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ABSTRACT

Nutritional regulation plays a critical role to re-
duce the incidence or progression of diabetes
mellitus. In this study, we investigated the ef-
fects of a high-fat diet on Spontaneously Dia-
betic Torii Leprfa (SDT fatty) rats, a novel model
for obese type 2 diabetes. The SDT fatty rats
were divided into two dietary groups, which
were fed a high-fat diet or a standard diet for 18
weeks, from 6 to 24 weeks of age. The calorie
intake in the high-fat diet (HF) group was re-
duced after 10 weeks of age and the group in-
hibited an incidence of diabetes. Interestingly,
the HF induced an increase of serum glucagon-
like peptide-1 (GLP-1) levels in SDT fatty rats
with refeeding. Fat tissue weights in the HF
group increased, but the visceral fat/subcuta-
neous fat (V/S) ratio decreased. Moreover, his-
topathological observations revealed an impro-
vement of the pancreatic abnormalities and fatty
liver in the HF group. In conclusion, a preventive
effect on diabetes in rats fed a high-fat diet has a
relation with an increase in incretin hormone,
and it might be advantageous for prevention of
incidence or progression of diabetes to develop
functional foods inducing an increase in incretin
hormone.

Keywords: Glucagon-Like Peptide-1; High Fat
Diets; SDT Fatty Rats

1. INTRODUCTION

Type 2 diabetes has increased worldwide in incidence
with excessive calorie intake and sedentary life styles.
Since most of the morbidity and mortality in type 2 dia-
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betes arises from long-term complications, early detec-
tion and prevention would be expected to have a tre-
mendous beneficial human, medical, and economic im-
pact. The basic management of type 2 diabetes is achie-
ved by lifestyle interventions such as dietary changes and
exercise [1-3].

It is reported that reducing energy intake will lower
the risk factors for cardiovascular disease and type 2
diabetes and should thereby delay their onset [4]. There
are many studies showing that the development of cer-
tain diseases is influenced by dietary components such as
saturated fats, the glycemic index, salt and so on [5-7].
Now, food no longer is seen as simply the provider of
energy, but it is expected to provide physiological bene-
fits for good health and productive lifestyles.

Spontaneously Diabetic Torii Lep™ (SDT fatty) rats,
made by introducing the allele of the Zucker fatty rat into
the SDT rat genome, represent a new model for obese
type 2 diabetes [8]. SDT fatty rats show hyperphagia,
which leads to overt obesity, and hyperglycemia and
hyperlipidemia are observed at younger ages compared
to male SDT rats. Furthermore, with an early incidence
of diabetes mellitus, diabetes associated complications in
the SDT fatty rat are seen at younger ages that in the
SDT rats [9-14].

In this study, the response of SDT fatty rats to a high-
fat diet was investigated to understand the predisposition
to diabetes. We studied the effect of a high-fat diet on the
biological parameters, glucagon-like peptide-1 (GLP-1)
release, fat tissue weights, and histopathological changes
in pancreas and liver.

2. MATERIALS AND METHODS
2.1. Animals and Diets

This experiment was conducted in compliance with
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the Guidelines for Animal Experimentation of our bio-
logical/pharmacological research laboratories. All the
experiments obtained the approval of the Animal Ex-
periment Committee of Japan Tobacco. Female SDT
fatty rats at 6 weeks of age from our colonies were used
(Japan Tobacco Inc., Central Pharmaceutical Research
Institute, Takatsuki, Japan). The rats were kept in metal
cages, with an animal/cage in a climate-controlled room
with a temperature of 23°C + 3°C, humidity of 55% +
15%, and a 12-h light cycle. The SDT fatty rats were
divided into two groups. One group (n = 6) was fed a
standard diet (14% fat, 25% protein, 61% carbohydrate
based on percentage of total calories, CRF-1, Charles
River Japan, Yokohama, Japan) from 6 to 24 weeks of
age, and the other group (n = 6) was fed a high-fat diet
(62.2% fat, 19.5% protein, and 18.3% carbohydrate
based on total calories, Oriental Yeast Co., Ltd., Tokyo,
Japan). Table 1 presents the ingredient composition of
the diets. Water was provided ad libitum. The energy
contents of the standard and high-fat diets were 3.59 and
5.04 kcal/g, respectively. The satellite group (n = 4) for
each diet was ready for the evaluation of plasma GLP-1
levels at 10 weeks of age.

2.2. Biological Parameters

Body weight, calorie intake, serum glucose, insulin,
triglyceride (TG), total cholesterol (TC), and leptin were
evaluated every 2 weeks. Blood samples were collected
from the tail vein of rats. Serum glucose, TG, and TC
levels were measured using commercial kits (Roche

Table 1. Ingredient composition of the experimental diet.

CREF-1 (Standard diet) High-fat diet

Ingredient 2/100g Ingredient g/100 g
Water 8.200 Casein 28.810
Crude Protein 21.900 L-Cystine 0.430

Crude Fat 5.400 Corn Starch 7.308
Crude Ash 6.300 Sucrose 14.410
Crude Fiber 2.900 Lard 35.000

Nitrogen Free Extract  55.300 Cellulose 7.200

Total 100.000 Mineral Mix 5.040

Vitamin Mix 1.440

Choline Bitartrate 0.360

tert-Butylhydroquinone  0.002

Total 100.000

CRF-1 diet was supplied by Charles River Japan and high-fat diet by Orien-
tal Yeast Co., Ltd.
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Diagnostics, Basel, Switzerland) with an automatic ana-
lyzer (Hitachi 7180; Hitachi, Tokyo, Japan). Serum insu-
lin or leptin levels were measured with a rat insulin or
leptin enzyme-linked immunosorbent assay (ELISA) kit
(Morinaga Institute of Biological Science, Yokohama,
Japan).

2.3. Glucose Tolerance Test

A glucose solution (2 g/kg) was orally administered to
4-h-fasted rats at 23 weeks of age, and blood samples
were taken at 0 (before glucose loading), 30, 60, and 120
min after glucose loading. The serum glucose and insulin
levels were measured as described above. The glucose or
insulin area under the curve (AUC) was calculated, re-
spectively.

2.4. Fat Tissue Weight

Visceral and subcutaneous fat weights in SDT rats
were determined at 24 weeks of age by computed tomo-
graphy (CT) analysis with a laboratory X-ray CT device
(LATheta, ALOKA Co., LTD., Osaka, Japan). The rats
were anesthetized with an intraperitoneal injection of
pentobarbital (50 mg/kg) (Tokyo chemical industry, To-
kyo, Japan), and approximately 20 CT photographs per
rat were taken at 5 mm intervals between the diaphragm
and lumbar vertebrae. The total fat weight and visceral
fat/subcutaneous (V/S) ratio were calculated from vis-
ceral and subcutaneous fat weights.

2.5. Tissue Sampling and Histopathology

Necropsy was performed at 24 weeks of age. Over-
night-fasted animals were sacrificed by exsanguination
under light ether anesthesia. The pancreas and liver were
taken for histopathological examination. Tissues were
taken from all animals and fixed in 10% neutral buffered
formalin. Sections were stained with hematoxylin and
eosin (HE) for evaluation by light microscopy. Immuno-
histochemistry for insulin was performed with an anti-
insulin monoclonal antibody (clone Z007, Nichirei Bio-
science, Tokyo, Japan). All sections were examined
histopathologically in a blind manner, and the findings
were graded from normal (—) to severe (3+) abnormali-
ties.

2.6. Glucagon-Like Peptide-1 Levels

In a refeeding condition, the plasma glucagon-like
peptide-1 (GLP-1) response was observed using the sat-
ellite group at 10 weeks of age. After 4 h of fasting, the
rats were refed with a standard diet or high-fat. Blood
samples were taken via the tail vein before and 4 and 8 h
after feeding. GLP-1 levels were measured using the
GLP-1 assay kit (Millipore, Mass, USA). Blood was
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collected into tubes containing a Dipeptidyl peptidase IV
inhibitor, aprotinin, and ethylenediaminetetraacetic acid
and stored on ice. The blood samples were separated by
centrifuging at 10,000 x g for five minutes at 4°C to ob-
tain plasma. Subsequently, 450 pL of plasma was added
into 1050 pL of ethanol, and the solution was mixed
thoroughly and centrifuged at 10,000 x g for five min-
utes at 4°C to obtain the supernatant. The supernatant
was evaporated to dryness using a centrifuge evaporator.
The residue was dissolved in 100 pL saline. The GLP-1
concentration in the solution was measured by enzyme
immunoassay using a GLP-1 assay kit.

2.7. Statistical Analyses

The biological parameters, except for histological
analysis, are expressed as the mean =+ standard deviation
(SD). Statistical analysis was performed for body weight,
calorie intake, serum biochemical parameters (glucose,
insulin, TG, TC, and leptin), GLP-1, visceral fat weight,
subcutaneous fat weight, total fat, and V/S ratio between
SDT fatty rats on a standard diet (CRF-1) and SDT fatty
rats on a high-fat diet (HF) (n = 5 - 6). The F-test was
used to test for variances between CRF-1 group and the
HF group. If homoscedasticity was confirmed, Student’s
t-test was used and if not, Aspin-Welch’s test was used.
Differences were considered significant at p < 0.05.

3. RESULTS
3.1. Calorie Intake and Body Weight

The caloric intake was comparable at 7 and 8 weeks of
age between SDT fatty rats on a standard diet (CRF-1)
and a high-fat diet (HF); however, the caloric intake of
HF rats was decreased or tended to decrease from 10 to
22 weeks of age (Figure 1(a)). The body weight in HF
rats was not different from that in CRF-1 rats until 10
weeks of age, but the body weight was significantly
higher in the HF rats from 12 to 22 weeks of age (CRF-1,
609.1 £ 28.9 g, and HF, 793.4 + 56.2 g at 22 weeks, re-
spectively) (Figure 1(b)).

3.2. Biochemical Parameters

Serum glucose levels in CRF-1 rats began to increase
after 8 weeks of age (447.5 + 168.1 mg/dL, at 8 weeks)
and the hyperglycemia was sustained until 22 weeks of
age (535.7 = 162.8 mg/dL, at 22 weeks). However, the
elevation of glucose levels in the HF rats was perfectly
inhibited throughout the experimental period (Figure
2(a)). CRF-1 rats showed hyperinsulinemia throughout
the experimental period (11.8 - 35.8 ng/ml), and the se-
rum insulin levels were higher in the HF rats than in
CRF-1 rats, with significant differences at 8 and 10
weeks of age (Figure 2(b)). The serum TG levels in the
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Figure 1. Changes in caloric intake (a) and
body weight (b) in Female Spontaneously
Diabetic Torii Lepr rats on a standard diet
(CRF-1) and a high-fat diet (HF). The data
are shown as the mean £ SD (n = 6). An
analysis of variance followed by a test of
significance was used to evaluate statistical
significance. “p < 0.05, “p < 0.01; signifi-
cantly different from CRF-1 rats at indi-
cated time points.

HF rats increased or tended to increase from 10 to 18
weeks of age as compared with those in CRF-1 rats
(Figure 2(c)). Moreover, the serum TC levels in the HF
rats increased from 8 to 12 weeks of age (Figure 2(d)).
The serum leptin levels in the HF rats increased after 10
weeks of age as compared with those in CRF-1 rats, and
the elevation was remarkable at 22 weeks of age (CRF-1,
116.0 £ 62.4 ng/ml, and HF, 331.8 £+ 59.2 ng/ml, respec-
tively) (Figure 2(e)).

3.3. Glucose Tolerance Test

Glucose tolerance and insulin secretion were exam-
ined after oral glucose loading (2 g/kg body weight) at
23 weeks of age (Table 2). Fasted glucose levels before
glucose loading in HF rats were significantly lower than
in CRF-1 rats. Furthermore, the glucose levels at 30, 60,
and 120 minutes after glucose loading were significantly
lower in the HF rats compared to CRF-1 rats, and, ac-
cordingly, the AUC for glucose was also decreased in the
HF rats. The insulin levels at 120 minute after glucose
loading were higher in the HF rats compared to CRF-1
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Figure 2. Changes in Glucose (a); Insulin (b); Triglyceride (c); Total cholesterol (d); and Leptin (¢)
in Female Spontaneously Diabetic Torii Lepr” rats on a standard diet (CRF-1) and a high-fat diet

(HF). The data are shown as the mean + SD (n = 6). An analysis of variance followed by a test of
significance was used to evaluate statistical significance. p < 0.05, ~"p < 0.01; significantly dif-

ferent from CRF-1 rats at indicated time points.

Table 2. Glucose and insulin levels after glucose loading in CRF-1 and HF rats.

Time after glucose loading (min)

AUC
0 30 60 120
Glucose 337.0+160.6 568.7+1862 690.8+143.4 5345+177.3 69237.5+19039.2
e Insulin ~ 7.56+4.81  9.74+6.08 8.46+5.78 7.00+£4.76  995.78 + 653.37
Glucose 113.8+10.0° 280.8+34.7° 370.2+544"™ 3345+603" 36825.0+5059.2"
HF

Insulin 9.56 £2.72 9.92+2.13 10.76 +2.24 1436 +£3.86" 1356.08 £ 300.75

Values are means + SD (n = 6). Serum glucose levels (mg/dl) and insulin levels (ng/ml) were measured at the indi-
cated time points. Units for AUC of glucose and insulin are mg-min/dl and ng-min/ml. An analysis of variance fol-
lowed by the significance test was used to evaluate statistical significance. 'p < 0.05, "p < 0.01; significantly different
from CRF-1 rats at indicated time points.
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rats. The HF rats showed a significant improvement of
glucose tolerance.

3.4. Fat Tissue Weight

Both visceral fat and subcutancous fat weights were
higher in the HF rats compared to CRF-1 rats at 24
weeks of age, and the HF rats showed a 60% increase in
total fat weight compared to CRF-1 rats (Table 3). The
V/S ratio was lower in the HF rats compared to CRF-1
rats.

3.5. Histopathological Analysis

Histopathologically pancreatic abnormalities, such as
vacuolation, hemorrhage, and decrease in the immuno-
reactivity of insulin in the islets were observed in CRF-1
rats. However, the HF rats showed an improvement of
the vacuolation in the islets and a tendency to an im-
provement of the hemorrhage (Figure 3). Decrease in the
immunoreactivity of insulin in the islets in the HF rats
showed a reduction compared to that in CRF-1 rats
(Figure 4). Histopathological findings of hemosiderin
deposition or fibrosis of the islets and mononuclear cell
infiltration in the pancreas were comparable in CRF-1
rats and the HF rats. Moreover, adipose tissue infiltration
in the pancreas was slight in the HF rats (Table 4). In the

Table 3. Changes in fat tissue weights in CRF-1 and HF rats.

liver, severe or moderate fatty changes were observed in
CRF-1 rats, but this change was improved in the HF rats
(Figure 5, Table 4).

3.6. GLP-1 Levels

The plasma GLP-1 levels after refeeding were signifi-
cantly increased in the HF rats at 10 weeks of age. The
GLP-1 levels were about 60% higher in the HF rats
compared to CRF-1 rats at 4 h after refeeding (CRF-1,
3.61 = 1.14 pM, and HF, 5.73 £ 0.66 pM, respectively)
(Figure 6).

4. DISCUSSION

In a previous study, we investigated the effect of a
high-fat diet in SDT rats, a nonobese type 2 diabetic
model [15]. SDT rats showed a pre-diabetic stage (im-
paired glucose tolerance; IGT) for about 3 months and
developed diabetes after about 16 weeks of age [14]. We
hypothesized that a high-fat diet would accelerate the
induction of diabetes in SDT rats compared with a stan-
dard diet. Unexpectedly, as a result, we observed a sup-
pression of the incidence of diabetes with a high-fat diet.
In this study, we investigated the effect of a high-fat diet
using a novel obese type 2 diabetic model, SDT fatty rats.
We intended to confirm the reproducibility, the inhibition

Visceral fat Subcutaneous fat Total fat V/S ratio Body weight
CRF-1 87.1+4.2 87.6+15.8 1693 £16.7" 1.02+0.18 625.6 +37.7
HF 113.9+10.5™ 169.3 £ 16.7” 283.3+23.4" 0.68+0.07" 830.4 +57.7"

Values are means + SD (7 = 6). An analysis of variance followed by the significance test was used to evaluate statistical significance. “p < 0.01; significantly
different from CRF-1 rats at indicated time points.

Figure 3. Pancreas. HE stain. (a) CRF-1 rats at 24 weeks of age; (b) HF rats at 24 weeks of age. Bar = 200 um. HF rats showed an

improvement of the vacuolation of islets.

Copyright © 2012 SciRes.
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Figure 4. Pancreas. Immunostained with anti-insulin. (a) CRF-1 rats at 24 weeks of age; (b) HF rats at 24 weeks of age. Bar = 200
pm. HF rats showed a reduction of decrease in the immunoreactivity of insulin in islets.

Figure 5. Liver. HE stain. (a) CRF-1 rats at 24 weeks of age; (b) HF rats at 24 weeks of age. HF rats showed an improvement in the
fatty change.

effect of a high-fat diet for diabetes, using another dia-
betic model. Female SDT fatty rats show obesity, hyper-
glycemia, and hyperinsulinemia from a young age, giv-
ing rise to the expectation that the rats have the potential
to become an important animal model for obese type 2
diabetes, especially for women [12].

High-fat diets have been used to induce experimental
obesity, and dietary fat content is positively correlated
with body weight gain [16]. Moreover, many rodent spe-
cies develop obesity associated with various metabolic
abnormalities, such as metabolic syndrome, which in-
cludes glucose intolerance, insulin resistance, and dys-
lipidemia [17,18]. Also, in this study, a high-fat diet in-
duced obesity, hyperinsulinemia, and hyperlipidemia
(Figures 1(b) and 2, and Table 3). Although a high-fat
diet induced metabolic abnormalities such as weight gain,
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fat accumulation and dyslipidemia, the incidence of dia-
betes mellitus was suppressed in female SDT fatty rats
fed a high-fat diet (Figure 2(a)). In the histopathological
analyses, pancreatic abnormalities such as vacuolation,
hemorrhage and decrease in the immunoreactivity of
insulin in the islets, and fatty change in the liver, were
improved in the HF rats (Table 4).

One of the reasons why a high-fat diet induced the
suppression in the incidence of diabetes is considered to
be elevation of the plasma GLP-1 levels in the HF rats
(Figure 6). GLP-1 is the major physiological incretin or
intestinal hormone released in response to nutrient inges-
tion that stimulates glucose-dependent insulin secretion
[19]. GLP-1 is released from the L cells in the distal il-
eum and colon and also serves an important role as an
incretin; GLP-1 not only stimulates insulin secretion, but
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Table 4. Histopathological analysis of the pancreas and liver in CRF-1 and HF rats.

CREF-1 HF

Organ Pathological findings Group Animal No.

1 2 3 4 5 6 7 8 9 10 11 12
Pancreas
Vacuolation, islet + 2+ + + + + - — - - — -
Decrease, intensity of insulin staining + + + + + + - - - - - -
Hemorrhage, islet - - + - + - - - - - - -
Deposit, hemosiderin, islet + + + + + + + + + + + +
Fibrosis, islet + + + + + + + + + + + +
Infiltration, adipose tissue - + + + + + - + + + + -
Infiltration, mononuclear cell - - — - + + - - - - + +
Liver

Fatty change, hepatocyte, diffuse

Fatty change, hepatocyte, periportal

2+ 2+ 3+ 24 3 M - - - = = -

Grade: —, negative; +, very slight; +, slight; 2+, moderate; 3+, severe.

8.0

GLP-1 (pM)
» o
o o

g
o

0.0

4
Feeding time (h)

Figure 6. Glucagon-like peptide-1 levels in
Female Spontaneously Diabetic Torii Lepr”
rats on a standard diet (CRF-1) and a high-fat
diet (HF) at 10 weeks of age. After 4 hours of
fasting, the rats were refed with a standard
diet or high fat. Blood samples were taken via
the tail vein before, and 4 and 8 hours after
feeding. The data represent the mean + SD (n
= 4). An analysis of variance followed by a
test of significance was used to evaluate sta-
tistical significance. ‘p < 0.05; significantly
different from CRF-1 rats.

also inhibits gastric emptying, food intake and glucagon
secretion [20]. Moreover, acute or chronic administration
of either GLP-1 or of its degradation-resistant analogs
increases f-cell mass in both normal and diabetic mice
[21-23]. GLP-1R agonists such as exendin-4 also prevent
or delay the development of diabetes in db/db mice and
Goto-Kakizaki rats [24,25]. In this study and a previous
study, a high-fat diet induced an increase of GLP-1 re-
lease with refeeding. Moreover, in this study, SDT fatty
rats fed a high-fat diet showed a suppression of calorie
intake (Figure 1(a)). Since the pancreatic abnormalities
were improved in the HF rats (Table 4), it is considered

Copyright © 2012 SciRes.

that the increase in GLP-1 levels induced a positive ef-
fect on the pancreas in the rats.

The elevation of serum leptin levels might induce a
beneficial effect on glucolipid metabolism in the HF rats
(Figure 2(e)). Leptins are important peptide hormones
secreted by adipocytes that are induced in the regulation
of metabolism and energy homeostasis. Although the
hypothalamus has been identified as an important target
organ for leptins in the regulation of food intake and en-
ergy expenditure, leptins are also known to exert direct
actions in peripheral tissues [26,27]. It is reported that
leptins inhibit ectopic fat accumulation and thereby pre-
vent f# cell dysfunction and protect the S cell from lipo-
toxicity [27].

Furthermore, it should be noted that the fiber (cellu-
lose) content is higher in a high-fat diet than in CRF-1
(Table 1). There are many studies showing that the de-
velopment of certain diseases is influenced by dietary
components. Dietary fiber is one nutrient that may pro-
vide protection against type 2 diabetes, metabolic syn-
drome and cardiovascular disease [28,29]. The beneficial
effect of soluble fiber may be mediated through the slow
absorption and digestion of carbohydrates that lead to a
reduced demand for insulin [30]. Moreover, it is reported
that the fatty acid component rather than the lipid accu-
mulation is important for the incidence of insulin resis-
tance [31].

The various factors with high-fat diet feeding, such as
an increase of blood GLP-1 or leptin levels and fiber-rich
components in the diet, might be related to the suppres-
sion of the incidence of diabetes mellitus. Especially,
GLP-1 is considered to play a pivotal role on anti-dia-
betic effects in this experiment. Nutrition components in
diets are important factors for the development of diabe-
tes.
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5. CONCLUSION

We investigated the effects of a high-fat diet on gly-

collipid metabolism in female SDT fatty rats. As a result,
a high-fat diet induced obesity and dyslipidemia, but the
incidence of diabetes mellitus in the HF rats was sup-
pressed. The preventive effect on diabetes mellitus in rats
fed a high-fat diet has a relation with increases of in-
cretin hormones. It might be advantageous for reduction
in the incidence or progression of diabetes to develop
functional foods and induce an increase of the incretin
hormones.
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