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A GLP-1 receptor agonist attenuates human islet amyloid
polypeptide-induced autophagy and apoptosis in MING6 cells
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Abstract. Type 2 diabetes mellitus (T2DM) is characterized
by the dysfunction and loss of pancreatic islet B-cells, in
part due to islet amyloid deposits derived from islet amyloid
polypeptide (IAPP). The glucagon-like peptide-1 (GLP-1)
receptor agonist exendin-4 enhances the insulin secretory
response by increasing B-cell mass in T2DM. However,
it is unknown whether exendin-4 protects [-cells from
IAPP-mediated autophagy and apoptosis. In the present study,
reverse transcription-quantitative polymerase chain reaction,
ELISA and western blotting were used to detected the mRNA
and protein expression of insulin/hIAPP and other signaling
molecules, while the mechanisms underlying these effects
were also determined. Exendin-4 increased the level of insulin
secretion, which was greater than that of IAPP, leading to
a beneficial IAPP/insulin secretion pattern. In MING6 cells
incubated with 25 mM glucose, exendin-4 decreased the ratio
of light chain 3 (LC3)-II/1, which was accompanied by an
increase in p62 protein. In a hITAPP-overexpressing MING cell
model, exendin-4 prevented the hIAPP-induced increase in
the LC3II/I ratio and decrease in p62 expression. In addition,
exendin-4 pretreatment reduced hIAPP-induced activation
of cleaved caspase-3, suggesting that exendin-4 may protect
MING cells against apoptosis. Taken together, the results high-
light hIAPP as a critical mediator of (3-cell loss and suggest
that the GLP-1 receptor agonist exendin-4 may be a potential
therapeutic agent for hIAPP-induced -cell damage.
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Introduction

Type 2 diabetes mellitus (T2DM) is characterized by loss
of B-cell mass, dysfunction of B-cells and increased B-cell
apoptosis (1). Islet pathology in T2DM is characterized by the
accumulation of extracellular islet amyloid deposits derived
from islet amyloid polypeptide (IAPP), which is also known
as amylin (2). IAPP, a 4-kDa peptide hormone composed of 37
amino acids, is synthesized and co-secreted from pancreatic
[B-cells along with insulin. Although extracellular islet amyloid
is relatively inert, the intracellular membrane-permeant toxic
IAPP oligomers that form within f-cells in T2DM are thought
to induce (-cell dysfunction and apoptosis (3,4). A previous
study investigating the mechanisms involved in the human
TAPP (hIAPP)-induced onset of the multidimensional patho-
genic response in B-cells suggested that impaired autophagy,
endoplasmic reticulum (ER) stress, reactive oxygen species
activation, membrane disruption and receptor-mediated signal
transduction cascades may serve a role in this process (5).

Glucagon-like peptide-1 (GLP-1) is a gastrointestinal
hormone primarily secreted by L cells in the intestine in
response to food intake. GLP-1 has been shown to ameliorate
hyperglycemia by augmenting p-cell insulin secretion and
by imposing a low risk of induced hypoglycemia (6). An
increasing number of studies have revealed that GLP-1 exhibits
beneficial pleiotropic effects in B-cells, including attenuating
oxidative stress (7), the inflammatory response (8) and unbal-
anced autophagy (9), and enhancing cellular proliferation and
survival (10).

Amylin and structurally related calcitonin gene-related
peptide (CGRP) restrain the stimulatory effect of GLP-1 (7-36)
amide (11). GLP-1 protects the brain from [-amyloid peptide
toxicity (12,13). Furthermore, Park er al (14) revealed
that a GLP-1 receptor agonist may preserve B-cells by
restoring impaired pro-hIAPP processing and reducing
hIAPP aggregation. However, further investigation into the
exendin-4-mediated protective effects on hIAPP-induced
damage in pancreatic p-cells is still required (15,16). In addi-
tion, it is also thought that complex interactions may exist
between GLP-1 and IAPP.

Autophagy is an intracellular process characterized
by dynamic rearrangement of subcellular membranes that
sequester cytoplasm, protein aggregates, pathogens and
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organelles for delivery to vacuoles and lysosomes, where the
components are degraded and recycled (17). Autophagy is
important for maintaining protein quality, which is crucial
for diverse biological processes (17,18). Several studies
have revealed that human IAPP induces [3-cell mass loss by
targeting autophagy (19,20); however, it is not known whether
hIAPP-induced islet B-cell toxicity attenuation by GLP-1 is
associated with alterations in autophagy.

The aim of the present study was to elucidate the hIAPP
secretion patterns and insulin stimulatory effects of exendin-4
in MING cells and to determine whether a GLP-1 receptor
agonist has anti-autophagic and anti-apoptotic effects on
hIAPP overexpression in MING cells.

Materials and methods

Cell culture and transfection. MIN-6 cells, purchased from
China Center for Type Culture Collection (Wuhan, China)
were cultured in Dulbecco's modified Eagle's medium
containing 25 mM glucose (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) with 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.), 100 U/ml penicillin (Beyotime
Institute of Biotechnology, Shanghai, China) and 100 mg/ml
streptomycin-sulfate (Beyotime Institute of Biotechnology,
Jiangsu, China) at 37°C and 100% humidified air containing
5% CO, until 80-90% confluence was reached.

Cell transfection was performed using Lipofectamine
3000™ (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. Briefly, cells were seeded
at 1x10° cells/well in a 6-well plate with 2 ml of growth
medium without antibiotics at 37°C. Once 70% confluence
was reached, MIN-6 cells were divided into three groups
according to transfection: hIAPP, blank plasmid and control
group without plasmid. In hIAPP or blank plasmid group,
cells were transfected with 2.5 ug of hIAPP plasmid or empty
plasmid DNA (Beyotime Institute of Biotechnology, Jiangsu,
China) and 7.5 pl of Lipofectamine® 3000 (Beyotime Institute
of Biotechnology, Jiangsu, China), respectively. In the control
group, cells were culture in growth medium without antibiotics.
After 8 h at 37°C, the medium was changed to growth medium
containing antibiotics. At 24 h post-transfection, MIN-6 cells
were further cultured at 37°C in 6-well plates until 70% conflu-
ence was reached. Then, 100 nM Exendin4 was added to the
culture medium for 24 h. Untransfected MIN-6 cells treated
with rapamycin only were used as positive controls.

Determination of insulin and IAPP levels by enzyme-linked
immunosorbent assay (ELISA). Insulin and amylin levels in
MIN-6 cells supernatants were determined using a mouse
ELISA kit (cat. nos. BPE20353 and BPE20356) purchased from
Shanghai Langton Biotechnology Co. Ltd. (Shanghai, China)
according to the manufacturer's instructions. Absorbance at
450 nm was measured using an ELX800 Universal Microplate
Reader (BioTek Instruments, Inc., Winooski, VT, USA). A
standard curve was obtained using purified proteins supplied
with the ELISA kit.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from cells using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was reverse
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transcribed with a SYBR Premix Ex Taq II RT kit from
Takara Bio, Inc. (Otsu, Japan). The RT reaction was conducted
under the following conditions: 37°C for 15 min and 85°C for
5 sec; then held at 4°C. The gPCR was performed on a CFX96
instrument (Bio-Rad Laboratories, Inc.) with SYBR Premix
Ex Taq (Takara Bio, Inc., Otsu, Japan). The primers used to
amplify insulin, IAPP and fB-actin genes, were synthesized
by Invitrogen (Thermo Fisher Scientific, Inc.): Mouse insulin
sense, S"“TGTTGGTGCACTTCCTACCC-3' and antisense,
5'-ACACACCAGGTAGAGAGCCT-3"; mouse IAPP sense,
5'-AGATGGACAAACGGAAGTGC-3' and antisense 5-TTG
GTTGGTGGGAGGACTG-3"; and mouse fB-actin sense
5'-GGGAAATCGTGCGTGAC-3" and antisense 5'-AGG
CTGGAAAAGAGCCT-3". gqPCR was conducted under the
following conditions: 95°C for 5 min, followed by 40 cycles
of 95°C for 5 sec, 60°C for 30 sec and 72°C for 10 sec. The
melting procedure was as follows: 30 sec at 95°C, followed by
40 cycles of 15 sec at 95°C and 60 sec at 60°C. Gene expres-
sion was quantified using the 224 method (21); the relative
amount of each gene was normalized to that of $-actin, and the
result is expressed as a ratio of the relative amount.

Methyl thiazolyl tetrazolium (MTT) assay. MING cells were
seeded (4x10°/well) in 96-well plates and incubated at 37°C
for 24 h. The cells were then cultured with 25, 50 or 100 nM
exendin-4 or an equal volume of DMSO for 24 h and subjected
to an MTT assay. An MTT (0.5 mg/ml) solution prepared in
phosphate-buffered saline was added to each well, and the
plates were then incubated at 37°C in a 5% CO,-humidified
atmosphere for 4 h. Subsequently, the cells were treated with
150 u1 DMSO, and the optical density was detected with an
ELX800 Universal Microplate Reader (BioTek Instruments,
Inc.) at a wavelength of 630 nm. Viability was defined as
the ratio (expressed as a percentage) of the absorbance of
exendin-4-treated cells to that of DMSO-treated cells.

Western blot analysis. Cells were harvested and lysed for
protein isolation with total protein extraction reagent (cat.
no. ARO103; Boster Biological Technology, Pleasanton, CA,
USA). Protein concentration was determined with the bicin-
choninic acid protein assay. Protein samples (50 yg/lane) were
separated by 12% SDS-PAGE, then electrotransferred onto
polyvinylidene fluoride membranes (Bio-Rad Laboratories,
Inc.). Following preincubation in blocking buffer [5% non-fat
milk in Tris-buffered saline containing 0.05% Tween-20
(TBS-T)] for 1.5 h at room temperature, the membranes were
incubated with primary antibodies against sequestosome
1/p62 (1:1,000; cat. no. 8025, Cell Signaling Technology,
Inc., Danvers, MA, USA), light chain 3 (LC3, 1:1,000; cat.
no. 3868; Cell Signaling Technology, Inc.), IAPP (1:1,000;
cat. no. PA5-29713; Thermo Fisher Scientific, Inc.), cleaved
caspase-3 (1:1,000; cat. no. 9664; Cell Signaling Technology,
Inc.) or B-actin (1:5,000; cat. no. BS6007M; Bioworld
Technology, Inc., St. Louis Park, MN, USA) for 12 h at 4°C.
The membranes were then washed in TBS-T and incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5,000; cat. nos. IgGA0208 and IgGA0216; Beyotime
Institute of Biotechnology) for 1-2 h at room temperature.
Reactions were visualized with enhanced chemiluminescence
reagents (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
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Figure 1. IAPP/insulin levels in exendin-4-treated MING cells. MING cells were subjected to various concentrations (25, 50 or 100 nM) of exendin-4 for
the indicated times (12, 24, or 48 h). Cell supernatants were collected and analyzed by ELISA. Total RNA was extracted and analyzed by reverse transcrip-
tion-quantitative polymerase chain reaction. Detection of (A) insulin and (B) IAPP protein levels in the conditioned medium from MING cells incubated with
exendin-4. (C) Ratio of the IAPP/insulin protein level. mRNA levels of (D) insulin and (E) IAPP in MING cells incubated with exendin-4. (F) Ratio of the
IAPP/insulin mRNA level. Data are presented as the mean * standard error of the mean (n=3/group). “P<0.05 vs. control at the corresponding time point;
"P<0.05 vs. 12 h at the corresponding concentration treatment. IAPP, islet amyloid polypeptide.

Densitometric analysis was performed with by ImageJ version
1.46r (National Institutes of Health, Bethesda, MD, USA).

Statistical analyses. Data are presented as the mean + stan-
dard error of the mean. Statistical significance was
assessed by one-way analysis of variance with a post-hoc
Student-Newman-Keuls test for multiple comparisons using
GraphPad Pro software (GraphPad Software, Inc., La Jolla,
CA, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Insulin/IAPP secretion patterns of MING cells following
exendin-4 pretreatment. As exendin-4 stimulates insulin
secretion (22), alterations in the levels and secretion patterns
of insulin and IAPP in MING cells were investigated following
treatment with the GLP-1 receptor agonist, exendin-4. Insulin
and TAPP secretion increased significantly in time- and
dose-dependent manners (Fig. 1A and B). As the increase in
the level of insulin secretion was greater than that of TAPP, the
IAPP/insulin ratio decreased with longer treatment times and
higher concentrations of exendin-4 (Fig. 1C). In addition, the
levels of IAPP mRNA expression were significantly increased
in a concentration- and time-dependent manner; however, the
IAPP/insulin mRNA ratio decreased (Fig. ID-F).

Cell viability. MTT assays were performed to examine the
activities of different exendin-4 concentrations (25, 50 or
100 nM) in MING6 cells. As shown in Fig. 2A, cell viability
increased significantly in a time- and dose-dependent
manner (Fig. 2A).

Exendin-4 reduces autophagy in MING cells. The impact of
[-cell autophagy has been proposed to be beneficial (23) and
detrimental (24) to cell survival. To further characterize the
positive effects of exendin-4 pretreatment on MING6 cells,
the present study assessed changes in the protein levels the
autophagy markers, LC3II/I and p62 (Fig. 2B). Exendin-4
pretreatment reduced the LC3II/I ratio, which was accompa-
nied by an increase in the level of p62 (Fig. 2B-D).

hIAPP-overexpression MING cell model. Exendin-4 has been
reported to inhibit hTAPP-induced insulinoma (INS-1E) cell
death (15). To investigate the interactions between GLP-1 and
IAPP, a hIAPP-overexpression MING cell model was established
(Fig. 3). The protein and mRNA expression levels of hIAPP
were significantly upregulated following transfection with the
hIAPP-overexpression plasmid into MING cells (Fig. 3).

Exendin-4 protects MING cells against hIAPP-induced
autophagy and apoptosis. As shown in Fig. 4A, C and D, there
was a significant increase in the LC3II/I ratio and decrease
in p62 expression in MING cells overexpressing hIAPP; these
results were comparable to those achieved with treatment
with rapamycin, an autophagy inducer. However, autophagy
activation was significantly attenuated by exendin-4 pretreat-
ment. Cleaved caspase-3, the active form of caspase-3, was
assessed to confirm apoptosis. Cleaved caspase-3 levels were
significantly increased in hIAPP-overexpressing MING6 cells
when compared with control cells. However, the increased
level of cleaved caspase-3 was reversed by exendin-4
pretreatment. These results indicated that hIAPP induced
autophagy and apoptosis, whereas exendin-4 attenuated these
effects (Fig. 4B and E).
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Figure 2. Exendin-4 reduces autophagy in MING6 cells. (A) Viability of MING cells exposed to exendin-4. MING6 cells were treated with or without exendin-4
(25, 50 or 100 nM) for 24 or 48 h. Cell viability was measured using the MTT assay and was calculated as a percentage of the controls. "P<0.05 vs. control at
the corresponding time point; “P<0.05 vs. 12 h at the corresponding concentration treatment. (B) Autophagy in MING cells treated with exendin-4. MING6 cells
were treated with or without exendin-4 (50 or 100 nM) for 24 h. Representative western blot analysis of LC3 and p62 expression in MING6 cells treated with
exendin-4. (C and D) The densitometric quantification of the western blot for (C) LC3I/II and (D) p62 was performed via normalization of the band density
of the indicated protein to that of the loading control protein. Data are presented as the mean + standard error of the mean (n=3/group). "P<0.05 vs. the control

group; “P<0.05 vs. 100 nM exendin-4. LC3, light chain 3.

Discussion

It is now widely accepted that B-cell failure, including
decreased B-cell mass and insulin secretion, leads to T2DM.
GLP-1 receptor agonist therapies have shown promising effects
in terms of positively affecting $-cell function and increasing
B-cell mass (20,22) however, the underlying mechanisms
remain unclear. In the present study, exendin-4 pretreatment
improved the insulin and IAPP secretion pattern and cell
viability in a time- and dose-dependent manner. The results
support a novel model in which hIAPP induces autophagy
activation, leading to MING cell apoptosis. Pretreatment with
exendin-4 reversed hIAPP-induced apoptosis and inhibited
autophagy.

As TAPP is co-secreted with insulin, insulin resistance
causes IAPP overexpression, which may contribute to
amyloidogenesis. Xiao et al (25), demonstrated that short-term
exposure to high TAPP concentrations inhibited gliben-
clamide-induced K (adenosine triphosphate) channel closure
and decreased calcium influx, which may ultimately lead to
reduced insulin secretion in INS-1 cells. Insulin has been
shown to prevent IAPP aggregation (26). In addition, a change
in the TAPP/insulin ratio, rather than an increase in IAPP
levels, is vital for amyloid formation (27). Circulating levels
of GLP-1 directly stimulate 3-cell insulin secretion through
protein kinase C-dependent transient receptor potential cation
channel subfamily M member 4 (TRPM4) and TRPMS5
activation (28). However, little is known about the effects of
GLP-1 receptor agonists on stimulating endogenously released
IAPP instead of insulin. By examining the exendin-4-induced

secretion pattern of IAPP and insulin in MING cells incubated
with 25 mM glucose, the present study revealed that exendin-4
increased the protein and mRNA levels of insulin, as well
as those of IAPP, in a dose- and time-dependent manner. In
addition, the TAPP/insulin ratio decreased significantly with
increasing concentrations and time. These results indicated
that islet insulin release may be more sensitive than IAPP
release is to exendin-4 stimulation. According to the present
results, beneficial IAPP/insulin secretion patterns in MIN6
cells can be enhanced by high exendin-4 concentrations and
long incubation times.

Autophagy is a crucial regulator of pancreatic
[B-cell homeostasis (29), and impaired autophagic machinery
may lead to -cell dysfunction and ultimately T2DM (30). The
present study revealed that there was inhibition of autophagy
activation with increasing concentrations of exendin-4
(50 and 100 nM) in MING6 cells, and this inhibitory effect
was also observed in f-cell viability in a dose-dependent
manner. Consistent with the present results, a previous study
reported that exendin-4 protects against tacrolimus-induced
pancreatic islet injury by regulating autophagy clearance (10).
Zhao et al (31) also revealed that liraglutide exerts a protective
effect in the presence of high glucose by inhibiting autophagy
in HK-2 cells and in the kidneys of diabetic rats. Nonetheless,
another previous study proposed that by activating autophagy,
liraglutide exerts a protective effect on glucolipotoxicity and
lipotoxicity in INS-1E B-cells (32). These findings suggest
that the underlying mechanism of autophagic dysfunction
under different conditions may determine the impact of GLP-1
receptor agonists.
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Figure 3. Change in IAPP level following transfection. (A) Western blot analysis of hIAPP expression in hlAPP-overexpressing MING cells at the end of
a 24 h treatment period (48 h post-transfection); 3-Actin served as the loading control. The densitometric quantification of the western blot results was
performed via normalization of the band density of the indicated protein to that of the loading control protein (n=3 per group). (B) The mRNA level of IAPP
in IAPP-overexpressing MING cells at the end of a 24 h treatment period (48 h post-transfection). Data are presented as mean + standard error of the mean
(n=3/group). ‘P<0.05 vs. the control; “P<0.05 vs. the empty plasmid. hIAPP, human islet amyloid polypeptide.
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was performed via normalization of the band density of the indicated protein to that of the loading control protein. Data are presented as mean + standard
error of the mean (n=3/group). "P<0.05 vs. the control; “P<0.05, as indicated. hIAPP, human islet amyloid polypeptide; LC3, light chain 3; RAPA, Rapamycin;

Ex4, exendin-4.

Shigihara et al (33), reported that increased insulin resis-
tance may enhance the toxic potential of hTAPP and ultimately
[B-cell failure. Therefore, the present study evaluated the patho-
genic role of hTAPP on autophagy in an hIAPP-overexpression
MING cell model as well as the possible reversion capacity of
exendin-4 pretreatment. The results indicated that exendin-4
pretreatment attenuated the hIAPP-induced increase in the
LC3II/Tratio and decrease in p62 expression, both of which are
indicators of autophagy. Previous studies have demonstrated

that GLP-1 exerts protective effects by inhibiting excessive
autophagy (10,34,35). All of these studies, taken together with
the present results, suggest that exendin-4 may exhibit protec-
tive effects by attenuating hIAPP-induced autophagy in MIN6
cells.

GLP-1 receptor agonists have been shown in many
paradigms to enhance (3-cell survival by decreasing apop-
tosis (36-38). For example, an in vitro study reported that GLP-1
receptor agonists protect 3-cells from injury-induced apoptosis,
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including cytokine-, ER stress- and glucolipotoxicity-induced
apoptosis (6). The present results indicated that exendin-4
alleviated hIAPP-induced apoptosis to levels comparable with
those of the control group. These results are consistent with
our previous findings in clonal insulinoma cells (INS-1E cell
line) (15). Whether autophagy is the driver of cell death or a
pro-survival process in response to certain stress conditions
remains controversial. Although autophagy was initially
described as a cytoprotective response under nutrient depriva-
tion, a series of studies have suggested that autophagy serves a
vital role in promoting cell death, including apoptosis (39-41).
Future studies are required to define the precise mecha-
nisms underlying the effects of exendin-4 on autophagy and
apoptosis.

Targeting autophagy and apoptosis inhibition represents
a novel therapeutic strategy against 3-cell failure in diabetic
patients. However, the majority of traditional anti-diabetic
agents are unable to induce any direct anti-autophagic
or anti-apoptotic benefits in dysfunctional (-cells during
diabetes progression. Multiple mechanisms are involved in
the pathogenesis of hIAPP-induced p-cell failure, such as
autophagy and apoptosis (42,43). The results of the present
study further support the therapeutic potential of exendin-4 in
treating diabetic [-cell failure by attenuating hIAPP-induced
autophagy and apoptosis. With anti-autophagic and anti-apop-
totic properties, exendin-4 may gain more attention for -cell
failure treatment.

In conclusion, the present study revealed that a beneficial
IAPP/insulin secretion pattern was achieved in response to
exendin-4 pretreatment in MING6 cells, and this was accompa-
nied by autophagy inhibition. hIAPP overexpression enhanced
autophagy and apoptosis in MING cells, and these processes
were attenuated by exendin-4 pretreatment. Although more
research is required to examine the underlying protective
mechanism of GLP-1 receptor agonists on 3-cells, the results
highlight the potential therapeutic application of GLP-1
receptor agonists in the treatment of T2DM.
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