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Moderate physical activity from childhood
contributes to metabolic health and reduces
hepatic fat accumulation in adult rats
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Abstract

Background: Obesity, oxidative stress and inflammation, by triggering insulin resistance, may contribute to the
accumulation of hepatic fat, and this accumulation by lipotoxicity can lead the organ to fail. Because obesity is
growing at an alarming rate and, worryingly, in a precocious way, the present study aimed to investigate the
effects of moderate physical training performed from childhood to adulthood on liver fat metabolism in rats.

Methods: Twenty rats that were 28 days old were divided into two groups: control (C) and trained (T). The C
Group was kept in cages without exercise, and the T group was submitted to swimming exercise for 1 hour/day,
5 days/week from 28 to 90 days of age (8 weeks) at 80% of the anaerobic threshold determined by the lactate
minimum test. At the end of the experiment, the body weight gain, insulin sensitivity (glucose disappearance rate
during the insulin tolerance test), concentrations of free fatty acids (FFA) and triglycerides (TG) and hepatic
lipogenic rate were analyzed. For the statistical analysis, the Student t-test was used with the level of significance
preset at 5%.

Results: The T group showed lower body weight gain, FFA concentrations, fat accumulation, hepatic lipogenic rate
and insulin resistance.

Conclusion: The regular practice of moderate physical exercise from childhood can contribute to the reduction of
obesity and insulin resistance and help prevent the development of accumulation of hepatic fat in adulthood.
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Background
Obesity is a major public health problem and is a risk
factor for the development of many fatal diseases,
particularly type 2 diabetes and nonalcoholic fatty liver
disease (NAFLD) [1-4]. The prevalence of NAFLD in
obese individuals increases significantly, reaching 50-75%
[5]. The increase in the prevalence of NAFLD is presumed
to parallel the increased prevalence of obesity and diabetes
in all age groups.
Described by Ludwig and colleagues in 1980 [6],

NAFLD is clinically characterized by the deposition of
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fat droplets in liver hepatocytes [5,7] and varies from
simple macrovesicular steatosis to steatohepatitis, advanced
fibrosis and cirrhosis. NAFLD may be the main cause of
morbidity and mortality related to liver diseases, with the
potential to progress to liver failure. However, it should be
noted that the progression to fibrosis or cirrhosis appears
to occur only in patients with evidence of steatohepatitis.
The etiopathogenesis of NAFLD includes oxidative stress,

inflammation and insulin resistance and a consequently
increased synthesis of triglycerides and retention in the
hepatocyte, leading to macrovesicular steatosis. Mitochon-
drial dysfunction also assumes an important role, leading to
lower lipid oxidation and contributing to fat accumulation
and injury in hepatocytes. The attack of the organ also
involves oxidative stress, causing peroxidation of membrane
lipids in the hepatocytes and cytokine production, especially
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of tumor necrosis factor alpha (TNF-α), which are partly
responsible for the progression of hepatic steatosis to
steatohepatitis and cirrhosis [5,7].
Currently, there are no drugs to treat this disease, and de-

creased fat intake and regular exercise are recommended
for people diagnosed with NAFLD [8,9]. The change in
lifestyle should occur as soon as possible because obesity
in childhood and adolescence is a major risk factor for
obesity and its co-morbidities in adulthood, including
NAFLD [10,11]. Therefore, investigating whether physical
exercise during childhood can prevent the development of
obesity and NAFLD and determining the appropriate
intensity become important.
Due to the limitations of human studies, lab animals are

commonly used in scientific research, and the ability to
control the intensity of exercise performed by these ani-
mals in adulthood has been extensively investigated. How-
ever, there are special situations, such as weanling rats
that simulate children, that have not yet been elucidated
in the literature. Insufficient information is also available
on the effects induced by moderate exercise performed
from childhood to adulthood. Therefore, this study aimed
to investigate the effects of moderate exercise training
(80% of the individual anaerobic threshold) performed
from childhood to adulthood on liver fat metabolism in
rats.
Results
The aerobic capacity for the weanling rats could be
determined. The average minimum concentration of
lactate (mmol/L) was 5.03 ± 1.15, and that obtained in
the overload (% bw) was 8.59 ± 1.09 (Figure 1A). During a
30 minute exercise session with the animals supporting
100% of the overhead determined by the lactate minimum
test, there was stabilization of the peripheral lactate
concentration between 10 and 30 min of exercise
(Figure 1B).
Figure 1 A. Determination of the blood lactate threshold (BLT) from a
indicates the blood lactate concentration (mmol/L) on the ordinate and th
calculated with a second-order polynomial curve using Microsoft ExcelW. T
estimates the blood lactate concentration. B. Peripheral lactate concentrati
BLT using the minimum blood lactate test. The results are expressed as the
baseline (ANOVA, p <0.05).
The animals from the T group showed lower weight
gain, free fatty acid and triglycerides concentrations and
hepatic lipogenic rate compared with the sedentary
group (Figure 2A, B, C and D).
The T group animals showed a higher uptake of glucose

per minute as measured by the insulin tolerance test
(ITT). These animals were more sensitive to insulin than
the sedentary group animals (Figure 3).

Discussion
Cases of liver carcinomas are the fifth most common in
the global ranking of cancer diagnoses [12], growing in
line with the growth of NAFLD [13,14]. Because the
latter disease may be due to the insulin resistance found
in obese individuals and because the incidence of obesity
has been increasing worldwide, affecting children, youths
and adult men and women [15], the importance of the
prevention and treatment of obesity, which can be initi-
ated in childhood by physical exercise, is important to
minimize the inconvenience caused by this condition in
adulthood.
Because the current findings surrounding the effect of

moderate physical exercise (80% of Lan) on the develop-
ment of NAFLD are not clear, the present study examined
the effect of a protocol of moderate training (80% of indi-
vidual aerobic capacity) from childhood to adulthood on
fat metabolism in the liver.
A thorough knowledge of the appropriate exercise in-

tensity is of paramount importance. There are numerous
studies that show different responses of an organism to
different intensities of exercise [16-18]. According to
Dubé et al. [19], there is a high correlation between the
dose/response of physical exercise intensity with insulin
sensitivity, with the recovery of individuals after stroke
[20] or acute myocardial infarction [21] and with fibro-
myalgia [22]. These authors also showed that the higher
the intensity of exercise, the better the body's response
to that exercise. Therefore, a precise determination of
single rat during the incremental swimming test. Each dot
e work overload on the abscissa. The BLT and workload were
he vertical arrow estimates the workload, and the horizontal arrow
on during exercise with a constant overload, which was estimated by
means ± standard deviation of 10 animals. * = different from the



Figure 2 The data on body weight, free fatty acid (FFA) level, liver lipogenic rate and liver triglyceride level, respectively, at the end of
the experiment. C = control, T = trained. *≠ T group compared with C. The data represent the means ± standard deviation (n = 10 animals/
group).
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the individual aerobic capacity prior to start of a physical
training program is important.
To determine the aerobic capacity, the maximum lactate

steady state (MLSS) test is considered the gold standard,
but it requires several days of tests, and its application can
be limited in some special cases. Therefore, in 1993,
Tegtbur et al. [23] developed a test to determine the
Figure 3 Glucose removal rate after the insulin tolerance test
calculated by KITT. C = control, T = trained. *≠ T group when
compared with C. The data are represented as the means ± standard
deviation (n = 10 animals/group).
anaerobic threshold (AT) called the lactate minimum test,
which has been considered a method to determine the ex-
ercise intensity corresponding to the equilibrium between
the production and removal of blood lactate [23,24] or
MLSS [25,26]. In addition to this protocol being consid-
ered a valid method to determine aerobic capacity, it also
enables the identification of the intensity corresponding to
the MLSS in a single test session [25,26].
Moreover, studies of the metabolic effects of exercise

in rats are often challenged by a lack of information
about the intensity of the effort performed by the animal
during exercise. Therefore, Gobatto et al. [27] adapted
the MLSS test from human adults to Wistar rats, and
after understanding that human tests could be adapted
to animal models, Araujo et al. [28] adapted the lactate
minimum test for adult Wistar rats in swimming exer-
cise. These authors suggested that regardless of the
overload in the test, the minimum blood lactate concen-
tration was approximately 5 mmol/L. Because the appli-
cation of overloads to rats during exercise in the water
is relative to body weight, these tests may appear
inappropriate for rats that are too light or in an acceler-
ated growth phase, such as weanling rats. However, this
study successfully determined the AT in weanling rats,
which was previously unknown in the literature. This
study also confirmed the data previously described by
Gobatto et al. [27] and Araújo et al. [28], which showed
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that the lactate concentration at AT, regardless of the
intensity obtained, was approximately 5 mmol/L.
After standardization of the lactate minimum test

because the AT is often assumed to be characterized by a
higher intensity of exercise in which the blood lactate does
not oscillate more than 1 mmol/L from 10 to 30 min of
exercise with a constant overload [29], four days after the
lactate minimum test, the rats were submitted to exercise
with constant overloads corresponding to those found in
the test. The lactate behavior was similar to that found in
the MLSS test, and thus the lactate minimum test can be
an important tool to determine the AT for weanling rats
in a single test.
The exercise intensity in cases of obesity and fat accu-

mulation in the liver is a matter that has much been
discussed currently because if the sustained intensity is
high, there is a high fat oxidation during the exercise
session. However, to restructure the organization for the
future to sustain wear, this oxidation is increased after
this practice, a condition known as excess post-exercise
oxygen consumption (EPOC) in which the consumption
is directly related to the intensity supported during the
physical exertion; thus, the greater the exercise intensity,
the greater the oxygen consumption as long as this
condition persists [30-32].
When exercise is performed with the intensity ranging

from mild to moderate, during which the energy demand
is not required quickly, there will be time enough to
metabolize the fatty acids (FA) used to feed this energy
demand, and thus there will be a greater activation of the
enzyme lipoprotein lipase. In turn, there will be an in-
crease in the rate of lipolysis, and the FAs from adipose
tissue will predominantly be oxidized to sustain exercise
for a long time, causing a consequent decrease in fat mass
and fat intake by the liver. This area of work is known as
Fatmax [32,33].
In 2010, Da Silva et al. [34] showed that the intensity of

exercise performed at 70% of AT decreased insulin resist-
ance due to a decrease in inflammatory processes and also
showed that rats swimming freely, without an overload
but for a long period (6 hours), had improvements in insu-
lin sensitivity. These results indicated that very light exer-
cise can be compensated for by increasing the volume of
exercise. However, this high volume training may not be
able to be supported by obese individuals, especially in
those activities that require the body weight to be
supported, indicating that training protocols with shorter
durations are important.
A study performed by Lima et al. [35], in which the ef-

fects of different exercise intensities in type 2 diabetic
subjects were analyzed, revealed that diabetic patients
who consumed high carbohydrate solutions oxidized
even more fat compared with healthy subjects after
high-intensity exercise (90% Lan). This protocol can
improve insulin sensitivity and minimize the damage
caused by insulin resistance in obese individuals.
If the exercise intensity is not known, the exercise can

act as a villain in combating obesity. According to Mayer
et al. [36], when exercise is performed at a very low inten-
sity that is not accompanied by a decrease in hunger, the
body mass can increase. According to these authors, the
effect of physical exercise on satiety occurs at intense
levels, in which elevated levels of catecholamine suppress
the feeling of hunger. In this study, subjecting the animals
to a moderate-intensity exercise (80% of AT) caused these
animals to have a lower weight gain, leading to a lower
amount of adipose tissue and thereby reducing the intake
of fat by the liver, ultimately preventing the development
of NAFLD.
The stored energy in the form of fat can act in a toxic

way on the liver and lead to lipotoxicity of the liver [37]
and even organ failure by activating apoptotic pathways
[38]. Analyzing the accumulation of hepatic fat through
the lipogenic rate and triacylglycerol concentrations in
the tissue, the insulin resistance was shown to generate
a favorable environment for the greater accumulation of
hepatic fat, which can be explained by the fact the acti-
vation of the lipogenic transcription factor hepatic
SREBP (sterol regulatory element-binding proteins) by
high concentrations of insulin [39-41]. The state of
hyperinsulinemia increases the activity of SREBP in the
liver, thereby increasing the levels of lipogenic genes,
such as fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACC) and Stearoyl-CoA Desaturase1 (SCD1) contribut-
ing to the buildup of hepatic fat. Recently, Cintra et al.
[42] showed in mice fed a high-fat diet that regular phys-
ical exercise that reduces SREBP levels was also effective
in reducing the levels of FAS and SCD1 and increasing
the levels of ACC, thereby contributing to the reversal
of hepatic steatosis.
Because unsaturated fatty acids can activate proinflam-

matory pathways through membrane receptors, such as the
toll-like receptors (TLRs) [43], reducing the supply of
lipid substrates as a result of the increased resistance to
insulin-shaped fatty acids is necessary. In this study,
moderate physical exercise, by promoting a decrease in
concentrations of FFA, was effective in improving insu-
lin sensitivity, which may be associated with increased
insulin activity in insulin-sensitive tissues. According to
Boden & Shulman [44], the responsiveness of peripheral
tissues to insulin may be damaged due to an increase in
the concentration of FFA, affecting the insulin signaling
pathway and thus leading to type 2 diabetes. Another
factor that may have contributed to the best response of
the peripheral tissues to insulin was the strong power of
muscle contraction, which increases the expression of pro-
teins that participate in the insulin signaling pathway,
causing glucose uptake through mechanisms independent
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of intracellular insulin in rats and mice, whether they are
obese or lean, during one or more physical exercise
sessions, thereby making the body less glucose-intolerant
and insulin-dependent [42-49].

Conclusion
According to our findings, the regular practice of moder-
ate physical exercise beginning in childhood can contrib-
ute to the reduction of obesity and insulin resistance and
help prevent the development of NAFLD in adulthood.

Materials and methods
Animals
This study included 30 weanling Wistar rats, 21 days old
at the beginning of the experiment, from the Central
Animal Facility of the Universidade Estadual Paulista
(UNESP), Botucatu/SP, Brazil. The animals were housed in
polyethylene cages measuring 37 cm × 31 cm× 16 cm (four
rats per cage) and kept under a room temperature of 21°C
and photoperiod of 12 hours light/dark. The rats were fed
with standard Purina feed and water "ad libitum".
All animal experiments were performed in accordance

with the Brazilian law for the scientific use of animals
(Law No 11.794, of October 8, 2008). The protocols
were approved by the Ethics Committee on the Use of
Animals (CEUA) from the Institute of Biosciences,
UNESP - Campus de Rio Claro (Protocol: 4573/2010).

Experimental groups
The rats were randomized, from 21 to 90 days old, into
two groups: sedentary (S) rats that remained inactive and
did not perform physical exercise and trained (T) rats that
were subjected to an exercise protocol of swimming at a
moderate physical intensity of 80% of the individual
anaerobic threshold (AT).

Adaptation to water
All animals in group T were adapted to the water environ-
ment. The adaptation consisted of keeping the animal in
shallow water at a temperature of 31 ± 1°C and thereby
minimizing the stress experienced by the animals in the
aquatic environment.

Determination of anaerobic threshold (AT)
At 28 days of age, after being adapted to the liquid envir-
onment, the AT of the T group rats was determined by
the minimum lactate test, as proposed for humans [23]
and modified for rats [28,50]. This test consists of the fol-
lowing: a) a brief period of high intensity exercise to cause
an increase in the circulating blood lactate, b) a brief
period of recovery to ensure high levels of lactacidemia, c)
exercise with progressive loads, increasing overhead and
d) the collection of blood for the lactate analysis. Because
the progressive portion of the lactate minimum test begins
when the blood lactate concentrations are high, the test
produces a characteristic progressive lactate profile in the
form of a "U". The minimum blood lactate was defined as
the intensity of exercise in which the "U curve", derived
from the blood lactate values obtained during the test,
reaches a minimum concentration and theoretically indi-
cates the AT [23].
For the hyperlactacidemia induction, the animals were

placed individually in tanks (100 × 80 × 80 cm) containing
water at 31 ± 1°C, supporting high overloads relative to
the body weight (bw) (20% at 28 days of age and 13%
for adult rats) and allowed to swim for 30 seconds. After
30 seconds of rest, the rats were allowed to swim again
with the same overloads until exhaustion. After a resting
period (12 min for 28 day old rats and 9 min for adult
rats), blood samples were collected by cutting the tail end
to determine the lactate concentration, and the animals
began the swimming exercise with progressively higher
intensities [28,50]. The first load was equivalent to 5% bw
at 28 days of age and 4% bw in adult rats, and the loads
were increased by 1.0% bw in 28 day old rats and 0.5% bw
in adult rats every 5 minutes until exhaustion of the
animal. In each overload exchange, a blood sample was
collected for lactate determination [28 modified by 50].
The blood lactate determination was performed by the
enzymatic method [51].
Because the AT is often assumed to be characterized

by high-intensity exercise in which the blood lactate
does not increase more than 1 mmol/L from 10 to
30 min of exercise with constant overload [29], four
days after the completion of the lactate minimum test,
the rats were submitted to a single session of swimming
supporting constant overloads corresponding to the lac-
tate threshold (AT) that was determined by the test. Each
test consisted of continuous swimming for 30 minutes
with a 100% load with blood sampling in every 10 min to
confirm the stabilization of lactate production.

Training protocol
The T group was submitted to swimming exercise in in-
dividual tanks containing water at 31 ± 1°C for one hour
per day, five days per week, for eight weeks (from 28 to
90 days of age). The rats supported overloads tied to the
back with elastic (Flash elastic, São Paulo/SP, BrazilW),
equivalent to 80% of the individual AT previously identi-
fied by the lactate minimum test.

Insulin tolerance test (ITT)
At the end of the experiment, the insulin sensitivity was
evaluated by the insulin tolerance test (ITT). The first
blood sample was taken from the tail vein (time 0). Then,
a solution of insulin at a dose of 150 mU/100 g of body
weight was administered intraperitoneally. The blood
samples were collected at 4, 8, 12 and 16 minutes post-
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insulin injection from heparinized capillaries and cali-
brated for 25 μl to determine the glucose concentrations
using a commercial kit (LaborlabW). A single cut at the tail
end was enough to collect all blood samples. The results
were analyzed by calculating the removal rate of serum
glucose (Kitt) [52]. The kitt was calculated by the formula
(0.0693/t1/2) × 100 and expressed in %/min. The removal
of blood glucose (t1/2) was calculated by curve least
squares analysis of the blood glucose levels at the times of
decay after the administration of insulin [53] using
Microsoft Excel software 2007.

Sacrifice of animals and obtaining biological material
Blood
At the end of the experiment, in the fed state and 48 hours
after the last "in vivo" evaluation, the animals were
sacrificed after anesthesia with CO2 in a 72 hour resting
state, and the blood was collected for serum separation
and determination of free fatty acids [54].

Liver
The liver was collected at time of sacrifice for weighing,
and an aliquot (500 mg) was used to determine the concen-
tration of triglycerides using a commercial kit (LaborlabW,
Paulínia/SP, Brazil).
In a separate batch of animals (5/group), rats from both

groups were sacrificed 60 minutes after receiving the intra-
peritoneal administration of 3 mCi 3H2O. Aliquots of the
liver tissue were extracted and weighed to determine the
lipogenic rate using tritiated water as previously described
by Robinson & Williamson [55]. The lipid synthesis rate
was expressed as μmol of 3H2O incorporated per hour per
gram of hepatic tissue.

Statistical analysis
The results were expressed as the means ± standard devi-
ation. The Student t-test for independent samples was
used to compare the mean body weight, rate of removal of
serum glucose (Kitt), concentrations of FFA and triglycer-
ides and hepatic lipogenic rate at the end of the experi-
ment. The level of significance was preset at p < 0.05.

Abbreviations
NAFLD: Nonalcoholic fatty liver disease; FFA: Free fatty acids;
TG: Triglycerides; TNF-α: Tumor necrosis factor alpha; AT: Anaerobic
threshold; bw: Body weight; ITT: Insulin tolerance test; BLT: Blood lactate
threshold; MLSS: Maximum lactate steady state; EPOC: Excess post-exercise
oxygen consumption; FA: Fatty acids; SREBP: Sterol regulatory element-
binding proteins; FAS: Fatty acid synthase; ACC: Acetyl-CoA carboxylase;
SCD1: Stearoyl-CoA Desaturase1; TLRs: Toll-like receptors.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All of the authors contributed to the study, with regard to not only sample
collection but also the preparation of this manuscript. All of the authors have
read and approved the final version of this manuscript.
Acknowledgements
The authors would like to thank the technicians at the Biodynamic
Laboratory of the Physical Education Department at UNESP Campus Rio
Claro, Clarice Sibuya and José Roberto Rodrigues, for their indispensable
support and the National Council of Scientific and Technological
Development - CNPq, the Foundation for Research Support of São Paulo -
FAPESP for the financial support and FUNDUNESP.

Author details
1UNESP/Rio Claro, Bioscience Institute, Physical Education Department, São
Paulo State University, Rio Claro, Brazil. 2UNICAMP/Limeira, Applied Sciences
Faculty, Sports Science Course, Campinas State University, Campinas, Brazil.
3Department of Physical Education, Universidade Estadual Paulista (UNESP),
Avenida 24ª n° 1515, Bela Vista, P.O. Box 199, Rio Claro 13506-900SP, Brazil.

Received: 28 January 2013 Accepted: 28 February 2013
Published: 6 March 2013
References
1. Kopelman P: Health risks associated with overweight and obesity.

Obes Rev 2007, 8:13–17.
2. Caldwell SH, et al: Obesity and hepatocellular carcinoma. Gastroenterology

2004, 127:97–103.
3. Brunt EM: Nonalcoholic steatohepatitis: pathologic features and

differential diagnosis. Semin Diagn Pathol 2005, 22:330–338.
4. Williams R: Global challenges in liver disease. Hepatology 2006,

44:521–526.
5. Angulo P: Nonalcoholic Fatty Liver Disease. N Engl J Med 2002,

346:1221–1231.
6. Ludwig J, Viggiano TR, Mcgill DB, Oh BJ: Nonalcoholic steatohepatitis:

Mayo Clinic experiences with a hitherto unnamed disease. Mayo Clin Proc
1980, 55:434–438.

7. Loria P, Lonardo A, Anania F: Liver and diabetes. A vicious circle. Hepatol
Res 2013, 43:51–64.

8. Pardee PE, Lavine JE, Schwimmer JB: Diagnosis and treatment of pediatric
nonalcoholic steatohepatitis and the implications for bariatric surgery.
Semin Pediatr Surg 2009, 18:144–151.

9. Socha P, Horvath A, Vajro P, Dziechciarz P, Dhawan A, Szajewska H:
Pharmacological interventions for nonalcoholic fatty liver disease in
adults and in children: a systematic review. J Pediatr Gastroenterol Nutr
2009, 48:587–596.

10. Dietz WH: Childhood weight affects adult morbidity and mortality.
J Nutr 1998, 128(2):411S–414S.

11. Magarey AM, Daniels LA, Boulton TJ, Cockington RA: Predicting obesity in
early adulthood from childhood and parental obesity. Int J Obes Relat
Metab Disord 2003, 27:505–513.

12. Jemal FA, Bray MM, Center J, Ferlay E, Ward D, Forman: Global cancer
statistics. Canc J Clin 2011, 61:69–90.

13. Bianchini F, Kaaks R, Vainio H: Overweight, obesity, and cancer risk.
Lancet Oncol 2002, 3:565–574.

14. Calle EEC, Rodriguez K, Walker-Thurmond MJ: Thun Overweight, obesity,
and mortality from cancer in a prospectively studied cohort of U.S.
adults. N Engl J Med 2003, 348:1625–1638.

15. Thompson AL: Developmental Origins of Obesity: Early Feeding
Environments, Infant Growth, and the Intestinal Microbiome. Am J Hum
Biol 2012, 24(3):350–360.

16. Pinho CA, et al: Effects of different physical training protocols on
ventricular oxidative stress parameters in infarction-induced rats. Life Sci
2012, 90(13–14):553–559.

17. Johannsen NM, et al: Effect of Different Doses of Aerobic Exercise on
Total White Blood Cell (WBC) and WBC Subfraction Number in
Postmenopausal Women: Results from DREW. PLoS One 2012, 7(2):e31319.
doi:10.1371/journal.pone.0031319.

18. Nyberg M, Jensen LG, Thaning P, Hellsten Y, Mortensen SP: Role of nitric
oxide and prostanoids in the regulation of leg blood flow and blood
pressure in humans with essential hypertension: effect of high-intensity
aerobic training. J Physiol 2012, 590(6):1481–1494.

19. Dubé JJ, Fleishman K, Rousson V, Goodpaster BH, Amati F: Exercise Dose
and Insulin Sensitivity: Relevance for Diabetes Prevention. Med Sci Sports
Exerc 2011, 44(5):793–799.

http://dx.doi.org/10.1371/journal.pone.0031319


de Moura et al. Lipids in Health and Disease 2013, 12:29 Page 7 of 7
http://www.lipidworld.com/content/12/1/29
20. Hornby TG, et al: Importance of specificity, amount, and intensity of
locomotor training to improve ambulatory function in patients
poststroke. Top Stroke Rehabil 2011, 18(4):293–307.

21. Benetti M, Araujo CLP, Santos RZ: Aptidão cardiorrespiratória e qualidade
de vida pós-infarto em diferentes intensidades de exercício. Arq Bras
Cardiol 2010, 95(3):399–404.

22. De Bruijn ST, et al: Relevance of physical fitness levels and exercise-
related beliefs for self-reported and experimental pain in fibromyalgia:
an explorative study. J Clin Rheumatol 2011, 17(6):295–301.

23. Tegtbur U, Machold H, Meyer H, Storp D, Busse MW: Determining the
extent of intensive physical performance in patients with coronary heart
disease. Z Kardiol 2001, 90(9):637–645.

24. Balikian JRP, Neiva CM, Denadai BS: Effect of an acute beta-adrenergic
blockade on the blood glucose response during lactate minimum test.
J Sports Sci Med 2001, 4(3):257–265.

25. Bacon L, Kern M: Evaluating a test protocol for predicting maximum
lactate steady state. J Sport Med Physiol Fitness 1999, 39:300–308.

26. McIntosh BR, Esau S, Svedahl K: The lactate minimum test for cycling:
estimation of the maximal lactate steady state. Can J Appl Physiol 2002,
27(3):232–249.

27. Gobatto CA, Mello MAR, Sibuya CY, Azevedo JRM, Santos LA, Kokubun E:
Maximal lactate steady state in rats submitted to swimming exercise.
Comp Biochem Physiol A Mol Integr Physiol 2001, 130A:21–27.

28. Araujo GG, Papoti M, Manchado FB, Mello MAR, Gobatto CA: Protocols for
hyperlactatemia induction in the lactate minimum test adapted to
swimming rats. Comp Biochem Physiol A Mol Integr Physiol 2007,
148:888–892.

29. Mader A, Heck H: A theory of metabolic origin of the anaerobic
threshold. Int J Sports Med 1986, 7(1):45–65.

30. Achten J, Gleeson M, Jeukendrup A: Determination of the exercise
intensity that elicits maximal fat oxidation. Med Sci Sports Exerc 2002,
34:92–97.

31. Gaesser GA, Brooks GA: Metabolic bases of excess post-exercise oxygen
consumption: a review. Med Sci Sports Exerc 1984, 16(1):29–31.

32. Achten J, Jeukendrup AE: Maximal fat oxidation during exercise in trained
men. Int J Sports Med 2003, 24:603–608.

33. Bahr R, Sejersted OM: Effect of feeding and fasting on excess postexercise
oxygen consumption. J Appl Physiol 1991, 71(6):2088–2093.

34. Da Silva AS, et al: Exercise intensity, inflammatory signaling, and insulin
resistance in obese rats. Med Sci Sports Exerc 2010, 42(12):2180–2188.

35. Lima LCJ, et al: Efeito da intensidade do exercício sobre a oxidação de
carboidratos e gorduras durante a recuperação pós-exercício em
diabéticos tipo 2. Revista Brasileira de Ciência e Movimento 2011,
19(1):32–41.

36. Mayer J, Marshall NB, Vitale JJ, Christensen JH, Mashayekhi MB, Stare FJ:
Exercise, food intake, and body weight in normal rats and genetically
obese adult mice. Am J Physiol 1954, 177:544–548.

37. Unger RH: Minireview: weapons of lean body mass destruction—the role
of ectopic lipids in the metabolic syndrome. Endocrinology 2003,
144(12):5159–5165.

38. Malhi H, Bronk SF, Werneburg NW, Gores GJ: Free fatty acids induce JNK-
dependent hepatocyte lipoapoptosis. J Biol Chem 2006,
281(17):12093–12101.

39. Shimomura I, Bashmakov Y, Horton JD: Increased levels of nuclear SREBP-
1c associated with fatty livers in two mouse models of diabetes mellitus.
J Biol Chem 1999, 274:30028–30032.

40. Horton ES: Metabolic aspects of exercise and weight reduction. Med Sci
Sports Exerc 1985, 18:10–18.

41. Ferre P, Foufelle: Fator de transcrição-SREBP e homeostase lipídica:
perspectiva clínica. Horm Res 2007, 68:72–82.

42. Cintra DE, et al: Reversion of hepatic steatosis by exercise training in
obese mice: The role of sterol regulatory element-binding protein-1c.
Life Sci 2012, 91:395–401.

43. Suganami T, Nishida J, Ogawa Y: A paracrine loop between adipocytes
and macrophages aggravates inflammatory changes: role of free fatty
acids and tumor necrosis factor alpha. Arterioscler Thromb Vasc Biol 2005,
25(10):2062–2068.

44. Boden G, Shulman GI: Free fatty acids in obesity and type 2 diabetes:
defining their role in the development of insulin resistance and β-cell
dysfunction. Eur J Clin Invest 2002, 32(3):14–23.
45. Luciano E, et al: Endurance training improves responsiveness to insulin
and modulates insulin signal transduction through the
phosphatidylinositol 3-kinase/Akt-1 pathway. Eur J Endocrinol 2002,
147:149–157.

46. Pauli JR, Cintra DE, Souza CT, Ropelle ER: New mechanisms by which
physical exercise improves insulin resistance in the skeletal muscle.
Arq Bras Endocrinol Metabol 2009, 53(4):399–408.

47. Matos A, et al: Acute exercise reverses TRB3 expression in the skeletal
muscle and ameliorates whole body insulin sensitivity in diabetic mice.
Acta Physiol 2010, 198(1):61–69.

48. Pauli JR, et al: Acute exercise reverses aged-induced impairments in
insulin signaling in rodent skeletal muscle. Mech Ageing Dev 2010,
131:323–329.

49. Oliveira AG, et al: Physical exercise reduces circulating lipopolysaccharide
and TLR4 activation and improves insulin signaling in tissues of DIO rats.
Diabetes 2011, 60(3):784–796.

50. Mello MAR, et al: Determination of anaerobic threshold in weanling rats
by lactate minimum test. In 15th Annual Congress of the European College
of Sport Science, 2010, Antalya, Book of Abstracts 15th Annual Congress of
the European College of Sport Science, Volume 15. 2010:171–172.

51. Engels RC, Jones JB: Causes and elimination of erratic blanc in enzymatic
metabolic assays involving the use of NAD in alkaline hydrazine buffers:
improved conditions for assay of L-glutamate, L-lactate and other
metabolites. Anal Biochem 1978, 88:475–484.

52. Bonora E, Moghetti P, Zancanaro C, et al: Estimates of in vivo insulin
action in man: comparison of insulin tolerance tests with euglycemic
and hyperglycemic glucose clamp studies. J Clin Endocrinol Metab 1989,
68(2):374–378.

53. Lundbaek K: Intravenous glucose tolerance as a tool in definition and
diagnosis of diabetes mellitus. Br Med J 1962, 3:1057–1513.

54. Regow BJM, et al: Specific determination of free fatty acid in plasm.
Clin Chim Acta 1971, 31:187–195.

55. Robinson AM, Williamson DH: Control of glucose metabolism in isolated
acini of the lactanting mammary gland of the rat: effects of oleat on
glucose utilization and lipogenesis. J Biochem 1978, 170:609–613.

doi:10.1186/1476-511X-12-29
Cite this article as: de Moura et al.: Moderate physical activity from
childhood contributes to metabolic health and reduces hepatic fat
accumulation in adult rats. Lipids in Health and Disease 2013 12:29.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Results
	Discussion
	Conclusion
	Materials and methods
	Animals
	Experimental groups
	Adaptation to water
	Determination of anaerobic threshold (AT)
	Training protocol
	Insulin tolerance test (ITT)
	Sacrifice of animals and obtaining biological material
	Blood
	Liver

	Statistical analysis

	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


