise increases mitochondrial manganese-superoxide
dismutase activity and decreases oxidation products (TBARS
and protein carbonylation) in the liver of exercised rats. Sun
et al. [41] showed in rats submitted to 4 weeks of resistance
training that the GSH concentrations in liver mitochondria
increased, suggesting increased antioxidant activity. These
previous findings, together with our present findings,
suggest a clear adjustment of the liver, acting as an important
antioxidant system after swimming training. The design of the
present study does not allow us to determine whether the
activities of SOD, CAT and glutathione were of cytosolic or
of mitochondrial origin, because we evaluated only the total
activity of these compounds.

Interdependence between oxidative stress and insulin
resistance can arise from a sequence of mutually reinforcing
pathophysiological mechanisms. The continued generation
of ROS can decrease insulin action through the activation of
serine-threonine kinase cascades which, in turn, phosphory-
late various targets, including the IR, IRS1 and IRS2, with a con-
sequent reduction in tyrosine phosphorylation of insulin [5]. In
addition, PPARYy is strongly expressed in tissues rich in mito-
chondria, and appears to be involved in regulating lipid
metabolism, in modulating CAT and manganese-superoxide
dismutase antioxidant enzymes [42], and in increasing
insulin sensitivity in the liver and other tissues [43]. Data
from the present study are in agreement with the studies
cited above [42] and showed that animals with MS (FAT-
SED) increased retroperitoneal fat, ALT, macro- and micro-
steatosis in the liver, increased oxidative stress concomitant
with an impaired insulin signaling pathway, as shown by
the reduced mRNA expression of IRST and AKT-2. On the
other hand, the animals with MS that were subject to PT
(FAT-PT) showed increased expression of PPARy and IR, IRS-
1 and AKT-2, to similar levels as those in CT-SED rats, and
probably restoring glucose uptake. Although some studies
[44,45] have reported GLUT4 expression in the liver, GLUT2
expression is more strongly related to the liver [46] and may
explain the present data, which did not indicate differences
in GLUT4 expression among the groups.

In summary, the present study showed that PT was effec-
tive in improving physical fitness and acting as a treatment
by normalizing fasting glucose, insulin and total cholesterol
concentrations, MAP and HR in the animals with MS. In
these animals, swimming induced positive adaptations in
the liver of rats submitted to the FAT diet, characterized by
inducing increasing activity of CAT, SOD, the GSH/GSSG
ratio, lowering the concentrations of TBARS and carbonylated
proteins, reversing the RNA expressions of PPARy and the
components of the intracellular signaling insulin pathway
(IR, IRS-1 and AKT-2), and probably restoring glucose uptake
in the liver.
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