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Diabetes related cell death.

Endoplasmic reticulum (ER) stress is associated with the development of diabetes. The present study
sought to investigate the effect of Liraglutide, a glucagon like peptide 1 analogue, on ER stress in B-cells.
We found that Liraglutide protected the pancreatic INS-1 cells from thapsigargin-induced ER stress and
the ER stress associated cell apoptosis, mainly by suppressing the PERK and IRE1 pathways. We further
tested the effects of Liraglutide in the Akita mouse, an ER-stress induced type 1 diabetes model. After
administration of Liraglutide for 8 weeks, p-elF2o and p-JNK were significantly decreased in the pancreas
of the Akita mouse, while the treatment showed no significant impact on the levels of insulin of INS-cells.
Taken together, our findings suggest that Liraglutide may protect pancreatic cells from ER stress and its

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The prevalence of diabetes mellitus is increasing dramatically;
the number of diabetic patients may reach 300 million by 2030
globally [1]. Pancreatic B-cells possess a highly developed endo-
plasmic reticulum (ER) system for the biosynthesis, process and
secretion of insulin, and B-cell dysfunction plays a key role in the
pathogenesis of diabetes [2]. Accumulating evidence suggests that
ER stress contributes to B-cell loss and insulin resistance, thus
playing an important role in the pathogenesis of diabetes [3]. Many
stimuli can trigger ER stress in B-cells including hyperglycemic
and/or hyperlipidemic conditions, amyloid deposits, and inflam-
matory cytokines [4]. Upon ER stress, cells induce the unfolded
protein response (UPR) via three signaling transducers: double-
stranded RNA-activated protein kinase-like ER kinase (PERK),
activating transcription factor 6 (ATF-6), and inositol requiring
enzyme-1 (IRE1) [5]. The three signaling transducers are activated

Abbreviations: ER, endoplasmic reticulum; UPR, unfolded protein response;
PERK, double-stranded RNA-activated protein kinase (PKR)-like ER kinase; ATF-6,
activating transcription factor 6; IRE1, inositol requiring enzyme 1; Bip, luminal
binding protein (also known as GRP78); elF2a, eukaryotic translation initiation
factor 2a,; GLP-1, glucagon-like peptide 1; CHOP, C/EBP homologous protein; TG,
thapsigargin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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by luminal binding protein (Bip) mediated dissociation and initiate
the three corresponding downstream signaling pathways. For the
PERK branch, PERK phosphorylates eukaryotic translation initia-
tion factor 2o (elF2a) to attenuate the translation of cell cycle
proteins and enhance the translation of ATF4, which further in-
duces C/EBP homologous protein (CHOP) and ATF3 resulting in cell
apoptosis [6]. In the other two pathways, activated IRE1 induces
JNK phosphorylation and contributes to ER stress-mediated
apoptosis [7,8]; whereas phosphorylated ATF-6 activates the
transcription of ER chaperones, including Bip and protein disulfide
isomerase (PDI), to increase the level of ER proteins that facilitate
protein folding [9,10]. The unsolved ER stress contributes many
diseases, including diabetes [11].

Glucagon-like peptide 1 (GLP-1) is a gut hormone that can stim-
ulate insulin release, inhibit glucagon secretion and gastric empty-
ing to decrease blood glucose. GLP-1 also reduces B-cell apoptosis
and promotes their regeneration [12,13]. To study whether GLP-1
affects ER stress in pancreatic B-cells, Liraglutide, an acylated
GLP-1 analogue with prolonged half-life [14], was added to thapsi-
gargin (TG) treated INS-1 cells (a rat insulinoma cell line). TG is a
specific inhibitor of a Ca?*/ATPase pump that is used as an ER stress
inducer [15]. We also administered Liraglutide to Akita mice, a
model of type 1 diabetes [16], which has the accumulation of mis-
folded insulin in the ER lumen inducing ER stress in the B-cells due
to a mutation in the insulin 2 gene (Ins2, Cys96Tyr) [17]. Our
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Fig. 1. Changes in ER stress pathways by Liraglutide-treatment of INS-1 cells. (A) Western blot analysis of chaperone protein levels in different experimental groups. (B)
Western blot analysis of protein levels of ATF-6 in different experimental groups. (C) Western blot analysis of protein levels of PERK signaling pathway in different
experimental groups. (D) Western blot analysis of protein levels of IRE1 signaling pathway in different experimental groups (n = 3 in each group, CON, control group, non-
treated cells; TG, cells treated with TG; TG + L, cells treated with TG and Liraglutide; #p < 0.05 compared with control group; *p < 0.05 compared with TG group, the protein

levels were normalized against B-actin, elF2a and JNK, respectively).

findings, both in vitro and in vivo, suggest that Liraglutide protects
pancreatic cells against ER stress and cell death.

2. Materials and methods
2.1. Cell culture

INS-1 were cultured with RPMI-1640 media containing 10% fe-
tal bovine serum, 100 mg/L penicillin-streptomycin and 110 mg/L
sodium pyruvate, and incubated at 37 °C in 5% CO, atmosphere.
150 nM Liraglutide (GL Biochem., Shanghai, China) was added to
the media for 30 min, followed by TG-treatment (5 uM) for 3 h.

2.2. Animals

Nine week old male Akita mice on a C57BL/6 background and
their sex- and age-matched wild-type controls were obtained from
the Model Animal Research Center of Nanjing University and ABSL-
III laboratory of Wuhan University, respectively. The animals were
housed in ventilated microisolator cages with free access to water
and food. Akita mice were randomly divided into two groups: Akita
(n=3) and Liraglutide-treated Akita (50 nmol/kg/day by i.p. injec-
tion, from 11 weeks to 18 weeks, n = 5). Body weight (BW), fasted
blood glucose (FBG) and non-fasted blood glucose (NFBG) were
monitored every week with a ONE TOUCH glucometer (Lifescan
Canada Ltd.). All animals were sacrificed at 19 weeks of age, the
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Fig. 2. Liraglutide-treatment suppresses death of INS-1 cells. (A) Western blot analysis of levels of CHOP in different experimental groups, the protein levels were normalized
against p-actin. (B) The fold changes of CHOP normalized to p-actin bands (n = 3 in each group, #p < 0.05 compared with control group; *p < 0.05 compared with TG group). (C)
INS-1 cells viability determined by MTT assay, cells co-incubated with TG and different concentrations of Liraglutide (n = 6 in each group, *p < 0.05 compared with control

group; *p < 0.05 compared with TG group).

pancreas was dissected under microscope and immediately frozen
in —80 °C until use. All animals were handled according to the
guidelines approved by the Committee on Ethics in the Care and
Use of Laboratory Animals of College of Life Sciences, Wuhan
University.

2.3. Western blot

INS-1 cells were washed twice with PBS, and collected by
centrifugation at 1000g for 10 min at 4 °C, protein was extracted
by sonication in RIPA buffer (Beyotime Biotech, China). Pancreatic
tissue (20 mg) from experimental mice was sonicated in RIPA
buffer. Total protein concentration was quantified using a BCA
protein assay kit (DBI Bioscience, Ludwigshafen, Germany).
20-50 g protein samples were separated using 8-12% SDS-PAGE
gels and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Roche, Basel, Switzerland). The membranes were first
stained with washable Ponceau S solution to establish equal
protein loading. After a brief wash, the membranes were blocked
with 2% nonfat milk (Bio-Rad, Hercules, CA) in TBST (TBS with
0.1% Tween-20) buffer. Primary antibodies against Hsp70 (1:5000
dilution; BD Bioscience, San Jose, CA), Calnexin (1:5000 dilution;
BD Bioscience), PDI (1:1000 dilution; Cell Signaling Technology,
Danvers, MA), total elF2a (1:1000 dilution; Cell Signaling Technol-
ogy, CST), phosphorylated-elF2or (1:1000 dilution; CST), JNK
(1:1000 dilution; CST), phosphorylated JNK (1:1000 dilution;
CST), Bip (1:1000 dilution; CST), Chop (1:1000 dilution; CST), Akt
(1:5000 dilution; CST), p-AKT (Ser473) (1:1000 dilution; CST);
IRE1a (1:5000 dilution; CST), and phosphorylated PERK (1:5000
dilution; Santa Cruz Biotechnology, CA) were applied overnight
at 4 °C. After extensive washing, blots were further incubated with
the appropriate HRP-coupled secondary antibody (1:5000; CST) and
visualized using ECL reagent (Thermo scientific, Rockland) by
exposure to X-OMAT autoradiograph films (Kodak, USA). The
developed films were subsequently scanned, and band intensities
were quantified using Quantity One Software (Bio-Rad).

2.4. MTT assay

INS-1 cells were plated at a density of 5 x 10* cells/well and
incubated at 37 °C in 5% CO, for 12 h. Fresh medium containing
150- or 200-nM Liraglutide [18] and 3 uM TG was then added

and incubated for 24 h. For the MTT assay, cells were incubated
with 10 pl MTT (5 mg/ml) per well for 4 h. 100 pul formazan was
added to each well and the absorbance was measured at 570 nm.

2.5. RNA isolation and RT-PCR

RNA was extracted from cultured cells using RNAiso Plus (Taka-
ra Biotechnology Co., Dalian, China) as we previously reported [19].
cDNA synthesis was performed using the M-MLV First Stand Kit
(Invitrogen, Carlsbad, CA). Primer sequences of target genes are
provided in Supplementary Table S1. RT-PCR was performed using
a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercu-
les, CA). PCR products were separated by electrophoresis using 2%
agarose gels, and images were photographed by Molecular Imager
Gel Doc XR (Bio-Rad, Hercules, CA). Band density was quantified
using Quantity One 1-D Analysis Software (Bio-Rad). 18S rRNA
was used as an internal control. The data are presented as fold
changes compared to the level of NC group, which is set as onefold.

2.6. Insulin ELISA

At 80% cell confluence, the media was replaced with either
5uM TG media with or without 150 nM Liraglutide, or normal
media. Insulin content from INS-1 cells was detected by using an
insulin ELISA kit (Millipore, Billerica, MA) according to the manu-
facturer’s instruction.

2.7. Statistical analysis

Data were presented as mean # SD. Data were analyzed by the
nonparametric Kruskal-Wallis test followed by the Mann-Whit-
ney test, where p < 0.05 was considered significant.

3. Results
3.1. Liraglutide protected INS-1 cells from TG induced ER stress

To assess the cytoprotective effects of Liraglutide in TG-induced
ER stress, INS-1 cells were treated with TG in the presence or ab-
sence of 150 nM Liraglutide and the levels of ER stress related
chaperones, including Bip, Calnexin and Hsp70, were determined.
TG-treatment significantly increased Bip and Calnexin (2.7-fold
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and two fold increase respectively, p < 0.05, Fig. 1A), indicating ele-
vated ER stress, whereas no significant change in the level of Hsp70
was observed after TG-treatment (Fig. 1A). Liraglutide-treatment
significantly decreased the level of Bip (65% lower than TG-treated
cells, p < 0.05, Fig. 1A), and showed no significant effect on the level
of Hsp70 and Calnexin, although a trend toward decreased Calnex-
in was observed after Liraglutide-treatment. There was a trend
toward increased ATF-6 in TG-treated INS-1 cells (1.5-fold increase
compared to control, Fig. 1B), whereas Liraglutide-treatment
significantly decreased the level of ATF-6 compared to TG-treated
cells (86% reduction compared to TG-treated cells, p < 0.05, Fig. 1B).
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Phosphorylated elF2a (p-elF2a), a downstream molecule in the
PERK pathway, was increased in TG-treated INS-1 cells (1.6-fold of
the control, p < 0.05, Fig. 1C), indicating that the PERK pathway was
activated in agreement with a previous report [20]. Liraglutide-
treatment significantly decreased the levels of p-elF2a. compared
to TG-treated cells (reduced by 29%, p < 0.05, Fig. 1C).

IRE1 has two homologs, IRE1a. and IRE1B, which have been
identified in the murine and human genomes. IRE1a is constitu-
tively expressed in all cells and tissues, while IRE1p is selectively
expressed in gut epithelial cells [21,22]. Therefore, only IRE1a
was analyzed in this study. TG-treatment not only significantly
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Fig. 3. Liraglutide impact on ER stress in the pancreas of Akita mice. (A) Western blot analysis of chaperone protein levels in different groups. (B) Western blot analysis of
PERK signaling pathway in different groups. (C) Western blot analysis of IRE1 signaling pathway in different groups (WT, wild type, n = 6; AK, Akita mouse, n = 3; AK + L, Akita
mouse treated by Liraglutide, n = 5; #p < 0.05 compared with WT group; *p < 0.05 compared with Akita group, the protein levels were normalized against Akt, elF2o and JNK,
respectively). (D) Possible molecular mechanisms of Liraglutide-treatment on ER stress. Accumulation of unfolded protein triggers ER stress, which dissociates Bip from ATF-
6, IRE1 and PERK activating these molecules, further activates the corresponding signaling pathways resulting in cell apoptosis, Liraglutide suppresses ER stress via regulation

of the IRE1 and PERK pathways.
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increased IRE1a (4.1-fold increase, p < 0.05, Fig. 1D), but also sig-
nificantly increased phosphorylated JNK (p-JNK) compared to the
controls (7.3-fold, p < 0.05, Fig. 1D), demonstrating the activation
of the IRE1 pathway. Liraglutide treatment significantly decreased
the levels of IRE1a and p-JNK (46% and 43% reduction compared to
the TG-treated cells, respectively, p < 0.05, Fig. 1D).

To investigate the effects of Liraglutide on insulin levels in INS-1
cells, the mRNA levels of Ins1 and Ins2 were first measured. Com-
pared to the control, TG significantly decreased mRNA levels of
Ins1 and Ins2, whereas Liraglutide treatment showed no significant
effect on the levels of insulin genes (Supplementary Fig. S2A and
B). Consistently, the insulin ELISA measurements also showed sim-
ilar insulin levels among different experimental groups (Supple-
mentary Fig. S2C).

3.2. Liraglutide inhibits ER stress-induced f-cell death

The transcription factor CHOP has been implicated as a critical
molecule in the ER stress response and cell apoptosis [23]. We
found that CHOP was significantly increased in TG-treated INS-1
cells (2.7-fold increase, p <0.05, Fig. 2A), while the Liraglutide
treatment significantly decreased CHOP (56% reduction compared
to TG-treated cells, p < 0.05, Fig. 2B).

MTT assays were performed to determine the effect of Liraglu-
tide on ER stress induced B-cell death. Compared to untreated cells,
TG-treated cells showed significantly decreased cell viability (34%
of the control, p < 0.05, Fig. 2C). Liraglutide attenuated TG-induced
cell death. Cells treated with 150 nM and 200 nM Liraglutide
showed increased cell viability, 50% and 72%, respectively, com-
pared to TG-treated cells (p < 0.05, Fig. 2C).

3.3. Effect of Liraglutide on Akita mice

Previous studies have shown that Liraglutide has multiple ben-
eficial effects on streptozocin-generated diabetic mice [24]. We
found that blood glucose levels of Akita mice were significantly
higher than the wild type controls, which is in accord with the
Akita mouse being a model of type 1 diabetes [25]. Liraglutide
administration showed a trend toward decreased FBG, but showed
no obvious effects on NFBG and BW (Supplementary Fig. S1B-D).
However, Liraglutide has significant effect to increase insulin sen-
sitivity in nondiabetic mice demonstrated by glucose tolerance test
(Supplementary Fig. S1A).

3.4. Liraglutide attenuates ER stress in vivo through p-elF2o. and p-JNK

In Akita mice, Calnexin (40% increase, p < 0.05) and PDI (30% in-
crease, p <0.05, Fig. 3A) were significantly increased compared
with the WT controls (Fig. 3A), while similar levels of Bip were ob-
served between Akita mice and the control C57 mice (Fig. 3A). Lira-
glutide-treatment not only significantly decreased Bip (70%
reduction, p < 0.05, Fig. 3A), but also showed a trend in decreasing
the levels of Calnexin, Hsp70 and PDI in the pancreas of Akita mice
(36%, 24% and 14% reduction, respectively, Fig. 3A).

There was a 5.3-fold increase of p-PERK (p < 0.05, Fig. 3B) in the
pancreas of Akita mice compared with the wild-type, while Lira-
glutide-treatment decreased p-PERK (31% reduction) in Akita mice.
The level of p-elF2a was also reduced by 63% in Liraglutide-treated
Akita mice (Fig. 3B).

Compared with the wild-type mice, Akita mice showed a signif-
icant increase in the levels of p-JNK (8-fold increase, p <0.05,
Fig. 3C) and a trend toward increased IRE1a (1.8-fold increase).
Administration of Liraglutide significantly decreased both p-JNK
(85% reduction, p<0.05, Fig. 3C) and IREla (65% reduction,
p < 0.05, Fig. 3C) in the pancreas of Akita mice. No significant differ-

ence was observed for the levels of total Akt and p-Akt (Ser 473)
among the experimental groups (Supplementary Fig. S3).

4. Discussion

Due to the important roles that ER stress plays in pathogenesis
of diabetes, attenuating ER stress may provide a new approach to
alleviate or cure diabetes under certain conditions. As the most
critical cell type for normal pancreatic function, pB-cells can be
triggered to death by severe ER stress in vitro [26]. A recent study
demonstrates that ER stress related proteins are over-expressed in
human umbilical vein endothelial cells when challenged with high
glucose, while Liraglutide is capable of down-regulating this high
glucose induced ER stress [27]. However, the exact mechanism(s)
by which Liraglutide treatment affect pancreatic ER stress remains
unclear in animal model. In the present study, the ER stress path-
ways were significantly increased in TG treated pancreatic INS-1
cells, as well as in the pancreas of Akita mice. We have previously
shown that apelin-13, a newly identified bioactive adipokine, alle-
viates ER stress in Akita pancreases [28]. Interestingly, we found
that although Liraglutide showed a trend of decreasing ER stress
associated FBG in Akita mice, the NFBG and BW of Akita mice were
not significantly changed. However, Liraglutide not only decreased
the ER chaperone Bip, but also showed inhibitory effects on
ER-stress related pathways mainly through decreasing p-elF2a and
p-JNK. We also found that Liraglutide protected TG-treated INS-1
cells against ER stress-induced cell apoptosis, with attenuated
cell-apoptosis associated transcription factor CHOP. The beneficial
effects of Liraglutide on ER stress are summarized (Fig. 3D).

In conclusion, our study provides both in vitro and in vivo evi-
dence that Liraglutide alleviates ER stress mainly via regulating
p-elF2a and p-JNK levels. Therefore, our results provide new angles
for treating ER-stress associated type 1 diabetes as well as other ER
stress related diseases.
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