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Autophagy is cellular machinery for maintenance of �-cell function and mass. The implication of
autophagy failure in �-cells on the pathophysiology of type 2 diabetes and its relation to the effect
of treatment of diabetes remains elusive. Here, we found increased expression of p62 in islets of
db/db mice and patients with type 2 diabetes mellitus. Treatment with exendin-4, a glucagon like
peptide-1 receptor agonist, improved glucose tolerance in db/db mice without significant changes
in p62 expression in �-cells. Also in �-cell-specific Atg7-deficient mice, exendin-4 efficiently im-
proved blood glucose level and glucose tolerance mainly by enhanced insulin secretion. In addition,
we found that exendin-4 reduced apoptotic cell death and increased proliferating cells in the
Atg7-deficient islets, and that exendin-4 counteracted thapsigargin-induced cell death of isolated
islets augmented by autophagy deficiency. Our results suggest the potential involvement of re-
duced autophagy in �-cell dysfunction in type 2 diabetes. Without altering the autophagic state
in �-cells, exendin-4 improves glucose tolerance associated with autophagy deficiency in �-cells.
This is mainly achieved through augmentation of insulin secretion. In addition, exendin-4 prevents
apoptosis and increases the proliferation of �-cells associated with autophagy deficiency, also
without altering the autophagic machinery in �-cells. (Endocrinology 154: 4512–4524, 2013)

Progressive decreases in pancreatic �-cell function and
mass are features of type 2 diabetes mellitus and major

determinants of metabolic abnormality in this disorder (1,
2). Thus, understanding the molecular mechanism of these
defects seems important in the race to find new therapies
for type 2 diabetes.

Autophagy is an intracellular process that involves the
rearrangement of subcellular membranes to sequester cy-
toplasm and organelles for delivery to the lysosomes,
where they are degraded and recycled (3). Because au-
tophagy is important for the maintenance of quality of
proteins, its impairment results in structural and func-

tional abnormalities in various cells (4–7). Recently, we
and others investigated the effects of autophagy deficiency
on the morphology and function of �-cells using mice de-
ficient in Atg7, an essential gene for autophagosome for-
mation, specifically in �-cells (Atg7��-cell) (8–10). Mor-
phologic analysis of the pancreas of Atg7��-cell mice
showed accumulation of ubiquitinated proteins, swollen
mitochondria, and dilated endoplasmic reticulum (ER) in
�-cells. In addition, Atg7��-cells showed reduced glucose-
stimulated insulin secretion with reduced glucose-induced
ATP production and increased number of apoptotic cells
in islets. These molecular and cellular changes were asso-
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ciated with overt hyperglycemia and reduced insulin se-
cretion in Atg7��-cell mice, indicating that autophagy is
important for the maintenance of structure and function
of �-cells (8–10). Atg7��-cell mice also showed enhanced
�-cell apoptosis under a insulin resistance state induced by
high-fat diet. The resultant inadequate expansion of
�-cells seemed to result in further deterioration of glucose
tolerance in Atg7��-cell mice under insulin resistance (8).
This phenotype is similar to defective �-cells observed in
type 2 diabetes mellitus, suggesting the pathologic role of
failure of �-cell autophagy in �-cell dysfunction in type 2
diabetes mellitus. At this stage, however, the role of au-
tophagy failure of �-cells in the pathophysiology of type 2
diabetes and its relation to the outcome of treatment re-
mains elusive.

Glucagon-like peptide-1 (GLP-1) receptor agonists,
such as exendin-4, are effective agents for type 2 diabetes
mellitus (11–13) and enhance glucose-induced insulin se-
cretion while preserving �-cell mass by stimulating �-cell
proliferation and inhibiting �-cell apoptosis (14–16).
However, the effects of GLP-1 receptor agonists on �-cell
dysfunction associated with autophagy failure remain to
be determined.

The present study focused on the following 2 important
questions: 1) is failure of autophagy related to �-cell dys-
function in type 2 diabetes? To answer this question, we
measured the level of p62 in islets in a mouse model of type
2 diabetes and autopsy samples from patients with type 2
diabetes; and 2) can exendin-4 improve �-cell dysfunction
and apoptotic �-cell death induced by autophagy failure?
The second part of the study examined the effect of exen-
din-4 in Atg7��-cell mice.

Materials and Methods

Immunohistochemical analysis of human samples
The study protocol using human samples was approved by

the ethics review committees of Hirosaki University. From the
archival files of autopsy cases at Hirosaki University and its af-
filiated teaching hospitals, pancreatic tissues were collected from
24 consecutive persons with diabetes and 15 age-, sex-, and body
mass index (BMI)-matched control cases that had no history of
diabetes. The tissue samples were fixed in 10% buffered formalin
and stored in paraffin. Sections were obtained from these tissue
blocks for hematoxylin-eosin staining and immunohistochem-
istry. Immunohistochemical staining was conducted by the avi-
din-biotin-peroxidase complex method. Briefly, 4-�m-thick
deparaffinized sections were immersed in Tris-buffered saline
and placed in pressure chamber (Pascal, Dako Cytomation) for
antigen retrieval (121°C, 1 minute in Tris-EDTA buffer). To
eliminate endogenous peroxidase activity, the sections were pre-
treated with background sniper (Biocare Medical) for 10 minutes
at room temperature. Then the sections were incubated with the

first antibody against p62 (clone 5F-2, 1:50, mouse monoclonal;
Medical & Biological Laboratory Co.). The immunoreaction
products were colorized with diaminobenzidine. The specificity
of any positive results was confirmed by negative staining fol-
lowing omission or replacement of the first antibody with non-
immune mice sera. By counting more than 40 000 islet cells per
case, the proportion of p62-positive endocrine cells per the entire
population of endocrine cells in islets was calculated. This anal-
ysis was performed by investigators blinded to the clinical
information.

Double immunofluorescence was applied to confirm the co-
expression of insulin and P62. The primary antibodies for insulin
(guinea pig polyclonal, 1:250; Dako Cytomation) and P62 were
simultaneously applied to pancreas sections, followed by incu-
bation with a cocktail of Alexa-fluor 594-conjugated antimouse
secondary antibody (dilution, 1:1000; Invitrogen) and Alexa-
fluor 488-conjugated antiguinea pig secondary antibody (dilu-
tion, 1:1000; Invitrogen) for 30 minutes at room temperature.
Subsequently, insulin-positive �-cells were identified as green
whereas P62-positive cells appeared red on a fluorescent micro-
scope (Axioimager M1, Carl Zeiss Co).

Mice
The study protocol of animal experiments was approved by

the ethics review committees of Juntendo University. All mice
were housed in specific pathogen-free barrier facilities, main-
tained under a 12-hour light, 12-hour dark cycle, and fed a stan-
dard rodent food (Oriental Yeast Co.) or rodent food containing
60% fat (D12492, Research Diet) and water ad libitum. The
approximate fatty acid profile of the high-fat diet is 32% satu-
rated, 36% monounsaturated, and 32% polyunsaturated. Male
C57BL6/J, db/misty (db/m) and db/db mice on a C57BL6/J back-
ground were obtained from CLEA Japan Inc. We used the rat
insulin promoter-driven cre-recombinase (RIP-Cre) to delete the
ATG7 gene in a pancreatic �-cell-specific manner. The genera-
tion of Atg7flox/� mice was described previously (5). RIP-Cre�/

�:Atg7flox/flox mice were crossed with Atg7flox/flox mice to
generate Atg7flox/flox (Atg7f/f) and RIP-Cre�/�:Atg7flox/flox
(Atg7��-cell) mice.

To assess the acute effects of exendin-4 on glucose tolerance
and insulin secretion, 8-week-old Atg7f/f andAtg7��-cell mice
were injected ip with exendin-4 (Sigma-Aldrich) at 24 nmoL/kg
body weight or volume-matched saline at 30 minutes before glu-
cose challenge. To assess the chronic effects of exendin-4, exen-
din-4 was infused continuously at 24 nmoL/kg body weight/d, or
volume-matched saline in control mice, using a miniosmotic
pump (ALZEST, model 1004; DURECT), which delivers the
solution for up to 28 days, from the age of 8 to 12 weeks in Atg7f/f

and Atg7��-cell mice, and from the age of 6 to 10 weeks in
db/misty and db/db mice.

Measurement of blood glucose and insulin levels
Random blood glucose level was measured between 10:00 AM

and 12:00 AM under ad libitum feeding condition using blood
samples obtained from the tail vein. Between the age of 8 and 12
weeks, after an overnight fasting, mice were injected with glucose
at 1.0 g/kg for ip glucose tolerant test (IPGTT), and 2.0 U/kg
insulin for insulin tolerance test (ITT), respectively, as described
in detail previously (17). Glucose levels were measured using a
glucose analyzer (Free Style, KISSEI Pharma Co) at the indicated
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time points, whereas insulin levels were measured by ELISA kit
(Morinaga Co).

Assays using isolated islets and pancreas
Pancreatic islets were isolated by collagenase digestion, as

described previously (17), after which 5 size-matched islets were
incubated in 400 �L Krebs Ringer buffer containing 2.8 or 16.7
mM glucose to assess insulin secretion. To measure whole pan-
creas insulin content, whole pancreas was solubilized in an acid-
ethanol solution overnight at 4°C, after which the samples were
analyzed by an ELISA kit for measurement of insulin content
(Morinaga Co.). To measure ATP content, the isolated islets
were incubated in Krebs Ringer buffer with 2.8 or 16.7 mM
glucose for 30 minutes (8). The incubation was terminated by
adding 30% trichloroacetic acid (final 5%), followed by soni-
cation. After centrifugation (2000 � g for 3 minutes), the su-
pernatant (0.9 mL) was mixed with 1.0 mL water-saturated di-
ethyl ether, and the ether phase containing trichloroacetic acid
was discarded. This procedure was repeated 4 times. The final
aliquot (0.4 mL) was diluted with 0.1 mL 40 mM HEPES (pH
7.4). ATP contents were assayed by applied luciferase reaction
using the ATP assay system LL-100–1 (Toyo Inc). The emission
was measured by luminometer Lumat LB9507 (EG6G Berthold).

Establishment of inducible Atg7 knockdown INS-1
cells (Atg7KD INS-1)

To establish cells overexpressing Tet repressor that allows
tetracycline-regulated expression of the gene of interest in mam-
malian cells, we used pT-REx-DEST Gateway Vectors (Invitro-
gen). Micro-RNA of ATG7 gene was inserted into pcDNA6.2-
GW/EmGFP-miR (Invitrogen) to obtain micro-RNA combined
with a green fluorescent protein (GFP) construct. The combina-
tion was then inserted into the specific donor vector
(pDONR211). Next, pDONR211 was recombined into pT-REx
system plasmid (pT-REx-DEST30). Finally, pT-REx-DEST30-
ATG7-miR-GFP and repressor (pcDNA6/TR) were cotrans-
fected into INS-1 cells using the transfection agent, Effectene
(QIAGEN). Several clones were isolated after the selection using
Blasticidin-S (for pcDNA6/TR) and G418 (for pT-REx-
DEST30). We chose tetracycline-inducible Atg7 knock down
INS-1 cells (Atg7KD INS-1), based on their high knockdown
efficiency. We also generated control INS-1 cells (Atg7WT
INS-1) without knockdown activities.

Assay of islets and Atg7KD INS-1 cells death
Twenty size-matched islets were placed on Millicell culture

plate inserts (Millipore) and incubated with exendin-4 or NaCl.
After a 15-hour incubation, the islets were treated with thapsi-
gargin (Sigma,) or dimethylsulfoxide, as described previously
(18). Atg7KD INS-1 and Atg7WT INS-1 were plated on 96-well
plates. After 24 hours culture, these cells were incubated with 2
�g/mL tetracycline and with exendin-4 or NaCl. After another
72 hours, these cells were treated with thapsigargin or dimeth-
ylsulfoxide for 4 hours. To assess cell death, we determined oli-
gonucleosomes released in cultured cell lysate by using Roche
ELISA kit.

Immunohistochemical analysis and quantification
of �-cell area

Immunohistochemistry was applied for measurement of the
relative area of �-cells in the pancreas using the method described
previously (19). The following primary antibodies were used:
guinea pig antihuman insulin antibody (Linco Research),
chicken antihuman insulin antibody (Abcam), guinea pig anti-
p62 antibody (PROGEN), rabbit anticleaved caspase-3 antibody
(Cell Signaling Technology), and mouse antihuman Ki67 Ab (BD
Biosciences). For terminal deoxynucleotide transferase-medi-
ated dUTP nick-end labeling (TUNEL) assay, in situ Apoptosis
Detection kit (TKR) was used. Sections were counterstained with
methylene blue. �-Cell mass and number of intraislet cells pos-
itive for cleaved caspase-3, Ki67, or TUNEL were determined, as
described previously (8).

Electron microscopy
Each mouse was anesthetized with pentobarbital sodium, and

the pancreas was removed after cardiac perfusion and then fixed
in a solution of 2.5% glutaraldehyde. The samples were cut into
pieces, block stained with 1% aqueous solution of uranyl ace-
tate, dehydrated with graded series of ethanol, and embedded in
Epon 812 (TAAB Laboratories Equipment). Ultrathin sections
were cut with a Leica Ultracut UCT (Leica), stained with uranyl
acetate and lead citrate, and observed under a JEM-1230EX
electron microscope (EM) (JEOL) operated at 80 kV.

Tissue RNA isolation and quantitative RT-PCR
Total RNA from approximately 200 islets harvested from all

mice was isolated using QIAshredder and RNeasy Plus Micro Kit
(QIAGEN). The first-strand cDNA was synthesized using 0.3 �g
of total RNA with random primers and Superscript reverse tran-
scriptase (Invitrogen, Life Technologies Corp.). For quantitative
SYBR Green real-time PCR, cDNA was analyzed by ABI 7500
Fast Real-Time PCR System with SYBR Green PCR Master Mix
(Applied Biosystems, Life Technologies Corp.) and specific
primers. The thermal cycle for amplification was set as follows;
20 seconds at 95°C and 40 cycles of 95°C for 3 seconds and 60°C
for 30 seconds. Using this protocol, neither nonspecific primer-
dimer amplification nor PCR products were observed in no-tem-
plate control samples. Single-band PCR products were detected
by 2% agarose gels with end-reaction products. The relative
mRNA expression level was analyzed using the standard curve
method. As an internal invariant standard, we used TATA box-
binding protein mRNA.

Immunoblot analysis
Immunoblot analysis using islet cell extracts was performed

as described previously (8). Anti-microtubule-associated pro-
tein-1 light chain 3 (LC3) antibody was obtained from Sigma
Aldrich, p62 from PROGEN, Bip from BD Biosciences, p-PERK,
PERK, p-eIF2�, eIF2�, and glyceraldehyde 3-phosphate dehy-
drogenase from Cell signaling Technology, and activating tran-
scription factor 4 (ATF4) and C/EBP homologous protein
(CHOP) from Santa Cruz Biotechnology.

Data analysis
Results are presented as mean �SEM. The Mann-Whitney U

test was used for statistical analysis of differences in the number
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of p62-positive cells in autopsy samples. Differences in sequen-
tial physiologic data of glucose concentration, body weight, food
intake, and glucose and insulin levels during IPGTT and ITT
were examined for statistical significance using nonrepeated
ANOVA with Bonferroni’s post hoc test. Statistical differences
between 2 groups were calculated by the unpaired Student’s t
test. P � .05 denoted the presence of a statistically significant
difference.

Results

Accumulation of p62 in pancreatic islets of db/db
mice and type 2 diabetic patients

To investigate the autophagy state in insulin-resistant
and type 2 diabetic mice, we analyzed the expression of
LC3 and p62, a specific substrate of autophagy, in islets
isolated from C57BL/6 mice fed high-fat diet for 12 weeks
and db/db mice. As reported previously, mice fed high-fat
diet for 12 weeks developed insulin resistance but had
near-normal glucose tolerance (data not shown) (8). Six-
week old db/db mice exhibited insulin resistance and glu-
cose intolerance and showed further deterioration of glu-
cose tolerance at 8 weeks of age (see Figure 2B and data not
shown). LC3 type 2 expression was higher in islets of high-
fat-fed mice and db/db mice than mice fed standard diet
and db/m mice, respectively (Figure 1A). These results sug-
gest enhanced autophagosome formation in islets of insu-
lin-resistant mice. On the other hand, islets of high-fat-fed
mice showed no significant increase in p62 expression,
whereas islets of db/db mice showed significant increase of
p62. Although it was difficult to discriminate �-cells from
non-�-cells because of the increased number of degranu-
lated �-cells, immunohistochemical staining confirmed
the presence of some p62-expressing insulin-positive cells
in db/db mice. In contrast, no such p62-positive cells were
observed in islets of db/m mice (Figure 1B). These results
suggest that autophagic turnover is compromised in
�-cells of mice with decompensated insulin resistance.

Next, we quantified the number of p62-positive cells in
�-cells in human type 2 diabetes. For this purpose, we
examined the expression of p62 in the pancreas of 24
diabetic and 15 age-, sex-, and BMI-matched nondiabetic
autopsy cases. The mean age, male-female ratio, and mean
BMI of the diabetic subjects were 67.2 � 1.9 years, 18:6,
and 23.4 � 1.0 kg/m2, respectively, whereas the respective
values for the nondiabetic subjects were 64.5 � 2.7 years,
10:5, 23.5 � 0.9 kg/m2. The percentage of p62-positive
cells was significantly higher in diabetic (6.1 � 1.7%) than
nondiabetic islet cells (1.1 � 0.4%) (Figure 1, C and D). In
addition, some p62-positive cells costained with insulin
(Figure 1E). These results suggest decreased autophagic

turnover in �-cells of patients with type 2 diabetes
mellitus.

Exendin-4 does not alter p62 expression in db/db
mice

In this series of experiments, we investigated the effects
of GLP-1 receptor agonists on �-cell dysfunction associ-
ated with autophagy deficiency. For this purpose, we com-
pared the effects of 4-week exendin-4 treatment in db/db
and db/m mice. During the treatment, significant decrease
of random glucose concentration, without significant
change in body weight, was observed in both groups of
mice. Furthermore, the absolute reduction in blood glu-
cose level of db/db mice exceeded that of db/m mice (Fig-
ure 2, A and B). After the completion of a 4-week treat-
ment, marked and modest improvement of glucose
tolerance was observed in both groups of mice, without
significant changes in serum insulin level (Figure 2, C–E).
Given that serum insulin level in exendin-4-treated db/db
mice was similar to that in nontreated db/db mice (despite
the difference in blood glucose level), improvement of
�-cell function was considered to play a role, at least in
part, in the observed improvement of glucose metabolism
induced by exendin-4 in these mice. These findings are
compatible with previous data on the effect of GLP-1 re-
ceptor agonists in db/db mice (20).

In this setting, we then evaluated p62 expression in
islets of exendin-4-treated db/db mice. As shown in Figure
1B, p62 expression was observed in � and non-�-cells in
islets of untreated db/db mice. Treatment with exendin-4
did not affect the expression of p62 in both insulin-posi-
tive and non-insulin-positive cells. These results suggest
that exendin-4 improved �-cell function in db/db mice
without affecting the autophagic activity of �-cells (Figure
2F).

Exendin-4 improves glucose tolerance in Atg7��-
cell mice

To further investigate whether exendin-4 improves
�-cell dysfunction associated with autophagy deficiency,
we used Atg7��-cell mice as a model of autophagy failure-
induced �-cell dysfunction. First, we compared the effects
of a single dose of exendin-4 on glucose tolerance in 12-
week-old Atg7��-cell and Atg7f/f mice. Atg7��-cell mice ex-
hibited glucose intolerance, but exendin-4 significantly
improved their glucose tolerance to levels similar to that in
Atg7f/f mice (Figure 3, A and B), and such improvement
was accompanied by enhanced insulin secretion (Figure
3C).

We also tested the effects of 4-week treatment with
exendin-4 (or saline) in Atg7��-cell and Atg7f/f mice. Dur-
ing the treatment, each group of mice displayed similar
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Figure 1. Autophagy in �-cells of mice with insulin resistance and diabetes and also in cadavers of patients with type 2 diabetes A,
Pancreatic islets were isolated from C57BL/6 mice fed standard diet (STD) or high-fat diet (HF), db/misty (db/m) mice and db/db mice at the age of
6 and 8 weeks. Western blotting was performed using LC3 and p62 antibodies. Representative results (left panel) and quantification of protein
expression (right panel). Data are mean � SEM of at least 4 independent experiments. *, P � .05, vs C57BL/6STD or db/m mice at the
corresponding age. B, Representative insulin (red) and P62 (green) staining in db/m and db/db mice at the age of 10 weeks. C, Representative
immunohistochemical staining of p62 using pancreatic specimens from autopsy cases of a nondiabetic subject and diabetic subject (left panel).
Accumulation of p62 in islets is marked by the arrow. Magnification, �20. D, Quantification of p62-positive cells in cadavers of nondiabetic and
diabetic subjects. Data are mean � SEM. *, P � .05, between nondiabetics and type 2 diabetic subjects. E, Insulin (green) and p62 (red) staining in
an autopsy sample from a representative patient with type 2 diabetes. 6W, 6 weeks; 8W, 8 weeks; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; T2DM, type 2 diabetes mellitus.
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weight gain and consumed a similar amount of food (data
not shown). Whereas randomly measured blood glucose
concentrations of Atg7��-cell mice were higher than those
of Atg7f/f mice, exendin-4 significantly reduced glucose
concentration in Atg7��-cell mice, reaching levels compa-
rable to those of Atg7f/f mice (Figure 3D). After a 4-week-
treatment, insulin sensitivity on ITT was comparable
among the 4 groups (Figure 3E). IPGTT conducted at the
end of treatment showed that exendin-4 had induced

marked and modest improvement of glucose tolerance in
Atg7��-cell and Atg7f/f mice, respectively (Figure 3, F and
G). Whereas exendin-4 is known to alter insulin re-
sponse at 30 minutes after glucose injection in Atg7��-
cell but not in Atg7f/f mice (21) (Figure 3H), the ratio of
increment in insulin concentration to that in glucose
concentration at 15 minutes after glucose injection in-
dicated that exendin-4 improved early-phase insulin se-
cretion in both Atg7��-cell and Atg7f/f mice (Figure 3I).

Figure 2. Effects of exendin-4 on db/m and db/db mice Serial changes in (A) body weight, (B) glucose concentration in random blood samples,
and blood glucose level (C) and insulin level (D and E) during IPGTT after exendin-4 or saline treatment for 4 weeks. Open circles, saline-treated
db/db mice (db/db-NaCl, n � 12); solid circles, exendin-4-treated db/db mice (db/db-Ex-4, n � 12); open triangles, saline-treated db/m mice (db/m-
NaCl, n � 12); solid triangles, exendin-4-treated db/m mice (db/m-Ex-4, n � 12). Data are mean � SEM. *, P � .05, db/m-NaCl vs db/m-Ex-4. #,
P � .05, db/db-NaCl vs db/db-Ex4. F, Representative insulin (red) and P62 (green) staining of db/m and db/db mice after 4-week treatment with
exendin-4.
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Furthermore, insulin response in Atg7��-cell mice during
IPGTT was markedly potentiated by exendin-4 (Figure
3, H and I). These results suggest that exendin-4 im-
proves impaired glucose tolerance with decreased insu-
lin secretion in Atg7��-cell mice.

Four-week treatment with exendin-4 improves
glucose-stimulated insulin secretion in Atg7��-cell
islets

In the next step, we evaluated the long-term effects of
exendin-4 on �-cell function. First, exendin-4 did not alter

Figure 3. Effects of single injection of exendin-4 and 4-week treatment with exendin-4 on glucose tolerance in Atg7��-cell mice A–C, Blood
glucose level (A), area under the curves (AUC) of blood glucose level (B), and insulin level (C) during IPGTT at 30 minutes after ip injection of
exendin-4 (24 nmoL/kg body weight) or volume-matched saline in Atg7f/f and Atg7��-cell mice. Open circles and open bars, saline-injected Atg7f/f

mice (Atg7f/f-NaCl, n � 8); solid circles and dotted bars, exendin-4-injected Atg7f/f mice (Atg7f/f-Ex-4, n � 9); open triangles and hatched bars,
saline-injected Atg7��-cell mice (Atg7��-cell-NaCl, n � 6); solid triangles and solid bars, exendin-4-injected Atg7��-cell (Atg7��-cell-Ex-4, n � 6).
D, Random blood glucose concentrations in Atg7f/f mice and Atg7��-cell mice during 4-week treatment with saline or exendin-4. E Blood glucose
concentrations during ITT performed after 4 weeks of continuous infusion of saline or exendin-4. F–H, Blood glucose concentrations (F), the AUC
of blood glucose level, and plasma insulin levels (H) during IPGTT performed after 4 weeks of continuous infusion of saline or exendin-4. D–H,
Open circles and open bars indicate Atg7f/f-NaCl (n � 19); solid circles and dotted bars indicate Atg7f/f-Ex4 (n � 20); open triangles and hatched
bars indicate Atg7��-cell-NaCl (n � 18); and solid triangles and solid bars indicate Atg7��-cell-Ex4 (n � 20). I, The ratio of increment in insulin
concentration to the increment in glucose concentration at 15 minutes during IPGTT. D–H, Open circles and open bars indicate Atg7f/f-NaCl (n �
5); solid circles and dotted bars indicate Atg7f/f-Ex4 (n � 5); open triangles and hatched bars indicate Atg7��-cell-NaCl (n � 5); and solid triangles
and solid bars indicate Atg7��-cell-Ex4 (n � 5). Data are mean � SEM. *, P � .05; Atg7��-cell-NaCl vs Atg7��-cell-Ex4; #, P � .05, Atg7f/f-NaCl
vs Atg7f/f-Ex4.
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p62 accumulation in islets of Atg7��-cell cells (Figure 4A).
Insulin secretion was assessed by batch incubation after
overnight culture of isolated islets in the absence of exen-
din-4, in order to avoid the residual direct effect of exen-

din-4. Insulin secretion at low glucose concentration (2.8
mM) was comparable among the groups. However, the
secretion under high glucose concentration (16.7 mM)
was significantly lower in Atg7��-cell islets compared with

Figure 4. Effects of 4-week treatment with exendin-4 on insulin secretion and gene expression in Atg7��-cell islets A, Islets were isolated from
Atg7f/f-NaCl, Atg7f/f-Ex4, Atg7��-cell-NaCl, and Atg7��-cell-Ex4. Western blotting was performed using p62 antibody. Representative results (left
panel) and quantification of protein expression (right panel). Data are mean � SEM of 4 independent experiments. B, Insulin secretion at the
indicated glucose concentrations from islets isolated from Atg7f/f-NaCl (open bars, n � 10), Atg7f/f-Ex4 (dotted bars, n � 15), Atg7��-cell-NaCl
(hatched bars, n � 11), and Atg7��-cell-Ex4 (solid bars, n � 13). C, Glucose-stimulated ATP production from isolated islets of Atg7f/f-NaCl (open
bars, n � 9), Atg7f/f-Ex4 (dotted bars, n � 6), Atg7��-cell-NaCl (hatched bars, n � 6), and Atg7��-cell-Ex4 (solid bars, n � 9). Data are presented
as fold increase in ATP levels induced by 16.7 mM glucose relative to the levels with 2.8 mM glucose. D, The mRNA expression levels in islets of
each group. The mRNA levels were determined by real-time RT-PCR analysis after extraction of RNA from the isolated islets. Data are mean �
SEM. Atg7f/f-NaCl (open bars, n � 6), Atg7f/f-Ex4 (dotted bars, n � 7), Atg7��-cell-NaCl (hatched bars, n � 5), and Atg7��-cell-Ex4 (solid bars,
n � 4). *, P � .05, Atg7��-cell-NaCl vs Atg7��-cell-Ex4. IB, immunoblotting.
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Atg7f/f, as reported previously (8) (Figure 4B). Four-week
treatment with exendin-4 increased insulin secretion from
Atg7��-cell islets at high glucose concentrations, reaching
levels similar to those of Atg7f/f islets.

Next, we investigated the effect of 4-week treatment
with exendin-4 on glucose-induced ATP production. Al-
though Atg7��-cell islets showed diminished glucose-in-
duced ATP production, as reported previously (8), exen-
din-4 failed to improve glucose-stimulated ATP
production in Atg7��-cell islets (Figure 4C).

To investigate the changes in the expression of genes
that are known to be involved in improvement of insulin

secretion, we quantitated the mRNA expression of genes
important for �-cell function. Among the genes investi-
gated, exendin-4 increased the expression of synaptotag-
min VII and synaptosomal-associated protein (SNAP) 25
(Figure 4D).

Exendin-4 treatment prevents apoptotic cell death
in Atg7��-cell islets

We have reported previously an increased rate of apo-
ptosis in islets of Atg7��-cell mice, without significant
changes in �-cell mass or proportion of Ki67-positive cells
(8). To investigate the effect of exendin-4 on apoptotic cell

death, we counted the number of
cleaved caspase-3- and TUNEL-pos-
itive cells in islets of Atg7��-cell mice.
As shown in Figure 5, A and B,
4-week exendin-4 treatment signifi-
cantly reduced apoptosis. In addi-
tion, the same treatment increased
the number of Ki67-positive cells in
islets, suggesting increased prolifer-
ation of islets of Atg7��-cell mice (Fig-
ure 5C). However, the 4-week treat-
ment did not increase insulin content
or �-cell mass in Atg7��-cell islets
(Figure 5, D and E).

Effects of exendin-4 on ER

stress in Atg7��-cell islets
Based on the close relationship be-

tween ER stress and autophagy (22),
we also examined the effects of ex-
endin-4 on ER stress markers. First,
to assess the state of ER stress, we
used electron microscopy (EM) to
examine the morphology of ER in
�-cells of Atg7f/f and Atg7��-cell mice
treated with or without exendin-4.
Atg7��-cell islets contained dilated
ER, considered to be the hallmark of
high ER stress, compared with
Atg7f/f islets; however, exendin-4
further enhanced ER dilation in the
islets (Figure 6A). Analysis of the
genes related to unfolded protein re-
sponse (UPR) showed neither signif-
icant changes in the protein expres-
sion levels of Bip, phosphorylated
PERK/total PERK, phosphorylated
eIF2�/total eIF2�, ATF4 and CHOP
nor mRNA expression levels of Bip,
ATF4, CHOP, and XBP-1 spliced

Figure 5. Exendin-4 treatment prevents apoptotic cell death in Atg7��-cell islets Numbers of
(A) cleaved caspase-3, (B) TUNEL-positive cells in islets of Atg7f/f-NaCl (n � 7), Atg7f/f-Ex4 (n �
7), Atg7��-cell-NaCl (n � 6), and Atg7��-cell-Ex4 mice (n � 6). C, Ki67-positive cells in islets of
Atg7f/f-NaCl (n � 5), Atg7f/f-Ex4 (n � 5), Atg7��-cell-NaCl (n � 5), and Atg7��-cell-Ex4 mice
(n � 5). D, The calculated �-cell mass in Atg7f/f-NaCl (n � 5), Atg7f/f-Ex4 (n � 5), Atg7��-cell-
NaCl (n � 5), and Atg7��-cell-Ex4 (n � 5) mice. E, Whole pancreas insulin content in Atg7f/f-
NaCl (n � 7), Atg7f/f-Ex4 (n � 9), Atg7��-cell-NaCl (n � 12), and Atg7��-cell-Ex4 (n � 10) mice.
Data are mean � SEM. *, P � .05, Atg7��-cell-NaCl vs Atg7��-cell-Ex4.
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from between Atg7��-cell islets and
Atg7f/f islets (Figure 6, B–D).

Regardless of the expression level
of UPR genes, previous data showed
diminished survival of ER-stressed
islets of Atg7��-cell mice (18). Thus,
we investigated the effects of exen-
din-4 on cell death of thapsigargin-
treated islets. As shown in Figure 7A,
increased cell death was evident in
islets from Atg7��-cell mice and ex-
endin-4 reduced thapsigargin-in-
duced cell death to a level compara-
ble to that of Atg7f/f islets. Next, to
investigate the effects of exendin-4 in
cells with acutely reduced au-
tophagic activity, we established in-
ducible Atg7-gene knock-down sys-
tem in INS-1 cells based on the
expression of small interfering RNA
(Atg7KO INS-1). Treatment of such
cells with tetracycline for 3 days
caused significant suppression of
Atg7 expression and accumulation
of p62 (Figure 7B). Atg7KD INS-1
cells showed increased cell death,
which was enhanced by thapsigargin
treatment, and exendin-4 reduced
the thapsigargin-induced cell death
to a level comparable to that of
Atg7WT INS-1 cells (Figure 7C).
These results suggest that exendin-4
improves survival of ER-stressed
�-cells with autophagy failure.

Discussion

The present study demonstrated ac-
cumulation of p62, a representative
substrate of autophagy, in islets of
db/db mice and in type 2 diabetic
subjects. These results suggest that
failure of autophagy seems to be in-
volved in the pathophysiology of
�-cells in patients with type 2 diabe-
tes. With regard to the relationship
between autophagy failure and treat-
ment of diabetes, exendin-4, a
GLP-1 receptor agonist, improved
�-cell function without affecting the
expression of p62 in �-cells of db/db

Figure 6. Effects of exendin-4 on morphology of ER and ER stress markers A, Representative
images of electron micrographs of Atg7f/f-NaCl, Atg7f/f-Ex4,Atg7��-cell-NaCl, and Atg7��-cell-
Ex4. Arrows indicated ER. B, Typical protein expression levels in islets isolated from Atg7f/f-NaCl,
Atg7f/f-Ex4, Atg7��-cell-NaCl, and Atg7��-cell-Ex4. Dimethylsulfoxide-treated INS-1 cells were
used as negative control and 2 kinds of thapsigargin-treated (3 �M � 30 minutes [left lane], 0.3
�M � 6 hours [right lane]) INS-1 cells were used as weak and strong positive control. C,
Quantification of protein expression in each group. Data were obtained from 4 independent
experiments. Data are mean � SEM. D, The mRNA expression levels in islets of each group. The
levels were determined by real-time RT-PCR analysis after extraction of RNA from the isolated
islets. Data are mean � SEM of 12 independent experiments. Open bars, Atg7f/f-NaCl; dotted
bars, Atg7f/f-Ex4; hatched bars, Atg7��-cell-NaCl; solid bars, Atg7��-cell-Ex4. GAPDH,
glyceraldehydes 3-phosphate dehydrogenase; IB, immunoblotting.
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mice, We also investigated the mechanism of improvement
of autophagy failure-related �-cell dysfunction, by ana-
lyzing the effects of exendin-4 on Atg7��-cell mice. Four-
week treatment with exendin-4 improved blood glucose
and glucose tolerance in Atg7��-cell mice mainly by en-
hancing insulin secretion. Intriguingly, we also found that
the same treatment reduced the number of apoptotic cells,
increased the number of proliferating cells in islets, and
improved survival of ER-stressed islets of Atg7��-cell mice.

A previous study reported that RIP-Cre mice have mild
glucose intolerance (23). However, glucose tolerance in
RIP-Cre mice maintained in our facility was similar to that
of C57B/L6 mice (24). In addition, glucose tolerance in
Atg7f/�;RIP-Cre mice was similar to that in Atg7f/f mice

(8). For this reason, we used Atg7f/f mice as the control in
this study.

Loss of autophagy in �-cells reduces glucose-stimulated
insulin secretion and results in inadequate increase in
�-cell mass against insulin resistance in mice (8, 9). In a
previous study, we showed an increased number of au-
tophagosomes and increased expression level of LC3 type
2 in high-fat-fed C57B/L6 mice and db/db mice (8). Fur-
thermore, Masini et al (25) demonstrated the presence of
large numbers of autophagosomes and underexpression
of lysozymal enzymes, cathepsin B and D, suggesting low
autophagic turnover in islets of type 2 diabetes. In agree-
ment with their findings, in the present study we demon-
strated accumulation of p62 in islets of db/db mice. We
also found p62 accumulation in a subset of patients with

type 2 diabetes, but not in the control
islets, although other markers of au-
tophagic status, such as LC3, and the
number of autophagosome could
not be assessed in the present study
due to lack of sufficient samples (au-
topsy samples were not well pre-
served). Recent studies showed that
transient exposure to free fatty acids,
which are increased in insulin resis-
tance, induces autophagy (26–28),
suggesting that transient increase of
free fatty acid may enhance, at least
in part, autophagy in �-cells to com-
pensate for insulin resistance. On the
other hand, another recent study
showed that prolonged exposure to
free fatty acids impairs autophagic
turnover in �-cells (29). Accord-
ingly, lipotoxicity is a potential
mechanism of autophagic failure ob-
served in our mouse model of diabe-
tes and patients with type 2 diabetes.

To assess the effect of exendin-4
on �-cell mass, we investigate its ef-
fect on apoptotic cell death and the
proliferation of �-cells. We found
that exendin-4 treatment signifi-
cantly reduced apoptosis and in-
creased the number of proliferating
cells in Atg7��-cell mice (Figure 5,
A–C). However, 4-week treatment
did not result in increase of �-cell
mass in Atg7��-cell islets (Figure 5D).
It is likely that the treatment period
seems to be too short to result in
statistically significant increase of

Figure 7. Effects of exendin-4 on cell death associated with ER stress A, Oligonucleosome
release from islets isolated from Atg7f/f (open bar, n � 6), Atg7f/f treated with Ex-4 (dotted bar,
n � 6), Atg7��-cell (hatched bar, n � 5), and Atg7��-cell treated with Ex-4 (filled bar, n � 5)
with and without thapsigargin. Oligonucleotide release from Atg7f/f without thapsigargin
treatment was set at 1.0. *, P � .01; Atg7��-cell-Ex4 vs Atg7��-cell; †, P � 0.05; Atg7f/fl vs
Atg7��-cell. B, Expression of Atg7 and p62 in Atg7WT INS-1 cells and Atg7KD INS-1 cells 72
hours after treatment with tetracycline. Western blotting was performed using Atg7 and p62
antibodies. Representative results (left panel) and quantification of protein expression (right
panel). Data are mean � SEM of 9 independent experiments. *, P � .01; vs tetracycline(-). C,
Oligonucleosome release from Atg7WT INS-1 (open bar, n � 24), Atg7WT INS-1 treated with
Ex-4 (dotted bar, n � 24), Atg7KDINS-1(hatched bar, n � 24), and Atg7KDINS-1 treated with
Ex-4 (solid bar, n � 24). *, P � .01; Atg7KDINS-1-Ex4 vs Atg7KDINS-1; †, P � .05; Atg7KDINS-1
vs WTINS-1. WT, wild type.
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�-cell mass. Thus, the improvement in �-cell function of
Atg7��-cell mice following a 4-week exendin-4 treatment
seems to be mainly achieved by augmentation of insulin se-
cretion, not by increase in �-cell mass.

GLP-1 receptor agonists activate protein kinase A
through the activation of adenylate cyclase. In addition,
they activate phosphoinositide 3-kinase, MAPK kinase,
and epidermal growth factor receptors. The beneficial ef-
fects of GLP-1 receptor agonists on �-cell function are
probably mediated through the above complex signaling
pathways (30–32). In this study, treatment with exen-
din-4 produced significant improvement in glucose-stim-
ulated insulin secretion in Atg7��-cell islets, without affect-
ing ATP level. Although the exact mechanism is unknown,
improvement of insulin secretion was associated with in-
creased expression of SNAP25 and synaptotagmine VII in
Atg7��-cell islets. A recent study showed that treatment of
db/db mice with dipeptidyl peptidase-4 inhibitor in-
creased the expression of SNAP25, an important molecule
in exocytosis of insulin-containing granules in �-cell mem-
brane and enhanced glucose-stimulated insulin secretion
(33). Although there have been no reports regarding the
relation between GLP-1 receptor signal and synaptotag-
min VII expression, recent data showed that synaptotag-
min VII functions as a positive regulator of insulin secre-
tion and serves as a calcium sensor controlling insulin
secretion in pancreatic �-cells (34).Whereas the mecha-
nism and consequence of up-regulation of SNAP25 and
synaptotagmine VII should be further elucidated, up-reg-
ulation of SNAP25 and synaptotagmin VII may be in-
volved in amelioration of insulin secretion in our model.

Previously, Quan et al (18) reported enhanced thapsi-
gargin-induced cell death and significant underexpression
of ER stress markers in Atg7��-cell islets. Here, Atg7��-cell

islets also showed enhanced-thapsigargin-induced cell
death but no changes in the expression of ER stress mark-
ers. Although differences in the expression levels of ER
stress markers could be due to difference in the age of mice
investigated and the food ingredients of the food pellet
used in the 2 studies, an important common finding be-
tween the present study and the above one is that no sub-
stantial increase in the expression of ER stress markers
genes was found even under the condition of enhanced ER
stress-associated cell death. Thus, our data clearly showed
the presence of compromised UPR in Atg7��-cell islets, in
support of the results reported by Quan et al (18).

A previous study demonstrated that exendin-4 modu-
lated UPR and reduced ER stress-associated cell death in
cultured �-cell lines and db/db mice (35). Although there
are no reports on the effects of exendin-4 on survival of
�-cells with autophagic failure, intriguingly, exendin-4
abrogated apoptosis of Atg7��-cell islets and counteracted

thapsigargin-induced cell death in Atg7��-cell islets and
Atg7KD INS-1 cells. Amelioration of ER stress-associated
cell death by exendin-4 seems to be one of the mechanisms
of reduced apoptosis in Atg7��-cell islets, and it could
somehow contribute to the improvement of insulin secre-
tion from Atg7��-cell islets. However, we found more ER
dilation and no substantial changes in expression of ER
stress markers in Atg7��-cell islets treated with exendin-4
.These data suggest that both ER dilation and increased
expression of ER stress markers do not simply reflect in-
creased ER stress, especially under the condition of failure
of autophagy in islets.

In summary, the results of the present study demon-
strated that reduced autophagy in �-cells is common in a
mouse model of type 2 diabetes and patients with type 2
diabetes. Although the involved mechanism should be fur-
ther investigated, our findings suggest that exendin-4 is
useful against �-cell dysfunction and increased �-cell ap-
optosis even in autophagy-deficient �-cells.
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