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a b s t r a c t

We examined the pancreatic function of p13 encoded by 1110001J03Rik, whose expression is decreased in
pancreatic islets in high-fat-fed diabetic mice, by generating transgenic mice overexpressing p13 (p13-Tg)
in pancreatic b-cells. p13-Tg mice showed normal basal glucose metabolism; however, under high-fat
feeding, these animals showed augmented glucose-induced first-phase and total insulin secretion,
improved glucose disposal, greater islet area and increased mitotic insulin-positive cells. In addition,
high-fat diet-induced 4-hydroxynonenal immunoreactivity, a reliable marker and causative agent of lipid
peroxidative stress, was significantly decreased in p13-Tg mouse islets. These results indicate that p13 is a
novel pancreatic factor exerting multiple beneficial effects against type 2 diabetes.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The major pathophysiologic abnormalities of type 2 diabetes
include insulin resistance and decreased b-cell function, the latter
of which includes loss of b-cell mass and b-cell dysfunction [1e4].
Pituitary adenylate cyclase-activating polypeptide (PACAP) [5]
belongs to the same family as glucagon-like peptide-1, and these
two peptides share insulinotropic and insulin-sensitizing proper-
ties [6e10]. Yada et al. have shown that PACAP serves as an
endogenous amplifier of glucose-induced insulin secretion, and
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Fig. 1. Generation of p13-Tg mice that express human insulin promoter-driven p13
in pancreatic b-cells. A, Schematic representation of the fusion gene used to generate
p13-Tg mice. The fusion gene consists of the 1.9 kb-human insulin promoter (hatched
box), fragments of the rabbit b-globin gene (open boxes), and 0.34 kb of the p13 cDNA
(black box). The lines indicate the second intron and 30-flanking region of the rabbit b-
globin gene. BeC, Representative images of p13 immunostaining showing over-
expression of p13 in pancreatic islets of p13-Tg mice fed with STD (C) or HFD (D)
compared with non-transgenic (non-Tg) littermates fed with STD (B). Scale bar,
200 mm.
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long-term administration of PACAP improves hyperglycemia in
Goto-Kakizaki (GK) rats, an animal model of type 2 diabetes [6,11].
In addition, Ahr�en et al. have shown that dipeptidyl peptidase-4
(DPP-4) inhibition-mediated insulin responses involve not only
glucagon-like peptide-1 but also PACAP38 [12]. We previously re-
ported that overexpression of PACAP in pancreatic b-cells enhances
insulin secretion, ameliorates streptozotocin-induced diabetes [13],
normalizes hyperplasia of pancreatic islets and attenuates hyper-
insulinemia in mouse models of type 2 diabetes [14e17]. In addi-
tion, after culture under high glucose or palmitate conditions,
Nakata et al. showed that increases in glucose-induced insulin
secretion and first-phase cytosolic Ca2þ concentrations were
severely impaired in the islets of PACAP-deficient mice [18]. These
results suggest that PACAP plays not only insulinotropic but also
multiple anti-diabetic roles.

To understand the mechanisms responsible for these observa-
tions, we conducted a gene chip analysis in the hyperplastic
pancreatic islets of agouti yellow diabetic mice. We identified a
cDNA from the functionally uncharacterized RIKEN 1110001J03
gene (1110001J03Rik) along with genes of predicted function, such
as regenerating gene IIIb (RegIIIb), which was down-regulated in
the pancreas of transgenic mice overexpressing PACAP in pancre-
atic b-cells during cerulein-induced pancreatitis [19].

In the present study, we examined the in vivo role of the
1110001J03Rik gene product (NP_079639), which consists of 113
amino acids (12.68 kDa) and is hereafter referred to as p13. We
examined the expression of p13 in the pancreatic islets of type 2
diabetic mice and generated transgenic mice overexpressing p13 in
pancreatic b-cells under control of the human insulin promoter
(p13-Tg).

2. Materials and methods

2.1. Animals

All animal care and handling procedures were performed ac-
cording to the Guidelines for the Care and Use of Laboratory Ani-
mals of the Japanese Pharmacological Society. The Animal Care and
Use Committee of the Graduate School of Pharmaceutical Sciences,
Osaka University approved all procedures. All efforts were made to
minimize the number of animals used.

Mice were housed under a 12-h lightedark cycle (lights on at
8:00 a.m.) and fed a standard diet containing 11.8 kcal% fat (STD;
DC-8, CLEA, Osaka, Japan) and water ad libitum. For the high-fat
diet (HFD) feeding study, mice were singly housed and fed rodent
food containing 60 kcal% fat (D12492, Research Diet, New Bruns-
wick, NJ, USA) or standard diet (STD) as a control for 12 weeks
starting at 8 weeks of age.

The mouse p13 cDNA was amplified using reverse transcription
PCR with the following primers: sense 50-CGG AGC TCC CGC CAT
GGC GGC CCT GGG GTC CCC Ge30 and antisense 50-CGG AGC TCT
TAC GGC TCC CAG CCC TTC CCT C-30. The resulting PCR product of
0.34 kb was subcloned into the EcoRI site of the pIns-1 vector ([20],
a gift from Dr. Jun-ichi Miyazaki, Osaka University Graduate School
of Medicine, Japan). In this vector, the p13 cDNA is driven by the
1.9 kb human insulin promoter. After the accuracy of construction
was confirmed by DNA sequencing, the resultant transgene was
microinjected into the pronuclei of fertilized eggs of (C57BL/
6 � DBA/2) F1 (BDF1) hybrid mice using standard procedures.
Transgenic mice were identified by PCR genotyping from tail DNA
using the following exon-specific primers: sense 50-AAG GCT TTC
CGA GCA CAT CGG-30 (exon 1) and antisense 50-CAG CCC TTC CCT
CCA GGC TGA C-30 (exon 2). Among several transgenic founders, we
established one line, which was crossed to wild-type C57BL/6N
mice (Shimizu Laboratories Supplies, Kyoto, Japan) for more than 6
generations. Only male mice were used for this study, and non-
transgenic littermates of p13-Tg mice were used as controls.

2.2. Histochemical analyses

After mice were deeply anesthetized, they were transcardially
perfused with 4% paraformaldehyde in phosphate-buffered saline.
The pancreas was removed, embedded in paraffin, and sectioned
at 5-mm thickness, and the sections were deparaffinized for
hematoxylin-eosin or immunohistochemical staining. After blocking
for 20 min in 2% goat or horse serum, the sections were incubated
with rabbit anti-p13 antibody (1:250; produced by Takara Bio Inc.,
Kyoto, Japan), guinea pig anti-insulin antibody (1:500, Dako,
Glostrup, Denmark), mouse anti-4-hydroxynonenal (4-HNE) modi-
fied protein antibody (12.5 mg/ml, Nikken SEIL, Tokyo, Japan) or rabbit
anti-Ki-67 antibody (1:200, Abcam, Cambridge, England) overnight
at 4 �C. The primary antibodies were detected using Alexa Fluor
488- or 594-conjugated secondary antibodies (1:1,000, Invitrogen,
Carlsbad, CA, USA) of the corresponding species, FITC-conjugated
anti-guinea pig IgG antibody (1:1,000, Invitrogen), or biotinylated
secondary antibodies of the corresponding species followed by Vec-
tastain ABC kit for diaminobenzidine staining (Vector Laboratories,
CA, USA). The relative intensity of the diaminobenzidine signal
(immunoreactivity), pancreas area, islet number and islet area were
analyzed using ImageJ software (NIH Image, Bethesda, MD, USA).

2.3. Measurements of body weight, food intake, plasma glucose and
insulin levels, and oral glucose tolerance test (OGTT)

The procedures were performed as previously described
[14,16,17]. Food intake was measured by weighing the residual food
in the tray. Body weight and food intake were measured every
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week from 8 to 20 weeks of age. For measurements of plasma
glucose and insulin levels, blood was sampled from the tail vein at
8,11,14, 17 and 20weeks of age. The glucose and insulin levels were
determined using the Glucose CII-test (Wako Pure Chemicals,
Osaka, Japan) and an Ultra-Sensitive Mouse Insulin ELISA kit
(Morinaga Institute of Biological Science, Inc., Yokohama, Japan),
respectively, according to the manufacturers' protocols. For OGTT,
mice were orally injected with 2 g/kg body weight of glucose after
an 8-h fast. Blood was sampled from the tail vein just prior to time
0 and at 15, 30, 60, 90 and 120 min after the injection.

2.4. Data analysis and statistics

Statistical evaluation was performed using Statview software
(SAS Institute Japan Ltd., Tokyo, Japan). The statistical significance
of differences was assessed using two-way or repeated-measures
two-way ANOVA followed by the TukeyeKramer test or Student's
unpaired t-test, where applicable. Differences with P < 0.05 were
considered significant.

3. Results

3.1. p13 expression is decreased in islets of HFD-fed mice compared
with STD-fed mice

p13 expression levels were examined immunohistochemically
in pancreatic islets andwere compared betweenmice fed with STD
Fig. 2. Age-dependent changes in metabolic parameters in p13-Tg mice fed with HFD o
determined at the indicated ages in p13-Tg mice and non-transgenic (non-Tg) littermates f
**P < 0.01, repeated two-way ANOVA.
or HFD for 12 weeks. In the pancreas of mice fed with STD,
p13 immunoreactivity was clearly observed in the islets
(Supplementary Fig. 1A). In mice fed with HFD, striking hyper-
plasia of pancreatic islets was observed, as expected, and their p13
expression levels were decreased to 66% compared with the islets
of STD-fed mice (Supplementary Fig. 1B, C). These results sug-
gested that pancreatic p13 was expressed mainly in islets in the
pancreas, and p13 expression was down-regulated in type 2 dia-
betic islets.
3.2. Generation of p13-Tg mice

Given that p13 expression was down-regulated in the type 2
diabetic pancreas, we next addressed whether the type 2 diabetic
phenotypes could be rescued by transgenic overexpression of p13
in mice. We therefore generated p13-Tg mice, which express hu-
man insulin promoter-driven p13 in pancreatic b-cells (Fig. 1A) and
backcrossed them onto the C57BL/6 background for at least 6
generations. Through the course of backcrossing, p13-Tg mice
were indistinguishable from their non-transgenic littermates
with respect to growth, fertility, and apparent behavior (data
not shown). Immunohistochemical analysis revealed increased
p13 immunoreactivity in pancreatic islets in both STD- and
HFD-fed p13-Tg mice compared with non-transgenic mice
(Fig. 1BeD).
r STD. Body weight (A), food intake (B), plasma glucose (C) and insulin levels (D) were
ed with HFD or STD. Values are expressed as the means ± SEM (n ¼ 9e15 per group).
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3.3. Normal age-dependent changes in metabolic parameters but
enhanced glucose-induced insulin secretion and glucose disposal
in HFD-fed p13-Tg mice

In both STD- and HFD-fed states, body weight, food intake, basal
plasma glucose and insulin levels were not different between p13-
Tg and non-transgenic mice from 8 to 20 weeks of age (Fig. 2). We
then conducted the OGTT in p13-Tg and non-transgenic mice fed
with HFD. Although basal (fasting) plasma glucose was not
different between p13-Tg and non-transgenic mice, the glucose-
induced increase in plasma glucose levels was significantly atten-
uated in p13-Tg mice at 120 min after glucose administration
(Fig. 3A). The area under the curve of glucose levels for 90e120 min
was also significantly decreased in p13-Tg mice compared with
non-transgenic mice (Fig. 3B). In addition, the glucose-induced
increase in plasma insulin levels was significantly enhanced in
p13-Tg mice (Fig. 3C). Glucose-induced first-phase insulin secre-
tion, as determined by the area under the curve of insulin levels
above basal for the first 30 min after glucose administration and an
increasing ratio of insulin levels at 15 min above 0 min, was
significantly increased in p13-Tg mice compared with non-
transgenic mice (Fig. 3D). All these measures in the OGTT did not
significantly differ between p13-Tg and non-transgenic mice when
fed with STD (data not shown).
Fig. 3. The OGTT showing enhanced glucose-induced first-phase insulin secretion in
administered to 22-week-old p13-Tg mice and non-transgenic (non-Tg) littermates fed with
measured (n ¼ 11e15 per group). The area under the curve (AUC) of glucose levels for 0e
increasing ratio of insulin levels at 15 min above 0 min (D) were calculated. Values are expr
time point, two-way ANOVA followed by Student's t-test; *P < 0.05, **P < 0.01, Student's t-
3.4. Enhanced proliferation of pancreatic b-cells in HFD-fed p13-Tg
mice

To address possible mechanisms underpinning the improved
first-phase insulin response in HFD-fed p13-Tg mice, we conducted
histomorphometric analysis of pancreatic islets 2 weeks after the
end of the HFD feeding study (Fig. 4). Mean islet area, islet density
(islet number per pancreatic area), and islet mass were not signi-
ficantly different between p13-Tg and non-transgenic mice when
fed an STD. However, the HFD-induced increase in mean islet area
was more prominent in p13-Tg mice compared with non-
transgenic mice (Fig. 4A, F). We then analyzed intra-islet mitotic
cells by immunocytochemistry for the Ki-67 antigen and observed
that the ratio of Ki-67-positive cells among insulin-positive cells
was significantly increased in p13-Tg mice compared with non-
transgenic mice when fed with HFD. However, this ratio did not
differ between p13-Tg and non-transgenic mice when the animals
were fed with STD (Fig. 4D, G).

3.5. Attenuated lipid peroxidation in islets of HFD-fed p13-Tg mice

To further address the in vivo role of p13, we examined oxidative
stress levels in islets by immunohistochemical staining for 4-HNE, a
reliable lipid peroxidation marker and causative agent of oxidative
HFD-fed p13-Tg mice. After 8 h of fasting, glucose (2 g/kg body weight) was orally
HFD, and time-dependent changes in plasma glucose (A) and insulin levels (C) were
90 min and 90e120 min (B), insulin levels above basal for the first 30 min and the
essed as the means ± SEM. #P < 0.05 compared with non-transgenic mice at the same
test.



Fig. 4. Enhanced proliferation of pancreatic b-cells and attenuated 4-HNE-immunoreactivity in islets of HFD-fed p13-Tg mice. AeE, The mean islet area (A), the number of
islets per square millimeter (islet density; B), the calculated total islet mass (C), the percentage of Ki-67-positive cells among insulin-positive cells (D), and 4-HNE-immunoreactive
intensity (E) in 22-week-old p13-Tg mice and non-transgenic (non-Tg) littermates fed with HFD or STD. FeH, Representative images of hematoxylineeosin staining (F), immu-
nostaining for Ki-67 (green), insulin (red) and Hoechst 33258 (blue; G), and 4-HNE immunostaining (H) of pancreatic sections. Inset, magnified image of boxed area. Values are
expressed as the means ± SEM (n ¼ 7e11 per group). *P < 0.05, **P < 0.01, two-way ANOVA followed by TukeyeKramer test. Scale bars, 200 mm in F, 50 mm in G and 100 mm in H.
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stress. Although 4-HNE immunoreactivity in islets did not differ
between p13-Tg and non-transgenic mice when fed with STD, HFD-
increased 4-HNE immunoreactivity was significantly attenuated in
p13-Tg mice compared with non-transgenic mice (Fig. 4E and H).

4. Discussion

In the present study, we aimed to address the functions of p13
protein in the pancreatic islet and showed that p13 expression was
decreased in the islets of HFD-fed mice. Transgenic overexpression
of p13 in pancreatic b-cells in mice caused no obvious changes in
glucose metabolism; however, p13 improved glucose-induced first-
phase insulin secretion, mildly increased glucose disposal during
the OGTTand islet area, and augmentedmitotic islet insulin-positive
cells under high-fat feeding. Furthermore, p13 overexpression
attenuated HFD-induced islet lipid peroxidation as assessed by
4-HNE levels. These results suggest that a hitherto functionally
uncharacterized p13 exerts multiple beneficial effects against HFD-
induced type 2 diabetes.

The observation that age-dependent changes in body weight,
food intake, plasma glucose and insulin levels were not changed in
p13-Tg mice fed either with STD or HFD at the basal state compared
with non-transgenic littermates suggests that p13 is not critically
involved in basal insulin secretion or glucose disposal. By contrast,
under HFD feeding, glucose-stimulated insulin secretion in the
OGTT was augmented in p13-Tg mice. First-phase insulin secretion,
also termed the acute insulin response, and subsequent second-
phase secretion are known to be impaired or absent in type 2
diabetes patients [21,22]. Therefore, it is plausible that maintaining
p13 expression levels could contribute to preservation of the in-
sulin secretory response.

This possibility is supported by the present observations that
HFD-fed p13-Tg mice showed significantly increased mitotic
insulin-positive cells. Indeed, several studies in humans and
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rodents have postulated that b-cells have a capacity for increased
proliferation in response to increased insulin demands, which
might be useful for identifying new therapeutic strategies to pre-
serve b-cell functional mass [23]. Thus, the present study may
contribute to better understanding of the protective and adaptive
mechanisms for increasing functional b-cells.

Oxidative stress can inactivate key islet transcription factors,
producing stunned b-cells that temporarily lose glucose sensitivity
[4,24], and rescuing this defect is a key therapeutic target [25]. The
present observations that HFD-induced increases in 4-HNE levels
are considerably attenuated in p13-Tg mice may suggest a mecha-
nism for the improved first-phase insulin secretion and increased
mitotic insulin-positive cells, further supporting the protective
roles of p13 in type 2 diabetes.

In the present study, we could not determine the mechanism by
which p13 exerts the observed actions in HFD-fed mice because the
cellular functions of p13 have not yet been elucidated. We are
currently addressing this issue in another study.

In conclusion, the present study shows that p13, a novel protein
expressed in pancreatic b-cells, exerts multiple beneficial and
protective effects against HFD-induced type 2 diabetes. It is ex-
pected that this study will help to better understand and identify
potential therapeutic targets for type 2 diabetes.
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