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Aims: High glucose (HG)-induced pancreatic β-cell apoptosis may be a major contributor to the progression of
diabetes mellitus (DM). NADPH oxidase (NOX2) has been considered a crucial regulator in β-cell apoptosis.
This study was designed to evaluate the impact of GLP-1 receptor agonist (GLP-1Ra) liraglutide on pancreatic
β-cell apoptosis in diabetes and the underlying mechanisms involved.
Methods: The diabetic rat models induced by streptozotocin (STZ) and a high fat diet (HFD) received 12weeks of
liraglutide treatment. Hyperglycemic clamp test was carried out to evaluate β-cell function in vivo. Flow cytom-
etry analysis was used to measure apoptosis rates in vitro. DCFH-DA method was used to detected ROS level
in vivo and in vitro.
Results: Liraglutide significantly improved islet function and morphology in diabetic rats and decreased cell apo-
ptosis rates. Thr183/Thr185 p-JNK1/2 andNOX2 levels reduced in diabetic rats andHG-induced INS-1 cell follow-
ing liraglutide treatment. In addition, liraglutide upregulated the phosphorylation of AMPKα (p-AMPKα), which

prevented NOX2 activation and alleviated HG-induced β-cell apoptosis.
Conclusion: The p-AMPKα/NOX2/JNK1/2 pathway is essential for liraglutide to attenuate HG-induced β-cell ap-
optosis, which further proves that GLP-1Ras may become promising therapeutics for diabetes mellitus.
© 2019 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Impairments in pancreatic β-cell insulin secretion are a hallmark of
the progression of type 2 diabetes (T2DM). It has been clearly reported
that β-cell dysfunction and impaired insulin secretion are key contribu-
tors to chronic hyperglycemia in T2DM patients, instead of primarily
being driven by insulin resistance.1 T2DM patients often show persis-
tent deteriorated hyperglycemia, which triggers the development of
the late complications of diabetes and progressive deterioration of β-
cell masses as well as the lack of insulin synthesis.2−

Secreted from intestinal L cells, Glucagon like peptide-1 (GLP-1) as
an incretin hormone stimulated glucose-dependent insulin secretion
in β-cells.3 GLP-1 exerts several beneficial effects to improve diabetes
mellitus (DM). First, GLP-1 promoted the expression of glucose trans-
porter 2, which plays a pivotal role in glucose movement across the
cell membrane, in pancreatic β-cells.4 Furthermore, GLP-1 induced
that they have no conflicts of
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insulin secretion from pancreatic β-cells and repressed glucagon secre-
tion from pancreaticα-cells.5 In addition, GLP-1 led to a decrease in the
secretion of proinflammatory cytokines, such as tumor necrosis factorα
(TNFα), interleukin β (IL-β), and inducible nitric oxide synthase
(iNOS).6 Therefore, GLP-1 restores pancreatic β-cell masses and insulin
sensitivity. A clinical study revealed that GLP-1 receptor agonist (GLP-
1Ra) partially restored the first-phase insulin secretion in subjects
with established T2DM.7 Improving insulin sensitivity and β-cell func-
tion, six-week courses of GLP-1Ra significantly decreased the concen-
trations of plasma glucose in patients with T2DM.8 Interestingly,
recent studies have shown that GLP-1Ra prevented β-cell apoptosis in
diabetic mice as well as cytokine-treated rat islets in vitro.9Although
the mechanism of how GLP-1 inhibits β-cell apoptosis and prevents
DMprogression has been explored extensively, its detailedmechanisms
still remain to be explored.

Brownlee M proposed a pathogenesis theory that there were five
mechanisms associated with tissue damage, including the polyol path-
way, increased formation of advanced glycation end products (AGEs),
hyperglycemia-induced activation of protein kinase C (PKC) isoforms,
increased hexosamine pathway flux and the consequent overmodifica-
tion of proteins by N-acetylglucosamine.10 The activation of the above
mechanisms all resulted from the overexpression of reactive oxygen
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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species (ROS) in mitochondria.11 In addition, β-cells exposed to chronic
hyperglycemia also generated ROS and reactive nitrogen species (RNS),
which would accelerate the disease progression and further β-cell
loss.12 The nicotinamide adenine dinucleotide phosphate oxidases
(NOX) family is one of the main sources of superoxide radical formation
in many cell types, including β-cells.13 Because reactive oxygen species
are involved in intracellular signaling, phagocyte-like NADPH oxidase ac-
tivation by glucosemay play an important role for beta-cell functioning.14

Nicotinamide adenine dinucleotide phosphate oxidases 2 (NOX2) as
a critical subunit of NOX is associated with the occurrence of multiple
diseases. An interesting study revealed that the endothelial and vascular
functions of human carriers of hereditary NOX2 deficiency were better
than those of healthy subjects.15 In addition, atherosclerotic plaque for-
mation in ApoE−/−mice would be mitigated because NOX2 knockout
led to an increased NO bioavailability and a significant reduction in aor-
tic ROS production. These experiments indicate that inhibiting NOX2
generation plays a protective effect on human atherosclerosis.
Inhibiting NOX2 activity could help reduce kidney damage via the inhi-
bition of apoptosis in a C57BL/6J mousemodel.16 NOX2was responsible
for inflammatory bowel disease as result of the generation of
peroxynitrite in murine nonalcoholic fatty liver disease.17 In addition, the
role of NOX2 in diabetes also has been explored extensively. NOX2 defi-
ciency preserved islet function via reductions in ROS, immune responses
and β-cell apoptosis in STZ-induced diabetic mice, which indicates that
NOX2 might be a new therapeutic target for the regulation of insulin
secretion.18 The NOX-ROS-JNK1/2 signaling pathway led to increased oxi-
dative stress and β-cell apoptosis in a high fat and glucose setting, and spe-
cific inhibition of the signaling pathway agent significantly decreasedβ-cell
apoptosis.19 Notably, BalteauM reported that GLP-1 antagonized NOX2 ac-
tivation induced by hyperglycemia in adult cardiomyocytes20 GLP-1Ra
might keep β-cells from apoptosis tomaintain the β-cell mass and its insu-
lin secretory functionvia inhibitionof the JNKandGSK3β.21WhetherGLP-1
also inhibits NOX2 activation induced by hyperglycemia in β-cells remains
unclear. Therefore, we hypothesized that the effect of GLP-1Ra on
protecting β-cell apoptosis was associated with the inactivation of NOX2.

2. Materials and methods

2.1. Experimental animals

Thirty-six male Sprague Dawley (SD) rats, aged 8 weeks, were pur-
chased from Beijing (HuaFuKang Biotechnology Co. LTD) and given
standard rat chow and water ad libitum. The animals were allowed
1 week of acclimatization before being randomly divided into three
groups. T2DMwas induced by injecting freshly prepared streptozotocin
(STZ, 30 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) in cold citrate
buffer (0.1 M, pH 4.2) into overnight-fasted SD rats. Control rats were
administered an intraperitoneal injection of acetate buffer. Some rats
were put on a high-fat diet (HFD, D12492, Research Diets) for 8 weeks
following the intraperitoneal injection of acetate buffer or STZ. Rats
with 8-h fasting blood glucose levels N200 mg/dL were considered to
be diabetic rodents. One week after the induction of diabetes, half of
the diabetic ratswere randomly selected and treatedwith subcutaneous
injections of liraglutide for 12weeks at doses of 0.2 mg/kg/24 h, as pre-
viously reported.22 An age-matched control groupwas included and fed
regular rodent chow diet with free access to water. Animals were
housed (5 rats/cage) under controlled ambient conditions following a
12:12-h light-dark cycle, with lights on at 6:00 AM. These studies
were approved by theAnimal Use Committee of TianjinMedical Univer-
sity and were conducted in compliance with the Animal Use Guidelines
of the University Committee.

2.2. Islet isolation

Rat islets were collected using a traditional collagenase digestion
method. Rats were sacrificed by means of the broken heart method,
and collagenase (8–10 mL, 1 g/L) (Liberase human islet, Roche,
Indianapolis, IN, USA)was injected through the liver pancreatic duct be-
fore awater bath for 17min at 37±1 °C. Ratswere placed in an ice bath,
to which 4 °C Hanks fluid was quickly added to approximately 40 to
50 mL to terminate the digestion. Wild swings in the pancreas to a
sandy shape were observed. The tissue was kept in an ice bath for
10minuntil static layeringwas noted. Then, for upper liquid absorption,
40–50 mL 4 °C Hanks fluid was added; this step was repeated twice. A
stereomicroscopewasused tomanually identify the circular islet shapes
before incubation in RPMI1640 medium. After isolation, the islets were
cultured for 48 h for assay and experiment procedures. Then, proteins
were extractedwestern blot analysis andmediawas collected for the in-
sulin assay.23

2.3. Hyperglycemic clamp

After the animals were fasted overnight and terminally anesthe-
tized, the animals' left carotid artery and caudal vein were catheterized.
Following an initial stabilization period (30 min), a hyperglycemic
clamp was initiated with a priming dose of glucose (350 mg/kg;
1min) administered into the caudal vein.24 Then, a 25% glucose solution
was infused through the venous catheter at a slow rate. The resulting
blood glucose concentrationwasmeasured every 5–10min tomaintain
levels at 5.5 mM above the fasting concentration by adjusting the glu-
cose infusion rate. Arterial blood samples (2 mL) were taken at 0 min
for the determination of insulin and glycosylated hemoglobin (HbA1c)
levels measured by High Performance Liquid Chromatography. Arterial
blood samples (400 μL)were taken at 5, 10, 60, 90 and 120min to deter-
mine the blood glucose and plasma insulin (Millipore-Linco EZRMI-
13K) concentrations. Blood samples were centrifuged (15,700 ×g,
3–5 min, 4 °C) immediately for plasma separation. Each sample was
stored at−80 °C for later analysis.

2.4. Histological and immunohistochemical analyses

For histopathological assessment, pancreatic sections were stained
for hematoxylin and eosin (H&E) using methods that were described
previously.25 Immunohistochemical analysis on sections of the pan-
creas was undertaken as described previously.26 To detect the β- and
α-cells mass ratio and the NOX2, p-AMPKα, and p-JNK1/2 expression
in each pancreas, tissue sections were incubated with anti-glucagon
(Sigma-Aldrich, St Louis, MO, USA), anti-insulin, anti-NOX2, anti-p-
AMPKα (Cell signaling, Beverly, MA, USA), and anti-p-JNK1/2 antibody
(Abcam, Cambridge, UK). Afterwards, sections were incubated with a
secondary antibody (Zhongshan, Beijing, China) for 2 h at room temper-
ature, and fluorescent images were captured with a confocal micro-
scope (Olympus FV1000, Tokyo, Japan). Immunohistochemical images
were captured with Image-Pro Plus software.

2.5. Cell culture

INS-1832/13 cells (kindly provided by Professor Daiqing Li, Depart-
ment of Endocrinology,MetabolicDiseaseHospital, TianjinMedical Uni-
versity, China) were grown in RPMI-1640medium containing 10% fetal
bovine serum (FBS), 100 U/mL streptomycin, 100 U/mL penicillin,
10 mmol/L glutamine, 1 mmol/L sodium pyruvate, 10 mmol/L HEPES,
and 50 μm β-mercaptoethanol in an atmosphere of 5% CO2 at 37 °C,
and glucose was adjusted to 11.1 mM.

2.6. Apoptosis

Cellular apoptosis was measured as follows. 1) First, a TUNEL assay
was completed for the detection of apoptotic cells in pancreas. Staining
was performed in 7 μm thick paraffin-embedded sections of pancreas
with the “In Situ Cell Death Detection Kit” (TUNEL) (Roche Applied Sci-
ence, #12156792910, Basel, Switzerland) according to manufacturer's
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instructions. The signals were visualized under LEICA's DIM6000 confo-
cal microscope. Quantification of the signals was performed using NIH
ImageJ 1.49 software. β-cell apoptosis was quantified by the percentage
of insulin+ and TUNEL+ double positive cells/insulin+ cells in the
pancreases.27 2) Immunohistochemistry and western blot analysis
with Cleaved Caspase3 (Asp175, #9661, Cell Signaling Technology;
USA) antibodies; and 3) Annexin V-FITC and PI apoptosis detection kit
(Roche companies, USA) followed by flow cytometry.

2.7. Flow cytometry analysis

Surface exposure of phosphatidyl serine in apoptotic cells was quan-
titatively detected using the Annexin V-FITC and PI apoptosis detection
kit (Roche companies, USA). Briefly, cells were seeded into 6-well plates
(1.0 × 106 cells/mL) and incubated for 24 h. Then, the medium was
changed to 0.5% FBS-containing RPMI1640, and cells were starved for
12 h. Cells were incubated in the presence or absence of liraglutide
(100 nmol/L) before being challenged with HG (30 mmol/L) for 48 h.
Cells were divided into five groups: Normal control (N), HG, Mannitol
(M), N + GLP-1Ra (G), and HG + G. After treatment with the H2O2

for varying times, cells were harvested and washed twice with ice-
cold PBS. After 5 min of centrifuging at 5000 rpm, Annexin V-FITC and
PI double staining were performed according to the manufacturer's in-
structions. Cell apoptosis was analyzed with AnnexinV-FITC/propidium
iodide (PI) flow cytometry (Becton Dickinson, San Jose, CA, USA).
Annexin V-FITC-positive, PI-negative cells were scored as apoptotic.
Double-stained cells were considered either as necrotic or as late apo-
ptotic. Immunohistochemical analysis of sections of the pancreas was
undertaken as described previously.28

2.8. Western blot analysis

The total protein (60 μg) extracted from cardiac tissueswas fraction-
ated by SDS-PAGE (10% polyacrylamide gels) and transferred to a nitro-
cellulose membrane. The membrane was blocked with 5% nonfat milk
for 1.5 h at room temperature. The membrane was then incubated
with primary antibodies collagen I (1:800 dilution, Proteintech,
China), collagen III (1:2000 dilution, Proteintech, China) and GAPDH
(1:1000 dilution, Kangcheng Inc., China) on a shaking bed overnight at
4 °C. Themembrane was then washedwith PBST 3 times and incubated
with secondary antibodies for 1 h at room temperature. Finally, the
membranes were rinsed with PBST before being scanned by Imaging
System (LI-COR Biosciences, Lincoln, NE, USA). Whole cell lysates
were prepared by lysis cells in a Proprep-protein extraction solution
(Intron Biotechnology, Seoul, Korea) containing 10 mM sodium phos-
phate (pH 7), 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 150 mM NaCl,
50 mM NaF, 0.1 mM sodium vanadate, 4 μg/mL leupeptin, 1 mM
PMSF, and protein concentration of the lysates were measured with a
Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Equal amounts
of proteins (20 μg) were separated on a 4–20% SDS-PAGE and trans-
ferred by electroblotting to a nitrocellulosemembrane. Themembranes
were washedwith PBST containing 5% nonfat dry milk at room temper-
ature and incubated for 2 hwith the primary antibodies under the same
conditions. The following primary antibodies were used: anti-JNK, anti-
Thr183/Tyr185 phospho-JNK1/2, anti-phospho-AMPKα (Cell Signaling,
Beverly, MA, USA), anti-Caspase3 (Cell Signaling, Beverly, MA, USA),
and anti-β-actin (for internal control) (Sigma, St. Louis, MO, USA). The
membranes were washed in PBST and incubated for 1 h with horserad-
ish peroxidase-conjugated sheep anti-mouse and donkey anti-rabbit
immunoglobulin antibody (1:500) (Amersham Pharmacia Biotechnol-
ogy, Tokyo, Japan) under the same conditions. After washing with
PBST, the specific signals were detected with an enhanced chemilumi-
nescence detection system (Amersham Pharmacia Biotechnology,
Tokyo, Japan). Reagents for electrophoresis were obtained from Bio-
Rad Laboratories (Hercules, CA, USA).
2.9. Measurement of ROS level in islets and INS-1 cells

ROS levels were measured by the DCFH-DA method. DCFH-DA is a
non-fluorescent compound, and it can be enzymatically converted to a
highly fluorescent compound, DCF, in the presence of ROS. In brief, islets
were extracted by a traditional collagenase digestion method, and ROS
levels were quantitated by the DCFH-DAmethod. Islets were incubated
for 15 min in a 500 μL RPMI1640 solution containing 2.5 μmol/L DCFH-
DA with or without pretreated with 100 μmol/L Apocynin, a specific
NOX2 inhibitor (Sigma-Aldrich, St. Louis, MO), 3 h in a 37 °C thermostat.
In vitro, INS-1 cells werewashedwith PBS and incubatedwithDCFH-DA
at a 10 μmol/Lfinal concentration for 30min at 37 °C in darkness. For the
inhibition studies, 100 μg/mL Apocynin was added to the medium with
or without GLP-1Ra treatment. The fluorescence intensity was mea-
sured in themicroplate reader (SpectraMAX,Gemini EM,Molecular De-
vice) at an excitation wave length of 485 nm and an emission wave
length of 538nmafter the cells werewashed three timeswith PBS to re-
move the extracellular DCFH-DA. The level of intracellular ROS was
shown as a percentage of the non-treated control. The results were an-
alyzed with the Image-Pro Plus 6.0 image analysis system.

2.10. Statistical analysis

All values are presented as the mean ± SEM. Significant differences
between 3 groups were determined using one-way analysis of variance
followed by the LSD test. Paired t-testswere used to assess normally dis-
tributed data between individuals at before and after treatment (pre -
post). The SPSS statistical software package (Version 17.0, Chicago, IL,
USA) was used for the statistical analysis, and a P value b0.05 was con-
sidered to be statistically significant.

3. Results

3.1. Effects of liraglutide on general characteristics in STZ/HFD-induced di-
abetic rats

As shown in Fig. 1A, the bodyweight of the rats on the STZ/HFD chal-
lenge were significantly higher than those of the rats fed a chow diet
from 0 to 5 weeks. From 5 to 12 weeks, the rats in the DM group and
liraglutide (0.2 mg/kg/24 h) group shown decreased bodyweight com-
pared to the control rats. Over time, the bodyweight in control rats had
a slight increase, while there were no significant differences between
the DM group and the liraglutide group (Fig. 1A). Food intake (kcal/
kg/h) was higher in the DM group than in the control group, which
was higher than in the liraglutide group. Significant differences among
the three groups were observed (F = 46.766, P = 0.000) (Fig. 1B). As
shown in Fig. 1C, the average blood glucose levels showed no significant
differences between the T2DM group and the liraglutide group
(19.29 ± 2.54 vs. 21.31 ± 1.52 mmol/L, P = 0.087). The average
blood glucose in rats was calculated every two weeks, and the blood
glucose levels of the three groups showed significant differences (F =
11.606, P = 0.005). Liraglutide treatment significantly reduced the
blood glucose levels of diabetic rats (F = 54.069, P = 0.006). Similarly,
12weeks of liraglutide treatment obviously reduced theHbA1c levels of
diabetic rats (8.1 ± 0.3 vs. 6.9 ± 0.4%), while these levels were still
slightly higher than those of the control group (Fig. 1D, F = 45.420,
P = 0.000).

3.2. Effects of liraglutide on pancreatic islet function and morphology

A hyperglycemic clamp experiment was carried out in order to de-
termine the effects of liraglutide on the STZ/HFD-induced diabetic rats.
Liraglutide treatment improved the reduced glucose infusion rate
(GIR) in the T2DM group, which was significantly lower than that in
the normal group, displayed an increase in insulin secretion (Fig. 2A–
B). The first- and second-phase of β-cells secretion decreased obviously



Fig. 1. Effects of liraglutide on general characteristics of STZ/HFD-induced diabetic rats.
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in the T2DM group but improved over the period of liraglutide adminis-
tration. The first- and second-phase plasma insulin concentrations in
the liraglutide group were markedly increased compared with those
in the T2DM group (P = 0.004) but were still lower than those in the
control group (P = 0.000) (Fig. 2C). Islet morphology was assessed by
HE staining and with insulin and glucagon immunofluorescent
double-stained sections. Compared with the normal group, the diabetic
group showed abnormal islet morphology, as evidenced by a disarray of
the islet architecture and irregular islet boundaries. However, 12 weeks
of liraglutide treatment partially restored the above morbid islet mor-
phology (Fig. 2D). Pancreatic islets from normal rats outnumber those
from diabetic rats, as demonstrated by insulin-positive β-cells (green)
in the core region and glucagon-positive α-cells (red) in the peripheral
region (Fig. 2E). At least 20 images per animal were captured, and the
ratio of α/β was calculated with a gray value of glucagon/insulin using
Image-Pro-Plus 6.0 (Media cybernetics, USA). The average glucagon
and insulin fluorescent gray ratio increased in the T2DM group signifi-
cantly compared to that in the control group (P=0.000) and decreased
following the 12-week liraglutide treatment (P = 0.002) (Fig. 2F).

3.3. Liraglutide suppresses HG-induced β-cell apoptosis in rats and INS-1
cells

To confirm whether GLP-1Ra could suppresses the high glucose
(HG)-induced β-cell apoptosis, immunohistochemistry (IHC) and
TUNEL staining were performed in the pancreatic sections from differ-
ent groups. Western blot and Annexin V-FITC/PI flow cytometry were
used to evaluate the Cleaved Caspase 3 and Caspase 3 expression levels
and the INS-1 cell apoptosis rates, respectively. Liraglutide inhibited the
increased Cleaved Caspase 3 in the islets from diabetic rats compared
with normal rats (Fig. 3A). Compared with normal group, the increased
pancreatic apoptosis in T2DM rats indicated by positive TUNEL staining
showed by red arrows was improved after liraglutide treatment
(Fig. 3B). Liraglutide blocked the HG-induced Cleaved Caspase 3 activa-
tion in pancreatic islets (Fig. 3C P b 0.05). Then we detected the impact
of HG (30 mmol/L) on INS-1 cell in vitro experiments. Our data demon-
strated that the apoptosis rate caused by HG increased by 7.44 folds in
INS-1 cells (N vs. HG, P = 0.000), becoming significantly higher than
that in the mannitol isotonic (30 mmol/L) group (M vs. HG, P =
0.000). However, HG-induced apoptosis was reduced by 63.1% when
cells were incubated in the presence of liraglutide (100 nmol/L)
(Fig. 3D P = 0.000). The Cleaved Caspase 3/Caspase 3 levels in INS-1
cells showed the same tendency following treatment with liraglutide
(Fig. 3E P = 0.000). Before the experiments, INS-1 cells at 80% conflu-
ence were cultured for 24 h in 11.1 mmol/L glucose-containing
RPMI1640 medium, and cells were then incubated in the presence or
absence of liraglutide before being challenged with HG (30 mmol/L)
for 48 h.

3.4. Liraglutide prevents HG-mediated β-cell apoptosis by inhibiting NOX2-
derived ROS generation

Reactive oxygen species (ROS) are the main products of oxidative
stress in cells when they encounter stressful stimuli. Moreover, an
overaccumulation of ROS has detrimental effects on general
homeostasis.29 ROS levels were significantly increased by 5.7 folds and
7.4 folds in INS-1 cells exposed to mannitol and HG (30 mmol/L) com-
pared with the control group, respectively. Pre-treatment with
liraglutide and Apocynin could both mitigate cells ROS levels in INS-1
cells cultured in HG (Fig. 4A). To our surprise, although the joint appli-
cation of liraglutide and Apocynin also alleviated ROS levels, there was
no statistical difference in cell apoptosis rates among HG+ G, HG + A
and HG + A + G group (Fig. 4A). Available research has revealed that
NOX2 was a major source of ROS in pancreatic β-cells in the setting of
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HG.30 The functional activation of NOX2 led to metabolic dysfunction in
the clonal β-cells of normal rats and humans under various conditions.
We detected ROS levels in islets from isolated T2DM rats with or with-
out Apocynin administration.We observed that ROS levels increased by
1.6 folds in islets from isolated T2DM rats compared with the control
group, which could be mitigated with the liraglutide treatment
(Fig. 4B). In addition, Apocynin had the capacity to reduce ROS levels in-
duced by HG and contributed to the positive effect of liraglutide on INS-
1 cells (Fig. 4B). Immunohistochemistry and Western blot confirmed
that liraglutide led to an increase inNOX2 expression in T2DMrats com-
pared with normal rats (Fig. 4C–D). In vitro, liraglutide also reduced
NOX2 expression in INS-1 cells incubated with HG. Furthermore,
NOX2 in INS-1 cells cultured in HG was reduced after pretreatment
with Apocynin (Fig. 4E). NOX2 in mannitol group was lower than HG
group and there was no statistical difference in NOX2 expression
among N + G, HG + G, HG + A and HG + A + G groups (Fig. 4E).
Next, Annexin V-FITC/PI flow cytometry was adopted to detect cell ap-
optosis rate. As a result, the apoptosis rate in HG groupwas significantly
higher than counterpart in normal group. However, pre-treatmentwith
both liraglutide andApocyninmitigated cell apoptosis rate in the setting
of HG (Fig. 4F). To our surprise, the joint application of liraglutide and
Apocynin also alleviated cell apoptosis rate, but there was no statistical
difference in cell apoptosis rate among HG + G, HG + A and HG + A
group (Fig. 4F). Overall, liraglutide can reduce cell apoptosis effectively
by inhibiting NOX2-derived ROS generation in vivo and in vitro.

3.5. Liraglutide counteracts HG-induced apoptosis of islets and INS-1 cells
by inhibiting the activation of the c-Jun N-terminal protein kinase signaling
pathway

There was evidence that NOX2-derived ROS mediate FFA-induced
dysfunction and apoptosis of β-cells via JNK pathways.31 The GLP-1 re-
ceptor agonist prevented oxidative stress-mediated apoptosis in human
cardiac progenitor cells (CPCs) by interfering with JNK activation.32

Therefore, we speculated that the protective effects of liraglutide on is-
lets and INS-1 cells under HG conditionswere associatedwith phospho-



Fig. 3. Liraglutide suppresses HG-induced β-cell apoptosis in vivo and in vitro.
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Fig. 4. Liraglutide prevents HG-mediated β-cell apoptosis by inhibiting NOX2-derived ROS generation.
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JNK1/2 reduction. As a result, the level of phospho-JNK1/2 in diabetic
ratswas inhibited by the treatment of liraglutide (Fig. 5A–B).We further
validated the effects of GLP-1Ra on JNK signaling pathways. SP600125 is
a JNK inhibitor that has been described previously.33 Treatment or pre-
treatment with liraglutide, Apocynin or JNK inhibitor SP600125
(200 μmol/L, 48 h) inhibited the JNK phosphorylation activated by HG
both in pancreatic β-cells and in INS-1 cells (Fig. 5C–D). In addition,
Fig. 5. Liraglutide counteracts HG-induced apoptosis of islets and INS-1 cells by inhi
we found that the combined application of liraglutide and Apocynin or
SP600125 failed to further reduce the JNK phosphorylation levels com-
paredwith a single application of the former (Fig. 5C). Therewas no sig-
nificant difference in Cleaved Caspase 3/Caspase 3 or the apoptosis rates
between the application of JNK inhibitors and the treatment with
Apocynin. Cleaved Caspase 3/Caspase 3 and the apoptosis rates showed
the same change trends in INS-1 cells, and there were no further
biting the activation of the c-Jun N-terminal protein kinase signaling pathway.
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reductions after treatmentwith liraglutide (Fig. 5D and E). These results
indicate that the inhibition of the JNK signaling pathway is responsible
for the reduction inHG-inducedβ-cell apoptosis by inhibitingNOX2de-
rived ROS generation.

3.6. Liraglutide antagonizes the HG-induced apoptosis of islets and INS-1
cells by promoting the activation of the p-AMPKα signaling pathway

Recently, Magali Balteau reported that the AMPK activated by GLP-1
prevented HG-induced NOX2 activation in adult cardiomyocytes.20

Hence, we hypnotized that the same signaling pathway might exist in
pancreatic β-cells and INS-1 cells. As expected, liraglutide inhibited
the reduction in the phosphorylation of AMPKα (p-AMPKα) in pancre-
atic β-cells from diabetic rats and INS-1 cells cultured in HG conditions
(Fig. 6A–C). Overall, our data explore a novel mechanism that GLP-1Ra
serving as a potential drug alleviates apoptosis in islet cells byNOX2 sig-
naling pathway, which demonstrates that NOX2 can be a therapeutic
target of T2DM.

4. Discussion

In the current study, we identify a mechanism by which liraglutide
inhibits NOX2 expression to alleviate HG-induced β-cell apoptosis by
upregulating AMPKα phosphorylation and downregulating JNK1/2
phosphorylation in vivo and in vitro. This study further supports the no-
tion that GLP-1Ra can act as a promising therapeutic for delaying the
progression of DM.
Fig. 6. Liraglutide antagonizes the HG-induced apoptosis of islets and INS-1
Liraglutide has been clinically licensed as an anti-diabetic agent. It is
widely known that GLP-1 acts as an intestinal-derived hormone in vivo
and can reduce blood glucose levelsmainly by increasing the level of cir-
culating insulin in a glucose-dependent manner.34 In addition to its
glucose-lowering properties, GLP-1 exacted protective effects on pan-
creatic β-cells as well.35 For example, GLP-1 is capable of stimulating
pancreatic cell proliferation and β-cells differentiation in the rodent
pancreas.36 In this study, liraglutide was found to inhibit pancreatic β-
cell apoptosis in diabetic rats and INS-1 cells in HG conditions. Addition-
ally, liraglutide improved islet function and morphology in a STZ/HFD-
induced T2DM rat model, consistent with a report showing that GLP-1
added to freshly isolated human islets preserves cell morphology and
function and inhibits cell apoptosis.37 In addition, the decreased death
rate of INS-1 cells wasmainly due to the alleviation of cellular apoptosis,
whichwas indicated by the significantly decreased expression of the ap-
optotic marker Cleaved Caspase 3. In support of our findings, a previous
study showed that GLP-1 protected β-cells against cytokine-induced
apoptosis.38 These findings collectively reveal that liraglutide is able to
prevent β-cell apoptosis and improves β-cells function.

It is worth mentioning that the relationship between the NOX2-
ROS-JNK signalingpathway andβ-cell apoptosis has attracted the atten-
tion of number of researchers.39 NOX2, as one of the critical subunits of
NOX, induced β-cells injury by promoting ROS production, immune re-
sponses, and apoptosis.30 Physiological levels of intracellular ROS play a
critical role in maintaining cellular homeostasis, whereas excessive ROS
generation may speed up the pathophysiological progression of many
diseases, including diabetes mellitus. This is consistent with research
cells by promoting the activation of the p-AMPKα signaling pathway.
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showing that ROS-mediated mitochondrial dysfunction led to pancre-
atic β-cell apoptosis.40 Furthermore, liraglutide prevented human
CPCs from oxidative stress-mediated apoptosis.32 On the basis of the
discussion above, wemade a hypothesis that inhibiting the NOX2 path-
way might serve as an important mechanism for the protective effects
of liraglutide on pancreatic β-cells. Our study validated the idea that
liraglutide inhibited the increased NOX2 and ROS expression induced
by HG in vivo and in vitro. Furthermore, Apocynin, a NOX2 inhibitor, re-
versed the impact of HG on NOX2, ROS expression and β-cell apoptosis.

The cJun-N-terminal kinases, JNKs, are members of the mitogen-
activated protein kinase (MAPK) family. JNKs were more potently in-
duced in response to cellular stress than tomitogens.41 JNKs,which con-
sist of three JNK isoforms encoded by three different genes (JNK1, JNK2,
JNK3), play a central role in the cellular response to stress, and JNK activ-
ity in different cell types is implicated in the pathogenesis of obesity-
driven insulin resistance. Stress-activated JNK activation is responsible
for Caspase3 activation.42 Significant crosstalk between ROS and JNK1/
2 was reported in mesangial cells in diabetic rats.43 Syed et al. revealed
that the accelerated Rac1-NOX-ROS-JNK1/2 pathway resulted from islet
β-cells mitochondrial dysfunction in diabetes in vivo and in vitro.44 In-
triguingly, GLP-1Ra prevented oxidative stress-mediated apoptosis in
human CPCs by interfering with JNK activation.32 Thus, we infer
that liraglutide may alleviate β-cell apoptosis by antagonizing the
NOX-ROS-JNK1/2 pathway. As a result, we found that liraglutide de-
creased the phosphorylation of JNK1/2 by downregulating the expres-
sion of NOX2. Cleaved Caspase3 expression decreased without
significant differences in pancreatic β-cells and HG induced β-cells
with the treatment of liraglutide, Apocynin and JNK inhibitor
SP600125, which blocked JNK phosphorylation. This finding not only
the first to show the role of NOX-ROS-JNK1/2 pathway regulation in ap-
optosis in pancreatic islet β-cells but also suggest a brand-new mecha-
nism that is different from increasing the activity of the Igf-2/Igf-1
receptor autocrine loop, which might account for GLP-1-ameliorated
islet β-cells injury.38

The upstreammolecules and mechanisms responsible for the inhib-
itory effect of GLP-1 on NOX2 expression remain elusive in diabetes.
AMP-activated protein kinase (AMPK), known as a sensor and a master
of the cellular energy balance, played an important role in glucose
metabolism.44 We observed that liraglutide upregulated the phosphor-
ylation of AMPKα under HGconditions to alleviateβ-cell apoptosis both
in vivo and in vitro. In support of our finding, previous studies showed
that liraglutide protected β-cells from glucolipotoxicity-induced apo-
ptosis by activating theAMPK/mTOR/P70S6K signaling pathway.45 A re-
cent study demonstrates that the activation of AMPKα antagonized
homocysteine-induced apoptosis in osteocytic MLO-Y4 by regulating
the expression of NADPH oxidase 1 (NOX1) and NOX2.46 In addition,
Balteau et al. revealed that α2-AMPK activated by GLP-1 prevents
NOX2 activation induced by hyperglycemia in adult cardiomyocytes.20

Therefore, we speculated that AMPKα increased by liraglutide may reg-
ulate NOX2/JNK1/2 expression to lessen apoptosis in islet β-cells. As a
result, our findings indicate that liraglutide decreases NOX2 expression
to prevent β-cell apoptosis by increasing the levels of AMPKα phos-
phorylation. Altogether, our findings indicate that liraglutide plays a
protective role in pancreatic islet β-cells through the p-AMPKα/NOX2/
JNK1/2 signaling pathway.
5. Conclusions

In summary, our study demonstrates that liraglutide increases p-
AMPKα expression and reduces NOX2-mediated JNK1/2 expression to
alleviate HG-induced pancreatic β-cell apoptosis. This suggests that
the p-AMPKα/NOX2/JNK1/2 signaling pathway is essential for
liraglutide to alleviate HG-induced β-cell apoptosis, which provides a
novel mechanism supporting incretin mimetics as promising therapeu-
tics for HG-induced β-cell apoptosis.
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