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Abstract:

(2S,4S)-4-Fluoro-1-({[4-methyl-1-(methylsulfonyl)piperidin-4-yl]amino}acetyl)pyrrolidine-2-carbonitrile monofumarate (ASP8497)

is a novel dipeptidyl peptidase (DPP)-IV inhibitor. In this study, we investigated the antidiabetic potency, mechanism, and duration

of action of ASP8497 both in vitro and in vivo, and compared it with the DPP-IV inhibitors vildagliptin, sitagliptin, and saxagliptin.

ASP8497 inhibited rat plasma DPP-IV activity in vitro with an IC�� value of 2.96 nmol/l, while those for vildagliptin, sitagliptin, and

saxagliptin were 2.12, 8.98, and 2.00 nmol/l, respectively. In rats that had streptozotocin-nicotinamide-induced, mildly diabetes, oral

administration of ASP8497 dose-dependently and sustainably inhibited plasma DPP-IV activity. In addition, ASP8497 dose-

dependently and significantly improved glucose tolerance with a concomitant increase in plasma glucagon-like peptide 1 (GLP-1)

and insulin levels at both 0.5 h and 8 h after dosing. The order of both potency and duration of action for plasma DPP-IV inhibition

and glucose tolerance improvement was as follows: saxagliptin > ASP8497 = vildagliptin = sitagliptin. These results suggest that

ASP8497 exerts a potent and long-acting DPP-IV inhibitory effect and improves glucose tolerance through glucose-dependent in-

sulinotropic action via elevation of the GLP-1 level in streptozotocin-nicotinamide-induced mildly diabetic rats. This compound is

expected to be useful as a therapeutic agent for impaired glucose tolerance and type 2 diabetes.
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sulfonylurea receptor

Introduction

The prevalence of type 2 diabetes is rising dramati-

cally; the total number of people with diabetes is ex-

pected to reach 370 million worldwide by the year

2030 [22]. Although many antidiabetic drugs have

been developed and used for treatment so far, current

treatment strategies for type 2 diabetes have only lim-

ited long-term efficacy and tolerability given the pro-

gressive nature of the disease [3]. As such, there is

a need to develop efficient new therapeutic strategies

for the treatment of type 2 diabetes. Primary defects

in insulin secretion, along with the development of in-

sulin resistance, contribute to the etiology of type 2

diabetes. Diminished postprandial insulin secretion
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resulting from both functional defects and the loss of

surviving pancreatic �-cells is known to progress into

hyperglycemia and a decline in insulin sensitivity [16,

26]. Of the currently available oral antidiabetic

agents, sulfonylureas have a superior postprandial an-

tihyperglycemic effect due to their potent insulino-

tropic action. These agents are widely used by many

diabetic patients, and there are few primary nonre-

sponders [6, 9]. However, sulfonylureas potently and

persistently stimulate insulin secretion irrespective of

blood glucose levels, thereby causing hypoglycemia,

which is a common undesirable side effect [24]. Dur-

ing the investigation of new antidiabetic drugs that do

not have the disadvantages of sulfonylureas, gluca-

gon-like peptide 1 (GLP-1), an incretin, attracted at-

tention.

GLP-1, which is a 30 amino acid hormone secreted

from L cells of the small intestine and proximal colon

in response to the ingestion of nutrients, promotes in-

sulin secretion through GLP-1 receptors expressed on

pancreatic �-cells [10]. In addition, the insulinotropic

action of GLP-1 is glucose-dependent; therefore, the

risk of hypoglycemia is minimized [13]. In healthy

subjects, the insulinotropic effect of GLP-1 accounts

for 50 to 70% of the insulin response to an oral glu-

cose load, but the associated “incretin effect” is often

markedly reduced in type 2 diabetic patients [14].

However, the therapeutic use of GLP-1 is severely

compromised by its lack of oral activity as well as its

rapid degradation and inactivation by dipeptidyl pep-

tidase (DPP)-IV (EC 3.4.14.5, CD26), a serine prote-

ase that is present in soluble form in body fluids and is

also expressed in many tissues, including the kidney

and liver [7, 11]. Thus, DPP-IV inhibitors, which pre-

vent the proteolytic degradation of GLP-1 and en-

hance glucose-dependent insulin secretion from pan-

creatic �-cells, are expected to become a useful new

class of antidiabetic drugs with a lower risk of induc-

ing hypoglycemia than conventional sulfonylureas.

Research and development of orally effective DPP-IV

inhibitors has so far confirmed that these compounds

induce an antihyperglycemic effect in diabetic animals

[5, 15, 19]. Furthermore, clinical efficacy has been re-

ported for DPP-IV inhibitors such as sitagliptin, vilda-

gliptin, and saxagliptin [18, 20, 21]. We have also

synthesized the novel DPP-IV inhibitor (2S,4S)-

4-fluoro-1-({[4-methyl-1-(methylsulfonyl)piperidin-4-

yl]amino}acetyl)pyrrolidine-2-carbonitrile monofumarate

(ASP8497), which has potent and selective DPP-IV

inhibitory activity and induces an antihyperglycemic

effect through glucose-dependent insulinotropic ac-

tion via increases in the GLP-1 level [23]. The aims of

the present study were to characterize the in vitro and

in vivo profiles of ASP8497 and to compare these pro-

files with those of the DPP-IV inhibitors vildagliptin,

sitagliptin, and saxagliptin.

Materials and Methods

Materials

ASP8497 ((2S,4S)-4-fluoro-1-({[4-methyl-1-(methyl-

sulfonyl)piperidin-4-yl]amino}acetyl)pyrrolidine-2-

carbonitrile monofumarate), vildagliptin (LAF237;

1-[(3-hydroxy-1-adamantyl) amino]acetyl]-2-cyano-(S)-

pyrrolidine) [27], sitagliptin (MK-0431; (2R)-4-oxo-4-

[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-a]-

pyrazin-7(8H)-yl]-1-(2,4,5-trifluorophenyl)butan-2-ami-

nephosphate) [12], and saxagliptin (BMS-477118;

(1S,3S,5S)-2-[(2S)-2-amino-2-(3-hydroxy-1-adamant-

yl)acetyl]-2-azabicyclo[3.1.0]hexane-3-carbonitrile hy-

drochloride) [2] were synthesized by Astellas Pharma

Inc. (Ibaraki, Japan). These compounds were dis-

solved in purified water and administered orally by

stomach tube. The doses of these compounds are ex-

pressed as the free base form. Streptozotocin was pur-

chased from Sigma-Aldrich Co. (St. Louis, MO,

USA). H-glycyl-prolyl-7-amino-4-methylcoumarin (Gly-

Pro-AMC) was purchased from Bachem Bioscience,

Inc. (King of Prussia, PA, USA).

Animals

Male Sprague-Dawley rats (7 week-old), weighing

280–330 g, were obtained from Japan SLC, Inc. (Shi-

zuoka, Japan) and used in the study at 8 weeks of age.

Streptozotocin-nicotinamide-induced diabetic rats were

created by treating the rats as follows: fasting over-

night and intraperitoneally administering a nicotina-

mide solution (100 mg/kg) followed by intravenous

administration of streptozotocin solution (50 mg/kg)

20 min later. Control rats were administered physio-

logical saline. Plasma glucose levels were measured

in the diabetic rats one week later, after which they

were grouped so that the plasma glucose levels were

uniform across all groups. All rats were housed under
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conventional conditions with controlled temperature,

humidity, and lighting (12 h light-dark cycle), and

were provided with a standard commercial diet and

water (ad libitum). All animal procedures conformed

to the Guide for the Care and Use of Laboratory Ani-

mals published by the United States National Institute

of Health (NIH Publication No. 85–23, revised 1996).

The experimental procedures used in the present

study were approved by the Animal Ethical Commit-

tee of Astellas Pharma Inc.

DPP-IV inhibition assay

Rat plasma was used to measure DPP-IV activity.

Plasma was mixed with compound or vehicle in assay

buffer (25 mmol/l HEPES, 140 mmol/l NaCl, 80 mmol/l

MgCl2, 0.5% BSA, pH 7.3). The enzyme reaction was

initiated by adding 0.05 mmol/l Gly-Pro-AMC as a sub-

strate then incubated for 20 min at room temperature.

Fluorescence intensities (excitation: 355 nm, emission:

460 nm) were measured using a microplate reader

(Molecular Devices, Sunnyvale, CA, USA).

Kinetics of DPP-IV inhibition

The association kinetics for the inhibition of rat

plasma DPP-IV was determined after a 5-min prein-

cubation of substrate Gly-Pro-AMC (0.05 mmol/l)

with each compound (0–300 nmol/l). The enzyme re-

action was initiated by adding rat plasma, and fluores-

cence intensities were measured every 20 s for a total

of 1,200 s. The association rate constants were ob-

tained using a one-phase exponential association

equation fitted to the data points. The dissociation ki-

netics between the compounds and the rat plasma

DPP-IV was determined after a 30-min preincubation

of rat plasma with each compound (30 nmol/l). The

enzyme reaction was then initiated by adding the

Gly-Pro-AMC (0.05 mmol/l) substrate, and the fluo-

rescence intensities were measured every 5 min for

a total of 6 h. Dissociation rate constants were ob-

tained from a one-phase exponential decay equation

fitted to the data points. Kinetics were analyzed using

the Prism program (GraphPad Software Inc., San Di-

ego, CA, USA).

Effect of ASP8497 on plasma DPP-IV activity in

diabetic rats

Vehicle or various doses of ASP8497, vildagliptin, si-

tagliptin, or saxagliptin (0.1–3 mg/kg) was orally ad-

ministered to diabetic rats. At various time points,

blood samples were collected and plasma DPP-IV ac-

tivity was measured as described above. The catalytic

DPP-IV activity in the plasma was then calculated as

the rate of AMC cleavage from the Gly-Pro-AMC

substrate.

Effect of ASP8497 on glucose tolerance in dia-

betic rats

For the measurement of plasma glucose levels, blood

samples were collected from control and diabetic rats

that had been fasted overnight and then orally admin-

istered either vehicle or a test compound (ASP8497,

vildagliptin, sitagliptin, or saxagliptin: 0.1–3 mg/kg).

After 30 min, the plasma glucose levels were meas-

ured again, after which liquid meal (ENSURE H in-

cluding carbohydrates at 206 mg/ml, fats at 53 mg/ml

and proteins at 53 mg/ml; Abbott, Osaka, Japan) was

orally administered by stomach tube at a volume of

20 ml/kg. At 0.5, 1, and 2 h after liquid meal loading,

plasma glucose levels were measured. At 8 h after

drug administration, plasma glucose levels were

measured and liquid meal was then orally adminis-

tered. The plasma glucose levels were then measured

again at 0.5, 1, and 2 h after liquid meal loading.

Effect of ASP8497 on plasma insulin and GLP-1

levels in diabetic rats

Control and diabetic rats were fasted overnight, and

blood samples were collected to measure plasma insu-

lin and GLP-1 levels. Either vehicle or the test com-

pound (ASP8497, vildagliptin, sitagliptin, and saxa-

gliptin: 0.1–3 mg/kg) was orally administered, and

blood samples were collected 30 min later. Liquid

meal (20 ml/kg) was then orally administered, and

blood samples were collected 0.25, 0.5, and 1 h later.

At 8 h after drug administration, blood samples were

collected and liquid meal was orally administered.

Blood samples were again collected at 0.25, 0.5, and 1 h

after liquid meal loading.
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Biochemical determination

Plasma glucose levels were measured using Glucose

CII-Test reagent (Wako Pure Chemicals, Osaka, Ja-

pan). Plasma insulin and active GLP-1 levels were de-

termined using an insulin EIA test kit (Morinaga Insti-

tute of Biological Sciences, Inc., Kanagawa, Japan)

and an active GLP-1 ELISA kit (Linco Research, Inc.,

St. Charles, MO, USA).

Statistical analysis

The experimental results are expressed as the means ±

SEM. The IC50 and ID50 values were calculated using

regression analysis. The significance of differences

between the two groups was determined using the

Student’s t-test. The significance of differences be-

tween multiple groups was assessed using Dunnett’s

multiple range test. A value of p < 0.05 was taken to

be significant. Statistical and data analyses were

carried out using the SAS 8.2 software package (SAS

Institute Japan, Ltd., Tokyo, Japan).

Results

DPP-IV inhibition assay

ASP8497, vildagliptin, sitagliptin, and saxagliptin

concentration-dependently inhibited DPP-IV activity

in rat plasma with IC50 values of 2.96 nmol/l, 2.12

nmol/l, 8.98 nmol/l, and 2.00 nmol/l, respectively

(Fig. 1).
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ASP8497 9.31 8.64 134

vildagliptin 7.89 8.56 135

sitagliptin 13.7 14.4 80

saxagliptin 13.0 1.62 713
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Kinetics of DPP-IV inhibition

Assessment of reaction progress curves in the pres-

ence of various concentrations of ASP8497 confirmed

a clear, time-dependent approach toward steady state,

which is characteristic of slow-binding inhibition ki-

netics (Fig. 2A). Vildagliptin, sitagliptin, and saxa-

gliptin also exhibited slow-binding inhibition kinetics

(data not shown). In addition, the association rate con-

stants (Kon) of all DPP-IV inhibitors were nearly

equivalent (Tab. 1). In contrast, Figure 2B shows that

all DPP-IV inhibitors, including ASP8497, slowly de-

creased DPP-IV inhibition over time. The dissociation

rate constant (Koff) for saxagliptin was found to be

1.62 × 10–5 s–1, which is approximately 5 to 8-fold

slower than the off-rate for the other DPP-IV inhibi-

tors, including ASP8497 (8.64 × 10–5 s–1). The half-

lives of the enzyme-inhibitor complex (EI half-life),

which was calculated from the ASP8497 and saxa-

gliptin Koff values, were 134 min and 713 min, re-

spectively.

Effect of ASP8497 on plasma DPP-IV activity in

diabetic rats

Oral administration of all DPP-IV inhibitors (0.1–3 mg/kg)

dose-dependently inhibited plasma DPP-IV activity in

diabetic rats (Fig. 3). Treatment with ASP8497 at the

highest dose significantly inhibited plasma DPP-IV

activity, even at 24 h after administration. At this 24 h

time point following ASP8497 administration, plasma

DPP-IV activity was significantly inhibited at doses

of 0.3 mg/kg and higher (ID50 = 1.40 mg/kg). The po-

tency for ASP8497 was not apparently different from

vildagliptin and sitagliptin (ID50 = 1.21 mg/kg and

2.04 mg/kg, respectively) but was one half that for

saxagliptin (ID50 = 0.57 mg/kg).

Effect of ASP8497 on glucose tolerance in dia-

betic rats

Compared with control rats, glucose tolerance in dia-

betic rats was significantly impaired during the liquid

meal tolerance test. ASP8497 (0.1–3 mg/kg) signifi-
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cantly improved glucose tolerance at all doses 0.5 h

after administration (Fig. 4A). Other DPP-IV inhibi-

tors also exhibited an equivalent glucose tolerance

improving effect (data not shown). In addition,

ASP8497 significantly improved glucose tolerance 8 h

after dosing, with significance at doses of 1 mg/kg

and higher (Fig. 4B, C). Vildagliptin and sitagliptin

exhibited an equivalent glucose tolerance improving

effect (Fig. 4D, E), while saxagliptin potently improved

glucose tolerance with significance at 0.3 mg/kg and

higher (Fig. 4F).

Effect of ASP8497 on plasma insulin and GLP-1

levels in diabetic rats

During the liquid meal tolerance test, diabetic rats ex-

hibited no significant changes in GLP-1 levels but

showed remarkably insufficient early-phase insulin

secretion compared with that in control rats. All doses

of ASP8497 (0.1–3 mg/kg) significantly increased

plasma insulin and GLP-1 levels during the liquid

meal tolerance test conducted 0.5 h after administra-

tion (Fig. 5A and 6A). The other DPP-IV inhibitors

also increased plasma insulin and GLP-1 levels (data

not shown). In addition, ASP8497 doses of 1 mg/kg

and higher significantly increased plasma insulin and

GLP-1 levels 8 h after dosing (Fig. 5B, C and 6B, C).

Vildagliptin and sitagliptin also exhibited equiva-

lently increased plasma insulin and GLP-1 levels (Fig.

5D, E and 6D, E). Furthermore, saxagliptin potently in-

creased plasma insulin and GLP-1 levels, with signifi-

cance at doses of 0.3 mg/kg and higher (Fig. 5F and 6F).

Discussion

Impaired insulin secretion in type 2 diabetes is often

characterized by a decrease in the early-phase insulin

response, which leads to postprandial hyperglycemia

[16]. Sulfonylureas, which are widely used as potent
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antihyperglycemic agents for type 2 diabetes, strongly

inhibit ATP-sensitive K+ channel activity by binding

to the high affinity sulfonylurea receptor (SUR)-1 in

pancreatic �-cells and inducing potent insulinotropic

action. However, these agents cause hypoglycemia as

a side effect due to their glucose-independent and

long-lasting insulin secreting action [1, 24]. In con-

trast, DPP-IV inhibitors, which exert glucose-

dependent insulinotropic action, have been suggested

to be safe drugs because they carry little risk of hypo-

glycemia. Therefore, DPP-IV inhibitors augment the

action of GLP-1 and return glucose homeostasis to-

ward physiologically normal levels [17]. Several

DPP-IV inhibitors are currently in development or un-

dergoing the approval process for use as treatment for

type 2 diabetes. Unfortunately, comparisons between

DPP-IV inhibitors are complicated by variations in

experimental conditions. The present study investi-

gated the antidiabetic potency, mechanism, and dura-

tion of action of ASP8497 both in vitro and in vivo.

These values where then compared with those of the

DPP-IV inhibitors vildagliptin, sitagliptin, and saxa-

gliptin under identical conditions.

ASP8497 potently inhibited DPP-IV activity in rat

plasma with an IC50 value of 2.96 nmol/l. This level

of inhibition was similar to other DPP-IV inhibitors.

Furthermore, kinetics studies indicated that all DPP-

IV inhibitors, including ASP8497, behaved as slow-

binding inhibitors with nearly equivalent association

rate constants. In addition, all compounds showed

a slow decline in potency with time, suggesting that

they acted as tight-binding inhibitors. The dissocia-

tion constant for saxagliptin was approximately 5 to

8-fold slower than the dissociation constants for the

other DPP-IV inhibitors, which indicates that of the

drugs tested saxagliptin is the most stable in rat blood.

Tight-binding inhibitors are important from a pharma-

cological level because once bound to their target they

inhibit enzyme function, even after the free drug has

been cleared from circulation or the specific site of

action. Therefore, these DPP-IV inhibitors, which

possess tight-binding properties, are expected to be
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long-lasting and effective at low therapeutic doses.

Although inferior to saxagliptin, ASP8497 addition-

ally showed the tight-binding property, which may

support a long-acting DPP-IV inhibitory profile. This

is the first report evaluating and comparing the inhibi-

tory kinetics of various DPP-IV inhibitors under iden-

tical conditions and the findings reported here should

be useful for comparing the beneficial effects of these

drugs in diabetes treatment.

Next, the potency and duration of ASP8497 action

was confirmed in streptozotocin-nicotinamide-induced

mildly diabetic rats. This model produces a mild de-

cline in glucose tolerance due to the loss of early-

phase insulin secretion and produces many pathologi-

cal features similar to those seen with type 2 diabetes

[25]. Oral administration of all DPP-IV inhibitors sus-

tainably inhibited plasma DPP-IV activity. The inhibi-

tory activity of ASP8497 was nearly equipotent to

vildagliptin and sitagliptin, but saxagliptin had the

longest duration of action and greatest potency of all

DPP-IV inhibitors tested. Furthermore, this inhibitory

effect on plasma DPP-IV activity translated into

longer lasting improvement of glucose tolerance in

diabetic rats. ASP8497, vildagliptin, and sitagliptin

improved glucose tolerance through increases in

plasma insulin and GLP-1 levels 8 h after dosing,

with statistical significance at doses of 1 mg/kg and

higher. Furthermore, saxagliptin potently improved

glucose tolerance with concomitant increases in

plasma insulin and GLP-1 levels, with statistical sig-

nificance at doses of 0.3 mg/kg and higher. This

long-lasting and potent in vivo action reflects the long

half-life of the enzyme-inhibitor complex formed by

saxagliptin. In clinical studies, vildagliptin and sita-

gliptin decreased HbA1c levels in type 2 diabetic pa-

tients at a dose of 100 mg once daily [4, 8]. Saxa-

gliptin improved hyperglycemia in type 2 diabetes at

the lower doses of 2.5 to 40 mg once daily [21]. These

findings suggest that vildagliptin, sitagliptin, and

saxagliptin would be effective treatments for type 2

diabetes when administered once daily, with saxa-

gliptin having the greater potency. The present results

also suggest that the long-acting glucose tolerance im-

proving effect of ASP8497 is similar to that of vilda-

gliptin and sitagliptin, which have been hailed as

once-daily DPP-IV inhibitors. Therefore, once-daily

ASP8497 may provide a potent and longer-lasting

DPP-IV inhibition clinical profile.

In conclusion, the present results suggest that

ASP8497 has tight-binding properties and is therefore

a potent and long-acting DPP-IV inhibitor with a long-

lasting glucose tolerance-improving effect. These ef-

fects are mediated through glucose-dependent insuli-

notropic action via an increase in the GLP-1 level.

Our findings support the conclusion that ASP8497

should be a useful therapeutic agent for type 2 diabetes.
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