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Abstract. Pro-inflammatory (M1) macrophages have key 
roles in atherogenesis. As β-glucan has been demonstrated to 
exert pro-inflammatory effects, the present study examined 
whether β-glucan exerts atherogenic effects via converting 
macrophages into M1 phenotype. The results from reverse 
transcription-quantitative polymerase chain reaction, flow 
cytometry, western blotting and transmission electron microscope 
indicated that M1 macrophage markers inducible nitric oxide 
synthase and cluster of differentiation 80 were upregulated, 
dectin-1 (a receptor for β-glucan) expression and nuclear factor 
(NF)-κB nuclear translocation were promoted, and autophagy 
level was inhibited following β-glucan treatment of macrophages. 
Additionally, dectin-1 small interfering RNA (siRNA), autophagy 
inducer rapamycin and NF-κB inhibitor SN50 reversed the 
effects of β-glucan on autophagy level and macrophage M1 
polarization, suggesting that dectin-1 and NF-κB are upstream 
of autophagy in β-glucan-induced macrophage M1 polarization. 
Notably, simultaneous treatment with dectin-1 siRNA and 
SN50 exhibited similar effects on β-glucan-reduced autophagy 
compared with dectin‑1 siRNA treatment alone. These findings 
demonstrate that dectin-1 may mediate β-glucan-reduced 
autophagy through NF-κB in macrophages. Accordingly, 
results from hematoxylin and eosin staining, western blotting 
and immunofluorescence staining demonstrated that β-glucan 
accelerated the progress of atherosclerosis in apolipoprotein 
E‑deficient mice and modulated expression of dectin‑1, beclin‑1 
and light chain 3II/I in aortas similarly to that observed in 

macrophages. These results indicate that dectin-1 activation by 
β-glucan exerts atherogenic effects via converting macrophages 
into M1 phenotype in an NF-κB-autophagy-dependent pathway.

Introduction

Macrophages have critical roles in the initiation and 
progression of atherosclerosis (1), and can be categorized into 
the M1(classically activated macrophages)/M2(alternatively 
activated macrophages) phenotype in response to various 
stimuli in the local microenvironment (2). Polarization of M1 
macrophages results in progression and enlargement of an 
atherosclerotic plaque (3,4). The reversal to M2 macrophages 
has an anti‑atherogenic effect via inflammation resolution, 
efferocytosis and tissue repair (5,6). Therefore, M1/M2 ratio is 
a major determinant of plaque development (7). This suggests 
that targeting macrophages may provide effective therapy for 
atherosclerosis.

A growing body of evidence indicates that autophagy, an 
evolutionarily conserved process, is a critical modulator in 
the progression of atherosclerosis (8-10). Autophagy marker 
light chain 3 (LC3) was detected in atherosclerotic plaques 
by western blotting and immunohistochemistry (11), while 
double-membrane vesicles resembling autophagosomes were 
detected in macrophages via transmission electron microscopy 
(TEM) (12). Notably, deletion of autophagy rendered 
atherosclerotic lesions of mice to have increased apoptosis, 
necrotic cores and overall lesion complexity (13). Stimulation 
of autophagy in macrophages using 3-methyladenine and 
berberine enhances the breakdown of the intracellular 
lipids and the delivery of cholesterol esters to lysosomes for 
cholesterol efflux, resulting in the prevention of foam cell 
formation and atherosclerotic plaque development (14,15). 
However, a detailed understanding of the role for autophagy in 
atherosclerotic macrophages is still lacking (16).

Natural product β-glucans, which are derived from bacteria, 
plants and fungal cell walls, have been demonstrated to activate 
the immune system in a number of studies (17-19). β-glucans 
are polymers of glucose linked by n-glycosidic bonds (20). As 
the major pattern recognition receptor for β-glucans, dectin-1 
is mainly expressed by myeloid cells such as macrophages and 
dendritic cells (21-23). Dectin-1 binding by fungal β-glucan 
has been demonstrated to initiate phagocytosis, generation of 
superoxide by the NADPH oxidase and inflammatory cytokine 
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production on macrophages (24-27). Furthermore, dectin-1 
activation by β-glucan converts immunosuppressive tumor 
associated macrophages into an M1-like phenotype (28). 
However, it remains to be investigated whether β-glucan may 
also promote RAW264.7 macrophages into the M1 phenotype. 
Additionally, it is unknown whether the polarized role of 
β-glucan on macrophages has any effect on the progression of 
atherosclerosis.

Dectin-1 activation by β-glucan has been implicated in 
enhancing fungicidal activity and unconventional protein 
secretion in macrophages through autophagy (29,30). With 
regards to the pivotal role of macrophage autophagy in the 
pathogenesis of atherosclerosis, the hypothesis that dectin-1 
binding by β-glucan converts RAW264.7 macrophages into 
an M1 phenotype via autophagy and is associated with the 
process of atherogenesis was explored, using (apolipoprotein 
E‑deficient) ApoE-/- mice as an experimental model.

Materials and methods

Reagents. β-glucan (purity, 98.0%), rapamycin and SN50 were 
purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, 
Germany). Mouse anti-β-actin antibody (sc-47778) was from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit 
anti-LC3II/I (ab51520), anti-beclin-1 (ab207612), anti-dectin-1 
(ab140039), anti-histone H3 (ab1791) and anti-nuclear factor 
(NF)-κB p65 (ab207297) rabbit antibodies were from Abcam 
(Cambridge, MA, USA). Fluorescein isothiocyanate (FITC) 
anti-mouse cluster of differentiation (CD)80 (553768) and 
FITC anti-mouse C-C chemokine receptor type 7 (CCR7; 
560682) antibodies were from BD Biosciences (Franklin 
Lakes, NJ, USA). FITC anti-mouse CD206 antibody (C068C2) 
was from BioLegend, Inc. (San Diego, CA, USA). Control 
and dectin-1 small interfering RNA (siRNA) were purchased 
from Shanghai GenePharma Co., Ltd. (Shanghai, China). 
Bafilomycin A1 (54645) was obtained from Cell Signaling 
Technology, Inc. (Danvers, MA, USA).

Cell culture and siRNA transfection. RAW264.7 cells 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA), and maintained in Dulbecco's modified 
Eagle's medium (Sigma-Aldrich; Merck KGaA) supplemented 
with 10% fetal bovine serum (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) at 37˚C under humidified conditions with 
5% CO2. siRNA targeting dectin-1 and control non-targeting 
siRNA were designed and constructed by Shanghai GeneChem 
Co., Ltd. (Shanghai, China). Cell transfections were performed 
with the SuperFect fragment (Qiagen, Inc., Valencia, CA, 
USA) according to the manufacturer's instructions using 
dectin-1/control siRNA (100 nM) in a 25 ml flask. Knockdown 
efficiencies of siRNA were determined by western blotting 
analysis as described below. The siRNA sequences used were 
as follows: siDectin-1, 5'-GCUGUUACCUAUUUAGCUU-3'; 
and siNC, 5'-UUCUCCGAACGUGUCACGUtt-3'.

Cell treatment with bafilomycin A1. RAW264.7 cells were 
pretreated for 14 h at 37˚C with 10 nM bafilomycin A1 
dissolved in dimethyl sulfoxide (DMSO) to inhibit the fusion 
between autophagosomes and lysosomes, and then treated 
in the presence of SN50 at 37˚C (10 µg/ml) for an additional 

12 h. Total RNA was extracted and then subjected to 
reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) to detect the mRNA expression of inducible nitric 
oxide synthase (iNOS) and arginase-1 (Arg-1). The final 
concentration of DMSO in the medium of control groups 
matched that of treatment groups and did not exceed 0.05%.

Cell treatment with rapamycin. RAW264.7 macrophages were 
exposed to β‑glucan (100 µg/ml) at 37˚C. Following 12 h, the 
cells were incubated at 37˚C with 1.5 nM rapamycin dissolved 
in DMSO for another 12 h to activate autophagy. The final 
concentration of DMSO in the medium of control groups 
matched that of treatment groups and did not exceed 0.05%. 
Cells were collected for western blotting, flow cytometry and 
RT-qPCR.

Cell viability assay with MTT. Macrophages were seeded 
at density of 7.5x104 cells/well in 96-well plates and the cell 
viability was determined by MTT assay. Following treatment 
with or without β‑glucan (25, 50 or 100 µg/ml) for 12 h at 
37˚C, the culture supernatant was removed. The MTT assay 
performed as previously described (31).

Flow cytometry. Flow cytometry analysis was performed as 
described in a previous study (4). Briefly, macrophages were 
washed and then resuspended in wash buffer containing PBS 
with 0.1% NaN3. Cells were then incubated in 1% bovine 
serum albumin (Sigma-Aldrich; Merck KGaA) for 30 min at 
room temperature to block non‑specific antigens. For surface 
staining, cells were incubated for 30 min at 4˚C with FITC 
anti-mouse CD80 (1:200) and FITC anti-mouse CD206 
(1:400). Following incubation, macrophages were washed 
with PBS and resuspended in 0.5 ml PBS for detection. For 
intracellular staining, cells were incubated with IC Fixation 
Buffer (eBioscience; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) for 20 min at room temperature and then permea-
bilized with permeabilization buffer (eBioscience; Thermo 
Fisher Scientific, Inc.). FITC anti‑mouse CCR7 was diluted 
in intracellular staining perm wash buffer (1 µg per million 
cells in 100 µl volume) and incubated with cells for 20 min 
in the dark at room temperature. After washing with intracel-
lular staining perm wash buffer, intracellularly labeled cells 
were resuspended in 0.5 ml cell staining buffer and analysed 
using a BD Biosciences FACS CANTOII flow cytometer 
(BD Biosciences). The data acquired were analyzed with 
FlowJo software version 6.0 (Tree Star, Inc., Ashland, OR, 
USA).

Animals. A total of 20 8-week old male ApoE-/- mice weighing 
~25 g from Jackson Laboratory (Bar Harbor, ME, USA)were 
housed in barrier facilities (temperature, 20‑26˚C; humidity, 
40-70%) in a 12-h light/dark cycle. All experimental mice were 
allowed ad libitum access to food and water. Animal proce-
dures were approved by the Animal Care and Use Committee 
of The Affiliated Hospital of Southwest Medical University 
(Luzhou, China).

Animal experimental protocols. Following being fed a high-fat 
diet (15.8% fat and 1.25% cholesterol) for 8 weeks, ApoE-/- 
mice were treated with β‑glucan orally (800 µg each) or 100 µl 
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PBS as control group daily for 12 weeks using an intra-gastric 
gavage needle (n=10, each group). The dose of β-glucan used 
in the present study was determined according to a previous 
report (28). At 4 weeks following treatment with β-glucan or 
PBS, mice were sacrificed with CO2 at a flow rate of 8 l/min 
in cages (Shanghai Yuyan Instruments Co., Ltd., China) that 
were 50x40x40cm in size. Once breathing had arrested, hearts 
and aortas were harvested for hematoxylin and eosin (H&E) 
staining, western blotting and immunofluorescence staining, 
as detailed previously (31). Five different mice tissue speci-
mens were used for staining studies.

Western blotting. Tissues and cells were lysed with 
radioimmunoprecipitation assay buffer (Sigma-Aldrich; Merck 
KGaA) and phenylmethanesulfonyl fluoride. The protein 
concentration was measured using a bicinchoninic acid protein 
assay reagent kit. Equal amounts (30 µg/sample) of protein were 
separated on 15% SDS-PAGE and transferred to polyvinylidene 
difluoride membranes. Membranes were blocked in 5% non‑fat 
milk in PBST (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM 
KCl, 135 mM NaCl, 0.05% Tween-20; pH 7.4) for 1 h at room 
temperature and then were incubated with anti-LC3II/I 1:1,000), 
anti-beclin-1 (1:1,000), anti-histone H3 (1:1,000), anti-NF-κB 
p65 (1:1,000) or anti-β-actin (1:2,000) antibodies overnight at 
4˚C. Subsequently, the membranes were washed and incubated 
with a horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:3,000; 7074; Cell Signaling Technology, Inc.) for 1 h 
at room temperature. The proteins were visualized and quantified 
using an enhanced chemiluminescence method (Pierce; Thermo 
Fisher Scientific, Inc.) and Quantity One software version 4.6.7. 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) Furthermore, 
the translocation of NF-κB into the nucleus was calculated by 
the ratio of NF-κB p65 and histone H3 (32)

RT‑qPCR. Total RNA from treated macrophages was isolated 
using TRIzol reagent (Life Technologies; Thermo Fisher 
Scientific, Inc.). cDNA synthesis was performed using Maxima 
First Strand cDNA Synthesis KitApplied Biosystems; Thermo 
Fisher Scientific, Inc.)according to the manufacturer's protocol. 
qPCR was performed using a SYBR-Green PCR Master Mix 
kit (Tiangen Biotech Co., Ltd., Beijing, China). Primer 
sequences were as follows: iNOS, forward 5'-CGAAAC 
GCTTCACTTCCAA-3' and reverse 5'-TGAGCCTATATT 
GCTGTGGCT-3'; arginase-1, forward 5'-AACACGGCAGTG 
GCTTTAACC-3' and reverse 5'-GGTTTTCATGTGGCG 
CATTC-3' and GAPDH, forward 5'-GCCAAAAGGGTC 
ATCATCTC-3' and reverse 5'-GTAGAGGCAGGGATGATG 
TTC-3' qPCR was performed under the following conditions: 
3 min at 95˚C for 1 cycle, 10 sec at 95˚C, 30 sec at 60˚C for 
39 cycles and 95˚C for 5 sec. Relative changes in gene expres-
sion were calculated using the 2-ΔΔCq method (33). Total cDNA 
abundance between samples was normalized using primers 
specific to the GAPDH gene.

TEM. Murine macrophage RAW264.7 cells were harvested 
and transferred into 1.5 ml Eppendorf tubes and centrifuged 
at 1,806 x g for 15 min at room temperature as previously 
described (16). Cells were fixed at 4˚C in 2.5% glutaraldehyde 
and 1% tannic acid in 0.1 M sodium cacodylate buffer (pH 7.4) 
for 1 h, washed in 0.1 M cacodylate buffer, and then post‑fixed 

with 1% OsO4 at 4˚C for 1 h in the same buffer. The specimens 
were embedded in Epon for 12 h at 35˚C. Finally, 50‑70 nm 
sections were stained with uranyl acetate (30 min) and lead 
citrate (10 min) at room temperature. Images were observed 
using a JEM-2000EX transmission electron microscope at 
60 kV.

Immunofluorescent histochemistry. Following sacrifice, the 
vascular aorta was collected, fixed in 10% formaldehyde 
solution overnight at 4˚C and embedded in optimal cutting 
temperature compound. Serial sections (8-mm thick) were 
cut in the frozen slicer. The tissue sections were blocked 
in endogenous peroxidase sealant (Beyotime Institute of 
Biotechnology, Haimen, China) for 10 min at room temperature 
and then were incubated with rabbit antibody against dectin-1 
(1:1,000) overnight at 4˚C. Following washing three times 
with PBS, the tissues were incubated with HRP-conjugated 
anti-rabbit immunoglobulin G (1:1,000; 12-348; Merck KGaA) 
at 37˚C for 1 h. Finally, the tissues were visualized via confocal 
microscopy at a magnification of x200.

For CD206 and CD80 staining, the tissues were incubated 
with FITC-labeled CD80 (1:200) or FITC-labeled CD206 
(1:400) at 37˚C for 1 h. The fluorescence pattern was analyzed 
by confocal fluorescence microscopy at a magnification of 
x200.

Five different mice tissue specimens were used for staining. 
Specimens belonging to β-glucan-treated group were used.

Statistical analysis. Data are presented as the mean ± stan-
dard error of the mean. Differences between two groups 
were compared using Student's t-test, and differences among 
three or four groups were analyzed using one-way analysis of 
variance followed by Bonferroni's post hoc test. Continuous 
variables were tested for normal distribution using the 
Kolmogorov-Smirnov test. P<0.05 was considered to indicate 
a statistically significant difference. All calculations were 
carried out with SPSS version 15.0 (SPSS, Inc., Chicago, IL, 
USA) and repeated 3 times.

Results

Viability determination of RAW264.7 cells treated with 
β‑glucan. To obtain an appropriate β-glucan concentration 
in macrophages, an MTT assay was performed to examine 
the toxicity of β-glucan on macrophages. The cell viability 
was unchanged with the treatment of β-glucan (25, 50 
and 100 µg/ml) for 12 h (Fig. 1A). Significant cell death was 
observed at a dose of 200 µg/ml) in RAW264.7 cells (Fig. 1A), 
in comparison with the control group.

β‑glucan promotes RAW264.7 macrophage M1 polarization. 
To investigate the effects of β-glucan on the polarization of 
RAW264.7 cells, iNOS levels were detected, which is an 
M1 macrophage marker, induced by different concentrations 
of β-glucan. Cells were treated with different concentrations 
(0, 25, 50, 100 and 200 µg/ml) of β-glucan for 12 h (Fig. 1B). 
Treatment with 100 µg/ml) β‑glucan significantly increased 
iNOS mRNA levels, in comparison with the control group. 
However, the level of iNOS was markedly decreased when 
RAW264.7 cells were pretreated with 200 µg/ml β-glucan 
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compared with 100 µg/ml β-glucan, likely as high concen-
trations of β-glucan result in RAW264.7 cell mortality (34). 
Therefore, 100 µg/ml β-glucan was chosen for the following 
experiments. Fig. 1C indicates that M1 macrophage marker 
CD80 was also upregulated following 100 µg/ml β-glucan 
treatment, which is consistent with previous findings. 
Conversely, the M2 markers, such as Arg-1, CD206, CCR7 
were reduced following stimulation (Fig. 1C). These data 
suggest that β-glucan is capable of converting macrophages 
into an M1-like phenotype and reducing the M2-like pheno-
type.

Autophagy is associated with β‑glucan‑induced macrophage 
M1 polarization. Autophagy is a natural housekeeping 
mechanism through which superf luous or aged and 
damaged organelles are removed (35). To explore the asso-
ciation and manner of action of autophagy in the process of 
β-glucan-induced macrophage M1 polarization, autophagy 
marker proteins, LC3-II/I and beclin-1 were examined by 
western blotting following exposure to 100 µg/ml β-glucan 
for 12 h. The ratio of LC3II/I decreased significantly when 
compared with the control group (Fig. 2A). The expression 
levels of beclin-1 were similar to that of LC3-II/I (Fig. 2A). 
These data suggested that β-glucan may suppress autophagy 
by downregulating the level of LC3-II/I and beclin-1.

Subsequently, TEM was performed to verify suppressed 
autophagy in RAW264.7 cells. As demonstrated by the results 
in Fig. 2B, a markedly decreased number of autophagosome 
and autolysosome was observed in β-glucan-treated group.

Autophagy in primary human monocytes is induced in the 
process of cell differentiation (36). However, in the present 
study, the basal autophagy in RAW264.7 macrophages was 
suppressed in the process of M1 macrophage polarization. 
Therefore, it was investigated whether macrophage M1 
polarization could be reversed via stimulating autophagy.

To analyze whether autophagy is associated with the polar-
ization of RAW264.7 to M1 macrophages, β-glucan-polarized 
M1 macrophages were treated with rapamycin and it was 
demonstrated that rapamycin reversed the inhibitory effects 
of β-glucan on autophagy in macrophages (Fig. 2C). In 
comparison with the β-glucan-treated group, a downregu-
lation of iNOS (M1 marker) and an upregulation of Arg1 
(M2 marker) was observed at the mRNA level (Fig. 2D), 
and an obvious increase of CD206 and CCR7 (M2 marker) 
cells and a significant decrease of CD80 (M1 marker) cells 
were observed by flow cytometry (Fig. 2E). Meanwhile, 
rapamycin alone induced beclin-1 and LC3II/I at the protein 
level, downregulated iNOS (M1 marker) and upregulated 
Arg1 (M2 marker) at the mRNA level when compared with 
the control group (Fig. 2F‑G). These findings suggest that 

Figure 1. β-glucan promotes macrophages M1 polarization. (A) RAW264.7 cells were cultured for 12 h with or without β-glucan and the cytotoxicity was 
analyzed by MTT assay. (B and C) Promotion of β-glucan on macrophage M1 polarization. RAW264.7 cells were treated for 12 h with β-glucan. Following 
treatment, total RNA was extracted and then subjected to reverse transcription-quantitative polymerase chain reaction to detect the mRNA expression of 
iNOS (M1 macrophage marker) and Arg-1 (M2 macrophage marker). Cells were then collected and CD80 (M1 macrophage marker), CD206 and CCR7 (M2 
macrophage markers) were detected by flow cytometry. Data are representative of three independent experiments (mean ± standard error of the mean). *P<0.05 
compared with control. iNOS, inducible nitric oxide synthase; Arg-1, arginase-1; CD, cluster of differentiation; CCR7, C-C chemokine receptor type 7.
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autophagy can reverse the macrophage M1 polarization 
induced by β-glucan.

Autophagy is regulated by dectin‑1 in β‑glucan‑induced 
macrophage M1 polarization. Dectin-1 is thought to be the 
primary receptor for β-glucan (37) and it has been reported that 
dectin-1 is required for autophagy activation in 60 min and then 
enhances fungicidal activity in macrophages (29). Therefore, 
whether dectin-1 is associated with β-glucan-mediated 
macrophage autophagy and M1 polarization was investigated. 
RAW264.7 cells were incubated with β-glucan and then 

subjected to western blotting. β-glucan treatment led to a 
1.5-fold increase of dectin-1 protein (Fig. 3A) and a decrease 
of autophagic activity including lowered level of LC3II/I and 
beclin-1, and reduction of autophagosome and autolysosome 
formation in macrophages (Fig. 2A and B). These data suggest 
that dectin-1 and autophagy are downstream of β-glucan 
stimulation. To investigate the association between dectin-1 
and autophagy in β-glucan-polarized M1 macrophage, a 
dectin‑1‑specific siRNA that reduced the dectin‑1 protein level 
by 50% was used (Fig. 3B). Through reducing dectin-1 with 
siRNA, reduced LC3II/I and beclin-1 protein level and number 

Figure 2. Activation of autophagy reversed β-glucan-induced macrophage M1 polarization. RAW264.7 cells were treated with β‑glucan (100 µg/ml) for 12 h, 
then (A) western blotting was performed to assay the levels of LC3II/I and beclin-1, and (B) electron microscopy was employed to observe numbers of autopha-
gosomes and autolysosomes. Red arrows indicate autophagosomes or autolysosomes. Scale bars=500 nm. RAW264.7 macrophages were exposed to β-glucan 
(100 µg/ml). Following 12 h, the cells were incubated with 1.5 nM rapamycin for another 12 h. (C) The levels of LC3II/I and beclin‑1 were observed by 
western blotting, or (D) total RNA was extracted and then subjected to RT-qPCR to detect the mRNA expression of iNOS (M1 macrophage marker) and Arg-1 
(M2 macrophage marker), or (E) CD80 protein (M1 macrophage marker), CD206 and CCR7 (M2 macrophage markers) were detected by flow cytometry. 
RAW264.7 macrophages were exposed to 1.5 nM rapamycin for 12 h. (F) The levels of LC3II/I and beclin-1 were observed by western blotting, or (G) total 
RNA was extracted and then subjected to RT-qPCR to detect the mRNA expression of iNOS and Arg-1. Data are representative of three independent experi-
ments (mean ± standard error of the mean). *P<0.05 compared with control, #P<0.05 compared with β-glucan-treated group. LC3, light chain 3; RT-qPCR, 
reverse transcription-quantitative polymerase chain reaction; iNOS, inducible nitric oxide synthase; Arg-1, arginase-1; CD, cluster of differentiation; CCR7, 
C-C chemokine receptor type 7; rapa, rapamycin.
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of autolysosome by β-glucan were reversed (Fig. 3C-D), 
indicating that dectin-1 regulates β-glucan-suppressed 
autophagy. Furthermore, expression of M1 markers (iNOS and 
CD80) in RAW264.7 cells with β‑glucan were significantly 
reduced following transfection with dectin-1 siRNA, 
compared with that in the cells incubated with β-glucan and 
infected with control siRNA, whereas the opposite results 
were obtained in M2 markers (Arg-1, CD206, CCR7) detection 

(Fig. 3E-G). These data indicate that the molecular mechanism 
of dectin-1-autophagy serves a key role in β-glucan-induced 
macrophage M1 polarization.

Autophagy is regulated by NF‑κB in β‑glucan‑induced 
macrophage polarization. NF-κB activities are usually 
activated during macrophage activation (38). To investigate 
the effect of β-glucan on translocation of NF-κB into the 

Figure 3. Silencing of dectin-1 reversed β-glucan-induced macrophage M1 polarization. (A) RAW264.7 cells were treated with β-glucan for 12 h, and western 
blotting was performed to assay the levels of dectin-1. (B) RAW264.7 cells were transfected with dectin-1 siRNA (100 nM) or equal volume of control siRNA 
for 24 h, and the protein level of dectin-1 was examined by western blotting. RAW264.7 cells were pre-treated with dectin-1 siRNA (100 nM) for 24 h, 
followed by β-glucan for a further 12 h. (C) The expression of LC3II/I and beclin-1 were observed by western blotting, and (D) numbers of autophagosomes 
and autolysosomes were observed under electron microscopy. Red arrows indicate autophagosomes or autolysosomes. Scale bars=500 nm. Total RNA was 
extracted and then subjected to reverse transcription-quantitative polymerase chain reaction to detect the mRNA expression of (E) iNOS (M1 macrophage 
marker) and (F) Arg‑1 (M2 macrophage marker). (G) CD80 (M1 macrophage marker), CD206 and CCR7 (M2 macrophage markers) were detected by flow 
cytometry. Data are representative of three independent experiments (mean ± standard error of the mean). *P<0.05 compared with control; #P<0.05 compared 
with (β-glucan+control siRNA)-treated group. siRNA, small interfering RNA; LC3, light chain 3; iNOS, inducible nitric oxide synthase; Arg-1, arginase-1; 
CD, cluster of differentiation; CCR7, C-C chemokine receptor type 7.
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nucleus, the nucleoprotein and plasma protein was extracted 
separately and histone H3 was used as an internal control of 
nucleoprotein. It was demonstrated that NF-κB p65/histone 
H3 increased significantly following the treatment of β-glucan 
when compared with the control group (Fig. 4A).

To examine the association between autophagy and NF-κB 
in β-glucan-induced macrophages, the expression of autophagy 
was promoted using rapamycin and NF-κB was blocked by 
SN50 (the specific inhibitor of NF‑κB). As presented above, 
the expression of autophagic markers LC3II/I and beclin-1 
was induced by rapamycin (Fig. 2F), and rapamycin inhibited 
the M1 polarizaiton of macrophages induced by β-glucan 
(Fig. 2D and E), however, rapamycin had no significant effect 
on translocation of NF-κB (Fig. 4A). The specific inhibitor of 

NF-κB, SN50, has been reported to suppress NF-κB p65/histone 
H3 and increase the expression of the NF-κB inhibitor IκBα 
(in the cytoplasm) (39,40). SN50 significantly inhibited 
β-glucan-induced expression of NF-κBp65/histone H3 
(Fig. 4A). Compared with β-glucan-treated group, SN50 
significantly increased autophagic markers LC3II/I and 
beclin-1 (Fig. 4B) in addition to inhibiting β-glucan-induced 
M1 polarization (Fig. 4C). These data suggest that β-glucan 
suppressed autophagy via promoting NF-κB nucleus translo-
cation during macrophage M1 polarization. The macrophages 
were further treated with bafilomycin A1, which inhibits 
the fusion between autophagosomes and lysosomes, thereby 
preventing maturation of autophagic vacuoles and degradation 
of LC3II and p62 (41). Bafilomycin A1 treatment had similar 

Figure 4. Autophagy is regulated by translocation of NF-κB into the nucleus in β-glucan-induced macrophage M1 polarization. (A) RAW264.7 cells were 
treated with β‑glucan (100 µg/ml) for 12 h, followed by 1.5 nM rapamycin or SN50 for another 12 h. Nuclear extracts were prepared and the protein level of 
NF-κB p65 was detected by western blotting. RAW264.7 cells were treated with β‑glucan (100 µg/ml) for 12 h, and then treated in the presence of SN50 for an 
additional 12 h. (B) The expression of LC3II/I and beclin-1 were observed by western blotting, or (C) total RNA was extracted and then subjected to RT-qPCR 
to detect the mRNA expression of iNOS (M1 macrophage marker) and Arg‑1 (M2 macrophage marker). RAW264.7 cells were treated with bafilomycin A1 
(10 nM) for 14 h, and then treated in the presence of SN50 for an additional 12 h, total RNA was extracted and then subjected to RT-qPCR to detect the mRNA 
expression of Arg-1 and iNOS (D). Data are representative of three independent experiments (mean ± standard error of the mean). *P<0.05 compared with 
control, #P<0.05 compared with β-glucan-treated group. NF-κB, nuclear factor-κB; LC3, light chain 3; RT-qPCR, reverse transcription-quantitative polymerase 
chain reaction; iNOS, inducible nitric oxide synthase; Arg‑1, arginase‑1; rapa, rapamycin; baf, bafilomycin A1.
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effects to β-glucan on M1 marker (iNOS) and M2 marker 
(Arg-1) in RAW264.7 cells and SN50 reversed its effects 
(Fig. 4D).

Dect in‑1 mediates autophagy in the process of 
β‑glucan‑induced macrophage M1 polarization via NF‑κB 
signaling pathway. The above results demonstrated that 
autophagy was suppressed by dectin-1 ligand, β-glucan 
and autophagy was also regulated by NF-κB during 
β-glucan-induced macrophage M1 polarization. Additionally, 
it was determined whether dectin-1 mediated autophagy 
in β-glucan-treated macrophages via the NF-κB signaling 
pathway. Notably, compared with the dectin-1-silenced alone 
group, beclin-1 and LC3-II/I levels did not exhibit a further 
increase in β-glucan-incubated macrophages following treat-
ment with dectin-1 siRNA and NF-κB inhibitor SN50 (Fig. 5). 
These results suggested that the NF-κB signaling pathway is 
specifically associated with autophagy suppression caused by 
dectin-1 activation in the process of β-glucan-induced macro-
phages M1 polarization.

β‑glucan increases atherosclerotic lesion formation in ApoE‑/‑ 
mice. Morphological observations (Fig. 6A and B) indicated 
that treatment of 16-week-old ApoE-/- mice with β-glucan 
(800 µg/day) significantly increased the atherosclerostic lesion 
formation compared with ApoE-/- mice treated with vehicle.

To verify the results obtained in in vitro experiments, 
the expression level of dectin-1, beclin-1 and LC3II/I was 
examined in aortas of ApoE-/- mice. Compared with the 
control group, beclin-1 and LC3II/I were downregulated, 
whereas dectin-1 was upregulated in ApoE-/- mice treated 
with β-glucan (Fig. 6C). These results are consistent with the 
findings of in vitro experiments. Additionally, double staining 
of atherosclerotic plaques of ApoE-/- mice (β-glucan-treated 
group) coronary artery tissue sections demonstrated that 
dectin-1 was more highly expressed in CD80-positive macro-
phages (M1 macrophages) than CD206-positive macrophages 
(M2 macrophages; Fig. 6D). This is consistent with the in vitro 

results that dectin-1 was enhanced in β-glucan-induced M1 
macrophage polarization, and dectin-1 knockdown led to 
the upregulation of CD206 in M1 macrophages induced by 
β-glucan.

Discussion

Previous studies have indicated that macrophages in the M1 
phenotype are more likely to result in an acute atherothrombotic 
vascular event (42), however, M2 phenotype is mainly associ-
ated with tissue repair and displays phagocytic, pro-angiogenic 
and pro‑fibrotic capacities, enhancing plaque stability (43‑45). 
In terms of the key roles of different phenotypes of macro-
phages in the pathogenesis and development of atherosclerosis, 
intervention with macrophage polarization represents a poten-
tially effective therapeutic strategy for atherosclerosis (4). In 
the present study, the data suggested that dectin-1 was highly 
expressed both in β-glucan-treated RAW264.7 cells in vitro and 
in the arteries in β-glucan-treated ApoE-/- mice. Furthermore, 
dectin-1 ligand, β-glucan, converted RAW264.7 cells into 
M1 phenotype in vitro. Conversely, dectin‑1‑specific siRNA 
reversed the effects of β-glucan on macrophage M1 polariza-
tion. Additionally, β-glucan exhibited atherogenic effects in 
ApoE-/- mice as demonstrated by the presence of more athero-
sclerotic lesion formation. These findings suggest that dectin‑1 
activation by β-glucan participated in the pathogenesis of 
atherosclerosis possibly via promoting macrophage M1 polar-
ization. However, the precise molecular mechanism by which 
β-glucan promotes atherosclerosis development remains to be 
investigated.

Autophagy is a cellular degradation process that captures 
and eliminates intracellular proteins and aged organelles by 
delivering them to lysosomes, which helps cells to maintain 
cellular homeostasis (46). Macrophages are largely accu-
mulated in vulnerable plaques and macrophage autophagy 
undoubtedly serves an essential role in atherosclerosis (47-50). 
Emerging evidence suggests that macrophage autophagy 
enhancement exerts a protective role in atherosclerosis (11,51), 

Figure 5. NF-κB inhibitor SN50 could not further increase dectin-1 siRNA-induced autophagy levels in β-glucan-incubated macrophages. RAW264.7 cells 
were pre-treated with dectin-1 siRNA for 24 h, followed by β-glucan for an additional 12 h, and then treated with SN50 for an additional 12 h. The expression 
of LC3II/I and beclin-1 were observed by western blotting. Data are representative of three independent experiments (mean ± standard error of the mean). 
*P<0.05 compared with control siRNA group, #P<0.05 compared with (control siRNA+ β-glucan)-treated group. NF-κB, nuclear factor-κB; siRNA, small 
interfering RNA; LC3, light chain 3.
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which has provided a promising therapeutic target to suppress 
atherosclerosis progression (52). Despite the evidence 
that macrophage autophagy deficiency leads to increased 
atherosclerosis, there is little information on the mechanism 
regarding autophagy inhibition in macrophage M1 polariza-
tion during plaque progression. In the present study, it was 
demonstrated that dectin-1 activation by β‑glucan significantly 
inhibited autophagy as manifested by a decreased hallmark 
of autophagy-related protein (LC3-II/I and beclin-1) and 
decreased numbers of autophagosomes and autolysosomes in 
cultured macrophages. Additionally, the present findings indi-
cated that autophagy agonist rapamycin prevented β-glucan 
effects on the induction of macrophage M1 polarization, 
inhibition of beclin-1, LC3-II/I expression, attenuation of 
macrophage M2 polarization. Rapamycin alone promoted 
macrophage M2 polarization and inhibited macrophage M1 
polarization. Collectively, these data suggest the essential role 
of autophagy in the β-glucan-mediated induction of macro-
phage M1 polarization.

C-type lectin receptor dectin-1 has been identified as 
the main receptor for β-glucan binding and signaling (24). 
The present findings demonstrated that β-glucan-mediated 
macrophage M1 conversion is dependent on the dectin-1 
receptor. Upon β-glucan stimulation, dectin-1 can recruit LC3 
to phagosome and then enhance fungicidal activity in macro-
phages (29). However, it was demonstrated in the present study 
that autophagy was downregulated following β-glucan treat-
ment in RAW264.7 cells. This discrepancy may be caused by 
different experimental conditions (β-glucan incubation time: 
60 min vs. 12 h). Similar to autophagy agonist rapamycin, the 
present findings indicated that gene knockdown of dectin‑1 led 
to upregulated autophagic level in β-glucan-treated RAW264.7 
cells, depending on substantially increased expression levels of 
LC3II/LC3I and beclin-1 protein and the numbers of autopha-
gosome formation. Thus, these results suggested that the 
dectin-1-autophagy pathway is partially associated with the 
β-glucan-mediated induction of macrophage M1 conversion. 
Furthermore, Syk kinase can be directly activated following 

Figure 6. β-glucan promotes atherosclerotic lesion formation in ApoE-/- mice with an increase in the expression of dectin-1 and a decrease in autophagy level. 
(A) Representative H&E stained aortic sections (magnification, x40; scale bar, 100 µm). (B) Quantification of H&E staining. (C) Following the treatment of 
ApoE-/- mice, aortas were collected and subjected to western blotting to detect the protein expression of dectin-1, LC3II/I and beclin-1. A representative blot 
for each is presented. The relative protein levels of dectin-1, LC3II/I and beclin-1 are presented as the mean ± standard error of the mean of the optical density 
from 3 separate experiments. (D) Double staining of dectin-1 and CD80, or dectin-1 and CD206 in mice coronary atherosclerotic plaque tissue sections in 
β‑glucan‑treated group. Typical co‑localized staining was indicated with red arrows. Scale bar=10 µm. Figures are representative of staining of five different 
specimens. *P<0.05 compared with the ApoE-/- mice treated with vehicle. ApoE-/-, apolipoprotein E‑deficient. H&E, hematoxylin and eosin; LC3, light chain 3; 
CD, cluster of differentiation.
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dectin-1 stimulation by β-glucan (28). Whether Syk is associ-
ated with the β-glucan-induced M1 macrophage formation 
remains to be elucidated.

NF-κB and autophagy are two major regulators associ-
ated with both pathological and physiological processes (53). 
However, the association between these two signaling path-
ways still remains unclear in macrophage M1 conversion. 
SN50 is an NF-κB cell permeable inhibitory peptide, which 
contains the nuclear localization sequence of the transcription 
factor NF-κB p50 linked to a peptide cell-permeabilization 
sequence (39). In addition to inhibiting β-glucan-induced M1 
polarization and the expression of NF-κB p65/histone H3, 
SN50 also increased autophagic marker LC3II/I and beclin-1 
inhibited by β-glucan. Meanwhile, SN50 reversed the effects 
of bafilomycin A1 on the upregulation of M1 marker (iNOS) 
and downregulation of M2 marker (Arg-1) in RAW264.7 cells. 
However, the inducer of autophagy rapamycin, which could 
also decrease β-glucan-induced M1 polarization similar to 
SN50, had no significant effect on translocation of NF‑κB 
stimulated by β-glucan in RAW264.7 cells. These results 
suggest that the autophagy of macrophages was regulated by 
the NF-κB pathways in β-glucan-induced M1 polarization, 
nevertheless, autophagy exhibited little control over transloca-
tion of NF-κB.

In general, the present data indicates that both dectin-1 
and NF-κB serve crucial roles in β-glucan-reduced autophagy 
in macrophage M1 polarization, but the association between 
dectin-1 and NF-κB in β-glucan-induced macrophages M1 
conversion remains unknown. In the present study, it was 
clearly demonstrated that similar autophagic levels were 
present in β-glucan-treated RAW264.7 cells prior to dectin-1 
silencing plus NF-κB inhibitor as compared with dectin-1 
silencing alone. Hence, this suggests that dectin-1-declined 
autophagy may be dependent on activation of NF-κB 
signaling pathway in β-glucan-induced macrophage M1 
conversion.

In accordance with recent reports from Xu et al (20), 
which demonstrated that β-glucan-induced production of 
proinflammatory cytokines is critical in the pathogenesis 
of inflammatory diseases, the present study demonstrated 
that β‑glucan converted macrophages into proinflammatory 
(M1) phenotype. The findings of β-glucan-invoked promo-
tion of macrophage M1 conversion are not limited to the cell 
culture system. The present in vivo experiments indicated that 
β-glucan accelerated atherosclerotic progression in ApoE-/- 
mice. Furthermore, decreased autophagic marker protein 
LC3II/I and beclin-1, and increased dectin-1 were detected in 
β-glucan-treated ApoE-/- mice. Meanwhile, a higher dectin-1 
level was observed in M1 macrophages compared with 
M2 macrophages in mice coronary atherosclerotic plaque 
tissue sections in the β-glucan-treated group. These results 
are consistent with in vitro experiments. The in vivo results 
are contrary to the reports that demonstrated that β-glucan 
originating from Aureobasidium exerts a favorable effect in 
decreasing high-fat diet-induced hyperlipemia and associ-
ated atherosclerosis on a high-fat diet-induced hyperlipemic 
hamster model (54). This contradiction may be attributed to 
differences in animal models.

In conclusion, the present results demonstrated that 
β-glucan can promote M1 macrophage polarization through 

increasing dectin-1 receptor, activating NF-κB signaling 
pathway and then decreasing autophagy. These results indicate 
that targeting M1 macrophage via reducing dectin-1 can be 
a potentially effective method for atherosclerosis treatment. 
The present results not only provide theoretical reasons why 
β-glucan accelerate atherosclerosis development, but also 
provide novel targets for clinical treatment.
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