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Abstract

Background: This study aimed to compare the effects of intermit-
tent and continuous swimming training on glucose metabolism in 
neonatal alloxan treated rats.

Methods:  Alloxan was injected in newborn rats at 6 days of age 
(250 mg/kg bw). At 28 days of age, the animals were divided into 
sedentary alloxan (SA), sedentary control (SC), continuous trained 
alloxan (CA), intermittent trained alloxan (IA), continuous trained 
control (CC) and intermittent trained control (IC) groups. The con-
tinuous training protocol consisted of 12 weeks swimming (1 h/
day), uninterrupted, fi ve days a week, in individual cylinder tanks 
(25 cm diameter x 50 cm depth), and with supporting overload of 
5% bw. Intermittent training consisted of 12 weeks of swimming 
(30 s), interrupted by rest (30 s), in individual cylinder tanks (25 cm 
diameter x 50 cm depth), for a total of 20 min/day, fi ve days a week, 
and with an overload of 15% bw.

Results:  At 28 days, the alloxan treated animals showed both a 
higher area under the curve (AUC) values for serum glucose during 
a glucose tolerance test (GTT) and a lower glucose disappearance 
rate (Kitt) during an insulin tolerance test (ITT), indicating insu-
lin resistance in the fi rst group. At 120 days, the alloxan treated 
animals subjected to the intermittent training showed higher serum 
glucose AUC than the controls after a GTT. The glucose uptake 
by isolated soleus muscle was higher in the animals trained by the 
intermittent protocol than in the others.

Conclusions:  In conclusion, intermittent exercise was more ef-
fective than continuous exercise in improving glucose uptake by 
skeletal muscle.

Keywords:  Neonatal rats; Alloxan; T2DM; Exercise training; Glu-
cose uptake

Introduction

In recent years, the incidence of type 2 diabetes mellitus 
(T2DM) has considerably increased [1, 2]. T2DM is char-
acterized by insulin resistance, which leads to characteris-
tic hyperglycemia [2, 3]. This form of diabetes accounts for 
90-95% of diabetes and can be triggered by various factors 
such as obesity, high calorie diet and physical inactivity [2, 
4]. On the one hand, regular physical exercise, particularly 
in the treatment of this disease, improves glucose tolerance 
and improves insulin responsiveness [5-8]. The possible 
mechanisms by which exercise induces benefi cial changes in 
insulin sensitivity include the development of muscle mass, 
increases in the peripheral glucose uptake and the reduction 
in the amount of insulin required for maintaining glucose ho-
meostasis [9-11]. However, the discussion continues about 
the intensity of the effort, the training protocol and the peri-
odicity to be prescribed for T2DM patients.

Unfortunately, there is a lack of direct evidence in the 
literature for the preventative effect of exercise on the devel-
opment of T2DM, because this type of study is diffi cult to 
implement in human subjects. In this context, animal models 
provide more suitable conditions to study the issue. Chemi-
cally induced diabetic animals have been widely used as an 
experimental model for studies of the complications caused 
by diabetes [12] and the effects of physical exercises.

Portha et al. [13] described an experimental model of 
neonatal diabetes in Wistar rats, by application of strepto-
zotocin on the day of birth. In this model, it was demonstrat-
ed that hyperglycemia is transitory. The blood glucose levels 
return to normal after the fi rst week of life, with restoration 
of insulin production and β-cell mass. It features a T2DM 
model in rats, in which the experimental animals present 
good survival [13].

Later, Kodama et al. [14] developed another model, re-
placing streptozotocin with alloxan.  In this study, alloxan 
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was administered at 2, 4 or 6 days of life. When analyzed 
at 60 days of life, rats that received alloxan on the second 
day of life showed slightly higher blood glucose compared 
to controls in the fed state. Animals that received the drug on 
the fourth and sixth days of life showed signifi cantly higher 
blood glucose than controls.

The authors considered this a useful model for studies 
on chronic complications of diabetes, however, they empha-
sized that more studies were needed to determine whether it 
has T2DM characteristics, as seen in the neonatal strepto-
zotocin model.

Oliveira et al. [15] examined the fasting plasma glucose 
and glucose tolerance in alloxan treated rats (day 2) of both 
sexes at 30, 60, 90 days of age.

Fasting glucose was not different from control rats at any 
time. On the other hand, Contarteze et al. [16] showed that 
these animals presented higher blood glucose concentrations 
after an oral glucose load compared to controls. Ribeiro et 
al. [17], using rats that received alloxan at the 6th day of life, 
also showed higher blood glucose values during a glucose 
tolerance test in the alloxan treated animals compared to the 
control group, at both 28 and 60 days of age. Together, these 
data show that the neonatal induction model of diabetes is 
an interesting model in which to study the role of exercise in 
preventing and treating this disease.

Studies using different training protocols in the prevention 
and treatment of type 2 diabetes mellitus are scarce and show 
confl icting results. A study conducted with type 1 diabetics 
(T1DM), which compared the effects of intermittent training 
with high intensity of effort and continuous moderate training, 
showed that the reduction in blood glucose was less evident 
in the intermittent exercise group compared to the continuous 
moderate exercise group in individuals with T1DM [18].

Kuwajima et al. [19], using genetically modifi ed ani-
mals (rats that develop obesity and glucose intolerance at 10 
weeks of age), showed the prophylactic effect of continuous 
training in the development of T2DM. The cumulative inci-
dence of T2DM in the sedentary group was 30, 67 and 78% 
at 10, 16 and 24 weeks of age, respectively. In the trained 
group, the T2DM incidence remained null throughout the 
experimental period.

Oliveira et al. [15] did not fi nd any changes in skeletal 
muscle glucose uptake in rats subjected to neonatal applica-
tion of alloxan after continuous swimming exercise of mod-
erate intensity. Mota el al. [20], using the experimental mod-
el of T2DM with neonatal administration of alloxan, showed 
improvement in glucose tolerance in diabetic animals after 
12 weeks of continuous swimming training, in the intensity 
of the maximal lactate steady state.

In adult, diabetic rats induced by streptozotocin appli-
cation, continuous swimming exercise at different intensi-
ties, before and after the induction of diabetes, attenuated the 
hyperglycemia. The most pronounced effects were observed 
with the highest intensity of exercise [21].

In summary, both continuous training and intermittent 
training seem to play important roles in the prevention and 
treatment of type 2 diabetes mellitus, but further studies are 
needed to characterize the intensity and frequency best suit-
ed for each of these protocols. Thus, this study aims to com-
pare the effects of intermittent and continuous swimming 
training, with equivalent loads, on the glucose metabolism in 
neonatal alloxan treated rats.

Materials and Methods

Animals

Studies were carried out with newly born male Wistar rats, 
kept at 25 ± 1 ºC under a 12/12 h light-dark cycle and fed a 
standard rodent chow and water ad libitum. During breast-
feeding, food and water were offered ad libitum to the moth-
ers, and the pups were distributed in litters of eight per dam. 
Food and water intake and body weight were recorded week-
ly, after the weekend. All experiments using animals were 
approved by the committee of ethics in animal research, Tau-
bate University-CEEA/UNITAU, under protocol no. 019/08.

Neonatal alloxan administration

At 6 days of age, male pups, with a body weight of 11.9 ± 
1.2 g, received an alloxan monohydrate injection (Sigma-Al-
drich Inc., St Louis, MO, USA), which was dissolved in ci-
trate buffer 0.01 M, pH 4.5 [22] and delivered intraperitone-
ally (250 mg/kg body weight) after a 15-h fast. Age-matched 
controls were injected with vehicle alone (citrate buffer). 
Pups were immediately distributed in such a way that each 
mother nursed eight pups.

Experimental groups and design

At 28 days of age, the animals were randomly divided into 
the following six groups and remained in observation until 
120 days of age (Fig. 1):

Control (C): citrate buffer-injected rats not subjected to 
exercise training;

Continuous Training Control (CC): citrate buffer-inject-
ed rats subjected to continuous exercise training protocol;

Intermittent Training Control (IC): citrate buffer-inject-
ed rats subjected to intermittent exercise training protocol;

Alloxan (A): alloxan-injected rats not subjected to exer-
cise training;

Continuous Training Alloxan (CA): alloxan-injected 
rats subjected to continuous exercise training protocol;

Intermittent Training Alloxan (IA): alloxan-injected rats 
subjected to intermittent exercise training protocol.

Exercise training
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The rats were initially acclimated to the water, with the ob-
jective of reducing the stress caused by physical exercise 
performed in this environment. The acclimation began with 
5, 10, and 15 min in shallow water, moving to 5, 10, and 15 
min in deep water, and subsequently 5 min with a bag tied to 
the thorax and 5, 10, and 15 min with a bag tied to the chest, 
which contained an overload of 3% of the body weight, be-
fore initiation of the training. The animals trained for the 
continuous exercise protocol were subjected to swimming, 
beginning at weaning and continuing until 120 days of age, 

as follows: 1 hour per day uninterrupted, fi ve days a week in 
individual cylinder tanks (25 cm diameter x 50 cm depth), 
and supporting a load of 5% of body weight. This intensity 
corresponds to the aerobic/anaerobic metabolic transition 
during swimming exercise for rats [23]. Animals trained for 
the intermittent protocol were subjected to swimming for 30 
s of activity interrupted by 30 s of rest in individual cylinder 
tanks (25 cm diameter x 50 cm depth), 20 minutes per day, 5 
days a week, supporting an overload of 15% of body weight 
(Adapted from, Braga et al. [24] ), beginning and weaning 

Figure 1. Experimental design.

Figure 2. Área under the curve for body weights of the animals at weaning (28 days) until the end of the experiment (120 days). Results 
are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary control; CC: Continuous 
training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Intermittent training alloxan. Different letters 
indicate a statistically signifi cant difference among groups (Two-way ANOVA (3 x 2) and Bonferroni post hoc test, P < 0.05). a: statisti-
cally signifi cant difference for IA versus IC; b: statistically  signifi cant difference for SC versus CC; c: statistically signifi cant difference 
for SC versus IC.
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and continuing until 120 days of age.
The water temperature was maintained at 31 ± 1 °C, 

which is considered  thermally neutral for rats [25, 26]. The 
training protocols had equivalent total weekly training loads 
(WL). According to Araujo et al. [27], WL represents the 
total stimuli of training, defi ned as the product of exercise 
time (t) and intensity (%).

In vivo evaluations

All animals had their body weight and food and water intake 
recorded once a week and were also evaluated with respect 
to glucose tolerance and insulin sensitivity.

Glucose tolerance test (OGTT)

Following a 12-hour fast, animals at 28, 60 and 120 days of 
age were subjected to an oral glucose tolerance test. First, 

blood collection from the tip of the tail was performed (time 
zero 0). Then, a polyethylene gastric catheter was orally in-
troduced to the stomach, and a 20% (2 g/Kg of body weight) 
glucose solution was administered. Blood samples were col-
lected at 30, 60 and 120 minutes after glucose administration, 
with heparinized capillaries calibrated to 25 μL, through a 
small cut on the tail. Glucose concentration was analyzed 
using the glucose-oxidase method (Kit glucose-Laborlab: 
CAT nº 02200-Guarulhos-SP) and insulin was analyzed by 
ELISA (Insulin Kit Diagnostic systems laboratories INC 
(DSL), REF: 10-1600, 445 medical Center BLVD, Webster, 
TX 77598, USA). A single incision at the tail was created to 
obtain all samples. The glucose and insulin responses dur-
ing the OGTT were evaluated total areas under the curve for 
serum glucose and insulin using the trapezoidal method [28] 
and the ORIGIN 6.0 software (1999).

Insulin tolerance test (ITT)

Figure 3. Area under the curve for food intake (A) and water intake (B) of the animals at weaning (28 days) until the end of the experi-
ment (120 days). Results are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary 
control; CC: Continuous training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Intermittent training 
alloxan.

Figure 4. Area under the glucose curve (A) and area under the insulin curve (B) at weaning (28 days) during the glucose tolerance test 
(OGTT). Results are expressed as means ± standard deviation of 10 animals per group. *: statistically signifi cant different ( student 
test, P < 0.05) from control group.
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To estimate insulin sensitivity of the animals at 28, 60 and 
120 days of age, the insulin tolerance test (ITT) was em-
ployed. The test consisted of a bolus injection, administered 
subcutaneously in the dorsal region, of regular insulin so-
lution (30 mU/100g body weight). Blood samples (25 μL), 
obtained through a small cut on the end of the tail, were col-
lected in heparinized capillaries at 0, 30, 60 and 120 min-
utes after glucose dosage  (Glucose Kit - Laborlab: CAT nº 
02200- Guarulhos- SP). A single incision at the tail was suffi -
cient to obtain all samples. The serum glucose disappearance 
rate (Kitt) expressed in %/minute was calculated using the 
formula (0.693/t/2) x 100. A blood glucose (t/2) curve was 

calculated by a least squares analysis of the levels of serum 
glucose while there was a linear decrease after the adminis-
tration of insulin [29].

Samples collection

At 120 days of age, all animals were sacrifi ced by decapita-
tion after deep anesthesia with sodium amobarbital (15 mg/
kg body weight), without fasting and 48 hours after the last 
in vivo procedure. Biological material was obtained.

Blood samples

Figure 5. Serum glucose disappearance rate (Kitt, %/min) during insulin tolerance test (ITT). Results are expressed as means ± stan-
dard deviation of 10 animals per group. *: statistically signifi cant different (student test, P < 0.05) from control group.

Figure 6. Area under the glucose curve (A) at 60 days and area under the insulin curve (B) at 60 days during glucose tolerance test 
(OGTT). Results are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary control; 
CC: Continuous training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Intermittent training alloxan. 
Different letters indicate a statistically signifi cant difference among groups (Two-way ANOVA (3 x 2) and Bonferroni post hoc test, P < 
0.05), referring to area under the glucose and insulin curve.  a: statistically  signifi cant differences for IA versus IC; c: statistically signifi -
cant differences for SC versus IC; e: statistically signifi cant differences for CA versus CC; g: statistically  signifi cant differences for SA 
versus CA; h: statistically signifi cant differences for SA versus IA; i: statistically signifi cant differences for CC versus IC.
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Blood samples were collected to verify the concentrations of 
serum glucose (Glucose Kit-Laborlab: CAT no. 02200-Gua-
rulhos-SP) and serum insulin using ELISA (Insulin Kit- Di-
agnostic systems laboratories INC (DSL), REF: 10-1600, 
445 medical Center BLVD, Webster, TX 77598, USA).

Liver, heart and gastrocnemius muscle

These organs were removed for the determination of glyco-
gen concentrations. Fractions weighing between 26-35 mg 

of liver, heart and gastrocnemius muscle were immediately 
digested in a water bath at 100 °C in 0.5 mL of 1N KOH 
for 20 minutes. A saturated solution of Na2SO4 (20 μL) was 
added, and glycogen was precipitated with two passages of 
2.5 mL hot ethanol followed by centrifugation. The superna-
tant was discarded [30]. The glycogen precipitate was resus-
pended in 4 mL of water and colorimetric determination was 
performed in 1 mL of extract, 20 μL of 80% phenol and 2.0 
mL concentrated sulfuric acid, after boiling for 15 minutes. 
The absorbance was measured in a spectrophotometer at 490 

Figure 7. Serum glucose disappearance rate (Kitt,) during insulin tolerance test (ITT) at 60 days. Results are expressed as means ± 
standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary control; CC: Continuous training control; CA: Con-
tinuous training alloxan; IC: Intermittent training control and IA: Intermittent training alloxan.

Figure 8. Area under the glucose curve (A) at 120 days and area under the insulin curve (B)  at 120 days during the glucose tolerance 
test (OGTT). Results are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary 
control; CC: Continuous training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Intermittent training 
alloxan. Different letters indicate a statistically signifi cant difference among groups (Two-way ANOVA (3 x 2) and Bonferroni post hoc 
test, P < 0.05), referring to area under the glucose curve a, statistically signifi cant differences for IA versus IC.
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nm. Glucose solutions of known concentrations were used 
for calibration curves [31].
 
Soleus muscle

Muscle was assessed for glucose uptake and oxidation, and 
for glycogen synthesis and concentration, according to the 
procedure described by Ribeiro et al. [17].

Briefl y, after sacrifi ce, the soleus muscles from both 
paws were removed and longitudinal strips (25 and 35 mg) 
were placed in 20 mL glass scintillation vials containing 
1.5 mL of Krebs-bicarbonate buffer. The vials were closed 
with rubber lids, sealed with plastic rings and subjected to 
30 minutes of pre-incubation while shaking in a Dubinoff-
type bath at 60 rpm with continuous gas injection of O2/CO2 
(95%/15%). After this period, the muscle strips were trans-
ferred into new scintillation vials (outer vial) small scoop-
shaped tubes inside (inner vial) using a straight stick of ap-
proximately 3 cm that was inserted into the rubber lids of the 
outer vial. Each outer vial contained 1.5 mL of Krebs-Ringer 
buffer and each inner vial 700 μL of hyamin 10 x. After 60 
minutes of incubation in this system, with gas injection dur-
ing the fi rst 15 minutes, 100 μL of 25% trichloroacetic acid 
(TCA) were added to the outer vial, aiming at the CO2 re-
lease. The muscle strips were placed out of reach of chemical 
solutions and the preparation was kept 3 more hours in the 
system. After this period, 200 μL of the solution from the 
inner vial was collected for the determination of the CO2 
produced. The muscle strip was immediately digested in 0.5 
mL of KOH [30] for muscle glycogen dosage [31]. The pre-
incubation and incubation temperature was of 37 oC. The 

glucose uptake, using 2-DG and incorporation of 14C into 
glycogen (synthesis), were evaluated by measuring the ³H of 
the 2-DG and the glucose 14C radioactivity, in the precipitate 
and alkaline phase of the glycogen extraction respectivelly. 
For the estimation of the oxidized glucose (CO2 production), 
the radioactivity of the 14 C present in the liquid (hyamin) 
collected from the inner vial of the incubation system was 
determined. All measurements of radioactivity were carried 
out in a Packard Tricarb 2100 scintillation counter, in a Tri-
ton X-100 Toluene-based scintillant.

Statistical analysis

Data analysis was performed using a student t-test or analy-
sis of variance two-way ANOVA, followed by Bonferroni 
post-hoc test when appropriate. In all cases, the level of sig-
nifi cance was preset at 5% (P < 0.05).

Results

The values of the area under the curve for body weights dur-
ing the experiment are shown in Fig. 2. The IA group pre-
sented a higher area compared to the corresponding control, 
ITC. The SC group showed higher values than the CC and IC 
groups, showing the effectiveness of continuous and inter-
mittent training protocols in weight control animals. Fig. 3A 
and 3B present the values for area under the curve for food 
and water intake, respectively, of the animals. No differences 
were observed between the groups.

Glucose tolerance test (OGTT) and insulin tolerance 

Figure 9. Serum glucose disappearance test (Kitt,) during insulin tolerance test (ITT) at 120 days. Results are expressed as means 
± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary control; CC: Continuous training control; CA: 
Continuous training alloxan; IC: Intermittent training control and IA: Intermittent training alloxan.

  107                   



J Endocrinol Metab  •  2011;1(3):101-112Ribeiro et al

Articles © The authors   |   Journal compilation © J Endocrinol Metab and Elmer Press™   |   www.jofem.org

tests (ITT) were performed at 28, 60 and 120 days. The re-
sults of OGTT were analyzed by calculating the area under 
the curve for serum glucose and insulin during the test. Fig. 
4A and 4B show the areas under the curve for serum glucose 
and insulin during the oral glucose tolerance test performed 
at 28 days. The alloxan group showed higher area under the 
glucose curve (Fig. 4A) when compared with controls, indi-
cating glucose intolerance in the alloxan group.  The same 
trend was observed when measuring the area under the in-
sulin curve (Fig. 4B), as the alloxan group showed higher 
values than the control group.

Insulin sensitivity was assessed by ITT and analyzed by 
calculating the serum glucose disappearance rate (Kitt) dur-
ing the test (Fig. 5). Kitt values were lower in the alloxan 
treated group compared to the control group, showing insu-
lin resistance in the alloxan animals.

Fig. 6A and 6B show the area under the curve for serum 
glucose and insulin during the oral glucose tolerance test 
(OGTT) performed at 60 days.

The IA and CC groups showed higher values for the area 
under the glucose curve (Fig. 6A) compared to IC. Regard-
ing the area under the insulin curve (Fig. 6B), the SA group 
presented higher values than the CA and IA groups; the CA 

group presented lower values than CC group; and CC and 
SC groups had higher area than the IC group. In relation to 
insulin sensitivity (Fig. 7), assessed by Kitt  at 60 days, no 
statistical differences were observed.  

Fig. 8A shows the area under the curve for serum glu-
cose during OGTT, performed at 120 days. The ITA group 
showed a higher area than the ITC group. Regarding the area 
under the insulin curve (Fig. 8B) and insulin sensitivity (Fig. 
9) evaluated by Kitt, there were no statistical differences be-
tween groups.

Serum glucose and insulin, as well as gastrocnemius 
muscle, liver and heart glycogen concentrations, were mea-
sured at 120 days, and the data are shown in Table 1. Dif-
ferences were found only in the glycogen concentration of 
the gastrocnemius muscle, where the SC and IA groups had 
lower concentrations than the IC group.

Table 2 presents data from glucose uptake and oxida-
tion and glycogen synthesis and concentration in the soleus 
muscle isolated from the animals at 120 days. The SA group 
showed lower glucose oxidation rates than the CA group. AS 
and CA groups had lower glucose uptake levels than the IA 
group, and the SC and CC groups had lower values than IC 
group. These data indicated greater effectiveness of the inter-

Table 1. Serum Glucose, Insulin Concentrations and Gastrocnemius Muscle, Liver and Heart Glycogen 
Concentrations at 120 days

Results are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary 
control; CC: Continuous training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Inter-
mittent training alloxan.Different letters indicate a statistically signifi cant difference among groups (Two-way ANOVA 
(3 x 2) and Bonferroni post hoc test, P < 0.05). a: statistically  signifi cant differences for IA versus IC; c: statistically  
signifi cant differences  for SC versus IC.

SA SC CC

Serum glucose (mg/dL) 94.68 ± 5.51 88.73 ± 7.90 88.80 ± 6.83

Serum insulin (ng/mL) 2.40 ± 1.97 2.83 ± 1.90 2.98 ± 2.22

Gastrocnemius glycogen (mg/100 mg) 0.44 ± 0.11 0.40 ± 0.12 0.50 ± 0.06

Liver glycogen (mg/100 mg) 7.36 ± 0.98 7.18 ± 0.94 7.64 ± 1.11

Heart glycogen (mg/100 mg) 0.148 ± 0.022 0.133 ± 0.019 0.144 ± 0.019

CA IC IA

Serum glucose (mg/dL) 94.13 ± 9.22 90.98 ± 8.66 94.95 ± 8.16

Serum insulin (ng/mL) 3.03 ± 2.00 3.25 ± 2.49 2.81 ± 2.15

Gastrocnemius glycogen (mg/100 mg) 0.55 ± 0.10 0.62 ± 0.16c 0.46 ± 0.10a

Liver glycogen (mg/100 mg) 7.29 ± 1.38 8.13 ± 1.34 7.38 ± 0.79

Heart glycogen (mg/100 mg) 0.150 ± 0.027 0.164 ± 0.051 0.149 ± 0.041
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mittent training protocol on glucose uptake compared to the 
continuous training protocol. The CA group showed higher 
soleus muscle glycogen concentration than the SA group.

Discussion
  
T2DM is characterized by insulin resistance and glucose 
intolerance. Exercise triggers metabolic adjustments, which 
may attenuate complications of the disease. Therefore, exer-
cise is extremely important in the prevention and treatment 
of T2DM. Thus, this study aimed to compare the effects of 
intermittent and continuous swimming training on glucose 
metabolism in rats after neonatal alloxan application.

The data from this study demonstrated the effi cacy of 
the neonatal alloxan administration in impairing the glucose 
homeostasis of the animals. These data are consistent with 
previous studies of the same model [14-17, 20].

Many patients with T2DM are obese, and obesity by it-
self may lead to the development of insulin resistance. This 
condition can improve with weight reduction combined with 
regular physical activity [32]. In this study, all animals had 
body weight, water and food intake recorded once a week. 
When we analyzed the area under the curve for the body 

weight of the animals during the experiment, the sedentary 
alloxan animals had area under the curve values for body 
weight similar to those of corresponding controls. Animals 
that performed intermittent and continuous swim training 
presented lower body weight values than their sedentary 
counterparts, showing the effectiveness of the training pro-
tocols for body weight control. This result is of great impor-
tance to the prevention and development of obesity and of 
insulin resistance. Kodama et al. [14], using the same model 
of neonatal administration of alloxan, showed no change in 
body weight of alloxan rats when compared with sedentary 
controls. Oliveira et al. [15] found similar results to those 
reported in this study, as they also demonstrated reduced 
weight gain after continuous moderate swimming training in 
neonatal alloxan administered rats. In relationInIn addition, 
no differences in food intake were found between groups. 
Similar results were reported in a previous study by our 
group [15]. In contrast, Kodama et al. [14] showed lower 
food intake in alloxan animals than in controls. With respect 
to water intake, there were no differences between groups in 
this study, whereas Oliveira et al. [15] found an increase in 
trained animals. It is noteworthy that, in the present study, 
the animals had reduced body weight due to the increased 
energy expenditure required during exercise and not due to 

Table 2. Glucose Uptake and Oxidation, Glycogen Synthesis and Concentration in the Soleus Muscle at 120 
days

Results are expressed as means ± standard deviation of 10 animals per group. SA: Sedentary alloxan; SC: Sedentary con-
trol; CC: Continuous training control; CA: Continuous training alloxan; IC: Intermittent training control and IA: Intermittent 
training alloxan. Different letters indicate a statistically signifi cant difference among groups (Two-way ANOVA (3 x 2) and 
Bonferroni post hoc test, P < 0.05). c: statistically  signifi cant differences for SC versus IC; d: statistically signifi cant differ-
ences for CA versus IA; g: statistically signifi cant differences for SA versus CA; h: statistically signifi cant differences for SA 
versus IA; i: statistically signifi cant differences for CC versus IC.

SA SC CC

Glucose uptake (μmol/g.h) 2.64 ± 0.55 3.17 ± 0.76 3.70 ± 0.89

Glucose oxidation (μmol/g.h) 2.07 ± 0.62 2.84 ± 0.82 3.65 ± 1.60

Glycogen synthesis (μmol/g.h) 0.27 ± 0.13 0.29 ± 0.13 0.36 ± 0.09

Glycogen concentrations (mg/100mg) 0.30 ± 0.04 0.40 ± 0.11 0.37 ± 0.04

CA IC IA

Glucose uptake (μmol/g.h) 3.13 ± 0.40 5.09 ± 0.49c, i 5.59 ± 0.99h, d

Glucose oxidation (μmol/g.h) 5.81 ± 2.25g 4.64 ± 2.13 3.77 ± 1.68

Glycogen synthesis (μmol/g.h) 0.32 ± 0.06 0.32 ± 0.11 0.42 ± 0.21

Glycogen concentrations (mg/100mg) 0.44 ± 0.08g 0.37 ± 0.04 0.41 ± 0.08
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decreased food intake.
Glucose tolerance and insulin sensitivity were evaluated 

by the OGTT and ITT tests at 28, 60 and 120 days old.
At 28 days, we observed glucose intolerance and insulin 

resistance in alloxan animals, after a greater area under the 
curve for serum glucose and insulin was observed during the 
OGTT, and we observed a lower Kitt during the ITT for al-
loxan animals. Similar results were reported in Oliveira et al. 
[15] and Contarteze et al. [16]. Together, these data indicate 
the effectiveness of neonatal administration of alloxan in  the 
alteration of glucose homeostasis in rats.

The area under the curve for serum glucose during the 
OGTT at 60 days, revealed a trend towards glucose intoler-
ance by sedentary alloxan animals because the area under the 
glycemic curve was slightly higher compared to the corre-
sponding control. Furthermore, after 4 weeks of intermittent 
training, control rats showed improved glucose tolerance 
when compared to continuous training counterparts, indicat-
ing the benefi ts of this type of training for glucose homeo-
stasis. Moreover, both the continuous and intermittent train-
ings were effective in reducing the area under the curve for 
insulinemia in alloxan and control groups. Unlike Contarteze 
et al. [16], who found differences between the control and 
alloxan groups in insulin sensitivity by the HOMA index, in 
this present study, no difference between groups in insulin 
sensitivity was observed when we analyzed the Kitt.

At 120 days, no signifi cant difference between the 
groups in the areas under the serum glucose curve during 
OGTT and the Kitt were detected. After 12 weeks of train-
ing, no difference was evident within these parameters, con-
trasting with the results of Mota et al. [20] showing that after 
12 weeks of continuous training in the intensity of maximal 
lactate steady state, observed improvement in glucose toler-
ance in the trained groups.

In the present study, serum glucose and insulin, in the 
fed state at the end of the experiment, were evaluated. There 
were no differences between groups, despite the presentation 
of glucose intolerance by the alloxan rats when subjected to 
an oral glucose overload.

It is known that glycogen synthesis in skeletal muscle has 
an important role in glucose homeostasis [33-35]. The ability 
of insulin to increase glucose utilization by muscle involves the 
stimulation of glucose transporters and activation of glycogen 
synthase [36, 37]. Both the basal and insulin-stimulated activ-
ity of the glycogen synthase enzyme is impaired in the skel-
etal muscle of T2DM, which may have an important role in 
the development of glucose intolerance and insulin resistance 
[38-41]. The liver glycogen content of adult rats with diabetes 
is increased compared with control rats, and high intensity train-
ing reduces these stores [42]. Therefore, in the present study, 
glycogen concentrations in the gastrocnemius muscle, liver and 
heart were measured to verify the infl uence of training on the 
storage of this substrate in alloxan animals. Intermittent train-
ing was more effective in increasing the gastrocnemius muscle 

glycogen storage than continuous training in the control group. 
This is probably due to the exercise intensity and metabolism 
required during the training, associated with the type of fi bers 
(glycolytic) predominant in this muscle. Moreover, alloxan ani-
mals that performed intermittent training presented lower gly-
cogen content in the gastrocnemius muscle than the correspond-
ing controls. 

In the present study, the soleus muscle was isolated 
for the analysis of glucose oxidation and uptake, and gly-
cogen synthesis and concentration, during the incubation of 
the muscle. The alloxan sedentary group had lower glucose 
oxidation than the alloxan continuous training groups. With 
respect to glucose uptake, the sedentary and the continuous 
training groups had lower values than those that received 
intermittent training. Continuous training increased soleus 
muscle glycogen stores in the alloxan group when compared 
to the sedentary group. This result highlights the effi ciency 
of the continuous training protocol on glycogen storage in 
muscles with oxidative characteristics. Therefore, regular 
exercise can infl uence glucose homeostasis in rats subjected 
to neonatal administration of alloxan, by increasing muscle 
glucose uptake and oxidation. Glucose utilization is syner-
gistically stimulated by exercise training and insulin, and 
chronic exercise induces a decrease in the blood glucose 
levels of diabetic rats [43, 44]. The mechanisms that locally 
act to improve glucose uptake are increased muscle blood 
fl ow, insulin binding to its receptor (the insulin receptor, 
IR), IR turnover, stimulated AMPK (adenosine monophos-
phate-activated protein kinase), AS160 (AKT substrate) and 
increased glucose transport by stimulating GLUT4 translo-
cation to the muscle cell surface [43, 45]. Chronic exercise 
induces alterations in responsiveness to insulin in skeletal 
muscle, which may result, at least in part, in the modulation 
of the insulin signaling pathway at different molecular lev-
els, in particular, the IRS/PI3-kinase pathway [5].

In summary, the neonatal administration of alloxan was 
effective in inducing changes in glucose homeostasis, such 
as glucose intolerance and insulin resistance in animals. The 
continuous training was effective in attenuating increases in 
serum insulin after oral glucose overload, without affecting 
the glycemic response in alloxan treated rats. Intermittent 
training also attenuated the insulinemic response to oral glu-
cose overload in alloxan treated rats, but impaired the glyce-
mic response. Furthermore, the intermittent training protocol 
improved glucose uptake by the skeletal muscle of alloxan 
treated rats, while continuous training improved muscle glu-
cose oxidation. Therefore, both continuous and intermittent 
protocol exerted benefi cial effects on glucose homeostasis of 
alloxan treated rats.
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