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Abstract

The present study investigated the antidiabetic effects of the dipeptidyl peptidase (DPP)—IV inhibitors ASP8497 and vildagliptin, and the
sulfonylureas glibenclamide and gliclazide in streptozotocin-nicotinamide—induced mildly diabetic mice. A single administration of
ASP8497 and vildagliptin significantly improved glucose tolerance by increasing plasma insulin and glucagon-like peptide—1 levels. In
addition, a single administration of glibenclamide and gliclazide also caused significant improvement in glucose tolerance with an
accompanying increase in the plasma insulin level. Subsequently, the effects of a 1-week chronic daily dosing of DPP-IV inhibitors and
sulfonylureas were investigated. All drugs significantly improved glucose tolerance on day 1 of chronic daily dosing. After 1 week of chronic
daily dosing, the DPP-IV inhibitors caused a significant improvement in glucose tolerance similar to those observed on day 1 by increasing
the plasma insulin and glucagon-like peptide—1 levels. In contrast, the sulfonylureas had no significant improving or insulinotropic effect.
Furthermore, ASP8497 also had an antihyperglycemic effect and improved pancreatic histopathologic lesions in a 4-week chronic daily
dosing study. These results suggest that chronic daily dosing of sulfonylureas had virtually no antidiabetic effects because of marked
attenuation of the insulinotropic action in streptozotocin-nicotinamide—induced mildly diabetic mice. In contrast, the antidiabetic efficacy of
DPP-1V inhibitors, including ASP8497, did not change even after chronic daily dosing; therefore, DPP-IV inhibitors are useful as a

therapeutic agent for impaired glucose tolerance and type 2 diabetes mellitus.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus, affecting more than 90% of
diabetic patients, is a heterogenous and polygenic metabolic
disease characterized by hyperglycemia and insulin resis-
tance. The pathologic mechanisms of this disease are mainly
attributed to impaired insulin secretion by pancreatic f-cells
and insulin resistance in target tissues, including skeletal
muscle and the liver, which leads to hyperglycemia [1]. Of
the oral antidiabetic agents currently available, sulfonylureas
have a superior postprandial antihyperglycemic effect
because of their potent insulinotropic action and are effective
in many diabetic patients, with few primary nonresponders
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[2-4]. However, findings in both basic studies and clinical
practice indicate that sulfonylureas cause hypoglycemic
symptoms associated with persistent insulin secretion
irrespective of blood glucose levels and efficacy attenuation
in long-term treatment, that is, secondary failure, as a
common undesirable adverse effect [5-8]. Suggested causes
of this secondary failure include (1) a decrease in the
pancreatic insulin content associated with potent and
sustained insulin secretion, (2) desensitization resulting
from hyperstimulation of pancreatic S-cells, and (3) respon-
siveness of B-cells to glucose toxicity under hyperglycemic
conditions [9-12]; but precise mechanisms remain unclear.
In recent years, glucagon-like peptide (GLP)—1 has been
actively investigated for use as a novel therapeutic agent in
the treatment of type 2 diabetes mellitus [13]. Glucagon-like
peptide—1 is a gastrointestinal hormone secreted into
circulation from the L cells of the small intestine and
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proximal colon in response to the ingestion of nutrients, and
increases glucose-dependent insulin secretion through the
GLP-1 receptors expressed on pancreatic f(-cells [14].
However, GLP-1 action has a very short life of about
1 minute because of its degradation by dipeptidyl peptidase
(DPP)-1V (EC 3.4.14.5, CD26) [15]. Dipeptidyl peptidase—
IV is a serine protease that removes the dipeptides from the
N-terminus of substrate peptides by cleaving postproline or
alanine residues. Dipeptidyl peptidase—IV is expressed in
body fluids and many tissues, including the kidney and liver,
and exists as either a soluble or a membrane-bound enzyme
[16]. It has been demonstrated that this residue cleavage is
the primary physiologic route of GLP-1 degradation in both
humans and animals [17,18]. Since the discovery that
postprandial GLP-1 secretion was impaired, but retained its
potency in type 2 diabetes mellitus [19,20], several
approaches have been used to enhance GLP-1 action,
thereby ameliorating type 2 diabetes mellitus. Of these, the
inhibition of DPP-IV prevents proteolytic degradation of
biologically active GLP-1 and enhances glucose-dependent
insulin secretion from pancreatic -cells. In animal studies,
this led to a reduction in postprandial hyperglycemia without
affecting fasting blood glucose levels [21,22]. Furthermore,
clinical efficacy has been reported for DPP-IV inhibitors
such as sitagliptin and vildagliptin [23,24]. Previous reports
have shown that DPP-IV inhibitors have antihyperglycemic
effects in diabetic animals and patients; but very few reports
have shown whether efficacy attenuation occurs because of
chronic daily dosing, as it does for sulfonylureas. Therefore,
the present study compared antidiabetic effects after single
and chronic daily dosing of the DPP-IV inhibitors ASP8497
[25] and vildagliptin [26] to the sulfonylureas glibenclamide
and gliclazide in streptozotocin-nicotinamide—induced
mildly diabetic mice.

2. Materials and methods
2.1. Compounds

ASP8497 and vildagliptin were synthesized by Astellas
Pharma (Ibaraki, Japan). Glibenclamide and gliclazide were
purchased from Sigma-Aldrich (St Louis, MO). These
compounds were dissolved or suspended in 0.5% methyl-
cellulose solution and then orally administered.

2.2. Animals

Male ICR mice (5 weeks old) were purchased from Japan
SLC (Shizuoka, Japan) and used at the age of 6 weeks.
Streptozotocin-nicotinamide—induced diabetic mice were
created by treating the mice as follows: fasting overnight
and intraperitoneally administering a nicotinamide solution
(1000 mg/kg), followed by a streptozotocin solution
(150 mg/kg) 90 minutes later. Normal control mice were
intraperitoneally administered physiologic saline. Blood
glucose levels were measured in the diabetic mice 1 week
later, after which they were grouped so that the blood glucose

levels were uniform among the groups. All mice were
housed under conventional conditions with controlled
temperature, humidity, and light (12-hour light-dark cycle),
and were provided with a standard commercial diet (CE-2;
Oriental Yeast, Tokyo, Japan) and water (ad libitum). All
experimental procedures were conducted according to the
Animal Ethical Committee of Astellas Pharma.

2.3. Single-administration study

For examination of the blood glucose level, blood
samples were collected from normal and diabetic mice
fasted overnight and to which either the vehicle or the test
compound (ASP8497 and vildagliptin, 0.1-3 mg/kg; glib-
enclamide and gliclazide, 3-30 mg/kg) had been orally
administered. After 30 minutes, the blood glucose levels
were measured, followed by the oral administration of
glucose solution (2 g/kg). The blood glucose levels were
measured 0.5, 1, and 2 hours after glucose loading. For the
examination of plasma insulin and GLP-1 levels, normal and
diabetic mice that had been fasted overnight were orally
administered either the vehicle or test compound (ASP8497
and vildagliptin, 3 mg/kg; glibenclamide and gliclazide,
10 mg/kg), followed 30 minutes later by the oral adminis-
tration of glucose solution. Blood samples were collected
10 minutes after glucose loading.

2.4. One-week chronic daily dosing study

The effects of the test compounds (ASP8497 and
vildagliptin, 3 mg/kg; glibenclamide and gliclazide,
10 mg/kg) on the blood glucose level were examined on
day 1 of chronic daily dosing, as in the single-administration
study described above. Subsequently, oral administration of
vehicle or test compound was continued at the same dose
once daily; and the effects of the test compound on the blood
glucose level were examined again on day 7. To examine
plasma insulin and GLP-1 levels and pancreatic insulin
content, drug administration was continued at the same dose.
On day 9 of chronic daily dosing, glucose solution was
orally administered 30 minutes after the test compound
dosing. Blood samples were collected 10 minutes later, after
which the pancreas was isolated under ether anesthesia.

2.5. Four-week chronic daily dosing study

From the age of 6 weeks, mice were fed only during the
dark (active) period (8:00 pPM to 8:00 AM); this controlled
feeding continued during the study period. One week later,
diabetes was induced by giving streptozotocin and nicotina-
mide, as described above. After an additional week, the
animals were assigned to receive vehicle or ASP8497
(5 mg/kg) immediately before feeding, once daily for
4 weeks. On the morning after final administration, blood
samples were collected under nonfasting conditions; and the
pancreas was isolated. Part of the isolated pancreas was
cryopreserved for measurement of insulin content, and the
remaining part was immersed and fixed in phosphate-
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buffered 10% formalin solution to prepare a paraffin section.
This section was histopathologically evaluated after staining
with hematoxylin and eosin and immunostaining with an
anti-mouse insulin antibody (Insulin Ab-6 [INS04 + INS05];
Lab Vision, Fremont, CA).

2.6. Biochemical determination

Blood glucose levels were measured using Glucose CII-
Test reagent (Wako Pure Chemical Industries, Osaka, Japan).
Cryopreserved pancreas was homogenized by adding acid-
ethanol solution (75% ethanol, 23.5% purified water, and
1.5% concentrated hydrochloric acid) and incubating at 4°C
for 1 hour to extract the insulin. Subsequently, the culture
was centrifuged; and the supernatant was used as a
measurement sample. Plasma and pancreatic insulin con-
centrations were measured using a Biotrak rat insulin
radioimmunoassay kit (Amersham Biosciences, Piscataway,
NJ). Plasma GLP-1 concentrations were measured using an
active GLP-1 enzyme-linked immunosorbent assay kit
(Linco Research, St Charles, MO). Hemoglobin A,
(HbA,.) levels were measured using a DCA2000 System
(Bayer Medical, Tokyo, Japan).

2.7. Statistical analysis

The experimental results are expressed as the mean + SE.
The significance of differences between normal and diabetic
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animals receiving the vehicle was determined using the
Student ¢ test. The significance of differences between the
vehicle group and test compound groups was assessed using
the Dunnett multiple range test. A value of P less than .05
was taken to be significant. Statistical and data analyses were
conducted using the SAS 8.2 software package (SAS
Institute, Tokyo, Japan).

3. Results
3.1. Single-administration study

In the oral glucose tolerance test, streptozotocin-nicotina-
mide—induced mildly diabetic mice exhibited significant
aggravation of glucose tolerance because of the loss of early-
phase insulin secretion. ASP8497 (0.1-3 mg/kg) and vilda-
gliptin (0.1-3 mg/kg) caused a significant and dose-dependent
improvement in glucose tolerance, with significant increases in
plasma insulin and GLP-1 levels (Fig. 1). Glibenclamide
(3-30 mg/kg) and gliclazide (3-30 mg/kg) also caused a dose-
dependent and significant improvement in glucose tolerance,
with a significant increase in the plasma insulin level; however,
no change in plasma GLP-1 level was observed (Fig. 2).

3.2. One-week chronic daily dosing study

On the first day of the 1-week chronic daily dosing study,
ASP8497 (3 mg/kg), vildagliptin (3 mg/kg), glibenclamide
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Fig. 1. Effects of ASP8497 and vildagliptin on blood glucose, plasma insulin, and GLP-1 levels during the oral glucose tolerance test (OGTT) in diabetic mice.
A-C, Time course of changes in blood glucose levels and (D) the area under the blood glucose concentration-time curve (AUC) during the OGTT. Plasma (E)
insulin and (F) active GLP-1 levels at minute 10 during the OGTT. The values represent the mean + SE for 5 animals in each group. *P <.05 vs normal group;

#P <05 vs vehicle group.
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Fig. 2. Effects of glibenclamide and gliclazide on blood glucose, plasma insulin, and GLP-1 levels during the OGTT in diabetic mice. A-C, Time course of
changes in blood glucose levels and (D) the AUC during the OGTT. Plasma (E) insulin and (F) active GLP-1 levels at minute 10 during the OGTT. The values
represent the mean + SE for 5 animals in each group. *P < .05 vs normal group; “P < .05 vs vehicle group.

(10 mg/kg), and gliclazide (10 mg/kg) all caused a
significant improvement in glucose tolerance (Fig. 3A-
C). On day 7 of chronic daily dosing, ASP8497 and
vildagliptin caused a significant improvement in glucose
tolerance, as observed on day 1; however, glibenclamide
and gliclazide caused no significant improving effects
(Fig. 3D-F). On day 9 of chronic daily dosing, significant
increases in the plasma GLP-1 and insulin levels were
obtained after administration of ASP8497 and vildagliptin;
but no increase in the plasma insulin level was observed
after administration of glibenclamide or gliclazide
(Fig. 4A and B). Furthermore, ASP8497 and vildagliptin
significantly increased pancreatic insulin content; but
glibenclamide and gliclazide caused no significant
changes (Fig. 4C).

3.3. Four-week chronic daily dosing study

In the 4-week chronic daily dosing study, ASP8497
(5 mg/kg) significantly decreased nonfasting blood glucose
and HbA,. levels (Table 1). Histopathologic evaluation of
the pancreata of diabetic mice revealed a high frequency
of degenerative changes, such as a moderate decrease in
the number of insulin-positive granules as well as atrophy,
pyknosis, degeneration, and necrosis in the islets (Fig. 5,
Table 2). In contrast, degenerative changes occurred at a
low frequency in the ASP8497 group, with only a slight

decrease in the number of insulin-positive granules and no
marked islet atrophy, degeneration, or necrosis.

4. Discussion

Primary defects in insulin secretion, along with the
development of insulin resistance, contribute to the etiology
of type 2 diabetes mellitus. Diminished postprandial insulin
secretion resulting from both functional defects and the loss
of pancreatic f(-cells progresses to hyperglycemia and
declining insulin sensitivity [27]. Therefore, sulfonylureas,
antihyperglycemic drugs with potent insulinotropic effects,
are widely used for patients with type 2 diabetes mellitus.
However, hypoglycemia is a known adverse effect of these
drugs due to their glucose-independent and long-lasting
induction of insulin secretion [6]. In contrast, DPP-IV
inhibitors, which have a glucose-dependent insulinotropic
effect, can be used as safe drugs because of their low risk of
hypoglycemia induction. Previous studies have shown that
ASP8497 is a selective DPP-IV inhibitor and exhibits a
potent and long-acting antihyperglycemic effect based on a
glucose-dependent insulinotropic action associated with
increases in plasma GLP-1 levels in streptozotocin-nicoti-
namide—induced mildly diabetic mice and Zucker fatty rats
[25,28]. In addition, sulfonylureas significantly decreased
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Fig. 3. Effects of chronic daily dosing of DPP-IV inhibitors and sulfonylureas on glucose tolerance in diabetic mice. Time course of changes in blood glucose
levels and the AUC during the OGTT on the (A-C) first and (D-F) seventh day of chronic daily dosing. The values represent the mean + SE for 5 animals in each

group. *P < .05 vs normal group; *P <.05 vs vehicle group.

the blood glucose level in fasted normal mice; but ASP8497
did not. Therefore, the hypoglycemic risk of ASP8497 is
low. Furthermore, 13-week repeated oral administration
study in rats was conducted that confirmed the safety of
doses up to 100 mg/kg (unpublished data). The present study
demonstrated that the DPP-IV inhibitors ASP8497 and
vildagliptin have a glucose tolerance—improving effect
comparable with or superior to that of the sulfonylureas
glibenclamide and gliclazide, which suggests their useful-
ness as a therapeutic agent for type 2 diabetes mellitus.

In this study, ASP8497 (3 mg/kg) significantly
increased the plasma GLP-1 level (vehicle, 30 pmol/L;
ASP8497, 64 pmol/L). In the previous study using the
same diabetic model, the same dose of ASP8497 also
significantly increased the plasma GLP-1 level, however,
this result was different from that in the present study
(vehicle, 4 pmol/L; ASP8497, 32 pmol/L). During the
preliminary examination, the highest plasma GLP-1 level
during the oral glucose tolerance test was found to occur 5
to 10 minutes after glucose loading; therefore, the plasma
GLP-1 level was measured 10 minutes after glucose
loading in the efficacy evaluation studies. Because changes
(increase and reduction) in the plasma GLP-1 level
accompanying the secretion of GLP-1 caused by glucose

loading as well as decomposition by DPP-IV are very fast,
the plasma GLP-1 level during the oral glucose tolerance
test was presumed to differ between studies, especially in
the absence of DPP-IV inhibitor. The fact that slight
differences in the disease state of the diabetic mice in
different examinations could also affect the results cannot
be denied either. However, in both examinations, ASP8497
caused not only a significant increase in the plasma GLP-1
level, but also a significant increase in plasma insulin level
and improvement of glucose tolerance; thus, these
differences are thought to have no substantial effect on
the evaluation of the study results.

Although sulfonylureas show antihyperglycemic effects
associated with insulin secretion in patients with type 2
diabetes mellitus, there is still the problem of attenuation
of insulinotropic action that occurs in some patients
undergoing long-term treatment. The UK Prospective
Diabetes Study has also reported that as many as 48%
of patients using glibenclamide and 40% of patients using
chlorpropamide changed to or added another drug because
of aggravation of their condition during a 6-year treatment
period [8]. The present study also showed that, when
streptozotocin-nicotinamide—induced mildly diabetic mice
received chronic daily dosing of glibenclamide and
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Fig. 4. Effects of chronic daily dosing of DPP-IV inhibitors and
sulfonylureas in diabetic mice. Plasma (A) insulin and (B) active GLP-1
levels at minute 10 during the OGTT on the ninth day of chronic daily
dosing. C, Pancreatic insulin content after the OGTT. The values represent
the mean = SE for 5 animals in each group. *P <.05 vs normal group; *P <
.05 vs vehicle group.

gliclazide for 1 week, both sulfonylureas significantly
improved glucose tolerance on the first day, but their
insulinotropic action was markedly attenuated on day 7,
with no glucose tolerance—improving effect. Hosokawa
and Leahy [9] and Gold et al [29] explained that the
efficacy attenuation seen with chronic daily dosing of
sulfonylureas was due to decreased pancreatic function
resulting from the depletion of insulin content associated
with potent and long-lasting insulin secretion. In addition,
Kawaki et al [12] suggested that chronic treatment with
sulfonylureas causes a defect in insulin secretion by

reducing the number of functional adenosine triphosphate—
sensitive K channels on the plasma membrane of the S
cells. Furthermore, Sako and Grill [30] suggested the
possibility of a decreased p-cell response due to glucose
toxicity under hyperglycemic conditions. Currently, how-
ever, the details of the mechanism behind efficacy
attenuation by sulfonylureas remain unknown. In the
present study, pancreatic insulin content was measured on
day 9 of chronic daily dosing when efficacy of
sulfonylureas had almost disappeared. Both sulfonylureas
glibenclamide and gliclazide showed no significant
difference from the vehicle group, with no depletion of
pancreatic insulin content. Therefore, these findings
suggest the possibility that the efficacy attenuation
resulting from chronic daily dosing of sulfonylureas in
streptozotocin-nicotinamide—induced mildly diabetic mice
is not caused by depletion of pancreatic insulin content,
but rather by an abnormal mechanism that involves
desensitization relating to insulin secretion in the pancreas.
In contrast, both of the DPP-IV inhibitors ASP8497 and
vildagliptin caused a significant improvement in glucose
tolerance on both days 1 and 7 of chronic daily dosing,
with hardly any change in their efficacy. Furthermore,
pancreatic insulin content on day 9 of chronic daily dosing
caused significant increases compared with the vehicle
group. These findings suggest that the DPP-IV inhibitor—
induced effective glucose-dependent insulin secretion and
accompanying blood glucose—lowering effects may lead to
economization of insulin and increases in pancreatic
insulin content.

In the present study, the antidiabetic effect of ASP8497
during 4 weeks of chronic daily dosing was examined
further. To determine the dose of ASP8497 required for
clinical efficacy, feeding was limited to during the active
period only, to mimic human food intake patterns, and
ASP8497 was orally administered immediately before
feeding. Preliminary examination confirmed that, even
when feeding is limited to only during the active period,
diabetic mice show no marked differences in daily food
intake; and the hyperglycemia associated with loss of early-
phase insulin secretion is observed throughout the study
period. ASP8497 produced significant decreases in nonfast-
ing blood glucose and HbA;. levels. Furthermore, a
histopathologic evaluation of the pancreas revealed that
ASP8497 improved degenerative changes, including
decreases in the number of insulin-positive granules as

Table 1

Antihyperglycemic effect of chronic daily dosing of ASP8497 in diabetic mice
Normal Vehicle ASP8497

Nonfasting blood glucose (mg/dL) 143 +7 233 + 6* 172+ 77

HbA . (%) 279 +0.03 3.57+0.04* 2.80+0.11"

The values represent the mean + SE for 7 animals in each group.
* P <05 vs normal group.
P <.05 vs vehicle group.
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Fig. 5. Effect of chronic daily dosing of ASP8497 on histopathologic changes in the pancreata of diabetic mice. Hematoxylin and eosin staining and anti-insulin
antibody immunostaining from (A, D) normal mice and from (B, E) vehicle-treated and (C, F) ASP8497 (5 mg/kg)—treated diabetic mice. Original magnification

x100. H&E indicates hematoxylin and eosin.

well as islet atrophy, degeneration, and necrosis. It has been
confirmed that GLP-1 has not only glucose-dependent
insulinotropic effects, but many other physiologic effects
in pancreatic fB-cells. In addition, its promotion of insulin
biosynthesis, cell proliferation, and differentiation, and an
apoptosis inhibitory action have also been demonstrated [31-
33]. Therefore, the increases in pancreatic insulin content

Table 2
Effects of chronic daily dosing of ASP8497 on pancreatic lesions in diabetic
mice

Histopathologic findings Normal Vehicle ASP8497
No. of animals 7 7 7
Islet atrophy 0 7 0
Pyknosis 0 7 7
Degeneration/necrosis 0 7 0
Insulin-positive granules
Slight decrease 0 2 6
Moderate decrease 0 5 1

and improvement of pancreatic lesions seen after treatment
with ASP8497 could be attributable at least in part to direct
action on pancreatic f-cells mediated by GLP-1; ASP8497
may have not only a glucose tolerance—improving effect, but
also a protective effect on the pancreas.

In conclusion, the present results suggest that the DPP-IV
inhibitor ASP8497 has a superior antidiabetic effect,
including improvement in glucose tolerance in streptozoto-
cin-nicotinamide—induced mildly diabetic mice. The drug
has demonstrated the ability to control blood glucose levels
with chronic daily dosing and holds promise as a useful
therapeutic agent for type 2 diabetes mellitus.
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