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Effects of chronic administration of alogliptin on the
development of diabetes and β-cell function in high fat
diet/streptozotocin diabetic mice
X. Zhang, Z. Wang, Y. Huang & J. Wang
Department of Pharmaceutical Sciences, College of Pharmacy, Western University of Health Sciences, Pomona, CA, USA

Aim: Alogliptin is a potent and highly selective dipeptidyl peptidase-4 (DPP-4) inhibitor. The aim of this study was to determine its effects on
glucose control and pancreas islet function and to identify the underlying molecular mechanisms after chronic administration, in a non-genetic
mouse model of type 2 diabetes.
Methods: Alogliptin (5, 15 and 45 mg/kg) was orally administered to high fat diet/streptozotocin (HFD/STZ) diabetic mice daily for 10 weeks.
Postprandial and 6-h fasting blood glucose levels, blood A1C level, oral glucose tolerance and pancreas insulin content were measured during
or after the treatment period. Alogliptin plasma concentration was determined by an LC/MS/MS method. Islet morphology and architectural
changes were evaluated with immunohistochemical analysis. Islet endocrine secretion ability was assessed by measuring insulin release from
isolated islets which were challenged with 16 mM glucose and 30 mM potassium chloride, respectively. Gene expression profiles of the
pancreas were analysed using the mouse diabetes RT2 Profiler PCR array which contains 84 genes related to the onset, development and
progression of diabetes.
Results: Alogliptin showed dose-dependent reduction of postprandial and fasting blood glucose levels and blood A1C levels. Glucose clearance
ability and pancreas insulin content were both increased. Alogliptin significantly restored the β-cell mass and islet morphology, thus preserving
islet function of insulin secretion. Expression of 10 genes including Ins1 was significantly changed in the pancreas of diabetic mice. Chronic
alogliptin treatment completely or partially reversed the abnormalities in gene expression.
Conclusions: Chronic treatment of alogliptin improved glucose control and facilitated restoration of islet architecture and function in HFD/STZ
diabetic mice. The gene expression profiles suggest that the underlying molecular mechanisms of β-cell protection by alogliptin may involve
alleviating endoplasmic reticulum burden and mitochondria oxidative stress, increasing β-cell differentiation and proliferation, enhancing islet
architecture remodelling and preserving islet function.
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Date submitted 1 September 2010; date of first decision 1 October 2010; date of final acceptance 3 December 2010

Introduction
Type 2 diabetes mellitus (T2DM) is considered as a
chronic metabolic disease because of insulin resistance
and β-cell dysfunction. It is characterized by impaired
insulin responsiveness and anatomical abnormalities of the
pancreatic islets during the course of the disease [1,2]. Most
conventional antidiabetic drugs, including sulphonylureas and
thiazolidinediones, focus on improving glucose control and
thus protecting pancreas from glucotoxicity and lipotoxicity
during the initial process of treatment. However, the loss of
glucose control may be further deteriorated over the years
and therefore most T2DM patients eventually need additional
insulin supplement for disease control [3]. As the mechanism
of insulin resistance is still unclear [4–6], treatment of T2DM
becomes complex and the therapeutic goal is difficult to
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achieve [7]. Thus, there has been little improvement on the
management of the metabolic syndrome and the control of the
prevalence of T2DM [8]. New therapies with islet protection
and β-cell function improvement are needed to prevent or
delay the onset of the disease and to modify its pathologic
development after the onset [9].

Currently, only incretins and their analogues are consid-
ered as insulinotropic agents that can improve β-cell func-
tion [10]. Two known incretin hormones, glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like peptide-1
(GLP-1), are gut-derived peptides secreted, respectively, from
the K- and L-cell of intestinal epithelia in response to nutrient
ingestion. They act through structurally distinct yet related
incretin receptors on β-cells to increase glucose-dependent
insulin secretion, β-cell proliferation and resistance to apopto-
sis [11–13]. Their functions are divided into those mediating
primarily acute responses, such as potentiation of insulin
secretion, and those mediating chronic responses, such as
gene transcriptional changes and cell replication [14]. Clinical
applications of GLP-1 or its analogues such as exendin-4
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have shown remarkable glucose-lowering effect with increased
β-cell volume and insulin secretion in diabetic subjects [15].
The direct insulinotropic effects of these agents on β-cell make
possible a promising way for β-cell preservation [16]. How-
ever, GLP-1 and GIP are rapidly degraded and inactivated in
vivo, primarily by the enzyme dipeptidyl peptidase-4 (DPP-4)
[17]. In T2DM patients, the incretin effects were found to
be impaired [18]. Therefore, developing DPP-4 inhibitors to
prolong the effects of endogenous incretins became a logic
strategy [19].

Alogliptin (SYR-322, 2-[6-[(3R)-3-amino-1-piperidinyl]-
3,4-dihydro-3-methyl-2,4-dioxo-1(2H) pyrimidinyl]methyl]
benzonitrile monobenzoate) is a quinazolinone-based DPP-4
inhibitor, being developed for once-daily oral dosing to
improve glucose control in T2DM patients [20]. Alogliptin
is potent (IC50 < 10 nM) and >10 000-fold more selective
for targeting DPP-4 than other related serine proteases
including DPP-2, DPP-8 and DPP-9 [20,21]. In Wistar fatty
rats and neonatal streptozotocin-treated diabetic NSTZ-1.5
rats (an obese and a non-obese rat model of T2DM,
respectively [22,23]), a single dose of alogliptin improved
glucose tolerance and increased early-phase insulin secretion
following an oral glucose challenge. In another experiment with
NSTZ-1.5 rats, chronic treatment with alogliptin for 4 weeks
decreased glycosylated haemoglobin (A1C) level and increased
pancreatic insulin content [24]. In addition, alogliptin dose-
dependently improved glucose control, decreased triglyceride
level and improved β-cell function in ob/ob mice, correlating
with the inhibition of blood DPP-4 activity and increased
GLP-1 level [25].

In this study, we characterized the effects of chronic alogliptin
administration on glucose control and pancreas islet protection
in a non-genetic high fat diet (HFD)/STZ mouse model for
T2DM [26–29]. This model mimics the natural initiation and
development of T2DM by inducing mouse obesity with HFD
and partial pancreas islet damage with a low dose STZ. By
comparing the gene expression profiles of different treatment
groups with the control groups, we have identified the putative
molecular mechanisms for the protective effects of alogliptin
on the mouse pancreas.

Materials and Methods
Test Materials

Alogliptin benzoate was provided by Takeda Pharmaceuticals
North America (Deerfield, IL, USA). Other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA), unless
otherwise indicated.

Experimental HFD/STZ Diabetic Mice and Drug
Treatment

Four-week-old male ICR mice were purchased from Taconic
Farm (Germantown, NY, USA) and fed with the HFD D12492
(Research Diets, New Brunswick, NJ, USA). After 3 weeks of
HFD feeding, a single low dose STZ (90 mg/kg ip, formulated
in 0.1 M citrate buffer, pH 4.5) was given after a 6-h
fasting to induce diabetes. Two weeks after STZ injection,

6-h fasting blood glucose level of the HFD/STZ mice was
measured to confirm hyperglycaemia. Mice with similar degree
of hyperglycaemia were randomly divided into four groups:
the vehicle, low dose, medium dose and high dose groups
(n = 16). The vehicle group received 0.5% methylcellulose
only, whereas the low dose, medium dose and high dose
groups were given alogliptin at 5, 15 and 45 mg/kg in 0.5%
methylcellulose, respectively. Alogliptin was dosed once daily
using a gastric gavage. A normal, non-diabetic control group
was included and fed with regular Teklad 8604 rodent diet
(Harlan Laboratories, Indianapolis, IN, USA). All animals were
housed in an environmentally controlled room at 25 ◦C in
a 12-h light/dark cycle and given free access to food and
water throughout the experimental period. Fasting animals
were allowed free access to water. All animal procedures were
performed using a protocol approved by the Institutional
Animal Care and Use Committee of the Western University of
Health Sciences.

Food Intake, Body Weight, Blood A1C Level,
Postprandial and Fasting Blood Glucose Levels

Food intake and body weight were monitored weekly.
Postprandial blood glucose level was determined weekly (at
09:00 hours, 3 h after the dark period) using a OneTouch Ultra
2 glucometer (LifeScan, Milpitas, CA, USA) with blood from
tail bleed. The 6-h fasting glucose level was measured (at 15:00
hours, after fasting for 6 h) at weeks 0, 2, 5 and 10. Blood
A1C level was measured with an A1CNow+ Test kit (Bayer
HealthCare, Sunnyvale, CA, USA) at weeks 0, 5 and 10.

Oral Glucose Tolerance Test

Oral glucose tolerance test was conducted at week 8. Mice
were fasted for 4 h before an oral glucose load (2 g/kg). Blood
samples were collected from the tail before and 15, 30, 60
and 120 min after glucose loading. Blood glucose level was
determined with a OneTouch Ultra 2 glucometer (LifeScan).

Pancreatic Insulin Content

At the end of the 10-week treatment, mice were sacrificed after a
4-h fasting. The pancreas was dissected immediately and frozen
at−20 ◦C until analysis. For the extraction of pancreatic insulin,
pancreatic tissue was first incubated in acidic ethanol (1.5%
HCl in 70% EtOH) at 4 ◦C overnight and then homogenized
on ice. After another incubation at 4 ◦C overnight, the mixture
was centrifuged and the supernatant was collected and stored
at −20 ◦C until analysis. Insulin concentration was determined
using a mouse insulin enzyme-linked immunosorbent assay
(ELISA) kit (ALPCO Diagnostics, Salem, NH, USA) according
to the manufacturer’s instruction.

Plasma Drug Trough Concentration

At 24 h following the last dose, mice were sacrificed and
blood samples were collected. The plasma samples were
separated after centrifugation and kept at −80 ◦C until analysis.
Plasma concentration of alogliptin was determined using a
validated LC/MS/MS method. Briefly, 100 μl of plasma sample
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were mixed with 10 μl of 1 μg/ml tramadol (the internal
standard) and 10 μl of 50% methanol. The sample mixture was
then combined with 200 μl acetonitrile to precipitate protein
components. After centrifuged at 18 000 g for 10 min, 10 μl of
the supernatant was injected into the LC/MS/MS system for
analysis. A standard curve was constructed for quantification.

Assessment of Islet Endocrine Secretion Function

To assess the insulin secretion ability of islets to various
secretagogues, glucose-stimulated insulin secretion (GSIS)
and KCl-induced maximum insulin secretion capacity were
measured by static incubation of isolated islets with glucose
and KCl, respectively. Pancreatic islets were isolated using a
modified method of Lacy and Kostianovsky [30] and Korbutt
et al. [31]. Briefly, mouse pancreas was first torn apart into small
pieces in HBSS on ice. Digestion was then performed in a water
bath at 37 ◦C for 15 min with 0.3 mg/ml collagenase (Sigma).
Islet separation was achieved by centrifugation (530 g, 15 min)
on discontinuous Histopaque gradients (Histopaque 1.119,
1.083 and 1.077 g/ml; Sigma). Islets were harvested from the
interface between the 1.083 and 1.077 layers. To ensure quality
of the preparation, islets were further handpicked and counted
under a Leica Stereozoom 4 microscope (Leica Microsystem,
Wetzlar, Germany). The islets were seeded in 24-well culture
plates in RPMI-1640 medium supplemented with 10% fetal calf
serum, at 37 ◦C in a humidified incubator with 5% CO2. Five
islets were first incubated for 1 h in 1 ml RPMI-1640 medium
containing 2 mM glucose. The supernatant was collected and
stored at −20 ◦C for the analysis of basal insulin level. Islets
were then challenged with 1 ml 16 mM glucose or 30 mM KCl
for 1 h at 37 ◦C. Medium samples were collected and stored
at −20 ◦C for the analysis of GSIS or KCl-induced maximum
insulin secretion.

Histological and Immunohistochemical Analyses

Pancreas were fixed in 10% buffered formaldehyde with Zn2+
at 4 ◦C overnight and then embedded in paraffin. Serial
sections were cut into a thickness of 5 μm and stained
with haematoxylin and eosin (H&E) for light microscopic
examination. For quantification of β- and α-cell mass ratio
in each islet, tissue sections were treated with anti-insulin and
antiglucagon antibodies (Invitrogen, Carlsbad, CA, USA) with
1 : 500 dilutions. Fluorescent images were taken with a Nikon
DXM 1200F Hi-QE colour CCD camera attached to a Nikon
fluorescent microscope (Nikon, Melville, NY, USA). The area
of positive-stained β- and α-cells in each representative section
was measured with a MetaVue image processing software
(Molecular Devices, Downington, PA, USA). Ten randomly
chosen islets from each section were used for area counting.
The analysis was blindly scored by two observers. Results are
expressed as mean percentage of positively stained areas within
an islet.

RNA Preparation

Pancreas tissue was taken out from freshly sacrificed mouse and
immersed in the RNAlater RNA stabilization reagent (Qiagen,
Valencia, CA, USA) and stored at 4 ◦C overnight. Tissue was

then homogenized and stored in Trizol reagent (Invitrogen)
at −80 ◦C until RNA isolation. Total RNA was extracted from
each sample with the RNeasy mini kit (Qiagen) according to the
manufacturer’s instruction. DNase I treatment was performed
on each RNA sample to avoid contamination of genomic DNA.
The quantity and quality of RNA were determined by measuring
the UV absorbance at 260 and 280 nm with a NanoVue Plus
Spectrophotometer (GE Healthcare, Piscataway, NJ, USA).

Quantitative RT-PCR Analysis Using Mouse Diabetes
RT2 Profiler PCR Arrays

RT-PCR for 84 mouse diabetes-related genes was carried out
using a GeneAmp 7300 sequence detection system (Applied
Biosystems, Forster City, CA, USA) with a mouse diabetes
RT2 Profile PCR array (SABiosciences, Frederick, MD, USA).
Total RNA (500 ng) was used as template to synthesize cDNA
with the RT2 First Strand kit (SABiosciences). The PCR cycle
condition was as follows: 94 ◦C for 4 min, followed by 40 cycles
of 94 ◦C for 30 s, 62 ◦C for 30 s, 72 ◦C for 35 s and then
72 ◦C for 10 min. At the end of PCR cycling steps, data for
each sample were displayed as a melting curve. The ABI SDS
software (Applied Biosystems) was used to determine a critical
threshold (Ct), which was the cycle number where the linear
phase for each sample crossed the threshold level.

Gene Expression Data Analysis

After performing a precise quantification of the mRNA levels
in mouse pancreas samples, the Ct values were collected
using a spreadsheet template provided by SABiosciences.
Data normalization was performed with the ‘comparative
Ct method’ using a reference gene, GAPDH, to control
experimental variation introduced by the multistage RNA
processing. An average Ct was calculated and normalized to
the reference gene using the following Eqn (1):

�Ct = X − Ref (X: Ct for given sample;
Ref: Ct for reference sample) (1)

The normalized Ct was compared with the ‘standard sample’
using Eqn (2).

��Ct = �Ctsample − �Ctstandard (2)

Finally, the fold change (FC) of the target gene was calculated
using Eqn (3).

FC = 2−��Ct when ��Ct < 0

FC = −2��Ct when ��Ct > 0 (3)

An FC > 1.5 or <−1.5 (i.e. percentage increase/decrease
>50%) was considered as significant difference of gene
expression.

Statistical Analysis

Data are expressed as means ± standard error. Significance of
differences between two groups was determined using Student’s
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t-test. Significance of differences among multiple groups was
assessed using one-way analysis of variance (anova). A value
of p < 0.05 was considered to be of statistic significance.
Statistical and data analysis were conducted using prism 5.0
software package (GraphPad Software, La Jolla, CA, USA).

Results
Effect of Chronic Alogliptin Administration
on Metabolic Control of HFD/STZ Mice

As shown in figure 1A, postprandial blood glucose levels in
HFD/STZ mice were significantly higher than normal mice
with an average value of 428 mg/dl at week 0. Over time,
alogliptin significantly reduced postprandial hyperglycaemia
in a dose-dependent manner. The average blood glucose
levels of three alogliptin-treated groups were 80, 77 and
68% of the level of vehicle-treated group, respectively, at
week 10. Similarly, 6-h fasting blood glucose levels were also
dose-dependently reduced. The high dose treatment showed
statistically significant decrease of glucose levels at weeks 5 and
10; whereas the medium dose reduced glucose level significantly
at the end of study (figure 1B). The reduction of blood
A1C levels was dose dependent and statically significant in
all dose groups at weeks 5 and 10, showing an unambiguous
improvement of overall glucose control by chronic alogliptin
treatment (figure 1C). It is remarkable to note that the A1C
value of the high dose group at week 10 was very close to that
of the normal control.

The body weight and food intake were not significantly
different between vehicle- and alogliptin-treated groups (data
not shown). In the oral glucose tolerance test, the average blood
glucose level in vehicle-treated diabetic mice was 569.0 ± 12.8
mg/dl 30 min after an oral glucose load of 2 g/kg, while
that of the normal group was 237.7 ± 15.2 mg/dl (figure
1D). Alogliptin significantly reduced glucose level in all dose
groups at all time points. The glucose area under the curve
(AUC) of diabetic mice treated with alogliptin decreased
significantly and dose dependently, suggesting the restoration
of glucose excursion (figure 1D). Overall, these results showed
that alogliptin exhibited glucose control in HFD/STZ diabetic
mice.

Plasma Alogliptin Trough Concentration

The plasma trough concentrations of alogliptin were measured
in all groups 24 h after the last oral dose. The mean plasma
trough drug concentrations were 13.8 ± 5.1, 26.1 ± 7.2 and
121.4 ± 55.1 ng/ml for the low, medium and high dose groups,
respectively.

Effects of Alogliptin on Islet Morphology
and Architecture

After the end of the 10-week treatment, islets from non-
diabetic mice showed large islets with insulin-positive β-cells
(green) in the core and glucagon-positive α-cells (red) in
the peripheral, with a β-cell-to-islet area ratio of 0.73 ± 0.02
(figures 2 and 3A). Vehicle-treated diabetic mice showed

smaller islets with a significantly reduced β-cell-to-islet area
ratio of 0.29 ± 0.08 (p < 0.05). There are many more glucagon-
positive α-cells spotted on the surface and the core of these
islets (figures 2 and 3A). The α-cell-to-islet area ratio was
increased from 0.10 ± 0.01 in non-diabetic mice to 0.22 ± 0.03
in diabetic mice treated with vehicle (p < 0.05) (figure 3B).
Alogliptin partially restored pancreatic β-cell mass and showed
an intermediate morphology. Islets from the medium and
high dose groups were much larger than those from the
vehicle group and had significantly increased β-cell-to-islet
area ratio of 0.54 ± 0.23 and 0.59 ± 0.22, respectively (figures
2 and 3A). The ratio of α-cells-to-islet area was also dose
dependently reduced after alogliptin treatment, although there
was no statistical significance (figure 3B). The data revealed
that chronic alogliptin treatment could partially reverse the
deleterious loss of β-cell mass in HFD/STZ diabetic mice and
preserve the normal architecture of pancreas islets.

Pancreas Insulin Content and Islet Function

Pancreas insulin content of vehicle-treated diabetic mice was
only 12% of that in non-diabetic mice at the end of the study
(figure 4A). Treatment with low and medium dose alogliptin
similarly led to a modest increase in islet insulin content.
However, at the high dose, alogliptin significantly increased
insulin content by fourfold to about 50% of that of the normal
mice.

Islets from vehicle-treated diabetic mice displayed a
significantly impaired response to the 16 mM glucose challenge
and maximum insulin secretion induced by 30 mM KCl,
in comparison to islets from normal mice (figure 4B, C).
Islets from all alogliptin-treated mice exhibited significant
improvement of GSIS by three- to fourfold. Maximum insulin
secretion increased more than sixfold in high dose-treated
mouse islets; whereas more than fivefold increases were
achieved in islets from low and medium dose-treated mice.

These results indicated that chronic treatment with alogliptin
significantly improved islet insulin production and secretion,
which was consistent with the results that alogliptin helped
recover the morphology and architecture of islets and improved
blood glucose control in HFD/STZ mice.

Pancreatic Gene Expression Analysis

Expression of 10 genes among 84 tested was significantly
changed between the normal group and the vehicle group
(Table 1, figure 5, Table S1). Among them, seven were
upregulated and three downregulated in diabetic pancreas.
According to the expression products of these genes, they
can be classified into five functional groups: transporters or
channels (Icam1 and Aqp2), metabolic enzymes (Pfkfb3 and
G6pc), secreted factors (Ins1, Tgbfb1 and Agt), transcription
factors (Foxp3 and Neurod1) and mitochondrial uncoupling
protein (Ucp2).

Pfkfb3, Agt and Tgfb1 were upregulated by 1.73-, 1.93-
and 1.59-fold, respectively. After alogliptin treatment, their
expression levels were back to normal in all three dose groups.
Alogliptin reversed Agt upregulation in a dose-dependent
manner (FCs of 1.50-, 1.37- and 1.20-fold for low, medium
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Figure 1. Effects of chronic alogliptin treatment on glycaemic control in high fat diet/streptozotocin mice. Diabetic mice were treated with alogliptin for
10 weeks by oral gavage every day at 5, 15 and 45 mg/kg, for low dose, medium dose and high dose group, respectively. The normal and vehicle group
received vehicle only. Postprandial blood glucose levels (A), 6-h fasting blood glucose levels (B), A1C levels (C) and oral glucose tolerance test after 4-h
fasting and the glucose area under the curve (D) were measured at the indicated time during the treatment period. Values are means ± standard error
(n = 16 mice in each group). ∗p < 0.05 versus the vehicle-treated group.
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Normal

Vehicle

5 mg/kg 
Alogliptin

15 mg/kg 
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45 mg/kg 
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Figure 2. Histological analysis of pancreas from normal non-diabetic mice, vehicle-treated high fat diet/streptozotocin diabetic mice and alogliptin-treated
diabetic mice. Pancreas sections were stained with haematoxylin and eosin or labelled with anti-insulin antibody (green) or antiglucagon antibody (red).
Representative islets from each group with each staining and the overlay of the insulin and glucagon staining are shown.

and high dose, respectively). Icam1, Aqp2, Foxp3 and Ucp2 in
diabetic mice were upregulated by 1.97-, 2.88-, 2.47- and 3.27-
fold, respectively. Their expression levels were decreased but
not entirely recovered to normal levels following alogliptin

treatment. In addition, the recovery was not in a dose-
dependent manner. Expression changes of these genes in
all three treatment groups were reduced, whereas statistical
significance between the normal group and alogliptin-treated
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Figure 3. Morphometric analysis of islet cell composition. Images
represented in figure 2 were analysed to quantify the ratio of insulin-
positive β-cell mass to total islet area (A) and glucagon-positive α-cell
mass to total islet area (B). The ratio was calculated from 80 islets of each
group of eight mice. ∗p < 0.05 versus the vehicle-treated group.

group was observed for Icam1 in the medium dose group
(FC > 1.5 and p < 0.05) and Ucp2 in the high dose group
(FC > 1.5 and p < 0.05).

The expression of G6pc in diabetic mice was significantly
decreased (FC = −3.26). After alogliptin treatment, its
expression level was back to normal range in all three
dose groups. Similarly, Neurod1 gene in diabetic mice was
downgraded by 2.85-fold in comparison with that of the normal
mice. Its expression was back to normal level by medium or high
dose alogliptin treatment. The expression of Ins1 was the most
significantly downregulated in the vehicle group in comparison
with the normal group with a reduction of almost 15 times.
Ins1 gene expression was reversed dose dependently towards
the normal level by the treatment of alogliptin (Table 1).

Discussion
T2DM is an endocrine disorder involving insulin resistance
and progressive pancreas functional failure. When the body
develops insulin resistance, the underlying mechanism of which
is still not clear, β-cell mass expands and insulin synthesis and
secretion increase to compensate additional insulin demand for
regulating elevated glucose level. However, overexpression of
insulin and the following cellular metabolic pressure increase
endoplasmic reticulum (ER) burden and intracellular reactive
oxygen species production, thus impairing β-cell viability [32].

In the ensuing years, the balance between apoptosis and
regeneration of β-cells is irreversibly broken and normal
architecture and function of pancreas islet is gradually lost.
The HFD/STZ T2DM mouse model mirrors the pathology
of insulin resistance in diabetes patients, as insulin resistance
occurs in most obese individuals [26–29]. In this non-genetic
T2DM rodent model, β-cell mass loss and/or dysfunction by
STZ insult are potentiated by peripheral insulin resistance or
inflammation response induced by HFD. Ironically, while the
remaining β-cells after STZ administration have to increase
insulin output to normalize elevated glucose levels, this
enhanced β-cell activity would bring a double-jeopardy to
β-cells themselves, because of subsequent apoptosis and/or
necrosis following elevated ER burden of insulin overexpression
and intracellular metabolism pressure [3]. This T2DM model
presented a comparable aetiology similar to human T2DM
initiation and development, with partial deficiency in insulin
secretion, peripheral insulin resistance and in consequence,
hyperglycaemia [26–29].

In this study, chronic oral treatment of alogliptin
improved glucose control and β-cell protection in HFD/STZ
mice. Following alogliptin treatment for 1–2 weeks, both
postprandial and 6-h fasting glucose levels were decreased in
a dose-dependent manner. This results most probably from
the increased plasma incretin concentrations through DPP-4
inhibition by alogliptin, as previously shown in ob/ob diabetic
mice [25]. In addition, significant reduction of blood A1C levels
in all alogliptin treatment groups provided a confirmation
of improvement of overall glucose control. As GLP-1 and
GIP from the gastrointestinal tract link nutrient absorption
and insulin secretion from β-cells [11], partial recovery of
abnormal glucose clearance after alogliptin treatment indicates
an offset of impaired incretin response and β-cell functional
preservation [33]. Consistent with the improved glucose
control after alogliptin treatment, the β-cell mass to total
islet area and islet morphology were also significantly restored,
as well as pancreas insulin content and pancreas islet insulin
secretion capability.

To identify the molecular mechanisms of glucose control
improvement and β-cell protection by alogliptin, we analysed
the changes in pancreatic gene expression. A quantitative
RT-PCR analysis was performed using a mouse diabetes RT2

profile PCR array which contains 84 diabetes-related genes. To
our knowledge, this is the first study on the effects of DPP-4
inhibitors on pancreatic gene expression. Our results show
that the expression of 10 genes was significantly changed in
HFD/STZ diabetic mice compared with normal mice. Many
of these genes are highly correlated with elevated glucose level
(Pfkfb3, Ucp2, Tgfb1, Neurod1 and Agt) and impaired incretin
response (G6pc) [34–39]. Several genes’ function involves
important pathological processes including islet oxidative
pressure (Pfkfb3 and Ucp2) [40,41] and integrity of islet
morphology and the extracellular matrix (Tgfb1, Neurod1 and
Agt) [42,43]. In addition, three genes were reported to play
a role in inflammation response in pancreas tissues (Icam1,
Fpxp3 and Agt) [44–46].

β-Cell dysfunction and progressiveβ-cell mass loss represent
the centrality of pathogenesis of T2DM [47]. In response
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Figure 4. Alogliptin treatment increased pancreas insulin content (A), KCl-induced maximum insulin secretion (B) and increased islet glucose-stimulated
insulin secretion (C). Pancreas islets were isolated from normal non-diabetic mice, vehicle-treated diabetic mice and alogliptin-treated diabetic mice.
Insulin contents were quantitated with an enzyme-linked immunosorbent assay method. Insulin secretory responses to 30 mM KCl and increasing
concentration of glucose were determined by a 60-min static incubation in RPMI-1640. Data are represented as means ± standard error of five islets from
individual mouse. ∗p < 0.05 versus the vehicle group (n = 8 animals in each group).

to high glucose level and extra insulin secretion demand,
upregulation of Pfkfb3 gene indicates an accelerated glycolysis
and augmentation of mitochondrial oxidative pressure [34].
The increased oxidative pressure can trigger β-cell apoptosis
as these cells have a low level of antioxidant enzymes.
However, the β-cell mitochondria have a self-protective
mechanism by mild uncoupling of cell metabolism and ATP
production, which is controlled by increased expression of

mitochondrial uncoupling protein 2 (UCP2) [41]. Alogliptin
treatment reversed the pathological upregulation of Pfkfb
and Ucp2 genes, suggesting the prevention of excessive
mitochondrial superoxide production and recovery of normal
β-cell intracellular metabolism. This is consistent with the
result of improved GSIS and insulin maximum secretion. Tgfb1,
Neurod1 and Aqp2 expression changes in diabetic mice indicate
abnormal interaction between the islet and the extracellular
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Table 1. The differentially expressed genes from the comparison of different groups.

Vehicle versus normal Low versus normal Medium versus normal High versus normal

Gene Protein description FC p FC p FC p FC p

Receptors, transporters or channels
Icam1 Intercellular adhesion

molecule 1 or CD54
1.97 0.000 1.41 0.033 1.56 0.028 1.41 0.177

Aqp2 Aquaporin 2 2.88 0.012 1.46 0.169 1.12 0.531 1.60 0.167
Transcription factors
Foxp3 Forkhead box P3 2.47 0.023 1.22 0.972 1.30 0.844 1.72 0.269
Neurod1 Neurod1 −2.85 0.002 −1.72 0.880 −1.05 0.303 1.17 0.189
Metabolic enzymes
Pfkfb3 6-Phosphofructo-2-

kinase/fructose-2,6-
biphosphatase 3

1.73 0.013 1.04 0.655 1.25 0.288 1.11 0.493

G6pc 6-Phosphofructo-2-
kinase

−3.26 0.049 1.02 0.823 −1.24 0.354 1.26 0.856

Secreted factors
Agt Angiotensinogen 1.93 0.013 1.50 0.099 1.37 0.254 1.20 0.383
Ins1 Insulin I −14.69 0.001 −4.69 0.574 −2.75 0.298 −1.91 0.976
Tgfb1 Transforming growth

factor, β1
1.59 0.031 1.01 0.908 1.03 0.831 1.05 0.818

Mitochondrial anion carrier proteins
Ucp2 Mitochondrial

uncoupling
protein 2

3.27 0.003 1.38 0.243 1.57 0.133 2.10 0.024

FC, fold change.

matrix and deficiency in islet morphology remodelling. As
a member of the transforming growth factor β family and
encoded by Tgfb1, TGFβ1 medicates glucose homeostasis in
the extracellular matrix and regulates β-cell function and
proliferation [42]. NeuroD1, encoded by Neurod1, is a key
transcription factor required for islet morphogenesis to form
properly organized sphere-like structures [37]. Aquaporin 2,
the gene product of Aqp2, helps keeping water homeostasis
and maintains cellular osmolality in response to osmolality
changes in the blood. The recovery of expression of these genes
following alogliptin treatment suggests the revival of β-cells
and islets, which corresponds to the normalization of β-cell
morphology and islet architectural remodelling shown in the
immunohistochemistry analysis.

Icam 1, Foxp3 and Agt gene expressions are related to
inflammation and immune response. Upregulation of Icam1
gene expression in diabetic pancreas implies an elevation
of monocyte recruitment and monocyte differentiation into
macrophage, which indicates an increased inflammation
response [4]. On the other hand, upregulated expression
of Foxp3 gene suggests an enhanced inhibition of T-cell
differentiation and autoimmunity [45]. Therefore, our results
are consistent with the common understanding that β-cell
death in T2DM is mostly because of necrosis and dead
cells are cleared by macrophages. Upregulation of Agt gene
expression, which encodes angiotensinogen—one of the
major components in rennin–angiotensin system–indicates
elevated oxidative stress and inflammation response [46].
Chronic treatment of alogliptin reduced the expression of
all these three genes, suggesting an alleviated inflammation
response.

Last but not the least, with all the gene expression changes
and their negative effects on islet structure and function
mentioned above, it was not surprising to find out that
Ins1 expression was significantly reduced in diabetic mice,
consistent with the significant decrease of pancreatic insulin
content found in this study. After alogliptin treatment, it
was observed that insulin gene expression was recovered
significantly, along with an improved glucose control. Although
the gene expression study reveals some of the key mechanisms
for diabetic development and alogliptin mechanisms of action,
a genome-wide gene expression profiling analysis on the
same tissue samples is needed for gaining the complete
understanding of the underlying mechanisms. In addition,
functional genomic studies are needed to validate the roles in
the course of diabetic pathogenesis of these genes identified in
this study.

In summary, chronic administration of alogliptin in
HFD/STZ mice improved glucose control and islet struc-
ture and function. Pancreatic gene expression profiles provide
important information for understanding the possible molec-
ular mechanisms for alogliptin’s action, which may involve
alleviating ER and oxidation stress, increasing β-cell differenti-
ation and proliferation and remodelling islet architecture and
preserving its function. Our results support the clinical trial
results that alogliptin is a promise agent for T2DM therapy
with disease-modifying properties.
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