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Combining a dipeptidyl peptidase-4 inhibitor,
alogliptin, with pioglitazone improves glycaemic
control, lipid profiles and B-cell function

in db/db mice

Y Moritoh, K Takeuchi, T Asakawa, O Kataoka and H Odaka

Pharmacology Research Laboratories I, Pharmaceutical Research Division, Takeda Pharmaceutical Company Limited,
Osaka, Japan

Background and purpose: Alogliptin, a highly selective dipeptidyl peptidase-4 (DPP-4) inhibitor, enhances incretin action and
pioglitazone enhances hepatic and peripheral insulin actions. Here, we have evaluated the effects of combining these agents
in diabetic mice.

Experimental approach: Effects of short-term treatment with alogliptin alone (0.01%-0.1% in diet), and chronic combination
treatment with alogliptin (0.03% in diet) and pioglitazone (0.0075% in diet) were evaluated in db/db mice exhibiting early
stages of diabetes.

Key results: Alogliptin inhibited plasma DPP-4 activity up to 84% and increased plasma active glucagon-like peptide-1 by 4.4-
to 4.9-fold. Unexpectedly, alogliptin alone lacked clear efficacy for improving glucose levels. However, alogliptin in combina-
tion with pioglitazone clearly enhanced the effects of pioglitazone alone. After 3—4 weeks of treatment, combination treatment
increased plasma insulin by 3.8-fold, decreased plasma glucagon by 41%, both of which were greater than each drug alone,
and increased plasma adiponectin by 2.4-fold. In addition, combination treatment decreased glycosylated haemoglobin by
2.2%, plasma glucose by 52%, plasma triglycerides by 77% and non-esterified fatty acids by 48%, all of which were greater
than each drug alone. Combination treatment also increased expression of insulin and pancreatic and duodenal homeobox 1
(PDX1), maintained normal B-cell/a-cell distribution in islets and restored pancreatic insulin content to levels comparable to
non-diabetic mice.

Conclusions and implications: These results indicate that combination treatment with alogliptin and pioglitazone at an early
stage of diabetes improved metabolic profiles and indices that measure B-cell function, and maintained islet structure in db/db
mice, compared with either alogliptin or pioglitazone monotherapy.
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Introduction

Type 2 diabetes is a chronic, progressive disease that is associ-
ated with considerable co-morbidities and mortality (Scheen,
2007). The progressive nature of type 2 diabetes is largely due
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to the gradual loss of B-cell function and increase in insulin
resistance over time (Giorgino etal.,, 2005; Rendell and
Jovanovic, 2006). As chronic hyperglycaemia is a major con-
tributing factor to the complications associated with type 2
diabetes (Ceriello, 2003; Giorgino et al., 2005), the primary
goal for treating this disease is to restore normoglycaemia, both
under fasting conditions and postprandially. However, due
to disease progression, the effectiveness of oral anti-
hyperglycaemic drugs decreases over time and a combination
of several drugs is required to achieve and maintain adequate
glycaemic control (Turner et al., 1999; Charpentier, 2002).


http://www.brjpharmacol.org
mailto:Koji@takeda.co.jp

Combination of alogliptin and pioglitazone
416 Y Moritoh et al

Dipeptidyl peptidase-4 (DPP-4) is an enzyme expressed on
the endothelial lining of the vasculature and on the cell
surfaces of a variety of organs; it is also present in soluble form
in the circulation (Lambeir et al., 2003). DPP-4 degrades and
inactivates the incretin hormones glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) (Lambeir et al., 2003; Drucker and Nauck, 2006). The
incretins are released from gut endocrine cells in response to
nutrient ingestion and play an important role in glucose
homeostasis by stimulating glucose-dependent insulin secre-
tion (Vilsboll and Holst, 2004; Drucker, 2007) and exhibiting
trophic effects on pancreatic B-cells (Farilla et al., 2002; Rolin
etal., 2002; Perfetti and Hui, 2004). Selective inhibitors of
DPP-4 have thus recently emerged as a new class of agents to
improve glycaemic control in patients with type 2 diabetes,
having a mechanism of action distinct from that of other
existing classes of oral anti-hyperglycaemic agents (Deacon,
2004; Drucker and Nauck, 2006). By increasing active forms of
the incretin hormones, inhibitors of DPP-4 decrease both
postprandial and fasting plasma glucose levels in patients
with type 2 diabetes (Miller and St Onge, 2006; Ristic and
Bates, 2006).

Alogliptin is an orally available, quinazolinone-based, non-
covalent DPP-4 inhibitor under development as a once-daily
treatment for type 2 diabetes (Feng et al., 2007). Alogliptin
exhibits a ICsy value of approximately 6.9 nmol-L™* for
human recombinant DPP-4 compared with ICs, values of
>100 000 nmol-L™ for closely related serine proteases (DPP-2,
DPP-8, DPP-9, fibroblast activation protein/seprase, prolyl
endopeptidase and tryptase), indicating that it is a potent and
highly selective inhibitor of DPP-4 (Feng et al., 2007; Lee
etal., 2008). Alogliptin also improves glycaemic control in
obese Wistar fatty rats and obese ob/ob mice (Feng et al., 2007;
Moritoh et al., 2008)

Pioglitazone is a commercially available member of the
thiazolidinedione (TZD) class of anti-hyperglycaemic agents
(Ceriello et al., 2005; Waugh et al., 2006). It activates the
nuclear receptor peroxisome proliferator-activated receptor-y
and improves glycaemic control in patients with type 2 dia-
betes by increasing insulin sensitivity in the liver, adipose
tissue and skeletal muscle, increasing peripheral glucose
uptake and decreasing hepatic glucose production (Yki-
Jarvinen, 2004).

Because of the complementary mechanisms of action of
DPP-4 inhibitors and TZDs, combination therapy with these
agents may provide additive or synergistic improvements in
glycaemic control. Recently, DPP-4 inhibitors sitagliptin and
vildagliptin in combination with pioglitazone therapy have
shown beneficial effects in patients with type 2 diabetes that
was inadequately controlled with pioglitazone alone (Rosen-
stock et al., 2006; Garber et al., 2007). Furthermore, initial
treatment with vildagliptin plus pioglitazone in drug-naive
patients with type 2 diabetes resulted in improved glycaemic
control when compared with monotherapy (Rosenstock et al.,
2007). However, the effects of combination treatment with
DPP-4 inhibitors and TZDs on diabetic indices and on
pancreatic B-cell function remain poorly understood.

Dipeptidyl peptidase-4 inhibitors have been shown to
improve glucose intolerance in db/db mice with early-stage
diabetes (6 weeks old) but not in the late-stage of the disease
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(23 weeks old) (Nagakura et al., 2003), suggesting that DPP-4
inhibitors are more effective in the presence of functional
B-cells. In addition, because the mechanism of action of
pioglitazone is dependent on the presence of insulin
(Mizushige et al., 2002), its effects have been thought to be
more pronounced in the early stages of diabetes where insulin
secretion is preserved. The present study was thus designed to
evaluate the effects of combination treatment with alogliptin
and pioglitazone on glycaemic control, lipid and hormone
profiles, and indices of B-cell function in db/db mice with
early-stage type 2 diabetes.

Methods

Animals

The care and use of animals and the experimental protocols
used in this research were approved by the Experimental
Animal Care and Use Committee of Takeda Pharmaceutical
Company, Ltd. (Osaka, Japan). Male Lepr ®/Lepr® (db/db) mice
and their non-diabetic Lepr®/+ (db/+) male littermates were
obtained from Clea Japan (BKS.Cg — m+/+Lepr®/Jcl). All mice
were housed in individual metal cages in a room with con-
trolled temperature (23°C), humidity (55%) and lighting
(lights on from 7:30 am to 7:30 pm) and were maintained on
a laboratory chow diet (CE-2, Clea, Tokyo, Japan).

Assays for metabolic components

Glycosylated haemoglobin levels were analysed by an high
performance liquid chromatography-based method using an
automated analyser HLC-723 G7 (Tosoh, Tokyo, Japan).
Plasma glucose, triglyceride and non-esterified fatty acid
(NEFA) levels were measured using an autoanalyser 7080
(Hitachi, Tokyo, Japan). Plasma insulin (Rat Insulin RIA Kit;
Millipore, MA, USA), glucagon (Glucagon Kit Daiichi; TFB,
Tokyo, Japan) and adiponectin (Mouse Adiponectin RIA Kit;
Millipore, MA, USA) levels were determined by radioimmu-
noassay (RIA). Plasma active GLP-1 levels [Glucagon-Like
Peptide-1 (Active) ELISA Kit; Millipore, MA, USA] were deter-
mined by enzyme-linked immunosorbent assay.

Plasma DPP-4 assay

To measure DPP-4 activity, 10 uL of plasma was mixed with
40 pL of assay buffer containing 250 mmol-L™! Tris-HCI (pH
7.5), 0.25% (wt-vol™) bovine serum albumin (BSA) and
0.125% (wt-vol™) 3-[(3-cholamidopropyl)dimethylammonio]
propanesulphonic acid (CHAPS, Dojindo, Kumamoto, Japan)
in 96-well microtiter plates. The samples were then mixed
with 50 uL of 1 mmol-L™" Gly-Pro-pNA-Tos (Peptide Institute,
Osaka, Japan) to initiate the reaction and incubated at 30°C
on a plate shaker. At 20 and 60 min after reaction initiation,
DPP-4 activity was determined by monitoring the increase in
absorbance at 405 nm using a microtiter plate reader (Dain-
ippon Sumitomo Pharma, Osaka, Japan). Plasma DPP-4 activ-
ity of the treated mice was compared with that of the vehicle-
treated db/db mice, which was set as 100%.

Short-term study in db/db mice
After an acclimation period of 12 days, 8 week old db/db mice
were divided into four groups (eight mice per group) based on



body weight and food consumption and fed a powder CE-2
diet containing 0.01%, 0.03% or 0.1% of alogliptin for 2 days.
Control db/db and db/+ mice (eight and five mice respectively)
were fed a drug-free CE-2 diet (vehicle). After 2 days of treat-
ment, blood samples were collected, and plasma active GLP-1
levels and plasma DPP-4 activity were determined.

Chronic study in db/db mice

After an acclimation period of 6 days, 6 week old db/db mice
were divided into four groups (eight mice per group) based on
glycosylated haemoglobin, plasma glucose, plasma insulin
and body weight. The mice were fed a powder CE-2 diet
containing 0.03% alogliptin (equivalent to 76.4 mg-kg'-
day') alone, 0.0075% pioglitazone (15.4 mg-kg'-day') alone
or 0.03% alogliptin (56.5 mg-kg'-day™) and 0.0075% piogli-
tazone (14.1 mg-kg'-day™') combined. Control db/db and db/+
mice (eight and four mice respectively) were fed a drug-free
CE-2 diet (vehicle). After 14 and 21 days of treatment, blood
samples were collected from the orbital veins under feeding
conditions and glycosylated haemoglobin, plasma glucose,
triglyceride, NEFA and insulin levels were determined. Plasma
DPP-4 activity was determined after 21 days and plasma glu-
cagon and adiponectin levels were determined after 23 days
of treatment. After 25 days of treatment, the mice were fasted
for 17 h and received an oral glucose tolerance test (OGTT)
followed by isolation of the pancreas (after the 26 day study
period). Body weight and food consumption were recorded at
regular intervals. The animals were 8 weeks of age after 14
days of treatment, approximately 9 weeks of age after 21 and
23, and approximately 10 weeks of age after the 26 day study
period.

OGTT

After 25 days of treatment, the mice were fasted for 17 h and
then given an oral glucose load (0.5 g-kg™). Blood samples
were collected at specified time points of O (pre-glucose/
fasting glucose levels), 15, 30, 60 and 120 min post glucose for
the determination of plasma glucose levels. The total area
under the glucose curve was determined from time O to
120 min (AUCo.120min) after glucose administration. Fasting
plasma triglyceride levels were determined using the samples
obtained at 0 min.

Isolation of the pancreas and measurement of insulin and
glucagon content

Mice were killed by carbon dioxide inhalation after an over-
night fast. Pancreata were isolated and cut into two sections.
One section was homogenized in acid-ethanol containing
74% ethanol with 0.15 mol-L™ HCI for the determination of
insulin and glucagon concentrations, and the other section
was placed in Bouin’s fixative solution (Polysciences; War-
rington, PA, USA) for immunohistochemical analysis. The
homogenized tissues were extracted overnight at 4°C and
centrifuged at 12 000x g for 10 min. The resultant superna-
tants were then diluted with PBS containing 0.1% BSA, and
the insulin and glucagon levels in the supernatants were
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determined by rat insulin RIA (Millipore, MA, USA) and
glucagon RIA (TFB, Tokyo, Japan).

Histological analysis

After the overnight fixation, tissue samples were washed and
placed in 10% buffered formalin, and subsequently embedded
in paraffin. The paraffin sections (4 pm in thickness) were
dried on slides overnight at 37°C, and were deparaffinized and
rehydrated at room temperature. For antigen retrieval, the
sections were heated for 15 min at 90°C in a microwave oven
to stain for glucagon and the transcription factor pancreatic
and duodenal homeobox 1 (PDX1), and the endogenous per-
oxidase was then blocked with 80% methanol containing
0.6% hydrogen peroxide for 15 min. The sections were rinsed
with distilled water and placed in 3% hydrogen peroxide for
15 min. Next, the sections were rinsed with distilled water
and washed in Tris-buffered saline with Tween buffer
(50 mmol-L™" Tris-HC], 150 mmol-L™" NaCl, pH 7.6, 0.05%
Tween-20) for 5 min. The sections were then reacted with
ready-to-use guinea pig anti-insulin antibody (Dako, Tokyo,
Japan) or ready-to-use rabbit anti-glucagon antibody (Dako,
Tokyo, Japan) for 60 min at room temperature, or with rabbit
anti-PDX1 antibody (Transgenic, Kumamoto, Japan) at a con-
centration of 5 ug-mL™" overnight at 4°C. The sections were
washed with Tris-buffered saline with Tween, and bound anti-
body was detected using a ready-to-use polymer-labelled Envi-
sion+ system (Dako, Tokyo, Japan) for 30 min. The sections
were rinsed with Tris-buffered saline with Tween and devel-
oped for 1 min using 3,3’-diaminobenzidine tetrahydrochlo-
ride substrate (DAB). Finally, the slides were washed with
distilled water, counterstained with haematoxylin and
mounted.

Statistical analysis

Statistical analysis was performed using the sas Version 8.2
(SAS Institute Inc.). To evaluate the effect of alogliptin in the
short-term study, statistical differences were analysed using
the one-tailed Williams’ or one-tailed Shirley-Williams test.
To evaluate if combination treatment with alogliptin and
pioglitazone had significant additive or synergistic effects, a
two-way ANOVA was performed, which generates main effects
and interaction effect of alogliptin and pioglitazone. The
evaluation of interaction effect aims to detect statistically any
synergistic or attenuation effects through the combination of
alogliptin and pioglitazone. The results of two-way ANOVAS
were interpreted as follows: (i) When a significant interaction
effect (alogliptin x pioglitazone, P = 0.05) was observed, the
effect of combination treatment with alogliptin and pioglita-
zone was assessed to be synergistic (when the effect of the
combination therapy exceeds the sum of the effect of the
monotherapy) or attenuated (when the effect of the combi-
nation therapy falls below the sum of the effect of the mono-
therapy), which was determined from observed values. (ii)
When no significant interaction was observed, the effect of
combination treatment with alogliptin and pioglitazone was
assessed to be neither synergistic nor attenuated. On the basis
of no interaction observed, when both main effects of aloglip-
tin treatment and pioglitazone treatment were significant
(P = 0.05), the effect of combination treatment with aloglip-
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tin and pioglitazone was assessed to be additive (when the
effect of the combination therapy equals the sum of the effect
of the monotherapy). (iii) When only one significant
(P = 0.05) main effect was observed, the effect was assessed to
be induced by only one drug, which was not affected by the
other drug. Direct comparison among study groups was not
statistically tested in the combination study. All data are
presented as the mean = SD.

Materials

Alogliptin  benzoate  (2-[[6-[(3R)-3-amino-1-piperidinyl]-
3,4-dihydro-3-methyl-2,4-dioxo-1(2H)-pyrimidinyljmethyl]
benzonitrile monobenzoate) was synthesized by Albany
Molecular Research Institute (Albany, NY, USA). Pioglitazone
hydrochloride was synthesized by Takeda Pharmaceutical
Company, Ltd. (Osaka, Japan). The doses of alogliptin and
pioglitazone are expressed as the free base form. All other
reagents were purchased from Wako Pure Chemical Industries
(Osaka, Japan) or Sigma-Aldrich (Tokyo, Japan).

Results

Effects of short-term administration of alogliptin on plasma
DPP-4 activity and active GLP-1 levels

A short-term study was conducted in 8 week old db/db mice to
determine effects of alogliptin on plasma DPP-4 activity. After
2 days of treatment, alogliptin at doses of 0.01%, 0.03% or
0.1% in the diet significantly (P = 0.025) and dose-
dependently inhibited plasma DPP-4 activity by 69%, 79%
and 84%, respectively, and significantly (P = 0.025) increased
plasma active GLP-1 levels by 4.9-, 4.4- and 4.9-fold, respec-
tively, compared with vehicle alone (Figure 1). However, the
increases in plasma active GLP-1 levels did not result in sig-
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Figure 1

nificant decreases in plasma glucose levels in the db/db mice
under fed conditions (data not shown).

Effects of chronic administration of alogliptin plus pioglitazone
on body weight and food consumption

Alogliptin (0.03%; equivalent to 76.4 mg-kg'-day™), pioglita-
zone (0.0075%;15.4 mg-kg'-day ') or alogliptin plus pioglita-
zone (0.03% and 0.0075%, 56.5 and 14.1 mg-kg'-day”’
respectively) was given in the diet to 6 week old db/db mice for
3-4 weeks. Pioglitazone alone and combination treatment
increased body weight by 15% and 23%, respectively, and
decreased average food consumption by 7% and 12%, respec-
tively, after nearly 4 weeks of treatment (Figure 2A,B: aloglip-
tin, NS; pioglitazone, P = 0.01; alogliptin x pioglitazone, NS).
Alogliptin alone had no effects on these variables during the
treatment period (Figure 2A,B).

Effects of chronic administration of alogliptin plus pioglitazone
on plasma levels of DPP-4 activity, insulin, glucagon and
adiponectin

As often observed in patients with type 2 diabetes, db/db mice
exhibit decreased insulin secretion, high plasma glucagon
levels and low plasma adiponectin levels, compared with age-
matched non-diabetic mice. After 3 weeks of treatment,
plasma DPP-4 activity was potently and equally inhibited by
79% and 78% in alogliptin- and the combination-treated
db/db mice, compared with vehicle-treated db/db mice. In
addition, plasma DPP-4 activity was 7% lower in pioglitazone-
treated db/db mice, compared with the vehicle-treated db/db
mice (Figure 3A: alogliptin, P = 0.01; pioglitazone, NS;
alogliptin x pioglitazone, NS). Plasma insulin levels were
increased by 1.2-, 2.4- and 3.8-fold in alogliptin-,
pioglitazone- and the combination-treated db/db mice,
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Effects of short-term treatment with alogliptin on plasma DPP-4 activity (A) and active GLP-1 levels (B). Eight week old mice were

treated with vehicle or alogliptin at the indicated dosages for 2 days. After treatment, blood samples were collected and plasma DPP-4 activity
and plasma active GLP-1 levels were determined. DPP-4 activity is presented as a relative percentage compared with vehicle-treated db/db
mice. Plasma DPP-4 activity was significantly (#P = 0.025) reduced at all dosages when compared with vehicle-treated db/db mice by
one-tailed Shirley-Williams test. Plasma active GLP-1 was significantly (*P = 0.025) increased at all dosages when compared with vehicle-
treated db/db mice by one-tailed Williams’ test. Data are presented as means * SD (n=8 for db/db mice, n=5 for db/+ mice). DPP-4,

dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1.
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Figure 2 Chronic effects of alogliptin-, pioglitazone- and alogliptin plus pioglitazone combination treatment on body weight (A) and food
consumption (B). Animals were fed a diet containing alogliptin (Alo; 0.03%), pioglitazone (Pio; 0.0075%) or alogliptin (0.03%) plus
pioglitazone (0.0075%) during the study period. Body weight and food consumption were measured at designated intervals throughout the
treatment period. Data are presented as means = SD (n=8 for db/db mice, n=4 for db/+ mice). The results from a two-way ANOVA are

presented below the figure. NS, not significant.

respectively, compared with the vehicle-treated db/db mice
(Figure 3B: alogliptin, NS; pioglitazone, P = 0.01; alogliptin x
pioglitazone, NS). Compared with the vehicle-treated db/db
mice, plasma glucagon levels were decreased by 16% and 41%
(Figure 3C: alogliptin, NS; pioglitazone, P = 0.01; alogliptin x
pioglitazone, NS), and plasma adiponectin levels were
increased by 2.2- and 2.4-fold (Figure 3D: alogliptin, NS;
pioglitazone, P = 0.01, alogliptin x pioglitazone, NS) in
pioglitazone- and the combination-treated db/db mice respec-
tively. Alogliptin alone did not affect plasma glucagon and
adiponectin levels (Figure 3C,D).

Effects of chronic administration of alogliptin plus pioglitazone
on glycaemic parameters

After 3 weeks of treatment, glycosylated haemoglobin levels
were decreased by 0.4%, 1.2% and additively decreased by
2.2% in alogliptin-, pioglitazone- and the combination-
treated db/db mice, respectively, compared with the vehicle-
treated db/db mice (Figure 4A: alogliptin, P = 0.01;
pioglitazone, P = 0.01; alogliptin x pioglitazone, NS). There
was no difference in non-fasting plasma glucose levels for the
alogliptin-treated db/db mice compared with the vehicle-
treated db/db mice (Figure 4B). In contrast, non-fasting
plasma glucose levels were decreased by 23% in pioglitazone-
treated db/db mice and synergistically decreased by 52% in the
combination-treated db/db mice compared with the vehicle-
treated db/db mice (Figure 4B: alogliptin, P = 0.01; pioglita-
zone, P = 0.01; alogliptin x pioglitazone, P = 0.01). Fasting
plasma glucose levels prior to an oral glucose load (time = 0)
were decreased by 1%, 28% and 50% in alogliptin-,
pioglitazone- and the combination-treated db/db mice, re-
spectively, compared with the vehicle-treated db/db mice

(Figure 4C: alogliptin, NS; pioglitazone, P = 0.01; alogliptin x
pioglitazone, NS). Although this effect was not determined to
be a significant additive effect, combination treatment
showed a more potent effect than each drug alone on fasting
plasma glucose levels. In addition, evaluation of glycaemic
control using an OGTT showed that glucose area under the
curve levels after an oral glucose load were decreased by
6%, 14% and additively decreased by 40% in alogliptin-,
pioglitazone- and the combination-treated db/db mice, re-
spectively, compared with the vehicle-treated db/db mice
(Figure 4D: alogliptin, P = 0.05; pioglitazone, P = 0.01;
alogliptin x pioglitazone, NS).

Effects of chronic administration of alogliptin plus pioglitazone
on lipid profiles

As observed in patients with type 2 diabetes, the db/db mice
exhibited elevated triglyceride levels. After 3-4 weeks of treat-
ment, non-fasting and fasting plasma triglyceride levels were
decreased by 30% and 13%, respectively, in the alogliptin-
treated db/db mice, by 65% and 28%, respectively, in the
pioglitazone-treated db/db mice, and additively decreased by
77% (Figure 5A: alogliptin, P = 0.01; pioglitazone, P = 0.01;
alogliptin x pioglitazone, NS) and 67% (Figure 5B: alogliptin,
P =0.05; pioglitazone, P = 0.01; alogliptin x pioglitazone,
NS), respectively, in the combination-treated db/db mice com-
pared with the vehicle-treated db/db mice. The non-fasting
NEFA levels were decreased by 12%, 30% and additively
decreased by 48% in alogliptin-, pioglitazone- and the
combination-treated db/db mice, respectively, compared with
the vehicle-treated db/db mice (Figure 5C: alogliptin,
P = 0.05; pioglitazone, P = 0.01; alogliptin x pioglitazone,
NS).
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Figure 3 Chronic effects of alogliptin-, pioglitazone- and alogliptin plus pioglitazone combination treatment on the plasma levels of DPP-4
activity (A), insulin (B), glucagon (C) and adiponectin (D). Animals were fed a diet containing alogliptin (Alo; 0.03%), pioglitazone (Pio;
0.0075%) or alogliptin (0.03%) plus pioglitazone (0.0075%) during the study period. Plasma DPP-4 activity was determined after 21 days,
plasma insulin levels were determined after 14 and 21 days, and plasma glucagon and adiponectin levels were determined after 23 days.
Alogliptin treatment decreased plasma DPP-4 activity and pioglitazone treatment increased plasma adiponectin levels. Although the combi-
nation of alogliptin with pioglitazone was more effective at increasing plasma insulin levels and decreasing glucagon levels, these effects were
not statistically additive or synergistic by two-way ANOVA. Data are presented as means = SD (n = 8 for db/db mice, n = 4 for db/+ mice). The
results from a two-way ANOVA are presented below the figure. DPP-4, dipeptidyl peptidase-4; NS, not significant.

Effects of chronic administration of alogliptin plus pioglitazone
on pancreatic hormone content

At approximately 10 weeks of age, after the 26 day study
period, combination treatment increased pancreatic insulin
content when compared with either drug alone (Figure 6).
Pancreatic insulin content was increased by 1.1-, 1.8-
and synergistically increased by 4.5-fold, in alogliptin-,
pioglitazone- and the combination-treated db/db mice,
respectively, compared with the vehicle-treated db/db mice
(alogliptin, P = 0.05; pioglitazone, P = 0.01; alogliptin x
pioglitazone, P = 0.05). Pancreatic insulin content in the
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combination-treated db/db mice was equivalent to that of the
vehicle-treated db/+ mice. In contrast, pancreatic glucagon
content was not significantly changed by any of the treat-
ments (data not shown).

Effects of chronic administration of alogliptin plus pioglitazone
on insulin-staining, p-cell/o~cell architecture and PDX1
expression in pancreatic islets

Type 2 diabetes is associated with characteristic and progres-
sive changes in the structure of pancreatic islets. Such
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Figure 4 Chronic effects of alogliptin-, pioglitazone- and alogliptin plus pioglitazone combination treatment on glycosylated haemoglobin
(A), non-fasting plasma glucose (B), fasting plasma glucose and glucose excursion during an OGTT (C) and glucose AUC during an OGTT (D).
Animals were fed a diet containing alogliptin (Alo; 0.03%), pioglitazone (Pio; 0.0075%) or alogliptin (0.03%) plus pioglitazone (0.0075%)
during the study period. Glycosylated haemoglobin was determined after 21 days, non-fasting plasma glucose levels were determined after
14 and 21 days, and fasting plasma glucose, glucose excursion and glucose AUC during an OGTT were determined after 25 days followed by
17 h fasting. Combination treatment with alogliptin and pioglitazone resulted in additive improvements in glycosylated haemoglobin and
glucose AUC during an OGTT, and a synergistic improvement in non-fasting plasma glucose. Although the combination of alogliptin with
pioglitazone was more effective at lowering fasting plasma glucose levels, the effect was not statistically additive or synergistic. Data are
presented as means = SD (n = 8 for db/db mice, n = 4 for db/+ mice). The results from a two-way ANOVA are presented below the figure. AUC,
area under the curve; NS, not significant; OGTT, oral glucose tolerance test.

changes include reduced insulin synthesis in B-cells,
increased o-cell mass and a widespread disruption of islet-
specific gene expression (Del Prato and Marchetti, 2004;
Kjorholt et al., 2005). Pancreata isolated from the db/db mice
were analysed by immunohistochemistry using anti-insulin,
anti-glucagon and anti-PDX1 antibodies before treatment (at
6 weeks of age) and after the 26 day study period (at
approximately 10 weeks of age). At 6 weeks of age, islets of
db/db mice showed degranulation of B-cells (Figure 7A),

whereas glucagon-producing a-cells were localized at their
normal peripheral position in the islet (Figure 7G). The tran-
scription factor PDX1, which appears to play a pivotal role
in B-cell differentiation and function as well as in pancreatic
regeneration (Melloul, 2004), was expressed in p-cells
(Figure 7M).

At approximately 10 weeks of age, severe degranulation of
B-cells was observed in the vehicle-treated db/db mice
(Figure 7B) compared with the vehicle-treated non-diabetic
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Figure 5 Chronic effects of alogliptin-, pioglitazone- and alogliptin plus pioglitazone combination treatment on plasma triglyceride (A),
fasting plasma triglyceride (B) and non-fasting plasma NEFA (C). Animals were fed a diet containing alogliptin (Alo; 0.03%), pioglitazone (Pio;
0.0075%) or alogliptin (0.03%) plus pioglitazone (0.0075%) during the study period. Non-fasting plasma triglyceride levels were determined
after 14 and 21 days, fasting plasma triglyceride levels were determined after 25 days followed by 17 h fasting, and non-fasting plasma NEFA
levels were determined after 21 days. Combination treatment with alogliptin and pioglitazone resulted in additive improvements on these
parameters. Data are presented as means = SD (n = 8 for db/db mice, n =4 for db/+ mice). The results from a two-way ANOVA are presented

below the figure. NEFA, non-esterified fatty acids; NS, not significant.

db/+ mice (Figure 7F). Treatment with alogliptin or pioglita-
zone alone failed to produce a clear inhibition of B-cell
degranulation (Figure 7C,D). However, consistent with higher
pancreatic insulin content levels (Figure 6), extensive insulin
staining of B-cells was observed in the combination-treated
db/db mice (Figure 7E) and insulin staining in this group of
mice was comparable to that observed in the vehicle-treated
non-diabetic db/+ mice.

Glucagon-producing o-cells were located at their normal
peripheral position in the islets of the vehicle-treated non-
diabetic db/+ mice at nearly 10 weeks of age (Figure 7L). In
contrast, o-cell replication and widespread distribution
throughout the islets were observed in the vehicle-treated
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db/db mice and in the mice treated with alogliptin or piogli-
tazone alone (Figure 7H-J). However, the a-cells were located
at their normal peripheral position in the islets of the
combination-treated db/db mice (Figure 7K).

At nearly 10 weeks of age, PDX1 expression was reduced
throughout the islets in the vehicle-treated db/db mice
(Figure 7N). Treatment with alogliptin or pioglitazone alone
did not produce detectable changes in the expression of
PDX1 in the db/db mice (Figure 70,P). However, in the
combination-treated db/db mice, PDX1 protein was highly
expressed throughout the islets (Figure 7Q) and its expression
was comparable to that observed in the vehicle-treated non-
diabetic db/+ mice (Figure 7R).
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Figure 6 Chronic effects of alogliptin-, pioglitazone- and alogliptin
plus pioglitazone combination treatment on pancreatic insulin
content. Animals were fed a diet containing alogliptin (Alo; 0.03%),
pioglitazone (Pio; 0.0075%) or alogliptin (0.03%) plus pioglitazone
(0.0075%) during the study period. After 25 days of treatment, the
animals were fasted for 17 h and then given an OGTT. Upon the
completion of the OGTT, the pancreas was isolated for processing
and analysis of insulin content. Combination treatment with aloglip-
tin and pioglitazone resulted in a synergistic increase in pancreatic
insulin content. Data are presented as means * SD (n = 8 for db/db
mice, n=4 for db/+ mice). The results from a two-way ANOVA are
presented below the figure. OGTT, oral glucose tolerance test.

Discussion and conclusions

In the present study, db/db mice, a model of type 2 diabetes,
were used to evaluate the effects of combination treatment
with alogliptin and pioglitazone on glycaemic control, lipid
and hormone profiles, pancreatic B-cell function and islet
structure. In this model, diabetic phenotypes are accelerated,
at least in part, due to insufficient B-cell compensation for
age-dependent increases in obesity and insulin resistance. The
hyperglycaemic, hyperinsulinemic, hyperglucagonemic and
hyperlipidemic phenotypes observed in db/db mice resemble
those commonly observed in patients with type 2 diabetes
(Dunning and Gerich, 2007; Tomkin, 2008).

In this study, alogliptin treatment showed marked inhibi-
tion of plasma DPP-4 activity and an increase in plasma active
GLP-1 levels in db/db mice. However, alogliptin alone showed
only marginal improvement in basal plasma insulin levels
and glycaemic control, compared with pioglitazone alone.
Consistent with these observations, the DPP-4 inhibitors sita-
gliptin and vildagliptin also failed to improve these param-
eters in similarly designed db/db mice studies (Y. Moritoh,
unpubl. obs.). In addition, alogliptin alone did not induce a
clear effect on insulin and PDX1 expression in the islets, and
pancreatic insulin content in the db/db mice. Taken together,
this study suggests that the increased circulating active GLP-1
levels, which were induced by DPP-4 inhibition, may not
provide significant trophic or protective effects against
glucose toxicity in B-cells of this model. In contrast to its
effects in db/db mice, DPP-4 inhibitors improved both glycae-
mic control and B-cell function in ob/ob mice (Moritoh et al.,
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2008) and high-fat-diet-fed streptozotocin mice (Mu et al.,
2006). These findings suggest that undefined variables influ-
ence the effectiveness of DPP-4 inhibitors in the different
animal models.

Chronic treatment with pioglitazone partially improved
glycaemic control and potently reduced lipid profiles in db/db
mice in the present study. Pioglitazone treatment also specifi-
cally increased plasma adiponectin levels in this model. As
expected, pioglitazone alone had no dominant inhibitory
effect on DPP-4 activity but partially preserved basal circulat-
ing insulin and increased pancreatic insulin content in the
db/db mice, which may have been due to improved glucose
control, as discussed below.

Combination treatment with alogliptin and pioglitazone
resulted in either additive or synergistic effects. After 3-4
weeks of treatment, the alogliptin plus pioglitazone combina-
tion increased plasma insulin levels and decreased plasma
glucagon levels, more so than monotherapy with either agent
alone, while the increase in circulating adiponectin was prob-
ably due to a pioglitazone effect. The combination treatment
improved glycosylated haemoglobin, plasma glucose levels,
glucose excursion during OGTT and lipid levels. Again, the
improvements observed in these parameters were greater in
the combination-treated db/db mice than the db/db mice
treated with alogliptin or pioglitazone alone. In addition,
combination treatment elevated insulin and PDX1 expression
in the islets and increased pancreatic insulin content, more so
than with each drug alone. Taken together with the increased
insulin circulation, combination treatment seems to have
improved B-cell function in the db/db mice. In addition to
improving f-cell function, combination treatment main-
tained normal B-cell/a-cell distribution in the islets, indicat-
ing this strategy is also effective for preserving islet structure
in the db/db mice.

Because robust glycaemic control by itself is sufficient to
improve B-cell characteristics in db/db mice (Kjorholt et al.,
2005), the improved glycaemic control from the combination
treatment in this study may have contributed to the improve-
ment in B-cell function. Recently, Xu et al. (2007) reported
that expression of the GLP-1 and GIP receptors are signifi-
cantly decreased in islets of pancreatectomized hyperglycae-
mic rats, which are recovered when glucose levels are
normalized. These authors also reported that db/db mice show
reduced gene expression of the Glplr and Gipr in islets (Xu
etal., 2007). It is thus conceivable that improved glycaemic
control induced by alogliptin plus pioglitazone may have
contributed to the improved expression of GLP-1 and GIP
receptors, thus potentiating the effects of alogliptin-sustained
incretin activity on combination with pioglitazone. In fact,
alogliptin in combination with pioglitazone may have
enhanced efficacy on improving glycaemic control and B-cell
function, and may be more potent than the expected efficacy
with alogliptin alone when administered to db/db mice.
However, this hypothesis remains to be tested.

In the normal healthy individual, glucagon secretion is
regulated by changes in systemic glucose and insulin concen-
trations. Hyperglucagonemia and/or an elevated plasma
glucagon-to-insulin ratio have been reported in diabetic
patients (Sloop et al., 2005) and animals (Sloop et al., 2004),
and contribute to hyperglycaemia by increasing hepatic
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Figure 7 Chronic effects of alogliptin-, pioglitazone- and alogliptin plus pioglitazone combination treatment on insulin-staining, B-cell/o-cell
architecture and PDX1 expression in pancreatic islets. Animals were fed a diet containing alogliptin (0.03%), pioglitazone (0.0075%) or
alogliptin (0.03%) plus pioglitazone (0.0075%) for 25 days and were fasted for 17 h. After completing an OGTT, the pancreas was isolated and
stained with anti-insulin antibody (A-F), anti-glucagon antibody (G-L) and anti-PDX1 antibody (M-R). Representative images for each group
of mice are shown. The combination-treated db/db mice exhibited increased expression of insulin and PDX1, and normal B-cell/o-cell
distribution, which were comparable to those observed in the vehicle-treated non-diabetic db/+ mice. Scale bars = 200 pm for insulin and
glucagon, and 100 um for PDX1. PDX1, pancreatic and duodenal homeobox 1.

glucose production. GLP-1-induced inhibition of glucagon
secretion has been reported to be mediated directly via GLP-1
receptors expressed on o-cells (Gromada and Rorsman, 2004)
and indirectly via stimulation of insulin and somatostatin
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secretion (Heller and Aponte, 1995; Strowski et al., 2000;
Cejvan etal., 2003; Xu etal., 2006). In the present study,
combination treatment preserved functional B-cells and
decreased plasma glucagon levels, whereas alogliptin alone



increased active GLP-1 levels but failed to suppress circulating
glucagon as well as to preserve functional p-cells, highlighting
the role of functional B-cells for suppression of glucagon con-
centrations in this model. These observations are consistent
with the previous report demonstrating that mice with p-cell-
specific inactivation of the PdxI gene exhibit impaired
B-cell function and defective suppression of glucagon secre-
tion following treatment with a GLP-1 analogue (Li etal.,
2005).

Hypertriglyceridemia is a metabolic abnormality in many
patients with type 2 diabetes (Taskinen, 2003) and contributes
to an increased risk of cardiovascular disease (Pejic and Lee,
2006). This study indicates that alogliptin plus pioglitazone
combination treatment may be useful in patients who show
hypertriglyceridemia as the combination treatment additively
decreased fasting and non-fasting plasma triglyceride levels.
Combination treatment with alogliptin and pioglitazone also
decreased plasma NEFA levels when compared with mono-
therapy with either agent. Considering the evidence that cir-
culating NEFA levels are associated with an increase in insulin
resistance and induce impaired B-cell function via lipotoxicity
(Wilding, 2007), combination treatment may be helpful in
treating abnormally high NEFA levels.

Alogliptin alone showed no effects on body weight in the
db/db mice, which is consistent with human results with
DPP-4 inhibitors (Drucker and Nauck, 2006). On the other
hand, pioglitazone and alogliptin in combination with piogli-
tazone increased body weight, which may have been induced
by high levels of plasma insulin.

In conclusion, this study demonstrates that combination
treatment with alogliptin and pioglitazone at an early stage of
diabetes resulted in improved insulin, glucagon and adi-
ponectin secretion, enhanced glycaemic and lipid control,
and improved B-cell function and islet structure in db/db mice
when compared with either alogliptin or pioglitazone alone.
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