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Exendin-4 inhibits lipotoxicity-induced oxidative stress in -cells
by inhibiting the activation of TLR4/NF-kB signaling pathway
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Abstract. The present study aimed to investigate the relation-
ship between the protective effects of exendin-4 (EX-4) on
lipotoxicity-induced oxidative stress and meta-inflammation
in B-cells and the toll-like receptor 4 (TLR4)/NF-kB signaling
pathway. Lipotoxicity, hydrogen peroxide (H,O,)-induced
oxidative stress in [ cells, obese Sprague Dawley rats and
TLR4 truncation rats were utilized in the present study. The
expression levels were detected by western blotting; cell
apoptosis was detected by TUNEL assay; and the intracellular
reactive oxygen species (ROS) levels were analyzed using a
ROS assay kit. The findings of the present study showed that
EX-4 inhibited the expression of TLR4,NF-«xB p65 subunit and
p47°™ in a concentration-dependent manner, and decreased
the intracellular level of ROS. Additionally, silencing of TLR4
expression enhanced the protective effects of EX-4, while
overexpression of TLR4 attenuated these protective influences.
Simultaneously, it was demonstrated that TLR4 was involved
in the process of EX-4 intervention to inhibit H,O,-induced
oxidative stress in islet B-cells. Moreover, it was found that
EX-4 also inhibited TLR4- or NF-xB agonist-induced oxida-
tive stress. These results were also confirmed in an animal
model of obese rats, in which EX-4 was able to improve the
function of B-cells, attenuate oxidative stress, and inhibit
the expression levels of TLR4 and NF-xB p65 subunit in the
pancreas of the diet-induced obese rats. Furthermore, trunca-
tion of the TLR4 gene in SD rats delayed the aforementioned
damage. In summary, EX-4 may inhibit lipotoxicity-induced
oxidative stress in B-cells by inhibiting the activation of the
TLR4/NF-kB signaling pathway.
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Introduction

Exendin-4 (EX-4) is widely used for the treatment of type 2
diabetes worldwide (1). There is an increasing evidence that
EX-4 has multiple influences on B-cells (2-4). EX-4 not only
promotes the proliferation of B-cells (5) and insulin secre-
tion (6), suppresses appetite (7) and reduces body weight
(BW) (8), but also has additional protective effects, such as
inhibiting inflammation (9,10), protecting cardiomyocytes via
improvement of mitochondrial function (11) and improving
non-alcoholic steatohepatitis by regulating hepatic fatty acid
metabolism (12). Therefore, it is important to further explore
the other protective effects of EX-4.

At present, metabolic inflammatory injury is considered
as an important mechanism in lipotoxicity-induced p-cell
apoptosis; however, no targeted interventions have yet been
developed. It is well known that toll-like receptor 4 (TLR4)
is a key factor in the innate immune activation of the inflam-
matory signaling pathway, acting as an important mediator
of lipotoxicity-induced inflammation (13). To date, TLR4 has
been confirmed to be expressed in B-cells (14). A previous
study showed that overactivation of TLR4 induces oxida-
tive stress and leads to dysfunction in insulin secretion (15).
Previous experiments demonstrated that lipotoxicity directly
activates the TLR4-JNK signaling pathway and increases
oxidative stress in islet B-cells, inducing insulin secretion
and apoptosis in B-cells (16). A previous study demonstrated
that inhibition of TLR4 could mitigate the damage caused by
oxidative stress in cardiomyocytes (17), the liver (18) and the
kidneys (19). However, whether inhibition of TLR4 activity
in B-cells is beneficial for inhibiting lipotoxicity-induced
oxidative stress in f-cells requires further exploration.

A number of scholars reported that EX-4 protects [-cells
from lipotoxicity (20) and inhibits lipotoxicity-induced oxida-
tive stress in p-cells (21). However, whether the protective
effects of EX-4 on fB-cells are related to the inhibition of
metabolic inflammation by TLR4 signaling has not yet been
elucidated. In addition, it has been confirmed that EX-4 has an
inhibitory effect on TLR4 and oxidative stress in other systems.
For example, Yang et al (22) reported the beneficial influences
of EX-4 on blood vessels, which were partially attributed to
the inhibition of oxidative stress and inflammation. Besides, it
has been suggested that the anti-inflammatory effect of EX-4
is related to TLR4.
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The present study aimed to explore the relationship
between the protective effects of EX-4 on lipotoxicity-induced
oxidative stress via the TLR4/NF-kB signaling pathway in
[B-cells, by using BTC6 cells, high-fat diet-induced obese rats
and TLR4 truncation rats as subjects. For the first time, to the
best of our knowledge, it was reported that EX-4 inhibited
apoptosis, dysfunction and lipotoxicity-induced oxidative
stress in B-cells by inhibiting metabolic and inflammatory
pathways.

Materials and methods

Cell culture. The mouse islet cell line fTC6 (American Type
Culture Collection) was cultured in DMEM (4.5 g/1 glucose;
Gibco; Thermo Fisher Scientific, Inc.), supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 2 mmol/l
L-glutamine, 10 mmol/l HEPES, 100 U/ml penicillin and
100 pg/ml streptomycin (complete medium). Cells were
incubated in the presence of 5% CO, at 37°C. According to
the growth of the cells and the pH value of the medium, the
medium was changed once every 1-2 days. Cells at passages
15-18 were used for further experiments. The cells were
seeded at a density of 3x10° cells/ml.

Cell intervention

Preparation of medium for treatment with palmitic acid
(PA). Referring to the method described by Ke et al (23), the
process was as follows: 512 mg PA (Sigma-Aldrich; Merck
KGaA; molecular mass, 256.42) was dissolved in 10 ml abso-
lute ethanol, and then titrated with 0.1 mol/l NaOH (10 ml)
at 70°C. After that, 10 ml PA mixture was added to 190 ml
10% BSA (Sigma-Aldrich; Merck KGaA) at 55°C to form a
complex at a concentration of 5 mmol/l. The stock solution
was filter-sterilized and stored at -20°C. A control solution,
containing 5% ethanol and 9.5% BSA, was similarly prepared.

PA or H,0, intervention. fTC6 cells were cultured in 6-well
plates for 24 h after reaching 50% confluence. The cell culture
medium was removed, and the cells were washed twice with
PBS and then treated with 0.5 mmol/l PA (Sigma-Aldrich;
Merck KGaA) or 100 gmol/l H,0, with complete medium
for 24 h. Cells were treated with BSA/ethanol in complete
medium without PA for 24 h as controls (Fig. S1).

EX-4 intervention. In the current study, BTC6 cells were treated
with 0.5 mmol/l PA or 100 gmol/l H,O, for 24 h, and then
exposed to different concentrations (25, 50 and 100 nmol/I)
of EX-4 with complete medium [dissolved in 0.1% DMSO
(v/v); ProSpec-Tany TechnoGene, Ltd.] for 72 h. PA-induced
or H,0,-induced cells without EX-4, and non-induced cells
exposed to EX-4, were used as controls.

Protein agonist intervention. In the present study, TC6 cells
were pretreated with 10 mg/l TLR4 agonist [lipopolysaccharide
(LPS), dissolved in 0.1% DMSO (v/v); Sigma-Aldrich; Merck
KGaA) or 50 nmol/l NF-xB agonist [tumor necrosis factor-a
(TNF-a), dissolved in 0.1% DMSO (v/v); Sigma-Aldrich;
Merck KGaA] for 24 h before being exposed to 100 nmol/l
EX-4 with complete medium for 72 h. Cells exposed to LPS,
TNF-a or complete medium alone were used as controls.
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TLR4 small interfering (si)RNA and TLR4 cloning in BTC6
cells. Silencing with TLR4 siRNA was performed based on a
previously described method (16). The GV492 vector carrying
mouse TLR4 cDNA was supplied by Shanghai GenePharma
Co., Ltd. The primers used for the synthesis of TLR4 cDNA
were as follows: TLR4 (24379-1)-P1 (5'-3"), AGGTCGACT
CTAGAGGATCCCGCCACCATGATGCCTCCCTGGCTC
CTGGCTAGG; and TLR4 (24379-1)-P2 (5'-3"), TCCTTG
TAGTCCATACCGGTCCAAGTTGCCGTTTCTTGTTC
TTC (the PCR results are shown in Fig. S2). The cells were
seeded at a density of 3x10° cells/ml. The RNAI lentiviral
vector or TLR4-expressing lentiviral vector was diluted to
1x10® TU/ml, and then directly diluted in DMEM + 10% FBS
with 2 mmol/L L-glutamine at a multiplicity of infection
(MOI) of 50. After 10-12 h of incubation in the presence of
5% CO, at 37°C, the transduction medium (the 50 MOI viral
solution + DMEM + 10% FBS + 2 mmol/l L-glutamine) was
replaced with fresh complete medium (DMEM + 10% FBS +
2 mmol/l L-glutamine), and then the cells were incubated for
72 h. The expression level of TLR4 was detected by western
blotting.

Glucose-stimulated insulin secretion. According to a previ-
ously described method (16), the treated BTC6 cells were
washed twice with glucose-free Krebs-Ringer bicarbonate
buffer (KRBB, pH 7.4; KCl 4.8 mmol/l, KH,PO, 1.2 mmol/l,
NaCl 129.0 mmol/l, NaHCO; 5.0 mmol/I, CaCl, 1.0 mmol/I,
MgSO, 1.2 mmol/l, HEPES 10.0 mmol/l, BSA 0.1%) and
preincubated at 37°C for 30 min with glucose-free KRBB.
Cells were then washed once with glucose-free KRBB, and
incubated for 60 min at 37°C in KRBB containing 5.6 or
20 mmol/l glucose. Aliquots of supernatant were collected
and assessed using an ELISA kit (Cusabio Technology, LLC;
cat. no. P01325).

Animal experiments. A total of 30 specific pathogen-free-grade
male Sprague-Dawley (SD) rats (5-6 weeks old; weighing
220+10 g; Animal Experimental Center of Fujian Medical
University, Fujian, China) and 30 male TLR4 truncation SD
rats (CRISPR/Cas9 gene targeting; 5-6 weeks old; weighing
220+10 g; TLR4™'n Shanghai GenePharma Co., Ltd.) were
randomly selected. Construction of the TLR4 truncation rats is
described in Data S1. The rats had free access to food and
water during the whole experimental period. The rats were
housed in an intelligent artificial climate box (RXZ-380C;
Ningbo Jiangnan Instrument Factory) with the temperature
maintained at 20-25°C, a 12/12 h light/dark cycle, and a rela-
tive humidity of 55£5%. SD rats and TLR4"™"™" rats were
randomly divided into a normal diet group (n=10) and a
high-fat diet (HFD) group (n=20). The HFD included 60% of
the calories from fat, 20% of the calories from protein and
20% of the calories from carbohydrate (Research Diets, Inc.;
cat. no. D12492; ingredients listed in Table SI). The HFD
group was randomly divided into two subgroups after
16 weeks; one group was subcutaneously given exenatide
(EXE) at a dose of 5 ug/kg-day and another group was subcu-
taneously given the same amount of normal saline for
16 weeks. Additionally, BW and body length (BL) were
recorded weekly during the study and Lee's index was calcu-
lated according to the following formula: 35w (g) x 1000/BL (cm).
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The study was approved by the Biomedical Research Ethics
Committee of the First Affiliated Hospital of Fujian Medical
University.

Testing of biochemical indicators. The control and experi-
mental rats were euthanized, and the abdominal aorta blood
was collected and centrifuged in 1,500 x g for 10 min at room
temperature after being maintained at room temperature for
30 min. The serum was then stored in a refrigerator at -80°C
for further analysis. The levels of insulin and free fatty
acid (FFA) were detected by ELISA (Cusabio Technology,
LLC; cat. no. PQ8BMA4E6), and the levels of fasting blood
glucose (FBQ), total cholesterol (TCHO), triglyceride (TG)
and low-density lipoprotein (LDL) were measured using an
automatic biochemical analyzer, according to a previously
described method (16). Homeostatic model assessment of
insulin resistance (HOMA-IR) was calculated as follows:
(FBG x fasting blood insulin)/22.5.

Analysis of apoptosis by TUNEL assay

Detection of apoptosis of BTC6 cells. The TUNEL assay was
undertaken using a dead-End™ Fluorometric TUNEL System
(Promega Corporation). Paraformaldehyde solution (4%;
pH 7.4) was used for fixing at 4°C for 30 min. In addition,
both apoptotic and non-apoptotic cells were stained red with
PI. Fluorescein-12-dUTP (10 pg/ml; incubated at 37°C for
60 min) incorporation resulted in localized green fluorescence
within the nucleus of apoptotic cells only. PI was used at a
concentration of 1 yg/ml, and incubated for 30 min at room
temperature. Since the PI dye also binds to RNA at the same
time, the cells were digested with RNase (50 units of RNase
for 15 min at 37°C or 30 min at room temperature) before PI
staining. The detection of apoptosis of islet 3-cell by flow
cytometry in rats was performed according to previously
described methods (24).

Detection of apoptosis of pancreatic tissues. Pancreatic tail
tissue sections were fixed in 4% paraformaldehyde (pH 7.4)
for 24 h at room temperature and paraffin-embedded. Sections
were dewaxed according to a conventional method: Sections
with a thickness of 4 ym were immersed in xylene twice for
5 min, and then were soaked in 100, 95, 85 and 70% ethanol for
5 min, followed by PBS three times for 3 min. After permea-
bilization, the sections were washed with 3% H,0,-methanol
solution for 15 min. Afterwards, prepared proteinase K (100 ul)
was added into each sample and reacted at 37°C for 30 min,
followed by the addition of 100 ul of fluorescein isothiocya-
nate (FITC)-labeled streptavidin (FITC-SA) solution to each
sample. The reaction was incubated at 37°C for 1 h in the dark,
followed by washing, counterstaining with 100 ul1 (DAPI,
3 ug/ml) and further washing at room temperature. Finally,
the samples were observed by fluorescence microscopy
(10x40 magnification).

Protein extraction and western blotting

Protein extraction. Whole-cell and nuclear extracts were
prepared for western blot analysis (25). Islets were isolated
from the pancreas of each SD rat (26). The cells and pancre-
atic tissues were added to RIPA buffer (Beyotime Institute
of Biotechnology), containing 1 mmol/l PMSF, and lysed
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on ice for 30 min. The cells and tissues were centrifuged at
12,900 x g for 10 min at 4°C, the supernatant was transferred
to a new EP tube, 15 ul supernatant was left for the determina-
tion of protein concentration, and the remainder was mixed
with 5X SDS-PAGE sample loading buffer. The protein was
thoroughly denatured in a 95-100°C water bath for 5 min and
then stored at -20°C.

Western blotting. The protein concentration was detected by
BCA assay. SDS-PAGE analysis of proteins before and after
treatment with 50 mM DTT was performed on a4-10% gradient
gel containing 0.1% SDS (Laemmli system). Preparations of the
proteins (30 pg) were incubated in a buffer containing 50 mM
Tris-HCI (pH 6.8), 1% SDS, 10% glycerol,0.001% bromophenol
blue and 10 mM EDTA, with or without 50 mM DTT, for
16 min at 100°C, and then applied to the gel. Then the protein
sample was transferred onto a PVDF membrane (Invitrogen;
Thermo Fisher Scientific, Inc.). TBS was transferred into
the upper membrane, and blocking solution (skimmed milk;
5%; Beijing Dingguo Changsheng Biotechnology Co., Ltd.)
was then added into the wet PVDF membrane for 1 h at
room temperature. After that, anti-TLR4 (1:1,000; Abcam;
cat. no. ab13556), anti-NF-xB p65 (1:1,000; Cell Signaling
Technology, Inc.; cat. no. 8242), anti-P47 phox (1:200; Santa
Cruz Biotechnology, Inc.; cat. no. NB100-790), anti-GAPDH
antibody (1:3,000; Abcam; cat. no. EPR1689) or anti-f-actin
(1:200; Santa Cruz Biotechnology, Inc.; cat. no. 932715) were
added, and then incubated at 4°C overnight. The membrane was
incubated with horseradish peroxidase-labeled secondary anti-
body (1:5,000; Beijing Dingguo Changsheng Biotechnology
Co., Ltd.; cat. no. IH-0011) for 1 h at room temperature. The
gel was visualized and analyzed using JESS (ProteinSimple)
and the images were then saved.

Detection of reactive oxygen species (ROS). PTC6 cells and
frozen sections of pancreatic tissues were assessed using a
ROS assay kit (Beyotime Institute of Biotechnology). The
PTC6 cells or pancreatic tissues were incubated in 10 gmol/l
dichloro-dihydro-fluorescein diacetate for 20 min at 37°C
in 5% CO,. Confocal laser scanning microscopy was used
to directly observe the intracellular ROS levels as described
previously (27).

Immunofluorescence. Each group of pancreatic
paraffin-embedded sections was dewaxed according to a
conventional method, hydrated, and then the sections with a
thickness of 4 yum were immersed in xylene twice for 5 min.
The sections were then soaked in 100, 95, 85 and 70% ethanol
for 5 min, followed by PBS three times for 3 min, and
heat-induced antigen retrieval (HIAR) was performed. HIAR
was carried out in citrate buffer (pH 6) at 120°C for 15 min in
the Rapid Microwave Histoprocessor Histos Pro (Milestone
Medical). To each section, 3% H,0O,-methanol solution was
added for 10 min, and then the sections were blocked with
50-100 ul goat serum (Gibco; Thermo Fisher Scientific, Inc.;
cat. no. 16210064 for 20 min at room temperature. The sections
were incubated with 50-100 gl primary antibody (1:50)
[anti-TLR4 (Abcam; cat. no. ab13556), anti-NF-xB p65 (Cell
Signaling Technology, Inc.; cat. no. 8242), anti-p47°"* (Santa
Cruz Biotechnology, Inc.; cat. no. NB100-790), anti-GAPDH
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Figure 1. EX-4 inhibits PA-induced oxidative stress in 3-cells and the expression levels of TLR4 and NF-xB p65 subunit in a dose-dependent manner.
(A) Western blotting was performed to detect the expression levels of p47°"*, TLR4 and NF-kB p65 subunit. (A-a) Representative western blot images in each
group. (A-b) The ratio of target protein to GAPDH. (B) EX-4 reduced the PA-induced ROS positive ratio in p-cells. (B-a) Representative images from fluo-
rescent microscopy in each group. (B-b) The collective analyses of all three independent experiments. "P<0.05 vs. NC group (without PA and EX-4), "P<0.05
vs. 0.5 mM PA group, *P<0.05 vs. 0.5 mM PA + 25 nM EX-4 group, "P<0.05 vs. 0.5 mM PA + 50 nM EX-4 group. Magnification, x40. EX-4, exendin-4; PA,
palmitic acid; ROS, reactive oxygen species; NC, negative control; TLR4, toll-like receptor 4.

(Abcam; cat. no. EPR1689) or anti-f-actin (Santa Cruz
Biotechnology, Inc.; cat. no. 932715)] for 2 h at 37°C in a wet
box. This was followed by incubation of the sections with
50-100 ul secondary antibody conjugated to FITC/TRITC
(1:200; Abcam; cat. no. ab6785.) for 1 h at 37°C in the dark.
Each slice was incubated in 50-100 u1 DAPI solution for
5 min at room temperature in the dark, and then sealed with
anti-extraction sealant. The expression levels in the cells were
observed under a fluorescence microscope (x40 magnifica-
tion), and the three expression regions were photographed and
stored (Olympus CKX53; Olympus Corporation).

RNA extraction and reverse transcription-semiquantitative
PCR (RT-sqPCR). Total RNA was extracted from animal
tissues using the TRIzol® reagent (Thermo Fisher Scientific,
Inc.) method. The RNA was reverse transcribed into cDNA
using a PrimeScript™ RT reagent kit (Takara Bio, Inc.) in a
10-ul RT reaction system, at 37°C for 15 min and 85°C for
5 sec. A total of 2 ul cDNA was taken for the PCR amplifi-
cation in a 25-ul PCR reaction system (Invitrogen; Thermo
Fisher Scientific, Inc.). The reaction parameters were 95°C for
5 min, 95°C for 30 sec, 56.5°C for 30 sec and 72°C for 30 sec
for 35 cycles, and finally extended to 72°C for 10 min. 3-actin
was used as an internal reference for the PCR reaction. The
sequences of primers were as follows: TLR4 forward primer,
5'-AGTGCTTGTGTGGTAGAGGCAA-3'; TLR4 reverse
primer, 5'-CTGCCTACCAAATAGAAACCAGG-3'; B-actin

forward primer, 5'-CACCCGCGAGTACAACCTTC-3'; and
[B-actin reverse primer, 5'-CCCATACCCACCATCACACC-3.
Next, the PCR products (5 ul/lane) were analyzed by electro-
phoresis on 1.5% agarose gels (with 2.5 ul ethidium bromide)
for 30 min at 160 mV. The electrophoresis results were collected
using a computer gel scanning imaging system and analyzed
by Image Lab software 3.0 (Bio-Rad Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using
SPSS 20.0 software (IBM Corp.). The results are expressed as
the mean + SEM of three independent experiments. One-way
ANOVA was used in a completely randomized design. The
Bonferroni test was undertaken to make comparisons between
each two groups. To control for the effects of blood glucose,
covariance analysis was used to investigate the effect of EXE
on animal experiments (Table SII). P<0.05 was considered to
indicate a statistically significant difference.

Results

EX-4 inhibits oxidative stress in PA-induced [3-cells and the
expression levels of TLR4 and NF-xB p65 subunit. A previous
study showed that EX-4 improved lipotoxicity-induced apop-
tosis and insulin secretion (28). According to a previously
described method, the present study observed the effects of
EX-4 on lipotoxicity-induced oxidative stress in -cells, and
the expression levels of TLR4 and NF-kB p65 subunit. The
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Figure 2. Regulation of TLR4 expression alters the protective effects of EX-4 in PA-induced (3-cells. Expression levels of TLR4 were detected by western blotting in
(A) TLR4-overexpressing and (B) siRNA-transfected cells. (A-a and B-a) Representative western blot images in each group. (A-b and B-b) The ratio of target protein
to GAPDH. "P<0.05 vs. NC group, “P<0.05 vs. NC + Vector group. (C) Apoptosis rate of -cells. (C-a) Representative images from fluorescent microscopy in each
group. (C-b) The collective analyses of all three independent experiments. (D) Insulin secretion. "P<0.05 vs. NC group, “P<0.05 vs. 0.5 PA group, *P<0.05 vs. 0.5 PA
+ TLR4-OE group, "P<0.05 vs. 0.5 PA + siRNA group, “P<0.05 vs. PA + 100 EX-4 group, *P<0.05 vs. PA + EX-4 + TLR4-OE group. Expression level of p47°"* in
(E) TLR4-overexpressing cells. (E-a) Representative western blot images in each group. (E-b) The ratio of target protein to GAPDH. "P<0.05 vs. NC group, “P<0.05
vs. 0.5 PA group, *P<0.05 vs. PA + TLR4-OE group. Expression level of p47°"* in (F) siRNA-transfected cells. (F-a) Representative western blot images in each
group. (F-b) The ratio of target protein to GAPDH. "P<0.05 vs. NC group, “P<0.05 vs. PA + EX-4 group, *P<0.05 vs. PA + EX-4 + TLR4-OE group.
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Figure 2. Continued. (G) ROS in $-cells was detected by immunofluorescence. (G-a) Representative images from fluorescent microscopy in each group.
(G-b) The collective analyses of all three independent experiments. “P<0.05 vs. NC group, *P<0.05 vs. 0.5 PA group, *P<0.05 vs. 0.5 PA + TLR4-OE group,
"P<0.05 vs. 0.5 PA + siRNA group, “P<0.05 vs. PA + 100 EX-4 group, P<0.05 vs. PA + EX-4 + TLR4-OE group. Magnification, x40. EX-4, exendin-4;
PA, palmitic acid; OE, overexpression; NC, negative control; siRNA, small interfering RNA; TLR4, toll-like receptor 4; BIS, basal insulin secretion; GSIS,

glucose-stimulated insulin secretion.

results of the present study revealed that EX-4 inhibited the
expression levels of TLR4 and NF-«kB p65 subunit (Fig. 1A) in
a concentration-dependent manner, inhibiting the expression
of p47°"* (Fig. 1A) and decreasing the intracellular level of
ROS (Fig. 1B).

Regulation of TLR4 expression alters the protective effects of
EX-4 on lipotoxicity-induced oxidative stress in 3-cells. The
aforementioned experiments showed that EX-4 can inhibit
oxidative stress in B-cells and decrease the expression levels
of TLR4 and NF-«xB p65 subunit. Therefore, the present study
further assessed whether TLR4 could be involved in the protec-
tive effects of EX-4 by lentivirus-mediated overexpression
(Fig. 2A) or silencing (Fig. 2B) of TLR4 in -cells. The results
demonstrated that upregulation of TLR4 attenuated the effect
of EX-4 on lipotoxicity-induced [-cell apoptosis (Fig. 2C),
insulin secretion (Fig. 2D) and oxidative stress (Fig. 2E-G),
and the opposite was observed when the expression of TLR4
was inhibited (Fig. 2C-G).

TLR4 is involved in the role of EX-4 in attenuating
H,0,-induced oxidative stress in (3-cells. The previous two
parts of the study confirmed that EX-4 was involved in the
inhibition of oxidative stress in B-cells. To further confirm
the specificity of this process, H,O, was used to induce oxida-
tive stress in B-cells, followed by intervention with EX-4.

The findings demonstrated that EX-4 reduced H,0,-induced
apoptosis (Fig. 3A), increased insulin secretion (Fig. 3B) and
inhibited oxidative stress (Fig. 3C and D) in -cells.
Simultaneously, lentivirus-mediated overexpression or
silencing of TLR4 was used to verify the influences of TLR4
expression on the treatment with EX-4 in H,0,-induced [-cells.
The results showed that up-regulation of TLR4 attenuated the
inhibitory effect of EX-4 on H,0,-induced apoptosis (Fig. 3A),
insulin secretion (Fig. 3B), and oxidative stress (Fig. 3C and D)
in B-cells. However, silencing of TLR4 enhanced the effect of
intervention with EX-4 in H,0,-induced -cells (Fig. 3).

EX-4 inhibits oxidative stress in -cells mediated by TLR4
or NF-xB. To confirm the effects of EX-4 on oxidative stress
in B-cells mediated by TLR4 or NF-kB, the efficacy of EX-4
on the damage induced in -cells using TLR4 agonists (LPS)
or NF-kB agonists (TNF-a) was investigated. The results
demonstrated that EX-4 decreased apoptosis (Fig. 4A and E),
restored insulin secretion (Fig. 4B and F), and inhibited oxida-
tive stress (Fig. 4C, D, G and H) in B-cells, which were injured
by LPS or TNF-a.

Effects of EX-4 on HFD-induced oxidative stress in obese
and TLR4"™ """ rats. The present study investigated the role
of EX-4 in lipotoxicity-induced oxidative stress on obese
rats induced with an HFD. The results uncovered that EX-4
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showed no significant effect on weight (Fig. SA), the levels
of TCHO, TG, LDL (Fig. 5B and C) or FFA (Fig. 5D), while
it reduced Lee's index (Fig. SE), HOMA-IR (Fig. 5F) and
FBG (Fig. 5G), and increased insulin levels (Fig. 5SH) in
HFD rats. Besides, EX-4 inhibited the expression levels of
TLR4, NF-xB p65 subunit and p47°"* (Fig. 51), decreased
cell apoptosis (Fig. 5J) and the level of ROS (Fig. 5K), and
rebalanced the a- to B-cell area ratio (a/f) in the pancreas
(Fig. 5L).

To investigate the role of TLR4 in oxidative stress induced
by a HFD, the TLR4 gene was truncated in rats. Compared
with the wild-type with HFD group, truncation of TLR4 in the
HFD group led to a decrease in weight (Fig. 5A), HOMA-IR
(Fig. 5F), FBG (Fig. 5G), the expression levels of TLR4, NF-xB
p65 subunit and p47™ (Fig. 51), as well as the levels of cell
apoptosis (Fig. 5J) and ROS in the pancreas (Fig. 5K), while
rebalanced the o/ff in pancreas (Fig. 5L). Simultaneously,
compared with EX-4-treated wild-type obese rats, EX-4-treated
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Figure 5. EXE alleviates islet oxidative stress in obese rats, and truncation of TLR4 attenuates the damage caused by a high-fat diet in synergy with EXE.
(A) Average weight in each group. Levels of blood lipids were measured in each group: (B) TCHO, (C) TG and LDL, and (D) FFA. (E) Lee's index in each group.
(F) HOMA-IR. (G) Levels of FBG. (H) Insulin levels. (I) Expression levels of NF-xB p65 subunit, TLR4 and p47°"* in pancreatic tissues. (I-a) Representative
western blot images in each group. (I-b) The ratio of target protein to GAPDH.
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TLR4 truncation of obese rats showed lower levels of weight
(Fig. 5A), HOMA-IR (Fig. 5F), expression levels of TLR4,
NF-xB p65 subunit and p47°"* (Fig. 51), cell apoptosis (Fig. 57),
and the levels of ROS in the pancreas (Fig. 5K), and rebalanced
the a/p in the pancreas (Fig. 5L).

Discussion

The present study used islet 3-cells, obese SD rats and a TLR4
truncation rat model to observe the role and mechanism of
EX-4 in lipotoxicity-induced oxidative stress in -cells. The
results revealed that EX-4 restrained PA-induced oxida-
tive stress in P-cells and inhibited the expression levels of

TLR4 and NF-xB p65 subunit in a concentration-dependent
manner. Simultaneously, it was demonstrated that TLR4 was
involved in the effects of EX-4 on suppressing H,0,-induced
oxidative stress in B-cells. Moreover, EX-4 could inhibit
TLR4- or NF-xB agonist-induced oxidative stress in 3-cells.
Furthermore, it was confirmed that in obese rats, EX-4 was
able to reduce HOMA-IR, rebalance the distribution of a- or
B-cells, and inhibit islet cell apoptosis, oxidative stress, and
the expression levels of TLR4 and NF-kB p65 subunit. It was
also confirmed that truncation of the TLR4 gene can delay the
aforementioned damage induced by an HFD.

The current research disclosed that EX-4 had a direct
impact on the suppression of oxidative stress in B-cells. To
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date, animal and clinical trials have confirmed the intervention
of EX-4 on vascular oxidative stress (29-31). Animal experi-
ments have also demonstrated that liraglutide can increase
the quality of -cells by inhibiting oxidative stress and endo-
plasmic stress (32). It is noteworthy that p47°™* is a major
subunit of NADPH oxidase activity, whose activity influences
the function of B-cells in human pancreatic islets (33). The
aforementioned experiments also supported the present find-
ings. However, the intervention of EX-4 on normal (-cells
showed no influence on NADPH oxidase and ROS. It was
hypothesized that NADPH oxidase and ROS are at very low
levels under normal physiological conditions, and that changes
caused by intervention with EX-4 may not be detectable.

At present, the pathway by which EX-4 inhibits oxidative
stress in B-cells needs further study. Wu et al (34) reported
that GLP-1 analogues can protect cardiac function by inhib-
iting the ROCK/peroxisome proliferator-activated receptor-a
pathway to improve diabetic lipotoxic cardiomyopathy. A
study showed that GLP-1 analogues may exert an effect on
metabolic syndrome through a receptor-mediated mecha-
nism (35). In the present study, it was found that EX-4 inhibited
lipotoxicity-induced oxidative stress, and simultaneously the
expression levels of TLR4 and NF-xB p65 subunit during
the experimental process. Therefore, it was hypothesized that
benign intervention with EX-4 was associated with inhibition
of the expression levels of TLR4 and NF-kB p65 subunit. There
are currently several clinical studies supporting this hypothesis.
Ceriello et al (36) confirmed that GLP-1 analogues effectively
improved endothelial dysfunction, and inhibited inflammation
and oxidative stress in patients with type 2 diabetes. To further
validate the hypothesis, the expression of TLR4 was altered in
order to observe whether TLR4 was involved in the protective
effect of EX-4 in inhibiting lipotoxicity-induced oxidative
stress. The present results demonstrated that overexpression of
TLR4 attenuated the effects of EX-4, while inhibition of TLR4
expression enhanced the influences of EX-4. These results were
also confirmed when EX-4 was antagonized with H,O,-induced
oxidative stress in B-cells. Moreover, EX-4 was able to inhibit
TLR4 or NF-xB agonist-induced oxidative stress in -cells.
A previous study demonstrated the ability of EX-4 to inhibit
NF-«B, and thus supported the present results (37). The results
of the present study suggested that EX-4 could improve
lipotoxicity-induced oxidative stress in -cells by inhibiting the
expression levels of TLR4 and NF-xB p65 subunit.

However, other studies have shown that GLP-1 analogues
can act as a benign intervention in cardiomyocytes (38), the
liver (39) and the kidney (40) by inhibiting inflammation
or oxidative stress. To date, the antagonistic effect of GLP-1
analogues on inflammation and oxidative stress was also
confirmed in B-cells (41). However, there is no direct evidence
that GLP-1 inhibits oxidative stress by inhibiting the TLR4
signaling pathway. To further confirm the present results
in vitro, HFD-induced obese SD rats were used, and it was
confirmed that EX-4 can restrain lipotoxicity-induced insulin
resistance, oxidative stress, and the expression levels of TLR4
and NF-«kB p65 subunit. Furthermore, to investigate the role of
TLR4 in lipotoxicity-induced oxidative stress and the effects
of EX-4 on antagonizing the lipotoxicity, the TLR4 gene was
truncated in rats. It was found that truncation of TLR4 ampli-
fied the effect of benign intervention with EX-4 on obese
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rats, confirming that EX-4 improved hyperlipidemia-induced
oxidative stress by inhibiting the TLR4 pathway. Although
the protective effects of EX-4 in the TLR4™"'™" group were
significantly lower than those in wild-type group, there was
no significant difference between TLR4™'*" HFD group and
TLR4"™ '™ normal diet. This is due to the substantial role of
TLR4 in hyperlipidemia-induced oxidative stress, and trunca-
tion of TLR4 can significantly inhibit the damage induced by
an HFD; besides, EX-4 showed a protective effect, mainly by
suppressing TLR4. Therefore, treatment with EX-4 led to no
significant differences in rats with truncation of the TLR4 gene.

The results of the present study revealed that EX-4 had no
significant influence on weight; however, several previously
published studies showed the opposite effect (7,41-43). It is
speculated that the inconsistent results may be due to different
intervention time periods. The time recorded in the aforemen-
tioned research papers was between 24 h and 3 weeks, and
the intervention time in the present study was 16 weeks. It
was found that EX-4 can reduce the BW of obese rats over the
course of 4 weeks, while the weight was regained in obese rats
with a more prolonged duration of intervention (Fig. S3). Thus,
it was hypothesized that obese rats would show resistance to
EX-4 as the intervention time was prolonged. To date, a study
has supported long-term intervention with EX-4 for reducing
weight in obese individuals (44).

In addition, the results of the present study demonstrated
that TLR4 protein is still expressed in truncation rats, possibly
due to the fact that the CRISPR/Cas9 system was used for the
TLR4 truncation (-178 bp +7 bp; exon -149 bp; Data S1), without
knocking out TLR4 DNA. The TLR4 protein was detected
in TLR4 truncation rats using western blot analysis, and the
molecular weight of TLR4 in TLR4 truncation rats was similar
to that in wild-type rats. It was speculated that this might be
due to the lack of specificity of the TLR4 antibody. Therefore,
RT-sqPCR was used to detect TLR4 mRNA expression, and it
was found that TLR4 had a length of 436 bp in truncation rats,
demonstrating that the truncation of the gene was successfully
carried out (Fig. S4).

The present study showed that EX-4 decreased lipotox-
icity-induced insulin resistance, oxidative stress, and the
expression levels of TLR4 and NF-kB p65 subunit. Previous
studies have demonstrated that GLP-1 analogues can decrease
the weight of obese patients (45), reduce insulin resistance (46)
and improve islet function (47). However, obese patients are
characterized by uncertain resistance to GLP-1 analogues,
which weakens the effectiveness of GLP-1 analogues in
obese patients compared with those of average weight (48).
Therefore, the use of GLP-1 as a drug for preventing diabetes
in obese patients should be further studied. Simultaneously,
due to the benefits of TLR4 in mediating metabolic inflam-
mation and oxidative stress induced by hyperlipidemia,
TLR4 inhibitors could be used as potential weight-loss drugs.
Furthermore, the present results provide an experimental basis
for anti-inflammatory treatment in obese patients to prevention
of diabetes. However, the present study contains certain limi-
tations. Firstly, the mechanism of action EX-4 on TLR4 was
not confirmed, and the direct or indirect interactions between
the two require further research. Secondly, the relationship
between the protective effects of EX-4 and GLP-1 analogues
was not observed. Further research is therefore essential to
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confirm the clinical data. Thirdly, the effects of blood glucose
fluctuations on the model animal in the present study were not
assessed. To control for the effects of blood glucose, covari-
ance analysis was used to investigate the effect of exenatide
on the model animals. It was found that exenatide inhibited
HFD-induced oxidative stress in (3-cells, independent of blood
glucose fluctuations (Table SII). Lastly, PTC6 is a mouse islet
cell line and does not fully represent islet 3 cells.

In conclusion, it was found that EX-4 can inhibit damage
caused by lipotoxicity-induced oxidative stress in 3-cells
through suppression of the TLR4/NF-«kB signaling pathway.
The present study revealed a new mechanism by which EX-4
may inhibit lipotoxicity-induced oxidative stress in [3-cells,
providing experimental evidence for TLR4 as a therapeutic
target in weight loss and for treating oxidative stress in [3-cells.
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