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Abstract

C57BL/6 mice develop signs and symptoms comparable, in part, to the human metabolic syndrome. The objective of the present 
study was to evaluate the effects of exercise training on carbohydrate metabolism, lipid profile, visceral adiposity, pancreatic islet 
alterations, and nonalcoholic fatty liver disease in C57BL/6 mice. Animals were fed one of two diets during an 8-week period: 
standard (SC, N = 12) or very high-fat (HF, N = 24) chow. An exercise training protocol (treadmill) was then established and 
mice were divided into SC and HF sedentary (SC-Sed, HF-Sed), exercised groups (SC-Ex, HF-Ex), or switched from HF to 
SC (HF/SC-Sed and HF/SC-Ex). HF/HF-Sed mice had the greatest body mass (65% more than SC/SC-Sed; P < 0.0001), and 
exercise reduced it by 23% (P < 0.0001). Hepatic enzymes ALP (+80%), ALT (+100%) and AST (+70%) were higher in HF/HF 
mice than in matched SC/SC. Plasma insulin was higher in both the HF/HF-Sed and HF/SC-Sed groups than in the matched 
exercised groups (+85%; P < 0.001). Pancreatic islets, adipocytes and liver structure were greatly affected by HF, ultimately 
resulting in islet β-cell hypertrophy and severe liver steatosis. The HF group had larger islets than the SC/SC group (+220%; 
P < 0.0001), and exercise significantly reduced liver steatosis and islet size in HF. Exercise attenuated all the changes due to 
HF, and the effects were more pronounced in exercised mice switched from an HF to an SC diet. Exercise improved the lipid 
profile by reducing body weight gain, visceral adiposity, insulin resistance, islet alterations, and fatty liver, contributing to obesity 
and steatohepatitis control.
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Introduction

The increasing prevalence of obesity in modern soci-
ety is affected by environmental and behavioral aspects. 
The percentage of fat energy in diets and lack of physical 
activity are two important environmental factors influenc-
ing obesity (1).

Fat liver infiltration or nonalcoholic fatty liver disease  
(NAFLD) is a major form of chronic liver disease in children 
and adults. It is one of the consequences of the current obesity 
epidemic and can progress to nonalcoholic steatohepatitis. 
This disease is characterized by steatosis, excessive lipid 
accumulation, primarily triacylglycerols, within hepatocytes, 
inflammation, and progressive fibrosis, ultimately leading 
to cirrhosis and end-stage liver disease (2,3). Fatty liver is 
macrovesicular or microvesicular steatosis according to the 
size of the lipid vacuoles. The most common form, which is 

potentially reversible, is macrovesicular steatosis. Although 
it is thought to be a benign condition, it may be associated 
with the development of necroinflammation and fibrosis (ste-
atohepatitis). Microvesicular steatosis is generally the more 
severe disease (4), whereas macrovesicular fatty liver can be 
associated with other conditions, including type 2 diabetes, 
obesity, and metabolic syndrome (5,6). The pathophysiology 
of fat infiltration leads to an increase of cellular free fatty acids 
and to a decrease of β-oxidation, which ultimately results in 
triglyceride accumulation. This accumulation is due to an in-
crease in dietary free fatty acids and lipolysis in peripheral fat 
tissue (7), with consequently elevated insulin levels generating 
oxidative stress and organ fibrogenesis (8,9). 

Exercise training accompanied by a low-fat diet has long 
been prescribed as part of the treatment for managing obesity 
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and type 2 diabetes. Exercise reduces the adverse effects of 
dietary fat on insulin levels and improves insulin sensitivity in 
high-fat fed animals (10). Moreover, during exercise, several 
adaptive mechanisms are established to supply fuel to skeletal 
muscle and accelerate glucose and fatty acid metabolism 
(11). Despite this, there is no firm consensus as to whether 
exercise training can prevent the induction of hepatic steatosis. 
Exercise training can prevent the accumulation of fat in the 
liver of rats receiving a high-fat diet (12). However, recent 
studies using a similar high-fat diet-induced obesity model 
in rats have shown that exercise had no effect on liver lipid 
accumulation (13,14). The reasons for this discrepancy are 
not clear, although differences in diet-induced fatty liver, in the 
exercise training program and techniques used for assessing 
liver lipid infiltration should all be considered.

The objective of the present study was to evaluate the 
effects of exercise training on carbohydrate metabolism, lipid 
profile, visceral adiposity, pancreatic islet alterations, and  
NAFLD in C57BL/6 mice chronically fed a very high-fat diet. 

Material and Methods

Animals and treatments
All procedures were carried out in accordance with the 

conventional guidelines of the Care and Use of Laboratory 
Animals (US National Institutes of Health 85-23, revised in 
1996). The experimental protocols were approved by the local 
Committee for the Use and Care of Experimental Animals of 
the State University of Rio de Janeiro, Rio de Janeiro, Brazil 
(#CEA/195/2007). 

Three-month-old male C57BL/6 mice were kept under 
standard conditions (12-h light/dark cycles, 21 ± 2°C, 60 ± 
10% humidity) with free access to food and water. Animals 
were fed one of two diets for 8 weeks: standard chow (SC, 
76% calories from carbohydrates, 10% from fat, and 14% 
from protein; N = 12) or very high-fat chow (HF, 26% calories 
from carbohydrates, 60% from fat, and 14% from protein; N 
= 24). The mineral and vitamin content of the two diets was 
identical. Diets were elaborated with purified nutrients ac-
cording to the recommendations of the American Institute of 
Nutrition - AIN93 (15). After eight weeks of diet, the animals 
were submitted to the exercise training protocol. SC mice were 
divided into two groups (N = 6 per group): a) exercised (SC/
SC-Ex) and b) non-exercised (sedentary, SC/SC-Sed), and 
HF mice were divided into four groups (N = 6 per group): a) 
exercised (HF/HF-Ex), b) non-exercised (sedentary; HF/HF-
Sed), c) HF/SC-Ex (exercised and switched to standard chow 
at the beginning of training), and d) HF/SC-Sed (sedentary 
and switched to standard chow at the beginning of training). 
Animals had free access to food and water and their intakes 
were monitored daily. Body mass (BM) was monitored weekly 
in conscious animals during the experiment. 

Exercise training protocol 
Exercise training was performed on a motor treadmill at 

moderate-to-low intensity (1.0 km/h maximal running speed) 
for 8 weeks, 5 days/week for 1 h/day, as previously described 
(16). The animals were adapted to this procedure for 1 week 
before beginning the exercise by training at 0.5/0.6/0.7/0.8/1.0 
km/h for 12/24/36/48/60 min, respectively, on consecutive 
days. Sedentary animals were placed on the stationary tread-
mill five times a week to provide a similar environment. 

Euthanasia
At week 16, 24 h after the last exercise, animals were not 

fed, but had free access to water for 6 h and then were deeply 
anesthetized (sodium pentobarbital, ip, 150 mg/kg), and blood 
samples were obtained by cardiac puncture for biochemical 
analyses and radioimmunoassay and centrifuged at 120 g 
for 15 min at room temperature, and plasma was stored at 
-80°C until assay. Epididymal fat pads were removed from 
both sides of the animal and weighed. Epididymal fat pads 
included adipose tissue surrounding the ureters, bladder, 
and epididymis. The epididymal fat pad/tibia length ratio was 
used for comparisons of groups. This procedure is particularly 
important in obesity studies to avoid bias due to BM altera-
tion (17). Both pancreas and liver were also removed and 
weighed, and then fragments of all portions of the pancreas 
and all hepatic lobes and epididymal fat pads were quickly 
collected and fixed in freshly prepared fixative (1.27 M form-
aldehyde in 0.1 M sodium phosphate buffer, pH 7.2) for 48 h 
at room temperature.

Metabolic measurements
Both the oral glucose tolerance test (OGTT) and the 

intraperitoneal insulin tolerance test (IPITT) were performed 
at weeks 8 and 16 (before and after the exercise training 
protocol, respectively) in order to evaluate glucose tolerance 
and insulin resistance, respectively. The OGTT and IPITT 
were applied 24 h after the last exercise training. For the 
OGTT, 25% glucose in sterile saline (0.9% NaCl) at a dose 
of 1 g/kg was administered by orogastric gavage after a 6-h 
fasting period. IPITT was applied after a 4-h fasting period 
at a dose of 1 unit/kg (Humalog insulin lispro, Eli Lilly and 
Company, USA). Blood was taken from a small incision of the 
tail tip and plasma glucose concentration was measured prior 
to the incision and at 15, 30, 60, and 120 min after glucose 
and insulin administration. The curves were analyzed and 
the area under the curve was calculated using the trapezoid 
rule to assess glucose intolerance (GraphPad Prism version 
5.02 for Windows, GraphPad Software, USA). 

Total cholesterol (TC), triglycerides, alanine aminotrans-
ferase (ALT), aspartic aminotransferase (AST), and alkaline 
phosphatase (ALP) were measured by a colorimetric assay 
(Bioclin, Brazil). 

Radioimmunoassay for insulin
Plasma insulin concentrations were measured using an 

insulin RIA kit, Cat. 07-260121 (Immuchem Coated Tube, 
USA). All samples were analyzed in a double assay, with an 
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intra-assay coefficient of variation of 1.4%. 

Immunohistochemistry for islet β-cells 
Antigen retrieval was performed with citrate buffer, pH 

6.0, endogenous peroxidase was quenched with 3% hydro-
gen peroxide, and finally nonspecific binding was inhibited 
with phosphate-buffered saline/5% bovine serum albumin. 
Sections were incubated with anti-insulin antibody (A0564, 
DAKO, Denmark) and the reaction was amplified with a 
biotin-streptavidin system (K0679; Universal DakoCytomation 
LSAB + Kit, Peroxidase, Glostrup, Denmark). The reaction 
was visualized after incubation with 3,3’ diaminobenzidine 
tetrachloride (K3466, DakoCytomation), and sections were 
counterstained with Mayer hematoxylin.

Morphometry of pancreatic islets and adipocytes
Fragments of the pancreas and fat pad were embedded 

in Paraplast plus (Sigma-Aldrich Co., USA), cut into 5-µm 
thick sections and stained with hematoxylin and eosin. Digital 
images were acquired at random (TIFF format, 36-bit color, 
1280 x 1024 pixels) with an LC Evolution camera and Olym-
pus BX51 microscope. At least 12 islets and 50 adipocytes, 
representing all regions of the pancreas and epididymal fat 
pad, were analyzed per mouse, for a total of 60 islets or 250 
adipocytes per group. The mean diameters of islet and adi-
pocytes were measured from the digital images of pancreatic 
tissue and adipose tissue using the Image-Pro Plus software 
(version 7.0, Media Cybernetics, USA). 

Liver stereology
Liver fragments were also embedded in Paraplast plus, 

cut into 3-µm thick sections and stained with hematoxylin and 
eosin. Five microscopic fields per animal were analyzed at 
random using videomicroscopy (Leica DMRBE microscope, 
Germany) and a test system containing 36 test-points (PT) 
(18). The volume density of hepatic steatosis (Vv[steat]) was 
estimated by point counting: Vv[steat]: = PP[steat] / PT (PP is 
the number of points that hit the fat store vesicles inside the 
hepatocyte) (19). This method proved to be more advanta-
geous than image analysis for the evaluation of hepatic 
steatosis (20).

Image analysis
Digital images from pancreatic islets labeled with anti-

insulin antibody were acquired at random (TIFF format, 36-bit 
color, 1280 x 1024 pixels, LC Evolution camera and Olympus 
BX51 microscope). A selection tool of the Image-Pro Plus 
software (version 7.0, Media Cybernetics, USA) was used 
to identify the islet areas with positive immunoreactions, and 
this selection was segmented in a black-and-white image, 
where white shows the immunostained areas and black the 
remaining tissue. The islet boundary was delimited using an 
area-over-image tool, and inside this encirclement, the islet 
area occupied by white color was quantified using the image 
histogram tool as shown in Figure 1. It was reported as density 

stain per islet (%) (21). 

Data analysis
Data are reported as means ± SEM. The differences be-

tween groups were tested by one-way ANOVA and the Tukey 
post hoc test, or the Student t-test, by comparing the groups 
during the first 8 weeks of the study. The interaction between 
diet and exercise was analyzed by two-way ANOVA. For all 
analyses, a P value of 0.05 was considered to be statisti-
cally significant (GraphPad Prism version 5.02 for Windows, 
GraphPad Software, USA).

Results

Biometry
Figure 2 shows the BM evolution before and during ex-

ercise training. The HF chow intake was directly related to 
BM gain, which led to overweight HF mice in the second 
week of the diet compared to SC mice. At the eighth week 
(before exercise training), BM was more than 15% greater 
in HF than in SC (P < 0.0001, one-way ANOVA). At the 16th 
week, HF/HF-Ex had a BM reduction of 20% compared to 
HF/HF-Sed (P < 0.0001, one-way ANOVA). When the diet 
was switched from HF to SC and combined with exercise 
training, there was an additional 24% reduction in BM 
(HF/SC-Ex compared to HF/HF-Ex; P < 0.0001, one-way 
ANOVA). Both diet and exercise interacted with BM (P < 
0.0001, two-way ANOVA, Table 1). 

The epididymal fat pad/tibia length ratio was smaller 
in exercised groups than in their sedentary counterparts 
(data not shown). Moreover, when the diet was switched 
from HF to SC, this difference was still greater (more than 

Figure 1. Photomicrograph of a pancreatic islet stained with 
hematoxylin-eosin (a) and its segmentation to a black and white 
image (b). The islet was stained with hematoxylin-eosin and 
selected with the Image-Pro Plus software, and the image was 
segmented to originate a new image in black and white (b) where 
the white color represents the expression of insulin and the black 
color represents the remaining tissue. The pancreatic islet was 
delimited by the AOI tool (thin outer line), and insulin expression 
inside it was quantified (see Material and Methods).
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60% when HF/SC-Sed was compared to 
HF/SC-Ex; P < 0.0001, one-way ANOVA). 
Diet and exercise interacted to establish the 
epididymal fat pad/tibia length ratio (Table 
1; P < 0.001, two-way ANOVA). 

Large adipocytes were seen in HF/HF, 
but exercise training had beneficial effects 
by reducing adipocyte size (Figure 3). When 
SC/SC-Sed is compared to HF/HF-Sed, 
the adipocyte size grew more than 350% 
(effect of the HF diet; P < 0.0001, one-way 
ANOVA), while the comparison of HF/HF-
Sed to HF/HF-Ex, indicate that the adipocyte 
size shrank more than 45% (beneficial effect 
of exercise training; P < 0.0001, one-way 
ANOVA). With the diet switched from HF 
to SC in association with exercise, marked 
beneficial effects were observed with a 
reduction of adipocyte size. Both diet and 
exercise interacted with adipocyte size (P < 
0.0001, two-way ANOVA; Table 1). 

Carbohydrate and fat metabolism
TC and triglyceride levels were higher in 

both HF/HF-Sed and HF/HF-Ex than their 
SC/SC counterparts and higher in sedentary 
mice than in the exercised HF/HF and HF/SC 
(Table 2; P < 0.001; one-way ANOVA). Diet 
and exercise interacted with TC and triglyc-
eride levels (Table 1; two-way ANOVA). 

ALP was higher in HF/HF and HF/SC 
than SC/SC. AST was higher in HF/HF-
Sed and HF/SC-Sed than in their SC/SC 
counterparts. ALT was higher in sedentary 
mice than in the exercised counterparts for 
all diets (Table 2; one-way ANOVA). Both 
diet and exercise interacted with AST levels. 
However, only diet influenced ALP levels, 
and only exercise influenced ALT levels 
(Table 1; two-way ANOVA). 

Both HF/HF-Sed and HF/SC-Sed 
showed higher plasma insulin levels than 
their exercised counterparts (Table 2; P < 
0.001, one-way ANOVA). Both diet and ex-
ercise interacted with plasma insulin levels 
(Table 1; two-way ANOVA). OGTT and IPITT 
values before the beginning of the exercise 
training protocol (at the eighth week) were 
higher in HF than in SC mice (P < 0.0001, 
t-test; data not shown). At week 16, HF/
HF-Sed had the highest OGTT value, and 
exercise training reduced it in HF/HF-Ex. 
When diet was switched from HF to SC, 
OGTT decreased in both HF/SC-Ex and 
SC-Sed when compared with their HF/HF 

Figure 2. Body mass before and during exercise training. Before exercise train-
ing, the HF group had a significant increase of body mass compared to the SC 
group. During exercise training, both exercise and change of diet reduced body 
mass. Data are reported as means ± SEM. HF = high-fat diet; SC = standard 
chow diet; SC/SC-Ex = standard chow/standard chow-exercised; SC/SC-Sed = 
standard chow/standard chow-sedentary; HF/HF-Ex = high-fat/high-fat-exercised; 
HF/HF-Sed = high-fat/high-fat-sedentary; HF/SC-Ex = high-fat/standard chow-
exercised, and HF/SC-Sed = high-fat/standard chow-sedentary. P < 0.05 when: 
(a) compared to matched SC/SC, (b) compared to matched sedentary group,  
(c) compared to matched HF/HF group (one-way ANOVA followed by the Tukey 
post hoc test).

Table 1. Two-way ANOVA of the effect of high-fat diet and exercise training on 
mice.

Percent variation* and test significance

Interaction Exercise Diet

% P % P % P

Body mass 13% <0.0001 12% <0.0001 68% <0.0001
Epididymal fat 9% <0.001 10% <0.001 73% <0.0001
Cholesterol 6% <0.05 0.6% NS 83% <0.0001
Triglycerides 27% <0.0001 10% <0.0001 60% <0.0001
Insulin 0.5% <0.001 77% <0.0001 5% <0.05
ALP 32% <0.0001 0.3% NS 62% <0.0001
AST 20% <0.0001 44% <0.0001 25% <0.0001
ALT 3% NS 66% <0.0001 4% NS
Adipocyte 14% <0.0001 9% <0.0001 75% <0.0001
Vv steatosis 51% <0.0001 8% <0.0001 37% <0.0001

ALP = alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine 
aminotransferase; NS = not statistically significant; Vv = volume density. *Percent 
variation quantifies the power of each factor (exercise and diet) on the result, and 
the power of the interaction between the factor as well.
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counterparts (Table 3). Likewise, HF/HF-Sed had the highest 
IPITT value, significantly different from both the HF/HF-Ex 
and HF/SC-Sed (P < 0.001, one-way ANOVA; Table 3). 

Pancreas
Islets were more than 120% larger in HF/HF-Sed than in 

SC/SC-Sed (P < 0.0001, one-way ANOVA; Table 3), while 
HF/HF-Ex showed an islet size as much as 40% smaller 

Figure 3. Adipocyte diameter (see abbreviations in Figure 2) and 
photomicrographs (a-f) of adipose tissue in C57BL/6. Histogram: 
The letters over the bars indicate a statistically significant differ-
ence. P < 0.05 when: (a) compared to matched SC/SC, (b) com-
pared to matched sedentary group, (c) compared to matched HF/
HF group (one-way ANOVA followed by the Tukey post hoc test). 
Photomicrographs: a and b, Usual adipocyte aspect in the SC/
SC-Ex and SC/SC-Sed groups, respectively; c, HF/HF-Ex group 
with intermediate adipocyte size; d, HF/HF-Sed group with adipo-
cyte hypertrophy; e and f, adipocytes similar to control in the HF/
SC-Ex and HF/SC-Sed groups, respectively. 

Table 2. Effect of high-fat diet and exercise training on mouse blood biochemistry.

Groups

SC/SC-Ex SC/SC-Sed HF/HF-Ex HF/HF-Sed HF/SC-Ex HF/SC-Sed

Cholesterol (mg/dL) 121.0 ± 3.6 121.3 ± 1.5 169.3 ± 7.7a,b 190.6 ± 3.6a 135.0 ± 2.5b,c 135.0 ± 2.5c

Triglycerides (mg/dL) 43.4 ± 2.6 49.3 ± 1.4 64.8 ± 3.9a,b 109.8 ± 0.3a 63.8 ± 3.1a,b 55.0 ± 0.3c

ALP (mM) 42.5 ± 1.8 46.7 ± 1.7 59.3 ± 2.0a 75.7 ± 0.7a 80.5 ± 2.4a,b,c 58.3 ± 1.7a,c

AST (mM) 137.0 ± 9.4 141.0 ± 2.5 121.0 ± 6.4b 237.0 ± 14.6a 155.0 ± 10.3b 258.0 ± 7.7a

ALT (mM) 30.3 ± 1.2b 49.3 ± 3.9 31.4 ± 2.1b 61.3 ± 4.0 32.8 ± 4.4b 54.0 ± 5.4
Insulin (mg/dL) 11.0 ± 0.2 17.7 ± 0.2 12.2 ± 1.0b 20.4 ± 0.9a 12.6 ± 1.0b 20.4 ± 1.4

Data are reported as means ± SEM. SC = standard chow; HF = high-fat chow; Ex = exercise training; Sed = sedentary; ALP 
= alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine aminotransferase. P < 0.05 when: (a) compared 
to matched SC/SC, (b) compared to matched sedentary group, (c) compared to matched HF/HF group (one-way ANOVA 
followed by the Tukey post hoc test).
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compared to HF/HF-Sed (P < 0.0001, one-way ANOVA). 
When the diet was switched from HF to SC, the islet size 
shrank accordingly by 46% from HF/SC-Sed to HF/HF-Sed 
(P < 0.0001, one-way ANOVA). The islet insulin immunolo-
calization was 60% greater in HF/HF-Sed than in SC/SC-
Sed (P < 0.0001, one-way ANOVA), while it was reduced in 
both HF/HF-Ex and HF/SC-Ex compared to their sedentary 
counterparts (P < 0.0001, one-way ANOVA) (Table 3).

Liver
The HF diet and sedentary lifestyle altered the liver struc-

ture. HF/HF-Sed had abundant micro- and macrovesicular 
steatosis (Figure 4) with areas of inflammatory infiltrate 
characterizing steatohepatitis (Figure 5). Liver steatosis 
had a relative increase of more than 550% from SC/SC-
Sed to HF/HF-Sed (P < 0.0001, one-way ANOVA). Exercise 
reduced it in HF/HF-Ex by more than 75% compared to 
HF/HF-Sed (P < 0.0001, one-way ANOVA). When the diet 

Figure 4. Volume density of hepatic steatosis (see abbreviations 
in Figure 2) and photomicrographs (a-f) of the liver structure in 
C57BL/6. Histogram: The letters over the bars indicate statistical-
ly significant difference. P < 0.05 when: (a) compared to matched 
SC/SC, (b) compared to matched sedentary group, (c) com-
pared to matched HF/HF group) (one-way ANOVA followed by 
the Tukey post hoc test). Photomicrographs: a, Healthy hepato-
cyte with the structures preserved; b, hepatocytes with dispersed 
microvesicles (arrows); c, hepatocytes with scattered macrove-
sicles and few microvesicles (arrows); d, hepatic structure with 
macrovesicles (large arrows) and several matrix microvesicles 
(arrows) characterizing marked liver steatosis; e, preserved liver 
structure similar to that of the SC/SC-Ex group; f, hepatocytes 
exhibiting some macrovesicles (arrows). 

Table 3. Effect of high-fat diet and exercise training on mouse glucose metabolism.

Groups

SC/SC-Ex SC/SC-Sed HF/HF-Ex HF/HF-Sed HF/SC-Ex HF/SC-Sed

AUC of OGTT 19,313 ± 706.5 18,234 ± 461.4 27,660 ± 1628a,b 22,673 ± 823.2a 18,923 ± 607.1c 17,141 ± 660.1c

AUC of IPITT 9461 ± 1134 9019 ± 494.5 15,191 ± 694.8b 10,877 ± 244.5a 10,067 ± 623.2 10,074 ± 243.4c

Insulin (mg/dL) 11.0 ± 0.2 17.7 ± 0.2 12.2 ± 1.0b 20.4 ± 0.9a 12.6 ± 1.0b 20.4 ± 1.4
Islet cross-sectional area (µm²) 7101.4 ± 513.6 9992.5 ± 855.9 12,067 ± 882.6a,b 22,600 ± 1172.1a 10,827 ± 937.9a 12,234 ± 599.8c

Insulin density by immunoreaction (%) 20.5 ± 1.8b 39.6 ± 2.6 30.5 ± 1.6a,b 50.3 ± 3.1a 30.1 ± 1.4 35.2 ± 1.3c

Data are reported as means ± SEM. SC = standard chow; HF = high-fat chow; Ex = exercise training; Sed = sedentary; AUC to OGTT 
= area under the curve to oral glucose tolerance test (at week 16); AUC of IPITT = area under the curve of intraperitoneal insulin 
tolerance test (at week 16). P < 0.05 when: (a) compared to matched SC/SC group, (b) compared to matched sedentary group, (c) 
compared to matched HF/HF group (one-way ANOVA followed by the Tukey post hoc test).
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was switched from HF to SC, steatosis was significantly 
lower in both HF/SC-Sed and HF/SC-Ex than in their HF/
HF counterparts (P < 0.0001, one-way ANOVA). Both diet 
and exercise acted on liver steatosis (P < 0.0001, two-way 
ANOVA; Table 1).

Discussion

HF diet intake resulted in body mass gain and corre-
sponding adipocyte hypertrophy, fat accumulation within 
hepatocytes, and changes in carbohydrate metabolism. 
Animals switched from a long period of HF to SC showed 
reduction or reversal of the negative features observed, 
especially when the animals were submitted to an exercise 
training protocol. 

The effects of HF consumption on visceral adiposity 
and its relation to the development of chronic diseases and 
obesity are complex, and the effects of exercise training in 
reducing the risk caused by an HF diet and sedentarism 
merit study (22). However, in this evaluation it is necessary 
to consider the intensity, frequency and duration of the 
exercise and the type of diet, which can lead to different 
metabolic adaptations (12). It is questionable whether all 
models of exercise have the same effects on body mass 
and visceral adiposity, fatty liver and lipid profiles. Aerobic 
exercise at a moderate level of intensity over a relatively 
long period of time, as used in the present study, promotes 
reduction of body mass and adiposity by improving the lipid 
profile (23,24).

One of the mechanisms underlying the positive effects of 
exercise training is related to fat utilization by increased lipid 
oxidation during exercise (25). The combination of exercise 
and caloric restriction is a common therapeutic strategy for 
obesity control. In diet-induced obese rats, for instance, 
exercise plus caloric restriction have additive effects on the 
reduction of adiposity, which are greater than the effect of 
either exercise or caloric restriction alone (26,27). 

The present findings demonstrated that HF intake led 
to visceral adiposity with dyslipidemia in sedentary mice, 
in agreement with the literature (13,14). Thus, treadmill 
exercise was able to reduce visceral adiposity, serum 
triglycerides, and serum cholesterol and to improve HDL-
cholesterol concentrations. The activity of lipoprotein lipase 
increases through exercise and is responsible for releasing 
fatty acids from the lipoproteins by promoting an imbal-
ance between HF diet and the effects of exercise (24). 
Furthermore, exercise improves insulin action in the liver 
(28) because, during exercise and after glycogen deple-
tion, fatty acid becomes the major fuel for the exercising 
metabolism in muscle; during the recovery period, glycerol 
is necessary for glycogen repletion (23,29).

The importance of applying different protocols of ex-
ercise training associated with other therapies to control 
and reduce the high prevalence of NAFLD in the obese 
population, including adolescents, is recognized (30). As 

demonstrated here, the exercise training protocol used in 
the present study was effective in reducing fatty liver and 
suppressing HF diet-induced steatosis. 

Hyperinsulinemia is a compensatory response to insulin 
resistance causing adipogenesis, and this compensatory 
effect eventually leads to diabetes (31). HF intake is as-
sociated with excessive circulating free fatty acids and 
glucose, aggravating insulin resistance and increasing 
lipolysis and insulin secretion (32,33). A sedentary lifestyle 
also contributes to the development of insulin resistance in 
humans (34). In contrast, insulin sensitivity may increase 
with exercise, independent of body mass loss or changes 
in body composition (35). The main effect of exercise on 
insulin resistance is the increased expression of intracel-
lular insulin signaling pathway components, in particular of 
glucose transporters (GLUT4) in skeletal muscle (36).

Figure 5. Photomicrographs of steatohepatitis in a C57BL/6 
mouse of the HF/HF-Sed group. a, Abundant micro- and mac-
rovesicular steatosis with some areas of inflammatory infiltrate 
(arrows and inset square) and b, magnification of the inset of 
figure a showing infiltrate with abundant macrophage cells (open 
arrows).
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