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Background: Alpha-momorcharin (α-MMC) is a natural medicine derived from bitter melon and has been found to exert immuno-
modulatory effects. Our previous study indicated that α-MMC can regulate cytokine release from monocytes, but it remains unknown 
about its regulatory effect on different types of cytokines, such as inflammatory cytokines or anti-inflammatory cytokines.
Methods: LPS-induced M1-type macrophages model and IL-4-induced M2-type macrophages model were established, and the 
expression of proinflammatory cytokines and anti-inflammatory cytokines were assessed by ELISA after α-MMC was administered. 
Then, a LPS-induced acute pneumonia mouse model was established, the proinflammatory cytokines levels and inflammatory lesions 
in lung tissues were examined by ELISA or H&E staining. Furthermore, omics screening analysis and Western blotting verification 
were performed on TLR4 and JAK1-STAT6 signalling pathway-related proteins to elucidate the regulatory mechanism of α-MMC in 
those M1 macrophages and M2 macrophages.
Results: At a noncytotoxic dose of 0.3 μg/mL, α-MMC significantly inhibited the LPS-induced expression of inflammatory cytokines, 
such as TNF-α, IL-1β, IL-6, IL-8, MIP-1α and MCP-1, by M1 macrophages in a time-dependent manner, but α-MMC did not inhibit 
the IL-4-induced synthesis of anti-inflammatory cytokines, such as IL-10, IL-1RA, EGF, VEGF, TGF-β and CCL22, by M2 
macrophages. Moreover, α-MMC also inhibited inflammatory cytokine expression in an LPS-induced acute pneumonia mouse 
model and alleviated inflammation in lung tissues. Furthermore, omics screening and Western blotting analysis confirmed that α- 
MMC inhibited TAK1/p-TAK1 and subsequently blocked the downstream MAPK and NF-κB pathways, thus inhibiting the LPS- 
induced inflammatory cytokine expression.
Conclusion: Our results reveal that α-MMC inhibits proinflammatory cytokine expression by M1 macrophages but not anti-inflammatory 
cytokine expression by M2 macrophages. The efficacy of α-MMC in selectively inhibiting proinflammatory cytokine expression renders it 
particularly suitable for the treatment of severe inflammation and autoimmune diseases characterized by cytokine storms.
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Introduction
Alpha-momorcharin (α-MMC) is a type I ribosome-inactivating protein (RIP) that is purified from the seeds of Momordica 
charantia.1,2 In addition to its antitumor and antiviral effects, α-MMC also exerts immunomodulatory effects.3 It has been 
found that α-MMC can significantly inhibit macrophage activity, such as macrophage cytostatic and phagocytic activities. 
A single injection of a nontoxic dose of α-MMC into mice significantly suppressed delayed-type hypersensitivity responses as 
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well as the production of humoral antibodies against sheep red blood cells, and the thioglycolate-induced migration of 
macrophage migration was inhibited in vivo. Recently, we also found that α-MMC can regulate cytokine expression in 
monocytes in vivo and in vitro.4–6 α-MMC exerted a significant effect on the induction of apoptosis and release of cytokines by 
THP-1 cells, but it exerted no effect on normal WIL2-s B cells and H9 T cells. Specifically, at a noncytotoxic dose, α-MMC 
regulates THP-1 cells by inhibiting IL-1β, IL-2, IL-8, IL-9, IL-12, MIP-1α/β, MCP-1 and TNF-α expression and enhancing 
IL-1rα and RANTES expression, resulting in the inhibition of cellular immune function. The regulation of cytokine expression 
in the THP-1 monocyte cell line mainly results in an immunosuppressive effect, and the regulation of THP-1 cell cytokine 
production may be the initial step in the immunosuppressive effect of α-MMC.

However, in THP-1 cells, the primary effects of α-MMC treatment are the promotion of IL-8, IL-9, MIP-1α, MIP-1β, 
and MCP-1 synthesis during the early phase (2–8 h) and the inhibition of the synthesis of these cytokines in the late phase 
(8–24 h), but it results in persistent induction of IL-1rα and RANTES expression and persistent inhibition of IL-1β and 
TNF-α expression.4 Our expert peers also reported that α-MMC can elevate MCP-1, IL-8, IL-1β and TNF-α levels and 
activate the IKK/NF-κB and JNK signalling pathways in THP-1 cells within 6 hours.7 These results suggest that α-MMC 
exerts a regulatory effect on the expression of cytokines in the native THP-1 cell line, but this regulatory effect first 
increases and then decreases the production of these cytokines, and there is uncertainty about the regulatory effect of α- 
MMC on different types of cytokines (such as inflammatory cytokines and anti-inflammatory cytokines). This uncertainty 
stems from the fact that the basal expression levels of cytokines in resting monocytes are not high, and the expression levels 
are also unstable Therefore, the results observed using the THP-1 cell line do not reflect the pharmacological value of α- 
MMC. It cannot be determined whether α-MMC exerts proinflammatory or anti-inflammatory effects.

During inflammation, monocytes migrate from blood vessels to the site of inflammation and differentiate into 
macrophages; macrophages phagocytose pathogenic microorganisms and become activated to synthesize and express 
high levels of proinflammatory cytokines, such as IL-1β, TNF-α, IL-6 and IL-8, to activate other immune cells and 
initiate inflammatory responses. Such inflammation-promoting macrophages are classified as M1 macrophages.8,9 M1- 
type macrophages, if hyperpolarized, overexpress inflammatory cytokines, thereby creating an inflammatory cytokine 
storm and leading to excessive inflammation. There is also a class of M2 macrophages, and the M2 phenotype is 
characterized by anti-inflammatory activity due to the release of anti-inflammatory factors, including IL-10, EGF, VEGF 
and TGF-β; these anti-inflammatory factors can suppress the proinflammatory response and promote angiogenesis and 
tissue repair in the later stages of inflammation.10 In this study, we used an LPS-induced M1-type macrophage model and 
an IL-4-induced M2-type macrophage model to observe the expression of cytokines in two polarized macrophage 
populations in order to determine whether α-MMC exerts anti-inflammatory immunomodulatory effects or plays a role 
in inflammatory recovery and tissue repair.

It has been reported that the LPS-mediated polarization of macrophages occurs through activation of the TLR4 
receptor signalling pathway and that LPS promotes the expression of a large number of inflammatory cytokines through 
this pathway.11,12 Additionally, according to reports,13 IL-4 activates STAT6 via the IL-4 receptor (IL-4R1 and IL-4R2) 
to regulate M1/M2 polarization via a STAT6-dependent pathway in inflammatory diseases, and IL-4 switches the M1/M2 
polarization of microglia/macrophage and alleviates neurological damage by modulating the JAK1/STAT6 pathway after 
intracerebral hemorrhage (ICH). Therefore, in this study, we selectively verified changes in the expression of TLR4 
signalling pathway-related proteins by Western blotting to elucidate the mechanism by which α-MMC regulates 
inflammatory cytokine expression in M1 macrophages. We also selectively verified changes in the expression of JAK1- 
STAT6 signalling pathway-related proteins to elucidate the mechanism by which α-MMC regulates anti-inflammatory 
cytokine expression in M2 macrophages.

In addition, to further observe the immunomodulatory and anti-inflammatory effects of α-MMC in vivo, we 
established an LPS-induced acute pneumonia mouse model; in this mouse model, the levels of the inflammatory 
cytokines TNF-α, IL-1β, IL-6, MIP-1α and MCP-1 were measured after the administration of α-MMC, and pathological 
changes in mouse lung tissues were also observed. The results of this study lay the foundation for the use of α-MMC in 
the anti-inflammatory treatment of infectious diseases characterized by cytokine storms.
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Materials and Methods
Preparation of α-MMC
Alpha-MMC protein was kindly provided by Professor Yanfa Meng from the College of Life Sciences of Sichuan 
University and was prepared as described by Mengen Li14 and Yao Meng.15

Cell Culture
The human monocyte cell line THP-1 (RRID: CVCL_0006) was purchased from Procell (Wuhan, China). The cells were 
grown in complete RPMI-1640 medium (Gibco, USA) supplemented with 10% heat inactivated foetal bovine serum, 100 
U/mL penicillin and 100 µg/mL streptomycin (Thermo, USA) and incubated at 37°C in humid air containing 5% CO2. 
The cells were cultured in suspension, the medium was exchanged, and the cells were passaged according to conven-
tional methods.

Induction and Identification of Polarized Macrophages
To generate PMA-induced (M0) macrophages, approximately 1×106 THP-1 cells were seeded in a 6-well plate, PMA (30 
ng/mL) was added, and the cells were cultured for 72 h. The medium was changed to completely remove the floating cells, 
fresh medium (excluding PMA) was added, and the cells were cultured for 24 h. To generate M1 macrophages, LPS was 
added to M0 macrophages in six-well plates at a final concentration of 20 ng/mL, and the macrophages were cultured in 
complete RPMI-1640 medium supplemented with 10% foetal bovine serum for 48 h to induce macrophage polarization 
towards the inflammatory (M1) phenotype. To generate M2 macrophages, IL-4 was added to M0 macrophages in six-well 
plates at a final concentration of 20 ng/mL, and the macrophages were cultured in complete RPMI-1640 medium 
supplemented with 10% foetal bovine serum for 48 h to induce macrophage polarization towards the anti-inflammatory 
(M2) phenotype.

Using flow cytometry, M1-polarized macrophages and M2-polarized macrophages were identified by measuring the 
expression levels of the cell surface markers CD86 (M1 macrophages) and CD206 (M2 macrophages). In brief, the 
method was as follows. The cells were trypsinized, and the induced M0, M1 and M2 macrophages were collected. After 
washing with PBS, 20 µL of FITC-labelled M-H CD86 (557,343, BD company product) or APC-labelled M-H CD206 
(561,763, BD company product) flow antibody was added and incubated in the dark for 10 min. After washing with PBS 
and fixing with 70% ethanol, 0.2 µL Triton X-100 (T9284-100mL, Sigma) and 5 µL PE-cyTM7 M-H CD11b (561,685, 
BD company product) flow antibody were added and incubated in the dark for 10 min. Detection was performed using 
a flow cytometer (CytoFLEX S, Beckman Coulter).

Using qPCR technology, M1-polarized macrophages and M2-polarized macrophages were identified by measuring 
the levels of an M1 polarization marker (nitric oxide synthase, iNOS) and an M2 polarization marker (arginase 1, ARG- 
1). In brief, the method was as follows. M0 macrophages, M1 macrophages and M2 macrophages were digested with 
trypsin and collected, and then, RNA was extracted using the TaKaRa MiniBEST Universal RNA Extraction Kit (Cat.# 
9767, TaKaRa). After genome removal and reverse transcription, gene expression was measured by qRT–PCR. The 
primer sequences specific for the target gene are as follows: forward: 5’-GCTCTACACCTCCAATGTGACC-3’ and 
reverse: 5’-CTGCCGAGATTTGAGCCTCATG-3’ for iNOS; forward: 5’-TCATCTGGGTGGATGCTCACAC-3’ and 
reverse: 5’-GAGAATCCTGGCACATCGGGAA-3’ for ARG-1; forward: 5’-TCAAGAAGGTGGTGAAGCAGG-3’ 
and reverse: 5’-TCAAAGGTGGAGGAGTGGGT-3’ for GAPDH. All primers were provided by TaKaRa Biotech.

Apoptosis Analysis
The induction of M0 macrophages and polarized M1 and M2 macrophages was performed as described previously. Alpha- 
MMC was added to the cells in each well at doses of 0 μg, 0.1 μg/mL, 0.5 μg/mL and 2.5 μg/mL. After 8 hours of drug 
treatment, the cells were collected for apoptosis assessment by flow cytometry. In brief, the method was as follows. (1) The 
cells were collected (collected suspension cells and adherent cells together), the cells were centrifuged at 1000 rpm for 5 min, 
and the supernatants were removed; (2) the cells were washed once with PBS, the cells were centrifuged at 1000 rpm for 5 min, 
and the supernatants were removed; (3) Annexin Binding Buffer (10X) was diluted, and 100 µL was used to resuspend the 
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cells; (4) 5 µL Annexin FITC was added and incubated in the dark at room temperature for 10 min; (5) 5 µL PI was added and 
incubated in the dark at room temperature for 15 min; (6) 150 µL Annexin Binding Buffer was added before the samples were 
analysed with the machine; and (7) the cells were analysed using a flow cytometer (CytoFLEX S, Beckman Coulter).

ELISA Analysis
The induction of M0 macrophages and polarized M1 and M2 macrophages was performed as described previously. Alpha-MMC 
was added to each group of cells at a concentration of 0.3 μg/mL, and the cells were treated for 0 h, 2 h, 8 h, 24 h and 48 h. Two 
wells were included in each experimental group. To harvest the cells, 5×106 cells from each cell line were washed in RPMI twice, 
snap frozen in liquid nitrogen, and then thawed at 37°C. Snap freezing and thawing were repeated two more times. Cellular debris 
was then spun down, and the supernatant was saved for analysis (Kumar S, 2003). Quantitative ELISA was performed to measure 
the expression levels of TNF-α, IL-1β, IL-6, IL-8, MIP-1α, MCP-1, IL-1RA, IL-10, EGF, VEGF-A, TGF-β, and CCL22 in the 
cell supernatant. The following ELISA kits produced by Immunoway Co., Ltd. were used: Human TNF-α ELISA Kit (KE1372), 
Human IL-1β ELISA Kit (KE1379), Human IL-6 ELISA Kit (KE1368), Human IL-8 ELISA Kit (KE1360), Human MIP-1α 
ELISA Kit (KE 1052), Human MCP-1 ELISA Kit (KE1511), Human IL-1RA ELISA Kit (KE1030), Human IL-10 ELISA Kit 
(KE1369), Human EGF ELISA Kit (KE1012), Human VEGF-A ELISA Kit (KE1374), Human TGF-β ELISA Kit (KE1373), 
and Human CCL22 ELISA Kit (KE1203). The cytokine levels were analysed according to the manufacturer’s instructions. The 
OD value was measured at a wavelength of 450 nm with an EnVision microplate reader (PerkinElmer, Britain), and the content of 
each cytokine was calculated according to the corresponding standard curve.

Animals
Forty specific pathogen-free (SPF) Bagg albino (Balb)/c mice (male, 6–8 w) were provided by Charles River (Beijing, 
China). All the animal experiments were conducted in accordance with the ARRIVE 2.0 guidelines approved by the Animal 
Ethics Committee,16 and performed according to protocols approved by the Ethics Committee of Servicebio (Wuhan, 
China). The animals were housed in SPF animal rooms maintained at a temperature of 22–25°C and a relative humidity of 
50–70% on a 12 h light-dark cycle. They were provided ad libitum access to fresh water and a standard diet and were 
acclimatized for at least 7 days prior to the beginning of the studies.

Induction of Acute Lung Injury (ALI) in Mice
The animals were randomly divided into 5 groups (n=8): (1) the sham group with normal saline; (2) the LPS model group 
(8.0 mg/kg); (3) the LPS (8.0 mg/kg) + dexamethasone (3.0 mg/kg) treatment group; (4) the LPS (8.0 mg/kg) + α-MMC 
(0.1 mg/kg) treatment group; and (5) the LPS (8.0 mg/kg) + α-MMC (0.3 mg/kg) treatment group. The mice were weighed and 
anaesthetized with 1% sodium pentobarbital (50 mg/kg), and 50 µL of dissolved LPS (or NS for normal control mice) was 
injected into the trachea with a microinjector. The mice were shaken to the left and right to ensure that the drug was uniformly 
distributed in the lungs. After the mice were able to breathe normally, they were placed back in their cages and allowed to 
recover. The mice in the treatment group were intraperitoneally injected with dexamethasone or α-MMC 1 h after LPS 
injection, and the mice in the model group and normal control group were intraperitoneally injected with an equal volume of 
normal saline. Twenty-four hours after the first modelling procedure, the mice in each group were subjected to a second 
modelling and drug treatment procedure in the same way. Twenty-four hours after the second modelling and treatment 
procedure, the mice in each group were anaesthetized by pentobarbital sodium, blood samples were collected, and the animals 
were sacrificed by cervical dislocation. The left lungs were fixed with paraformaldehyde and prepared for paraffin embedding. 
The right lungs were quick-frozen in liquid nitrogen and stored at −80°C for ELISA.

Analysis of Cytokine Levels in Plasma and Lung Tissue by ELISA
After anticoagulation, venous blood was collected from the ocular vein and centrifuged at −4°C and 3000 rpm/min for 15 
minutes, and the supernatant (plasma) was collected and stored at −80°C. Snap-frozen lung tissues were thawed and 
weighed, and then, 9 volumes of RIPA lysis buffer supplemented with protein inhibitor cocktail III (Merck Millipore, 
USA) was added at a weight (mg): volume (μL) ratio of 1:9 for homogenization. The lysis buffer was centrifuged at 4°C 
and 4000 rpm/min for 10 minutes, and the supernatants were transferred to clean microcentrifuge tubes. Then, 20 µL of 
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each supernatant was collected and diluted, and the protein concentration was measured by the BCA method. The 
remaining samples were placed in a refrigerator at 4°C. The TNF-α, IL-1β, IL-6, MIP-1α and MCP-1 levels in the plasma 
and lung tissue homogenates were measured using a mouse ELISA kit (ImmunoWay Biotech, USA) according to the 
user’s manual.

Histopathological Evaluation of ALI
Left lung tissues were used for microscopic analysis of pathological changes. The tissues were fixed in 4% buffered formalin for 
24 h, dehydrated, embedded in paraffin, sectioned, stained with haematoxylin and eosin, and analysed with a Nikon Eclipse Ci 
microscope (Nikon Electronic Company, Osaka, Japan). Five fields containing 300 alveoli (10× magnification) from each slide 
were chosen, and the degree of lung injury was evaluated by an investigator who was blinded to the treatment groups. The 
severity of lung inflammation was semiquantitatively assessed according to the methods described by Tanino Y et al17 Briefly, the 
lung inflammation grade was scored on a scale of zero to five. The criteria for grading lung injury were as follows: grade 0, 
normal tissue; grade 1, minimal inflammatory change; grade 2, mild to moderate inflammatory changes (no obvious damage to 
the lung architecture); grade 3, moderate inflammatory injury (thickening of the alveolar septae); grade 4, moderate to severe 
inflammatory injury (formation of nodules or areas of pneumonitis that distorted the normal architecture); and grade 5, severe 
inflammatory injury with total obliteration of the field. Caseviewer 2.4 software was used to collect and process these images.

Phosphoproteomics and Proteomic Analysis
M0-type macrophages and LPS-induced (M1) macrophages were prepared as described previously. Three experimental 
groups, namely, the M0 macrophage group, LPS-induced macrophage (M1 0 h) group and α-MMC-treated (4 h) LPS-induced 
macrophage (M1 4 h) group, were established. Alpha-MMC was administered at a dose of 0.5 μg/mL, and 3 wells were 
included in each group. At the end of the experiment, the cells were washed 3 times with PBS, scraped off with a spatula, 
collected, and frozen in liquid nitrogen, and the protein concentration was quantified by the BCA method. Then, TMT 
labelling and LC–MS/MS analysis were completed by a professional team from Shanghai Applied Protein Technology Co., 
Ltd. (APTBIO). Proteome Discoverer 2.4 software was used to identify the phosphorylated proteins and quantify their levels, 
and the Complex heatmap package in R (R version 3.4) was used to classify the two dimensions of sample and protein 
expression and generate a hierarchical clustering heatmap. Then, KEGG Automatic Annotation Server (KAAS) software and 
Fisher’s exact method were used to analyse the distribution of KEGG pathways and generate the overall protein set and the 
target protein set.

Western Blotting Analysis
M1 macrophage differentiation was induced as described previously. M1 macrophages in six-well culture plates were divided 
into 3 groups, the α-MMC 0 h group, α-MMC 4 h group and α-MMC 8 h group, and the dose of α-MMC was 0.5 μg/mL. A total 
of 5 wells were included in each group. Then, cell lysates from each experimental group at each administration time point were 
harvested (RIPA lysis buffer), and the expression levels of the following proteins were measured by immunoblotting: TAK1/ 
p-TAK1, NF-kB p65/p-p65, AP1/p-AP1, JNK/p-JNK and TRAF6. In brief, the method was as follows. The protein concentra-
tion was measured by the BCA method, 5× SDS loading buffer was added according to the volume of the lysate, and the samples 
were boiled at 100°C for 5 min. The protein samples (20 μg) were separated with 10% SDS polyacrylamide gels and 5% SDS 
concentrating gels. The samples were electrotransferred onto PVDF membranes and blocked with 5% milk/TBST. After 
washing, the primary antibody was diluted with 1% BSA/TBST at the recommended dilution ratio and transferred to 
a hybridization bag together with the PVDF membrane. The samples were refrigerated at 4°C overnight. The recommended 
dilution ratios for the primary antibodies are as follows: TRAF6 (Abcam, ab137452, RRID: AB_2884908), 1:1000; TAK1 
(Immunoway, YT4535, RRID: AB_2895035), 1:1000; p-TAK1 (Immunoway, YP0424, RRID: AB_2895032), 1:600; NF-kB 
p65 (Abcam, ab32536, RRID: AB_776751), 1:2000; p-p65 (Abcam, ab76302, RRID: AB_1524028), 1:1000; JNK 
(Immunoway, YT2440, RRID: AB_2895034), 1:1000; p-JNK (Immunoway, YP0156, RRID: AB_2895031), 1:600; AP1 
(Immunoway, YT0248, RRID: AB_2895033), 1:1000; and p-AP1 (Immunoway, YP0018, RRID: AB_2895030), 1:1000. 
Then, the samples were incubated with horseradish peroxidase-labelled goat anti-rabbit secondary antibody (1:5000, 
Proteintech, SA00001-2, RRID: AB_2722564) or horseradish peroxidase-labelled goat anti-mouse secondary antibody 
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(1:5000, Proteintech, SA00001-1, RRID: AB_2722565) for 1 h and developed by the ECL chemiluminescence method. The 
bands were visualized using a chemiluminescence gel imager (ChemiDoc™ XRS+, Bio–Rad, USA), and a rabbit anti-human β- 
actin antibody (1:5000, Proteintech, 66009-1-Ig, RRID: AB_2687938) was used as an internal control. ImageJ software was used 
to measure the grey value of each band, and the ratio of the grey value of each target protein band to that of the β-actin band was 
calculated.

M0 macrophage and M2 macrophage differentiation was induced as described previously. The experiments were 
performed in the following groups: M0 macrophages treated for 8 h; M2 macrophages treated for 8 h; and M2 
macrophages+α-MMC (0.5 μg/mL) treated for 8 h. At the end of the experiment, cell lysates from each experimental 
group were harvested, and the expression levels of the following proteins were measured by immunoblotting: TAK1/ 
p-TAK1, NF-kB p65/p-p65, JNK/p-JNK, AP1/p-AP1, JAK1/p-JAK1, STAT6/p-STAT6 and β-catenin. The recommended 
dilution ratios of the JAK1/p-JAK1, STAT6/p-STAT6 and β-catenin primary antibodies are JAK1 (Immunoway, YT4535, 
1:1000), P-JAK1 (Immunoway, YP0424, 1:1000), STAT6 (Abcam, ab32520, 1:1000), P-STAT6 (Abcam, ab263947, 
1:1000), and β-catenin (Proteintech, 51067-2-AP, 1:4000).

Materials
LPS (from Escherichia coli, serotype 0111: B4), PMA (Phorbol-12-myristate-13-acetate) (79,346), CCK8 reagent 
(CK04) purchased from Dojindo (Shanghai, China); RIPA lysis (P0013B) buffer purchased from Beyotime (Shanghai, 
China); Dexamethasone phosphate (2,103,152,212) was purchased from Cisen, Inc. (Shandong, Jinin, China).

Data and Statistical Analysis
Data analysis was performed in a blinded manner. The data are expressed as the mean ± SEM unless indicated otherwise. 
The sample size was 8 per group for the animal experiments and 3 per group for the phosphoproteomics analysis. ELISA 
was repeated 5 times, with at least 2 replicates per experiment; and signalling pathway verification by Western blotting 
was repeated 3–5 times. One-way ANOVA was performed using GraphPad Prism 8.0 (GraphPad Prism, RRID: 
SCR_002798), and a value of P < 0.05 was considered statistically significant.

Results
α-MMC Sample Verification
A schematic diagram of the tertiary structure of α-MMC is shown in Figure 1A, and the HPLC purity of α-MMC was 
>97% (Figure 1B). The results of native PAGE analysis of α-MMC homogeneity and SDS–PAGE analysis of its purity 
and relative size are shown in Figure 1C and D. The purity of α-MMC as determined by SDS–PAGE was also >97%.

Polarized Macrophages of the M1 and M2 Phenotypes
M1- and M2-polarized macrophages were identified using flow cytometry, and the results are shown in Figure 2. When 
CD86 was used as a marker to measure the percentages of different cells, the percentages of M0, M1, and M2 parent cells 
were 12.79%, 50.62%, and 29.69%, respectively (Figure 2A). The percentage of CD86-expressing M1 macrophages was 
much higher than that of CD86-expressing M0 and M2 macrophages (P<0.05). When CD206 was used as a marker to 
measure the percentage of cells, the percentages of M0, M1, and M2 parent cells were 16.43%, 19.92%, and 51.83%, 
respectively (Figure 2B). The percentage of CD206-expressing M2 macrophages was much higher than that of CD206- 
expressing M0 and M1 macrophages (P<0.05). Since CD86 and CD206 are characteristic cell surface markers of M1- 
type macrophages and M2-type macrophages, respectively, the experimental results showed that the M1- and M2-type 
macrophage models had been successfully established.

The M1- and M2-polarized macrophages were identified using qPCR technology, and the results are shown in 
Figure 2. In this experiment, GAPDH was used as the internal reference, the amplification efficiency of the target gene 
and the reference gene was 100%, and the deviation of the mutual efficiency was within 5%. The 2−ΔΔCT values of the 
INOS mRNA expression level were M0 (1.003±0.093), M1 (4.687±1.282), and M2 (1.273±0.069) (Figure 2I); the 2−ΔΔCT 

values of the ARG-1 mRNA expression level were M0 (1.001±0.050), M1 (0.760±0.189), and M2 (4.675±0.441) 
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Figure 1 Diagram of the tertiary structure of α-MMC and results of the quality inspection of α-MMC protein samples. (A) Schematic diagram of the tertiary structure of α- 
MMC; (B) HPLC chromatogram of α-MMC protein samples confirming >97% α-MMC purity; (C) analysis of α-MMC homogeneity by native PAGE; (D) analysis of α-MMC 
purity and relative size by SDS–PAGE. Lane 1 is a protein molecular weight marker; lanes 2, 3, 4, and 5 are four consecutive batches of α-MMC samples, showing a molecular 
weight of approximately 28 kDa.

Figure 2 The identified results of identified M1- and M2-polarized macrophages by flow cytometry and qPCR technology. (A) The percentages of CD86+ cells in M0, M1, and M2 
parent cells; (B) The percentages of CD206+ cells in M0, M1, and M2 parent cells; (C, E and G) A flow cytometry chart of CD86-expressing cells in M0, M1, and M2 parent cells; (D, 
F and H) A flow cytometry chart of CD206-expressing cells in M0, M1, and M2 parent cells; (I) Relative INOS mRNA expression level (2−ΔΔCT value) in M0, M1, and M2 parent cells; 
(J) Relative ARG-1 mRNA expression level (2−ΔΔCT value) in M0, M1, and M2 parent cells. The data shown are individual values with the mean ± SEM; n = 3. *P < 0.05 significantly 
different from the control group; n.s. No significant difference from the control group. One-way analysis of variance, Tukey’s multiple comparison tests.
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(Figure 2J). Relative INOS mRNA expression level (2−ΔΔCT value) of M1 macrophages was much higher than that of M0 
and M2 macrophages (P<0.05); Relative ARG-1 mRNA expression level (2−ΔΔCT value) of M2 macrophages was much 
higher than that of M0 and M1 macrophages (P<0.05). Since iNOS and ARG-1 are characteristic enzyme markers of M1 
and M2 macrophages, respectively, the experimental results again showed that the M1 and M2 macrophage models had 
been successfully established.

Noncytotoxic Dose of α-MMC in M1 and M2 Macrophages
The early apoptosis results after treatment of M0, M1, and M2 macrophages with α-MMC for 8 h are shown in Figure 3. 
When the doses of α-MMC were 0 μg/mL, 0.1 μg/mL, 0.5 μg/mL, 2.5 μg/mL and 12.5 μg/mL, the rates of α-MMC- 
induced early apoptosis of M0 macrophages were 6.77%±0.45%, 7.04%±0.52%, 7.50%±0.91%, 9.46%±0.32%, 12.69% 
±1.92%, respectively, those of M1 macrophages were 11.13%±2.17%, 11.90%±1.56%, 11.89%±1.76%, 18.71%±0.74%, 
28.82%±0.74%, respectively, and those of M2 macrophages were 7.28%±0.58%, 7.68%±0.78%, 8.49%±0.44%, 10.83% 
±1.30%, 14.34%±0.69%, respectively. The results showed that at a dose of 12.5 μg/mL, α-MMC induced significant 
apoptosis in all three types of cells, and these results were significantly different from the respective blank control groups 
(p<0.05); at a dose of 2.5 μg/mL, α-MMC caused significant apoptosis only in M1 macrophages; at a dose of 0.5 μg/mL, 
α-MMC did not cause significant apoptosis in the three cell lines (p>0.05).

Inflammatory Cytokine Expression in M1-Type Macrophages and Anti-Inflammatory 
Cytokine Expression in M2-Type Macrophages
M0 macrophages, M1 macrophages and M2 macrophages were treated with a safe, nonapoptotic dose of α-MMC (0.3 
μg/mL). At 0 h of α-MMC treatment, that is, in the untreated model state, we found that the expression levels of the 
inflammatory cytokines TNF-a, IL-1β, IL-6, IL-8, MCP-1, and MIP-1α in M0 macrophages were 60.97±6.38 pg/mL, 
85.89± 16.14 pg/mL, 115.62±6.28 pg/mL, 383.98±45.05 pg/mL, 123.30±62.61 pg/mL, and 109.35±20.82 pg/mL, 
respectively. In M1 macrophages, due to stimulation with LPS, the expression levels of these inflammatory cytokines 
increased sharply to 1871.08±147.20 pg/mL, 639.86±20.94 pg/mL, 778.19±28.30 pg/mL, 8698.74 pg/mL±395.70 pg/ 
mL, 1754.30±107.87 pg/mL, and 1590.90±136.65 pg/mL, respectively, and there were extremely significant differences 
compared with the corresponding expression levels in M0 macrophages. There was no increased expression in M2 
macrophages; the expression levels of TNF-a, IL-1β, IL-6, IL-8, MCP-1, and MIP-1α in these cells were 73.92±9.55 pg/ 
mL, 117.33±12.11 pg/mL, 136.91±14.26 pg/mL, 435.82±47.30 pg/mL, 239.97±26.73 pg/mL, and 142.33±15.29 pg/mL, 
respectively, and there was no significant difference compared with the expression levels in M0 macrophages. After 2 h, 
8 h, 24 h, and 48 h of α-MMC administration, the expression levels of these inflammatory cytokines did not change 
significantly in M0 macrophages and M2 macrophages, while in M1 macrophages, as the treatment time increased, the 
expression levels of these inflammatory cytokines exhibited a significant gradient decrease, as shown in Figure 4A–F. 
Compared with 0 h, the expression levels of these inflammatory cytokines decreased significantly at 2 h, 8 h, 24 h, and 48 
h after α-MMC administration, showing a significant inhibitory effect of α-MMC on the expression of the inflammatory 
cytokines TNF-α, IL-1β, IL-6, IL-8, MCP-1 and MIP-1α.

We observed a completely different effect when we measured anti-inflammatory cytokine levels. Our experimental 
results showed that at 0 h of α-MMC treatment, the expression levels of the anti-inflammatory cytokines IL-1RA, IL-10, 
TGF-β, EGF, VEGF-A and CCL22 in M0 macrophages were 393.78±22.40 pg/mL, 21.22±2.86 pg/mL, 0.46±0.14 ng/ 
mL, 216.22±22.13 pg/mL, 36.83±7.76 pg/mL, and 69.74±18.77 pg/mL, respectively. However, these expression levels 
were not increased in M1 macrophages. The expression levels of these anti-inflammatory cytokines in M1 macrophages 
were 433.82±22.83 pg/mL, 16.73±1.52 pg/mL, 0.87±0.19 ng/mL, 235.47±12.37 pg/mL, 116.63±14.40 pg/mL, and 
179.44±18.34 pg/mL, respectively, and there was no significant difference compared with the expression levels in M0 
macrophages. However, in M2 macrophages, due to stimulation with IL-4, the expression levels of these anti- 
inflammatory cytokines were sharply increased, and the expression levels of IL-1RA, IL-10, TGF-β, EGF, VEGF-A, 
and CCL22 were 2321.88±233.66 pg/mL, 73.94±5.27 pg/mL, 1.55±0.19 ng/mL, 470.71±41.56 pg/mL, 339.65±30.92 pg/ 
mL, and 255.28±28.26 pg/mL, respectively, and there is a significant difference compared with the expression levels in 
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Figure 3 The early apoptosis results of M0, M1, and M2 macrophages after treatment with α-MMC for 8 h. (A) α-MMC-induced early apoptosis of M0 macrophages at the doses of 
0 μg/mL, 0.1 μg/mL, 0.5 μg/mL, 2.5 μg/mL and 12.5 μg/mL; (A1–A5) An apoptosis detection chart of flow cytometry in M0 macrophages at different doses of α-MMC; (B) α-MMC- 
induced early apoptosis of M1 macrophages at the doses of 0 μg/mL, 0.1 μg/mL, 0.5 μg/mL, 2.5 μg/mL and 12.5 μg/mL; (B1–B5) An apoptosis detection chart of flow cytometry in M1 
macrophages at different doses of α-MMC; (C) α-MMC-induced early apoptosis of M2 macrophages at the doses of 0 μg/mL, 0.1 μg/mL, 0.5 μg/mL, 2.5 μg/mL and 12.5 μg/mL; (C1– 
C5) An apoptosis detection chart of flow cytometry in M0 macrophages at different doses of α-MMC. The data shown are individual values with the mean ± SEM; n = 5. *P < 0.05 
significantly different from the 0 μg/mL group; n.s. No significant difference from the control group. One-way analysis of variance, Tukey’s multiple comparison tests.
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M0 macrophages. After 2 h, 8 h, 24 h, and 48 h of α-MMC administration, the expression levels of these anti- 
inflammatory cytokines did not change significantly in M0 macrophages or M1 macrophages. In M2 macrophages, the 
expression levels of these inflammatory cytokines also did not change with increasing treatment time, as shown in 

Figure 4 Inflammatory cytokines and anti-inflammatory cytokines expression in M0, M1 and M2 macrophages. (A) TNF- α; (B) IL-1β; (C) IL-6; (D) IL-8; (E) MCP-1; (F) 
MIP-1α; (G) IL-RA; (H) IL-10; (I) TGF-β1; (J) EGF; (K) VEGF-A; (L) CCL22. The Orange-red columns are the M0-type macrophage groups, which was not treated with LPS; 
the blue columns are the M1-type macrophage groups; the purple columns are the M2-type macrophage groups. These macrophages were treated with 0.3 μg/mL α-MMC 
for 0 hours, 2 hours, 8 hours, 24 hours, or 48 hours. The data shown are individual values with the mean ± SEM; n = 5. *P < 0.05 significantly different from the M0 
macrophage group of 0 hours; #P < 0.05 significantly different from the M1 macrophage group of 0 hours; n.s. No significant difference from the control group. One-way 
analysis of variance, Tukey’s multiple comparison tests.
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Figure 4G–L. Compared with 0 h, there was no significant difference in the expression levels of these inflammatory 
cytokines at 2 h, 8 h, 24 h, and 48 h after α-MMC administration, showing that α-MMC did not inhibit the expression of 
the anti-inflammatory cytokines IL-1RA, IL-10, TGF-β, EGF, VEGF-A or CCL22.

Inhibition of Proinflammatory Cytokine Expression and Anti-Inflammatory Effects in 
an LPS-Induced Pneumonia Mouse Model
In an LPS-induced pneumonia mouse model, compared with the sham group, the expression levels of inflammatory 
cytokines, ie, TNF-α, IL-1β, IL-6, MCP-1 and MIP-1α, in lung tissue were markedly increased after 2 intrapulmonary 
injections of LPS at a 24 h interval, as shown in Figure 5A–E. These cytokines were absorbed by the blood in the lungs, 
and higher levels were also observed in blood throughout the whole body, as shown in Figure 5F–J. In mice with 
pneumonia treated with dexamethasone or α-MMC, the expression of the five inflammatory cytokines mentioned above 
in lung tissue homogenates and plasma was significantly inhibited, and there was a significant difference in the levels of 
these inflammatory cytokines between the dexamethasone-treated group and the model group. Low and high doses of α- 
MMC (0.1 mg/kg and 0.3 mg/kg) exerted obvious dose-dependent effects inhibiting the levels of these five cytokines, 
with the high dose having a similar inhibitory effect to dexamethasone. The trend of the changes in the levels of the five 
cytokines in plasma was essentially the same as the trends observed in lung tissue.

The results of histopathological analysis (H&E staining) of the lung tissues from the mice in each group are shown in 
Figure 6. In Figure 6A, the lung tissues of the mice in the sham group showed a complete alveolar structure and an 
alveolar cavity that was separated by a single layer of alveolar epithelial cells and was transparent and clear. In 
Figure 6B, the lung tissues of the mice in the LPS-induced model group showed severe pneumonia, characterized by 
a reduced alveolar cavity size, a significantly thickened alveolar space, a large number of infiltrating neutrophils, 
macrophages and other inflammatory cells, and a large number of diffuse red blood cells. Some exudates were also 
observed in the alveolar cavity. The microscopic injury severity index of this group was 3.44±0.56, which was 
significantly different from that of the sham group (0.13±0.23) (Figure 6F). In the LPS and dexamethasone treatment 
groups, only mild inflammation, such as alveolar wall thickening and inflammatory cell infiltration, was observed 
(Figure 6C), and the microscopic injury severity index was 1.64±0.85. In the LPS and α-MMC treatment groups, 
different degrees of alveolar cavity shrinkage and deformation, mild thickening of the alveolar compartment, bleeding 
and inflammatory cell infiltration were observed (Figure 6D and E). However, the inflammatory lesions in those two 
groups were significantly less severe than those in the LPS model group, and there was no exudate in the alveolar cavity. 
The microscopic injury severity indices were 2.06±0.76 (0.1 mg/kg) and 1.71±0.81 (0.3 mg/kg), as shown in Figure 6F.

Omics Screening of Associated Signalling Pathways
TMT-based quantitative proteomics and TMT-based quantitative phosphoproteomics were used to compare changes in protein 
levels and protein phosphorylation before and after LPS treatment (M0/M1) and at two time points after α-MMC adminis-
tration (0 h and 4 h). The differentially expressed proteins were compared with the proteins of the reference species and 
subjected to KEGG pathway annotation. The significance of the difference between the levels of the differentially expressed 
proteins and those of the proteins of the reference species was determined by Fisher’s exact test to identify all the pathways in 
which the differentially expressed proteins were enriched (p<0.05). The results are shown in Figure 7. The red boxes in the 
figure indicate proteins or modified proteins whose levels were increased (according to the criteria described above), and the 
green boxes indicate modified proteins whose levels were decreased. Figure 7A shows that the TLR signalling pathway 
(proteomic analysis) was activated in the inflammatory macrophage model 48 h after LPS induction. (1) The TLR receptor 
signalling pathway was significantly activated, and the expression of the signalling proteins MyD88, IRF5, and IRF7 was 
upregulated (FC=1.241, 1.624, and 1.878, respectively). (2) The expression of the inhibitory signalling protein IkBα, which is 
involved in the NF-κB pathway, was downregulated (FC=0.764), indicating that the NF-κB signalling pathway was activated. 
(3) The expression of the signalling protein AP-1, which is associated with the MAPK signalling pathway, was upregulated 
(FC=1.99), indicating that the MAPK signalling pathway was activated. Additionally, the expression of the signalling proteins 
MEK1/2 and p38 was downregulated (FC=0.801 and 0.784, respectively). It seems that the activation of the MAPK signalling 
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pathway was mediated by the JNK signalling pathway. (4) The expression of effector proteins of the TLR signalling pathway, 
such as the proinflammatory cytokine IL-1β and the chemokines IL-8, RANTS and MIP-1α, was also significantly upregulated 
(FC=1.368, 2.291, 3.381 and 2.040, respectively). Figure 7B shows the results of the analysis of differentially expressed 

Figure 5 The expression levels of the inflammatory cytokines TNF-α, IL-1β, IL-6, MIP-1α and MCP-1 in lung tissues and plasma. (A–E) TNF-α, IL-1β, IL-6, MIP-1α and MCP- 
1 levels in lung tissues; (F–J) TNF-α, IL-1β, IL-6, MIP-1α and MCP-1 levels in plasma. The data shown are individual values with the mean ± SEM; n = 8. *P < 0.05 significantly 
different from the sham group; #P < 0.05 significantly different from the LPS-induced model group; §P < 0.05 significantly different from the control group; n.s. No significant 
difference from the control group. One-way analysis of variance, Tukey’s multiple comparison tests.
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phosphorylated proteins analysis (phosphoproteomics analysis) in the TLR signalling pathway in M1 macrophages 4 h after α- 
MMC administration. The results showed that α-MMC only significantly inhibited the phosphorylation of the signal protein 
TAK1, which is located upstream of the TLR signalling pathway, and its phosphorylation level was decreased by 0.582 times. 
This finding indicates that α-MMC inhibits the NF-κB and MAPK signalling pathways downstream of TAK1 but does not 
regulate signalling pathways such as the IRF5, IRF7, and IRF3 pathways.

Validation of the Associated Signalling Pathways in M1 Macrophages and M2 
Macrophages by Western Blotting
According to KEGG pathway analysis of the proteins that were differentially regulated by α-MMC, we selectively 
verified changes in the expression of the TLR4/JNK and TLR4/NF-κB signalling pathway-related proteins TRAF6, 
TAK1/P-TAK1, p65/p-p65, JNK/P-JNK and AP1/P-AP-1 by Western blotting. The results are shown in Figure 8A. 
A dense, dark and uniform TRAF6 protein band was observed in M1 macrophages at 0 h, 4 h and 8 h after α-MMC 
administration (the relative densities of TRAF6/β-ACTIN have no significant difference, as shown in Figure 8B), 
indicating that α-MMC had no regulatory effect on TRAF6 protein expression. However, the density of the TAK1 and 
p-TAK1 protein bands was slightly decreased at 4 h and 8 h after α-MMC treatment, and the decrease in band density 
was more obvious at 8 h after the administration of α-MMC, and it was visualized as a light and fuzzy band. The relative 
densities of the TAK1 and p-TAK1 proteins at 8 h were 0.36±0.20 and 0.18±0.04, respectively, which were significantly 
different from those at 0 h (1.31±0.19 and 1.24±0.19), as shown in Figure 8C and D. This result shows that α-MMC 
exerted a significant inhibitory effect on TAK1 protein expression and significantly reduced TAK1 phosphorylation, 
which is completely consistent with the results of phosphoproteomics analysis.

Figure 6 Histopathological evaluations (H&E staining) of ALI in LPS-treated mice. (A) The sham group; (B) LPS-induced model group; (C) LPS and dexamethasone 
treatment group; (D) LPS and α-MMC treatment group (0.1 mg/kg); (E) LPS and α-MMC treatment group (0.3 mg/kg); (F) Lung injury score. The data shown are individual 
values with the mean ± SEM; n = 8. *P < 0.05 significantly different from the sham group; # P < 0.05 significantly different from the LPS-induced model group; n.s. no 
significant difference from the control group. One-way analysis of variance, Tukey’s multiple comparison tests. Scale bar, 200 μm for 5× magnification images and 100 μm for 
10× magnification images.
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As the proteomics analysis showed that LPS did not activate the inflammatory MAPK pathway via the MEK 
signalling pathway and p38 signalling pathway, we selected only the signalling proteins JNK and AP-1 for verification 
by Western blotting. The results clearly showed that α-MMC indeed inhibited the JNK signalling pathway, as shown in 
Figure 8A. The density of the JNK and AP-1 protein bands was not significantly different at 0 h, 4 h and 8 h after 
administration; however, the density of the p-JNK and p-AP-1 bands decreased significantly with increasing α-MMC 

Figure 7 KEGG pathway annotation of the Toll-like receptor signalling pathway after LPS and α-MMC treatment. (A) TLR signalling pathway in M1 macrophages by 
proteomic analysis. In the figure, a red box indicates that a differentially expressed protein was upregulated, a green box indicates that a differentially expressed protein was 
downregulated, and a grey box indicates that a protein showed no difference in expression. (B) TLR signalling pathway in M1 macrophages 4 h after α-MMC administration 
by phosphoproteomics analysis. A green box in the figure indicates that the differentially modified protein had decreased modification, and a grey box indicates that a protein 
was not differentially modified.
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treatment time, indicating that α-MMC exerted a significant inhibitory effect on the phosphorylation of JNK and AP-1. 
Alpha-MMC was also found to have an inhibitory effect on the NF-κB signalling pathway. The density of the p-p65 
protein band gradually decreased from 0 h to 4 h to 8 h after administration, although the density of the p65 protein band, 
which was dense and uniform, did not change. Similarly, these results demonstrated that α-MMC exerted a significant 
inhibitory effect on NF-κB phosphorylation. These changes were confirmed by the analysis of significant differences in 
the relative density observed in 5 separate repeated experiments, as shown in Figure 8E–G.

The results of associated signalling pathways in M2 macrophages were shown in Figure 9. Our experiments showed 
that, the expression of the p-JAK1 and p-STAT6 levels were significantly elevated in M2 macrophages than that of M0 
macrophages, and the difference was extremely significant, as shown in Figure 9A. These changes were confirmed by the 
analysis of significant differences in the relative density observed in 3 separate repeated experiments (P<0.05) 
(Figure 9D–F). Additionally, the β-catenin protein levels were also significantly increased. These results indicated 
JAK1/STAT6/β-catenin signalling pathway was significantly activated in M2 macrophages. However, after α-MMC 
treatment for 8 hours, neither the total protein levels of JAK1, STAT6 and β-catenin nor the phosphorylation of JAK1 and 
STAT6 were significantly changed (Figure 9B), showing that α-MMC did not exert any regulatory effect on this 
signalling pathway. The relative density results were shown in Figure 9G–I.

Since the TLR4-JNK/NF-κB signalling pathway was not activated in IL-4-treated M2 macrophages, except for 
AP1/p-AP1, the expression levels of TAK1/p-TAK1 and p65/p-p65 were low, and WB analysis showed only slight 
bands (Figure 9C). And also, after 8 h of treatment of M2 macrophages with α-MMC, neither the phosphorylation 
of AP1, TAK1 and p65 nor the total levels of these proteins changed significantly, showing that α-MMC indeed 
did not exert any regulatory effect on this signalling pathway. The relative density results were shown in 
Figure 9J–L.

Figure 8 Western blotting analysis of signalling proteins related to the TLR signalling pathway in M1 microphages. (A) Western blotting analysis of changes in the levels of 
the signalling proteins TRAF6, TAK1/p-TAK1, p65/p-p65, JNK/p-JNK and AP1/p-AP-1 in M1 macrophages after α-MMC treatment. (B–G) Relative density of TRAF6/β-actin, 
TAK1/β-actin, p-TAK1/β-actin, p-JNK/JNK, p-AP-1/AP1 and p-p65/p65. The data shown are individual values with the mean ± SEM; n = 5. *P < 0.05 significantly different from 
the control group (0 μg/mL α-MMC); n.s. no significant difference from the control group (0 μg/mL α-MMC). One-way analysis of variance, Tukey’s multiple comparison tests.

Journal of Inflammation Research 2022:15                                                                                          https://doi.org/10.2147/JIR.S372306                                                                                                                                                                                                                       

DovePress                                                                                                                       
4867

Dovepress                                                                                                                                                             Peng et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
In vivo, macrophages have functional plasticity and can change their functional characteristics in response to changes in the 
internal environment.18,19 Two states of macrophage polarization are known, namely, the M1 and M2 phenotypes. When 

Figure 9 Western blotting analysis of signalling proteins related to the JAK1/STAT6 and TLR signalling pathway in M2 microphages. (A) The levels of the signalling proteins 
JAK1/p-JAK1, STAT6/p-STAT6 and β-catenin in M0 macrophages and M2 macrophages; (B) the levels of the signalling proteins JAK1/p-JAK1, STAT6/p-STAT6 and β-catenin in 
M2 macrophages after α-MMC treatment; (C) the levels of the signalling proteins AP1/p-AP-1, TAK1/p-TAK1, p65/p-p65 in M2 macrophages after α-MMC treatment; (D–F) 
Relative density of p-JAK1/ JAK1, p-STAT6/ STAT6 and β-catenin/β-actin in M0 macrophages and M2 macrophages; (G–I) Relative density of p-JAK1/ JAK1, p-STAT6/ STAT6 
and β-catenin/β-actin in M2 macrophages after α-MMC treatment; (J–L) relative density of p-AP1/AP-1, p-TAK1/TAK1, p-p65/p65 in M2 macrophages after α-MMC 
treatment. The data shown are individual values with the mean ± SEM; n = 3. *P < 0.05 significantly different from the control group; n.s. no significant difference from the 
control group. One-way analysis of variance, Tukey’s multiple comparison tests.
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macrophages are exposed to lipopolysaccharide (LPS) and IFN-γ, they differentiate into M1-type polarized macrophages;18 

when exposed to Th2 cytokines such as IL-4 and IL-13, they differentiate into M2 macrophages. M1-like macrophages express 
high levels of MHC class II molecules and CD86 and potently stimulate CD4 T cells to drive strong proinflammatory responses. 
The main effector molecule of M1 macrophages is NO, which is synthesized by inducible NO synthase (nitric oxide synthase, 
iNOS) of arginine (arginase 1, ARG-1), and M1 macrophages secrete numerous proinflammatory cytokines, such as IL-1b, IL-6 
and TNF-α, whose function is mainly to promote inflammation to kill microbial infections. M2 macrophages express specific 
markers, such as ARG-1, Fizz1 (cysteine-rich secreted protein) and Ym1 (extracellular matrix-binding lectin), as well as CD206 
and CD204. Compared with M1 macrophages, M2-like macrophages produce more anti-inflammatory cytokines, such as IL- 
1RA, IL-10, and TGFb1, and their function is mainly to promote tissue repair during the resolution phase of inflammation.9

In this study, we generated M1- and M2-polarized macrophage models through treatment with different stimuli to 
observe whether α-MMC exerts anti-inflammatory immunomodulatory effects.8 In the experiment, we first used PMA to 
induce the monocyte THP-1 cell line to differentiate into macrophages (M0 type) and then continued to treat the cells 
with LPS or IL-4 to polarize them toward the M1 and M2 phenotypes. We used flow cytometry to identify M1-polarized 
and M2-polarized macrophages by measuring the levels of the cell surface markers CD86 (M1 macrophages) and CD206 
(M2 macrophages). Additionally, we used qPCR technology to identify M1-polarized macrophages and M2-polarized 
macrophages by measuring the expression of the M1-polarized marker iNOS and the M2-polarized marker ARG-1. The 
results showed that the percentage of CD86-expressing M1 macrophages was much higher than that of CD86-expressing 
M0 and M2 macrophages, the percentage of CD206-expressing M2 macrophages was much higher than that of CD206- 
expressing M0 and M1 macrophages, the INOS expression of M1 macrophages was much higher than that of M0 and M2 
macrophages, and the ARG-1 expression of M2 macrophages was much higher than that of M0 and M1 macrophages. 
All these results were statistically significantly different (P value<0.05). The experimental results demonstrated that the 
establishment of the M1 and M2 macrophage models was successful.

It is known from our previous experiments that α-MMC can inactivate the ribosome and induce apoptosis via its 
glycosidase activity and can regulate cell function via signal transduction.4–6 At high doses, α-MMC induces cell 
cytotoxicity, while at nontoxic doses, it exerts immunomodulatory effects on monocytes. Therefore, we used flow 
cytometry (Annexin-V-FITC single staining method) to assess the early apoptotic effects of α-MMC on M0, M1, and 
M2 macrophages at 8 h to identify a reliable noncytotoxic dose. The results showed that at a dose of 2.5 μg/mL, α-MMC 
caused significant apoptosis only in M1 macrophages, while at a dose of 0.5 μg/mL, α-MMC did not induce significant 
apoptosis in any of the three cell types (P value >0.05). Therefore, we determined the noncytotoxic dosage of α-MMC to be 
<0.5 μg/mL. We chose a safer dose of 0.3 μg/mL as the experimental dose to observe the immunomodulatory effect of α- 
MMC on the expression of cytokines in M1- and M2-polarized macrophages. The measurement of each cytokine was 
performed using a commercial quantitative ELISA kit produced by Immunoway. The results showed that α-MMC exerted 
a significant inhibitory effect on the inflammatory cytokines that are highly expressed in M1 macrophages, namely, IL-1β, 
IL-6, IL-8, MCP-1, MIP-1α, and TNF-α. The effect showed a significant time-dependence (decreased as the treatment times 
increased to 2 h, 8 h, 24 h, and 48 h). However, α-MMC exerted no inhibitory effect on the levels of the anti-inflammatory 
cytokines CCL22, IL-1RA, IL-10, TGF-β, EGF and VEGF-A, which are highly expressed by M2 macrophages, and there 
was no significant difference in the expression levels after α-MMC treatment for 2 h, 8 h, 24 h, and 48 h.

The selective immunomodulatory effect of α-MMC, by which it inhibited the inflammatory cytokine expression of M1 
macrophages but not the anti-inflammatory cytokine expression of M2 macrophages, is of great significance for inhibiting 
inflammation and promoting the recovery of inflammatory tissue. We know that some pathogenic microorganisms, such as 
cytomegalovirus, Epstein–Barr virus, group A Streptococcus, influenza virus, H5N1 influenza virus infection and SARS-CoV 
and SARS-CoV-2, are prone to causing cytokine storms in the body, leading to excessive inflammation or inflammatory 
storms.20,21 The inability to inhibit this inflammatory reaction causes severe pathological damage to the infected organs and 
induces multiple organ failure, leading to patient death.22,23 In addition to acute infection, cytokine storms are also a common 
endpoint of autoimmune diseases, such as rheumatoid and systemic lupus erythematosus, as well as various diseases, such as 
cancer and AIDS.24–26 Therefore, the efficacy of α-MMC in selectively inhibiting inflammatory cytokine expression renders it 
particularly suitable for the treatment of viral infections and severe autoimmune diseases characterized by cytokine storms.
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Furthermore, the inhibitory effect of α-MMC on the expression of proinflammatory cytokines was also verified in an 
LPS-induced acute pneumonia mouse model.27,28 We injected a high dose of LPS (8 mg/kg) directly into the lungs of 
mice through the trachea twice at a 24-h interval to induce a strong response. The results showed that α-MMC 
administration also significantly inhibited the expression of the inflammatory cytokines TNF-α, IL-1β, IL-6, MIP-1α 
and MCP-1, which were highly expressed in mice with acute pneumonia, and that the inhibitory effect of α-MMC 
(0.3 mg/kg) was not significantly different from that of dexamethasone. Furthermore, histopathological examination 
showed that α-MMC administration significantly ameliorated pulmonary inflammation-related manifestations, such as 
alveolar septum thickening and inflammatory cell infiltration caused by LPS, indicating that α-MMC can inhibit 
inflammation by inhibiting the release of inflammatory cytokines.

In a follow-up study of the mechanism and target of α-MMC, we used TMT-based quantitative proteomics and TMT- 
based quantitative phosphoproteomics and performed KEGG pathway annotation.29,30 After macrophages were stimulated 
with LPS, activation of the TLR4 receptor pathway and an increase in the expression of inflammatory cytokines were the 
most prominent changes observed. By using a successful model of inflammation, we found that α-MMC significantly 
inhibited the TAK1 protein and the phosphorylation of TAK1 upstream of the TLR4 signalling pathway. Subsequent 
verification by Western blotting confirmed the results of the omics analysis. We found that the grey values of the TAK1 and 
p-TAK1 protein bands were significantly decreased and that the grey values of the protein bands of p-JNK and p-AP-1, 
which are associated with the MAPK pathway, and p-p65, which is associated with the NF-κB pathway, were also 
significantly decreased. Alpha-MMC clearly targeted the signalling protein TAK1 to exert an inhibitory effect on the 
inflammatory TLR4-MAPK/NF-κB signalling pathway in M1 macrophages. In M2 macrophages, α-MMC did not have any 
regulatory effect on either the TLR4-MAPK/NF-κB signalling pathway or the JAK1/STAT6/β-catenin signalling pathway, 
showing no regulatory effect on the expression of anti-inflammatory cytokines.

In this study, although we found that α-MMC inhibited M1-type inflammatory cytokine expression and failed to promote M2- 
type anti-inflammatory cytokine expression, it had no inhibitory effect on anti-inflammatory cytokines. This is an advantage over 
the glucocorticoid dexamethasone. We know that dexamethasone exerts anti-inflammatory effects at low doses but appears to be 
proinflammatory at high doses and for prolonged periods of time. Additionally, our previous study found that α-MMC selectively 
acts on monocytes.4 It exerts a significant effect on cytokine release by THP-1 cells but has no effect on normal WIL2-s B cells 
and H9 T cells, and this effect is dependent on the LRP1 receptor.5 Because α-MMC exerts selective immunosuppressive effects 
on monocytes/macrophages, it has good potential for treating inflammatory cytokine storms, also called macrophage activation 
syndrome (MAS) in the clinic.24–26,31 However, the glucocorticoid dexamethasone can not only inhibit the activation of 
macrophages but also inhibit the functions of T cells and B cells.32,33 It also exerts an inhibitory effect on other immune cells, 
including neutrophils and dendritic cells.34 Therefore, it exerts different pharmacological effects, causing side effects such as 
insulin resistance, obesity, glaucoma, osteoporosis, wound healing difficulties and even Cushing’s syndrome.35,36

Limits
Our previous study found that α-MMC mediated its immunoregulatory effect on monocytes through the LRP1 receptor.4,6 

Therefore, we hypothesize that the regulatory effect of α-MMC on the expression of inflammatory cytokines by M1 macrophages 
is also mediated through the LRP1 receptor. Although this study proves that α-MMC inhibits the expression of inflammatory 
cytokines by inhibiting the TAK1 signalling protein of the TLR signalling pathway, it is still unknown what signalling pathway 
connects the LRP1 receptor and TAK1, resulting in crosstalk with the TLR4-MAPK/NF-κB signalling pathway. This is a very 
interesting topic; perhaps there is an unknown LRP1 receptor signalling pathway that deserves further exploration.

Conclusion
In this study, we confirmed that (1) at noncytotoxic doses of <0.5 μg/mL, α-MMC inhibits the LPS-induced synthesis of 
inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8, MIP-1α and MCP-1) by M1 macrophages in a time-dependent manner but 
does not inhibit the IL-4-induced synthesis of anti-inflammatory cytokines (IL-10, IL-1RA, EGF, VEGF, TGF-β and CCL22) 
by M2 macrophages; (2) α-MMC can significantly inhibit inflammatory cytokine expression in the lung tissues of mice with 
LPS-induced acute pneumonia; and (3) α-MMC inhibits TAK1 of the TLR4 signalling pathway, thereby inhibiting its 
downstream NF-κB and JNK/MAPK pathways and exerting an inhibitory effect on the synthesis of inflammatory cytokines. 
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The efficacy of α-MMC in selectively inhibiting inflammatory cytokines renders it particularly suitable for the treatment of 
viral infections and severe autoimmune diseases characterized by cytokine storms. Given that the cell membrane-specific 
receptor of α-MMC is LRP1, α-MMC may exert an anti-inflammatory immunomodulatory effect on M1 macrophages through 
the LRP1 receptor signalling pathway. How the LRP1 receptor signalling pathway inhibits the TLR inflammatory signalling 
pathway through crosstalk needs further study.
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