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Abstract
Aims: To analyze the effects of exercise performed at the aerobic/anaerobic transition (Lan) on Non-Alcoholic 

Hepatic Steatosis (NAHS) markers in type 1 diabetic rats. 

Methods: Adult Wistar rats were separated into four groups: Sedentary Control (SC), Trained Control (TC), 
Sedentary Diabetic (SD) and Trained Diabetic (TD). The trained groups swam supporting workloads equivalent to 
the Lan for one hour/day, five days/week, for eight weeks. Body weight, serum albumin concentrations, glucose 
concentrations, Free Fatty Acid (FFA) concentrations, NAHS markers (Aspartate Aminotransferase (AST) and 
Alanine Aminotransferase (ALT) and total lipid concentrations in the liver were analyzed. 

Results: The diabetic groups showed higher serum glucose concentrations and more weight loss compared to 
the controls, although the TD group was less affected than the SD group. Training resulted in a decrease in serum 
glucose levels in the diabetic rats. The NAHS markers, total lipid concentrations in the liver and serum albumin 
concentrations did not differ between the groups. However, the diabetic animals had higher serum FFA levels than 
the controls. 

Conclusion: Physical training at Lan attenuates weight loss and improves serum glucose homeostasis in 
diabetic animals. In addition, serum ALT and AST enzymes proved to be adequate markers of lipid levels in the livers 
in this animal model.
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Introduction
Diabetes Mellitus (DM) results from a reduction in either the 

secretion or the action of insulin and causes impairment in both 
glucose storage and glucose use by cells. According to World Health 
Organization (WHO), there were approximately 170 million people 
with diabetes around the world in 2002, and it has been predicted that 
by the year 2030 this number may double [1]. 

Type 1 Diabetes Mellitus (DM1) can result in serious complications 
that reduce both quality of life and life expectancy [2]. These 
complications include retinopathy, renal disease, atherosclerotic 
macrovascular disease, debilitating neuropathies and hepatic diseases, 
such as Hepatic Steatosis (HS).

HS is characterized by an accumulation of fat in the liver that exceeds 
5% of the total weight [3] and can result from alcohol consumption or 
other factors [4]. Non-Alcoholic Hepatic Steatosis (NAHS) is one of the 
most common causes of chronic hepatic diseases, followed by hepatitis 
C and alcoholic HS.

DM1 can lead to an imbalance of the lipid profile [5,6]. According 
to Carew et al. [7], the imbalance of serum lipoprotein concentrations 
promotes clearance of cholesterol from peripheral tissues to the liver 
for catabolism and excretion. When transfer to the liver is high and 
the rate of catabolism is low, fat accumulation may occur in this 
organ, resulting in NAHS. Markers of this condition, such as rises 
in the serum concentrations of the hepatic transaminases Aspartate 
Aminotransferase (AST) and Alanine Aminotransferase (ALT), are 
used as indicators of DM in epidemiological studies [8].

Many attempts have been made to develop drugs that target the 
symptoms of NAHS. However, due to the lack of drugs that treat NAHS 
specifically, patients are instructed to both reduce the amount of lipids 

and carbohydrates in their diet and practice regular physical activity 
to increase their daily energy expenditure [9]. Physical exercise is 
considered to be of great importance in the treatment of DM [10]. Such 
intervention is known to improve glucose tolerance and lipid profiles 
because muscle contraction activates the insulin signaling pathway 
[11,12] and promotes glucose uptake, even in the absence of insulin, 
therefore improving glucose and lipid metabolism. However, there is 
controversy concerning the most effective exercise protocols for diabetic 
patients. In a study performed by Harrison and Neuschwander-Tetri 
[13], exercise training resulted in gradual and healthy weight loss, as 
well as an improvement of diabetic NAHS symptoms from a histological 
point of view. However, in other studies performed by the same authors, 
sharp weight loss resulted in a worsening of the clinical condition of 
the patients, predisposing them to hepatic fibrosis. Therefore, the 
present study aims to analyze the effects of physical exercise an intensity 
equivalent to the aerobic/anaerobic metabolic transition on NAHS 
markers in type 1 diabetic rats.

Material and Methods
Animals

Young male Wistar rats (60 days old at the start of the experiment 
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(300g), 10 per group) were obtained from the animal facilities of 
UNESP - Sao Paulo State University, Botucatu, SP, Brazil. During the 
experiment, the rats had free access to food (Purina® balanced chow) 
and water and were housed (5 rats per cage) on a 12-h light/dark cycle 
at a temperature of 21˚C. All of the procedures involving animals were 
approved by the Institutional Committee for Ethics in Animal Research 
(CEUA-IB-UNESP/Rio Claro, Protocol number: 008/2009).

Induction of diabetes

To induce experimental diabetes, the rats received monohydrated 
alloxan (from Sigma, 32 mg/kg of body weight) dissolved in 0.01 M 
citrate buffer, pH 4.5. The rats were fasted for one night and then injected 
in the penile dorsal vein [14]. After this procedure, the rats were placed 
in collective cages (5 rats per cage) where they received a solution of 
water and glucose (15%) for the first 24 hours post-alloxan injection to 
avoid the complications of alloxanic hypoglycemia [15]. Five days after 
the administration of the drug, the serum glucose levels of the rats in 
the fed state were measured. Rats that were not diabetic (<250 mg/dL) 
or that were extremely diabetic (>650 mg/dL) were excluded from the 
study. Rats injected with a vehicle (citrate buffer) were used as controls.

Experimental groups and design 

The animals were divided into four groups containing 10 animals 
each: Sedentary Control (SC) - healthy rats that did not perform physical 
exercise; Trained Control (TC)-healthy rats that performed a protocol 
of physical exercise; Sedentary Diabetic (SD)-alloxanic diabetic rats 
that did not perform physical exercise and Trained Diabetic (TD) - 
alloxanic diabetic rats that performed a protocol of physical exercise.

Acclimation to the water

All of the rats were acclimated to the water before the beginning 
of the exercise tests. The acclimation involved keeping the animals in 
shallow water maintained at 31 ± 1˚C for 60 min, 5 days/week, for 2 

weeks. The purpose of acclimating the rats was to reduce stress without 
allowing the rats to adapt to the exercise training [16].

Aerobic/anaerobic metabolic transition and aerobic 
conditioning

Immediately following the induction of diabetes, all of the 
animals were subjected to an effort trial to determine the individual 
exercise intensity required to reach the aerobic/anaerobic metabolic 
transition, according to the Maximal Lactate Steady State (MLSS) 
protocol. This method was designed to detect the highest blood lactate 
concentration at which the entrance of lactate into the blood stream 
was counterbalanced by its removal, thereby maintaining a stable 
concentration during exercise at a constant intensity [17]. This method 
has proven to be useful for recommending exercises and for determining 
the aerobic capacity of humans, rats and mice [18-20]. Our research 
group designed the MLSS protocol for rats [21] that was used for the 
swimming exercises in this study. In short, to determine the MLSS, a 
series of 25 min swimming exercises were performed in which the rats 
supported increasing workloads in relation to body weight (starting 
at 5% and increasing in 1% increments after each test). The workload 
was fixed for each series, and there was a 48-h interval between each 
exercise. Blood samples (25 µL) were taken from a cut on the tail tip 
every 5 min for determination of lactate levels. The concentration at the 
highest workload in which the blood lactate concentration did not vary 
by more than 1.0 mmol/L between 10 and 25 min of exercise [21,22] 
was considered to be the blood lactate concentration equivalent to 
the MLSS. The blood lactate concentration was determined using the 
enzymatic method proposed by Engels and Jones [23] (Figure 1).

Exercise protocol

The trained animals were subjected to swimming exercise for 1 
h/day, 5 days/week, supporting a workload equivalent to the aerobic/
anaerobic metabolic transition, as estimated by the MLSS tests [21].

General evaluations and evaluation of hepatic steatosis 
markers

Serum glucose levels (Laborlab Kit, Guarulhos-SP/Brazil) were 
analyzed at the beginning and end of the experiment, and the animals 
were weighed once a week. For analysis of body weight during the eight-
week experiment, total area under the curve was calculated using the 
trapezoidal method [24] with the aid of the Origin 6.0® software. All of 
the animals were killed by decapitation 48 hours after the last exercise 
session, and the blood was collected for serum hepatic Aspartate 
Aminotransferase (AST), Alanine Aminotransferase (ALT), Free Fatty 
Acid (FFA) and albumin measurements using commercially available 
kits (Laborlab Kit, Guarulhos-SP/Brazil). Liver samples were collected 
for determination of total lipid concentrations [25].

Statistic Analysis
The results are presented as mean ± standard deviation and were 

analyzed by one-way ANOVA, followed by the Bonferroni post-hoc test 
in appropriate cases. Statistica 7.0® software was used to perform the 
analyses, and p-values less than 0.05 were considered significant.

Results
The serum glucose concentrations of the diabetic animals were 

increased compared to the controls and a significant decrease was 
observed in the Trained Group (TD) when compared to the Sedentary 
Group (SD) (Table 1). Serum albumin concentrations did not differ 
between the groups (Table 1).

Figure 1: The blood lactate concentration of one representative rat during 
the swimming tests that were used to identify the Maximal Lactate Steady 
State (MLSS). The animal was subjected to three tests while supporting 
workloads of 5.0%, 5.5% and 6.0% of his body weight. Each test consisted 
of a continuous swimming exercise at the intensity previously established for 
25 min or until exhaustion. Blood was collected at rest and at 5-min intervals 
during exercise. MLSS was defined as the highest workload at which the blood 
lactate concentration did not vary by more than 1 mmol/L between 10 and 20 
min of exercise. For this specific rat, the MLSS was reached while supporting a 
load of 5.5 % of his body weight at a blood lactate concentration of 3.34 ± 0.60.
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We were able to identify the individual MLSS for each animal. No 
differences in blood lactate concentration at the intensity equivalent 
to aerobic/anaerobic metabolic transition, as determined by the MLSS 
test, were observed between the groups. However, the MLSS-equivalent 
workload of the diabetic groups was lower than that of the control 
groups (Figure 2).

The body weights of the animals were measured weekly, and the 
area under the curve was calculated for each animal. The diabetic 
groups showed a significant reduction in body weight compared to the 
control groups, although the TD group was less affected than the SD 
group (Table 1). 

Total lipid concentration in the liver, as well as serum AST and 
ALT activity, did not differ between the groups (Table 2). However, 
serum FFA levels were increased in the diabetic groups compared to 
the control groups (Table 1).

Discussion
In the present study, a condition similar to human type 1 diabetes 

was induced in rats by alloxan-injection, which resulted in both 

hyperglycemia and a reduction of body mass, that were similar to the 
effects observed in previous studies conducted by Luciano and Lima 
[14]. Serum albumin concentrations were measured to assess the 
hydration state of the animals. An increase in albuminemia is commonly 
observed in the dehydrated state and is caused by the excessive loss of 
water or water privation, which generates hemo concentration [26]. 
No differences were observed between the groups in the present study, 
indicating that the diabetic rats were not dehydrated. 

At the beginning of the experiment, the MLSS swimming test was 
performed to determine the exercise intensity equivalent to the aerobic/
anaerobic metabolic transition. The analysis of the blood lactate 
kinetics during the swimming exercise allowed us to determine the 
workload that was equivalent to the MLSS intensity in the control and 
diabetic rats. Gobatto et al., [21] reported that the MLSS in eutrophic 
rats occurred at a mean blood lactate concentration of 5.5 mmol/L 
when the animals carried workloads that were equivalent to 5%-6% 
of their body weight. Similar values were observed in the control rats 
of the present study. However, the workload equivalent to the MLSS 
intensity was lower in the diabetic rats compared to the control rats, 

        TC         SC  D          SD
Serum Albumin (g/dL)  4.3 ± 0.5    40.2 ± 0.4       4.0 ± 0.5       4.0 ± 0.4

Serum Glucose (mg/dL) 105.0 ± 9.4  102.7 ± 13.2       301.4 ± 13.9**       323.2 ± 12.1*
Serum FFA (µEq/L) 432.0 ± 41.3       449.3 ± 20.8       507.8 ± 30.0*       510.0 ± 8.2*

Body Weight  (g x 8 weeks) 5383.5 ± 314.9 5270.7 ± 198.3       4774.8 ± 645.4**     3424.8 ± 349.9*

TC=Trained Control, SC=Sedentary Control, TD=Trained Diabetics, SD=Sedentary Diabetics
* Different from control groups (ANOVA, p<0.05).
**Different from SD (ANOVA, p<0.05).

Table 1: Serum albumin, glucose and FFA concentrations at the end of the experiment and area under the curve calculations for body weight during the experiment.

Figure 1: Blood lactate kinetics during swimming exercise at the MLSS-equivalent intensity. Data are expressed as mean ± standard deviation of 10 rats per group. 
The workload equivalent to the MLSS in percentage of body weight is shown at the top of each panel.

 

             TC        SC          TD        SD
      Serum AST (U/L)       87.0 ± 23.2       81.6 ± 15.0       78.7 ± 29.9       69.8 ± 47.3
      Serum ALT (U/L)       38.9 ± 9.4       39.7 ± 14.6       44.6 ± 17.0        40.0 ± 17.4

      Total liver lipid concentrations (mg/100 mg)       3.5 ± 0.5       3.5 ± 0.4       3.7 ± 0.8       3.6 ± 0.6

TC= Trained Control, SC= Sedentary Control, TD= Trained Diabetics, SD= Sedentary Diabetics
Table 2:  Markers of non-alcoholic hepatic steatosis at the end of the experiment.
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indicating that the aerobic capacities of the diabetic rats were impaired. 
During exercise at MLSS intensity, control and diabetic rats had similar 
physiological responses when blood lactate kinetics was analyzed. 

The weight loss of diabetic groups was due to the insulin deficit, as 
this hormone is responsible for anabolism and plays important roles in 
carbohydrate, amino acid and fat metabolism [27,28]. Exercise training 
may attenuate body weight loss, since physical activity increases insulin 
sensitivity and decreases serum glucose concentrations [29,30]. In the 
present study, we observed less weight loss in the DT group than the 
DS group. 

Another aspect to be highlighted is that, even though the training 
protocol used did not result in a reduction of the diabetes-induced 
increase in serum FFAs, it did improve glycemic control in the animals. 
It is known that physical exercise increases insulin sensitivity, and 
therefore improves glucose uptake [31]. A chronic effect of this practice 
is an increase in the sensitivity of cells to insulin, which increases the 
effects of this hormone on the phosphorylation of substrate-2 of the 
insulin receptor (IRS-2) and the phosphatidylinositol-3-kinase (PI3K) 
activity [31]. When muscle contractions take place, there are increases 
in both mitogen-activated protein kinase enzyme activity and AMP 
activated protein kinase activity, followed by increases in calcium and 
nitric oxide levels. These events promote the translocation of vesicles 
containing GLUT-4 to the periphery of the cells, thus allowing glucose 
to enter the muscle fibers [32].

There were no differences in total lipid content in the liver between 
the control and diabetic groups. There were also no differences in the 
levels of the NAHS marker enzymes AST and ALT. Diabetic individuals 
who are insulin resistant tend to develop NAHS due to a greater 
activation of lipases, followed by an increase in the transport of fatty 
acids to the liver, which leads to a significant uptake of triglycerides 
by hepatocytes [33]. The NAHS was not observed in the present 
study due, at least in part, to the fact that the FFAs were probably 
previously consumed as an energy substrate because the animals had 
uncompensated diabetes. Further studies of liver metabolism in this 
type 1 diabetic rat model are required.

In summary, exercise training at the aerobic/anaerobic metabolic 
transition attenuates body weight loss and reduces serum glucose 
concentrations in diabetic rats. Total lipids in the liver, as well as serum 
NAHS markers, were not affected by either alloxan-induced diabetes or 
exercise training.

Conclusions
The results suggest that physical training at an intensity equivalent 

to the metabolic transition attenuates body weight loss and improves 
serum glucose homeostasis in diabetic animals. In addition, serum 
ALT and AST proved to be adequate markers of liver lipid levels in this 
animal model.
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