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Abstract

Background: Obesity can be characterized by low-grade chronic inflammation and is associated with an excess
production of reactive oxygen species, factors that contribute to coronary heart disease and other cardiomyopathies.

Objective: To verify the effects of resistance exercise training on oxidative stress and inflammatory parameters on mice
with obesity induced by a high-fat diet (HFD).

Methods: 24 Swiss mice were divided into 4 groups: standard diet (SD), SD + resistance exercise (SD + RE), diet-induced
obesity (DIO), DIO + RE. The animals were fed SD or HFD for 26 weeks and performed resistance exercises in the last
8 weeks of the study. The insulin tolerance test (ITT) and body weight monitoring were performed to assess the clinical
parameters. Oxidative stress and inflammation parameters were evaluated in the cardiac tissue. Data were expressed by
mean and standard deviation (p < 0.05).

Results: The DIO group had a significant increase in reactive oxygen species levels and lipid peroxidation with reduction
after exercise. Superoxide dismutase and the glutathione system showed no significant changes in DIO animals, with
an increase in SD + RE. Only catalase activity decreased with both diet and exercise influence. There was an increase
in tumor necrosis factor-alpha (TNF-o) in the DIO group, characterizing a possible inflammatory condition, with a
decrease when exposed to resistance training (DIO+RE).

Conclusion: The DIO resulted in a redox imbalance in cardiac tissue, but the RE was able to modulate these parameters,
as well as to control the increase in TNF-a levels. (Arq Bras Cardiol. 2019; 112(5):545-552)
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Introduction an inflammatory process with the presence of elevated

The World Health Organization (WHO)" defines obesity proinflammatory cytokines, such as TNF'“: Both cases may
as an abnormal or excessive accumulation of fat that brings be tr.lggerlng fa_ctors for coronary heart disease and 'other
health risks. The WHO brings data from the Global Health ~ cardiomyopathies” (see review by Adeghate and Singh).
Observatory showing a worldwide prevalence of obesity ~ Camez-Mendez etal.” also showed that 8 weeks of high-fat
of 39% in men and women over 18 years of age (2016 fjlet (HFD) led to an increase in oxidative stress, resulting
updated data). In this scenario, obesity is also a risk factor for " an |mbalance of‘vasoactlve substances E.md. consequent
lifestyle-related diseases, such as cardiovascular disease and endothelial dysfunction of the coronary arteries in obese rats.

type 2 diabetes mellitus.? It can be characterized by low-grade Studies point to physical exercise as an important ally
chronic inflammation and is associated with increased levels  in reducing the risks related to obesity due to its ability to
of proinflammatory cytokines, as well as an excess production  reestablish the balance between pro-anti-inflammatory
of reactive oxygen species.** cytokines and regulate the cell redox state.”® According to

Studies have shown that hyperglycemia and alterations ~ Boardman et al.,” physical exercise is not only an important
in glucose uptake in diabetes may lead to oxidative stress thera.peu-tlc approach in obesity, bL_’t Itis also crucxa_l for_card|ac
with consequent mitochondrial dysfunction, as well as to  functionimprovement and ischemic injury prevention in obese

and/or diabetic animals.
Although the literature indicates that exercise is important
to prevent or complement the treatment of obesity," one
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stress and inflammation parameters caused by an HFD in an
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Methods

Animals

Male Swiss mice (40 days), obtained at the vivarium of
Universidade do Extremo Sul Catarinense — UNESC (Cricitima/
SC - Brazil), with an average weight of 35.45 g (+ 1.29)
were studied. The animals were kept at a 12/12h light/dark
cycle at 22°C in collective boxes (6 animals per box) and
randomly divided into four groups (n = 6): standard diet (SD);
diet-induced obesity (DIO); SD + RE; DIO + RE. The random
selection procedure was carried out by arbitrarily or randomly
allocating the animals to the respective groups, without prior
performance evaluation or using any other indicator that
allowed the groups to be divided.

Diet

The animals were fed ad libitium for 26 weeks with low-fat
SD (SD: 27%, 23% and 50% of calories from proteins, fats and
carbohydrates, respectively — 3.3kcal/g) or HFD (HFD: 15%,
59% and 26% of calories from proteins, fats and carbohydrates,
respectively — 5.3kcal/g). The SD was purchased from the Puro
Trato Nutricao Animal (Puro Lab 22PB) Santo Augusto/RS — Brazil,
and the HFD from PragSolugoes Biociéncia, Jad/SP — Brazil.

Exercise

The exercise adaptation protocol was started in the
17" week of the diet and the RE protocol in the 18™.
The resistance training was performed in a 1-m ladder
apparatus with 2cm steps and 852-slope.” The animals
were familiarized with the climbing exercise on the steps
for 5 consecutive days without load. The training protocol,
adapted from Scheffer et al.,’>"* started 3 days after the last
adaptation training, and was performed with a 48-h interval
between sessions, for 8 weeks, totaling 28 training sessions.
The exercise was performed with intensity progression by
adding a weight to the animal’s tail (load increase of 20% to
75% of body weight), and volume progression (5-10 series
per session) (Table 1), with a 2-min interval between sessions
in the rest area (closed box at the top of the steps measuring
20x20x20 cm). Each series was performed until the animals
completed 5 repetitions/climbings (without interval), or

Table 1 - Resistance training protocol

Weeks Load Series Interval between series
1t 20% 5 1 (2min)
2n 20% 7 1 (2min)
31 50% 5 1 (2min)
4 50% 7 1 (2min)
5h 50% 10 1 (2min)
6" 50% 10 1 (2min)
7 75% 7 1 (2min)
8" 75% 10 1 (2min)

Source: Study data. Adapted from Scheffer et al.”

could not climb the stairs even after encouragement (manual
stimulation at the base of the tail).

Body weight and insulin tolerance test (ITT)

Individual body weight was measured at the start
of the study and at weeks 3, 6, 10, 14, 18, 22 and 26.
After 17 weeks on the diet, an ITT was performed to confirm
insulin resistance. After 6 hours of fasting,' all animals
received a dose of 2 U/kg of insulin. Blood glucose was
measured with a glycometer using a drop of blood collected
from a small incision at the tip of the animal’s tail. The same
protocol was performed at the end of the experiment,
48 hours after the last exercise session.

Euthanasia

24 h after the last insulin tolerance test, euthanasia by
decapitation was performed and the left ventricle of the heart
was surgically extracted, immediately frozen in liquid nitrogen,
and stored at -80°C for biochemical analysis.

Biochemical analyses

For the biochemical assays described below and ELISA
test, all samples were homogenized in 50 mM phosphate-
buffered saline (PBS), with the addition of 1T0uM aprotinin.
The homogenate was centrifuged for 10 min at 4°C and
the supernatant was stored at -80°C. Protein levels were
determined in all samples using the Bradford method."

Oxidation of dichlorodihydrofluorescein (DCFH)

Reactive species levels were measured based on oxidation
of the 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
probe in a fluorescent 2',7'-dichlorodihydrofluorescein
(DCF) compound as previously described.’® An aliquot of
the lysate was incubated with 80 mM DCFH-DA at 37°C
for 15 minutes. The production of reactive species was
quantified using a standard DCF curve and data were
expressed as nM DCF/mg protein.

Antioxidant enzyme activity

The superoxide dismutase (SOD) activity was estimated
by inhibiting the auto oxidation of adrenaline and read
spectrophotometrically at 480 nm according to the method
described by McCord and Fridovich.'” Catalase (CAT) activity
was established based on the rate of hydrogen peroxide
(H,0,) decomposition, generated by the enzyme present
in the sample using a 10 mM H,O, solution in potassium
phosphate buffer with pH of 7.0. The maximum rate of
H,O, decomposition was measured at 240 nm."® Values were
expressed as units of SOD or CAT per mg of protein.

Total glutathione (GSH) levels

GSH levels were measured using the Hissin method.™
Samples were incubated in 0.6% sulfosalicylic acid followed
by a reaction of the GSH present in the sample with
2-nitrobenzoic acid (5,5'-Dithiobis) (DTNB) producing an
oxidized glutathione-TNB adduct (GS-TNB). The resulting
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color from the reaction between the DTNB and thiols
compared to the standard curve for GSH was kinetically
established at 412 nm for 10 min. Values were expressed as
nmol/min/mg protein.

Lipoperoxidation

The concentrations of malondialdehyde (MDA) in the samples
were determined by high-performance liquid chromatography
(HPLC) (Agilent Technologies 1200 Series; Santa Clara, CA,
USA),according to Grotto et al. (2007)* using a derivative of
thiobarbituric acid (TBA). A standard curve was created using
MDA tetrabutylammonium salt at concentrations ranging from
0.5 to 5 umol/L. The MDA was determined at 532 nm and the
results were expressed as umol/L of MDA/milligram protein.

Inflammatory Parameter

The concentration of tumor necrosis factor-alpha (TNF-a)
was assessed by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s recommendations
(ThermoFisher Scientific, cat. KMC3011). The results were
expressed in pg/mg of protein.

Statistical analysis

Initially, the data were assessed using Grubbs test to verify
possible outliers followed by the Shapiro-Wilk normality
test, and in both of them the data met the assumptions for
the use of parametric tests. Then, the Two-way ANOVA
test was performed, followed by the Bonferroni post-hoc
test when necessary. For analysis of the ITT data (table 2),
the one-way variance test (one-way ANOVA) of repeated
measures was performed, followed by post-hoc Tukey
test when necessary. The level of significance was set at
p < 0.05. The Graph Pad Prism software, version 5, was
used as the statistical package. All data were expressed
as mean and standard deviation, except for figure 1A,
expressed as mean and standard error of mean.

Table 2 - Insulin tolerance test (ITT) - blood glucose curve

Results

Body weight and insulin resistance

The RE had a beneficial effect, preventing the DIO + RE
group from continuing to gain weight even with the HFD
consumption, not characterizing weight loss, but rather weight
maintenance, even without food intake control (Figure 1A-C).

The pre-exercise ITT showed that the DIO animals
had insulin resistance (p > 0.05) (Table 2). The results
demonstrated that HFD can lead to a loss of glucose uptake
even with an external insulin stimulus (2U/kg body weight).
The RE (p < 0.05), even with HFD intake, was able to delay
the progression of the disease, maintaining a better glucose
decay rate when compared to the sedentary DIO group
(p < 0.01). There was no significant difference between pre-
and post-exercise in any group (Figure 1D).

DCFH oxidation

DCFH oxidation levels were measured as indicators of the
reactive species production, especially hydrogen peroxide, and
the results showed that in untrained animals, DIO caused an
increase in DCF levels (p < 0.001) in comparison to animals
with SD. HFD-fed animals submitted to resistance training
(DIO + RE) showed a significant decrease in DCF levels
compared to the DIO group (p < 0.01) (Figure 2A).

Lipoperoxidation

As shown in Figure 2B, MDA levels suggest an increase in
lipoperoxidation in DIO animals (p < 0.05), with reversion of
the condition (p < 0.05) with resistance training (DIO + RE).

SOD Activity

The results observed in Figure 2C show that DIO did not
alter SOD activity, but resistance training was able to increase
its activity in the SD + RE group (p < 0.05), an increase not
observed when exercise was performed in the obese group.

Time of collection (Glucose mg/dL and variation in relation to time 0 min)

0 min 5 min 10 min 15 min 20 min 25 min 30 min
SD 154.3 139.2 (-15.0) 98.7 (-55.5) 77.5(-76.8) 65.2 (-89.0) 56.7 (-97.5) 43.2 (-111.0)
SD +RE 129.3 134.7 (+5.5) 57.7 (-71.5) 54.7 (-74.5) 46.7 (-82.5) 35.3 (-94.0) 25.5(-103.8)
Pre-exercise
DIO 191.0° 186.0 (-5.0) 125.5 (-65.5) 118.0 (-73.0) 106.5 (-84.5)f 101.3 (-89.8)f 99.0 (-92.0)
DIO +RE 163.8* 164.5 (+0.8) 128.0 (-35.8)t 115.2 (-48.5) 107.3 (-56.5)t 100.8 (-63.0) 99.5 (-64.3)t
SD 129.0 97.5(-31.5) 71.0 (-58.0) 54.5 (-74.5) 59.0 (-70.0) 37.5(-91.5) 27.0 (-102.0)
SD +RE 1223 102.0 (-20.3) 66.2 (-56.0) 53.5(-68.8) 42.0 (-80.3) 23.0 (-99.3) 15.8 (-106.5)
Post-exercise
DIO 150.8 120.7 (-30.0)* 110.5 (-40.3)° 105.5 (-45.3)f 97.0 (-53.8)t 94.0 (-56.8)" 92.0 (-58.8)"
DIO +RE 127.8% 133.5 (+5.8) 93.7 (-34.0) 68.0 (-59.8) 64.3 (-63.5)* 58.5 (-69.3)*t* 46.5 (-81.3)*t*

Source: study data. Pre-adaptation/exercise (week 17) and post-exercise (week 26). Blood glucose was measured after 6 hours of fasting (data from the table) at
times 0 min (baseline), followed by an intraperitoneal insulin injection (2 U/kg) and measurements at times 5-30 min. *p < 0.05 versus respective untrained; 'p < 0.05
versus respective standard diet; *p < 0.05 versus respective pre-exercise. SD: standard diet; RE: resistance exercise; DIO: diet-induced obesity.
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Figure 1 -A- Total body weight during the study; B - Delta (body weight variation in relation to the start of the study); C - weight comparison between the 1st week (start),
18" week (pre-exercise) and 26" week (post-exercise); D - Glucose decay rate in the insulin tolerance test (kITT). Figure A, B and D - *p < 0.05 vs. respective untrained
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CAT Activity

The results observed in Figure 2D show a reduction in
CAT activity in trained animals (SD + RE, p < 0.001 and
SD, DIO + RE, p < 0.01 vs. untrained animals). On the
other hand, the HFD animals also showed a decrease in CAT
(p < 0.05), but only when compared to the SD animals.

GSH

Total glutathione levels were not significantly altered in
both the interventions used in the present study (diet and
exercise) (Figure 2E).

Inflammatory Parameter

The levels of TNF-a were used as an inflammatory indicator
in cardiac tissue and the results observed in figure 2F showed
an increase in TNF-o. content in DIO animals (p < 0.05), which
was significantly reduced (p < 0.05) after the intervention with
resistance physical exercise (DIO + RE).

Discussion

Studies have shown that the consumption of a diet rich
in fat, concomitant with a sedentary lifestyle, can trigger
several health problems?'?? with a significant impact on the
cardiovascular system. Therefore, experimental studies have
been used to study the cellular effects of a high fat diet.>>***
The results of body weight and ITT showed that the adopted
experimental model was effective in increasing weight and
causing insulin resistance. Increased body weight has been
associated to inflammatory changes and oxidative stress, and
both these alterations to insulin resistance in skeletal muscle,?>2¢
but recent studies have also shown that cardiac cells are also
susceptible to weight gain, by elevating inflammatory mediators
and oxidative stress.®**2%2”2% |n this context, previous studies
suggested an important role of physical exercise, specifically
aerobic or endurance, on the biochemical and molecular
changes occurring in the myocardium as the result of a diet rich
in fat.>” However, these effects depend on the characteristics
of the exercise, such as duration, frequency, intensity and type.
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Figure 2 - Redox balance and inflammatory parameters in cardiac tissue of animals fed standard or high-fat diet and subsequently submitted to resistance training.
A - DCFH oxidation; B - MDA content; C - SOD enzyme activity; D - CAT enzyme activity; E - Total glutathione content (reduced and oxidized); F - levels of TNF-a.
*p < 0.05, **p < 0.01 and ***p < 0.001 vs. respective untrained; *p < 0.05, *#p < 0.01 and *#p < 0.001 vs. respective SD.

The initial results of our study show that DIO animals have
elevated levels of DCF, an indirect indicator of hydrogen
peroxide production.?” These data were also observed by a
recent study published in 2017 by Zeng et al.* The authors
showed high myocardial susceptibility to oxidative stress, with
a significant increase in DCFH oxidation, both in vitro and in
vivo, mediated by a high-fat diet. These increased DCF values,
observed in DIO animals, were significantly reduced after
resistance training, which suggests an important role of this
type of training in the regulation of cell oxidant levels. Such
effect may be associated to the fact that resistance training
has a modulatory role on endogenous antioxidant enzymes.
This observation is based on previous studies of our group
in other experimental models of inflammation, which show
the important role of resistance training on the enzymatic
antioxidant system in different tissues.**'

SOD and CAT are two enzymes that act synergistically in
the formation (via superoxide radical dismutation) and catalysis
of hydrogen peroxide, respectively. DIO animals showed
no changes in SOD activity, suggesting that an increased
production of DCF may be associated with other stimuli
independent from SOD. One of the factors responsible for it
is that, although the oxidation of DCFH to DCF is widely used
as an indicator of hydrogen peroxide production, studies have
observed that DCFH can also be oxidized by other reactive
species, on a smaller scale, such as hydroxyl, peroxyl, nitric
oxide and peroxide nitrite.?* It is also noteworthy that the
formation of hydrogen peroxide is not totally dependent on
SOD activity. On a smaller scale, auto-oxidation events of
biomolecules also contribute to the formation of hydrogen
peroxide.?? These conditions would limit SOD activity, which
may justify the results found.

Arq Bras Cardiol. 2019; 112(5):545-552

Catalases constitute a group of enzymes that catalyze the
decomposition of hydrogen peroxide into water and oxygen.
Our results show a reduction in the activity of this enzyme after
resistance training in the group exposed to SD. As observed,
SOD activity was increased in this same group, thus generating
higher levels of hydrogen peroxide. However, the decrease in
enzyme activity suggests a lower hydrogen peroxide catalysis,
but it is worth noting that hydrogen peroxide can be catalyzed
under these conditions by other cell detoxification systems,
such as glutathione and peroxins,** which could justify our
results since the glutathione system showed an increase in
this group (SD + RE). Furthermore, we observed reduced
levels of CAT after resistance training in the DIO + RE group
and, therefore, considering that the diet significantly increases
the production of cell oxidants such as hydrogen peroxide, a
reduced CAT activity could have an impact on the possible
oxidative damages in the myocardium, if hydrogen peroxide
were not catalyzed by other aforementioned systems (not
investigated in the present study, although they deserve
attention in future studies).

Aiming to observe the effects of RE on oxidative damage
in the myocardium induced by the DIO model, we evaluated
the levels of MDA, a byproduct of lipoperoxidation, and
observed that DIO animals showed greater lipid damage
in relation to the SD group and that the RE was able to
reverse these effects. These effects of the DIO model on
lipoperoxidation levels were also observed in a study with
BL6/C57 mice performed by Muthulakshmi and Saravanan
(2013).** Positive RE results are possibly associated with the
exercise capacity to promote the modulation of antioxidant
systems, in addition to the activity of primary antioxidant
enzymes such as SOD and CAT. One of the mechanisms
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that can be mediated by RE is the Nuclear Factor Erythroid
2 (NRF2) translocation to the nucleus and expression of
several antioxidant enzymes such as NADH: quinone
oxidoreductase 1T (NQO1) and Heme Oxygenase-1 (HO1).
which help to detoxify the biological system and contribute to
the reduction of oxidative stress.>* Merry and Ristow (2016)*
suggest that exercise may stimulate NRF2 translocation to
functionally regulate mitochondrial biogenesis of skeletal
muscle and the expression of antioxidants defense genes.
Although these results are obtained from aerobic training and
in skeletal muscle, it is believed that such effects may also
occur via resistance training, as resistance training activates
the Adenosine Monophosphate-Activated Protein Kinase
(AMPK)*’, which enhances the phosphorylation of NRF2
in the cell and increases the level of phosphorylated NRF2
in the nucleus.*®

The increased production of oxidants in the myocardium
can be mediated by a possible inflammatory response induced
by obesity/HFD with the secretion of different mediators.
In this context, TNF-a is a mediator sensitive to the HFD
model that shows a wide range of pro-inflammatory actions.
Our results showed a significant increase in TNF-a levels in
DIO animals with a consequent reduction after resistance
training. Increased levels of TNF-a. in the myocardium induced
by a HFD have also been observed in previous studies.>*
The effects of exercise may be related to the fact that aerobic
and resistance exercises promote increased secretion of
anti-inflammatory cytokines and regulate TNF-a levels.3?!
During the exercise, the muscles release myosins, which
are involved in tissue growth, repair and anti-inflammatory
responses.* IL-6 is the primary myosin released in response
to exercise and increases IL-10 and decreases TNF-a levels.*
IL-10 reduces cardiac dysfunction by decreasing cardiac
fibrosis.*® In this scenario, HFD-induced obesity decreases
IL-10 protein levels, but physical training significantly increases
the IL-10 levels in cardiac tissues.

According to data from previous studies, the control of
TNF-a. secretion in the myocardium by RE is considered an
important factor in the cardioprotection mechanisms related
to oxidative stress.

Conclusion

Our results showed an important effect of RE on the control/
stabilization of body weight even without food intake control.
It was also demonstrated that there is a redox alteration in the
cardiac tissue with an obesity model, but it does not seem to
be mediated mainly by the classic antioxidant production and
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