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Abstract. Insulin resistance and metabolic disorders are closely 
associated with low‑grade chronic inflammation. Aberrant 
macrophage activation to M1 or M2 is characterized by a deleterious 
state of chronic inflammation and loss of positive trophic signals. 
Glucagon‑like peptide‑1 (GLP‑1) is used to treat diabetes due to 
its beneficial role against insulin resistance. The present study 
examined the effect of GLP‑1 on macrophage activation, which 
contributed to M2 polarization and secretion of anti‑inflammatory 
factors. In addition, the present study demonstrated that GLP‑1 
was able to reduce M1 polarization and inflammatory response by 
using the murine monocyte/macrophage cell line RAW264.7 and 
detecting M1/M2‑specific genes. RAW264.7 cells were incubated 
with GLP‑1 in the presence or absence of lipopolysaccharide or 
interleukin‑4, the c‑Jun N‑terminal kinase (JNK) and signal 
transduction and transcriptional activation factor 3 (STAT3) activity 
was assessed by quantification of phosphorylation expression 
and macrophage polarization was determined by detecting 
M1/M2‑specific genes expression. The results demonstrated 
that GLP‑1/GLP‑1 receptor attenuated the phosphorylation of 
JNK and its signal transduction through the cyclic adenosine 
monophosphate/protein kinase A signaling pathway, while the 
phosphorylation of STAT3 increased through following treatment 
with GLP‑1. The present study observed that GLP‑1 exerts its 
beneficial effects on macrophage polarization by modulating the 
JNK/STAT3 signaling pathway. The present results also suggested 
that the effects of GLP‑1 on endocrine and metabolic diseases 
are possibly mediated by modulation of signaling pathways, 
and provide a basis for pharmacologic targeting of macrophage 

activation and an insight into the molecular mechanisms involved 
in the progression of metabolic diseases.

Introduction

Increasing evidence suggests that immune and inflammatory 
responses serve pivotal roles in obesity, diabetes and cardiovas-
cular diseases (1,2). Metabolic signals emerging from metabolic 
cells initiate inflammatory responses and damage metabolic 
homeostasis, thus leading to infiltration of macrophages into 
metabolic tissues, inflammation and insulin resistance  (1). 
Macrophages are essential components of the innate immunity 
system, and serve a dynamic role in host defense, inflamma-
tion and tissue homeostasis (3). Monocyte/macrophages are the 
major source of inflammatory cytokines, which participate in the 
pathogenesis of diabetes, obesity and insulin resistance through 
paracrine and endocrine mechanisms (4‑6).

The properties and activation state of macrophages change 
in different local environments, thus exhibiting an important 
heterogeneity (6). Under inflammatory and noninflammatory 
stimuli environments, macrophages display various status (3). 
M1 and M2 are two separate polarization activation states of 
macrophages, which are usually defined in vitro, while tissue 
macrophages may be activated at intermediate states between M1 
and M2 (7‑9). Proinflammatory mediators such as lipopolysac-
charides (LPS) and interferon‑γ can induce M1 macrophages, 
which are also named ‘classically activated’ macrophages (7). 
M1 macrophages produce proinflammatory cytokines, including 
tumor necrosis factor‑α (TNF‑α), interleukin (IL)‑6 and IL‑12, 
and generate reactive oxygen species such as nitric oxide (NO) 
via activation of inducible nitric oxide synthase (iNOS) (7). M2, 
or ‘alternatively activated’ macrophages, are generated in vitro by 
exposure to IL‑4 and IL‑13 (4). M2 macrophages have low proin-
flammatory cytokine expression and generate high levels of the 
anti‑inflammatory cytokine IL‑10 (4). Additionally, M2‑polarized 
macrophages can enhance arginase production. This enzyme 
blocks iNOS activity by competing for the arginine substrate that 
is required for NO production (9). M2 macrophages are consid-
ered to block inflammatory responses and repair tissue during 
inflammatory responses as well as being involved in the promo-
tion of tissue repair (7‑9). Upon induction, macrophage state can 
switch from activated M1 state to M2 and vice versa (3,7‑9).
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Glucagon‑like peptide‑1 (GLP‑1) is secreted from intestinal 
L‑cells and functions in nutrient ingestion. It is considered to 
have numerous glucose‑lowering actions, including potenti-
ating glucose‑dependent insulin secretion, inhibiting glucagon 
secretion, enhancing β cell growth, suppressing appetite and 
delaying gastric emptying (10‑12). Additionally, GLP‑1 appears 
to improve insulin sensitivity in patients with type 2 diabetes 
and animal models (13). Previous studies have demonstrated that 
GLP‑1 reduces the accumulation of monocytes/macrophages and 
the expression of inflammatory mediators such as TNF‑α and 
monocyte chemotactic protein in activated macrophages (14). A 
previous study demonstrated that GLP‑1 reduces the numbers of 
M1 macrophages and the mRNA expression levels of M1 marker 
genes, and reduces the expression levels of inflammatory factors 
in adipose tissue and peritoneal macrophages (15). Considering 
that GLP‑1 receptors are abundantly expressed in the surface of 
numerous cell types besides pancreatic islet cells, gastrointestinal 
cells, neural cells and mononuclear macrophages, GLP‑1 may 
serve more important roles than expected. An in vitro study has 
elucidated that GLP‑1 and GLP‑1 agonists increase M2 macro-
phage‑related markers and the secretion of the anti‑inflammatory 
cytokine IL‑10 when acting on human mononuclear macrophages, 
and has observed that GLP‑1 induces macrophages into the M2 
phenotype by signal transduction and transcriptional activation 
factor 3 (STAT3) activation (16). It is well known that STAT3 
serves a key role in macrophage activation towards the M2 pheno-
type (17). As a repressor protein of the inflammatory response, 
STAT3 in resident macrophages acts as a transcription factor 
mediating the anti‑inflammatory effects of IL‑10 (18). STAT3 is 
the dominant mediator of the anti‑inflammatory effects exhib-
ited by IL‑10, which acts to inhibit LPS‑mediated TNF‑α and 
IL‑6 generation in macrophages (19). The effects of intracellular 
cAMP elevation on the production of inflammatory mediators in 
macrophages were originally reported to be mediated by protein 
kinase A (PKA) (20). Furthermore, cyclic adenosine monophos-
phate (cAMP) is a paramount factor for macrophage activation 
towards the M2 phenotype (20‑22).

While the roles of STAT3 in macrophages are well supported, 
little is known about how GLP‑1/GLP‑1 receptor (GLP‑1R) activates 
STAT3 signaling and the underlying mechanisms. With regard to 
macrophage polarization, the effects of GLP‑1 on signal transduction 
have scarcely been documented to date, to the best of our knowledge. 
The present study elucidated that GLP‑1R signaling contributes to 
the inhibition of JNK activation through the cAMP/PKA pathway, 
resulting in the activation of STAT3, which inhibits inflammation and 
M1 activation and promotes M2 activation. These findings suggest 
that modulations of signaling pathways are essential underlying 
mechanisms of GLP‑1 on a broad spectrum of metabolic diseases.

Materials and methods

Reagents. Recombinant human GLP‑1 (cat.  no.  130‑08) and 
murine IL‑4 (cat. no. 214‑14) were purchased from PeproTech 
EC Ltd. (London, UK). LPS was purchased from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany). Enhanced BCA Protein 
Assay kit (cat. no.  P0010S) was purchased from Beyotime 
Institute of Biotechnology (Haimen, China). Forskolin and 
H89/2HCl were purchased from Selleck Chemicals (Houston, 
TX, USA). The anti‑c‑Jun N‑terminal kinase (JNK; cat. no. 9252), 
anti‑phosphorylated JNK (cat. no. 4668), anti‑phosphorylated 

STAT3 (cat.  no.  9145), anti‑STAT3 (cat.  no.  4904) and 
anti‑GAPDH antibodies (cat. no. 2118) were all obtained from 
Cell Signaling Technology, Inc. (Danvers, MA, USA). The Cyclic 
AMP EIA kit (cat. no. 581001) was purchased from Cayman 
Chemical Company (Ann Arbor, MI, USA).

Cells and cell culture conditions. RAW264.7 cells were provided by 
Professor Zheng (Wuhan Union Hospital, Wuhan, China), and were 
cultured in Dulbecco's modified Eagle's medium (DMEM)‑high 
glucose (HG) medium (Hyclone; GE Healthcare Life Sciences, 
Logan, UT, USA) supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
antibiotics (100 U/ml penicillin and 100 U/ml streptomycin). Cells 
were maintained in an incubator at 37˚C under a humidified atmo-
sphere of 5% CO2. RAW264.7 cells were seeded in 6‑well plates 
at a density of 5x105 cells/well and the adherent cells were grown 
in serum‑free DMEM‑HG overnight for cell growth synchroniza-
tion. Then, RAW264.7 cells were cultured with or without GLP‑1 
(10 nM) for 24 h at 37˚C, followed by absence or addition of LPS 
(100 ng/ml) or IL‑4 (10 ng/ml) for inducing polarization, and were 
preincubated at 37˚C with the corresponding adenylyl cyclase acti-
vator Forskolin (10 µM) or PKA inhibitor H89/2HCl (10 µM) for 
30 min prior to GLP‑1 intervention.

Enzyme immunoassay (EIA) method to measure intracellular 
cAMP levels. RAW264.7 cells were treated at 37˚C without or 
with GLP‑1 (0.5, 1, 5, 10 or 30 nM) for 8 h, followed by incubation 
and solubilization with 0.1 M HCl at room temperature for 20 min 
to avoid degradation of cAMP at 37˚C. Upon centrifugation at 
1,000 x g for 10 min at 4˚C, the cAMP content of the superna-
tant was quantified using the aforementioned Cyclic AMP EIA 

Table I. Gene and primer sequences.

Gene	 Primer sequences

ARG‑1	 Forward, 5'‑CTCCAAGCCAAAGTCCTTAGAG‑3'
	 Reverse, 5'‑AGGAGCTGTCATTAGGGACATC‑3'
MGL‑1	 Forward, 5'‑TGAGAAAGGCTTTAAGAACT GGG‑3'
	 Reverse, 5'‑GACCACCTGTAGTGATGTGGG‑3'
MRC‑1	 Forward, 5'‑TGGGCTACAGGAGAACCCAACTTT‑3'
	 Reverse, 5'‑GCAGTGGCATTGATGCTGCTGTTA‑3'
IL‑10	 Forward, 5'‑GCTCTTACTGACTGGCATGAG‑3'
	 Reverse, 5'‑CGCAGCTCTAGGAGCATGTG‑3'
IL‑6	 Forward, 5'‑ACAAAGCCAGAGTCCTTCAGAGAG‑3'
	 Reverse, 5'‑TTGGATGGTCTTGGTCCTTAGCCA‑3'
iNOS	 Forward, 5'‑AATCTTGGAGCGAGTTGTGG‑3'
	 Reverse, 5'‑CAGGAAGTAGGTGAGGGCTTG‑3'
TNF‑α	 Forward, 5'‑TCTCAGCCTCTTCTCATTCCTGCT‑3'
	 Reverse, 5'‑AGAACTGATGAGAGGGAGGCCATT‑3'
GAPDH	 Forward, 5'‑TGAAGCAGGCATCTGAGGG‑3'
	 Reverse, 5'‑CGAAGGTGGAAGAGTGGGAG‑3'

ARG, arginine‑1; MGL‑1, macrophage galectin‑1; MRC‑1, mannose 
receptor‑1; IL, interleukin; iNOS, inducible nitric oxide synthase; 
TNF‑α, tumor necrosis factor‑α
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kit according to the manufacturer's instructions. Additionally, 
the Forskolin (10 µM) group was used as a positive control. The 
optical density of the plate was read at a wavelength of 412 nm 
using a Spectrophotometer and an Absorbance Reader (each, 
Bio‑Rad Laboratories, Inc.). cAMP concentration was calculated 
using a computer spreadsheet named EIADouble (2011) available 
for data analysis (Cayman Chemical Company).

Western blot analysis. Briefly, macrophages were solubilized 
and total protein was extracted with radioimmunoprecipitation 
assay lysis buffer including phosphorylated protease inhibitors 
A and B and phenylmethanesulfonyl fluoride (Beyotime Institute 
of Biotechnology). Upon centrifugation at 13,275 x g at 4˚C for 
10 min, the supernatant was collected and the protein content 
was quantified by employing a bicinchoninic acid protein 
assay kit. A total of 25  µg protein per lane was separated 
by 8‑10%  SDS‑PAGE and transferred onto a polyvinylidene 
difluoride transfer membrane (EMD Millipore, Billerica, MA, 
USA) by applying an electro‑blotting apparatus. Then, the 
membranes were blocked with 5% (w/v) skimmed milk in TBS 
with Tween‑20 (TBST) for 1‑2 h at 37˚C, followed by incubation 
overnight at 4˚C with the following primary antibodies: 
Anti‑STAT3 (1:2,000), anti‑phosphorylated STAT3 (Tyr705; 
1:2,000), anti‑phosphorylated JNK (Thr183/Tyr185; 1:1,000) 
and anti‑JNK (1:1,000). The membranes were also blotted 
with an anti‑GAPDH antibody (1:1,000) serving as an internal 
calibration control. Subsequently, the membranes were washed 
with TBST and incubated with a horseradish peroxidase‑labeled 
goat anti‑rabbit immunoglobulin G (cat. no. GGHL‑90P; 1:5,000; 
Immunology Consultants Laboratory, Inc., Portland, OR, USA) at 
room temperature for 1 h. The protein bands were visualized by 
an enhanced chemiluminescence kit (Thermo Fisher Scientific, 
Inc.). The images were captured using the GelDoc XR System 
(Bio‑Rad Laboratories, Inc.). Quantitative analysis of western 
blots was performed using ImageJ 1.4 software (National 
Institutes of Health, Bethesda, MD, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from RAW264.7 cells with 
RNAiso Plus (Takara Bio, Inc., Otsu, Japan). RT was carried out 
using a PrimeScript RT Reagent kit (Perfect Real Time; Takara 

Bio, Inc.) following the manufacturer's protocol. A total of 2 µg 
total RNA was reverse‑transcribed in a volume of 10 µl for cDNA 
synthesis. The resulting cDNA was amplified using a SYBR® 
Premix Ex Taq (Tli RNaseH Plus) kit (Takara Bio, Inc.). qPCR 
was performed in the CFX96TM Real‑Time PCR system (Bio‑Rad 
Laboratories, Inc.,). The PCR primers used are presented in 
Table I. The reaction system consisted of 2 µl sense primer, 2 µl 
anti‑sense primer, 12.5 µl SYBR® PCR Master mix, 2 µl template 
cDNA (25 ng/µl) and double‑distilled water to a final volume of 
25 µl. PCR was performed for 40 cycles, and each cycle included 
denaturation at 95˚C for 5 sec, annealing and extension at 60˚C 
for 30 sec, which followed pre‑denaturation at 95˚C for 30 sec. 
The relative copy number was analyzed by using the threshold 
crossing point (Cq), which was calculated by the system's soft-
ware, combining with the 2‑ΔΔCq calculations (23).

Statistical analysis. Statistical analysis was conducted with 
one‑way analysis of variance followed by a Tukey's post‑hoc test 
using SPSS v.22 (IBM Corp., Armonk, NY, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

GLP‑1 induces M2 polarization and inhibits M1 polarization in 
RAW264.7 cells. In an attempt to elucidate the effects of GLP‑1 on 
M1/M2 polarization in RAW264.7 cells with RT‑qPCR analysis, 
macrophage‑specific markers, including proinflammatory factors 
for M1 (iNOS, IL‑6 and TNF‑α) and M2‑specific genes IL‑10, 
mannose receptor‑1 (MRC‑1), macrophage galectin‑1 (MGL‑1) 
and arginine‑1 (ARG‑1), were profiled. As presented in Fig. 1A, 
GLP‑1 led to a decrease in the expression levels of M1‑specific 
genes when compared with the control group (P<0.05), which 
were similarly reduced in cells pretreated with GLP‑1 compared 
with those treated with LPS (P<0.05). GLP‑1 augmented the 
expression levels of M2‑specific genes (Fig. 1B). These results 
indicate that GLP‑1 induces macrophage polarization toward M2 
and inhibits M1 polarization.

GLP‑1 induces STAT3 signal activation in RAW264.7 cells. 
In order to elucidate the molecular mechanisms underlying the 
effect of GLP‑1 on macrophage polarization, the effect of STAT3 

Figure 1. GLP‑1 induces M2 polarization and inhibits M1 polarization in RAW264.7 cells. RAW264.7 cells were cultured with or without 10 nM GLP‑1 for 24 h, 
followed by (A) LPS (100 ng/ml) stimulation or (B) IL‑4 (10 ng/ml) incubation for 24 h to induce polarization. Then, the macrophages were used for isolation of total 
RNA. The mRNA expression levels of M1/M2‑specific genes were determined by reverse transcription‑quantitative polymerase chain reaction. The results are represen-
tative of three independent experiments. *P<0.05 vs. control group; &P<0.05 vs. lipopolysaccharides group). GLP‑1, glucagon‑like peptide‑1; LPS, lipopolysaccharide; 
IL, interleukin.
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signaling on macrophage polarization toward M2 status was 
investigated in RAW264.7 cells. It was observed that GLP‑1 
upregulated the phosphorylation of STAT3 (Tyr705)  (Fig. 2), 
suggesting that GLP‑1 could induce STAT3 signaling activation 
and promote M2 activation of macrophages.

GLP‑1 suppresses JNK phosphorylation activation and increases 
STAT3 signal activation in RAW264.7 cells. To elucidate the 

molecular mechanisms underlying STAT3 signaling activation 
by GLP‑1, its inhibition effects on JNK were investigated. GLP‑1 
and IL‑4 treatment increased STAT3 phosphorylation (P<0.05). 
However, JNK (Thr183/Tyr185) phosphorylation of GLP‑1 was 
downregulated (P<0.05), while the total JNK protein levels 
were not significantly different (Fig. 3). Suppression of JNK 
phosphorylation accordingly upregulated the intracellular levels 
of phosphorylated STAT3 in RAW264.7 cells, suggesting that 

Figure 2. GLP‑1 increases STAT3 activation in RAW264.7 cells. RAW 264.7 cells were incubated with various concentrations of GLP‑1 (1‑50 nmol/l) for 24 h. Cell 
extracts were prepared and analyzed by western blotting using anti‑STAT3, anti‑p‑STAT3 and anti‑GAPDH antibodies. The results are representative of three inde-
pendent experiments. &P<0.05 vs. control group; *P<0.05 vs. 1 nM group; #P<0.05 vs. 50 nM group. GLP‑1, glucagon‑like peptide‑1; STAT3, signal transduction and 
transcriptional activation factor 3; p, phosphorylated; t, total.

Figure 3. GLP‑1 reduces the phosphorylation of JNK and increases the phosphorylation of STAT3 in RAW264.7 cells. RAW264.7 cells were incubated with or without 
10 nM GLP‑1 for 24 h, followed by IL‑4 (10 ng/ml) for 24 h. Cell extracts were prepared and analyzed by western blotting using anti‑STAT3, anti‑p‑STAT3, anti‑JNK, 
anti‑p‑JNK and anti‑GAPDH antibodies. To determine the expression of phosphorylated JNK, JNK was used as the loading control, while the expression of phosphory-
lated STAT3 was determined using STAT3 as the loading control. The results are representative of three independent experiments. &P<0.05 vs. control group. GLP‑1, 
glucagon‑like peptide‑1; STAT3, signal transduction and transcriptional activation factor 3; JNK, c‑Jun N‑terminal kinase; IL, interleukin; p, phosphorylated; t, total.
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the JNK‑STAT3 signaling pathway could regulate macrophage 
polarization, resulting in counteraction between M1 and M2.

GLP‑1/GLP‑1R signaling inhibits M1 activation and induces 
M2 activation by cAMP/PKA‑mediated JNK downregula‑
tion in RAW264.7 cells. GLP‑1 could increase cAMP levels in 
RAW264.7 cells in a concentration‑dependent manner, with the 
most marked effect observed in the 10 nM group (P<0.05; Fig. 4). 
To identify the target molecule, the adenylate cyclase inhibitor 
Forskolin and the PKA inhibitor H89 were used. H89 pretreat-
ment augmented the expression of M1‑related inflammation genes 
(P<0.05) and reversed the inhibitory effect of GLP‑1 on inflam-
matory factors (P<0.05) (Fig. 5A). Conversely, the expression of 
M2‑specific genes was significantly increased with the addition 
of Forskolin, and was reduced with the addition of H89 (P<0.05; 
Fig. 5B); GLP‑1 and Forskolin pretreatment reduced the expres-
sion of M1‑related inflammation genes (P<0.05). These results 
suggest that GLP‑1R signaling can promote M2 polarization 
and reduce M1 polarization through the cAMP/PKA signaling 
pathway, and JNK downregulation may serve a paramount role. 
Western blot analysis revealed that GLP‑1 and Forskolin treat-
ment suppressed the phosphorylation of JNK (P<0.05), while H89 
treatment facilitated JNK phosphorylation (P<0.05) and blocked 
the inhibitory effect of GLP‑1 on JNK phosphorylation (P<0.05) 
(Fig. 6). These results suggest that GLP‑1/GLP‑1R signaling 
inhibited JNK activation via the cAMP/PKA signaling pathway 
in RAW264.7 cells.

Discussion

The fact that macrophage activation acts on the development of 
inflammatory metabolic disorders such as insulin resistance and 
atherosclerosis is useful to investigate the mechanisms underlying 
insulin resistance. In the present study, GLP‑1 was demonstrated 
to induce macrophage polarization toward M2 and inhibit M1 
polarization. The present study elucidated that GLP‑1R signaling 
contributes to the inhibition of JNK activation and leads to the 
activation of STAT3, which inhibits inflammation and M1 activa-
tion and promotes M2 activation. It was also demonstrated that 
GLP‑1R signaling could promote M2 polarization and reduce M1 
polarization through the cAMP/PKA‑mediated JNK downregula-
tion pathway. These findings suggest that modulation of signaling 
pathways may serve as pharmacological targets of macrophage 
activation and essential underlying mechanisms of GLP‑1 on a 
broad spectrum of metabolic diseases.

Obesity and metabolic syndrome are accompanied by a 
phenotypic switch in the activation state of macrophages from 
an anti‑inflammatory M2 polarization state to a proinflamma-
tory M1 polarization state (9,24,25). GLP‑1 is known to improve 
insulin sensitivity, and may decrease macrophage infiltration 
and suppress the inflammatory response (13,15). Consistent with 
the study of Shiraishi et al (16), it was confirmed that GLP‑1 
could increase the expression of M2‑specific genes and induce 
the activation of STAT3, which is of paramount importance in 
macrophage differentiation toward the M2 phenotype. In addi-
tion, it was observed that GLP‑1 could decrease M1‑specific 
gene expression and inhibit M1 phenotype polarization, which 
were broadly congruent with the results of Arakawa et al and 
Chang et al (13,22). Accordingly, prompting M2 polarization 
and suppressing M1 polarization may be effective treatments 

Figure 4. GLP‑1 increases intracellular cAMP levels in RAW264.7 macro-
phages. RAW 264.7 cells were incubated with various concentrations of GLP‑1 
(0.5‑30 nmol/l) for 8 h. The Forskolin (10 µM) group was set as the positive 
control. Cell extracts were prepared, followed by determination of the cAMP 
levels in RAW264.7 cells by enzyme immunoassay. The results are representative 
of three independent experiments. &P<0.05 vs. control group; *P<0.05 vs. 10 nM 
group. GLP‑1, glucagon‑like peptide‑1; cAMP, cyclic adenosine monophosphate.

Figure 5. GLP‑1/GLP‑1 receptor signaling inhibits M1 activation and induces M2 
activation via the cyclic adenosine monophosphate/PKA signaling pathway in 
RAW264.7 cells. (A) RAW264.7 cells were preincubated with the adenylyl cyclase 
activator Forskolin (10 µM) or the PKA inhibitor H89 (10 µM) for 30 min, followed 
by treatment without or with GLP‑1 (10 nmol/l) for 24 h. *P<0.05 vs. control 
group. (B) RAW264.7 cells were preincubated with the adenylyl cyclase activator 
Forskolin (10 µM) or the PKA inhibitor H89 (10 µM) for 30 min, followed by 
treatment with GLP‑1 (10 nmol/l) for 24 h. The mRNA expression levels of 
M1/M2‑specific genes were determined by reverse transcription‑quantitative 
polymerase chain reaction. The results are representative of three independent 
experiments. *P<0.05 vs. G group). GLP‑1, glucagon‑like peptide‑1; PKA, protein 
kinase A; G, GLP‑1 intervention; F, Forskolin intervention.
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of insulin resistance and other inflammation‑related diseases. 
However, little is known about how GLP‑1/GLP‑1R activates 
STAT3 signaling and the underlying mechanisms.

Activation of the stress‑activated protein kinase/JNK serves 
an important role in macrophage polarization and insulin 
resistance. The JNK/mitogen‑activated protein kinase pathways, 
located upstream of STAT3 signaling, also regulate STAT3 
activity. In previous studies, JNK activation in Kupffer cells, 
peritoneal macrophages and adipose tissue macrophages led 
to M1 polarization, tissue inflammation and systemic insulin 
resistance  (26‑28). These data suggest that JNK expression 
in macrophages has a paramount importance on macrophage 
accumulation, M1 polarization and obesity‑induced insulin 
resistance. The present study observed that GLP‑1 inhibited 
JNK activation, which led to the reduction of M1 polarization 
and inflammatory factors, and accordingly ameliorated insulin 
sensitivity. Lim and Cao (29) proposed that dual regulation of 
STAT3 by JNK could upregulate serine phosphorylation and 
negatively regulate tyrosine phosphorylation. Overall, STAT3 
serves a crucial role in M2 polarization, which mediates 
the anti‑inflammation response  (30‑32). It was hypothesized 
that GLP‑1/JNK/STAT3 signaling may induce macrophage 
polarization, which is in accordance with the inhibition of GLP‑1 
on JNK activation observed in the present study. The present 
results revealed that the effect of GLP‑1 on STAT3 in RAW264.7 
cells suppressed the effect of activated JNK on phosphorylated 
STAT3. Therefore, GLP‑1 may suppress JNK phosphorylation and 
accordingly upregulate the intracellular levels of phosphorylated 
STAT3 in RAW264.7 cells, which promotes M2 polarization 
and is associated with anti‑inflammatory effects. These results 
indicated that the JNK‑STAT3 signaling pathway could regulate 
macrophage polarization, resulting in counteraction between M1 
and M2.

Previous studies demonstrated that the main effects of GLP‑1 
are mediated through the activation of adenylate cyclase and the 
generation of cAMP, which subsequently activates PKA signal 
transduction (22,33). The effects of increased intracellular cAMP 
levels in macrophages on inflammatory mediator generation were 
originally reported to be mediated by PKA, being cAMP a key event 
for macrophage activation toward the M2 phenotype (13,20‑22). 
Regarding the cytoprotective action of GLP‑1 on pancreatic 
β‑cells, Ferdaoussi et al (34) proposed the potent inhibitory effect 
of GLP‑1R activation via the cAMP/PKA signaling pathway 
on JNK activity as a major mechanism for preventing β‑cells 
apoptosis. Thus, the present study revealed that GLP‑1 increased 
intracellular cAMP levels in RAW264.7 cells within a certain 
range, in a concentration‑dependent manner. The present study 
also demonstrated that GLP‑1‑cAMP/PKA was located upstream 
of JNK signaling and was involved in restraining JNK activity. 
This data suggested that GLP‑1 promoted M2 polarization and 
inhibited M1 polarization through the cAMP/PKA pathway, 
whereby JNK activity served a vital role. As a result of JNK 
activity, M1 is inhibited, while STAT3 activity leads to M2 
growth. M2 activation has been largely defined by its ability to 
antagonize and counteract M1 polarization and the inflammatory 
response, including insulin resistance (4,35). The present findings 
suggest that there is crosstalk between M1 and M2, where the 
JNK‑STAT3 signaling pathway is a major contributor and 
regulates the counterpoise between M1 and M2. The findings 
also suggest that the effects of GLP‑1 in endocrine and metabolic 

diseases are possibly mediated by the modulatory association of 
the signaling pathways, which provides insight into the molecular 
mechanisms behind the progression of metabolic diseases 
and may help to identify better drug targets. The therapeutic 
implications of this conclusion are notable as they suggest that 
pharmacological targeting of macrophage activation, rather than 
purely inflammation, may be efficacious in treating this global 
epidemic.

Due to the limitations of the present in vitro experiments, 
future investigations will focus on identifying factors that trigger 
the phenotypic switch of macrophage polarization using in vivo 
experiments and whether these changes in polarization state 
are generalizable to macrophages in tissues. Animal models 
are required to address these challenges, since these approaches 
allow specific deletion and cell type‑specific strategies involved 
in macrophage polarization.
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