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Abstract
Lipoxin A4 (LXA4) has been shown to have anti-in�ammatory activity, but its underlying molecular
mechanisms are not clear. Herein, our team investigated the potential role of LXA4 in the macrophage
polarisation and elucidated its possible molecular mechanism. The RAW264.7 macrophage cell line was
subjected to pre-treatment with LXA4 with or without lipopolysaccharides (LPS) and interleukin-4 (IL-4). In
cultured macrophages, LXA4 inhibits LPS-induced in�ammatory polarization, thereby decreasing the
release of proin�ammation cell factors (IL-1β, IL-6, TNF-α) and increasing the release of antiin�ammation
cytokines (IL-4 and IL-10). Notably, the inhibitory effect of LXA4 on in�ammation macrophage
polarisation was related to the downregulation of p-NF-κB p65 and IRF5 activity, thereby downregulating
LPS-induced phenotypic and functional polarization of macrophage M1 via the FPR2/IRF5 signaling
pathway. Moreover, LXA4 also promotes the IL-4-induced polarization of M2 macrophages by promoting
the FPR2/IRF4 signaling pathway. Therefore, Lipoxin A4 regulates M1/M2 polarization of macrophages
via FPR2-IRF pathway.

1. Background
Macrophages participate in the onset, progression and digestion of in�ammatory events and other
phases.At diverse phases of the in�ammation reaction, macrophages display diverse phenotypes :
classically activated in�ammation (M1) or alternatively activated (M2) (Huen and Cantley 2017).
Activated by TLRs and CKs like IFN-γ, M1 macrophages excrete IL-12 and iNOS, which have pro-
in�ammatory, chemotactic, and matrix degradation-inducing effects (Mosser and Edwards 2008). By
comparison, M2 macrophages express arginase-1 (Arg-1) and IL-10, which play an antiin�ammation,
tissue repairment and angiogenic role (Meng et al. 2019). In the early stages of the in�ammatory
response, the polarisation of M1 macrophages and following in�ammation factors releasing might be
crucial factors for inducing in�ammation damage (Jo et al. 2006; Tian et al. 2015). Therefore, diverse
polarization phenotypes of macrophages decide the pivotal effects on the onset and progression of
in�ammatory events and sustaining of homoiostasis.

Lipoxygenins (LXs) are an endogenic lipidic mediator generated by arachidonic acid under the
continuous catalysis of diverse lipoxidase, which could be classi�ed into four types as per the molecule
conformation (Levy and Serhan 2014), among which lipoxygenin A4 (LXA4) is produced by sequential
oxidative catalysis. As a negative modulator of in�ammatory events, LXA4 is an antiin�ammation agent,
facilitating the regression of in�ammatory events, modulating immunofunction, and stimulating tissular
and cellular injury repairment (Karra et al. 2015; Romano et al. 2015). In a variety of in�ammation-
associated illnesses, LXA4 suppresses the releasing of proin�ammation factors and in�ltrative ability of
in�ammation cells and facilitates the chemotaxis and recruiting of macrophages, thereby reinforcing the
non-in�ammation phagocytosis role (Zhang et al. 2007). Moreover, LXA4 suppresses ROS generation and
prevents oxidation stress-mediated damage to tissues or macrophages (Zong et al. 2016). LXA4 is
discovered to elevate the antioxygen enzyme activities in a variety of organs and to exert a protection
effect on the restoration of the oxidant/antioxygen equilibrium (Chen et al. 2013).
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Herein, we explored the protection roles of LXA4 in LPS or IL-4-stimulated macrophages (RAW264.7), and
found that LXA4 may inhibit IRF5 activity, promote IRF4 activation, and down-regulate p-NF-κB p65
activity through FPR2-mediated inhibition. Thus, the polarisation of M1 macrophages was inhibited and
the polarisation of M2 macrophages was promoted. This �nding may shed light on the cellular and
molecular mechanisms of relating diseases.

2. Materials And Methods

2.1 Cellular cultivation and therapy
The murine macrophages line (RAW264.7) was bought from the Cellular Bank of the CAS
(China).RAW264.7 cells were kept in DMEM (Invitrogen, USA) added with 5% FBS (Invitrogen), 100 U/ml
PNC and 100 µg/ml kyowamycin (Invitrogen). The RAW264.7 cells were inoculated into the maximaum
medium involving 5% FBS at about 70% con�uence in six-well cultivation dishes. Posterior to 24 hours,
the maximaum medium was substituted by the intermediary without sera for 24 hours prior to the
exposure to 1 µg/ml recombination LPS (Lot No. 5164948, Lianke Biotechnology, China), 20 ng/ml IL-4
(Lot No. 081449, PeproTech, USA) or LXA4 (10, 100 µmol/ml).

2.2 Cellular activity analysis and morphology analyses
Cellular activities were evaluated via the CCK-8 analysis through a 96-well cultivation dish. Brie�y,
RAW264.7 cells were inoculated and exposed to diverse levels of LXA4 with or without LPS for 24 hours.
CCK-8 liquor (10 µl) was supplemented into all wells. Posterior to the cultivation for 2 hours under 37°C,
the absorption at 450 nm was identi�ed via the micro plate reading device (Thermo Fisher Scientic, MA,
USA). For morphology analyses, the images of cells were captured via an Olympus microscopic system
(Japan) under 20× magni�cation.

2.3 Flow cell technique
Cells were inoculated into 6-well plates at 1×106 each well and cultivated as previously described for 24
hours. Posterior to the supplementation of LXA4 for 0.5 hour, LPS was supplemented into all wells and
the cells were cultivated for an extra 24 hours. The cells within the cultivation plate were subjected to
digestion via trypsinase, and they were cleaned and subjected to resuspension within cold PBS at 1×106

cells/ml. The membranous protein CD86 and CD206 was identi�ed via straight immuno�uorescence
dyeing. The cells were cultivated via APC-conjugated monoclone murine CD86 antisubstances or PE-
conjugated monoclone murine CD206 antisubstances under RT without light for 0.5 hour. The cells were
cleaned in PBS for 2 times and subjected to resuspension within 500uL of 1×PBS liquor. APC and PE-
conjugated monoclone antisubstances with unrelated speci�city utilized as NCs. Light scattering features
of every specimen (105 cells) were studied via �ow Dell technique (CytoFlex, USA).

2.4 ELISA for the identi�cation of CK(cytokine) levels
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A cellular suspension was accomplished via the inoculation of RAW264.7 cells in the log-growth stage
into a 6-well cultivation dish. Posterior to 24 hours, cells were subjected to pre-treatment with diverse
levels of LXA4 for 0.5 hour, and cultivated with/with no LPS (1 µg/ml) for 24 hours. The supernate was
harvested, and the levels of IL-6 IL-10 TNF-α, and iNOS were identi�ed via ELISA as per the supplier’s
speci�cation. OD(optical delnsity) was measured at 450 nm with the micro plate reading device (Thermo
Scienti�c).

2.5 qPCR analysis
Overall RNA was abstracted via the RNAeasyTM animal RNA separation kit with a spin column as per the
supplier's speci�cation. The separated RNAs were converted to cDNA via reverse transcription via the
PrimeScriptTM RT Master Mix (Perfect Real Time) as per the supplier's speci�cation. The qPCR analyses
were �nished via TB GreenTM Premix Ex TaqTM II (Tli RNaseH Plus) with the Applied Biosystems 7500
RealTime PCR System (USA). The ampli��cation parametric results were 95°C for 0.5 minute, before 40
cycles of 95°C for 5 seconds and 60°C for 34 seconds, 95°C for 15 seconds, 60°C for 1 minute, and 95°C
for 15 seconds. All specimens were studied independently for three times, and the comparative
expression of mRNA was computed posterior to standardization to β-actin. All primer sequences used
were presented by Table 1. The eventual outcomes were standardized and were described as the fold
variation in contrast to the targeted gene/Actin.

Table 1
Primers for qPCR were used in this study

Gene Sense (5 -3) Anti-sense (5 -3)

IL-1β TTTGAAGTTGACGGACCCCAA CACAGCTTCTCCACAGCCACA

IL-4 ATCGGCATTTTGAACGAGGTCACA CGAAGCACCTTGGAAGCCCTA

IL-6 TTCTTGGGACTGATGCTGGTG CACAACTCTTTTCTCATTTCCACGA

IL-10 TTACCTGGTAGAAGTGATGCCC GACACCTTGGTCTTGGAGCTTA

Arg-1 AGGAAAGCTGGTCTGCTGGAA AGATGCTTCCAACTGCCAGAC

iNOS GGGCTGTCACGGAGATCAATG GCCCGGTACTCATTCTGCATG

Actin CTGAGAGGGAAATCGTGCGT CCACAGGATTCCATACCCAAGA

2.6 Western blot analysis
The overall protein from cultivated cells was harvested, and the protein level was identi�ed via the BCA
protein analysis kit (Thermo Fisher). The protein (20ug) from all specimens was isolated via SDS-PAGE
and translocated onto a PVDF �lm (Bio-Rad, Hercules, CA, USA). Following blocking in 5% skim milk at
room temperature for 1 h, the �lm was incubated with primary antibodies at 4℃ nightlong, and
afterwards cultivated with the suitable HRP-conjugated second antisubstance (Thermo Fisher) for 1 h at
room temperature. The visualization of the bound antisubstances were realized via chemiluminescent
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identi�cation on autoradiographic �lm. For macrophages biomarkers, anti-iNOS (1:1000, Cat# ab178945,
Abcam, USA), anti-CD86 (1:1000, Cat# 76755, Cell Signaling Technology (CST), MA, USA), anti-Arginase-1
(1:1000, Cat# 93668, CST), anti-CD206 (1:1000, Cat# 24595, CST) antibodies were utilized. For NF-κB
signal path, anti-NF-κB p65 (1:1000, Cat# 8242, CST), anti-p-NF-κB p65 (1:1000, Cat# 3033, CST)
antibodies were utilized. For IRF signal path, anti-IRF5 (1:1000, Cat# BS60674, Bioworld, USA), anti-IRF4
(1:1000, Cat# BS2659, Bioworld), anti-FPR2 (1:1000, Cat# DF2719, A�nity, USA) antibodies were utilized.
The bands were subjected to quanti�cation via identifying the signal intensity through Image-Pro Plus 6.0
and standardizing them to the signal for the GAPDH (1:5000, Cat# AP0063, Bioworld) antisubstance.

2.7 Immuno�uorescent dyeing
Macrophages were cultivated with/without treating in the six-well dishes involving glass slides and were
afterwards cleaned in PBS and subjected to �xation in 4% PFA (Sigma-Aldrich, USA) under 4°C for 0.5
hour. Posterior to permeabilisation via 0.1% Triton X-100 for 600 seconds, the sample was cleaned in PBS
and afterwards subjected to blockade in 10% FBS to realize the elimination of the
nonspeci�c�uorescence.Immuno�uorescent dyeing was completed via p-NF-κB p65 (1:1600), IRF4
(1:100), IRF5 (1:100), FPR2 (1:200), iNOS (1:500), CD206 (1:200), and F4/80 (1:200, Cat# ab6640,
Abcam) as the �rst antibodies, and the cellular sample was cultivated via DyLight 488/594 labeled
second antisubstances (Abcam). Immunocytochemistry specimens were evaluated in a semi-quantitative
or quantitative manner by two separate researchers in a blinded way.

2.8. Statistics
Data were described as average ± SD. The entire statistic assay was �nished via SPSS 16.0 (USA). A two-
sided Student’st-test was employed to study the diversity between these 2 groups. One-way ANOVA and
Bonferroni's posttest would be employed if there were over 2 groups. The P <0.05 had signi�cance on
statistics.

3. Results

3.1 Roles of LXA4 in the activation of RAW264.7 cells
Figure 1A displays the molecular structural formula of LXA4. For the purpose of identifying if LXA4
affects the activity of RAW264.7 cells, a CCK-8 analysis was completed after 24 hours of LXA4 action at
different concentrations (10 nM to 500 nM), and we found that merely LXA4 failed to trigger any
identi�able cell toxicity (Fig. 1B). Therefore, in subsequent experiments, RAW264.7 cells were pretreated
with LXA4 levels between 10 and 500 nM for 0.5 hour and then cultivated via LPS (1 µg/ml) for 24 hours.
We found that the inhibitory roles of LPS in RAW264.7 cellular activity could be alleviated to the greatest
extent when the concentration of LXA4 was 200nM, and the results of IL-4 incubation (20 ng/ml) were
consistent with this. In order to study the roles of LXA4 in macrophages cell stimulation, RAW264.7 cells
were challenged with and without LXA4 at 200nM concentration, respectively, and morphological
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changes were observed. As presented by Figure 1C, no remarkable variation existed in cell morphology in
the two groups, so we �nally selected LXA4 at 200nM concentration for further experiments.

To explore the roles of LXA4 in LPS-induced M1 macrophages polarisation in vitro and IL-4-induced
polarization of M2 macrophages in vitro, we observed the morphological changes of macrophages
RAW264.7 after the combined effect of LXA4 (200 nM) and LPS. The results of light microscopy and
immuno�uorescence chemical staining (Fig. 1F) showed that resting macrophages RAW264.7 cells were
round or oval, densely packed, well adhered to the wall, with few protrusions. However, the LPS-triggered
morphology variations of RAW264.7 cells were diminished posterior to the exposure to 200 nM LXA4. In
contrast, the morphology of IL-4-induced RAW264.7 cells was further rounded after administration of
LXA4. These results suggest that 200 nM LXA4 can inhibit LPS-induced morphological changes in
macrophages and promote IL-4-induced morphological changes in macrophages.

3.2 Effect of LXA4 on LPS-triggered in�ammation cell
factor generation in RAW264.7 cells
RAW264.7 macrophages were pretreated with LXA4 for 0.5 hour and then co-cultivated via LPS for 24
hours. To determine the roles of LXA4 in LPS-triggered in�ammatory mediators, the effect of LXA4 on
in�ammatory cytokine expression was identi�ed via ELISA and qRT-PCR. The production of IL-1β, IL-6,
TNF-α, IL-4 and IL-10 induced by LXA4 was identi�ed by qRT-PCR. The results revealed that M1 pro-
in�ammatory cytokine levels were remarkably elevated posterior to LPS exposure, as evidenced by the
generation of IL-1β and TNF-α (Fig. 2A-2C), whereas the content of antiin�ammation cell factors (IL-10
and IL-4) was remarkably reduced (Fig. 2D-2E). Consistent with the quantitative reverse transcription-
polymerase chain reaction results, ELISA results revealed that the content of pro-in�ammatory cytokines
(IL-6 and TNF-α) was signi�cantly elevated, while the content of anti-in�ammatory cytokines (IL-10) was
signi�cantly reduced in the LPS-induced cells (Fig. 2F-2H). These results suggest that LXA4 plays an
antiin�ammation role in LPS-exposed RAW264.7 macrophages.

3.3 LXA4 inhibits M1 macrophage polarization in vitro
CD86 is an M1 subtype macrophage-speci�c membrane surface protein that serves as a marker of M1
polarization. To investigate the effect of LXA4 on RAW246.7 macrophage polarization, we detected the
expression of CD86 by �ow cytometry. CD86 protein expression was signi�cantly up-regulated after LPS
administration, while CD86 protein expression was signi�cantly down-regulated after LXA4 pretreatment
(Fig. 3E). To further clarify whether LXA4 could inhibit the shift of RAW264.7 cells to M1 phenotype, we
examined the expression of iNOS by ELISA and qRT-PCR, and the outcomes revealed that iNOS was
signi�cantly increased in the LPS-treated group, while the expression of iNOS was inhibited after LXA4
administration (Fig. 3A-3B). Western blot results revealed that after the administration of LPS, the
expressing of iNOS and CD86 expression were remarkably elevated, while in the LXA4 pre-treating group,
the expressing of iNOS and CD86 was inhibited (Fig. 3C). Later, we detected iNOS expression using
immuno�uorescence. Compared with the control group, iNOS immunoreactivity was enhanced after LPS
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administration, while iNOS immunoreactivity was reduced after LXA4 pretreatment (Fig. 3D). The above
results suggest that LXA4 can inhibit the LPS-induced shift of RAW264.7 macrophages to M1 phenotype.

3.4 LXA4 downregulated the activity of NF-KB 65 and IRF5
in vitro
Subsequently, our team explored the mechanism where LXA4 suppresses tthe polarisation of M1
macrophages in vitro. In LPS-exposed macrophages, western blot and immunocytochemistry dyeing
revealed that LXA4 decreased the expressing of FPR2 and IRF5 in LPS-challenged macrophages (Fig. 4A-
4C), unveiling that IRF5 was involved in LXA4-mediated suppression of polarized M1 macrophages. In
addition, increased p-P65 expression was observed by western blot results (Fig. 4D).
Immunocytochemistry dyeing revealed that the expression of p-NF-κB p65 was remarkable within
macrophage nuclei (Fig. 4E). After lipoxin treatment, p-NF-κB p65 expression was decreased and
intranuclear localization was decreased. Thus, LXA4 acts as an inhibitor of the polarisation of M1
macrophages via targeting the typical NF-κB signal. Collectively, those discoveries reveal that LXA4
suppresses the polarizing effects of p-NF-κB p65 and IRF5 on M1 macrophages in vitro.

3.5 LXA4 promote the polarisation of M2 macrophage in
vitro
As aforesaid, macrophages are classi�ed into M1 and M2. Given that LXA4 plays a suppressive role in
M1 macrophages, our team afterwards explored whether LXA4 could affect the M2 macrophages
polarisation. Our team therefore induced M2 macrophages via IL-4 (20 ng/ml) for 48 hours and examined
the expressing of the speci�c phenotype biomarkers Arg-1 and CD206 in M2 macrophages. We detected
the expression of CD206 via �ow cell technique to identify the roles of LXA4 in M2 macrophages. As
presented by Fig. 5A, in contrast to the controls, CD206 protein content was elevated within the IL-4 group,
and the expressing of CD206 was remarkably greater in contrast to the IL-4 group posterior to LXA4
pretreatment. In addition, the mRNA expressing of the M2 biomarker (Arg-1) was also enhanced in
macrophages treated with IL-4 in contrast to the controls, and the results of ELISA were consistent with it
(Fig. 5B-5C). To further clarify whether LXA4 facilitated the M2 macrophages polarisation, our team
detected the expression of CD206 by immuno�uorescence, and the immune response to CD206 was
enhanced in the IL-4 group in contrast to the controls, and LXA4 pretreatment further enhanced the
immune response to CD206. Also, the Western blot results veri�ed the above �ndings (Fig. 5D-5E).

To further elucidate the mechanism of LXA4-induced polarization of M2 macrophages, our team explored
the activity of FPR2 and IRF4, which were found to be involved in the modulation of M2 macrophages
(Satoh et al. 2010). We found that the expression of FPR2 was increased in IL-4-exposed macrophages,
as was the expressing of IRF4 (Fig. 6A-6C). Thus, those discoveries reveal that FPR2 and IRF4 might be
vital for promoting LXA4-mediated polarization of M2 macrophages. LXA4 might have an effect on
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promoting the polarisation of M2 macrophages by targeting enhanced IRF4 activity through FPR2-
mediated enhancement.

4. Disscusion
Macrophages are pivotal in�ammation cells during in�ammation damage (Jang and Rabb 2015;
Humphreys 2018; Calle and Hotter 2020). Early assays on animal models of M1 depletion and
replenishment showed that macrophages are vital for in�ammation damage (Jang and Rabb 2015).
Interestingly, it was subsequently shown that macrophages not only cause in�ammatory damage but
promote the repairment and mitigation of nephropathy (Holdsworth and Tipping 1985). Those biology
roles of macrophages in in�ammatory damage are associated with the polarisation of proin�ammation
M1 or antiin�ammation M2 (Ricardo et al. 2008; Mily et al. 2020). The polarisation of those type 2
macrophages participates in the in�ammation damage and repairment processes of kidney tissue,
separately (Dellepiane et al. 2020). On the foundation of those results, our team hypothesized that the
protection roles of LXA4 in renal damage might be related to the modulation of polarized macrophages.
In the present research, M1 macrophages were the predominant in�ammation cells facilitating the
production of in�ammation factors (Ko et al. 2008). LXA4 exhibits antiin�ammation activities via
suppressing the polarisation of M1 macrophages and in�ammatory factor releasing. IL-4 or IL-13
stimulates the formation of M2 macrophages, which mainly exert anti-in�ammatory effects, while our
study also showed that LXA4 promotes the production of M2 macrophages even more. Previous studies
have demonstrated the protective effect of LXA4 against in�ammation in certain diseases, such as
neuromyelitis optica spectral diseases (Wang et al. 2019), obesity adipose in�ammation and
cerebrovascular endothelial cell dysfunction ( Börgeson et al. 2015; Liu et al. 2019). Therefore, the above
results support that the antiin�ammation potency of LXA4 might be related to the suppression of the
polarisation of M1 macrophages and the promotion of M2 macrophages production.

M1/M2 represents only a simpli�cation model of the 2 in�ammation reactions (Tang and Le 2016).
Representatively, the stimulated M1 macrophages could be triggered in vitro via LPS to express a variety
of proin�ammation factors like IL-1β, iNOS, and CD16. By comparison, IL-4 is discovered to be able to
trigger a stimulated M2 macrophages featured by the expressing of antiin�ammation and neurotrophy
mediating factors like IL-10, Arg-1, and CD206 (Wu et al. 2018; Zhang et al. 2018). Therefore, timely
conversion of the M1-type macrophages to the M2-type macrophages is considered a promising
therapeutic regimen of related diseases.

The present research highlighted the exploration of the effects of LXA4 on regulating macrophage
polarization and its possible mechanisms. Herein, our team discovered that LPS-triggered M1
polarization resulted in increased IL-1β, IL-6, CD86, iNOS mRNA and protein expressing and strong iNOS
dyeing, whereas LXA4 reversed the polarisation of M1 macrophages and potently elevated the expressing
of M2 macrophage biomarkers, such as IL-4, IL-10, CD206 and Arg-1. In conclusion, those outcomes
suggest that LXA4 inhibit the shift of LPS-stimulated RAW264.7 macrophages to M1-type polarization
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and further promote the shift of IL-4-activated macrophages to M2-type, which correlates with enhanced
anti-in�ammatory cytokine production.

The molecule-level causal link of the polarisation of macrophages remains elusive. Studies recently have
revealed that the NF-κB is a pivotal modulator of in�ammatory events and resolution via modulating the
polarisation of macrophages (Zheng et al. 2020). NF-κB is a pleiotropy TF comprising 5 sub-groups: RelA
(p65), NF-κB1 (p105/p50), NF-κB2 (p100/p52), c-Rel, and RelB (Holdsworth and Neale 1984). Canonical
signal transmission is stimulated via the p65, p50 and c-Rel sub-groups, while the stimulation of the non-
canonical signal path is under the mediation of relB and p100/p52. Researches have revealed that the p-
NF-κB p65 participates in the polarisation of M1 macrophages (Lowe et al. 2014). Our results also
support the involvement of p-NF-κB p65 in the polarisation of M1 macrophages, which is related to the
inhibition of LXA4-induced M1 macrophage polarization.

Apart from NF-κB signal transmission, IRF5 is found to be related to the M1 macrophages polarisation
(Krausgruber et al. 2011). IRF5, a component of the IFN-regulation factor family, is able to trigger the
stimulation genes that encode type I IFN and in�ammation cell factors, such as TNF-α, IL-6 and IL-12
(Krausgruber et al. 2011). Those Cytokines participate in the modulation of immunocytes and are
responsible for the mediation of in�ammation damage in various tissue, such as renal tissues (Awad et
al. 2015). Herein, elevated IRF5 expressing in in�ammation renal tissue and LPS-exposed macrophages
revealed an underlying effect on the triggering of the polarisation of M1 macrophages. Posterior to LXA4
exposure, the IRF5 activities were regulated downward and hence induced the suppression of the
polarisation of M1 macrophages and the decrease of in�ammation damage. For that reason, such proof
revealed that IRF5 might be a pivotal modulator of the polarisation of M1 macrophages and might be
involved in the antiin�ammation roles of LXA4 in in�ammatory damage.

Interestingly, unlike the polarisation of M1 macrophages, LXA4 has a promotional effect on M2
macrophage polarization, as evidenced by an increase in the proportion of M2 cells and Arg-1 levels in
vitro. In addition, upregulating the expressing of IRF4 might be one of the causal links where LXA4
promotes M2 macrophage polarization. Previous studies found that IRF4 was found to induce the
polarisation of M2 macrophages with JMJD3 treatment (Gaikwad and Heneka 2013). Our results also
support that IRF4 is involved in the triggering of the polarisation of M2 macrophages and that LXA4-
mediated promotion might be achieved via upregulation of IRF4 activity.

In vivo, the biological effects of LXA4 are mediated through its receptor FPR2, a G-protein-coupled
membrane receptor that is highly expressed on macrophages and can bind to its ligand LXA4 through the
lipid-binding domain and then transfer extracellular signals into effector cells through the protein-binding
domain to elicit the corresponding biological effects (Pirault and Bäck 2018). It was shown that LXA4
mediates the M2-type macrophage transformation and promotes connective tissue repair through FPR2
(Dakin et al. 2012).We showed that LXA4 may be mediated through the FPR2 pathway to inhibit M1-type
macrophage polarization and reduce in�ammatory factor synthesis and release, while enhancing
macrophage polarization toward the M2 type and producing anti-in�ammatory effects.
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Holistically, the present research is the �rst to show that LXA4 may be mediated via FPR2 to inhibit IRF5
activity, promote IRF4 activation, and lead to down-regulation of p-NF-κB p65 activity, thereby
suppressing the polarisation of M1 macrophages and further facilitating the polarisation of M2
macrophages, which may, to some extent, elucidate the cellular and molecular mechanisms of organ
damage and repair, and offer a novel strategy for the prevention and therapy of in�ammatory injury in the
future. This may, to some extent, elucidate the cellular and molecular mechanisms of in�ammatory injury
and repair, and offer a novel strategy for the prevention and therapy of in�ammatory injury in the future,
and offer a theory basis for drug development and therapy of organ protection during in�ammatory
injury.
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Figure 1

Effect of LXA4 on the activation of RAW264.7 macrophages stimulated by LPS or IL-4. (A) Molecular
structural formula of LXA4; (B) Effect of different concentrations of LXA4 alone on cell viability; (C) Light
microscopic observation of cell morphology; (D) RAW264.7 macrophages were pretreated with different
concentrations of LXA4 for 30 min, incubated with or without the addition of LPS (1 µg/ml) for 24 h, and
cell viability was determined by the CCK-8 method; (E) The cell viability was determined by pretreatment
of RAW264.7 macrophages with different concentrations of LXA4 for 30 min, incubated with or without
IL-4 (20 ng/ml) for 48 h, and cell survival was determined by the CCK-8 method; (F) Cell morphology was
observed by light microscopy under different modes of intervention. Data are presented as the means ±
SEM from three independent experiments performed in triplicate. #P < 0.05 compared with the control
group.
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Figure 2

Effect of LXA4 on LPS-induced in�ammatory cytokine production. RAW264.7 macrophages were
pretreated with LXA4 for 30 min and incubated with or without LPS (1 µg/ml) for 24 h. (A-E) Cells were
collected and real-time RT-PCR was performed to detect IL-1β, IL-6, TNF-α, IL-10 and IL-4 gene expression;
(F-H) ELISA was performed to detect IL-6, TNF-α and IL-10 levels in the supernatant. Data are presented
as the means SEM of three independent experiments. **P < 0.05 compared with the control group; #P <
0.05 compared with the LPS-treated group.
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Figure 3

LXA4 inhibits M1 macrophage polarization in vitro. (A) Cells were collected and real-time RT-PCR was
performed to detect iNOS gene expression; (B) ELISA was performed to detect iNOS levels in the
supernatant; (C) Cultured cells were collected and detected by western blot for CD86, iNOS protein
expression; (D) observation of cultured cells by immunostaining with anti-iNOS (M1 marker, green) and
anti-F4/80 (Macrophage marker, red) antibodies. Nuclei were stained for DAPI (blue); Bar = 50 µm. (E)
Study of the effect of LXA4 on LPS-induced CD86 protein expression in macrophages. Cells were
pretreated with 200 nM LXA4 for 30 min and incubated with or without the addition of LPS (1 µg/ml) for
24 h. CD86 (M1) protein expression was detected by �ow cytometry. Data are presented as the means
SEM of three independent experiments. *P < 0.05, **P < 0.05 compared with the control group; #P< 0.05
compared with the LPS-treated group.
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Figure 4

LXA4 down-regulates the activities of IRF5 and NF-κB 65 in vitro; (A) Cells were pretreated with LXA4 for
30 min with or without LPS (1 μg/ml) for 24 h. Cultured cells were collected and detected by western blot
for FPR2, and protein expression of IRF5; (B) Immuno�uorescence staining showed upregulation of
macrophage FPR2 expression after LPS treatment. LXA4 promotes LPS-mediated induction. Bar = 50 µm.
(C) LXA4 decreased LPS-induced IRF5 overexpression in macrophages; Bar = 50 µm. (D) Western blot
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results showed that LXA4 inhibited LPS-induced increase in macrophage p-NF-κB p65 expression level
without signi�cant change in p65 level; (E) Immuno�uorescence staining showed upregulation of
macrophage p-NF-κB p65 expression after LPS treatment. Bar = 50 µm. Data are presented as the means
± SEM of three independent experiments. *P < 0.05 compared with the control group; #P < 0.05 compared
with the LPS treated group.

Figure 5

LXA4 promotes M2 macrophage polarization in vivo. (A) The effect of LXA4 on IL-4-induced CD206
protein expression in macrophages was investigated. The cells were pretreated with 200 nM LXA4 for 30
min and incubated with or without IL-4 (20 ng/ml) for 48 h. CD206 (M2) protein expression was detected
by �ow cytometry; (B) Real-time RT-PCR for Arg-1 gene expression; (C) ELISA for Arg-1 levels in
supernatants; (D) Cultured cells were collected and protein expression of CD206, Arg-1, FPR2, and IRF4
was detected by western blot; (E) Cultured cells were visualized by immunostaining with anti-CD206 (M2
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marker, green) and anti-F4/80 (macrophage marker, red) antibodies. Nuclei were stained with DAPI (blue);
Immuno�uorescence staining showed that CD206 expression was upregulated in macrophages after IL-4
treatment, and further enhanced after administration of LXA4. Bar = 50 µm. Data are presented as the
means SEM of three independent experiments. *P < 0.05, **P < 0.05 compared with the control group; #P
< 0.05 compared with the LPS-treated group.

Figure 6

LXA4 promotes M2 macrophage polarization by targeting enhanced IRF4 activity through FPR2-mediated
enhancement. (A, B) Western blot and semiquantitative analysis of FPR2/IRF4 proteins expression in
RAW264.7 cells. (C) Observation of cultured cells by immunostaining with anti-IRF4 (green) and Nuclei
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were stained for DAPI (blue). Bar = 50 µm. Data are presented as the means SEM of three independent
experiments. *P < 0.05, **P < 0.05 compared with the control group; #P < 0.05 compared with the IL4-
treated group.


