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A B S T R A C T

Macrophages play a critical role in the immune response against pathogen invasion and injury. However, under
pathological stress, macrophages could have aberrant roles and contribute to the pathogenesis of inflammatory
associated diseases. Exenatide is a glucagon-like peptide 1(GLP-1) agonist, which belongs to the family of
synthetic exendin-based incretin mimetic. Exendin related compounds reduce glucose levels in type 2 diabetes
patients. The purpose of this study was to examine the anti-inflammatory effects of exendin-4 in LPS-induced
activation of macrophages. We show that exendin-4 inhibits LPS-induced expression of inflammatory mediators
(iNOS, COX-2, PGE2 and NO) and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in RAW264.7 macro-
phages. Exendin-4 pretreatment mitigates LPS induced cellular ROS production. Mechanistically, Exendin-4
suppresses the LPS-induced activation of the JNK and AP-1 pathway. Furthermore, exendin-4 suppresses both
nuclear p65 accumulation and transfected NF-κB promoter activity, indicating it inhibits the activation of the
NF-κB pathway. Our study demonstrates that the GLP-1 agonist exendin-4 has a potent anti-inflammatory effect
independent on its glucose reducing ability, and exendin-4 has the potential implication to treat inflammatory
associated diseases.

1. Introduction

An inflammatory response is a physiological response of the im-
mune system against pathogen infection or injury to our body. In the
immune system, different immune cells are constantly active to defend
our body from the invasions or harmful stimuli. Macrophages engulf
pathogen and scavenge the dead cells, which is termed as “phagocy-
tosis”. In healthy conditions, macrophages either directly clear up in-
vasion or indirectly activate other immune cells against the alien an-
tigen, and play a significant role in tissue repair and wound healing.
The activated macrophages are involved in different defensive pro-
cesses by generating many responsive mediators and inflammatory
cytokines to influence the immune process. However, under patholo-
gical stress, abnormally activated macrophages could produce excessive
inflammatory mediators, which could contribute to the development of
related diseases, such as atherosclerosis, rheumatoid arthritis and sepsis
[1].

Lipopolysaccharide (LPS) is a main component of the membrane

from Gram-negative bacteria, and it is a strong stimulus to induce in-
flammatory responses in the case of bacterial infection. LPS causes the
excessive release of pro-inflammatory mediators such as prostaglandin
E (PGEs) and interleukins (ILs), which contributes to the inflammatory
diseases [2]. PGEs are lipid autacoids derived from arachidonic acid,
and the stable production of PGEs plays a vital role in whole-body
homeostasis and the generation of inflammatory response. COX-2 is a
key enzyme to catalyze the biosynthesis of prostaglandin, and it is
highly inducible inflammatory stimuli [3]. Studies have shown that the
induction of COX-2 is associated with inflammation and related dis-
eases [4]. Many efforts have been focusing on an understanding of the
inflammatory modulation in the anticipation to control the in-
flammatory response and disease progression. The most known reg-
ulator of the inflammation is NF-κB, and its activation contributes to
many inflammatory diseases and cancer [5]. The activation of NF-κB in
macrophage could generate many pro-inflammatory mediators, such as
iNOS and COX-2 [6]. NF-κB directly binds to the promoter of these
genes, is the key regulator of their induction [7]. Therefore, the
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modulations of macrophage activation and inflammatory mediators
have important therapeutic implications in the treatment of in-
flammatory diseases.

Glucagon-like peptide-1 (GLP-1) is an incretin that plays important
physiological roles in glucose homeostasis. Produced from intestine
upon food intake, GLP-1 stimulates the secretion of insulin and pro-
motes pancreatic β-cells to be proliferative and functional. Exenatide is
a glucagon-like peptide 1 (GLP-1) agonist belonging to the family of
synthetic exendin-based incretin mimetics and was approved by the
FDA for the treatment of type II diabetes mellitus since 2005 [8,9].
From its pathological progression, type II diabetes can be viewed as a
chronic inflammatory disease [10]. One type of macrophage residing in
adipose tissue is adipose tissue macrophages (ATMs). The abnormal
adipose expansion and recruitment of ATMs are closely associated with
the inflammation in obesity-induced related type 2 diabetes [11,12].
From past studies, we recognize that macrophages change their roles
between the healthy condition and pathological stress. The investiga-
tion of modulating macrophage is significant for our understanding and
treatment of the related diseases. Herein, we investigated the role of the
GLP-1 agonist exendin-4 on LPS induced inflammatory responses in
cultured macrophages.

2. Materials and methods

2.1. Cell culture and treatment

We purchased a murine macrophage RAW 264.7 cell line from
ATCC (TIB-71™). The cells were cultured with ATCC-formulated
Dulbecco's Modified Eagle's Medium (DMEM) supplied with 10% fetal
bovine serum and 1X antibiotics containing 100 U/ml penicillin and
100 g/ml streptomycin. All the cells were housed at the atmosphere
with 95% air and 5% carbon dioxide (CO2) at a 37 °C incubator. The cell
treatment reagent LPS was from Sigma-Aldrich (USA) and dissolved in
PBS with 1000X concentration at 1mg/ml. For the cell treatment ex-
periment, RAW 264.7 cells were seeded on 6-well plate, 35-mm or 60-
cm dishes to allow for growing into full confluence. The cells were then
pretreated with 20 nM Exendin-4 for 6 h and followed by the treatment
of 1 μg/mL LPS for 24 h, all the control groups were appropriately in-
cluded.

2.2. Real-time PCR

We purified total RNA from treated RAW 264.7 cells by a high pure
plasmid kit (Roche). Total 1 µg of RNA was used to synthesize cDNA by
one-step RT-PCR kit (Superscript II, Applied Biosystems Inc.) The real-
time PCR was performed on an ABI prism 7900HT sequence detection
system. The PCR reaction was set up by using a universal SYBR green
PCR master mix (Applied Biosystems Inc). We used β-actin as the in-
ternal control and calculated the relative gene expression level by ΔΔCt
method.

2.3. Western blot analysis

We obtained whole cell lysate by lysing RAW 264.7 cells with RIPA
buffer plus protease and phosphatase inhibitors. To isolate the nuclear
portion of protein, we used a commercial NE-PER nuclear and cyto-
plasmic extraction kit (Thermo Fisher Scientific, USA) by following the
product’s instruction. We then measured the concentration of total cell
lysate or nuclear extract using a BCA method (Biorad). A total of 20 µg
of cell lysate or nuclear extract were loaded to precasted NU-PAGE gel
to reach optimized separation. The gel was then transferred to 0.2 µM
PVDF membrane by a gel transfer apparatus and followed by 1-hour
blocking, 2-hour primary antibody incubation and another 1-hour in-
cubation with corresponding fluorescent dye-labeled secondary anti-
body. Finally, we scanned the blots by Odyssey CLx Imager (Li-Cor).
The data ware quantitated and presented as fold change.

2.4. ELISAa

We measured the secreted protein level of TNF-α, IL-1β, and IL-6 in
our study. Briefly, we collected RAW 264.7 culture media and spun to
remove cell debris, and measured the concentration of supernatants by
BCA protein assay kit (Bio-Rad, USA). We purchased the following
ELISA kits from R&D Systems: TNF-α, IL-1β, and IL-6. We added diluted
standards and our samples to the 96-well plate and exactly followed
other steps for ELISA assay according to the manufactory’ instructions.
The reaction data were read by a micro-plate spectrometry. The re-
corded values of standards were used to plot a linearized curve. The
relative level of each experimental sample was extrapolated from the
standard sample plot. The final sample value was presented by nor-
malized to total protein amounts.

2.5. Intracellular NO production

We measured the intracellular NO production based on the DAF-FM
staining method. In brief, RAW 264.7 growing in 96-well plates were
washed and stained with DAF-FM DA dye for 10min. We used a micro-
plate fluorescence reader to capture the NO reacted green fluorescence
at 488 nm wavelength.

2.6. Dihydroethidium (DHE) staining

We measured the cellular ROS level by dihydroethidium dye (DHE)
staining method. In brief, RAW 264.7 cells were washed and reacted
with 2 µM DHE dye for 10min. The stained cells were then collected in
black plates and visualized using a fluorescent microscope at an ex-
citation wavelength at 480 nM.

2.7. Luciferase activity of AP-1 and NF-κB

We purchased luciferase incorporated NF-κB promoter and AP-1
promoter vectors from Clontech, USA. For plasmid transfection, RAW
264.7 cells were grown on 24-well plates for 40–50% confluence, and
the vectors were transfected into cells by Lipofectamine LTX Reagent
(Life technology). 24-hour post the transfection, the transfected cells
were pretreated with 10 and 20 nM exendin-4 for 6 h and followed by
the treatment of 1 µg/ml LPS for another 24 h. The cells were then
quickly lysed and transferred to a 96 well plate to measure the luci-
ferase activity by a Luminometer (Promega). The relative luciferase
activity was obtained by normalizing the measured luciferase value to
the sample protein concentration. We presented the data as fold change.

2.8. Statistical analysis

We repeated all the experiments at least three times or more in this
study. The results were presented as the mean ± standard deviation.
The comparison for more than two groups was tested by one-way
analysis of variance (ANOVA) with Bonferroni post hoc test for multiple
comparisons. P < 0.05 denotes statistically significant differences for
the specific test.

3. Results

3.1. Exendin-4 suppresses LPS- induced expression of PGE2 and COX-2

To explore the role of exendin-4 in RAW264.7 macrophages, we
pretreated RAW 264.7 cells with 10 and 20 nM exendin-4 for 6 h and
then treated the cells with 1 μg/mL LPS for 24 h. We measured the
expression of PGE2 mRNA (Fig. 1A), COX-2 mRNA (Fig. 1B) and COX-2
protein levels (Fig. 1C) to evaluate the effect of exendin-4 on these
inflammatory mediators. Our results indicated that exendin-4 had a
dose-dependently inhibitive effect on LPS-induced PGE2 and COX-2
expression.
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3.2. Exendin-4 suppresses LPS induced NO and iNOS expression

In macrophages, the major synthesis source of nitric oxide (NO) is
from inducible nitric oxide synthase (iNOS). Inflammation-induced NO
can damage the normal cellular function and is involved in the devel-
opment of varied diseases [13]. We measured the influence of exendin-
4 on intracellular NO level and iNOS expression. The result showed that
exendin-4 pretreatment significantly reduced the production of NO
(Fig. 2A) and the expression of iNOS at the mRNA (Fig. 2B) and protein
(Fig. 2C) levels.

3.3. Exendin-4 inhibits LPS-induced pro-inflammatory cytokines

It has been known that inflammatory cytokines play important roles
in the progression of inflammatory diseases. Upon exposure to LPS
(1 μg/mL) for 24 h, the secretion of pro-inflammatory increased con-
spicuously. But when RAW264.7 macrophages were treated with 10
and 20 nM exendin-4 for 6 h, it showed significant suppression on LPS-
induced expression on TNF-α mRNA (Fig. 3A), IL-1β mRNA (Fig. 3B)
and IL-6 mRNA (Fig. 3C). By ELISA assay, we got similar results that
exendin-4 suppressed LPS induced secretion of TNF-α (Fig. 3D), IL-1β
(Fig. 3E) and IL-6 (Fig. 3F).

Fig. 1. Exenatide reduced Lipopolysaccharide
(LPS)- induced production of prostaglandin E2
(PGE2) and the expression of cyclooxygenase
2 (COX-2) in RAW264.7 macrophages.
RAW264.7 macrophages were pretreated with
10 and 20 nM exendin-4 (a type of Exenatide)
for 6 h, followed by stimulation with 1 μg/mL
LPS for 24 h. (A). The secretion of PGE2 was
measured by ELISA analysis; (B). The expres-
sion of COX-2 at the mRNA levels; (C). The
expression of COX-2 at the protein levels was
determined by western blot analysis (*, #, $,
P < 0.01).

Fig. 2. Exenatide reduced Lipopolysaccharide
(LPS)- induced production of nitric oxide
(NO) and the expression of inducible nitric
oxide synthase (iNOS) in RAW264.7 macro-
phages. RAW264.7 macrophages were pre-
treated with 10 and 20 nM exendin-4 for 6 h,
followed by stimulation with 1 μg/mL LPS for
24 h. (A). Production of NO was measured by
DAF-FM staining; (B). mRNA levels of iNOS
were determined by real-time PCR; (C).
Protein levels of iNOS were determined by
western blot analysis (*, #, $, P < 0.01).
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3.4. Exendin-4 inhibits LPS- induced expression of MMP-2 and MMP-9

Both MMP-2 and MMP-9 are recognized as the important col-
lagenases in the degradation of the extracellular matrix in inflammatory
diseases. Next, we assessed the expression profile of MMP-2 and MMP-
9. The results showed that exendin-4 inhibited LPS-induced expression
of MMP-2 (Fig. 4A) and MMP-9 mRNA (Fig. 4B). By examining their
protein expression, we confirmed this inhibitory role of exendin-4 on
MMP-2 (Fig. 4C) and MMP-9 (Fig. 4D).

3.5. Exendin-4 mitigates LPS induced oxidative stress

We then assessed the effect of exendin-4 on LPS- induced oxidative
stress by measuring the cellular ROS level. When compared to non-
treated cells, exendin-4 showed a dose-dependent suppression on LPS-
induced ROS production (Fig. 5).

Fig. 3. Exenatide reduced Lipopolysaccharide (LPS)- induced expression and secretion of pro-inflammatory cytokines in RAW264.7 macrophages. RAW264.7
macrophages were pretreated with 10 and 20 nM exendin-4 for 6 h, followed by stimulation with 1 μg/mL LPS for 24 h. (A) mRNA level of TNF-α; (B) mRNA levels of
IL-1β; (C) IL-6; (D) Secretion of TNF-α as measured by ELISA; (E) Secretion of IL-1β was measured by ELISA; (F) Secretion of IL-6 was measured by ELISA (*, #, $,
P < 0.01).

Fig. 4. Exenatide inhibited Lipopolysaccharide
(LPS)- induced expression of MMP-2 and MMP-9
in RAW264.7 macrophages. RAW264.7 macro-
phages were pretreated with 10 and 20 nM ex-
endin-4 for 6 h, followed by stimulation with
1 μg/mL LPS for 24 h. (A). mRNA of MMP-2; (B).
mRNA of MMP-9; (C). The protein of MMP-2 was
measured by ELISA; (D). The protein of MMP-9
was measured by ELISA (*, #, $, P < 0.01).
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3.6. Exendin-4 suppresses LPS- induced activation of JNK

We then examined the molecular pathways by which exendin-4 is
involved. Stress-induced JNK phosphorylation is known to be re-
sponsive to LPS treatment. By examining the phosphorylated and total
JNK level, we found that exendin-4 had a dose-dependent inhibitive
effect on LPS- induced JNK phosphorylation (Fig. 6), indicating that
exendin-4 suppressed the activation of the JNK pathway.

3.7. Exendin-4 suppresses LPS-induced activation of the transcription factor
AP-1

Next, we assessed the effect of exendin-4 on transcriptional factor
AP-1. By measuring it’s two subunits c-fos and c-jun. We showed ex-
endin-4 reduced LPS induced both c-fos and c-jun expression (Fig. 7A),
suggesting its inhibitive effect on AP-1 activation. Consistently, the
luciferase assay demonstrated that exendin-4 suppressed the tran-
scriptional activity of AP-1 (Fig. 7B).

3.8. Exendin-4 suppresses LPS- induced activation of NF-kB

NF-κB is the key regulator of the inflammation, and its activation is
closely associated with the development of inflammatory diseases. We

examined the influence of exendin-4 on NF-κB activation. Firstly, we
found that exendin-4 treatment attenuated the nuclear translocation of
NF-κB p65 (Fig. 8A). Secondly, we found that exendin-4 suppressed
activation of the NF-κB luciferase promoter by LPS (Fig. 8B). This data
indicates that exendin-4 suppresses LPS- induced activation of NF-κB in
macrophages.

3.9. Exendin-4 reduces LPS- induced expression of TLR4

Since the pro-inflammatory effects of LPS are mediated by toll-like
receptors (TLRs), we examined whether exendin-4 antagonizes the ef-
fects of LPS by down-regulating TLR4 expression. We used quantitative
PCR to measure levels of TLR4 mRNA and Western blotting to measure
levels of TLR4 protein in RAW264.7 macrophages. LPS up-regulated
TLR4 expression at both mRNA and protein levels, while exendin-4
significantly repressed this up-regulation (Fig. 9).

4. Discussion

The microbial invasion caused inflammation is a complex process
between host and pathogen. The pathogen invasion- induced aberrant
inflammatory response in the organ often leads to extensive tissue da-
mage, acute respiratory failure, systemic dysfunction, and even life-

Fig. 5. Exenatide reduced Lipopolysaccharide (LPS)- induced oxidative stress in RAW264.7 macrophages. RAW264.7 macrophages were pretreated with 10 and
20 nM exendin-4 for 6 h, followed by stimulation with 1 μg/mL LPS for 24 h. Intracellular levels of reactive oxygen species (ROS) were measured by dihydroethidium
(DHE) staining (*, #, $, P < 0.01).

Fig. 6. Exenatide suppressed Lipopolysaccharide (LPS)- induced activation of JNK in RAW264.7 macrophages. RAW264.7 macrophages were pretreated with 10 and
20 nM exendin-4 for 6 h, followed by stimulation with 1 μg/mL LPS for 2 h. Phosphorylated and total JNK has been measured (*, #, $, P < 0.01).
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threaten events [14]. For example, acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS) are two frequently encountered
diseases with high morbidity and mortality in patients admitted in ICU.
A high inflammatory response caused leukocyte infiltration and ele-
vated pro-inflammatory cytokines in the lung are the key features in
their pathogenesis [15]. Many chronic diseases are featured as long-
lasting inflammation and infection during the pathological progression,
such as osteoarthritis and type II diabetes.

Macrophages are the important immune cells against microbial
pathogens. When activated, macrophages secrete a variety of chemo-
kines, cytokines, and chemical mediators [16]. The signaling trans-
duction initiated by TLRs can produce a large number of pro-in-
flammatory factors such as TNF-α, IL-1β, and IL-6, which promote local
or systemic inflammation. However, the aberrant expression of pro-
inflammatory factors is the driving force of the deterioration of many
diseases [1,17]. Therefore, modulating the activation of macrophages is
a wise therapeutic strategy of treating various inflammatory diseases.

TLR4 is one of the most studied TLRs. Activation of TLR4 has been
associated with the initiation and progression of T2DM [18,19]. Im-
portantly, TLR4 has been identified as the primary receptor of LPS,
mediating the inflammatory responses of LPS via activating the NF-kB
signaling pathway in mammalian cells. LPS derived from bacteria can
increase GLP-1 secretion and plasma GLP-1 in the gastrointestinal tract
[20]. Interestingly, a recent study reported that TLR4 deficiency mice
blunted the secretion of GLP-1, suggesting that TLR4 is necessary for
glucose-induced GLP-1 secretion in vivo [21]. In the current study, we
found that the GLP-1 analog exendin-4 inhibited LPS- induced in-
flammation in RAW264.7 macrophages. In the current study, we found
that exendin-4 down-regulated TLR4 mRNA and protein. Based on
these findings, we speculated that there is a negative loop between GLP-
1 and LPS/TLR4 signaling. However, the underlying mechanism is still
unknown. Future studies will provide us with a complete picture.

In this study, we found that exendin-4 inhibited LPS-induced NO
and PGE2 production is due to its inhibition on the transcription and

Fig. 7. Exenatide suppressed Lipopolysaccharide (LPS)-induced activation of the transcriptional factor AP-1 in RAW264.7 macrophages. RAW264.7 macrophages
were pretreated with 10 and 20 nM exendin-4 for 6 h, followed by stimulation with 1 μg/mL LPS for 24 h. (A). Protein levels of c-Fos (1, 3.8, 2.5, 1.3) and c-Jun were
measured by western blot analysis; (B). Luciferase activity of AP-1 (*, #, $, P < 0.01).

Fig. 8. Exenatide suppressed Lipopolysaccharide (LPS)- induced activation of NF-κB. RAW264.7 macrophages were pretreated with 10 and 20 nM exendin-4 for 6 h,
followed by stimulation with 1 μg/mL LPS for 24 h. (A). Nuclear translocation of NF-κB p65; (B). Luciferase activity of NF-κB (*, #, $, P < 0.01).

Fig. 9. Exenatide reduced lipopolysaccharide (LPS)- induced expression of TLR4. RAW264.7 macrophages were pretreated with 10 and 20 nM exendin-4 for 6 h,
followed by stimulation with 1 μg/mL LPS for 24 h. (A). mRNA of TLR4; (B). The protein of TLR4 (*, #, $, P < 0.01).
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production of inflammation-related enzymes (iNOS and COX-2).
Exendin-4 also exhibited strong inhibition on the expression of pro-
inflammatory factors, including TNF-α, IL-1β, and IL-6. Consequently,
exendin-4 showed strong suppression of cellular ROS production. These
facts indicate that exendin-4 is a potent anti-inflammatory and ant-
oxidant agent, which influences multiple key inflammatory signals.

NF-κB is the master regulatory transcription factor, which plays a
key role in regulating the expression of iNOS, COX-2, and pro-in-
flammatory cytokines such as TNF-α [22–24]. Upon activation, re-
leased nuclear factor-NF-κB (heterodimer of P50 and p65) translocate
into the nucleus, where it binds to the promoter regions of these in-
flammatory genes, and induces the expression of a wide range of cy-
tokines, enzymes and adhesion molecules [25–27]. Our study demon-
strates that exendin-4 inhibits nuclear translocation of p65. We also
show that exendin-4 has an inhibitory effect on LPS-induced activation
of NF-κB promoter. These shreds of evidence suggest that the exendin-4
act to mitigate LPS elicited the NF-κB activation. Our data also shows
exendin-4 suppresses the activation of the JNK and AP-1 pathway. The
inter-connection of JNK, AP-1, and NF-κB has been reported, and the
activation of JNK could result in increased nuclear AP-1 and NF-κB
response [28]. Exendin-4 likely mediated JNK suppression leading to its
inhibition on nuclear AP-1 and NF-κB in macrophage.

An inflammatory response is a major host defense mechanism
against invading pathogens, and host cells activate a variety of immune
responses to prevent damage to the body. The main limitation of the
current study is that we only examined the protective effects of ex-
endin-4 against LPS- induced inflammation in an in vitro RAW264.7
macrophages culture model. It should be noticed that the host defense
in vivo is a complicated process and needs to be elucidated. Future in
vivo studies with animal models or clinical trials are necessary to verify
the anti-inflammatory effect of exendin-4.

In conclusion, our study aims to modulate the inflammatory re-
sponse in macrophage, and we demonstrate the potent anti-in-
flammatory effects of exendin-4 and its mechanism in cultured
RAW264.7 cells. Our data suggest that exendin-4 is a promising anti-
inflammatory compound in the treatment of inflammatory-related dis-
eases.
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