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Abstract:

The main objective of the study was to develop an alternative non-genetic rat model for type 2 diabetes (T2D). Six-week-old male
Sprague-Dawley rats (190.56 ± 23.60 g) were randomly divided into six groups, namely: Normal Control (NC), Diabetic Control
(DBC), Fructose-10 (FR10), Fructose-20 (FR20), Fructose-30 (FR30) and Fructose-40 (FR40) and were fed a normal rat pellet diet
ad libitum for 2 weeks. During this period, the two control groups received normal drinking water whilst the fructose groups received
10, 20, 30 and 40% fructose in drinking water ad libitum, respectively. After two weeks of dietary manipulation, all groups except the
NC group received a single injection (ip) of streptozotocin (STZ) (40 mg/kg b.w.) dissolved in citrate buffer (pH 4.4). The NC group
received only a vehicle buffer injection (ip). One week after the STZ injection, animals with non-fasting blood glucose levels > 300
mg/dl were considered as diabetic. Three weeks after the STZ injection, the animals in FR20, FR30 and FR40 groups were elimi-
nated from the study due to the severity of diabetes and the FR10 group was selected for the remainder of the 11 weeks experimental
period. The significantly (p < 0.05) higher fluid intake, blood glucose, serum lipids, liver glycogen, liver function enzymes and insu-
lin resistance (HOMA-IR) and significantly (p < 0.05) lower body weight, oral glucose tolerance, number of pancreatic b-cells and
pancreatic b-cell functions (HOMA-b) of FR10 group demonstrate that the 10% fructose-fed followed by 40 mg/kg of BW STZ in-
jected rat can be a new and alternative model for T2D.
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Abbreviations: ALT – alanine transaminase, AST – aspartate
transaminase, b.w. – body weight, DBC – diabetic control,
ELISA – enzyme-linked immunosorbent assay, FBG – fasting
blood glucose, FPG – fasting plasma glucose, FR – fructose,
HDL – high density lipoproteins, HOMA – homeostasis model
assessment, IFG – impaired fasting glucose, IGT – impaired
glucose tolerance, IR – insulin resistance, NFBG – non-fasting
blood glucose, NC – normal control, OGTT – oral glucose tol-
erance test, SD – standard deviation, STZ – streptozotocin,
T1D – type 1 diabetes, T2D – type 2 diabetes, TG – triglyc-
erides, VLDL – very low density lipoproteins

Introduction

Animal models in diabetes research are very common
where rats are the first choice of use, comprising over
85% of these models [39]. Rodents are advantageous
in research for several reasons including an omnivo-
rous nature, tranquil behavior coupled with their
smaller size and ease of handling for researchers as
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well as reduced housing costs. In type 2 diabetes
(T2D) research, genetic models provide a better
pathogenesis for the disease and a wide variety of
such models exist to study various areas of diabetic
pathology such as diabetic nephropathy, retinopathy,
cardiomyopathy and neuropathy, but unfortunately,
those models are very expensive, not easy to maintain
and not widely available amongst researchers particu-
larly in the developing countries [20].

Non-genetic models, on the other hand, are far more
cost-effective, widely available and easy to develop dia-
betes with minimal research facilities, however, often do
not mimic all the human clinical pathogeneses of T2D.
The major disadvantages of the non-genetic T2D models
include resembling the pathogenesis of type 1 diabetes
(T1D) more closely than the T2D. Many of the existing
diet-induced models, such as fat-fed and fructose-fed
models, require a long diabetes induction time which in-
creases the experimental cost of research [31, 34].

T2D is a heterogeneous disorder characterized by
a progressive decline in insulin action (insulin resistance –
IR), followed by the inability of pancreatic b-cells to
compensate for IR (b-cell dysfunction) [34]. Some
chemical inducers, commonly streptozotocin (STZ) and
alloxan are used for the induction of both type 1 and type
2 diabetes in animals where STZ has been found to be
a better chemical inducer than alloxan [36]. On the other
hand, the nicotinamide-STZ model and high fat diet-fed
STZ injected models have been proposed as the better
models for T2D [24, 30, 34]. The pathogenesis of diabe-
tes in animal models is most likely similar to the patho-
genesis in humans, however, the dose and type of induc-
ers and the composition of diets largely affect the success
of the induction of T2D in experimental animals. Hence,
many factors and situations need to be considered in or-
der to develop an authentic animal model of T2D. A low
fat diet is not enough to induce IR but a very high fat diet
with STZ injection may cause severe pancreatic b-cell
damage as well as permanent IR [30].

In addition, lower doses of STZ such as 40 mg/kg
b.w. or less via intraperitoneal (ip) injections have
been shown to be ineffective in inducing T2D whilst
more than 50 mg/kg BW is usually used to induce the
pathogenesis of T1D in rats [19, 21, 28]. Furthermore,
while being used extensively in the development of
diabetes, STZ is unable to induce IR directly, but
rather results in hyperglycemia from direct pancreatic
b-cell damage [34]. However, the induction of IR
through fructose-feeding in animals has been em-
ployed previously [14]. Fructose has been supplied ad

libitum either in drinking water or with diets with
a concentration of 10–15% for a short or longer pe-
riod to induce IR or T2D, respectively, in experimen-
tal animals [8]. Unfortunately, the induction of IR as
well as T2D only by fructose-feeding requires several
weeks, which increases the cost of study. Additionally,
it has been reported that only fructose feeding for
a long period of time can lead to nutritional tolerance
without developing classical signs and symptoms of IR
and impaired glucose tolerance [35]. Hence, we hy-
pothesized that the combination of fructose-feeding for
a shorter period of time and a lower dose of STZ injec-
tion may induce all major pathogeneses of T2D in rats.

To date, one of the most successful non-genetic
models for T2D is the fat-fed-STZ-injected rat, origi-
nally developed by Reed et al. [30]. Further modifica-
tions have been described by Srinivasan et al. [34] as
well as by Zhang et al. [40]. This model, however, re-
quires special dietary formulation, which may not be
possible in many developing countries not only due to
the unavailability of all required food ingredients but
also due to the lack of facilities to feed those specially
formulated diets. Furthermore, many of these previ-
ously developed models have not been validated by
critical biochemical analyses to assess IR and partial
pancreatic b-cell dysfunction, two major pathogenesis
of T2D. It would be excellent if both of these patho-
geneses could be developed with all other minor
pathogeneses of T2D in one single animal model.

We thus aimed to develop an alternative non-
genetic model for T2D that could optimally mimic the
clinical pathogenesis, without the need for special
dietary formulation that is user-friendly for research-
ers worldwide, especially in developing countries
where funds and resources are limited for research.

Materials and Methods

Chemicals and reagents

STZ (> 98%) (Sigma-Aldrich, St. Louis, MO, USA)
was purchased from Capital Lab Supplies, Durban,
South Africa. Glucometer strips and fructose (Na-
ture’s Choice™ Wholefood specialists, Meyerton,
South Africa) was purchased from a local pharmacy.
Glibenclamide (Pharmacare Ltd., Durban, South Af-
rica) and Metformin (Austell Laboratories Pvt. Ltd.,
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Johannesburg, South Africa) were purchased from
a local pharmaceutical company (Pharmed Ltd.,
Durban, South Africa).

Animals, housing and feeding

Six-week-old male Sprague-Dawley rats were pro-
cured from the Biomedical Resource Unit (BRU) at
Westville Campus of the University of KwaZulu-
Natal. Animals with a mean body weight (b.w.) of
190.56 ± 23.60 g were randomly subdivided into 6
groups of 6 animals in each group as follows: Normal
control (NC), Diabetic control (DBC), Fructose-10
(FR10), Fructose-20 (FR20), Fructose-30 (FR30) and
Fructose-40 (FR40). Animals were housed as two rats
per polycarbonated cage in a temperature and humid-
ity controlled room (23 ± 1°C, 40–60% humidity)
with a set 12 h light-dark cycle. The rats were fed
a commercially available rat pellet diet ad libitum

throughout the 11 weeks experimental period. Control
groups were supplied with normal drinking water ad

libitum whilst FR10, FR20, FR30 and FR40 groups
were supplied with 10%, 20%, 30% and 40% fructose
solution, respectively, ad libitum for the initial 2 weeks
only, then supplied with normal drinking water during
the remaining period of the experiment. The animals
were maintained according to the rules and regula-
tions of the University of KwaZulu-Natal Experimental
Animal Ethics Committee (Ethical approval number:
076/10/Animal) and in accordance with the EC direc-
tive 86/609/EEC for animal experiments.

Injection of STZ

STZ was dissolved in a citrate buffer (pH 4.4) with
a concentration of 15 mg/ml. All animals were fasted
overnight and each of the fructose-fed animals and the
animals in DBC group were injected (ip) with a low
dose STZ (40 mg/kg b.w.) whilst the animals in NC
group were injected with vehicle buffer only.

Confirmation of diabetes and weekly blood

glucose

One week after the STZ injection, blood glucose level
was measured by using a portable glucometer (Gluco-
Plus Inc., Quebec, Canada) in the blood collected
from tail vein. Animals with non-fasting blood glu-
cose (NFBG) level >300 mg/dl were considered as
diabetic [34]. The weekly fasting blood glucose

(FBG) or NFBG of all animals was measured simi-
larly during the entire experimental period.

Food and fluid intake and body weight

and exclusion of animals

Daily food and fluid intake and weekly b.w. changes
were measured during the entire experimental period.
Three weeks after the STZ injection, the severity of
diabetes was significantly high in the FR20, FR30 and
FR40 groups and some of the animals from these
groups were dead due to severe hyperglycemia.
Therefore, the rest of the animals of these groups
were excluded from the study and the remaining ex-
periment was continued with NC, DBC and FR10
groups. None of the animals were dead from these
groups.

Oral glucose tolerance test (OGTT)

OGTT was performed in the week 6 of the experi-
mental period. After an overnight fast (12 h), rats
were orally dosed with a D-glucose solution (2.0 g/kg
b.w.) and blood glucose concentrations were subse-
quently measured at 0 (just prior to oral glucose dos-
ing), 30, 60, 90, and 120 min after the oral dosing of
glucose.

Anti-diabetic drug response tests

Anti-diabetic drug response tests were performed by
using two established and commonly used but mecha-
nistically different anti-diabetic drugs; glibenclamide
(sulfonylurea) and metformin (biguanide). These tests
were performed at week 7 and 9 of the experimental
period, respectively, with 2 weeks washout period to
avoid any interference from the agents between tests.
Animals were fasted for 3 h before performing these
tests. To perform these tests, the animals in FR10
group received either a single oral dose of glibencla-
mide (5 mg/kg b.w.) or a single oral dose of met-
formin (500 mg/kg b.w.) dissolved in 1% sodium car-
boxymethyl cellulose (Na-CMC), which was used as
a vehicle for the drugs. For the glibenclamide test, the
blood glucose concentration of each animal was
measured at 0 and 180 min post oral administration of
the drug. For the metformin test, the blood glucose
concentration of each animal was measured at 0, 30,
60, 120 and 180 min post oral ingestion of the drug.
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Collection of blood and tissue samples

At the end of the experimental period, overnight fasted
animals were euthanized by halothane anesthesia.
Blood was collected through cardiac puncture and
immediately placed on ice for 3 h and then centrifuged
at 3,000 rpm for 15 min. Hereafter, serum was sepa-
rated and stored at –30°C until further analysis. Liver
was collected, washed with normal saline, wiped,
weighed and preserved at –30°C for subsequent analy-
sis. A small piece of pancreatic tissue from each animal
was cut and placed in a 10% neutral buffered formalin
solution and preserved at room temperature for histo-
pathological study. The neutral buffered formalin of
each pancreatic tissue sample was replaced weekly
during the entire preservation period.

Analytical methods

Serum insulin was analyzed by using an ultra sensi-
tive rat insulin ELISA kit (Mercodia AB, Uppsala,
Sweden) using a multi plate ELISA reader (Biorad-
680, BIORAD Ltd., Japan). Serum lipid profile, se-
rum creatinine and liver-function enzymes: aspartate
transaminase (AST) and alanine transaminase (ALT)
were measured using an automated chemistry ana-
lyzer (Labmax Plenno, Labtest, Lagoa-Santa, Brazil).
HOMA-IR and HOMA-B scores were calculated us-
ing fasting serum insulin and FBG concentrations
(data not shown) at the end of the experimental period
according to the following formula:

HOMA-IR = [Insulin (U/l) × Blood glucose
(mmol/l)] / 22.5

HOMA-b = [20 × Insulin (U/l)] / [Blood glucose
(mmol/l) – 3.5]

Conversion factor: Insulin (1U/l = 7.174 pmol/l)
and blood glucose (1 mmol/l = 18 mg/dl).

Liver glycogen concentration was measured pho-
tometrically by using phenol-sulfuric acid method as
described by Lo et al. [23].

Histopathological examination of pancreatic tissue

The formalin preserved pancreatic tissues were
treated according to a standard laboratory protocol for
paraffin embedding. Sections were cut at a size of
3 µm. Then, slides were deparaffinized in p-xylene
and rehydrated in changes of ethanol (100%, 90%,

80%, 70%, 50%) and rinsed in water. Slides were
stained in hematoxylin for 5 min and rinsed with wa-
ter. Slides were counterstained in eosin, mounted in
DPX, cover-slipped and viewed under a light micro-
scope (Olympus CKX41, Olympus, Japan) connected
to a computer.

Statistical analysis

All data are presented as the mean ± SD. The data
were analyzed by a statistical software package (Stat-
view, Version 5.0, Cary, NC, USA) using the Tukey-
Kramer multiple range post-hoc test and some data
were also analyzed by Student t-test. The values were
considered significantly different at p < 0.05.

Results

Food and fluid intake and weekly b.w. change

Figure 1 shows the mean food and fluid intake per
animal per day over the 11 week experimental period.
Although food intake was not significantly different,
a significantly higher fluid intake (p < 0.05) was ob-
served in the FR10 group compared to the control
groups when no significant difference was observed
between DBC and NC groups. Figure 2 shows the
weekly b.w. change over the 11 week experimental
period. For the first 3 weeks, there was no significant
difference in b.w. gain between the animal groups. As
soon as STZ was injected, the b.w. of the animals in
FR10 group was significantly reduced compared to
NC and DBC groups, whereas there was no signifi-
cant difference observed between NC and DBC
groups (Fig. 2).

Monitoring weekly blood glucose

Figure 3 shows the levels of weekly blood glucose in
different animal groups during the entire experimental
period. The FBG was not significantly different in
first 3 weeks including a week after the STZ injection
while NFBG was not measured. Recently, it has been
reported that FBG is not an authentic marker for the
diagnosis of T2D [17]. For this reason, NFBG levels
were measured in the remaining experimental period.
The NFBG levels of DBC and FR10 groups were sig-
nificantly higher than the NC group during the
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Fig. 2. Mean body weight gain over the
11 weeks experimental period. Data
are shown as the mean ± SD of 6 ani-
mals; * p < 0.05 vs. NC and # p < 0.05
vs. DBC (Tukey-Kramer multiple range
post-hoc test)

Fig. 3. Mean blood glucose (mg/dl)
over the 11 weeks experimental period.
Weeks 0–3 indicate FBG whilst weeks
4–11 indicate NFBG levels in all groups
of rats. Data are shown as the mean
± SD of 6 animals; * p < 0.05 vs. NC
and # p < 0.05 vs. DBC (Tukey- Kramer
multiple range post-hoc test). STZ:
streptozotocin FBG: fasting blood
glucose; NFBG: non-fasting blood
glucose

Fig. 1. Mean food intake (g) and fluid
intake (ml) per animal per day over the
11 weeks experimental period. Data
are shown as the mean ± SD of 6 ani-
mals; * p < 0.05 vs. NC and # p < 0.05
vs. DBC (Tukey-Kramer multiple range
post-hoc test). NC: normal control;
DBC: diabetic control; FR-10: Fructose
10%



remaining experimental period. Although NFBG of
DBC group was significantly higher than the NC
group, the level was not > 300 mg/dl, the scale used
for the confirmation of T2D [34]. On the other hand,
the NFBG of FR10 group was between 350 and
450 mg/dl during this experimental period (Fig. 3).

OGTT

The data for OGTT are presented in Figure 4. Two
hours after the glucose administration, the blood glu-
cose levels of DBC and FR10 groups were signifi-
cantly higher than the NC group. Additionally, DBC
rats revealed a peak blood glucose after 90 min,
which was fallen sharply to around 200 mg/dl after
2 h period. The FR10 blood glucose levels were re-
mained elevated > 300 mg/dl almost for the entire pe-
riod of 2 h glucose tolerance test.

Anti-diabetic drug response tests

Figures 5 and 6 show the results of the anti-diabetic
drug response tests on the FR10 group. The blood
glucose of animals was significantly lowered at
180 min after the oral ingestion of glibenclamide. In
case of metformin, a progressive decline of blood glu-
cose was observed until 180 min when signficant re-
ductions were observed after 120 and 180 min of drug
ingestion.

Serum lipid profile

Table 1 shows the data for the serum lipid profile in
the different animal groups. The levels of total serum
cholesterol and serum triglycerides were significantly
increased in the FR10 group compared to the NC
group when no significant differences were observed
for HDL- and LDL-cholesterols between the animal
groups.

Liver weights and liver glycogen

The data for liver weights and liver glycogen are pre-
sented in Table 2. Although liver weights were not
significantly different among the animal groups, sig-
nificantly higher liver glycogen levels were observed
in the DBC and FR10 groups compared to the NC
group.
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Fig. 4. Oral glucose tolerance test (OGTT) at week 7 of the 11 weeks
experimental period. Data are shown as the mean ± SD of 6 animals;
* p < 0.05 vs. NC and # p < 0.05 vs. DBC (Tukey-Kramer multiple
range post-hoc test)

Fig. 5. Effect of glibenclamide (5 mg/kg b.w.) on blood glucose of
FR10 group at week 7 of the 11 weeks experimental period. Data are
shown as the mean ± SD of 6 animals; * p < 0.05 vs. 0 min (Student
t-test)



Serum insulin, creatinine, AST, ALT and

HOMA-IR (insulin resistance) and HOMA-b scores

The data for serum insulin, creatinine, AST, ALT and
calculated HOMA-IR and HOMA-b scores are pre-
sented in Table 3. Significantly (p < 0.05) lower insu-
lin and creatinine levels were observed in the FR10
group compared to the NC group, whereas no signifi-
cant difference was observed compared to the DBC

group for the serum insulin. Although there was no
significant difference in serum AST levels between
the animal groups, the serum ALT level was signifi-
cantly increased in the FR10 group compared to the
NC group. The HOMA-IR score was significantly
higher in the FR10 group compared to the controls
and the HOMA-b (pancreatic b-cell function) score
was significantly lower in the DBC and FR10 groups
compared to the NC group (Tab. 3).
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Tab. 1. Serum lipid profile in different animal groups at the end of the experimental period

Rat groups/serum lipids Normal control (NC) Diabetic control (DBC) Fructose-10% (FR10)

(mg/dl)

Total cholesterol 69.40 ± 9.26 80.80 ± 13.48 90.50 ± 14.01*

HDL cholesterol 18.60 ± 3.91 26.00 ± 8.09 24.83 ± 3.76

LDL cholesterol 32.12 ± 11.01 33.40 ± 13.13 39.10 ± 12.43

Triglycerides 93.40 ± 21.55 107.00 ± 17.38 132.83 ± 18.59*

Data are shown as the mean ± SD of 6 animals; * p < 0.05 vs. NC (Tukey-Kramer multiple range post-hoc test). HDL: high density lipoproteins;
LDL: low density lipoproteins

Tab. 2. Liver weights and liver glycogen levels in different animal groups at the end of the experimental period

Rat groups Normal control (NC) Diabetic control (DBC) Fructose-10% (FR10)

Liver weight (g) 14.81 ± 2.65 13.71 ± 1.26 15.30 ± 0.99

Relative liver weight (%)1 3.13 ± 0.23 4.10 ± 0.08 4.22 ± 0.22

Liver glycogen (mg/g tissue) 2.66 ± 1.23 22.05 ± 1.55* 23.81 ± 0.66*

Data are shown as the mean ± SD of 6 animals; * p < 0.05 vs. NC (Tukey-Kramer multiple range post-hoc test). 1Relative liver weight (%) =
[(liver weight in gram/body weight in gram)] ´ 100

Tab. 3. Serum insulin, creatinine, AST and ALT levels and calculated HOMA-IR and HOMA-b scores at the end of the experimental period

Rat group Normal control (NC) Diabetic control (DBC) Fructose-10% (FR10)

Insulin (pmol/l) 121.79 ± 43.70 79.13 ± 22.38 65.45 ± 20.77*#

Creatinine (mmol/l) 0.48 ± 0.06 0.38 ± 0.07* 0.33 ± 0.05*

AST (U/l) 91.00 ± 25.56 89.40 ± 12.12 95.50 ± 16.92

ALT (U/l) 47.20 ± 3.03 58.40 ± 12.10 66.83 ± 15.78*

HOMA-IR 4.35 ± 1.12 4.55 ± 2.69 9.44 ± 2.35*#

HOMA-b 104.94 ± 40.83 40.78 ± 16.19* 29.37 ± 6.75*

Data are shown as the mean ± SD of 6 animals; * p < 0.05 vs. NC and # p < 0.05 vs. DBC (Tukey-Kramer multiple range post-hoc test). AST: as-
partate transaminase, ALT: alanine transaminase, HOMA: homeostatic model assessment, IR: insulin resistance



Histopathological examination of pancreatic

tissue

The slides for histopathological examination of pan-
creatic tissues are presented in Figure 7. The slides re-
vealed a reduced pancreatic b-cell numbers in the
DBC and FR10 groups compared to the NC group.
Severe damage of pancreatic islets was seen in the
DBC group with deformed b-cells. On the other hand,
FR10 group revealed a significantly smaller islet size,
yet better physiological shape with a considerable
number of healthy pancreatic b-cells compared to
DBC group.

Discussion

The primary objective of the study was to develop an
alternative non-genetic rat model for T2D that may
mimic the clinical pathogeneses seen in humans par-

ticularly IR and partial pancreatic b-cell dysfunction
and which can be developed in an easier way and
within a shorter period of time compared to several
existing non-genetic animal models of T2D [24, 30,
34]. Our results demonstrate that feeding a 10% fruc-
tose solution in combination with a 40 mg/kg b.w.
STZ injection can be an easier and quicker way for
the development of T2D in rats.

According to the American Diabetes Association
(ADA), most common symptoms of diabetes include
polydipsia and weight loss, which is sometimes ac-
companied by polyphagia and blurred vision [1]. The
polydipsia but not polyphagia was evidently present
in the diabetic groups in our experiment. The signifi-
cantly higher fluid intake but significantly lower b.w.
gain in the FR10 group compared to the control
groups might be due to the severity of diabetic condi-
tion as well as higher energy expenditure via urinary
glucose excretion in our experiment. In contrast to
fat-fed-STZ-injected rat models, our model did not
show a higher mean b.w. gain compared to NC rats.
The fat-fed-STZ-injected rat model attributed the
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Fig. 7. Histopathological examinations
of the pancreatic islets of different ani-
mal groups at the end of the experi-
mental period. As indicated by arrows,
figures show the significant reduction
in pancreatic islet size and b-cell num-
bers in FR10 group compared to the
NC group. The pancreatic islets of
FR10 group also show a better physio-
logical shape with a considerable
number of healthy b-cells compared to
the DBC group

Fig. 6. Effect of metformin dosed at
500 mg/kg b.w. on blood glucose
(mg/dl) measured over a 3 h period in
FR10 rats at week 9 of the 11 weeks
experimental period. Data are shown
as the mean ± SD of 6 animals; * p <
0.05 vs. 0 min and # p < 0.05 vs. 120
min (Tukey-Kramer multiple range
post-hoc test)



higher weight gain due to the intake of high fat diet
which being deposited as fat pads around the body
[34]. In our experiment, the FR10 group did not ex-
hibit actual weight loss as seen in T1D patients and
animal models [13] but rather decreased weight gain
as compared to the control groups.

The ADA also reported that the FBG > 100 mg/dl
but < 126 mg/dl, blood glucose at 2 h post-glucose
load > 140 mg/dl but < 200 mg/dl and fasting plasma
glucose (FPG) > 140 mg/dl and/or 2 h post-glucose
load > 200 mg/dl are, respectively, considered as im-
paired fasting glucose (IFG), impaired glucose toler-
ance (IGT) and diabetes [1]. On the other hand, re-
cently it has been reported that FBG cannot be always
considered as an authentic marker for the diagnosis of
T2D [17]. In our experiment, FBG levels in the first
two weeks and even one week after the STZ injection
were not significantly different between the groups
and they were at normal glucose level (< 100 mg/dl
mean). Hence, NFBG was measured during the re-
maining period of the experiment. The NFBG of DBC
and FR10 groups were significantly higher than the
NC group (Fig. 3). However, the NFBG range of
FR10 group was significantly higher than the DBC
group (300–450 vs. 200–250 mg/dl). Like in many
other studies [6, 18, 34], the NFBG > 300 mg/dl has
been used as a cut-off point for T2D, which has been
maintained by FR10 but not by DBC group in our ex-
periment. Additionally, our model demonstrated sen-
sitivity to both anti-diabetic drugs (metformin and
glibenclamide) by significantly reducing blood glu-
cose levels over a 3 h period.

Not always but in many cases, hyperinsulinemia,
besides hyperglycemia, has been reported as a conse-
quence of T2D. However, as the disease state pro-
gresses to chronic hyperglycemia in type 2 diabetics,
insulin secretions become impaired and decline [27].
It has been reported that dietary fructose stimulates
less insulin secretion but increases food intake com-
pared to glucose and glucose-containing carbohy-
drates in humans [2]. Our results demonstrated a sig-
nificantly (p < 0.05) lower serum insulin concentra-
tion in FR10 rats as compared to NC rats. FR10 rats
also displayed a lower serum insulin concentration
than DBC rats, indicating that fructose may play
a role in the reduction of circulating insulin possibly
due to its very high glycation potentials [29] that
could lead to the formation of advanced glycation end
products with concomitant generation of oxidative
stress. This oxidative stress has been reported as

a major contributor to the pancreatic b-cell damage in
T2D [29], thus, partial pancreatic b-cell dysfunction-
ing might not be solely attributed to STZ. Based on
our histopathological findings, however, we speculate
that the combined effect of STZ and fructose in fact
minimizes the oxidative damage on pancreatic b-cells
better than the oxidative stress that would be pro-
duced by the individual agents alone.

In addition to serum insulin concentrations,
HOMA-b scores are often used to validate pancreatic
b-cell function [25, 33]. Our results show a dramatic
decrease (p < 0.05) in HOMA-b scores in FR10
groups as compared to NC rats. Although the use of
STZ amongst researchers is very common for the in-
duction of diabetes or hyperglycemia [10, 22], higher
doses of STZ induced models resembling T1D.
Hence, the development of insulin resistance along
with pancreatic b-cell dysfunction by using a single
diabetic inducer may not be possible. Several attempts
have been made to combat this shortcoming to induce
typical pathogenesis of T2D, through the use of high-
fat-fed-STZ-injection [30, 34], multiple low-dose
STZ injections [40] and a combination of nicotina-
mide and STZ injection [24, 26] in several previous
studies. However, most of these models did not dis-
play the evidence of actual pancreatic b-cell damage.

In order to understand the level of pancreatic dam-
age in our model, histopathological examinations of
pancreatic islets were performed. Although the pan-
creatic weights were not significantly reduced (data
not shown), the pancreatic islet size in FR10 group
was significantly reduced compared to the DBC and
NC groups (Fig. 7) paralleling the HOMA-b scores,
which further accounts for significant reductions in
circulating serum insulin and insulin production. The
healthier morphological appearance of pancreatic
b-cells in the FR10 group than in the DBC group also
confirms the stability of animals for a longer period of
time. In fact, the DBC pancreatic islets revealed sub-
stantial damage, which was not noted in the FR10
group. We speculate that fructose may compromise
the effect of STZ by an unknown mechanism, result-
ing in the morphologically better appearance of the is-
lets in the FR10 group compared to the DBC group.

Recently, creatinine has been found to be a new
risk factor for T2D and IR [11]. Creatinine is a me-
tabolite derived from creatine, which is predomi-
nantly (>98%) found in skeletal muscle, the major
site for insulin action and subsequent glucose dis-
posal. Harita et al. [11] proposed that if muscle mass
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is inversely proportional to IR but directly propor-
tional to serum creatinine then serum creatinine could
provide a conclusive measure to assess IR. Their
study showed that lower serum creatinine level is
a risk factor for the development of T2D in lean,
non-obese Japanese males. More recently, Hjel-
measaeth et al. [15] validated this finding as their re-
search showed that the lower serum creatinine level
can predict T2D in morbidly obese Caucasian pa-
tients. Our data showed a significantly lower (p < 0.05)
serum creatinine level in diabetic rats as compared to
NC rats coupled with significant increases in
HOMA-IR in FR10 rats emphasizing a state of IR in
this group.

Hyperlipidemia is another factor directly linked to
IR as high circulating lipid concentrations in the
blood secrete humoral factors such as resistin and adi-
ponectin that alter insulin sensitivity, leading to IR [3,
38]. Diets high in fructose cause hyperlipidemia and
hypertension in various animal models [16] and have
been linked over the years to IR [37]. This is partly
because fructose metabolism cannot be controlled by
insulin or leptin, which are important factors for the
regulation of fat synthesis as well as energy intake [4].
Additionally, fructose has been shown to be more
hyperlipidemic than both glucose and starch with in-
creased levels of LDL, VLDL and total cholesterol in
rats [5]. Several recent studies have reported that
higher serum triglycerides alone or accompanied with
low serum HDL-cholesterol is a risk factor for hepatic
IR as well as T2D [9, 32]. The significantly higher se-
rum total cholesterol and triglyceride levels in the
FR10 group, but not in DBC group, compared to the
NC group could be the reasons for higher IR in the
FR10 group compared to other groups.

In addition, higher level of liver-function enzyme
e.g., ALT and AST in serum are not only used for the
identification of liver damage [12] but also for the he-
patic IR, metabolic syndrome as well as T2D [7]. In
a recent study, Cho et al. [7] found a strong correla-
tion between serum ALT level and HOMA-IR scores
but not for the AST, and it has been indicated as a pre-
dictor of T2D in human subjects. The significantly
(p < 0.05) higher level of serum ALT level in FR10
group compared to NC group also suggest the higher
level of IR in this group. Furthermore, as ALT is not
commonly elevated in T1D hence, it can be a strong
and independent predictor for T2D [12], what is re-
flected in our model.

Conclusions

Our study shows that the 10%-fructose-fed-40 mg/kg
b.w.-STZ-injected rat can be a new and alternative
model for T2D due to its quick induction time that
successfully induces both pathogeneses of T2D, IR
and partial pancreatic b-cell dysfunction. The model
demonstrated a stable diabetic condition over an 11
weeks experimental period and can be used for both
acute and chronic research studies as well as being
useful for routine pharmacological screening of anti-
type 2 diabetic materials. It is easy to develop, highly
cost-effective and can be used by researchers world-
wide, especially in developing countries, where fund-
ing and resources are limited. As neither special for-
mulation of diets nor sophisticated instruments are re-
quired, this model can be developed in an animal
laboratory with minimum facilities.
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