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ORIGINAL ARTICLE

Muscular resistance, hypertrophy and
strength training equally reduce adiposity,
inflammation and insulin resistance in

mice with diet-induced obesity

Exercicios fisicos de resisténcia, hipertrofia e forca muscular
reduzem igualmente adiposidade, inflamacao e resisténcia a
insulina em camundongos obesos por dieta hiperlipidica
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ABSTRACT

Objective: To evaluate the effect of three types of muscular resistance training on adiposity,
inflammation levels and insulin activity in Swiss mice with fat-rich diet-induced obesity. Methods:
Lean and obese male Swiss mice were selected and allocated to one of eight groups comprising
eight mice each, as follows: standard diet + no training; standard diet + muscular resistance
training; standard diet + hypertrophy training; standard diet + strength training; high-fat diet +
no training; high-fat diet + muscular resistance training; high-fat diet + hypertrophy training;
high-fat diet + strength training. The training protocol consisted of stair climbing for a 10-
week period. Blood samples were collected for lactate analysis, glucose level measurement
and insulin tolerance test. After euthanasia, adipose tissues were removed and weighed for
adiposity index determination. Fragments of epididymal adipose tissue were then embedded for
histological analysis or homogenized for tumor necrosis factor alpha level determination using the
ELISA method. Results: Ausency of differences in total training volume and blood lactate levels
overall emphasize the similarity between the different resistance training protocols. Body weight
loss, reduced adipocyte area and lower adiposity index were observed in trained obese mice,
regardless of training modality. Different training protocols also improved insulin sensitivity and
reduced inflammation levels. Conclusion: Resistance training protocols were equally effective in
reducing body fat, inflammation levels and insulin resistance in obese mice.

Keywords: Obesity; Exercise; Resistance training; Weight loss; Inflammation; Insulin/metabolism;
Insulin resistance; Mice

RESUMO

Objetivo: Avaliar os efeitos de trés tipos de treinamentos de resisténcia na adiposidade, na
inflamacdo e na agdo da insulina em camundongos Swiss obesos por dieta hiperlipidica.
Métodos: Camundongos Swiss machos magros e obesos foram selecionados e posteriormente
separados em oito grupos com oito animais em cada: dieta padrao + nao treinado; dieta
padrao + treinamento de resisténcia muscular; dieta padrdo + treinamento de hipertrofia;
dieta padrdo + treinamento de forga; dieta hiperlipidica + nao treinado; dieta hiperlipidica
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+ treinamento de resisténcia muscular; dieta hiperlipidica +
treinamento de hipertrofia; e dieta hiperlipidica + treinamento
de forga. O protocolo de treinamento consistiu em escaladas, por
um periodo de 10 semanas. Amostras de sangue foram coletadas
para andlises de lactato, glicemia e teste de tolerancia a insulina.
Apds eutanasia, os tecidos adiposos foram retirados e pesados para
determinar o indice de adiposidade. Em seguida, parte do tecido
adiposo epididimal foi emblocado para anélises histoldgicas, e outra
parte foi homogeneizada para andlises de fator de necrose tumoral
alfa por ELISA. Resultados: O volume total de treinamento e a
concentragéo sanguinea de lactato nao diferiram entre os trés treinos
resistidos, sugerindo similaridade entre eles. Nos animais obesos, as
trés modalidades de treinamento reduziram o peso corporal, a area
adipocitéria e o indice de adiposidade. Os trés tipos de treinamentos
ainda melhoraram a tolerancia a insulina e reduziram a inflamagao.
Conclusao: Os protocolos de treinamento resistido foram igualmente
efetivos em reduzir a adiposidade, a inflamacéo e a resisténcia a agao
da insulina em camundongos obesos.

Descritores: Obesidade; Exercicio; Treinamento de resisténcia;
Perda de peso; Inflamagao; Insulina/metabolismo; Resisténcia a
insulina; Camundongos

INTRODUCTION

Obesity is a matter of growing concern given the rising
prevalence of the condition and associations with
several comorbidities, including diabetes mellitus.")
Obesity is a multifactorial condition involving inter-
related biological, psychological, nutritional, hormone,
economic, social, behavioral and environmental factors
leading to body fat accumulation.® Excessive caloric
intake combined with low levels of physical activity
stands out among factors contributing to excess body
weight; therefore, lifestyle is a major, if not determining
factor in prevention and ancillary treatment of these
metabolic diseases.®

Obesity-related complications are partly associated
with fat tissue changes. Fast developing fat tissue
hypertrophy resulting from excessive triglyceride
accumulation in response to nutrient overload and low
levels of physical activity leads to fat tissue remodeling.
Adipocyte hypertrophy is followed by macrophage
infiltration and increasing levels of inflammation, with
excessive release of pro-inflammatory cytokines, such
as tumor necrosis factor alpha (TNF-o), interleukin 1
beta (IL-1pB) and IL-6,“ and increased release of free
fatty acids.» Combined, these events lead to low-grade
or subclinical inflammation.®” Saturated fatty acids
(acting via toll—like receptors, TLR) and cytokines
(acting via their respective receptors) may activate
intracellular inflammatory signaling pathways involved
in activation of proteins associated with inflammatory
responses, such as c-Jun N-terminal kinases (JNK)
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and I Kappa B kinase (IKK), which may interfere with
insulin activity.® Activation of these serine kinases
(JNK and IKK) may play a role in insulin receptor
substrate function; once phosphorylated on serine,
these substrates can no longer be phosphorylated on
tyrosine by insulin receptors, contributing to resistance
to insulin signal transduction via this pathway.®)

Physical exercise is widely recommended by
researchers for recovery and maintenance of physical
and emotional health and well-being, leading to
improved quality of life, gradual body weight loss,
decreased levels of pro-inflammatory mediators and
reversion of the insulin resistance, particularly in
obese and type 2 diabetes (DM2) patients.1?

Studies investigating the effects of aerobic training
on modulation of pro-inflammatory molecules, such
as JNK, TNF-a, IKK and others, and on improvement
of insulin sensitivity have been published.(t!!?
Investigations in rats with fat-rich diet-induced obesity
revealed that aerobic exercise reduces molecules in the
pro-inflammatory pathway, and increases intracellular
insulin signaling, leading to increased sensitivity to this
hormone.3*19 However, further studies investigating
the effects of different types of physical exercise on
inflammatory markers associated with insulin resistance
are warranted. Negative energy balance associated with
progressive muscular resistance training and resulting
changes in body fat distribution and muscle mass gain®
suggest this type of training may also have beneficial
effects on adipokine levels and insulin sensitivity.

OBJECTIVE

To analyze the effects of three types of muscular
resistance training on adiposity, low-grade chronic
inflammation and insulin sensitivity in mice with fat-rich
diet-induced obesity.

METHODS

Animals

This project was conducted following approval by
Comissio de Etica em Uso de Animais (CEUA) [Ethics
Committee on Use of animals] of Universidade do
Extremo Sul Catarinense (UNESC), protocol 053-2014-1.
Male Swiss mice aged 4 weeks and weighing 25 g
were obtained from the UNESC vivarium. Following
environmental adaptation, mice were fed a standard
or fat-rich diet. Mice were kept in collective cages
under a 12-hour light-dark cycle; feed and water were
provided ad libitum. The room temperature was kept at
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20+2°C. Mice were fed the fat-rich diet (PragSolugoes
Biociéncias, Jaud, SP, Brazil) for 17 weeks. Obesity and
insulin resistance were confirmed based on body weight
and insulin tolerance test (ITT) responses, respectively;
mice were then allocated to one of eight experimental
groups comprising eight mice each, as follows:
standard diet + no training (DPNT); standard diet +
muscular resistance training (DPTR); standard diet +
hypertrophy training (DPTH); standard diet + strength
training (DPTF); fat-rich diet + no training (DHNT);
fat-rich diet + muscular resistance training (DHTR);
fat-rich diet + hypertrophy training (DHTH); fat-rich
diet + strength training (DHTF).

Training protocols

Muscular resistance training protocols adopted in this
study were according to Luciano et al.' Mice with
weights attached to their tails were submitted to stair
climbing exercise consisting of repeated climbing of a
vertical staircase to reach a 20x20X20cm compartment
located at the top. Mice were taken back down with
researcher’s assistance.

Muscular resistance training protocol

Mice were submitted to muscular resistance training as
follows: initial load corresponding to 10% of body mass
(weeks 1 to 4) followed by progressive increase to 20%
(weeks 4 to 6), 30% (weeks 6 to 8), then to 50% (weeks
8 to 10); 15 repetitions at 2-minute intervals, 5 days per
week, for 10 weeks.

Hypertrophy training protocol

Mice were submitted to hypertrophy training as follows:
initial load corresponding to 25% of body mass (weeks
1 to 4) followed by progressive increase to 50% (weeks
4 to 7) then 75% (weeks 7 to 10); eight repetitions at
2-minute intervals, 5 days per week, for 10 weeks.

Strength training protocol

Mice were submitted to strength training as follows:
initial load corresponding to 50% of body mass (weeks
1 to 2) followed by progressive increase to 75% (weeks
2t0 3), 100% (weeks 3 to 5), 125% (weeks 5 to 7), 150%
(weeks 7 to 9), then 175% (weeks 9 to 10); three to four
repetitions at 2-minute intervals, 5 days per week, for
10 weeks.

Training volume calculation

Training volume was compared among protocols as
follows: repetitions versus series versus load®” expressed
in joules.

Lactate analysis

Blood samples for lactate analysis were collected in
weeks one, four, seven and ten (samples 1, 2, 3 and 4,
respectively), always at time point zero (zero minutes)
after completion of the training session. A small incision
was made at the tip of the tail; 15uL blood samples
were then collected into microtubes containing 30uL
of 1% sodium fluoride (NaF) and immediately frozen
for future analysis. Lactate analysis was performed
via the electroenzymatic method using a biochemical
analyzer (Yellow Springs 2700S).

Body weight and adiposity index

Body weight was recorded prior to start of training (week
zero), then on weeks 5 and 10 of the training period.
Mice were beheaded 48 hours after the last training
session. Mesenteric, epididymal, retroperitoneal and
perirenal fat tissues were dissected away and weighed for
adiposity index determination (g/100g of body weight).

Insulin tolerance test

Tests were performed after a 6-hour fasting period. The
first blood sample was defined as test time point zero.
Insulin (1U/kg of body weight) was then injected via
the intraperitoneal route and blood samples collected
from the tip of the tail at time points 5, 10, 15, 20, 25
and 30 minutes for blood glucose determination using
a glucometer. Rate constant for glucose disappearance
(k,.;) was calculated using the formula 0.693/t1/2.
Glucose t1/2 was calculated from the slope of the least
square analysis of serum glucose concentrations during
the linear decay phase.

Enzymatic immunosorbent assay (ELISA)
TNF-o was measured using ELISA; tests were run
according manufacturer’s instructions (R&D Systems).

Histologic analysis

Fragments of epididymal adipose tissue were collected
and processed. Paraffin-embedded tissue samples were
then cut into 5um slices (microtome Hacker Edge
SL.-200). Slides were stained with hematoxylin and eosin
(HE) for tissue architecture evaluation. Images were
acquired using optical microscope (Nikon Eclipse Ti-U).
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Statistical analysis

Data were expressed as mean and standard error of
the mean (SEM). Data normality and homogeneity
of intergroup variance were investigated using the
Shapiro-Wilk and the Levene test, respectively. The
Student’s ¢ test was used for comparisons limited
to two groups (standard diet versus fat-rich diet).
Comparisons involving all eight groups were based
on one-way analysis of variance (ANOVA) followed
by the Newman-Keuls post-hoc test. The level of
significance was set at 5%; p<0.05. Statistical tests
were performed using software (GraphPad Prism,
version 7.0).

RESULTS

Effects of fat-rich diet on body weight and insulin
sensitivity

Mice fed the fat-rich diet were heavier and had higher
fasting insulin levels, lower k.. index and lower
total glucose uptake (area under the curve) during
the insulin tolerance test, suggesting lower insulin
sensitivity (Table 1).

Table 1. Body weight, glycemia, rate constant for glucose disappearance (k,;;)
and area under the glucose curve during insulin tolerance test, in Swiss mice fed
a standard or fat-rich diet, prior training protocols (model characterization)

Parameter Standard diet Fat-rich diet
Body weight (g) 445+0.36 55.3+1.92*
Glycemia (mg/dL) 144.8+11.76 218.0+13.98*
kq; (%/minute) 4.60+0.53 2.12+0.63*
Area under the curve (mg/dL/minute) 2794+198.2 6650+399.3*

Results expressed as mean=+standard error of the mean. *p<0.05 compared to groups fed the standard diet (Student's
ttest).

Resistance training volume and metabolic
responses

Total work volume and blood lactate levels were
analyzed to investigate similarities between training
protocols. Total training volume did not differ between
training protocols (Figure 1A). Blood lactate levels
were evaluated and no significant differences were
found within (between samples) or between groups,
emphasizing the similarity between training protocols
(Figure 1B).
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Figure 1. Total training volume and blood lactate levels. A) Total training volume.
B) Intragroup and intergroup comparisons of blood lactate levels

Effects of resistance training on adiposity
Mean initial body weight was similar within groups
(Figure 2A). By week 5 of the training period,
significant differences were noted between the DHTF
and the DHNT Group only (Figure 2B). By week 10,
mice submitted to either training protocol had lost
weight compared to mice in the DHNT Group (Figure
2C). No significant differences were noted between
trained mice fed the standard diet at any time point
over the course of the training period, or between
these and nontrained mice fed the same diet (Figure 2C).
According to the adiposity index, the fat-rich diet
was able to effectively induce adiposity in the DHNT
Group (Figure 2D). In contrast, training effectively
reduced adiposity in mice fed the DH, regardless of
training protocol. Adiposity did not differ between
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muscular resistance, hypertrophy and strength training
groups; however, the adiposity index was lower in
these compared to the DHNT Group (Figure 2D).

Aside from greater adiposity, mice fed the fat-
rich diet had larger adipocyte area compared to mice
in the DPNT Group (Figure 2E). The three types of
resistance training equally reduced the adipocyte area
compared to the DHNT Group (Figure 2E). Training
did not change the adipocyte area in mice fed the
standard diet.
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Effects of resistance training on glycemia and insulin
sensitivity

Basal fasting blood glucose levels did not differ following
training (Figure 3A); however, mice fed the fat-rich diet
had lower glucose decay rates (Figure 3B) and larger
area under the curve (Figure 3C) compared to the mice
in the DPNT Group. Muscular resistance, hypertrophy
and strength training were equally associated with
increased rate constant for glucose disappearance
(Figure 3B) and smaller area under the curve (Figure 3C).
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Figure 2. Body weight, adiposity index and adipocyte area of Swiss mice fed a standard or fat-rich diet and submitted to different muscular resistance training
protocols. A) Body weight in week zero (1 day prior to the start of the training period). B) Body weight in week 5 (5 weeks after the start of the training period). C)
Body weight in week 10 (1 day prior to euthanasia). D) Adiposity index. E) Relative adipocyte area
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Effects of muscular resistance training on
TNF-o levels

TNF-a.levels were evaluated in adipose tissue homogenate
as a marker of low-grade chronic inflammation.
Results revealed significant differences in TNF-o
levels between nontrained mice fed the standard or the
fat-rich diet (Figure 4). In contrast, values were lower
in trained groups fed the fat-rich diet compared to mice
in the DHNT Group, regardless of training protocol
(Figure 4).
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DISCUSSION

Growing prevalence of obesity globally is a matter of
concern demanding inter/multidisciplinary strategies.
Some strategies include behavioral and nutritional
changes, with emphasis on cardiopulmonary endurance
exercise. However, the effects of muscular resistance
exercise on health-related parameters is debatable.

Three different muscular resistance exercise
protocols were evaluated in this study, all of which were
equally effective in reducing body weight, adiposity
index, adipocyte area, low-grade chronic inflammation
and insulin resistance.
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Figure 3. Glycemia and insulin sensitivity in Swiss mice fed a standard or fat-rich diet and submitted to different muscular resistance training protocols. A) Basal fasting
blood glucose. B) Rate constant for glucose disappearance during the insulin tolerance test. C) Area under the glucose curve (AUC) during the insulin tolerance test
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Figure 4. Tumor necrosis factor alpha (TNF-o) levels in the adipose tissue of
Swiss mice fed a standard or fat-rich diet and submitted to different muscular
resistance training protocols

In this study, obese mice submitted to one of
three types of training equally lost body weight and
had lower adiposity index and adipocyte area. Similar
findings have been reported in elsewhere. In a study
by Leite et al., male Wistar rats with fat-rich diet-
induced obesity submitted to a similar resistance
training protocol (12 weeks of exercise consisting of
climbing up a 1.1m staircase with weights attached to
the tail) had significant body mass, lean mass and fat
percentage reduction.V Souza et al., reported reduced
body mass, fat mass and fat percentage in Wistar
rats submitted to muscular resistance training (stair
climbing with weights attached to the tail, 8 to 12 times
per session, 3 times per week, for 12 weeks) compared
to sedentary obese rats.?” Speretta et al., compared
the effects of muscular resistance (stair climbing) and
cardiopulmonary endurance training (60 minutes of
daily swimming with a load corresponding to 5% of
body weight attached to the tail, 5 days per week, for
8 weeks) on adipocyte area.?» Muscular resistance
training led to reduced adipocyte area in trained
compared to sedentary obese mice; however, no
differences were found between obese mice submitted
to muscular resistance training or swimming).?®
Mardare et al., also compared isometric strength
training (clinging to a horizontal line with hands and
feet for 3 minutes, three series at 1-minute intervals,

five times per week) and cardiorespiratory endurance
training (30 minutes of daily treadmill running at 80%
of maximum oxygen consumption, 5 days per week,
for 10 weeks) in C57BL/6 mice fed a fat-rich diet.?¥
According to authors of that study, both exercise
protocols were equally able to reduced body weight
compared to nontrained mice fed a standard diet.*¥

Similar adiposity reduction in mice submitted to
different types of training suggests exercise protocols
induced similar metabolic adaptations. It could be
argued that changes in adiposity occurred in response
to the effects of training on mice feeding behavior.
Mice in this study were fed ad libitum; however, other
studies using the same training model failed to reveal
significant food intake differences.?? Potential
mechanisms underlying body mass and adiposity index
reduction associated with strength and hypertrophy
training (muscular resistance training) have been
suggested, particularly due to muscle mass gain leading
to higher basal metabolic rate and finally to body fat
loss.?” Further studies are warranted to investigate
this topic.

Increased adiposity is a determining factor in
insulin resistance development.® Findings of this
study revealed lower glucose decay rate and smaller
area under the glucose curve in nontrained obese
mice. Physical exercise significantly increased both
parameters. Misra et al., submitted 30 obese patients
to progressive muscular resistance training involving
6 muscle groups for a 3-month period, as follows: arm
and shoulder flexion, finger extension and flexion, hip
flexion, knee extension and heel elevation (two series of
10 repetitions each).®” The authors observed increased
insulin sensitivity and reduced glycated hemoglobin
levels in association with reduced adiposity.?” However,
acute effects of muscular resistance exercise (i.e.,
regardless of adiposity reduction) have been reported.
Acutely performed muscular resistance exercise (60%
of 1 repetition maximum) induced significant insulin
sensitivity improvement.?

Obesity induced by fat-rich diets promotes increased
levels of inflammatory cytokines such as TNF-o.
Therefore, increased levels of this cytokine were to be
expected in this study. Mice fed the fat-rich diet actually
had higher levels of TNF-o.. On the other hand, it was
hypothesized that muscular resistance training might
impact TNF-a levels; in fact, physical exercise protocols
in this study equally reduced levels of this cytokine.
Effects of muscular resistance training consisting of stair
climbing on TNF-o levels have been investigated.*
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Speretta et al.,® reported significant reduction in
TNF-a levels in a study evaluating gene expression on
the fat tissue of rats fed a standard or fat-rich diet and
submitted to muscular resistance training.

This study has some limitations that will certainly
be explored in future investigations, such as inclusion
of pair-fed groups, assessment of basal metabolic rate
and muscle fiber cross-sectional area, and investigation
of molecules involved in insulin (e.g., phosphorylation
of insulin receptor/IR and B kinase protein/Akt) and
inflammatory (e.g., nuclear factor kappa B/NFkB and
toll-like receptor/TLR) signal transduction, as well as
other cytokines, including anti-inflammatory cytokines.

CONCLUSION

Muscular resistance training protocols in this study were
equally able to reduce body weight, adiposity index,
adipocyte area and low-grade chronic inflammation,
and to improve insulin resistance. Further investigations
are warranted for increased understanding of the effects
of muscular resistance exercise on body weight control.
Still, this study provided significant contributions to
the topic and introduced an alternative strategy for
improved adherence of obese patients to exercise, since
patients in this group may prefer muscular resistance to
cardiorespiratory endurance exercise.
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