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Introduction
Macroautophagy (hereafter referred to as autophagy) is char-

acterized by the rearrangement of subcellular membranes to 

sequester cytoplasm and organelles for delivery to lysosomes, 

in which the sequestered material is degraded and recycled (1). 

Because autophagy degrades dysfunctional organelles and dam-

aged proteins for rejuvenation of their function or retrieval of 

nutrients, autophagy plays important roles in the maintenance 

of intracellular homeostasis and physiological function of nor-

mal tissues (1). In addition to the physiological roles, dysreg-

ulated autophagy contributes to the pathogenesis of diverse 

disease processes, such as neurodegeneration, cancer, and met-

abolic disorders (2).

Type 2 diabetes (T2D) is a metabolic disorder characterized 

by an abnormal regulation of nutrients and their metabolites that 

develops as a consequence of combined insulin resistance and rel-

ative insulin de�ciency (3). Recent investigations showed a close 

relationship between autophagy and the pathogenesis of T2D (4–8).  

We and others have reported that autophagy is important in the 

maintenance of pancreatic β cell mass and function (4, 5). Dysreg-

ulated autophagy in insulin target tissues has been associated with 

altered insulin sensitivity and lipid metabolism (6–8).

The mechanisms of β cell failure in T2D have been investigated 

extensively using animal models of T2D. However, T2D animal 

models may have limitations, in that disease pathogenesis or course 

might be di�erent in several respects between murine and human 

T2D. One of the fundamental di�erences is the frequent deposi-

tion of amyloid in islets of humans with T2D. Due to the fact that 

human islet amyloid polypeptide (hIAPP), the major component of 

islet amyloid, is amyloidogenic, while the murine form is not, islet 

amyloid is found in up to 90% of individuals with T2D at autopsy 

but not in murine T2D (9). Such a di�erence in the propensity to 

form amyloid is due to the di�erence in the amino acid sequences 

of islet amyloid polypeptide (IAPP) (10). It has been suggested that 

aggregate-prone or amyloid-like proteins are cleared preferentially 

by autophagy, while proteasomal degradation is a critical part of 

the clearance of nonaggregate-prone proteins (11). Hence, autoph-

agy seems to be more important for the removal of amyloidogenic 

hIAPP compared with mouse islet amyloid polypeptide (mIAPP), 

and dysregulated autophagy may be more relevant to the patho-

genesis of human T2D rather than that of murine T2D.

While murine T2D models are not suitable for the study of 

amyloidogenic IAPP, transgenic mice expressing hIAPP speci�-

cally in pancreatic β cells (hIAPP+ mice) could serve as a surrogate 
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mRNA from pancreatic islets of these mice, hIAPP expression was 

observed, while the expression of Atg7 was negligible (Figure 1A).

Intriguingly, male hIAPP+Atg7Δβcell mice developed overt diabe-

tes beginning at 6 weeks of age (Figure 1B), while male littermate 

autophagy-competent hIAPP+ mice (hIAPP+Atg7�/�Cre– mice, here-

after referred to as hIAPP+Atg7�/� mice) or hIAPP– mice with β cell–

speci�c Atg7 de�ciency (hIAPP–Atg7�/�Cre+ mice, here after referred 

to as hIAPP–Atg7Δβcell mice) did not develop diabetes through 1 year 

of age, consistent with previous papers (5, 13). Female hIAPP+ 

Atg7Δβcell mice did not develop overt diabetes; however, nonfas-

ting blood glucose levels of female hIAPP+Atg7Δβcell mice were 

signi�cantly higher than those of female hIAPP+Atg7�/� or hIAPP– 

Atg7Δβcell mice (P < 0.01~0.001) (Figure 1B). Body weight did not 

di�er among groups in either male or female mice (P > 0.1) (Fig-

animal model to study the role of autophagy in the clearance of 

amyloidogenic IAPP in human T2D (12–15). We produced hIAPP+ 

mice with β cell–speci�c autophagy de�ciency and investigated 

the role of autophagy in the development of diabetes associated 

with the accumulation of hIAPP.

Results
Development of diabetes in hIAPP+ mice with β cell–speci�c autophagy 

de�ciency. We bred RIP-Cre mice expressing Cre recombinase in 

pancreatic β cells with Atg7-�oxed mice (Atg7�/� mice) and crossed 

them with hIAPP+ mice expressing hIAPP speci�cally in β cells (13) 

to ultimately derive heterozygous hIAPP+ mice with β cell–spe-

ci�c Atg7 de�ciency (hIAPP+Atg7�/�Cre+ mice, hereafter referred 

to as hIAPP+Atg7Δβcell mice). When we conducted RT-PCR using 

Figure 1. Development of diabetes in hIAPP+Atg7Δβcell mice. (A) RT-PCR analysis of hIAPP and Atg7 expression in primary islets. The residual 

expression of Atg7 in islets of hIAPP–Atg7Δβcell or hIAPP+Atg7Δβcell mice is probably due to non–β cells in primary islets. (B) Nonfasting blood glucose 

levels in male and female mice (n = 33~46 for male and 30~51 for female mice between 8 and 20 week of age; n = 10~16 for male and 10~19 for 

female mice before 8 weeks of age). (C) Body weight of male mice. Body weight of female mice was also not different between groups (data not 

shown). The numbers of mice in C are the same as those in B. (D) IPGTT after overnight fasting in 12- to 15-week-old male (n = 5~7) and female 

mice (n = 12~23). (E) Serum insulin levels in fasted 12- to 15-week-old male mice determined by ELISA (n = 10 each). (F) The insulinogenic index was 

calculated from 12- to 15-week-old male mice (n = 5~7). *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001. (*, comparison with 

hIAPP+Atg7fl/fl mice; #, comparison with hIAPP–Atg7Δβcell mice in B and D.)
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mice compared with that in cells from control hIAPP–Atg7�/� mice, 

as shown by the suppressed area of the change in cytosolic free 

Ca2+ concentration (Δ[Ca2+]
c
) above basal cytosolic free Ca2+ con-

centration ([Ca2+]
c
), (P < 0.01) (Figure 2, E and F). Glucose-induced 

Ca2+ transients and Δ[Ca2+]
c
 area appeared to be decreased in islets 

from hIAPP+Atg7�/� mice compared with wild-type islets; however, 

the di�erence was not statistically signi�cant (P > 0.1) (Figure 2, E 

and F). Intriguingly, in islets from hIAPP+Atg7Δβcell mice, glucose- 

induced Ca2+ transients and Δ[Ca2+]
c
 area were further suppressed 

compared with those from hIAPP–Atg7Δβcell or hIAPP+Atg7�/� mice  

(P < 0.05~0.01) (Figure 2, E and F). Together with the elevated level 

of basal [Ca2+]
c
 in islets from hIAPP+Atg7Δβcell mice, which supports  

β cell dysfunction (Figure 2E), these �ndings suggest that mild func-

tional impairment by hIAPP is aggravated if autophagy is de�cient 

and that the combination of decreased β cell mass and impaired  

β cell function is responsible for markedly reduced insulin release 

and severe diabetes in hIAPP+Atg7Δβcell mice.

Accumulation of hIAPP oligomer and amyloid in islets of hIAPP+ 

Atg7Δβcell mice. We attempted to determine the possible presence of 

intracellular hIAPP oligomer in autophagy-de�cient β cells using 

I11 Ab that was raised against hIAPP oligomer or A11 Ab that was 

raised against Aβ42 �bril but recognizes hIAPP oligomer (17), 

because oligomer of amyloidogenic hIAPP peptide rather than 

mature hIAPP amyloid or hIAPP monomer is considered to be a 

major e�ector of cellular damages (18). When we conducted con-

focal microscopy after immuno�uorescent staining using I11 Ab 

as the primary Ab, hIAPP oligomer was not detected in islets of 

hIAPP–Atg7Δβcell mice as expected. hIAPP oligomer was virtually 

absent in pancreatic islets of autophagy-competent 12-week-old 

male hIAPP+Atg7�/� mice, except in a few scattered areas, suggest-

ing that hIAPP oligomer was not formed or was rapidly processed 

by autophagy and/or other types of intracellular proteolysis, leav-

ing no detectable amount of hIAPP oligomer (Figure 3A). In con-

trast, prominent hIAPP oligomer accumulation was detected in 

pancreatic islets of 12-week-old hIAPP+Atg7Δβcell mice (Figure 3A), 

indicating the formation and accumulation of hIAPP oligomer. 

Confocal microscopy showed that hIAPP oligomer detected by 

I11 Ab in pancreatic islets of hIAPP+Atg7Δβcell mice was largely colo-

calized with insulin, suggesting that hIAPP oligomer is located 

inside β cells (Figure 3A). hIAPP oligomer that was not colocalized 

with insulin was also observed, probably due to reduced insulin 

production in damaged β cells as a result of the combination of 

hIAPP oligomer accumulation and autophagy de�ciency. Confo-

cal microscopy showed that I11-stained hIAPP oligomer was not 

colocalized with p62, except in a few areas (Figure 3B).

Because these results suggested that hIAPP oligomer accu-

mulates in autophagy-de�cient β cells and autophagy plays 

an important role in the clearance of hIAPP oligomer, we next 

sought morphological evidence supporting autophagy-mediated 

clearance of hIAPP oligomer by studying colocalization of hIAPP 

oligomer and autophagosomes. To this end, we used homozy-

gous hIAPP-transgenic mice (hIAPP+/+ mice), because colocal-

ization of hIAPP oligomer and autophagosomes is not possible 

using hIAPP+Atg7Δβcell mice that have autophagy de�ciency in  

β cells or hIAPP+Atg7�/� mice that show virtually no accumulation 

of hIAPP oligomer (Figure 3A). We produced hIAPP+/+GFP-LC3+ 

mice by breeding GFP-LC3+ mice, which have been used widely 

ure 1C and data not shown). An i.p. glucose tolerance test (IPGTT) 

showed more severe glucose intolerance in male and female hIAPP+ 

Atg7Δβcell mice compared with that in male and female hIAPP+Atg7�/�  

or hIAPP–Atg7Δβcell mice, respectively (P < 0.001) (Figure 1D).

Since diabetes was overt only in male hIAPP+Atg7Δβcell mice, 

subsequent studies were conducted using male hIAPP+Atg7Δβcell 

mice. The fasting serum insulin level and insulinogenic index rep-

resenting β cell function (16) were signi�cantly lower in hIAPP+ 

Atg7Δβcell mice compared with those in hIAPP+Atg7�/� or hIAPP– 

Atg7Δβcell mice (P < 0.05~0.001) (Figure 1, E and F), suggesting that 

insulin de�ciency due to the synergistic e�ect of autophagy de�-

ciency and hIAPP expression is responsible for the development of 

overt diabetes in hIAPP+Atg7Δβcell mice.

Changes of β cell mass and function in hIAPP+Atg7Δβcell mice. 

We next conducted morphological analysis of pancreatic islets 

in hIAPP+Atg7Δβcell mice. Microscopic examination after H&E 

staining revealed frequent vacuolar degeneration and cells with 

areas of detachment from surrounding cells or tissues in islets of 

hIAPP+Atg7Δβcell mice (Figure 2A). These changes appeared mor-

phologically similar to, but apparently more severe, than those 

of hIAPP–Atg7Δβcell mice (5). Individual cell counting revealed 

that a signi�cantly increased number of cells was detached 

from surrounding cells or tissues in islets of hIAPP+Atg7Δβcell mice 

compared with that in hIAPP–Atg7Δβcell or hIAPP+Atg7�/� mice  

(P < 0.05~0.001) (Figure 2A). Some of the vacuolated cells con-

tained nuclei with chromatin condensation or did not contain 

nuclei, suggesting apoptosis. Accumulation of ubiquitin and p62 

that was seen in islets of Atg7Δβcell mice due to autophagy de�ciency 

(5) was also observed in islets of hIAPP+Atg7Δβcell mice (Figure 2B). 

Confocal microscopy showed that ubiquitin and p62 were colo-

calized, similar to the �nding in hIAPP–Atg7Δβcell mice (ref. 5 and 

Figure 2B). p62 or ubiquitin accumulation was not detected in 

hIAPP+Atg7�/� mice (Figure 2B).

β Cell mass measured by point counting after insulin immuno-

histochemistry (IHC) was not di�erent between hIAPP+Atg7�/� and 

hIAPP–Atg7�/� mice, suggesting that heterozygous expression of 

hIAPP alone does not signi�cantly a�ect β cell mass if autophagy 

is intact (Figure 2C). In hIAPP+Atg7Δβcell mice, however, β cell mass 

was further reduced compared with that in hIAPP–Atg7Δβcell mice  

(P < 0.01), which already had a signi�cantly lower β cell mass com-

pared with autophagy-competent hIAPP–Atg7�/� mice (P < 0.05) 

(Figure 2C).

Since these �ndings suggested that markedly reduced pancre-

atic β cell mass is the cause of insulin de�ciency and overt diabe-

tes in hIAPP+Atg7Δβcell mice, we next conducted TUNEL staining to 

study the mechanism underlying the reduced β cell mass in hIAPP+ 

Atg7Δβcell mice. While only modestly increased numbers of apop-

totic cells were observed in islets of hIAPP+Atg7�/� or hIAPP–Atg7Δβcell  

mice, the number of apoptotic β cells was markedly increased 

in hIAPP+Atg7Δβcell mice compared with that in hIAPP+Atg7�/� or 

hIAPP–Atg7Δβcell mice (P < 0.01~0.001) (Figure 2D), indicating that 

increased pancreatic β cell apoptosis is responsible for the criti-

cally reduced β cell mass in hIAPP+Atg7Δβcell mice.

We also studied pancreatic β cell function by investigating Ca2+ 

transients after glucose challenge. Consistent with a previous report 

(5), the magnitude of glucose-induced Ca2+ transients was signi�-

cantly reduced in autophagy-de�cient β cells from hIAPP–Atg7Δβcell 
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Figure 2. β Cells in hIAPP+Atg7Δβcell mice. (A) H&E staining of pancreas sections and the number of cells detached from surrounding tissues or cells per 

islet area in 12- to 15-week-old mice (n = 3~6). Scale bar: 100 μm. (B) Confocal microscopy after immunofluorescent staining of pancreas sections from 12- 

to 15-week-old mice using anti-p62 and -ubiquitin Abs. Scale bar: 100 μm. (C) Relative β cell mass in 12- to 15-week-old mice measured by insulin IHC and 

the point counting method (n = 3 each). (D) The percentage of apoptotic TUNEL+ β cells among total β cells in islets of 12- to 15-week-old mice (n = 4~5). 

Representative TUNEL staining is shown. Arrowheads indicate TUNEL+ β cells. Scale bar: 100 μm. (E) Glucose-induced Ca2+ transients in isolated islets  

(n = 4 each). Ca2+ transients were measured in Tyrode solution containing 3.0 or 16.7 mM glucose, as described in the Methods. (F) Δ[Ca2+]
c
 area was defined 

as the total area of [Ca2+]
c
 above basal [Ca2+]

c
. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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Atg7Δβcell mice but not in other types of mice (Figure 3D). Confo-

cal microscopy showed that hIAPP amyloid was not colocalized 

with inclusion bodies containing p62 (Figure 3D). Staining with 

EE-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylben-

zene (FSB), another amyloid-speci�c dye that was developed as 

a lipophilic derivative of Congo Red (21, 22), again showed that 

mature hIAPP amyloid, while small in size, was formed and scat-

tered in pancreatic islets of hIAPP+Atg7Δβcell mice (Figure 3E), sub-

stantiating our results using thio�avin-S. FSB-stained amyloid 

was not observed in islets of hIAPP+Atg7�/� or hIAPP–Atg7Δβcell mice. 

FSB staining in hIAPP+Atg7Δβcell mice was not colocalized with 

ubiquitin-containing inclusion bodies (Figure 3E).

Accumulation of IAPP oligomer in vitro. Since hIAPP oligomer 

accumulates in autophagy-de�cient β cells in vivo and probably 

to visualize autophagosomes (19), with hIAPP+ mice twice to 

make hIAPP homozygotes expressing GFP-LC3. Accumulation of 

hIAPP oligomer stained with A11 Ab was observed in islet cells of 

hIAPP+/+GFP-LC3+ mice by confocal microscopy, consistent with 

previous results (ref. 20 and Figure 3C). Confocal microscopy 

and line tracing showed that hIAPP oligomer was colocalized 

with GFP-LC3 puncta representing autophagosomes in pancre-

atic islets of hIAPP+/+GFP-LC3+ mice (Figure 3C), suggesting that 

hIAPP oligomer makes contact with autophagosome and is prob-

ably cleared by autophagy.

In addition to hIAPP oligomer, we also studied possible accu-

mulation of amyloid in pancreatic islets. Thio�avin-S staining, 

a classical method to detect amyloid, demonstrated that hIAPP 

amyloid accumulated in pancreatic islets of 12-week-old hIAPP+ 

Figure 3. In vivo accumula-

tion of hIAPP oligomer and 

amyloid. (A) Confocal micros-

copy after immunofluorescent 

staining of pancreas sections 

from 12-week-old mice using 

anti-insulin and anti-hIAPP 

oligomer Abs (I11). Arrow-

heads indicate colocalization 

of I11 and insulin immuno-

staining. Scale bar: 50 μm.  

(B) Confocal microscopy after 

immunofluorescent staining 

using anti-p62 and I11 Ab and 

subsequent DAPI staining to 

identify nuclei. The arrowhead 

indicates rare colocalization 

of I11 and p62 immunostain-

ing. Scale bar: 50 μm.  

(C) Confocal microscopy 

after immunofluorescent 

staining of hIAPP+/+GFP-LC3+ 

mouse islets using A11 Ab. 

Line tracing performed along 

the white dashed line in the 

merged picture to visualize 

colocalization of A11-stained 

hIAPP oligomer and GFP-LC3+ 

autophagosomes shows 

overlapping of hIAPP fluores-

cence with GFP fluorescence. 

Scale bar: 5 μm. (D and E) 

Confocal microscopy after 

immuno fluorescent staining 

of pancreas sections from 

12-week-old mice using (D) 

anti-p62 Ab and thiofla-

vin-S staining or (E) using 

anti-ubiquitin Ab and FSB 

staining, as described in 

the Methods. Arrowheads 

indicate amyloid stained with 

thioflavin-S (green) or FSB 

(blue). Scale bar: 5 μm.
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leads to β cell apoptosis, we next studied whether similar �nd-

ings occur in vitro. We prepared primary islet cells from mon-

keys expressing amyloidogenic IAPP that is almost identical to 

hIAPP (23) and incubated them with 100 nM ba�lomycin for 24 

hours to inhibit autophagic degradation of endogenous monkey 

IAPP. Immunostaining showed accumulation of I11-stained IAPP 

oligomer in monkey islet cells, which was increased by incuba-

tion with ba�lomycin (P < 0.01) (Figure 4, A and B). I11-stained 

IAPP oligomer was not detected in primary mouse islet cells cul-

tured and treated in the same way. When assessed by measuring 

cytoplasmic oligonucleosome, apoptosis of primary monkey islet 

cells after treatment with ba�lomycin was more pronounced than 

that of mouse islet cells, probably because of endogenous IAPP 

oligomer accumulation (P < 0.01) (Figure 4C), which is in line 

with the increased β cell apoptosis associated with I11-stained 

hIAPP oligomer accumulation in hIAPP+Atg7Δβcell mouse islets in 

vivo (Figure 2D and Figure 3A). However, amyloid accumulation 

was not observed after incubation of primary monkey islet cells 

with ba�lomycin for 24 hours (Supplemental Figure 1; supple-

mental material available online with this article; doi:10.1172/

JCI69625DS1).

Detection of pro-hIAPP dimer and trimer in islet cells. Because 

these results suggested that increased accumulation of toxic hIAPP 

oligomer in autophagy de�ciency leads to β cell apoptosis and dia-

betes, we investigated which kinds of hIAPP oligomers accumu-

late in association with β cell autophagy de�ciency. To this end, 

we overexpressed constructs encoding either mouse or human 

prepro-IAPP fused with HA epitope sequence at the C terminus 

(Figure 5A), since the unprocessed form of pro-hIAPP rather than 

mature hIAPP might be the initial seed for further �bril and amy-

loid formation (24–26) and an HA tag would facilitate detection of 

pro-hIAPP oligomers of varying sizes. Western blot analysis indi-

cated that the majority of pro-IAPP expressed in INS-1 insulinoma 

cells transfected with prepro-IAPP-HA is a monomeric form of 

pro-hIAPP or pro-mIAPP (Figure 5B). Intriguingly, a minor spe-

cies of pro-IAPP, which is larger in size than the monomeric form, 

was additionally observed in cells transfected with prepro-hIAPP 

but not in cells transfected with prepro-mIAPP construct and 

was markedly increased in cells incubated with 5 mM 3-MA, a 

potent inhibitor of autophagy (Figure 5B). Estimation of the size 

suggested that this band is a dimeric form of pro-hIAPP; this was 

substantiated by the remarkable reduction of this species in cells 

expressing a non�brillar mutant form of hIAPP (prepro-hIAPPmt) 

(ref. 27 and Figure 5, A and C), and its C-terminal HA epitope 

was still detectable with anti-HA Ab (Figure 5A). This band was 

not a product of incomplete cleavage of the signal peptide from 

prepro-hIAPP, because the size of uncleaved prepro-hIAPP pro-

duced by the site-directed mutagenesis of the cleavage site (28) 

was apparently smaller than that of the putative pro-hIAPP dimer 

(Supplemental Figure 2).

Additional evidence supporting the notion that pro-hIAPP 

oligomer accumulates in autophagy-de�cient cells was provided 

by the observation that, not only the dimeric, but also the trimeric 

form of pro-hIAPP was recovered in the detergent-insoluble frac-

tion of cells treated with 3-MA (Figure 5D). pro-hIAPP trimer was 

not observed in cells not treated with 3-MA or in the detergent-sol-

uble fraction of cells treated with 3-MA (Figure 5D). Although it 

remains to be clari�ed which types of pro-hIAPP oligomers are 

preferred autophagic substrates, our results clearly show that the 

immature or unprocessed form of �bril-prone pro-hIAPP selec-

tively oligomerizes and accumulates in autophagy-de�cient cells, 

which could be the initial step in the formation of islet amyloid.

Figure 4. Accumulation of I11-stained IAPP oligomer in 

primary monkey islet cells. (A) Primary monkey islet cells 

or mouse islet cells were incubated with 100 nM bafilomy-

cin (BAF) that e�ciently blocks autophagy of primary cells 

or solvent alone (Con) for 24 hours. Confocal microscopy 

was performed after immunofluorescent staining using I11 

Ab. Scale bar: 5 μm. (B) The number of I11-stained puncta 

was counted. (C) After the same incubation of primary 

monkey and mouse islet cells with or without bafilomycin, 

apoptosis was determined by measuring oligonucleosomal 

content in cell extract using a Cell Death Detection ELISA 

Kit (Roche). **P < 0.01, ***P < 0.001.
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We next studied whether the pro-hIAPP dimer or trimer could 

accumulate in primary islet cells as well, since insulinoma cells 

may have a diminished capacity to process proinsulin or pro-IAPP, 

which may cause erroneous accumulation of pro-hIAPP oligomer 

(24). When we transfected primary monkey islet cells with pre-

pro-hIAPP-HA, pro-hIAPP dimer and trimer accumulation was 

again observed by Western blot analysis using anti-HA antibody, 

which was not detected when prepro-mIAPP-HA construct was 

transfected (Figure 5E). Accumulation of pro-hIAPP dimer or tri-

mer was much increased when primary monkey islet cells were 

incubated with 100 nM ba�lomycin, which e�ciently inhibits 

autophagy of primary islet cells (Figure 5E). These results indicate 

that pro-hIAPP dimer and trimer accumulation due to autophagy 

inhibition occurs in primary islet cells as well as in insulinoma cells 

and that pro-hIAPP dimer and trimer accumulation in INS-1 cells 

is not due to diminished pro-hIAPP processing in insulinoma cells.

E�ect of hIAPP on autophagy. Because these data suggested 

that clearance of amyloidogenic proteins is modulated by autoph-

agy status, we conversely studied whether autophagy is a�ected 

by hIAPP, an amyloidogenic protein. We again used homozygous 

hIAPP+/+ or hIAPP+/+GFP-LC3+ mice that expressed double doses 

of the hIAPP transgene and showed hIAPP oligomer accumulation 

in islet cells as compared with those from heterozygous hIAPP+ 

mice without detectable hIAPP accumulation (Figure 3, A and C). 

Immuno�uorescent microscopy clearly showed LC3 puncta in 

pancreatic islet cells of hIAPP+/+GFP-LC3+ mice, while they were 

rarely observed in littermate hIAPP–GFP-LC3+ mice, suggesting 

that the steady-state autophagy level was increased by hIAPP 

transgene expression (Supplemental Figure 3A). EM also showed 

a signi�cantly increased number of autophagosomes in islets 

of hIAPP+/+ mice compared with that in hIAPP– mice (P < 0.01)  

(Supplemental Figure 3, B and C), again indicating increased 

Figure 5. Pro-hIAPP dimer and trimer. (A) Amino acid sequences of pro-IAPP used in this study. The highly conserved region between hIAPP and mIAPP is indi-

cated in gray boxes. Cleavage sites of proprotein convertase 2 (left) and 1/3 (right) are indicated with “X”s. Asterisks indicate mutation sites in which the original 

amino acids were changed to prolines in pro-hIAPPmt. (B) INS-1 cells were transfected with indicated constructs for 24 hours and incubated with or without 5 

mM 3-MA for additional 24 hours. Cell lysates were subjected to Western blot analysis using anti-HA Ab. Equal protein loading and autophagy inhibition were 

confirmed by β-actin and p62 levels, respectively. (C) After transfection of INS-1 cells with indicated constructs and treatment with 3-MA as in B, cell lysates 

were prepared and subjected to Western blot analysis. (D) INS-1 cells were transfected and treated as in B. The detergent-soluble (S) and detergent-insoluble (P) 

pellet fractions were subjected to Western blot analysis using anti-HA Ab. Equal protein loading was confirmed by β-actin level. Di�erential migration of mono-

meric pro-IAPPs between detergent-soluble and -insoluble fractions was due to the di�erence in the detergents used. exp., exposure. (E) Primary monkey islet 

cells were transfected with the indicated constructs for 24 hours and incubated with or without 100 nM bafilomycin for an additional 24 hours. Cell lysates were 

subjected to Western blot analysis using anti-HA Ab. Equal protein loading and autophagy inhibition were confirmed by β-actin and p62 level, respectively.
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(P < 0.05~0.01), probably owing to β cell dysfunction associated 

with hIAPP expression (Figure 6C). Here, concomitant trehalose 

administration signi�cantly reduced nonfasting blood glucose 

levels of HFD-fed hIAPP+ mice, beginning at 1 week of treatment, 

compared with control PBS treatment (P < 0.05~0.01) (Figure 

6C). Trehalose administration for 4 weeks signi�cantly improved 

impaired glucose tolerance of HFD-fed hIAPP+ mice (P < 0.05~0.01) 

(Figure 6D) and signi�cantly decreased AUC and enhanced 

the insulinogenic index compared with control PBS treatment  

(P < 0.05~0.01) (Supplemental Figure 4A and Figure 6E). Glucose 

intolerance, AUC, and the insulinogenic index of PBS-treated HFD-

fed hIAPP+ mice were signi�cantly worse compared with PBS-

treated HFD-fed hIAPP– mice, probably due to β cell dysfunction 

associated with hIAPP expression (P < 0.05~0.001) (Figure 6, D and 

E; Supplemental Figure 4A). Changes in body weight during HFD 

feeding and food intake were not a�ected by trehalose administra-

tion (P > 0.1) (Supplemental Figure 4B and data not shown).

We also studied whether the observed metabolic improve-

ment is accompanied by changes in hIAPP oligomer accumula-

tion. Trehalose administration for 4 weeks signi�cantly atten-

uated accumulation of A11-stained hIAPP oligomer in islets of 

HFD-fed hIAPP+ mice compared with those given control treat-

ment (P < 0.001) (Figure 6F), suggesting that metabolic improve-

ment by trehalose administration is due to increased autophagic 

clearance of hIAPP oligomer, leading to enhanced β cell function. 

Accumulation of FSB-stained amyloid in islets of HFD-fed hIAPP+ 

mice was also signi�cantly reduced by trehalose administration 

for 4 weeks (P < 0.001) (Figure 6G).

Discussion
We observed the development of overt diabetes in mice with β cell–

speci�c autophagy de�ciency expressing amyloidogenic hIAPP, 

suggesting a critical role of autophagy in the turnover of hIAPP. 

Lysosomal proteolysis and autophagy have been reported to mod-

ulate hIAPP-induced cellular injury in vitro (34, 35). However, the 

role of autophagy in the development of hIAPP-induced diabetes 

in vivo has not been directly demonstrated. The development of 

overt diabetes in hIAPP+Atg7Δβcell mice was due to increased β cell 

death, resulting in the critically reduced β cell mass and functional 

β cell impairment.

Such β cell injury appears to be caused by hIAPP oligomer 

accumulating in autophagy-de�cient β cells, probably due to 

delayed clearance, which is consistent with our previous �ndings 

of oligomer-speci�c immunoreactivity and β cell apoptosis in islet 

cells of patients with T2D (36). A small amount of hIAPP amy-

loid was also observed in islets of hIAPP+Atg7Δβcell mice. However, 

recent investigations suggest that the main e�ector of islet injury in 

hIAPP+Atg7Δβcell mice is likely to be hIAPP oligomer (10, 18), which 

is supported by increased apoptosis of primary monkey islet cells 

expressing amyloidogenic IAPP together with I11-stained IAPP 

oligomer, but without amyloid accumulation when autophagy 

was inhibited in vitro. I11 Ab that is raised against hIAPP oligomer 

recognizes not only hIAPP oligomer but also Aβ oligomer. Con-

versely, A11 Ab that is raised against Aβ oligomer also recognizes 

hIAPP oligomer, suggesting a common conformational structure 

despite di�erent amino acid sequences between hIAPP and Aβ 

peptides (17, 37). However, since recent papers reported A11 rec-

steady-state autophagy level. Because the increase in the steady-

state autophagy level could be due to either increased autophagy 

�ux or blockade of autophagy at the lysosomal steps (29), we 

conducted Western blot analysis of pancreatic islets. Consistent 

with the increased autophagosome number, the LC3-II level was 

increased in islets of hIAPP+/+ mice compared with that in those 

of hIAPP– mice (Supplemental Figure 3D). Here, we observed a 

markedly increased level of p62 protein in islets of hIAPP+/+ mice 

(Supplemental Figure 3D), suggesting that p62, a speci�c sub-

strate of autophagy (29), accumulated due to blockade of autoph-

agy by hIAPP and that the increased LC3-II level is probably due 

to autophagy blockade rather than increased autophagic activity.

E�ects of autophagy modulator on diabetes associated with 

hIAPP accumulation. Since the results suggested that autophagy 

insu�ciency could be a risk factor in the pathogenesis of human 

T2D associated with hIAPP oligomer or amyloid deposition, we 

�nally studied whether autophagy activation could ameliorate the 

metabolic pro�le of hIAPP+ mice. To this end, we i.p. administered 

2 g/kg trehalose, which has been reported to enhance autophagic 

activity in vivo (30, 31), to 16- to 20-week-old male hIAPP+ mice 

with simultaneous high-fat diet (HFD) feeding to promote islet 

dysfunction and glucose intolerance (32, 33). The capability of 

trehalose to increase autophagic activity of pancreatic islet cells 

in vitro was con�rmed by increased conversion of LC3-I to -II in 

the presence of ba�lomycin, which blocks the lysosomal steps of 

autophagy and enables assessment of autophagic �ux (ref. 29 and 

Figure 6A). Reduction of p62, a substrate of autophagy (29), by 

trehalose treatment in the absence of ba�lomycin also supported 

increased autophagic �ux in vitro (Figure 6A). Trehalose-induced 

activation of autophagy in pancreatic islets in vivo was also demon-

strated by the apparently increased LC3 puncta after 2 weeks of 

trehalose administration to GFP-LC3+ mice on a HFD compared 

with PBS treatment (Figure 6B).

When we analyzed the glucose pro�le, nonfasting blood glu-

cose levels of PBS-treated HFD-fed hIAPP+ mice without trehalose 

treatment were signi�cantly higher compared with those of PBS-

treated HFD-fed hIAPP– mice throughout the treatment period  

Figure 6. E�ects of autophagy enhancer on the glucose profile of hIAPP+ 

mice. (A) Primary mouse islet cells were treated with 100 mM trehalose 

for 24 hours with or without 100 nM bafilomycin pretreatment to block 

lysosomal steps of autophagy. Cell lysates were subjected to Western blot 

analysis using anti-LC3 or anti-p62 Ab. (B) Trehalose (2 g/kg) was admin-

istered i.p. to 12-week-old GFP-LC3+ mice on HFD for 2 weeks, and frozen 

pancreas sections were prepared for confocal microscopy to examine LC3 

puncta. Scale bar: 50 μm. (C) Trehalose (2 g/kg) was administered i.p. to 16- 

to 20-week-old hIAPP+ mice on HFD, and nonfasting blood glucose levels 

were monitored (n = 5). (D) IPGTT was performed after 4 weeks of trehalose 

administration to hIAPP+ mice on HFD (n = 5). (E) The insulinogenic index 

was calculated after 4 weeks of trehalose administration to hIAPP+ mice 

on HFD (n = 3). (F) After immunofluorescent staining using A11 Ab, the per-

centage of A11-stained cells among total DAPI+ islet cells was determined 

by confocal microscopy. Representative pictures are shown. Scale bar:  

50 μm. (G) After FSB staining, mean fluorescence intensity per islet area 

was determined using the NIS-Elements AR 3.0 software (Nikon). Repre-

sentative pictures are shown. Scale bar: 100 μm. *P < 0.05, **P < 0.01,  

***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001. (*, comparison between 

hIAPP+/HFD + trehalose and hIAPP+/HFD + PBS groups; #, comparison 

between hIAPP+/HFD + PBS and hIAPP–/HFD + PBS groups in C and D.)
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ing point ultimately leading to the formation of high-n hIAPP 

oligomers and hIAPP amyloid. In contrast, other reports have 

suggested the hexameric structure of amyloidogenic peptides as 

the basic toxic oligomer species recognized by oligomer-speci�c 

Ab (53). Details regarding possible interconversion between these 

di�erent oligomer species warrant further studies.

Markedly increased accumulation of pro-hIAPP dimer in 

autophagy-de�cient β cells and the presence of pro-hIAPP tri-

mer in the detergent-insoluble fraction of autophagy-de�cient  

β cells are consistent with results from previous reports that aggre-

gate-prone proteins are cleared preferentially by autophagy com-

pared with nonaggregate-prone proteins (11). These results also 

suggest that the critical point in the maturation of high-n hIAPP 

oligomers could be the formation of pro-hIAPP dimer and trimer, 

probably in the membrane-rich fraction of the cells. This hypothe-

sis is in line with a previous suggestion that the initial stage of islet 

amyloid deposition would be the formation of hIAPP aggregates 

containing pro-hIAPP in the membrane compartment of cells 

(10). Recent molecular dynamic approaches indicated that there 

is a signi�cant stability gained during the transition from hIAPP 

dimer to trimer and that hIAPP trimer is the minimal oligomeric 

size of an aggregate seed that is required for the formation of sta-

ble hIAPP oligomer, suggesting the importance of hIAPP trimer 

formation in the maturation of high-n hIAPP oligomers, while 

dimer formation might be the initial step in the maturation process 

(47, 48). As pro-hIAPP trimer was found in the detergent-insoluble 

fraction and the amount of pro-hIAPP dimer was much higher in 

the detergent-insoluble fraction compared with that in the deter-

gent-soluble fraction, pro-hIAPP dimer is likely to be formed in 

the membrane-rich compartment, such as secretory granules, 

and is translocated to the soluble fraction or proceeds to form pro- 

hIAPP trimer in the membrane-rich fraction (Figure 7). Such a sce-

nario is consistent with previous reports that the lipid membrane 

is a catalytic site for hIAPP misfolding to accelerate protein aggre-

gation (54) and has a facilitated association with pro-hIAPP (26, 

52). While we observed accumulation of pro-hIAPP dimer and tri-

mer as a potential seed for high-n hIAPP oligomer formation, we 

cannot eliminate the possibility that other hIAPP forms, such as 

mature or partially processed forms, also oligomerize. Thus, our 

data support a role for pro-hIAPP oligomerization in the current 

overexpression model but do not rule out other possibilities.

While hIAPP oligomer was cleared by autophagy, hIAPP expres-

sion conversely appeared to block autophagic �ux, as Western blot 

analysis demonstrated that p62 levels were increased in islets of 

hIAPP+/+ mice. In contrast, p62 accumulation was virtually absent 

in islets of heterozygous hIAPP+Atg7�/� mice by confocal microscopy, 

probably owing to lower hIAPP expression levels. These results sup-

porting autophagy blockade by hIAPP in vivo are consistent with the 

previously reported inhibition of autophagic �ux by hIAPP overex-

pression in vitro (35) and are similar to the suppression of autophagic 

�ux at the lysosomal step in the brain of Alzheimer’s disease (55). 

These results suggest that if autophagic activity is reduced to a thresh-

old level, then amyloidogenic proteins accumulate and further impair 

autophagic activity. This series of events would result in a positive-

feedback loop and lead to critically reduced autophagic activity, cel-

lular damage due to accumulated amyloidogenic proteins, and �nally 

the development of diabetes or Alzheimer’s disease.

ognition of other proteins, such as natively folded heat shock pro-

teins, binding speci�cities of I11 and A11 Ab may not be the same 

(38, 39). The mechanism of cellular damage by hIAPP oligomer is 

believed to be insertion into intracellular membranes and forma-

tion of ion-leaking pores (10, 40). Amyloidogenic hIAPP oligomer 

has also been shown to induce in�ammasome activation (41, 42). 

While the role of in�ammasome activation may not be signi�cant 

in hIAPP+Atg7Δβcell mice that show paucity of in�ammatory cells in 

islets, islet in�ammation may play an important role when condi-

tions favoring further in�ammasome activation, such as obesity 

or autophagy de�ciency of macrophages, are superimposed (41).

p62 is a well-known autophagy receptor that guides autoph-

agy substrates such as ubiquitinated proteins to LC3-II and is 

also a substrate of selective autophagy (43). While p62 binds to 

many target proteins of autophagic process, the absence of colo-

calization of hIAPP oligomer and p62 may suggest p62-indepen-

dent autophagic removal of hIAPP oligomer, which is similar to 

a recently reported p62-independent autophagic clearance of 

aggregate-prone proteins, such as synphilin-1 (44). There may be 

autophagy receptors other than p62 involved in the autophagic 

removal of hIAPP oligomer, as diverse autophagic receptors, such 

as optineurin, NDP52, or NBR1, have been identi�ed recently (45).

In our investigation of the clearance of hIAPP by autophagy, 

we observed pro-IAPP dimer in the soluble fraction of cell extract 

when amyloidogenic prepro-hIAPP was expressed in vitro but 

not when nonamyloidogenic prepro-mIAPP was expressed. Pro- 

hIAPP dimer formation was reduced markedly when the amino 

acid residues critical for �bril formation were changed to prolines 

as in pro-mIAPP (27). We further observed pro-hIAPP trimer in 

the detergent-insoluble fraction of cell extract under autopha-

gy-de�cient conditions. While hIAPP dimer formation has been 

observed in cell-free system (46) and hIAPP trimer formation has 

been inferred using molecular dynamic simulation studies (47, 

48), the formation of hIAPP or pro-hIAPP dimer and trimer has 

not been demonstrated in cells. Accumulation of pro-hIAPP dimer 

or trimer might be due to pro-hIAPP overexpression exceeding the 

cell’s capacity to process pro-hIAPP to mature form. The role of 

aberrant or incomplete processing of hIAPP in the development 

of hIAPP amyloid has been suggested by previous �ndings that 

conditions favoring aberrant proinsulin processing, such as T2D 

or insulinoma, are frequently associated with amyloid deposi-

tion (49, 50) and that the expression of hIAPP in cells defective 

in hIAPP processing results in increased amyloid formation (24, 

26). Furthermore, pro-hIAPP immunoreactivity has been demon-

strated in the intracellular amyloid of β cells in hIAPP+ mice or 

patients with T2D, suggesting that intracellular aggregation of 

pro-hIAPP is the initial step acting as the seed for further amyloi-

dogenesis and extracellular amyloid deposition in the later stage 

in conjunction with mature IAPP released from β cells (25).

The propensity of pro-hIAPP to aggregate may be related to 

the biochemical characteristics of pro-hIAPP, such as a higher PI 

value compared with mature IAPP, and the presence of a heparin 

binding domain in the N-terminal cleavage site that may facilitate 

its association with negatively charged membranes and the initi-

ation of amyloidogenesis (25, 51, 52). Thus, our results showing 

the existence of intracellular pro-hIAPP dimer or trimer in vitro 

suggest that low-n pro-hIAPP oligomers may be the initial start-
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GTGCACCTAAAGGGGCAAGTAATTCA-3′; reverse, 5′-CGAGTGG-

GCTATGGGTTTGT-3′). IPGTT was conducted by i.p. injection of  

1 g/kg glucose to mice that were fasted overnight. Blood glucose con-

centration was measured using a One Touch glucometer (Lifescan) (5, 

16). To generate hIAPP+GFP-LC3+ mice, GFP-LC3+ mice (provided by N. 

Mizushima, University of Tokyo, Tokyo, Japan) were bred with hIAPP+ 

mice. hIAPP+GFP-LC3+ mice were bred with hIAPP+ mice again to gener-

ate homozygous hIAPP+/+GFP-LC3+ mice. hIAPP+/+ mice were generated 

by intercrossing hIAPP+ mice. Homozygous hIAPP+/+ mice were identi-

�ed by backcrossing to nontransgenic FVB/N mice (13).

Cynomolgus monkeys were purchased from Guangxi Grandfor-

est Scienti�c Primate Company Ltd. and maintained in Orientbio 

Animal Facility.

Cells. INS-1 cells (provided by C. Wollheim, University of Geneva, 

Geneva, Switzerland) were cultured in RPMI-1640 supplemented 

with 10% FCS, 1 mM sodium pyruvate, 10 mM HEPES, 50 μM 2-mer-

captoethanol, and penicillin-streptomycin (Life Technologies).

TUNEL staining, β cell mass, and function. Quantitation of TUNEL+ 

apoptotic β cells was done as described previously (5). Brie�y, deparaf-

�nized pancreas sections were stained using TUNEL reagent (Roche 

Applied Science) and DAB (Invitrogen) as the color substrate. Insu-

lin immunostaining was then performed by serial incubation with 

anti-insulin Ab (DAKO), biotinylated anti-guinea pig Ab (Vector), 

streptavidin-alkaline phosphatase, and then Vector Blue (Vector) 

staining solution. In each group, 5,024~9,206 β cells from 4~5 mice 

were examined. To calculate the relative β cell mass, point counting 

morphometry was performed after insulin IHC of more than 3 paral-

lel sections of di�erent cut levels containing more than 30 pancreatic 

islets (5, 16). Serum insulin levels before and 15 minutes after glu-

cose challenge were determined using an ELISA kit (Shibayagi Co.), 

and the insulinogenic index was calculated as follows: (Δinsulin
15min

/ 

Δglucose
15min

) (5, 16).

IAPP expression in vitro. 5′-phosphorylated synthetic oligos 

encoding HA epitope (“YPYDVPDYA”) were annealed and inserted 

directly into unique HindIII and Eco0109I sites of pcDNA5-FRT/TO 

(pcDNA5-FRT/TO-HA). cDNAs encoding prepro-hIAPP (Genebank 

accession number: NM 000415) and prepro-mIAPP (NM 010491) in 

pcDNA3 were gifts from P. Westermark (Uppsala University, Uppsala, 

Sweden). The cDNA was PCR ampli�ed using the following speci�c 

primers: prepro-hIAPP forward-HindIII, 5′-CTTAAGCTTACCAT-

GGGCATCCTGAAGCTGCAAG-3′; reverse-XhoI, 5′-CCGCTCGAG-

CTAAAGGGGCAAGTAATTCAG-3′; prepro-mIAPP forward-HindIII, 

To investigate the impact of autophagy enhancers on the dete-

riorated metabolic pro�le associated with hIAPP accumulation, we 

used hIAPP+ mice fed HFD, since HFD imposes metabolic stress 

and β cell dysfunction on hIAPP+ mice (32, 33) and lipid injury can 

further impair autophagic activity of pancreatic β cells (56). To 

enhance autophagic activity in vivo, we used trehalose instead of 

rapamycin, a well-known autophagy enhancer (29), because treha-

lose has been reported to improve neurologic de�cit by enhancing 

autophagic activity in vivo (30, 31) and rapamycin has adverse met-

abolic e�ects (57, 58). Indeed, we found that trehalose increased 

autophagic activity of islet cells in vitro and in vivo. Strikingly, 

trehalose signi�cantly improved the metabolic pro�le of hIAPP+ 

mice on HFD, which was accompanied by enhanced β cell func-

tion and attenuated hIAPP oligomer accumulation. To our know-

ledge, the ability of trehalose to improve the metabolic pro�le by 

enhancing autophagic activity has not been reported. These results 

imply promising therapeutic potential of trehalose against human 

T2D associated with islet amyloid deposition or that with reduced 

autophagic activity due to aging, obesity, or genetic predisposition.

Altogether, these results suggest that amyloidogenic hIAPP 

protein is cleared by autophagy and autophagy de�ciency leads to 

accumulation of hIAPP oligomer and deposition of amyloid that 

are distinct from inclusion bodies observed in autophagy-de�cient 

cells and comprise nonamyloidogenic proteins. Cellular injury, 

likely mediated by hIAPP oligomer, would lead to β cell death and 

functional impairment of β cells, such as diminished Ca2+ tran-

sients or insulin release in response to glucose. Autophagy de�-

ciency associated with genetic predisposition or aging could be a 

factor in the development of human diabetes, in which accumula-

tion of amyloidogenic hIAPP is observed frequently in contrast to 

murine diabetes. Novel agents such as trehalose that can enhance 

autophagic activity without adverse metabolic e�ects could be a 

future strategy for treatment of human T2D.

Methods
Animals. RIP-Cre mice of C57BL/6 background (Jackson Laboratory) 

were bred with Atg7�/� mice of C57BL/6 background and then with hIAPP+ 

mice (Jackson Laboratory) to �nally generate hIAPP+Atg7Δβcell mice  

at the second intercross generation. hIAPP+ mice were maintained on 

FVB/N background. RIP-Cre and Atg7�/� mice were genotyped as previ-

ously reported (5, 16). The presence of hIAPP transgene was con�rmed 

by PCR analysis of tail DNA using speci�c primers (forward, 5′-GTCAT-

Figure 7. Proposed model of pro-hIAPP dimer and trimer 

formation. The site of pro-hIAPP dimerization would be the 

membrane-rich fraction rather than the soluble fraction, 

since, after binding of pro-hIAPP to the membrane fraction, 

the local concentration of pro-hIAPP will increase and the 

encounter between molecules will be restricted to 2 dimen-

sions (54). Some of the pro-hIAPP dimer will be translocated 

to the soluble fraction, while other pro-hIAPP dimer would 

proceed to form pro-hIAPP trimer, probably in the mem-

brane-rich fraction. Although the exact molecular structure of 

the pro-hIAPP trimer is unknown, a recently proposed parallel 

stacking model with a U-bend conformation of β-strand–

loop–β-strand (47, 62) is shown.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 3 2 2 jci.org   Volume 124   Number 8   August 2014

were collected from the interface, and individual islets were hand-

picked using micropipettes. Collected islets were then dissociated into 

single cells by incubation with trypsin-EDTA for 5 minutes.

Primary monkey islet cells were isolated using the modi�ed 

Ricordi’s method (60). Brie�y, pancreata were dissected from 

60-month-old male monkeys and placed in 4°C HTK solution, fol-

lowed by distention with 3~4 ml/g pancreas cold Liberase MTF C/T 

solution (Roche). The distended pancreas was placed in an isolation 

chamber equipped with a peristaltic pump, and the temperature was 

raised to 37°C. During digestion, the isolation chamber was gently 

shaken, and serial samples were examined by light microscopy after 

dithizone (Sigma-Aldrich) staining. When free islets were observed, 

Dilution Solution (Corning) was applied to inactivate Liberase MTF 

C/T. Digested cells were collected into 200-ml conical tubes and 

washed with Washing Solution (Corning). Islets were then isolated 

by continuous density gradient centrifugation using a COBE 2991 

Cell Processor (COBE BCT Inc.) in a solution containing iodixanol 

(Optiprep, Axis-Shield). Collected islets were counted and cultured in 

CMRL1066 medium supplemented with 10% FCS at 37°C.

RT-PCR. RNA was prepared from isolated islet cells using TRI-

zol Reagent (Ambion). cDNA was synthesized using M-MLV Reverse 

Transcriptase (Promega) and oligo(dT)
12-18

 primer. The expression 

of Atg7 and hIAPP was examined by RT-PCR using speci�c prim-

ers (hIAPP forward, 5′-CCTGAAGCTGCAAGTATTTC-3′; reverse, 

5′-TTGGTAGATGAGAGAATGGC-3′; Atg7 forward, 5′-TGTGGAGCT-

GATGGTCTCTG-3′; reverse, 5′-TGATGGAGCAGGGTAAGACC-3′; 
β-actin forward, 5′-AGAGGGAAATCGTGCGTGACA-3′; reverse, 

5′-CACTGTGTTGGCATAGAGGTC-3′).

Measurement of [Ca2+]
c
. [Ca2+]

c
 was measured as described previ-

ously with modi�cations (59). Brie�y, medium-sized islets were loaded 

with 4 μM Fura 2-AM for 30 minutes at room temperature. After wash-

ing twice with Tyrode solution, [Ca2+]
c
 was recorded using a micro-

�uorometric system comprising an inverted �uorescence microscope 

(Olympus) equipped with a dry-type �uorescence objective lens, a 

photomultiplier tube (Hamamatsu), and a Deltascan illuminator (Pho-

ton Technology International). [Ca2+]
c
 was calculated from the �uores-

cence emission ratio at 340 nm/380 nm excitation. Δ[Ca2+]
c
 area was 

calculated as the total area of [Ca2+]
c
 above the basal [Ca2+]

c
.

Islet cell death. Primary pancreatic islets were placed on Tissue 

Culture Testplate (SPL Life Science) and incubated with 100 nM ba�-

lomycin (Sigma-Aldrich) for 24 hours. Apoptosis was quanti�ed by 

measuring the amount of oligonucleosomes in cell lysate by ELISA 

using a Cell Death Detection ELISA Kit (Roche), according to the 

manufacturer’s instruction.

EM. Ultrastructural changes of cells at the organelle level were 

examined using EM, and the number of autophagosomes was counted 

as described previously (5). Double-membrane compartments con-

taining loose cytoplasmic material or organelles were considered 

autophagosomes (61).

Trehalose treatment. While 16- to 20-week-old hIAPP+ mice were 

fed HFD, 2 g/kg trehalose (Sigma-Aldrich) dissolved in PBS was 

administered i.p. 3 times a week. IPGTT was performed after treha-

lose administration for 4 weeks, and the AUC and insulinogenic index 

were calculated. For in vitro treatment, primary murine islet cells were 

treated with 100 mM trehalose for 24 hours with or without 100 nM 

ba�lomycin pretreatment, and cell lysates were subjected to Western 

blot analysis using anti-LC3, anti-p62, or anti–β-actin Ab.

5′-CTTAAGCTTACCATGTGCATCTCCAAAC-3′; reverse-XhoI, 5′- 

CCGCTCGAGTTAAACGAGTAAGAAATCCAAG-3′ (restriction sites 

are underlined). After digestion with HindIII and Xho, PCR products 

were subcloned into pcDNA5-FRT/TO-HA to produce prepro-hIAP-

P-HA and prepro-mIAPP-HA. Mutant prepro-hIAPP was generated 

by changing codons for Ala at codon 58 (GCC) and for Ser at codon 

61 (TCA) and 62 (TCT) to the codons for Pro (CCA) by site-directed 

mutagenesis using the following synthetic oligonucleotides: pre-

pro-hIAPPmt forward, 5′-AGCAACAACTTTGGTCCAATTCTCCC-

ACCAACCAACGTGGGATCC-3′; reverse, 5′-GGATCCCACGTT G-

GTTGGTGGGAGAATTGGACCAAAGTTGTTGCT-3′ (codons for 

proline are underlined). Site-directed mutagenesis of the cleavage site 

of “pre” sequence from prepro-IAPP (A23D mutation of prepro-mI-

APP-HA and A22D mutation of prepro-hIAPP-HA) was conducted in 

a similar way. Transient transfection was performed using E�ectene 

(Qiagen) (for monkey islet cells or INS-1 cells) or jetPEI DNA transfec-

tion reagent (Polyplus) (for INS-1 cells) according to the manufactur-

er’s instructions.

To block autophagy of transfected cells, after 24 hours of transfec-

tion, culture medium was changed to a new medium containing 5 mM 

3-MA for INS-1 cells or containing 100 nM ba�lomycin for primary islet 

cells. After another 24 hours of incubation, cells were lysed with a lysis 

bu�er (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 50 mM HEPES, 0.5% 

Triton X-100, and 0.5% deoxycholate). For some experiments, cell 

lysates were further separated into soluble and insoluble fractions by 

centrifugation at 8,000 g for 30 minutes. The detergent-soluble frac-

tion was loaded onto a gel and separated electrophoretically. Deter-

gent-insoluble pellets were fully solubilized in the original volume of 

1% SDS, 100 mM Tris, pH 7.5, and separated electrophoretically.

Western blotting. Western blot analysis was done using Abs speci�c 

for LC3 (Novus), p62 (Progen), HA (Cell Signaling), or β-actin (Santa 

Cruz) after separation on a gradient gel (NuPAGE, Life Technology).

Confocal microscopy. Expression of p62, ubiquitin, and insulin was 

evaluated by confocal microscopy (Carl Zeiss) after immuno�uores-

cent staining of depara�nized tissue sections. Accumulation of hIAPP 

oligomer in frozen tissue sections or cells cultured in Lab-Tak II Cham-

ber Slide (Thermo) was studied the same way. GFP �uorescence in islets 

of GFP-LC3+ mice was also examined by confocal microscopy. Line trac-

ing, a method of tracking signal intensities along arbitrary lines, was con-

ducted to examine colocalization of color signals. The following primary 

Abs were used confocal microscopy: anti-insulin, anti-ubiquitin (DAKO), 

anti-p62 (Progen), I11 (provided by C.G. Glabe, UC Irvine, Irvine, Cali-

fornia, USA), and A11 (Millipore). Secondary Abs were from Invitrogen.

Amyloid staining. Depara�nized sections or cells cultured in 

chamber slides were treated with 70% formic acid for 20 minutes and 

then incubated with 1% Thio�avin-S (Sigma-Aldrich) at room temper-

ature, with light protection for 20 minutes or with 10 μM FSB (Milli-

pore) for 1 hour. Cells were mounted after counterstaining with DAPI 

for observation on a �uorescent microscope (Nikon).

Isolation of pancreatic islets. Murine islets were isolated from 

fasted mice using the collagenase digestion technique as described 

previously (59). Brie�y, the pancreas was procured after injection of 

2.5 ml collagenase P (0.8 mg/ml) into the bile duct and incubated in 

collagenase solution at 37°C for 13 minutes and 20 seconds with gentle 

shaking. After termination of enzymatic digestion with cold HBSS-5% 

FCS, tissue was passed through a 400-μm sieve and centrifuged on 

1.10, 1.085, 1.069, and 1.037 g/ml Biocoll gradients (Biochrom). Islets 
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Statistics. All values are expressed as mean ± SD. A 2-tailed Stu-

dent’s t test was used to compare the values between groups. P values 

less than 0.05 were considered signi�cant.

Study approval. All animal experiments were conducted in accor-

dance with the Public Health Service Policy on Humane Care and Use 

of Laboratory Animals. Mouse experiments were approved by the 

IACUC of Samsung Medical Center Animal Facility, an Association 

for Assessment and Accreditation of Laboratory Animal Care–accred-

ited (AAALAC-accredited) unit. Monkey experiments were approved 

by the IACUC of Orientbio, another AAALAC-accredited unit.
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