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Background: Macrophages are known to play a crucial role in the chronic inflammation associated with Chronic Obstructive 
Pulmonary Disease (COPD). BML-111, acting as a lipoxin A4 (LXA4) receptor agonist, has shown to be effective in protecting 
against COPD. However, the precise mechanism by which BML-111 exerts its protective effect remains unclear.
Methods: In order to establish a cell model of inflammation, cigarette smoke extract (CSE) was used on the RAW264.7 cell line. 
Afterwards, an Enzyme-linked immunosorbent assay (ELISA) kit was employed to measure concentrations of tumor necrosis factor-α 
(TNF-α), interleukin-1beta (IL-1β), interleukin-18 (IL-18), and interleukin-10 (IL-10) in the cell supernatants of the RAW264.7 cells. 
In this study, we examined the markers of macrophage polarization using two methods: quantitative real-time polymerase chain 
reaction (qRT-PCR) and Western blot analysis. Additionally, we detected the expression of Notch-1 and Hes-1 through Western 
blotting.
Results: BML-111 effectively suppressed the expression of pro-inflammatory cytokines TNF-α, IL-1β, and IL-18, as well as 
inflammasome factors NLRP3 and Caspase-1, while simultaneously up-regulating the expression of the anti-inflammatory cytokine 
IL-10 induced by CSE. Moreover, BML-111 reduced the expression of iNOS, which is associated with M1 macrophage polarization, 
and increased the expression of Arg-1, which is associated with M2 phenotype. Additionally, BML-111 downregulated the expression 
of Hes-1 and the ratio of activated Notch-1 to Notch-1 induced by CSE. The effect of BML-111 on inflammation and macrophage 
polarization was reversed upon administration of the Notch-1 signaling pathway agonist Jagged1.
Conclusion: BML-111 has the potential to suppress inflammation and modulate M1/M2 macrophage polarization in RAW264.7 cells. 
The underlying mechanism may involve the Notch-1 signaling pathway.
Keywords: BML-111, macrophage polarization, Notch-1 signaling pathway, COPD

Introduction
Chronic obstructive pulmonary disease (COPD) is defined as a common, preventable and treatable disease characterised 
by persistent respiratory symptoms and airflow limitation due to airway or alveolar abnormalities usually caused by 
significant exposure to noxious particles or gases.1 COPD is a leading cause of morbidity and mortality worldwide, 
ranked third among the leading causes of death globally in 2019.2 In 2016, the estimated global prevalence of COPD was 
251 million cases; with a population of 1397 million in China, the estimated prevalence would suggest between 113 and 
187 million of the global cases being in China.3 A number of 910,809 deaths due to COPD occurred in China in 2013, 
which accounted for about one-third of COPD-related deaths in the world.4 Even worse, it is projected to affect more 
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people in the next decade due to the ageing population and increasing exposure to risk factors.5 Current treatments for 
COPD are mostly symptomatic and have limited efficacy. Research has revealed that COPD is a complex pulmonary 
inflammatory disease with multiple underlying causes, indicating that anti-inflammatory therapy should be a primary 
approach for managing COPD. Therefore, there is a need for more effective anti-inflammatory drugs to improve the 
treatment outcomes of COPD.6,7

Lipoxins (LXs) are known to possess potent anti-inflammatory properties by inhibiting the release of pro- 
inflammatory mediators.8 Among the various LXs, Lipoxin A4 (LXA4) has been found to bind with its receptor, a G 
protein-coupled receptor, also known as formyl peptide receptor 2 (FPR-2), to exert its anti-inflammatory effects.9–11 

BML-111 is a stable and potent FPR-2 agonist that has demonstrated anti-inflammatory and pro-resolving effects in 
conditions such as acute lung injury,12 collagen-induced arthritis,13 and acute pancreatitis.14 In our previous study, we 
observed that BML-111 exhibited anti-inflammatory effects in COPD;15 however, the specific mechanisms underlying 
these effects remain unclear.

Studies have identified two major polarization states of macrophages:16–18 M1 and M2. M1 macrophages are pro- 
inflammatory, activated by lipopolysaccharide (LPS) with Th1 cytokines such as IFN-γ and GM-CSF, and produce 
cytokines such as IL-1β, IL-6, IL-12, IL-23, and TNF-α. In contrast, M2 macrophages are anti-inflammatory and 
immunoregulatory, polarized by Th2 cytokines such as IL-4 and IL-13, and produce cytokines including IL-10 and 
TGF-β. These macrophage types have distinct functions and transcriptional profiles.19,20

Recent data indicates that activated macrophages in COPD release pro-inflammatory factors, including TNF-α, TGF- 
β, IL-1β, and IL-18, which promote inflammation.11 However, BML-111 activation can also induce a strong anti- 
inflammatory response in macrophages.12,13 Macrophages exhibit bidirectional inflammatory regulation due to their 
plasticity, which allows for reversible polarization between the pro-inflammatory M1 and anti-inflammatory M2 
phenotypes in response to various challenges. Differentiated M1 and M2 macrophages can be transformed into each 
other, with M2 transforming to M1 and vice versa, depending on the reversible expression levels of M1 and M2 subtype 
marker proteins.14–16 Long-term exposure to cigarette smoke can activate oxidants, inflammation, oxidative stress, and 
apoptosis, leading to the expansion of alveolar spaces and the development of chronic obstructive pulmonary disease. 
Cigarette smoke is considered to be the primary cause of chronic lung inflammation, protease/antiprotease imbalance, 
and oxidative stress. As a result, cigarette smoke extract (CSE) is commonly used to create COPD models.17,18

Given the anti-inflammatory potential of BML-111 and the role of macrophage polarization in regulating inflamma-
tion, we investigated the impact of BML-111 on COPD inflammation by examining the polarization state of macrophages 
using a CSE-induced inflammation model in RAW264.7 macrophages.

Materials and Methods
Cells and Culture
We obtained RAW264.7 mouse macrophages from the Shanghai Cell Bank, Chinese Academy of Sciences and cultured 
them in DMEM (Solarbio, Beijing, China) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) 
and 1% Penicillin-Streptomycin (Gibco, Grand Island, NY, USA) Solution. The cells were maintained at 37°C in a 5% 
CO2 incubator and subcultured when cell density reached 40–60% confluency.

CSE Preparation and Cell Treatment
For this study, according to the reference,21 we utilized two cigarettes (Jiangxi Jinsheng Tobacco Group, Nanchang, 
China; roasted tobacco type, with tar amount of 11mg; smoke nicotine amount of 1.0 mg; smoke carbon monoxide 
amount of 12 mg). We attached one end of a rubber tube to the filter and the other end to the mouth of a 50mL syringe. 
The cigarette was lit, and we slowly (8mL/s) pulled the 50mL syringe at a uniform speed to collect all the cigarette 
smoke in one tube.22 We then transferred the smoke into a glass bottle containing 50mL of culture medium. This process 
was repeated for the second cigarette, and the smoke from both cigarettes was combined in the glass bottle. After 
allowing the smoke to dissolve completely in the medium, which constituted 100% stock solution, we proportionally 
diluted it to 1% CSE and used it in the cell experiment within 30 minutes. The cells were incubated for 24 hours.
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Experimental Grouping
Prior to each experiment, the cells were cultured in serum-free medium for 12 hours. BML-111 (5S, 6R, 7-trihydrox-
yheptanoic acid methyl ester; Cayman Chemicals, Michigan, USA) and Dex (Dexamethasone) (the positive control) 
(Sigma-Aldrich, München, Germany) were administered to different groups. In addition, we conducted pretreatment with 
either the lipoxin receptor antagonist Boc-2 or the Notch signaling pathway-specific agonist Jagged1 (CST, Boston, MA, 
USA). The CSE concentration chosen for the experiment was 1%.23

Part 1: Investigating the impact of BML-111 on CSE-induced inflammation in macrophages.
The RAW264.7 cells were divided into four groups:

1. Control group: Cells were cultured in serum-free medium containing 1% penicillin-streptomycin.
2. Model group: Cells were challenged with 1% CSE (2 mL) for 24 hours.
3. BML-111 + Model group: Cells were pretreated with serum-free medium comprising different concentrations of 

BML-111 (2.5, 5, 10 μM) for 30 minutes before adding 1% CSE.
4. Dex + BML-111 + Model group: Cells were pretreated with serum-free medium containing 100 nM Dex for 30 

minutes before adding 1% CSE;24

Part 2: Investigating the effect of BML-111 on macrophage polarization and the Notch-1 signaling pathway in 
macrophages.

To interdict the lipoxin receptor, we pretreated Boc-2 (Butoxycarbonyl-Phe-Leu-Phe-Leu-Phe; Calbiochem, San 
Diego, CA, USA) at a final concentration of 10 μM for one hour.25 The remaining steps were performed according to 
the methods described in Part 1.

RAW264.7 cells were divided into four groups: (1) control group, (2) Model group, (3) BML-111 + Model group, and 
(4) Boc-2 + BML-111 + Model group.

Part 3: Investigating the intervention of the Notch signaling pathway-specific agonist Jagged1 on BML-111 in CSE- 
treated macrophages.

To promote the Notch signaling pathway, Jagged1 was pretreated with a final concentration of 8 μM for one hour. The 
remaining steps were performed according to the methods described in Part 1.

RAW264.7 cells were divided into five groups: (1) control group, (2) Model group, (3) Jagged1 + Model group, (4) 
BML-111 + Model group, and (5) Jagged1 + BML-111 + Model group.

CCK-8 Assay
To investigate the effects of BML-111 on RAW264.7 cells under normal or high glucose conditions, a CCK-8 (GLPBIO, 
Montclair, CA, USA) assay was performed. RAW264.7 cells were seeded into 96-well plates at a density of 2×103 cells/ 
well and cultured for 24 hours. The cells were then treated with different concentrations of BML-111 (0, 2.5, 5, 10, 20 
μM) in the presence of either 5.5 mM glucose or high glucose (30 mM) for 24 hours. After incubation, CCK-8 reagent 
was added to the cells, and the optical density (OD) value was measured using a microplate reader after 1.5 hours.

Enzyme-Linked Immunosorbent Assays (ELISAs)
The levels of IL-1β, IL-18, and TNF-α in the supernatant of RAW264.7 cells were quantified using an ELISA kit (R&D 
Systems, Minneapolis, MN, USA). The manufacturer’s protocol was followed, and the optical density values were 
measured at 450 nm. The control group was left untreated for 24 hours, while the remaining groups were treated with 
cigarettes for 24 hours, and the cell supernatant was collected for analysis.

Western Blotting
In this experiment, protein blotting was employed to detect the expression of M1 marker iNOS and M2 marker Arg-1, as 
well as NLRP3 (Ab263899, Abcam, San Francisco, CA, USA) inflammasome components including iNOS (Ab178945, 
Abcam, San Francisco, CA, USA), Arg-1 (Ab233548, Abcam, San Francisco, CA, USA), caspase-1 and cleaved caspase- 
1 (Ab893325, CST, Boston, MA, USA), Notch-1 (Ab52627, Abcam, San Francisco, CA, USA), activated Notch-1 
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(Ab52301, Abcam, San Francisco, CA, USA), and Hes-1 (Ab108937, Abcam, San Francisco, CA, USA). RAW264.7 
cells were treated with a specific CSE concentration for 24 hours, and subsequently lysed in RIPA lysis buffer (Solarbio, 
Beijing, China).Protein concentrations were determined using a protein concentration analysis kit (GLPBIO, Montclair, 
CA, USA). The protein samples were denatured by heating and loaded onto SDS-PAGE gels prepared under specific 
conditions, followed by pre-electrophoresis, electrophoresis, and electrotransfer to polyvinylidene fluoride (PVDF) 
membranes. The membranes were then blocked with 5% skimmed milk powder in closure solution at room temperature 
for 1 hour on a shaker. Next, the membranes were washed once with TBST (Solarbio, Beijing, China) and incubated 
overnight at 4°C with primary antibodies against iNOS (1:1000), Arg-1 (1:5000), NLRP3 (1:1000), cleaved caspase-1 
(1:1000), Notch-1 (1:2000), activated Notch-1 (1:1000), and Hes-1 (1:1000). After washing three times with TBST, the 
membranes were incubated for 2 hours in secondary antibody before being washed again three times with TBST. Finally, 
the membranes were submerged in ultrasensitive ECL luminescent solution (Yamei, shanghai, China), and the results 
were obtained using a gel imaging system (Bio-RAD, Hercules, CA, USA).

Quantitative Real-Time PCR (qRT-PCR)
Was extracted from RAW264.7 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The concentration of total 
RNA was measured with a Nanodrop-1000 spectrophotometer (Nanodrop Technologies, Waltham, MA, USA), and the 
total RNA was then subjected to qPCR using HiScript II Q RT Super-Mix with gDNA wiper (Vazyme Biotech Co, 
Nanjing, China). qRT-PCR was performed using the AceQ® qPCR SYBR® Green Master Mix kit (Vazyme Biotech Co., 
Ltd, Nanjing, China) with GAPDH (Proteintech, Wuhan, China) as the internal reference. The CT value obtained from 
real-time PCR was used to calculate relative changes in gene expression by the 2-ΔΔCT method.

Statistical Analyses
The data are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test was used to compare multiple groups. All statistical analyses were performed using SPSS 22.0 software 
(SPSS Inc, Armonk, NY, USA), and figures were created using GraphPad Prism version 8.0 (GraphPad software, San 
Diego, CA, USA). A p-value less than 0.05 was considered statistically significant.

Results
The Effects of the Drugs on Cell Viability
To investigate the impact of BML-111 and Jagged-1 on RAW264.7 cells, different concentrations of BML-111 (0, 2.5, 5, 10, 
20 μM) and Jagged-1 (0, 4, 8, 16, 32 μM) were added to RAW264.7 cells. The influence of these drugs on cell viability was 
assessed by conducting a CCK-8 assay, as shown in Figure 1A and B. The results indicated that after treatment with the drugs 
for 24 hours, the cell viability of RAW264.7 cells was affected differently at various concentrations. However, we observed 
that the selected drug concentrations and exposure times did not affect the viability of RAW264.7 cells. Hence, we chose 
BML-111 (10 μM) and Jagged-1 (8 μM) as the drug concentrations for subsequent experiments.

BML-111 Inhibited Inflammation in Macrophages
To investigate how BML-111 affects CSE-induced inflammation, we measured the release of inflammatory mediators 
TNF-α, IL-1β, IL-18, and IL-10 in cell supernatant. As depicted in Figure 2, CSE treatment significantly increased the 
levels of TNF-α (Figure 2A), IL-1β (Figure 2B), and IL-18 (Figure 2C) (p<0.01, respectively), while decreasing the level 
of IL-10 (Figure 2D) (p<0.01) as compared to the control group. However, treatment with BML-111 effectively 
suppressed the CSE-induced elevation of these proinflammatory cytokines (TNF-α, IL-1β, and IL-18) in a dose- 
dependent manner, and upregulated IL-10 level.
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Figure 1 The effects of the drugs on RAW264.7 cell viability. (A and B) Cells were incubated with different concentrations of BML-111 and Jagged-1 for 24 h, and the effects 
of the drugs on the viability of RAW264.7 cells were detected by a CCK-8 assay. The values shown are the mean± SD; *p<0.05 vs the control group (0 μM).

Figure 2 BML-111 reduced the expression of inflammatory mediators.(A–D) ELISAs illustrating the secretion levels of TNF-α, IL-1β, IL-18 and IL-10 protein at 24 h after 
macrophage exposure to CSE.Data are shown as the mean±SD. (n=6/**p<0.01 vs control group; #p<0.05, ##p<0.01 vs model group).
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BML-111 Compromised CSE-Induced NLRP3 Inflammasome Activation in 
Macrophages
To assess inflammasome activation in macrophages, we detected the expression of NLRP3, pro-caspase-1, and cleaved- 
caspase-1 (Figure 3A). As shown in Figure 3B and C, compared to the control group, NLRP3 and cleaved-caspase-1 
were significantly upregulated in the CSE group, but not pro-caspase-1. However, treatment with BML-111 or Dex 
(Dexamethasone) alone or in combination noticeably decreased the expression of NLRP3 and cleaved-caspase-1 in 
macrophages as compared to the model group.

BML-111 Regulated CSE-Induced Macrophage Polarization
We utilized RT-PCR and Western blot to detect the expression of M1 macrophage polarization marker iNOS and 
M2 macrophage polarization marker Arg-1. As depicted in Figure 4A–E, compared to the control group, the 
model group exhibited high expression of iNOS (p<0.05, p<0.01), and low expression of Arg-1 at both transcrip-
tion and protein levels (p<0.05). In contrast, BML-111 treatment resulted in decreased expression of iNOS 
(p<0.05, p<0.01) and increased expression of Arg-1 (p<0.05, p<0.01) as compared to the CSE group. 
Moreover, the lipoxin receptor antagonist, Boc-2, inhibited the effect of BML-111 on both iNOS (p<0.05) and 
Arg-1 (p<0.05) at transcription and protein levels.

Figure 3 BML-111 inhibited CSE-induced NLRP3 inflammasome activation. (A) The protein expression levels of NLRP3, pro-caspase-1, and cleaved-caspase-1, observed 
using Western blot assay. (B and C) Semi-quantitative analysis of NLRP3 and cleaved-caspase-1/pro-caspase-1 ratio. The values shown are the mean±SD. (n=3/***p<0.01 vs 
Control group; ##p<0.01 vs model group).
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The findings suggest that CSE-induced inflammation is associated with M1 macrophage polarization, while BML-111 
treatment is linked to M2 macrophage polarization. Furthermore, the effect of macrophage polarization by BML-111 can 
be reversed by lipoxin receptor antagonists.

BML-111 Suppressed CSE-Induced Activation of Notch-1 Signaling Pathway in 
Macrophages
To explore the role of the Notch signaling pathway in CSE-induced inflammation, we measured the expression of Hes-1, 
Notch-1, and activated Notch-1 (Figure 5A). As shown in Figure 5B and C, exposure to CSE led to an increase in Hes-1 
expression (p<0.01) and activated Notch-1/Notch-1 ratio (p<0.01) in macrophages. However, compared to the model 
group, the CSE+BML-111 group exhibited significantly decreased expression of Hes-1 (p<0.01) and a lower ratio of 
activated Notch-1 to Notch-1 (p<0.05).

Jagged1 Weakened the Effect of BML-111 on Macrophage Polarization and 
Inflammation in CSE-Treated Macrophages
To investigate the mechanism by which BML-111 regulates CSE-induced macrophage polarization and inflammation, we used 
Jagged1, a specific agonist of the Notch signaling pathway. As depicted in Figure 6A and B, after 24 hours of CSE stimulation, 
the expression of Notch-1 significantly increased compared to the control group. However, pretreatment with BML-111 resulted 
in a significant decrease in Notch-1 expression (p<0.05) compared to the model group. Moreover, the combination of Jagged1 
and BML-111 led to a further increase in Notch-1 expression as compared to BML-111 alone (p<0.05). Furthermore, compared 
to the model group, pretreatment with BML-111 significantly reduced iNOS expression (p<0.01) but increased Arg-1 expression 
(p<0.05).The co-treatment of Jagged1 and BML-111, however, resulted in increased expression of iNOS (p<0.05) but decreased 
expression of Arg-1 (p<0.05) compared to the BML-111 group, suggesting that Jagged1 reversed the effect of BML-111 on 
macrophage polarization as shown in Figure 6A, C and D. In addition, as depicted in Figure 7, we observed a significant decrease 
in TNF-α (Figure 7A), IL-1β (Figure 7B), and IL-18 (Figure 7C) secretion and an increase in IL-10 (Figure 7D) secretion 
following treatment with BML-111 compared to the model group (p<0.05, p<0.01). However, this effect was reversed by 

Figure 4 Effect of BML-111 on the expression of iNOS and Arg-1 after CSE stimulated mouse macrophages. (A and B) The transcription expression levels of iNOS and Arg-1, 
observed using RT-PCR assay by comparison with beta-actin; (C–E) The protein expression levels of iNOS and Arg-1, observed using Western blot assay by comparison with β-actin. 
Data are expressed as the mean±SD (n=3/*p<0.05, **p<0.01 vs control group; #p<0.05 ##p<0.01 vs model group; &p<0.05 vs BML-111 model group).
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Jagged1 (p<0.05). These findings suggest that BML-111 exerts its strong anti-inflammatory effects through the Notch-1 
signaling pathway in CSE-treated macrophages.

Discussion
Inflammation is a crucial factor in the pathogenesis of COPD, which primarily manifests as emphysema and airway 
remodeling. The development of COPD is closely associated with numerous inflammatory cells, among which macro-
phages play a vital role in the inflammatory response. Macrophages are widely distributed throughout the airways, lung 
parenchyma, and bronchoalveolar lavage (BAL) fluid of COPD patients,10 serving as the first line of defense against 
intracellular pathogens.9 These cells occupy a prominent position in orchestrating chronic inflammation in COPD, 
playing a significant role in the complex processes that underlie this condition.19,20

LXA4 is an endogenous anti-inflammatory and pro-resolving lipid mediator that regulates macrophages through 
enzymatic conversion of arachidonic acid by lipoxygenases (LOXs).26 This mediator is generated via dual lipoxygena-
tion of arachidonic acid, involving either ALOX15/ALOX5 or ALOX5/ALOX12, and functions as a “stop signal” in 
inflammation.27 Previous studies have shown that LPS stimulation increases lipoxin receptor expression on monocyte- 
derived macrophages, suggesting the involvement of LXA4 in the inflammatory process of LPS-induced macrophages. In 
addition, LXA4 has been found to inhibit nuclear aggregation of NF-κB and AP-1, as well as downregulate IL-8 
expression in LPS-induced macrophages, indicating its potential as an anti-inflammatory agent that can modulate the 

Figure 5 The effect of BML-111 on the expression of Notch-1, Hes-1 after CSE stimulated mouse macrophages. (A) The protein expression levels of Notch-1, activated 
Notch-1 and Hes-1, observed using Western blot assay by comparison with β-actin. (B and C) Semi-quantitative analysis of activated Notch-1/Notch-1, Hes-1 levels. Data 
are expressed as the mean±SD (n=3/ **p<0.01 vs control group; #p<0.05, ##p<0.01 vs model group).
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immune response of macrophages.Our goal was to determine whether LXA4 could effectively inhibit inflammation in 
COPD.28 However, due to its unstable methylesterified form, stable LX analogs or LXA4 receptor agonists have been 
designed. BML-111 is one such analog that is a synthetic LXA4 analogue and FPR2/ALX agonist with strong anti- 
inflammatory effects.29 BML-111 has been widely used as a lipoxin receptor agonist in experimental research because it 
retains the crucial functional group necessary for the lipoxin function and has stable characteristics consistent with 
lipoxin receptors. Multiple reports have shown that BML-111 can reduce inflammation and oxidative stress in rats based 
on various in vivo and in vitro experiments, and has multiple biological effects such as anti-inflammation and anti- 
apoptosis.30–32 In the present study, supplementation with BML-111 significantly restored the levels of inflammatory 
mediators TNF-α, IL-1β, and IL-18 in macrophages treated with CSE, indicating that BML-111 can effectively inhibit 
CSE-induced inflammation in macrophages. As CSE is commonly used to model COPD,17,18 these results suggest that 
BML-111 could be a potential drug for treating COPD.

Recent studies have suggested that the NLRP3 inflammasome is involved in the onset and development of COPD, as 
well as in CSE-induced inflammation, by promoting the release of inflammatory cytokines.33 The NLRP3 inflammasome 
is an important component of innate immunity, often located in macrophages. It is a polyprotein complex composed of 
NLR receptors, apoptosis-associated speck-like protein containing a CARD (ASC), and caspase-1 precursor.34,35 When 
stimulated, the NLRP3 protein acts as a scaffold to bind ASC, which then recruits and hydrolyzes pro-caspase-1 to form 
Caspase-1 with enzyme activity, promoting the processing, maturation, and release of inflammatory factors such as IL-1β 
and IL-18.36 Previous studies have shown that inhaling toxic and harmful particles or gases can directly activate pattern 
recognition receptors, primarily TLRs, in the lung. This activation leads to downstream activation of the NF-κB signaling 
pathway and promotes the transcription of NLRP3 and other inflammatory factors.37 Furthermore, exposure to these 
toxic particles or gases can cause extensive cell death in the lung, which releases a variety of endogenous danger 
molecules, such as high mobility group protein B1. These molecules further promote the activation of TLRs and 
downstream NLRP3.38–40 Increased expression of Caspase-1, IL-1β, and IL-18 in the lungs of patients with CSE- 
induced inflammation suggests that the NLRP3 inflammasome is activated during the occurrence and development of this 

Figure 6 The expression of the Notch-1, iNOS, and Arg-1 after promoting the Notch signaling pathway with Jagged1 in macrophages following CSE treatment. (A) Western 
blot detection of Notch-1, iNOS, and Arg-1 in macrophages. (B–D) quantitative data on the expression of Notch signaling pathway related proteins Notch-1, the M1 marker 
iNOS and M2 marker Arg-1 in the cytosol and nucleus.The values shown are the mean±SD. (n = 3/*p<0.05, **p<0.01 vs control group; #p<0.05, ##p<0.01 vs model group; 
&p<0.05 vs the BML-111+Model group group).
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condition.41 Dex, an α2 adrenergic receptor agonist with potent anti-inflammatory effects, has been shown to inhibit 
NLRP3 inflammasome activation in emerging literature.42–44 In our experiment, we found that the expression of NLRP3 
and cleaved Caspase-1 significantly increased in the CSE-induced inflammatory model group, but decreased dramatically 
in the BML-111 and Dex groups. These results suggest that CSE-induced inflammation is associated with the NLRP3 
inflammasome in macrophages, but BML-111 can effectively inhibit its activation. Therefore, regulation of the NLRP3 
inflammasome and inflammatory mediators by BML-111 demonstrates its powerful anti-inflammatory properties.

The confusing pro-inflammatory or anti-inflammatory state of macrophages can be explained by their ability to 
polarize into two predominant phenotypes in response to different stimuli. Macrophages can be classified as classically 
activated M1 macrophages or alternatively activated M2 macrophages based on their activation states, functions, and 
secreted factors. Classically activated M1 macrophages, which are stimulated by granulocyte-macrophage colony- 
stimulating factor (GM-CSF), lipopolysaccharide (LPS), or interferon-gamma (IFN-γ), release IL-12, IL-18, IL-1β, 
and tumor necrosis factor-alpha (TNF-α). These cytokines have pro-inflammatory and cytotoxic effects that can lead 
to inflammatory diseases, including COPD.12 Recent evidence has also shown that NLRP3 inflammasome activation is 
associated with M1 macrophage polarization.41 In contrast to M1 macrophages, selectively activated M2 phenotypes are 
induced by stimuli such as alternating monocyte colony-stimulating factor (M-CSF), IL-4, IL-13, and glucocorticoids. 
M2 macrophages have been shown to have anti-inflammatory effects and promote tissue repair and wound healing during 

Figure 7 The expression of inflammatory cytokines after promoting the Notch signaling pathway with Jagged1 in macrophage supernatants following CSE treatment. (A–D) 
ELISA analysis of the secretion levels of inflammatory cytokines (TNF-α, IL-1β IL-18 and IL-10) in the supernatants. The values are shown as the mean±SD (n= 6/**p<0.01 vs 
control group; #p<0.05, ##p<0.01 vs model group; &p<0.05 vs the BML-111+Model group group).
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inflammation.11 In our experiment, we observed that the M1 marker protein iNOS was upregulated while the M2 marker 
protein Arg-1 was downregulated in the CSE-induced inflammation model group, indicating a strong association between 
CSE-induced inflammation and M1 macrophage polarization. However, treatment with BML-111 decreased iNOS levels 
and increased Arg-1 expression, suggesting that BML-111 has the potential to transform macrophages from a pro- 
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype.

To investigate the regulatory mechanism of macrophage polarization induced by BML-111, we examined the levels of Notch 
pathway-associated proteins in macrophages. The Notch signaling pathway is a highly conserved mechanism that plays a critical 
role in development, tissue homeostasis, and disease.45 The pathway consists of receptors, ligands expressed on adjacent cell 
membranes, intracellular transcription factors, regulatory molecules, and downstream effector molecules.46–49 Briefly, upon 
interaction between the Notch receptor and ligand, the intracellular domain (NICD) is released into the cytoplasm and transferred 
into the nucleus. This promotes the production of transcriptional activators and induces downstream target gene expression in the 
Notch pathway, including Hes1, Hes5, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and others.

The Notch signaling pathway plays an indispensable role in the process of macrophage polarization.50 Previous studies 
have shown that blocking the Notch signaling pathway can reduce inflammation and accelerate tissue repair.51,52 The 
upregulation of Notch-1 gene expression can promote macrophage activation and affect the function of mature macrophages 
by increasing the level of interferon-γ.53,54 Studies have also shown that the differentiation of macrophages to the M1 
phenotype is closely related to increased levels of the Notch-1 receptor and downstream effector Hes-1.55,56 While few studies 
have shown that BML-111 can inhibit the Notch signaling pathway,57–59 the mechanism remains unclear. In our experiment, 
we observed that CSE upregulated the expression of Hes-1 and activated the Notch-1/Notch-1 ratio in macrophages.60 

Nonetheless, BML-111 was found to decrease the expression of Hes-1 and the Notch-1/Notch-1 ratio. In subsequent 
experiments, we used the Notch-1 pathway activator Jagged-1 in combination with BML-111 in the RAW264.7 cell 
inflammation model to reactivate the Notch-1 pathway. Compared with the BML-111+CSE group, this led to a reversal of 
the expression trends of the M1 marker protein iNOS and the M2 marker protein Arg-1, as well as an abrogation of the effect 
of BML-111 on inflammatory mediators IL-1β, IL-18, and IL-10. Based on these results, we speculate that BML-111 may play 
an anti-inflammatory role in cigarette-induced macrophages through the Notch signaling pathway. Please see Figure 8 for 
more details on the mechanism of macrophage polarization and inflammation induced by BML-111 on RAW264.7 cells.

Figure 8 The mechanism of macrophage polarization and inflammation induced by BML-111 on RAW264.7 cells.
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To summarize, the lipoxin receptor agonist BML-111 inhibits CSE-induced inflammation and regulates macrophage 
polarization, possibly through the Notch-1 signaling pathway. However, it is regrettable that we were only able to inspect the 
effects of BML-111 on CSE-induced macrophage polarization and inflammation in vitro, and its action has not been 
confirmed in vivo. Therefore, further experimental studies are required to elucidate the specific anti-inflammatory mechan-
ism of BML-111 in the CSE-induced mouse model. This experiment could provide a new possibility for drug development to 
treat CSE-induced inflammation, and establish a new theoretical basis for the drug treatment of CSE-induced inflammation.
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