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Abstract: Our objective was to establish a diabetes mellitus type 2 (DM2) model in rats using a high-
fat diet and streptozotocin (HF-STZ). Male Wistar rats (240-250g) were divided into a control group 
(commercial feed), and HF-STZ group, (66.5%-commercial feed, 13.5%-lard, and 20%-sugar). STZ 
(40mg/kg i.p.) or vehicle was administered on the 13th day. An oral glucose tolerance test (OgTT) was 
performed (2.5mg of glucose/kg v.o.) on both groups. After 39 days of treatment, blood and tissue samples 
were collected for analyses. The weight gain after STZ administration was lower in the HF-STZ group 
than in the control group with reductions in muscle mass and adipose tissue. The HF-STZ group showed 
hyperglycemia after STZ administration (glucose on day 39: HF-STZ: 499 ± 60; control: 134 ± 9mg/
dl). Serum glucagon was 23% lower, and insulin levels were unaltered. The HOMA index was 4-times 
higher in the HF-STZ. The HF-STZ group showed increased post-prandial (330%) and fasting (125%) 
triglycerides, and while glycogen content in the liver and muscles decreased (70-80%). The area under 
the curve (OgTT) was 282% higher in the HF-STZ group. The combination of high-fat diet with STZ 
(i.p) generated rats with hyperglycemia associated with hypertriglyceridemia and introduced many other 
alterations present in human DM2.
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INTRODUCTION

Diabetes mellitus is a chronic endocrine disorder 
characterized by defects in the production of insulin 
by the pancreatic β cells or its action in peripheral 
tissues, which cause metabolic changes and lead to 
increase in blood glucose levels. It is considered a 
worldwide public health problem and contributes 
to various complications, such as vision loss, 

bacterial and viral infections, emotional trauma, 
chronic renal failure, and vascular complications, 
which may progress to a state of disability or death 
(Sheetz 2002, Kawahito et al. 2009).

Diabetes mellitus is classified as type 1 
(DM1) or type 2 (DM2). DM1 is when the 
pancreas stops producing the hormone insulin 
or produces it in very small amounts due to the 
destruction of β cells (Piya et al. 2010). DM2 is 
the most common type and represents about 90% 
of cases of diabetes (Montani et al. 2016). In 
addition to genetic predisposition, its occurrence 
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is due to factors such as increased longevity of the 
population, malnutrition (hypercaloric food with 
low nutritional value), physical inactivity, obesity, 
and aging (Defronzo and Abdul-ghani 2011). DM2 
is commonly characterized by hyperglycemia, 
insulin resistance, and insulin deficiency (Maitra 
and Abbas 2005).

experimental models in animals are used to 
study various aspects related to the disease, such as 
its symptoms, evolution, and complications. They 
have also been used in pharmacological tests in 
the search for more effective drugs and treatments. 
The diabetes model most often used involves the 
administration of a single high dose of streptozotocin 
(STZ) or alloxan (AlX) to adult animals, which 
leads to the destruction of pancreatic β cells and 
causes hyperglycemia as a direct consequence of 
deficient insulin production (Correia-Santos et 
al. 2012). Although some symptoms of diabetes 
can be obtained experimentally using diets with 
high amounts of lipids and sugars (Arulmozhi et 
al. 2004), the use of experimental models with 
similarity to human DM2 is still problematic. 
Studies have shown that mice fed a high-fat (HF) 
diet  develop symptoms related to DM2, such 
as insulin resistance and hyperinsulinemia, but 
not hyperglycemia (Srinivasan et al. 2005). On 
the other hand, hyperlipidemic diets associated 
with a dose of STZ have shown positive results 
in establishing DM2, but there are differences 
regarding the composition of the diet, the dose of 
STZ to be administered, and the species and the age 
of animal (Correia-Santos et al. 2012, Atanasovska 
et al. 2014).

experimental models should also be easy 
to execute and have low cost. Based on this 
information, we present an experimental model 
for diabetes using adult male Wistar rats. The 
rats were fed a commercial diet recommended 
for rodents that was enriched with animal fat 
(lard) and sugar (to increase the caloric value), 
along with the administration of STZ i.p. The 

STZ was administered at a dose slightly lower 
than that usually used to establish DM1. We 
hypothesized that the animals would show the 
main symptoms observed in DM2 in humans, such 
as hyperglycemia, insulin resistance, altered lipid 
profile, and other effects of hyperglycemia (such 
as glycosuria, polyuria, and thirst). Due to the lack 
of insulin action, the animals also should present 
lower weight gain, reduced muscle mass, and 
reduced fat and glycogen deposits at the end of the 
treatment period. 

MATERIALS AND METHODS

ANIMAlS AND TReATMeNT

Male Wistar rats weighing approximately 240-250 
g (10 weeks old) were randomly divided into two 
groups. The control group was fed commercial feed 
(labina), and the HF-STZ group was fed a diet 
with 66.5% commercial feed, 13.5% lard, and 20% 
sugar. The chemical composition of the labina 
feed and HF diet is described in Table Ia, b. The HF 
diet has more calories from lipids (22%) and less 
carbohydrate (10%) and protein (12%) compared to 
the control diet. The rats were housed individually 
in metabolic cages in an environmentally controlled 
room (light from 6 AM to 6 PM, 23 ± 1°C) and had 
free access to food and water. 

The body weight, water intake, and food 
intake of each rat were recorded daily. glycaemia 
was measured every 3 days using test strips (Accu-
Chek). Urine samples were also collected every 3 
days for glucose and urea urinary determinations. 
The animals received their respective diets for a 
period of 12 days, and on the 13th day, a single dose 
of STZ was administered intraperitoneally (40 mg/
kg body weight) to animals fasted for 12 h in the 
HF-STZ group. The control animals received only 
vehicle (0.01 M citrate buffer, pH 4.5). After 3 days 
of induction with STZ (on the 16th day of treatment), 
blood glucose was measured to confirm the 
establishment of diabetes. Animals were considered 
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TABLE Ia
Calories and chemical composition (g/100 g) of Labina feed.

Composition of comercial Labina feed g/100g
Cal/100g % of total caloric 

value

Carbohydrate 52 208 61
lipid 5 45 13
Protein 22 88 26
Water 10
Ash 11

Total energy 341 Cal/100g or 1432 
J/100g

Sales 2011.

TABLE Ib
 Ingredients and chemical composition (g/100 g) of high-fat diet.

Ingredients of high-fat diet g/100g
Comercial labina feed 66.5
lard 13.5
Sucrose 20

Composition of high-fat diet g/100g Cal/100g % of total caloric 
value

Carbohydrate 54.5 218 51
lipid 16.8 151.2 35
Protein 15.0 60 14

Total energy 429 Cal/100g or 
1802 J/g

diabetic if they had postprandial glycaemia values 
greater than or equal to 288 mg/dl. The scheme 
of the experimental model is presented in Figure 
1. The animals were maintained according to the 
Brazilian College of Animal experimentation, and 
the study was approved by the ethics Committee 
of the Federal University of Mato grosso (protocol 
no. 23108.085196/2015-96).

glYCeMIC ReSPONSe TO glUCOSe 
ADMINISTRATION

The evaluation of the glycemic response to the oral 
glucose administration (OgTT) was performed on 
diabetic and control animals that had been fasting 
for 15 hours. These animals received a glucose load 
of 2.5 g/kg body weight on the 24th day after the 
STZ administration (37th day of the experimental 

period). The glucose load was administered 
through an orogastric gavage. Plasma glucose 
was measured before (t = 0) and after the glucose 
administration (15, 30, 45, 60, 75 and 90 minutes).

SAMPle COlleCTION 

At the end of the experimental period (39th day), 
the animals were sacrificed by decapitation 
between 7 and 10 AM. Blood samples were 
collected into tubes containing an anticoagulant to 
determine the glucose levels in the plasma. Serum 
was collected to determine the concentration of 
triglycerides, total cholesterol, HDl cholesterol, 
VlDl cholesterol, and lDl cholesterol. groups 
of rats (Control group; n=6; HF-STZ group; n=5) 
were fasted for 12 h and samples of blood were 
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collected for determination of concentration of 
insulin, glucose and glucagon using commercial 
kits. The tissues were removed, weighed, and 
stored at -80ºC to measure the lipids and glycogen 
content. The carcasses were eviscerated, weighed 
and stored at -20ºC for chemical composition 
analysis. Biochemical analyses were performed by 
enzymatic colorimetric methods using commercial 
kits (labtest and Bioclin). Insulin and glucagon in 
the blood were determined by elISA assays using 
commercial kits (Sigma-Aldrich Inc., At. louis, 
MO, USA). The homeostasis model assessment of 
insulin resistance (HOMA-IR) index was calculated 
for each rat as: HOMA-IR = [fasting insulin (µU/
ml) x fasting glucose (mmol/l)]/22.5. This index 
is a predictor of insulin resistance (Bowe et al. 
2014). 

lIPID AND glYCOgeN DeTeRMINATION

lipids from the liver and retroperitoneal (ReT), 
epidydimal (ePI), and perirenal (PeRI) white 
adipose tissues were determined by gravimetric 
methods after chloroform-methanol (2:1) extraction 

according to Folch et al. (1957). A method from 
Carroll et al. (1956) was used to determine hepatic 
and muscle glycogen levels.

CARCASS COMPOSITION AND eNeRgY INTAKe

Carcass water, fat, protein content, and ash were 
determined as described by Aparecida de França 
et al. (2009). Water content was measured as the 
difference between wet and dry weights, the latter 
obtained by oven-drying at 105ºC to a constant 
weight. Fat content was obtained after extraction 
from the dry carcass with petroleum ether. Ash 
content was estimated following combustion at 
550ºC to a constant weight. Protein content was 
determined by subtracting the water, fat, and ash 
contents from the wet carcass weight. 

Energy gain was calculated as the difference 
between the carcass energy at the end of the 
experiment and the carcass energy on the first 
day (baseline) (Ferreira et al. 2007, Aparecida de 
França et al. 2009). Carcass energy was calculated 
as previously described (Aparecida de França et al. 
2009).

Figure 1 -  experimental design
Rats received an intraperitoneal (i.p.) injection of streptozotocin (STZ) or vehicle on the 13th day of high-fat or control diets. After 
three days (on the 16th day of treatment), the animals were subjected to glycemic tests. On the 37th day, oral glucose tolerance tests 
were performed. On the 39th day, the animals were sacrificed for analyses.
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STATISTICAl ANAlYSIS 

The results are expressed in terms of the mean ± 
standard error (Se). The data were subjected to 
statistical analyses using Statistics for Windows 
(StatSoft, USA) or graphPad Prim. levene’s test 
for homogeneity was initially used to determine 
whether the data complied with the assumptions 
required for parametric analysis. When necessary, 
the data were log-transformed to correct for variance 
in heterogeneity or non-normality (Sokal and Rohlf 
1995). To evaluate food intake, body weight, water 
intake, and the urinary volume, glucose, and urea, 
repeated-measures ANOVA was used to analyze 
the effect of diet versus time, and a student’s t-test 
was used to evaluate the difference between groups 
for independent samples. The differences were 
considered significant at P≤0.05.

RESULTS

In the first 12 days of treatment before induction 
with STZ, the body weight gains were 64 ± 12 g 
and 70 ± 11 g in the HF-STZ and control groups, 
respectively. From the 16th day until the end of 
treatment (39th day), the weight gains were 6 ± 2 
g in the HF-STZ group (diabetic) and 51 ± 9 g in 
the control group (Table II). Food intake and body 
weight during the experimental period were lower 
in the HF-STZ group than in the control group 
(Figures 2a and 2b).

The HF-STZ group showed a reduction of 
14% in absolute food intake (daily and total) in the 
12 days before the induction with STZ compared to 
the control group (Table III). After induction with 
STZ (16th day), the daily and total absolute intake 
remained lower by approximately 14% in the HF-
STZ group (diabetics) compared to control group. 
No difference was observed in daily and total 
absolute energy intake in first 12 days and after 
the STZ administration (Table III) in both groups. 
However, total relative energy intake increased 
38% in the HF-STZ group compared to the control 
group. There were no significant differences in the 
other parameters evaluated (Table III).

Compared with the control animals, HF-STZ 
animals had reductions of 28% in carcass weight, 
26% in water, 22% in protein content, and 66% in 
carcass fat. Although total relative energy intake 
were higher in HF-STZ animals, their carcass energy 
(39%) and energy gain (75%) were lower (Table 
IV). There were reductions of 38% in epidydimal 
adipose tissue (ePI), 18% in the soleus, and 20% 
in the extensor digitorum longus (eDl) muscles in 
the HF-STZ group (Table V). There was no change 
in weight of the other tissues evaluated. glycogen 
content was reduced by 71% in the liver, 75% in 
the soleus muscle, and 80% in the eDl muscle in 
the HF-STZ group compared to the control group 
(Table V). There were no significant changes in 
lipid content in the tissues between groups.

TABLE II
 Body mass before streptozotocin (STZ) administration (12th day), body mass after STZ administration (diabetics), and 

final body mass (39th day) of male rats subjected to control diet (C) or high-fat diet/ streptozotocin (HF-STZ).

Variables
C group

(n=6)
HF-STZ group

(n=10)

Body mass before STZ (12th day) (g)  320.2 ± 15.2 305.7 ± 9.1

Body mass after STZ (diabetics) (16th) (g)  338.4 ± 16.8 293.6 ± 10.6*

Final body mass (39th day) (g)  389.6 ± 19.1 299.2 ± 10.2*

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. * P < 0.05 versus controls 
(Student’s t test).
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Water intake (Figure 2c), urine volume (Figure 
2d), glucose (Figure 2e), and urea in the urine 
(Figure 2f) were higher as the treatment progressed 
in the HF-STZ group than in the control group. 
Figure 3 shows the glycemic parameters assessed 
in the blood. On the 12th day of administration of 
the HF diet, blood glucose in the HF-STZ group 
(118 ± 1 mg/dl) was higher than in the control 

group (107 ± 2 mg/dl). After induction with STZ, 
there was a 234% increase in glucose levels in the 
HF-STZ group (HF-STZ= 404 ± 46 mg/dl; control 
= 121 ± 2 mg/dl). These values remained increased 
until the end of the experimental period (39th day) 
(Figure 3). The mean postprandial glucose levels 
were 327 ± 27 mg/dl in the HF-STZ group and 111 
± 1 mg/dl in the control group. The HF-STZ group 

Figure 2 - Food intake (a), body weight (b), water intake (c), urinary volume (d), glycosuria (e), and urinary urea (f) of the male 
rats subjected to control diet (C) and high-fat diet/ streptozotocin (HF-STZ) for 39 days. Repeated-measures ANOVA for HF-STZ 
group (food intake: treatment P=0.0282, individual P=0.0004; body weight: treatment P=0.0085, individual P<0.0001; water intake 
and urinary volume: treatment and individual P<0.0001; glycosuria: treatment P=0.0018, individual P<0.0001; urea: treatment 
P=0.0283, individual P<0.0001). Results are expressed as mean ± standard error across six control animals and ten HF-STZ 
animals in each analysis. *Statistical difference versus C group; student’s t-test (P <0.05).
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TABLE III
 Total and dairy absolute food intake and total and dairy energy intake of male rats subjected to control diet (C) or high-

fat diet/ streptozotocin (HF-STZ) before and after streptozotocin (STZ) administration.

Before STZ administration (1st – 12th day)

Variable 
C group

(n=6)
HF-STZ group

(n=10)

Dairy

Absolute food intake (g) 27.0 ± 1.6 23.2 ± 0.7*

energy intake (kJ) 349.5 ± 21.3 396.8 ± 10.2

Total

Absolute food intake (g) 324.1 ± 19.7 279.1 ± 7.1*

energy intake (kJ) 4194.1 ± 255.9 4761.6 ± 122.5

After STZ administration (16th – 39th day)

Variable
C group

(n=6)
HF-STZ group

(n=10)

Dairy

Absolute food intake (g)  26.3 ± 1.1 22.7 ± 1.0 *

Relative food intake (g/100g) 7.1 ± 0.2 7.8 ± 0.5

energy intake (kJ) 340.9 ± 14.6 388.8 ± 18.1

Total

Absolute food intake (g)  605.9 ± 25.9 524.2 ± 24.3*

Relative food intake (g/100g) 163.0 ± 4.3 179.0 ± 11.6

energy intake (kJ) 7840.7 ± 335.7 8942.7 ± 415.2

Relative energy intake (kJ/100g) 2335.5 ± 61.7 3221.3 ± 208.3*

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. * P < 0.05 versus controls 
(Student’s t test).

also showed an increase of 301% in fasting glucose 
levels (Figure 3).

In the oral glucose tolerance test, the area 
under the curve was 282% higher in the HF-STZ 
group than in the control group, which confirms the 
reduced glucose tolerance in animals that received 
the HF diet associated with STZ (Figure 4). The HF-
STZ group also showed increases of approximately 
330% in postprandial triglycerides and VlDl 
cholesterol levels at the end of the experiment. 
Fasting triglyceride and VlDl cholesterol levels 
were also approximately 90% higher than in the 
control group under the same conditions. No 

significant differences were observed in the other 
parameters evaluated (Table VI).

There was no difference in the insulin levels 
between groups. However, the HOMA-IR index 
was 4 times higher in the HF-STZ group. glucagon 
levels were 23% lower in the HF-STZ group. No 
difference was observed in the ratio of insulin to 
glucagon (Table VII).

DISCUSSION

Our goal was to establish an experimental diabetes 
model in rats with characteristics of human DM2 
using rats fed an HF diet and dosed with STZ i.p. 
Previous studies used different types of diet with 
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Figure 3 - Serum glucose (mg/dl) of fed male rats subjected to control diet (C) and high-fat diet/ streptozotocin (HF-STZ) for 39 
days. Values in the table and figure are expressed as mean ± standard error across six control animals and ten HF-STZ animals in 
each analysis. Repeated-measures ANOVA for HF-STZ group (treatment P=0.0045, individual P<0.0001),*statistical difference 
versus C group, student’s t-test (P <0.05).

TABLE IV
 The carcass composition of male rats subjected to control diet (C) or high-fat diet/ streptozotocin (HF-STZ).

Variable
C group

(n=4)
HF-STZ group

(n=5)

Carcass weight (g) 296.5±14.6 213.3±6.3**

Water (g) 190.6±9.5 141.7±3.5**

Fat (g) 25.1±5.6 8.4±1.9**

Protein (g) 71.0±2.6 55.0±1.9**

Ash (g) 9.8±0.9 8.2±0.4

Baseline carcass (Kj) 1364.5±37.0 1364.5±37.0

Carcass energy (Kj) 2685.5±227.1 1640.7±98.2**

energy gain (Kj) 1321.0±227.1 333.05±98.1**

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. ** Student’s t test (P < 0.01).
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different doses of STZ to induce DM2 (Srinivasan 
et al. 2005, Correia-Santos et al. 2012, Zhang et 
al. 2015). There is a consensus that the use of HF 
diets is efficient for the induction of DM2, but the 
amount of lipids used in the diet has not been clearly 
established: 60% (Correia-Santos et al. 2012); 58% 
(Srinivasan et al. 2005); 45% (Atanasovska et al. 
2014); 10% (Zhang et al. 2015). The protocol used 
in this work was adapted from Zhang et al. (2015), 
who prepared the HF diet using commercial 
standard rodent diet with the addition of lard. The 
use of the HF diet using commercial feed is based 
on the effects that this type of diet can have in 
rodents and not of each item of its composition. 

Different doses of STZ have been associated 
with models of DM based on STZ and HF diet. STZ 
doses greater than 45 mg/kg of body weight (i.p.) 
associated with HF diets induced hyperglycemia, 

but these animals did not respond to conventional 
treatment with metformin (oral hypoglycemic 
agent), probably due to the occurrence of DM1 
(Arulmozhi et al. 2004, Srinivasan et al. 2005). On 
the other hand, doses below 25 mg/kg (i.p.) did not 
produce hyperglycemia in animals receiving HF 
diets for 2 weeks (Srinivasan et al. 2005).

Srinivasan et al. (2005) presented positive 
results with their DM2 model using a dose of 35 
mg/kg (i.p.) in rats fed a HF diet. Our study was 
conducted with a dose of 40 mg/kg (i.p.) of STZ 
given to the animals in the HF group since we used 
older animals (10 weeks vs. 7 weeks (Srinivasan et 
al. 2005)). Our HF diet had a lower percentage of 
lipids (35% of total calories) compared to that used 
by Srinivasan et al. (2005) (58% of total calories).

An important factor in the determination of 
animal models using HF-STZ diets is the age of the 

Figure 4 - Serum glucose (mg/dl) and area under curve of the oral glucose 
tolerance test (OgTT) of male rats subjected to control diet (C) and high-fat diet/ 
streptozotocin (HF-STZ) for 39 days. Results are expressed as mean ± standard 
error across six control animals and ten HF-STZ animals in each analysis. * 
Statistical difference versus C group. Student’s t-test (P <0.05).
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animal. Young rats have different behavior of adult 
rats. According to Bluestone et al. (2010), young 
rats receiving STZ and HF diets exhibited a great 
loss of β-cell function that mimicked DM1 in obese 
children, but without the autoimmune component 
present in DM1. On the other hand, young rats that 
receive HF-STZ diets and present lower depletion 
of β-cell mass mimic obese children with DM2. 
Pani et al. (2008) states that the pathogenesis of 
DM2 in young and older individuals has different 
evolutions. Young individuals with DM2 have 
a tendency to be deficient in insulin, since older 
individuals tend to be more insulin resistant (Pani 
et al. 2008). Another important point is that young 
rats have more ability to increase β-cell mass than 
older (aged over 1 year), which is also the case in 
young humans (Kushner 2013). 

STZ is a drug that promotes damage to 
pancreatic β cells and compromises insulin 
production. Thus, in order to reach our goal, the 
animals of the HF-STZ group should present a 

loss of body weight due to intense proteolysis and 
lipolysis, as well as increased food intake. Due to 
increased blood glucose levels, osmotic diuresis 
should occur with a loss of glucose and excess 
urine volume, resulting in increased water intake. 
Another characteristic of diabetes is an increase in 
urea production due to proteolysis and increased 
neoglycogenesis associated with a reduction 
of glycogenesis and increased glycogenolysis, 
as well as a reduction in hepatic and muscular 
glycogen content. DM2 is also usually associated 
with a change in the lipid profile with increases 
in triglycerides, total cholesterol, and lDl 
cholesterol, as well as a reduction in serum HDl 
cholesterol levels.

The present results are similar to those reported 
by Hariri et al. (Hariri et al. 2010). Both studies 
showed a reduction in dietary intake after offering 
HF diets in the adaptation period to the diet. 
High fat diets stimulate the release of hormones 
that promote satiety (cholecystokinine, peptide 

TABLE V
Tissue weight, lipid, and glycogen contents of male rats subjected to control diet (C) 

or high-fat diet/ streptozotocin (HF-STZ).

Variables

Tissue weight (g) Lipid (mg/ g of tissue) Glycogen (mg/g of tissue)

C group
(n=6)

HF-STZ 
group
(n=10)

C group
(n=6)

HF-STZ 
group
(n=10)

C group
(n=6)

HF-STZ 
group
(n=10)

liver 13.9 ± 1.2 11.6 ± 0.6 34.5 ± 1.3 41.5 ± 2.1 30.2 ± 2.7 8.5 ± 3.3 *

Retroperitoneal 5.6 ± 0.9 3.3 ± 0.9 613.1 ± 64.4 607.1 ± 18.4 - -

epididymal 6.2 ± 0.7 3.9 ± 0.6* 618.4 ± 14.1 589.4 ± 9.8 - -

Perirenal 1.3 ± 0.3 0.9 ± 0.2 665.6 ± 16.7 613.3 ± 16.5 - -

Soleus 0.40 ± 0.01 0.33 ± 0.01* - - 18.6 ± 3.8 4.6 ± 0.6 *

extensor digitorum longus 0.35 ± 0.01 0.28 ± 0.01* - - 11.8 ± 1.1 2.3 ± 0.6*

Kidney 2.85 ± 0.12 2.80 ± 0.10 - - - -

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. * P < 0.05 versus controls 
(Student’s t test).
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YY, and glucagon-like peptide-1) (Ohlsson et al. 
2014), which may have led to a reduction in food 
intake. The HF-STZ rats did not present significant 
differences in body weight after 12 days of diet, 
but they presented significantly lower body weight 
after STZ administration (16th day) and continued 
with lower weight gain until the end of treatment 
(39th day) when compared to the control group. 
Other studies also showed a reduction in the body 
weight of animals fed a HF diet with different STZ 
doses (Srinivasan et al. 2005, Correia-Santos et al. 
2012, Jinshan et al. 2015). The weight loss of HF-
STZ animals occurred with lower food intake, but 
the relative energy intake was higher during the 
period evaluated. 

HF-STZ animals show reductions in carcass 
components (water, fat, and protein contents) and 
energy gain, even with higher total relative energy 
intake. These animals had reduced lipid carcass 
content without alteration in the retroperitoneal, 
epidydimal and perirenal lipid contents. On the other 

hand, HF-STZ animals presented a loss of muscle 
mass evidenced by reductions in the soleus and 
eDl muscles and carcass protein content. Studies 
show that obesity and lipodystrophy lead to insulin 
resistance in muscles (Muoio and Newgard 2008). 
In addition, the downregulation of adipose glUT4 
observed in mice can cause insulin resistance in 
muscles and the liver (Abel et al. 2001). 

Adipose tissue can modulate glucose 
metabolism by regulating fatty acid levels in 
circulation and by secreting adipokines (Muoio and 
Newgard 2008). Increased free fatty acid (FFA) 
circulation may impair insulin sensitivity in muscle 
by inhibiting IRS/PI3 kinase, which would result 
in the reduction of glUT4 translocation to the 
plasma membrane. In addition, FFA can enhance 
serine phosphorylation of the IRS protein and thus 
impair insulin signal transduction (White 2002). 
The reduction in hepatic and muscular glycogen 
results in reduced action of insulin in the muscle 
and liver. In addition, the lack of change in the 

TABLE VI
 Biochemical analyses of male rats subjected to control diet (C) or high-fat diet/ streptozotocin (HF-STZ).

Variables
C group

(n=6)
HF-STZ group

(n=10)

Fed state

Triglyceride (mg/dl)  82 ± 14 346  ± 81*

Total cholesterol (mg/dl)  136 ± 8 181 ± 18

HDl-cholesterol (mg/dl)  85 ± 8 65 ± 6

lDl-cholesterol (mg/dl)  34 ± 7 46 ± 5

VlDl-cholesterol (mg/dl)  16 ± 2 69 ± 16*

Fasting state
C group

(n=6)
HF-STZ group

(n=5)

Triglyceride (mg/dl)  81 ± 13 158 ± 38*

Total cholesterol (mg/dl)  118 ± 6 122 ± 10

HDl-cholesterol (mg/dl)  56 ± 4 53 ± 5

lDl-cholesterol (mg/dl)  46 ± 5 30 ± 11

VlDl-cholesterol (mg/dl)  16 ± 3 31± 8*

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. * P < 0.05 versus controls 
(Student’s t test).
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basal insulin levels of diabetic animals and the 
hyperglycemia observed throughout the experiment 
indicate the reduction of insulin action in peripheral 
tissues. These metabolic alterations associated with 
the results obtained by the OgTT and the higher 
HOMA-IR index indicate an insulin-resistant 
status.

HF-STZ animals had unchanged basal insulin 
levels (Table VII). The values of serum insulin 
presented were obtained on the 39th day (last day) 
when they were 15 weeks old (almost 4 months 
old). We believe that when STZ is administered 
to rats (13th day), β cells are “partially” destroyed; 
subsequently, there is an increase in the mass by 
division of surviving cells increasing the production 
of insulin. The data on serum glucose is represented 
in Figure 3, corroborating this hypothesis. We can 
observe that rats of HF-STZ group showed  an 
increase in the glucose concentration (16th and 18th 
days), but  from 21st until 36th day the level of serum 
glucose decreased suggesting an increase in the 
insulin secretion. The increase in glucose on the 39th 
day (with the same insulin level as control animals) 
may mean that the insulin resistance installed by 
HF diet is not compensated by additional insulin 
secretion. Rankin and Kushner (2009), in their 
study about β-cell regeneration ability observed 
in partially pancreatectomized mice, showed that 
β-cell regeneration capacity changes as a function of 
age. The authors demonstrated β-cell regeneration 
was more robust in 1.5-month-old and 8-month-

old mice and much lower in 12-month-old mice. 
In older mice (older than 12 months), regeneration 
capacity was barely detectable in 14-month-old 
mice and absent in 18-month-old mice. Thus, these 
facts can justify why the animals of HF-STZ group 
show unchanged insulin levels at the end of the 
experiment when compared with control animals 
(15 weeks old/ 4 months old, approximately).

A diabetic state or lack of insulin action is 
characterized by intense proteolysis and lipolysis, 
which may explain the reduction in the weight of the 
soleus and eDl muscles, as well as in the weight of 
epididymal adipose tissue. Changes in the activity 
of different proteolytic pathways in skeletal muscle 
are observed in STZ-induced diabetic rats (Pepato 
et al. 1996). The intense proteolysis observed in the 
HF-STZ group may explain the increase in urea 
secretion (Figure 2f). Thus, muscle catabolism 
associated with reduced lipid reserves may be 
associated with the lower body weight observed in 
the HF-STZ group.

The glycaemia of the HF-STZ group was 
higher than in the control group (Figure 3). On 
the 12th day of HF diet administration prior to 
STZ induction, the glycaemia of the these animals 
was slightly higher than in the control group. 
These values increased after induction with STZ 
remained elevated until the end of the experimental 
period (both postprandial glycaemia and fasting 
glycaemia). The transition from pre-diabetes 
to diabetes (hyperglycemia) is associated with a 

TABLE VII
 Hormonal analyses of male rats subjected to control diet (C) or high-fat diet/ streptozotocin (HF-STZ).

Variables
C group

(n=6)
HF-STZ group

(n=5)

Insulin (µUI/ml) 8.3±0.5 8.4±0.9

HOMA-IR index 1.6±0.1 6.9±1.6**

glucagon (pg/ml) 72.2±3.0 55.6±5.5*

Insulin/glucagon ratio (µUI/pg) 0.12±0.01 0.15±0.01

Data are expressed as mean ± standard error of the number of animals (n) indicated in parentheses. * P < 0.05; ** P < 0.01 versus 
controls (Student’s t test).
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decline in the secretory capacity of pancreatic β 
cells to compensate for existing insulin resistance, 
leading to a stage of hyperglycemia.

Figure 2e shows that in the urine, there is 
almost no glucose throughout the period evaluated 
in the control group, while in the HF-STZ group, 
it was around 10 g in the first days and remained 
around 7 g of glucose in a 24 h period until the 
end of the evaluation. Increased urinary volume 
(Figure 2d) was accompanied by glycosuria, 
which is characteristic of osmotic diuresis. As 
a consequence, these animals also showed an 
increase in water intake (Figure 2c). All reported 
changes are characteristic of diabetic animals.

The animals in the HF-STZ group presented 
hypertriglyceridemia when compared to the 
control group. Although not statistically different, 
the animals also presented high values of total 
cholesterol and reduced HDl cholesterol. One of 
the possible causes of these differences not being 
statistically significant is the short exposure to 
the HF diet, since other studies with prolonged 
exposures to HF diets show alterations in the lipid 
profile. Alteration of the lipid profile is commonly 
associated with DM2. Other models using HF 
diets also showed elevated serum triglycerides and 
total circulating free fatty acids (MJ Reed et al. 
2000, Srinivasan et al. 2005, Jinshan et al. 2015), 
in addition to the reduction in HDl cholesterol 
(Jinshan et al. 2015).

The synthesis and maintenance of glycogen 
stores are some of the very characteristic actions of 
insulin. The reduction in glycogen content shows 
that the action of insulin may be compromised, 
since the level of serum insulin was not affected 
in these rats. The difficulty in maintaining normal 
glycemic levels in the HF-STZ group observed in 
OGTT confirms the impairment of the response to 
glucose overload. This is one of the first altered 
parameters in the evolution of DM2. 

Thus, we conclude that the association 
of HF diet with a dose of STZ administered 

intraperitoneally in adult animals was effective 
in generating a DM2 in rats, with metabolic 
characteristics similar to those of human DM2.
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