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The aim was to investigate the effect of strength training on skeletal muscle morphology and metabolic adaptations in obese rats
fed with unsaturated high-fat diet (HFD). The hypothesis was that strength training induces positive metabolic adaptations in
obese rats despite impaired muscle hypertrophy. Male Wistar rats (n = 58) were randomized into two groups and fed a standard
diet or a high-fat diet (HFD) containing 49.2% of fat. After induction and maintenance to obesity, the rats were divided into four
groups: animals distributed in sedentary control (CS), control submitted to strength training protocol (CT), obese sedentary
(ODbS), and obese submitted to strength training protocol (ObT). The exercise protocol consisted of 10 weeks of training on a
vertical ladder (three times a week) with a load attached to the animal’s tail. At the end of 10 weeks, strength training promoted
positive changes in the body composition and metabolic parameters in obese animals. Specifically, ObT animals presented a
reduction of 22.6% and 14.3% in body fat and adiposity index when compared to ObS, respectively. Furthermore, these rats had
lower levels of triglycerides (ObT =23.1 £ 9.5 vs. ObS =30.4 + 6.9 mg/dL) and leptin (ObT =13.2 £ 7.2 vs. ObS=20.5 + 4.3 ng/mL).
Training (ObTand CT) induced a greater strength gain when compared with the respective control groups. In addition, the weight
of the flexor hallucis longus (FHL) muscle was higher in the ObT group than in the CT group, representing an increase of 26.1%.
However, training did not promote hypertrophy as observed by a similar cross-sectional area of the FHL and plantar muscles.
Based on these results, high-intensity strength training promoted an improvement of body composition and metabolic profile in
obese rats that were fed a high-fat diet without skeletal muscle adaptations, becoming a relevant complementary strategy for the
treatment of obesity.

1. Introduction

The prevalence of overweight and obesity has been in-
creasing rapidly and globally, being considered a public
health problem by the World Health Organization [1].
Obesity is a chronic multifactorial disease characterized by
increased adipose tissue, leading to health hazards [1]. It is
considered a relevant risk factor for the development of

chronic noncommunicable diseases, such as cardiovascular
diseases and type 2 diabetes mellitus, in addition to being
associated with increased morbidity and mortality rates and
reduction in life expectancy [2-5].

Physical exercise is indicated as an efficient strategy in
the prevention and treatment of obesity, especially in obesity
caused by high caloric intake and sedentary lifestyle [6, 7].
The benefits of regular exercise are related to decreased
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adipose mass, increased muscle mass, and protection against
diseases that are associated with obesity [8, 9]. For gains of
muscle strength and hypertrophy, strength training has been
show to promote these adaptations in rodents and humans
[10-14].

The American College of Sports Medicine recommends
strength training as an auxiliary strategy in weight loss,
aiming to improve the functional capacity by increasing the
strength and muscle power and increasing the daily energy
expenditure [8]. In addition, studies indicate that higher
levels of muscular strength are associated with lower rates of
risk factors associated with obesity and mortality [15-17].
Recent research has shown impairment in regeneration
capacity of skeletal muscle in response to strength exercises
in obese rats [18]. It is well known that muscle overload, as
seen during strength training, leads to the activation of cell
signaling pathways involved with muscle protein synthesis
[19, 20]. In previous studies, inhibition of the Akt/mTOR
pathway abolished muscle hypertrophy in a surgical over-
load model in mice [21]. Obesity induced by high-fat diet
can lead to disruption of the Akt pathway and insulin re-
sistance in peripheral tissues such as skeletal muscles [22].
However, the effects of obesity on protein synthesis in
skeletal muscle and muscle hypertrophy in response to
overload are still not well understood [23].

In this context, the objective of this current study was to
evaluate the effect of strength training on skeletal muscle
morphology and on metabolic adaptations in obese rats. The
hypothesis was that strength training induces positive
metabolic adaptations in obese rats despite impaired muscle
hypertrophy.

2. Materials and Methods

2.1. Animals and Treatment. Fifty-eight male Wistar rats,
with 30 days of age and initial weight of approximately 150 g,
were used. The animals were kept in individual cages in
controlled environment with temperature at 24 + 2°C, hu-
midity 55 + 5%, and reversed light/dark cycle of 12 hours. All
procedures used in the study were approved by the Ethics
Committee on the Use of Animals (CEUA) of the Federal
University of Espirito Santo (protocol number 16/2016).

2.2. Food Consumption. The animals received 40 g of feed
daily, and after 24 hours, the remaining noningested amount
was measured. Control animals received standard diet, and
obese animals received an unsaturated high-fat diet. Water
was supplied ad libitum.

2.3. Composition of Diets. The standard diet presented a
caloric content of 2.92kcal/g, 13.9% of calories from fat,
55.9% from carbohydrates, and 30.2% from proteins
(Nuvilab CR1-Nuvital®, Colombo, Parana, Brazil). In turn,
the high-fat diet presented a caloric content of 3.65 kcal/g,
49.2% of calories from fat, 28.9% from carbohydrates, and
21.9% from proteins (RC Focus 2413, 2414, 2415, and 2416,
Agroceres®, Rio Claro, Sdo Paulo, Brazil). Animals fed with
high-fat diet received a four-flavor cycle of the diet, in which
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the nutritional composition was the same except for the
flavoring additives (cheese, bacon, chocolate, and vanilla).
The high-fat diet was provided throughout the experimental
protocol.

2.4. Experimental Design. After seven days of acclimatiza-
tion, the animals were randomly distributed into two groups:
(1) control (C, n=29) and (2) obese (Ob, n=29). The ex-
perimental protocol consisted of 26 weeks, divided into three
moments, as shown in Figure 1. Moment 1 (M1) was the first
two weeks of induction to obesity. When the mean body
weight of experimental groups C and ODb presented statistical
difference, the initial moment of obesity was characterized.
After induction to obesity, the animals were kept under the
same conditions for 14 consecutive weeks for maintenance
of this condition, which we classified as moment 2 (M2). The
training protocol, carried out for 10 weeks, determined
moment 3 (M3).

2.5. Redistribution of Groups. After 14 weeks of period for
induction to obesity, the animals were further distributed
into two groups according to a separation point (SP)
between the C and Ob groups. This criterion was adopted
in order to constitute homogeneous groups; a 95% con-
fidence interval was constructed based on the mean values
of body fat (BF) obtained after euthanasia [24]. The SP
consists of a midpoint between the upper limit from the C
group and the lower limit of the Ob group. From this
point, the control animals with a body fat above the SP
and the Ob animals with a BF below the SP were excluded
from the C and Ob groups, respectively, ensuring the
homogeneity of the treated and control groups. This
criterion was adopted because in biological experimen-
tation misclassification can occur; in other words, animals
submitted to high-fat diets should be classified as obese
even though they may exhibit characteristics of control
animals. Therefore, animals submitted to different diet
models do not always present the expected response. This
fact can lead to erroneous animal classification and,
consequently, false conclusions in several studies in-
volving obesity models. Based on this criterion, the groups
were redistributed for the purpose of having obese prone
animals and controls. Thus, 29 rats from each group were
classified as false controls (n=4) and resistant to obesity
(n=28) and, therefore, were excluded from this study. It is
important to highlight that six animals died (CS=2,
CT=1, and ObS=3) from undetermined causes
throughout the experimental protocol and four rats did
not perform the proposed physical training in ObT (n=2)
and CTF (n=2).

In M2, animals were redistributed into two more groups
as absence or presence of strength training (RT). Therefore,
after the training protocol, this study was composed of four
groups: sedentary control (CS; n = 10), control submitted to
strength training protocol (CT; n=10), obese sedentary
(ObS; n=7), and obese submitted to strength training
protocol (ObT; n=9).
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FIGURE I: Schematic representation of the experimental design. Moment 1 (M1): 2 weeks for the induction period to obesity. After
induction, the animals were kept under the same conditions for 14 consecutive weeks for maintenance of obesity, which was classified as
moment 2 (M2). The training protocol, carried out for 10 weeks, determined moment 3 (M3).

2.6. Training Protocol. The CST and ObT groups were
submitted to the strength training protocol performed in
stair climbing adapted from the study by Hornberger and
Farrar [25]. The training equipment consisted of a vertical
ladder of 1.1 m height, 0.18 m width, and 2.0 cm between the
steps at an 80° slope; at the apex, there was a box with di-
mensions of 20 cm x 20 cm x 20 cm. The load used was fixed
to a metal hook and secured by adhesive tape to the proximal
part of the animal’s tail. The climbing from the base to the
top of the vertical ladder characterized a completed set of
exercise. All animals were familiarized with the training
protocol for three nonconsecutive days and performed the
maximum load-carrying test (MLCT) in the following week.
The MLCT consisted of one or more series of climbing with
the first one using a load equivalent to 50% of the body
weight. After each set, 30 g was added until the animal was
not able to complete the climbing. The highest weight
successfully carried throughout the vertical ladder was
considered the maximum load (ML), which was used for the
prescription of training intensities and load readjustments.
At the end of the protocol, all animals performed the MLCT
one last time to evaluate the evolution of strength during the
training period.

Strength training was performed three times a week for
ten weeks. The protocol consisted of four sets with 50%, 75%,
90%, and 100% intensity of the maximum preestablished
load. After performing four sets, the animals were submitted
to a 5 set with 100% of the maximum preestablished load
plus 30 g, in order to follow the evolution of the strength
gains and adjust the weight. The recovery interval between
sets was 60 seconds.

In order to evaluate strength gains during the training
protocol, the following parameters were analyzed: absolute
(g) and relative loads; for comparison of the results obtained
between MLCTs, force gain (g) was calculated using the
following formula: final MLCT- initial MLCT.

2.7. Nutrition Assessment. To evaluate the nutritional status,
food consumption, caloric intake, protein intake, food ef-
ficiency, body weight, body fat, and adiposity index were
used. Caloric intake was obtained through the food con-
sumption multiplied by the energetic value of the diet
corresponding to the group (standard or high-fat diet). To
calculate protein intake, the amount of protein (%) of the
food pellet was calculated from total food intake (g). Food

efficiency, which aims to evaluate the animal’s ability to
convert the energy consumed into body weight, was cal-
culated by dividing the total weight gain of the animals by
the total energy intake [26]. The animals’ body weight was
measured weekly. Body fat was calculated from the sum of
the deposits of epididymal, retroperitoneal, and visceral fat.
The adiposity index was calculated by dividing the BF by the
final body weight (FBW) and multiplying by 100 [27, 28].

2.8. Glucose Tolerance Test. After a 6-hour fasting period,
blood was immediately collected from the caudal artery for
the evaluation of glucose tolerance. 25% glucose solution
(Sigma-Aldrich, St Louis, MO, USA) was administered in-
traperitoneally with a dose of 2 g/kg of body weight. Blood
samples were collected at time points 0 (baseline) and after
30, 60, 90, and 120 minutes of glucose infusion. The mea-
surement of glycemic levels was performed with a handheld
glucometer (Accu-Chek Go Kit, Roche Diagnostic Brazil
Ltda., Sao Paulo, Brazil). Glucose tolerance in these animals
was assessed by the area under the curve (AUC) for glucose.

2.9. Sample Collection and Storage. After the last training
session (48h), animals were anesthetized with ketamine
hydrochloride (50 mg/kg IP; Dopalen®, Sespo Industria e
Comércio Ltda—Vetbrands Division, Jacarei, Sio Paulo,
Brazil) and xylazine hydrochloride (10mg/kg IP,
Anasedan®, Sespo Industria e Comércio Ltda—Vetbrands
Division, Jacarei, Sao Paulo, Brazil). For this procedure, the
animals were fasted for 12 to 15 hours and euthanized by
abdominal incision, with subsequent removal of the heart.
The plantaris and flexor hallucis longus (FHL) muscles
from the left hindlimb were removed. Muscles were
weighed, and parts of the muscles were placed in falcon tubes
containing 10% formaldehyde solution and phosphate-sa-
line buffer for material fixation and histological analysis. The
tibia was also removed and subsequently measured with a 6-
inch steel analog caliper (Zaas Precision, Amatools Com-
ercial e Importadora Ltda, Piracicaba, Sdo Paulo, Brazil) in
order to obtain its length. The weight of the plantaris and
FHL muscles were normalized by the tibia length for the
purpose of evaluating the skeletal muscle hypertrophy.

2.10. Histological Analysis. For preparation of the histo-
logical slide, the formaldehyde-fixed material was subjected



to a series of steps: (1) dehydration: for removal of water
from tissues and replacement by alcohol; (2) diaphaniza-
tion: to replace the alcohol present in the tissues with
xylolene; (3) impregnation: to replace xylene with paraffin;
(4) inclusion: for the material to be included in rectangular
paraffin blocks; (5) cutting: the paraffin blocks, containing
the included tissues, were cut with 5 micrometers thickness
in the microtome (RM 2125 RT—Leica, Germany). The
slices were transferred to appropriate glass slides and
subsequently stained with hematoxylin and eosin (HE).
Slides were photographed with an optical microscope and
objective lens magnification of 20x and analyzed using the
Image-Pro Plus software, version 3.01. The mean fiber cross-
sectional area (CSA) was determined by measuring the
circumference of up to 150 adjacent fibers from the center of
each slide.

2.11. Lipid and Hormonal Profile. Serum triglycerides (TG),
total cholesterol, and high-density lipoprotein (HDL) levels
were determined through specific kits (Bioclin Bioquimica®,
Belo Horizonte, Minas Gerais, Brazil) and analyzed by au-
tomated biochemical equipment BS-200 (Mindray do Brazil,
Séo Paulo, Brazil). Leptin level was determined using an
enzyme-linked immunosorbent assay (ELISA) using specific
kits (Linco Research Inc., St. Louis, MO, USA). The reading
was carried out using a microplate reader (Asys Expert Plus
Microplate Reader, Cambourne, Cambridge, UK).

2.12. Statistical Analysis. The results found before training
were submitted to Student’s ¢ test. For the evaluation of the
body weight, two-way ANOVA with repeated measures for
the time factor was used, complemented with the Bonferroni
post hoc test. For the comparisons between the groups at the
end of the experiment, two-way ANOVA was used, sup-
plemented with a Bonferroni post hoc test for normal dis-
tribution data and a Holm-Sidak post hoc test for
nonparametric samples. Results were expressed as mean-
+standard deviation (SD) and/or median + interquartile
range. Statistical conclusions were discussed at a significance
level of 5%. For statistical analysis, the programs SigmaStat
3.5 and GraphPad Prism version 6.01 were used.

3. Results

3.1. Effect of Induction and Maintenance of Obesity. Body
weights were different between group C and Ob from the
second week of treatment onwards, characterizing the end of
the induction period and the beginning of the maintenance
period. The body weight difference between groups was
maintained throughout the maintenance of obesity, which
consisted of 14 weeks (Figure 2).

In relation to dietary intake, no difference was found
between groups. However, a higher caloric intake was ob-
served in Ob animals compared to C during the initial 16
weeks of the experimental protocol. Although there was no
statistical difference in feed efficiency (p =0.07), the
treatment was efficient for body weight gain since weight
gain in Ob animals was higher than in C animals (Table 1).
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FIGURE 2: Evaluation of body weight during 16 weeks of experi-
mental protocol. Data expressed as mean + standard deviation.
C=control (n=20); Ob=obese (1=16). * p<0.05 vs C. Two-way
ANOVA for repeated measurements, complemented with the
Bonferroni post hoc test.

TaBLE 1: Nutritional profile during the 16-week experimental
protocol prior to strength training.

Group
C Ob
Food consumption (g/day) 22.08+1.8 21.74+6.1
Caloric intake (kcal/day) 64.47 +5.3 79.35+6.1*
Food efficiency (%) 4.54+0.3 4.80+0.4
Body weight gain (g) 331.65+37.4 425.83+35.1"

Data expressed as mean + SD. C = control (n =20) and Ob = obese (1 =16).
*p<0.05vs. C.

3.2. Effects of Training. Figure 3 shows the evolution of the
body weight during the 10 weeks of strength training. Body
weight of the ObS and ObT groups was higher compared to
the CS and CT groups, respectively, throughout the training
period. From the 5™ week of strength training onwards, ObT
groups presented lower body weight when compared to the
ObS. In relation to nutritional parameters during the
training protocol (17 ™ to 26™ weeks), no difference in food
consumption was found among groups. However, caloric
intake (ObT: 77.5+£ 4.6 vs. CT: 62.9+7.5; p <0.05) and feed
efficiency (ObT: 0.70+0.48 vs. CT: 0.19+0.34; p<0.05)
were higher in ObT when compared to CT. In addition,
similar behavior was found in caloric intake (ObS: 82.1 + 6.7
vs. CS: 64.2 +6.2; p <0.05) and feed efficiency (ObS: 1.6 £ 0.3
vs. CS: 0.69+0.42, p<0.05) of the obese sedentary group.
Moreover, besides similar caloric intake between the ObS
and the ObT during training, there was significant difference
in feed efficiency (ObS: 1.6+0.3 vs. ObT: 0.70+0.48,
p<0.05), demonstrating the effectiveness of training on
reduction of feed (data not shown).

At the beginning of the training protocol, the groups
showed no difference in relation to the absolute load.
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FiGure 3: Evaluation of body weight during the training period
(10 weeks). Data expressed as mean +standard deviation.
CS=sedentary control (n=10); CT =control submitted to the
strength training protocol (n=10); ObS=sedentary obese
(n=7); ObT =obese submitted to strength training protocol
(n=9). p<0.05: *ObS vs CS; °CT vs. CS; “ObT vs. ObS; YObT vs.
CT. Two-way ANOVA for repeated measure, complemented
with the post hoc Bonferroni test.

However, the ObT group had a lower relative load compared
to the CT group; although the ObS group showed no dif-
ference in relation to the CS group, a pvalue of 0.055 was
found (Figure 4(a)). After the training period, the trained
animals presented higher absolute load and greater force
gain compared to their controls (ObT vs. ObS and CT vs. CS,
respectively) (Figures 4(b) and 4(c)). Regarding the relative
load, the trained groups presented greater load compared to
their controls at the end of the experiment; the relative load
was lower in the ObT group compared to the CT group
(Figure 4(b)). Therefore, strength training was efficient for
gaining muscle force; however, obesity seems to promote
impairment in strength.

At the beginning and at the end of the training period,
the ObS and ObT groups presented higher body weight
when compared to their CS and CT controls, respectively. At
the end of 10 weeks of strength training, the FBW of the ObT
group was lower than the ObS group. Bodyweight gain was
higher in the ObT and ObS animals compared to the CT and
CS animals, respectively. In addition, body weight gain was
lower in the animals that underwent the training protocol
(CT vs. CS; ObT vs. ObS). Body fat and adiposity index
presented similar responses since the groups exposed to the
HEFD (ObT and ObS) presented higher values compared to
their respective controls, CT and CS. Body fat and adiposity
index were lower in the animals exposed to the HFD and
submitted to the training protocol (ObT vs. ObS) (Table 2).
In addition, the ObS and ObT groups presented higher leptin
values in comparison to their respective controls, and the
ObT group presented lower values in relation to the ObS.
Although there was no difference in glucose levels under
baseline condition, ObS and ObT rats presented higher levels
of glucose at 60, 90, and 120 minutes in relation to their

respective controls (Figure 5(a)). Nevertheless, the ObT was
not able to reverse the glucose damage in ObS (Figure 5(a)).
In addition, the same behavior was observed for AUC
among the groups (Figure 5(b)). Total cholesterol in the ObS
group was lower in comparison to the CS, but the triglyc-
eride values were higher in the ObS group; ObT animals
presented lower TG compared to the ObS group (Table 2).
There was no difference in HDL levels among the groups.

Weight of FHL muscles of animals from the ObT group
was higher compared to that from the CT group
(Figure 6(a)) without alterations on the FHL/tibia
(Figure 6(b)). However, no difference in plantaris weight and
plantaris/tibia was observed among groups (Figures 6(d) and
6(e)). One specific alteration was visualized in tibia length
since there were differences between ObT and CT groups
(data not shown). Moreover, cross-sectional areas FHL and
plantaris did not present statistical difference between the
groups (Figures 6(c) and 6(f)).

4. Discussion

The objective of this study was to evaluate the effects of
strength training on skeletal muscle morphology and met-
abolic adaptations in the obesity condition. The main finding
is that the strength training did not induce skeletal muscle
hypertrophy, although positive metabolic adaptations were
observed in these trained animals.

Experimental models that mimic the eating habits of the
population have been used to elucidate the mechanisms of
obesity and metabolic disorders [29]. Thus, to induce
obesity, a hypercaloric and high-fat diet was used, con-
taining 49.2% of the energy derived from fat. Our results
show that treatment was effective in promoting obesity from
the 2" week, corroborating with previous research [30, 31].
The difference in body weight of the C and Ob groups
remained throughout the maintenance period to obesity,
with body weight of Ob animals being 21% higher than C
animals at the end of this period. The body weight gain was
28.39% in the Ob group compared to that in the C group
after 16 weeks of experiment. Similarly, Sitnick et al. [32]
found a 31% increase in body weight of animals that were fed
a high-fat diet with 45% fat in relation to control animals
after 14 weeks of experiment. At the end of the experiment,
the body fat weight was 145.7% higher in the ObS animals
compared to that in the CS group, and for the trained
animals, body weight was found to be 93.33% higher in the
ObT group than in the CT group. The adiposity index of the
ObS animals was 78.7% higher compared to that of the CS
and 52.1% higher for the ObT group compared to that of the
CT.

The standard diet used in our study had a caloric content
of 2.92 kcal/g, while the high-fat diet presented 3.65 kcal/g,
representing a 25% increase in calories, which justifies the
highest body weight gain in this group. Although food ef-
ficiency did not show any difference at the end of the
maintenance period of obesity, the animals’ ability to
convert the energy consumed into body weight was higher
since the Ob group presented greater weight gain compared
to C. Possibly, the efficiency feeding did not present any
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FIGURE 4: Data expressed as mean + standard deviation. CS = sedentary control (n=10); CT =control submitted to the strength training
protocol (n=10); ObS = sedentary obese (n =7); ObT =obese submitted to strength training protocol (n=9). p <0.05: PCT vs. CS; “ObT vs.
ObS; YObT vs. CT. Two-way ANOVA supplemented with the Bonferroni post hoc test for normal distribution data.

TaBLE 2: Adiposity, comorbidities, and hormonal parameters.

Groups
CS ObS CT ObT

Initial body weight (g) 44713 +34.12 555.13 +35.10* 465.37 +35.97 549.39 + 39.504
Final body weight (g)" 477.97 +36.76 654.31 4 50.34° 471.85 +44.94 590.33 + 46.65°
Body weight gain (g) 30.84 +22.80 99.19 +21.37° 6.48 +18.04° 40.94 +27.08%¢
Body fat (g)Jr 27.75+5.01 68.2 +13.50* 27.30+2.10 52.78 + 12.66°¢
Adiposity index (%) 5.79 +0.86 10.35 + 1.46° 5.83+0.73 8.87 +1.715¢
Leptin (ng/mL)* 5.57+2.98 20.48 +4.35% 477 +2.36 13.24 +7.23%4
Total cholesterol (mg/dL) 66.45+9.10 55.86 +13.18% 64.05+9.68 55.00 + 8.39
HDL (mg/dL) 23.30+£3.05 22.86 +6.30 24.70 £ 3.16 24.06 +3.87
Triglycerides (mg/dL) 22.05+5.99 30.36 +6.90* 19.60 + 3.09 23.06 +9.50°¢

Data expressed as mean + standard deviation. CS=sedentary control (n=10); CT =control submitted to the strength training protocol (n=10);
ObS = sedentary obese (1 =7); ObT =obesity submitted to strength training protocol (1 =9); "= data presented in median + interquartile range. *Number of
animals submitted to leptin analysis: CS (n=9); CT (n=9); ObS (n=7); ObT (n=8). p <0.05: *ObS vs. CT; PCT vs. CS; SObT vs. ObS; ObT vs. CT.
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FIGURE 6: Morphometric parameters and histological sections of the flexor hallucis longus (FHL) and plantaris muscles. CS = sedentary
control (n=5); CT =control submitted to the strength training protocol (n=5); ObS = sedentary obese (1 =5); ObT =obese submitted to
strength training protocol (1 =5). Two-way ANOVA supplemented with the Holm-Sidak post hoc test. p <0.05: ‘ObT vs. CT.

difference during the initial 16 weeks of the experimental
protocol due to the fact that the rats were still growing
during the first weeks [33].

For the biochemical parameters, there were changes
under the influence of the HFD since the obesity model
promoted glucose intolerance and hypertriglyceridemia in
ObS rats, indicating the TG value 37.68% higher compared
to that of the CS group. Thus, the obesity experimental
models presented almost all the metabolic disorders, such as
glucose intolerance and dyslipidemia; strength training,
however, was only able to promote positive changes in TG,
which was observed by a reduction in TG levels when
compared to the ObS (24.04%).

The training protocol was efficient to promote positive
adaptations in body weight and accumulation of fat in
trained animals. As expected, body weight gain was higher in
the ObTand ObS groups compared to the CTand CS groups,
which may be justified by the higher caloric intake in the
animals that were fed a high-fat diet (ObT and ObS). Al-
though there was no difference in caloric intake, body weight
gain was lower in the groups submitted to strength training
than in the sedentary groups (ObT vs. ObS and CT vs. CS).
Body fat and adiposity index also showed that the training
was efficient to prevent the effects of the high-fat diet since
the ObT group presented lower values for these parameters
than the ObS group.

Another important finding is related to the effects of
strength training on hormonal regulation. Leptin is an
important hormone secreted by adipose tissue that has a role
in the control of satiety, commonly found in high con-
centrations in obese individuals [34]. In the present study,
the ObS and ObT groups presented higher values compared
to their respective controls, CS and CT, at 267.68 and
177.56%. In relation to the obesity-induced groups, leptin
levels were lower in the animals subjected to the strength
training protocol. The ObS group presented a leptin con-
centration 54.68% greater than the ObT group, which can be
justified by the body fat weight of 12.82% that was higher in
the ODbS animals. High blood leptin concentration and re-
sistance to its action are noted occurrences in obesity [35].
Our findings suggest that obesity promoted leptin resistance
to action, since even with high levels of leptin, food intake
between groups was similar.

The training protocol used was the vertical ladder
climbing model with the overload principle as it is the model
that most resembles the physiological adaptations found in
strength training in humans [12, 25, 36]. At the end of the
training period, the groups were fed a high-fat diet presented
with higher body weight in comparison to the C groups
(ObT vs. CT and ObS vs. CS). From the 5™ week of training,
the ObT group had lower body weight compared to the ObS
group, showing that the training prevented the gain of body



weight promoted by the high-fat diet. In addition, the weight
of the soleus, tibial, and FHL muscles was higher in the ObT
group, 19.5%, 15.8%, and 26.1%, respectively, compared to
those of the CT group, indicating a possible combined effect
of obesity and strength training for gain of muscle mass.
However, no difference was observed in muscle hypertrophy
between the ObT and CT groups in the AST of plantaris and
FHL muscles (Figures 5(c) and 5(f)).

Other authors, using the stair climbing training model,
also did not find changes in the skeletal muscle mass [36, 37].
Variations between the analyzed muscles, equipment
structure, or training protocol may justify the divergence
between the results [37]. As in training for humans, any
change in the variables involved in the prescription of the
stair climbing training protocol may affect the adaptive
response of the animal and, consequently, the results of the
study [38].

Although some studies have found skeletal muscle hy-
pertrophy at 8 weeks of training, protocols spanning be-
tween 6 and 12 weeks may not be sufficient to produce
significant adaptations in skeletal muscle [36]. The duration
of the training protocol used lasted 10 weeks and may have
an influence on the absence of hypertrophy in the analyzed
muscles. In addition, the number of series performed, in
which it was established from the results of the pilot study
(mean 4.2, climbed per training session), may also have
influenced the results. The training model used depends on
the voluntary action of the animals, so the number of series
performed may have underestimated the physical capacity of
the animals; consequently, the muscular stimulation may
not have been sufficient to generate hypertrophy.

The absence of muscle hypertrophy in response to the
exercise protocol observed in all groups in our study makes it
impossible to evaluate the effect of obesity on skeletal muscle
hypertrophy induced by strength training. According to
Garcia-Vicencio et al. [39] and Bollinger [40], excess body
weight can act as a stimulus for chronic overload training
promoting favorable muscle adaptations. However, Bol-
linger [40] points out that the increase in skeletal muscle
mass seems to occur only in the muscles bearing the load.
The mTOR protein is a key regulator for protein synthesis
and skeletal muscle cell hypertrophy [21, 41], and increasing
evidence shows dysregulation in the mTOR signaling
pathway in diet-induced obesity models [32, 42, 43].

Although the training did not promote changes in
muscle mass gain, a force gain was observed in the trained
groups (CT vs. CS and ObT vs. CS). At the end of the
protocol, the absolute strength of the CT group increased by
172.55% and of the ObT group by 149.06%. The increase in
strength is not necessarily related to the increase in the area
of muscle fibers, and the result found may be associated with
the neural adaptations that occur with the overload stimulus
[44]. Furthermore, at the beginning of the training period,
the ObT group had lower relative strength compared to the
CT group, and although the ObS group showed no difference
in relation to the CS group, a p value of 0.055 was found. At
the end of this period, the trained groups presented greater
relative strength compared to their controls (CT vs. CS and
ObT vs. ObS). The relative strength of the ObT group was
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also lower compared to that of the CT group. In obesity, the
increase in fat mass is greater than the increase in skeletal
muscle mass, which means that skeletal muscle represents a
smaller percentage of the total body mass. The relative
decrease in muscle mass may partly explain the decrease in
relative strength found in obesity [40]. However, recent
studies suggest that the ability to produce skeletal muscle
strength decreases in obesity [45, 46]. According to Gad-
ducci et al. [47], the functional capacity of skeletal muscle
can be assessed from its ability to produce force. Thus,
obesity decreased the functional capacity of skeletal muscle
in response to strength training in the present study.

The increase in skeletal muscle mass promotes an in-
crease in the basal metabolic rate, contributing to the daily
energy expenditure and metabolic health [8, 48]. However,
as the muscles analyzed did not present hypertrophy, it is
probable that the results found are justified by the higher
energetic expenditure promoted by physical exercise and by
the EPOC effect promoted by high-intensity training
[49, 50].

5. Conclusions

The strength training protocol promotes strength gains, but
it did not cause skeletal muscle hypertrophy in obesity
induced by unsaturated high-fat diet. However, strength
training induced positive alterations on adiposity and
comorbidities such as reduction in body weight, body fat
content, adiposity index, and plasma triglycerides, as well
as leptin levels independent of skeletal muscle hypertrophy.
These results suggest that high-intensity strength training
may be a relevant complementary strategy in combination
with nutritional and pharmacological interventions for the
treatment of obesity.
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