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The number of patients diagnosed with diabetes has more than 
doubled over the last 30 y, and diabetes has become an important 
public health concern worldwide.6 Approximately 90% of pa-
tients with diabetes are diagnosed with type 2 diabetes mellitus 
(T2DM).31 The onset of T2DM is determined by multiple factors 
that lead to reduced insulin secretion or insulin resistance, includ-
ing genetic predisposition and lifestyle-associated habits such as 
lack of exercise, overeating, and obesity. Many drugs are already 
used clinically to treat T2DM;9,11 nevertheless, the search and de-
velopment of more efficient and safe drugs is currently underway. 
In this regard, incretin has recently gained attention as a member 
of a class of drugs used to treat T2DM.9,11

Enteroendocrine cells secret incretin hormones, which augment 
glucose-induced insulin secretion in response to food ingestion, in 
a glucose-dependent manner. Currently, the 2 confirmed incretins 
are glucose-dependent insulinotropic polypeptide and glucagon-
like peptide 1 (GLP1). Research has shown that GLP1 derivatives 
have functions in addition to the promotion of insulin secretion, 

including facilitation of β-cell proliferation,28 suppression of β-cell 
apoptosis,12 and promotion of β-cell differentiation or de novo 
formation of β cells.29,30 GLP1 derivatives have been reported to 
have multiple nonpancreatic functions, including suppression of 
appetite and body weight,7,13 suppression of gastric secretions,19 
reduction of lipid accumulation in the liver,17 and promotion of 
sensitivity to insulin in adipose cells and skeletal muscle.8,22

WBN/Kob-type male rats are a relevant animal model for 
diabetes without obesity. These rats typically show disease con-
ditions including chronic pancreatitis and pancreatic endocrine 
disorders.18,26 A new model rat for diabetes was established re-
cently by crossing rats carrying the Leprfa obesity gene with wild-
type WBN/Kob rats, yielding a fa/fa congenic strain.1 The obesity 
gene (Leprfa) is a spontaneous mutation derived from Zucker-fatty 
rats that leads to dysfunction of the leptin receptor. Rats homo-
zygous for this gene are obese, resistant to insulin, and hyperin-
sulinemic.4,16,32 Male WBN/Kob-Leprfa rats (hereafter referred to 
as fa/fa rats) represent a new animal model in which the animals 
spontaneously develop diabetes in addition to endogenous in-
sulin resistance. Compared with the parental strains, fa/fa rats 
are characterized by an earlier onset of diabetes and more severe 
pancreatic complications.1,2 Our previous investigations have re-
vealed that fa/fa rats present with hyperinsulinemia at a predia-
betic stage as a compensatory response to insulin resistance, but 
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of liraglutide or saline administration. After the initiation of drug 
administration, the body weight of the rats and their food and 
water intakes were measured between 1000 and 1400 twice each 
week.

Measurements of fat content. After IVGTT, anesthetized rats 
were euthanized by exsanguination, and the liver, pancreas, epi-
didymal fat, and mesenteric fat were harvested and weighed.

Pancreatic histopathologic examination. Pancreatic tissue iso-
lated during necropsy was fixed in a 10% neutral buffered for-
malin solution and processed according to standard histologic 
techniques. After paraffin-embedding, 4-μm sections were cut 
and stained with hematoxylin and eosin for histopathologic eval-
uation. In addition, tissue sections were stained with antibodies 
against insulin and the cell-proliferation marker Ki67.

Pancreatic tissue sections were deparaffinized and rehydrated 
according to previously published methods,20 and immunohis-
tochemical staining was conducted for insulin or Ki67. Antigen 
retrieval for Ki67 was performed in citrate-buffered solution (pH 
6.0) for 10 min at 121 °C in an autoclave. The sections slated for 
insulin immunohistochemical staining were rinsed with 50 mM 
Tris-buffered saline (pH 7.6), whereas the sections used for Ki67 
immunohistochemistry were rinsed with 10 mM PBS (pH 7.2). 
All sections subsequently were exposed to 1% hydrogen per-
oxide in methanol and rinsed again with the buffer used previ-
ously. The sections then were incubated in 8% nonfat milk for 30 
min (to block nonspecific antibody binding) followed by a poly-
clonal guinea pig antiinsulin antibody (dilution, 1:100; catalog 
no. A0564, Dako Japan, Kyoto, Japan) for 1 h at 4 °C or a rabbit 
antiKi67 polyclonal antibody (dilution, 1:100; catalog no. ab66155, 
Abcam, Cambridge, MA) overnight at 4 °C. After slides were 
washed, antiinsulin and antiKi67 immunoreactivities were deter-
mined by using the avidin–biotin–peroxidase complex method 
(LSAB2 Kit, catalog no. K0609, Dako Japan) and the peroxidase-
labeled polymer method (Histofine Simple Stain Rat MAX-PRO 
[MULTI], Nichirei Bioscience, Tokyo, Japan). All sections were 
counterstained with hematoxylin.

Statistical analysis. Data are represented as means ± SE. Statisti-
cal analysis was conducted by using the Dunnett test, with sig-
nificance defined as a P value of less than 0.05 (Prism 6, GraphPad 
Software, San Diego, CA).

Results
Changes to blood glucose and insulin levels. No significant in-

tergroup differences were observed prior to the start of drug ad-
ministration. The blood glucose levels in the control group (153 ± 
11 mg/dL at 7 wk of age) increased with age, and at 11 wk of age, 
a high blood glucose level of 527 ± 21 mg/dL (P < 0.01 vs 7 wk of 
age) was observed (Figure 1). In contrast, the liraglutide groups 
showed dose-dependent reduction of blood glucose levels. Spe-
cifically, blood glucose levels at 7 wk of age did not differ from 
those at older ages in the high-dose liraglutide-treated groups. 
There were no differences among the 4 groups with regard to 
blood insulin concentrations in 7-wk-old rats prior to liraglutide 
administration. In the control group, blood insulin concentrations 
decreased gradually beginning at 8 wk of age. Alternatively, the 
reduction in insulin concentrations was attenuated dose-depend-
ently in the liraglutide groups (Figure 1).

Changes to food and water intake. No intergroup differences  
in food and water intakes of the 7-wk-old rats were observed 
during the preadministration period. After the initiation of drug 

these rats show high blood glucose levels because of a difficulty 
in maintaining blood insulin concentrations as a consequence of 
declining pancreatic β-cell function associated with advancing 
age.14

In the current study, to further validate fa/fa rats as a T2DM 
model, we investigated the effects of a GLP1 analog in fa/fa rats 
with hyperglycemia (age, 7 to 11 wk). We used liraglutide, a hu-
man GLP1 analog, which has been shown to be clinically effective 
in T2DM patients.9,11

Materials and Methods
Test animals and growth conditions. We obtained male fa/fa rats 

from Japan SLC (Shizuoka, Japan). The rats were housed indi-
vidually in plastic cages under the following conditions: tempera-
ture, 21 ± 2 °C; humidity, 55% ± 5%; and lights on for 12 h daily 
from 0800 to 2000. They were allowed free access to food (CRF1, 
Charles River Laboratories Japan, Kanagawa, Japan) and tap wa-
ter from a plastic water bottle. All animal studies were approved 
by the Azabu University Animal Research Ethics Committee.

Research protocol. We allocated 7-wk-old fa/fa rats (n = 32) 
into 4 groups; a control group (n = 8) and 3 liraglutide-treatment 
groups (doses: 37.5, 75, and 150 μg/kg group; 8 rats per group). 
Saline or liraglutide (Victoza, Novo Nordisk Pharma, Tokyo, Ja-
pan) was administered subcutaneously once daily for 4 wk. These 
study protocols were selected in light of the results from our pre-
vious14 and preliminary studies, in which bolus administration 
of liraglutide (37.5 to 150 μg/kg SC) caused a dose-dependent 
increase in plasma insulin levels. At the end of the study, when 
the rats were 11 wk old, we performed intravenous glucose toler-
ance testing (IVGTT), after which the rats were euthanized by 
exsanguination under anesthesia with pentobarbital sodium (50 
to 60 mg/kg IP; Kyoritsu Seiyaku, Tokyo, Japan).

Blood sampling and plasma separation. Blood was drawn 
from the tail vein of the rats every week prior to administration 
of either saline or liraglutide. At the end of the experiment, we 
obtained blood from the abdominal aorta under pentobarbital 
anesthesia. Heparin sodium (Mitsubishi Tanabe Pharma, Tokyo, 
Japan) was used as an anticoagulant, and plasma was separated 
from the collected blood by centrifugation at 3000 × g for 10 min.

IVGTT. IVGTT was performed at the end of the study, when 
the rats were 11 wk old. After being fasted for 18 h, the rats were 
anesthetized by using pentobarbital sodium (50 to 60 mg/kg IP), 
and 0.2 mL of blood was obtained from the jugular vein. The rats 
then underwent glucose loading (0.5 g/kg) via injection of a glu-
cose solution (20% w/v; Otsuka Pharmaceutical, Tokyo, Japan) 
into the femoral vein. Equivalent volumes of blood were sampled 
from the jugular vein at 2, 5, 10, and 20 min after glucose loading. 
Heparin sodium was used as an anticoagulant, and plasma was 
separated by centrifugation (2000 × g for 15 min). We used the 
AUC of the plasma insulin values, determined by IVGTT, as an 
indicator of insulin secretory ability.

Measurement of blood biomarkers. Plasma glucose levels were 
measured by using a blood glucose self-monitoring device (Accu-
Chek Aviva, Roche Diagnostics, Indianapolis, IN) and Glucose 
CII-Testwako (Wako Pure Chemical Industries, Osaka, Japan). 
Plasma insulin concentrations were quantitated by ELISA (Super-
Sensitive Rat Insulin Measurement Kit, Morinaga Institute of Bio-
logic Science, Kanagawa, Japan).

Measurements of body weight, food consumption, and water 
intake. Body weight was measured once weekly before the start 
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between the intermediate (75 µg/kg)- and high-dose groups as 
compared with the control group (Figure 2).

Changes in body weight. Intergroup differences in body weight 
at the start of the experimental period were not significant. The 
body weight of all groups continued to increase during the ex-
periment with no significant differences between the control and 
liraglutide groups (Figure 3).

Fat content. Fat contents in the epididymis and mesentery did 
not differ between the control and liraglutide groups. No sig-
nificant reduction in fat content was detected after liraglutide 
administration (Figure 3).

Histopathology of the pancreas. In the pancreata of the rats in 
the control and liraglutide groups, we noted evidence of mild-
to-severe chronic interstitial pancreatitis, including interstitial 
fibrosis, proliferation of small ducts, acinar cell atrophy, hemosid-
erosis, and lymphocytic infiltration (Figure 4). Interstitial fibrosis 
spread to the islets, with clear evidence of damage to the islet 
structure. Furthermore, vacuolar degeneration was present in 
the remaining islet cells. We did not observe a significant effect 
of liraglutide on interstitial pancreatitis. In the regions where the 
small ducts had clear signs of proliferation or accumulation, large 
cells with weakly acidophilic cytoplasm (similar to pancreatic 
islet cells) were found scattered throughout the tissue. The number 

administration, food and water intakes were reduced dose-de-
pendently in the liraglutide-treated rats, with significant (P < 0.05) 
differences observed after 8 wk of age in the high-dose (150 µg/
kg) liraglutide group (Figure 1).

IVGTT. Blood glucose levels peaked 2 to 5 min after glucose 
loading in all groups and gradually decreased thereafter. The 
blood glucose levels at 5 to 20 min decreased in a dose-dependent 
manner in the liraglutide groups, and statistical significances (P 
< 0.05) were evident in the high-dose (150 µg/kg) group. Blood 
plasma insulin concentrations increased in response to blood glu-
cose levels and peaked 2 min after glucose loading. Compared 
with the control group, the liraglutide-treated rats showed con-
sistently and significantly (P < 0.05) higher blood plasma insulin 
concentrations before and after glucose loading (Figure 2).

As an index of glucose intolerance, we calculated the glucose 
AUC from the plasma glucose concentrations obtained after 
IVGTT. A similar calculation was performed to obtain the insulin 
AUC from plasma insulin concentrations, which facilitated the 
derivation of an index for assessing insulin secretion. The high-
dose (150 µg/kg) liraglutide group showed a significant (P < 0.05) 
reduction in glucose AUC, confirming improved glucose toler-
ance. The insulin AUC in the liraglutide groups increased in a 
dose-dependent manner, with significant (P < 0.01) differences 

Figure 1. Effects of liraglutide on (A) plasma glucose concentrations, (B) plasma insulin concentrations, (C) daily food intake, and (D) daily water intake 
in male fa/fa rats 7 to 11 wk of age. Data are expressed as means ± SE (n = 8). *, P < 0.05; **, P < 0.01 compared with control value.
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plasma insulin concentrations in control rats 8 wk of age or older. 
Moreover, histologic examination of the pancreas revealed inter-
stitial fibrosis, with little normal pancreatic islet tissue remaining. 
However, the previous studies14,21 also showed that plasma insu-
lin levels in fa/fa rats at the onset of hyperglycemia were similar 
to those in normal rats. T1DM and T2DM are defined as a lack of 
insulin release and the action of insulin, respectively. Therefore, 
for fa/fa rats to represent a T1DM model is inconsistent with this 
definition. In contrast, insulin resistance is evident in fa/fa rats 
before and after the reduction in plasma insulin levels.14,21 In ad-
dition, an insulin sensitizer exerted prophylactic and therapeutic 
effects on the hyperglycemia in fa/fa rats, indicating that insulin 
resistance plays a key role in this model.21 These results suggest 
that fa/fa rats represent a model of T2DM that is associated with 
pancreatitis and obesity.

One reported action of GLP1 on β cells is the promotion of in-
sulin secretion.10 The present study evaluated whether a GLP1 
derivative promoted insulin secretion in fa/fa rats with advanced 
pancreatic dysfunction. The liraglutide-treated rats demonstrated 
dose-dependent increases in plasma insulin concentrations. This 
finding suggests that GLP1 derivatives can effectively promote 
insulin secretion in fa/fa rats, despite their advanced pancreatic 
dysfunction.

of these hypertrophic and pancreatic islet-like cells increased 
dose-dependently in the liraglutide groups. Immunohistochemi-
cal analysis revealed that the pancreatic islet-like cells stained 
positively for antiinsulin antibodies, indicating that these cells 
produced insulin. In contrast, these cells stained negatively for 
antiKi67 antibodies; however, the epithelial cells of the small and 
proliferative ducts, which were observed around the islet-like 
cells, were positive for antiKi67 antibodies (Figure 4).

Discussion
In this study, to further validate fa/fa rats as a T2DM model, 

we investigated the effects of liraglutide, a human GLP1 analog 
that has been shown to be clinically effective in T2DM patients.9,11 
Research to date has revealed that fa/fa rats possess genetic fac-
tors that cause insulin resistance. These rats can maintain normal 
blood glucose levels because of a compensatory increase in plas-
ma insulin levels resulting from insulin resistance at a prediabetic 
stage. However, progression of pancreatitis eventually leads to is-
let cell destruction and a concomitant decrease in the ability to se-
crete insulin, culminating in the onset of diabetes.2,14 Our current 
findings supported these results, and we found that fa/fa rats were 
hyperinsulinemic at the age of 7 wk, and the onset of increase in 
blood glucose levels occurred concomitantly with reduction in 

Figure 2. Effects of liraglutide on plasma (A) glucose and (B) insulin concentrations and (C, D) their respective AUC in male fa/fa rats undergoing intra-
venous glucose tolerance testing (IVGTT). Data are expressed as means ± SE (n = 8). *, P < 0.05; **, P < 0.01 compared with control values.
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due to the proliferation of existing β cells but rather to the prolif-
eration of precursor cells and their subsequent differentiation or 
de novo transformation into β cells.

Studies involving Sprague–Dawley rats with partial pancreat-
ic resection or Goto–Kakizaki rats have demonstrated that β-cell 
proliferation and generation of β-cells can be induced by GLP1 
derivatives.25,29 In contrast to this finding, we did not observe de-
finitive proliferation of β cells, consistent with results in diabetic 
Zucker-fatty rats.24 One reason for this difference is that fa/fa 
rats show severe islet degeneration, which leads to a decreased 
number of normal β cells that are able to proliferate. In contrast, 
our study revealed proliferation of β-cell precursors. This find-
ing suggests that GLP1 derivatives effectively induce β-cell gen-
eration despite advanced pancreatic dysfunction. Prolonged 
administration of sulphonylurea derivatives, which promote 
insulin release, can lead to secondary failure and a reduction 
in insulin secretion, but such failure is less common with GLP1 
derivatives.5 The inductive effect of liraglutide on pancreatic β 
cells that we observed in our study could be related to the fact 
that secondary failures in efficacy are less frequent with GLP1 
derivatives.

A factor that may contribute to the suppressed hyperglycemia 
in the liraglutide-treated rats is the liraglutide-induced reduc-
tion of food intake, which occurs in addition to the direct effect 
of liraglutide on increasing the number of insulin-containing 
pancreatic cells. The inhibitory effects of GLP1 derivatives, in-
cluding liraglutide, on food intake are reportedly mediated by 
the activation of GLP1 receptors expressed on subdiaphrag-
matic vagal afferents, as well as in the brain.15 A previous re-
port demonstrated that limiting food intake in male fa/fa rats 
at a young age reduced the severity of pancreatitis and led to 
the subsequent suppression of increased blood glucose levels.3 
Therefore, liraglutide-induced suppression of hyperglycemia in 
the present study may reflect its intake-inhibitory effect in ad-
dition to its insulin-releasing effect. Water intake in the control 
group increased at 9 wk of age, when hyperglycemia developed; 
this effect was attenuated by liraglutide in a dose-dependent 
manner. The attenuated increase of water intake by liraglutide 
is likely secondary to T2DM prevention.

A problem in the treatment of T2DM is the increase in body 
weight that occurs concurrently with the use of sulphonylurea or 
insulin. One advantage afforded by the use of GLP1 derivatives 
as a treatment for diabetes is the suppressive effect on food intake 
and body weight.7,13,27 However, in contrast to previous reports, 
our current experiments did not demonstrate any effect of lira-
glutide administration on body weight. Our findings indicate that 
obesity in young fa/fa rats that develop T2DM cannot be inhibited 
solely by liraglutide-induced reduction of food intake. Although 
the mechanism of the discrepancy between food intake and body 
weight has yet to be elucidated, there are a couple of possible 
explanations. First, abnormal energy metabolism that is resis-
tant to liraglutide could play a critical role in the obesity of fa/fa 
rats. Second, the effect of the reduction in food intake would have 
been negated by the hyperinsulinemia-induced promotion of glu-
cose uptake in the periphery in the liraglutide groups. Third, the 
antihyperglycemic and antiobesity effects of liraglutide may be 
dependent on the liraglutide treatment period or the pathophysi-
ologic state of fa/fa rats. We currently are investigating the thera-
peutic effects of liraglutide on hyperglycemia and obesity in fa/fa 
rats older than 11 wk.

This study also demonstrated that liraglutide administration 
increases the number of insulin-positive islet-like cells, which re-
semble pancreatic β cells. Positive staining for antiKi67 antibodies 
and proliferative activity were not observed in the islet-like cells. 
However, these features were present in the epithelial cells of re-
generated pancreatic ducts. We hypothesize that these epithelial 
cells are precursors to pancreatic β-cells.23 We conclude that the 
increase in the number of islet-like cells that we observed was not 

Figure 3. (A) Changes of body weight in male fa/fa rats treated with sa-
line or liraglutide from 7 to 11 wk of age. Comparison of (B) epididymal 
fat weight and (C) mesenteric fat weight in fa/fa rats at 11 wk of age. Data 
are expressed as means ± SE (n = 8).
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The current study used the fa/fa rat model of diabetes, in which 
rats develop advanced pancreatic dysfunction, to demonstrate 
that the GLP1 derivative liraglutide effectively retards diabetes 
development and promotes blood glucose control. Furthermore, 
we provide strong evidence that fa/fa rats are useful as an animal 
model of pancreatitis as well as T2DM.
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