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Abstract

:

Asthma is one of the most important medical and social problems of our time due to the prevalence and the complexity of its treatment. Chronic inflammation that is characteristic of asthma is accompanied by bronchial obstruction, which involves various lipid mediators produced from n-6 and n-3 polyunsaturated fatty acids (PUFAs). The review is devoted to modern ideas about the PUFA metabolites—eicosanoids (leukotrienes, prostaglandins, thromboxanes) and specialized pro-resolving lipid mediators (SPMs) maresins, lipoxins, resolvins, protectins. The latest advances in clinical lipidomics for identifying and disclosing the mechanism of synthesis and the biological action of SPMs have been given. The current views on the peculiarities of the inflammatory reaction in asthma and the role of highly specialized metabolites of arachidonic, eicosapentaenoic and docosahexaenoic acids in this process have been described. The possibility of using SPMs as therapeutic agents aimed at controlling the resolution of inflammation in asthma is discussed.
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1. Introduction


The problem of pandemic spread and the complexity of the treatment of modern chronic diseases, including asthma [1], may be successfully solved due to the achievements of multidimensional biology, the directions of which are combined by the term “omics” (genomics, transcriptomics, proteomics, metabolomics) [2]. The omics-biology approach can be aimed at identifying genomic, protein and metabolic changes in asthma and will provide a deeper understanding of the complex pathophysiological mechanisms of the chronicity of this disease and identify promising areas for finding effective therapeutic strategies. Lipidomics is the most important branch of metabolomics that involves the identification and quantitative measurement of lipids of a biological object. The study of lipidome is considered as a logical continuation of modern cell biology, aimed at the sequential description (or cataloging) of all molecular components of a cell. Recent advances in clinical lipidomics indicate its importance for studying metabolic processes [3]. Progress in lipidomics is due to the development of new mass spectrometry analytical methods [4] widely used for profiling and evaluating lipids [5]. The fact that lipids contribute to a wide range of homeostatic processes and pathological states has been established because of the development of this research area [6]. It is well known that lipids undergo enzymatic and non-enzymatic transformations into lipid mediators, which are involved in the processes of initiation (pro-inflammatory lipid mediators) and resolution (pro-resolving lipid mediators) of acute inflammation [7] (Table 1). Therefore, mediator lipidomics is currently the most actively developing scientific field [8]. Fatty acids (FAs) and their metabolites play a decisive role in regulating persistence and the resolution of inflammation in the diseases of the bronchopulmonary system. The metabolites of n-3 and n-6 polyunsaturated fatty acids (PUFAs) are the key for these processes. Thus, research in the field of mediator lipidomics has shown that arachidonic (AK), docosahexaenoic (DHA) and eicosapentaenoic (EPA) acids can act as precursors for the production of pro-inflammatory lipid mediators (eicosanoids (oxylipins)) and endogenous specialized pro-resolving mediators (SPMs) involved in the resolution of inflammation, including resolvins (Rvs), lipoxins (LXs), protectins (PDs) and maresins (MaRs) [9,10]. The study of these locally acting lipid mediators provides fundamentally new opportunities for the development of an effective strategy for treating chronic inflammatory diseases by correcting the processes of resolving inflammation, rather than suppressing it at the stage of initiation and development [11,12,13]. Despite the fact that the potential role of long-chain n-6 and n-3 FAs in health and disease has been an area of intensive research for many years, interest in studying lipid metabolites, which play a significant role in the resolution of inflammation, is constantly growing [14,15,16]. The use of n-3 FAs and/or the use of stable synthetic analogues of SPMs may significantly increase the effectiveness of treatment of chronic inflammatory diseases, in particular asthma [15,17].



The aim of the review is to summarize modern scientific information about the biological effects of SPMs—Rvs, LXs, PDs and MaRs—and determine opportunities for their potential using in therapy of asthma.




2. Ways of Biosynthesis of Lipid Mediators and Their Biological Effects


Various lipid mediators are involved in the regulation of inflammation, in particular, eicosanoids (oxylipins). They are oxidation products of FAs—namely, AK (20:4n-6), EPA (20:5n-3) and DHA (22:6n-3) (Figure 1). There are three pathways of oxylipin biosynthesis. Thromboxanes (Txs) and prostaglandins (PGs) are synthesized via the cyclooxygenase reaction with the participation of the cyclooxygenase (COX). The lipoxygenase (LOX) catalyzes the lipoxygenase pathway of the leukotriene (LT) biosynthesis. Cytochrome P450 is responsible for the generation of hydroxyeicosatetraenoic (HETE), epoxyeicosatrienoic (EET) and hydroxyoctadecanoic acids (HODE) via the epoxygenase pathway. There are several groups of eicosanoids, including the prostanoid, LT and eoxin families. The prostanoid family includes: PGs (PG2, PGF2α, PGD2, 15d-PGJ2) affecting smooth muscle tone of the bronchi, urogenital, vascular systems, gastrointestinal tract; prostacyclin (PGI2), which is a subspecies of prostaglandins and has an inhibitory effect on platelet aggregation and the vasodilation effect; and Txs, which causes vasoconstriction of small vessels. The LT family members cause bronchial muscle contraction. LOX is the target of currently available therapeutics (Montelukast, Zafirlukast). The biological effects of the eoxin family members (A4, C4, D4, E4) are associated with the development of allergy [18]. Oxylipins serve as secondary messengers of hydrophilic hormones, control the contraction of smooth muscle tissue (blood vessels, bronchi, uterus), are involved in the release of intracellular synthesis products (hormones, mucoids), affect bone metabolism, peripheral nervous and immune system, movement and aggregation of cells (leukocytes and platelets) and also are effective ligands for pain receptors. Oxylipins act on the cells synthesizing them (autocrine action) and on neighboring cells (paracrine action) by binding to membrane receptors as local bioregulators. The eicosanoids initiate the acute inflammatory process that is necessary for activating immune cells and synthesizing pro-inflammatory messengers. AK derivatives, namely, cysteine-containing LT and PGD2, play an important role in asthma pathogenesis. They are pro-inflammatory mediators, powerful bronchoconstrictors, cause hyperreactivity and swelling of the bronchi.



As soon as the number of polymorphonuclear leukocytes in inflammatory tissue decreases, the level of pro-inflammatory cytokines decreases and PUFA metabolism changes. The synthesis of pro-inflammatory lipid mediators (LTs and PGs) are switched to the production of SPMs (LXs, Rvs, PDs, MaRs), which have an anti-inflammatory and cytoprotective effect, affecting the resolution of the inflammatory reaction through the involvement of the immune system [14,19,20]. Switching the synthesis of pro-inflammatory lipid mediators (PG, LT) to the formation of resolving lipid metabolites (Rv, LX, PD, MaR) is considered as one of the key processes in the resolution of acute inflammation [9,12,13].



Therefore, the balance between n-6 and n-3 FAs and their metabolic products is closely interrelated with the pathogenesis of diseases, including chronic respiratory diseases [21,22,23,24]. A number of studies have shown that the change in composition and metabolism of FAs and the change in the profiles of lipid mediators in patients with asthma are accompanied by an imbalance of the regulatory mechanisms of the inflammatory process and contribute to its chronicity [23]. The clinical significance of PG and LT in asthma is well known, but the biochemical role of other lipid mediators in the regulation of airway tone and inflammation remains unclear [24]. Thus, the study of the role of endogenous SPMs in the resolution and the chronicity of inflammation in asthma [11,15,25,26] and their effect on the activity of neurogenic inflammation in this disease [27] are a hot area of research.



Maresins. It was discovered in 2007 that macrophages synthesize bioactive products with a pronounced anti-inflammatory effect, MaRs (macrophage mediator in resolving inflammation), from DHA [9]. MaR biosynthesis is mediated of 12-, 14-, 15-LOX. For example, there is a pathway of the DHA metabolism with the participation of 14-LOX, which generates a 7,14-dihydroxydoxahexaenoic acid called MaR1. Macrophages are key regulators of the inflammatory response. There are three subtypes of activated macrophages: classically activated (M1), alternatively activated (M2) macrophages and resolution-phase macrophages [28]. M1 macrophages are pro-inflammatory, M2 macrophages are associated with homeostasis restoration and tissue regeneration and the third subtype of macrophages has characteristics of M1 and M2 cells [29]. A number of studies have demonstrated that the number of M2 macrophages positively correlates with MaR1 level [9,28]. MaR1 inhibits the tissue infiltration by polymorphonuclear leukocytes and stimulates the phagocytic activity of macrophages. In vitro studies have shown that the direct impact of MaR1 on smooth muscle and endothelial cells results in the reduction of the production of pro-inflammatory cytokines and the decrease in the activation of nuclear factor kB (NF-κB) [26]. Recently, MaR2 that has a powerful bioregulatory effect was isolated [29,30].



Lipoxins. The substrate for LXs synthesis is AK. Two members of the LXs family, LXA4 and LXB4, have been well studied [31]. Besides that, it is known that epilipoxins are synthesized when taking aspirin (aspirin-triggered LX). LXs synthesis is catalyzed by 5-, 12-, 15-LOX. The precursor of these mediators is 15-HETE. In general, LXs are a branch of the leukotriene family. For example, their production by platelets is catalyzed by 12-LOX through converting LTA4 [32]. Unlike pro-inflammatory LTs, LXs act as powerful anti-inflammatory bioregulators, suppressing the inflammation and activating the processes of resolution and recovery [26]. The result of their action is the inhibition of chemotaxis and migration of macrophages and neutrophils to the inflammatory focus, blocking of lipid peroxidation, the activation of NF-kB and the suppression of the synthesis of pro-inflammatory cytokines. In addition, LXs are actively involved in functioning of macrophages that are associated with homeostasis restoration processes [32].



Resolvins. Rvs were identified in a mice model of inflammation in 2000 [7]. Rvs are synthesized by epithelial and endothelial cells and play a leading role among humoral factors contributing to the resolution of acute inflammation [33]. These mediators prevent the chemotaxis and the migration of macrophages and neutrophils to the inflammatory tissue, block intracellular signaling pathways and the synthesis of pro-inflammatory cytokines and chemokines, promote apoptosis of “spent cells”, stimulate the efferocytosis and the differentiation of macrophages towards M2 phenotype and regulate the functions of platelets. Rvs metabolism is mediated by 5-LOX, 15-LOX, cytochrome P450 and COX-2. Rvs of the E-series (RvE) are metabolites of EPA, Rvs of the D-series (RvD) are products of DHA. RvD epimers are formed from DHA during the use of aspirin. In addition, Rvs of the T-series (RvT), which are synthesized from DHA (RvT1, RvT2, RvT3, RvT4), have recently been found [34,35].



RvE1 and RvE2 are the main members of the E-series of the Rvs family. The anti-inflammatory action of RvE1 is due to the inhibition of the synthesis of cytokines, cell adhesion molecules, NF-kB expression, the chemotaxis of polymorphonuclear leukocytes and the migration of dendritic cells to the inflammatory focus. The biological effect of RvE2 is similar to RvE1. It regulates neutrophil chemotaxis, activates the phagocytosis and the synthesis of anti-inflammatory cytokines [36].



RvD are formed from DHA with the participation of 15- and 5-LOX. Currently, six types of RvD (RvD1, RvD2, RvD3, RvD4, RvD5, RvD6), which are synthesized from the intermediate product 17S-hydroperoxy-DHA, are known. RvD epimers are produced from DHA under the exposure to aspirin. The trivial names of RvD1 and its epimer formed in the presence of aspirin are 7S,8R,17S-trihydroxy-DHA and 7S,8R,17R-trihydroxy-DHA. RvD can stimulate the polarization of the pro-inflammatory macrophage phenotype towards the resolving M2-like phenotype [37], regulate the cytokine synthesis and inhibit the inflammation in experimental models of LPS-induced acute lung injury [38]. RvD1 is a regulator of the activity of polymorphonuclear leukocytes and is considered as a potential therapeutic agent for suppressing allergic reactions.



Protectins. PDs are formed from DHA with the participation of 15-LOX and are synthesized by a number of cells, including brain cells, monocytes and CD4+ T-lymphocytes [39]. PD1 (the key member of the PDs family) exhibits a strong anti-inflammatory and neuroprotective properties and has a pronounced ability to suppress the replication of the influenza virus [40]. Protectin D1 also inhibits the secretion of tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ). Neuroprotectin D1 (PD1) firstly found in the nervous tissue limits damage in experimental cerebral ischemia by reducing the migration of polymorphonuclear leukocytes [35]. The action of this mediator is mediated by blocking the intracellular signaling pathways (NF-κB), reducing COX-2 expression and prostaglandin synthesis. PD1 is a regulator of the synthesis of proteins of the B-cell lymphoma 2 (BCL2) family, which have anti-apoptotic effect, and enhances the efferocytosis of apoptotic neutrophils [35].




3. The Receptors for SPMs


The action of endogenous SPMs is mediated via membrane LXA4 receptor/formylpeptide receptor 2 (ALX/FPR2) and cysteinyl leukotriene 1 receptor (CysLT1). In addition, there are G-protein-coupled receptor 32 (GPR32), chemokine receptor (CMKLR), LTB4 receptor 1 (BLT1) and unidentified surface receptors with high affinity for human polymorphonuclear leukocytes. The information about receptors for lipid mediators and their antagonists is presented in Table 2.



The ALX/FRP2 receptor belongs to GPRs and is present on neutrophils, eosinophils, monocytes, macrophages, fibroblasts and T-cells, as well as in the epithelium of the respiratory tract. The expression of LXA4 receptors (ALX) is regulated by inflammatory mediators, transcription factors and epigenetic mechanisms. The ALX receptor is involved in the transduction of LXA4, 15-epi-LXA4, RvD1 signals into a cell. In addition, LXA4 deficiency has been observed in severe asthma. It indicates an associative link between ALX signaling impairment and chronic lung inflammation [54].



Chemokine-like receptor 1 (CMKLR1), also known as Chemerin Receptor 23 (ChemR23) or RvE, belongs to GPRs and is expressed by brain cells, dendritic cells, epithelial cells and in kidneys. This receptor has also been found in the lungs and is involved in immunoregulatory mechanisms, as it plays an important role in the antiviral immunity.



GPR32 receptor, also known as RvD1 receptor (DDR1), is expressed on neutrophils, lymphocytes, macrophages and monocytes.



The newly discovered GPR18 receptor or RvD2 receptor (DRV2) is expressed on neutrophils, monocytes and macrophages [55]. RvD2 contributes to the resolution of inflammation through DRV2 receptor.



BLT1 receptor is expressed on human neutrophils, eosinophils, monocytes, macrophages, mast cells, dendritic cells and T cells.



Both BLT1 and ChemR23 are receptors for RvE1. RvE1 exhibits an antagonistic effect on BLT1 receptor by blocking the biological action of pro-inflammatory LTs. At the same time, RvE1 has a synergistic effect on ChemR23 by inhibiting the activation of NF-kB and enhances phagocytosis.



RvD1 acts via ALX and GPR 32 receptors. The ability of RvD5 interacts with GPR32 has also been demonstrated. A new receptor for RvD2 (GPR18) has been discovered. RvD1, RvD3 and RvD5 may bind to DRV1 receptor [55]. RvD1 interacts with ALX receptor at the resolution phase of inflammation.



The receptors for PD1 and MaR1 has not been found yet [54].



Since the appearance of data on the immunological mechanism of action of SPMs and the discovery of a number of receptors, their interaction with transient receptor potential ion channels has become a matter of scientific interest. It is considered that chronic airway inflammation and mucus hypersecretion are associated with the sensitization to TRPV1. Nociceptors are involved in the pathogenesis of airway inflammation by initiating local neurogenic inflammation and activating the bronchoconstrictor mechanism [21]. It has been found that all SPMs negatively modulate the activity of ion channels [20]. It confirms the fact that they are not only potential analgesics, but can also decrease neurogenic inflammation in asthma [27]. It has been demonstrated that MaR1 negatively modulates the activity of TRPA1, blocking inflammation [9]. In addition, RvD1 and RvD2 have the ability to reduce the activity of ion channels, in particular TRPA1; RvD2 and RvE1 can inhibit the activity of TRPV1.




4. The Role of SPMs in the Pathogenesis of Asthma and Perspectives for Their Therapeutic Use


The impairment of SPM synthesis in asthma is an important pathogenetic mechanism of chronic inflammation and progression (Figure 2). MaR1 level firstly increases in response to lung damage compared to other SPMs [26]. This mediator, like all SPMs, regulates the resolution of inflammation by activating the efferocytosis of apoptotic neutrophils and tissue regeneration [9]. Recently, the asthma paradigm based on the role of the adaptive immune system has been significantly changed. It happened due to the establishment of the importance of type 2 innate lymphoid cells (ILC2) as an antigen-independent source of type 2 cytokines for the disease pathogenesis [56]. Krishnamoorthy et al. have shown that MaR1 plays an important role in the regulation of the functioning of ILC2 involved in asthma [55]. MaR1 increased de novo generation of regulatory T cells (Tregs), which interacted with ILC2 to suppress cytokine production in TGF-β-dependent manner. The exogenous administration of MaR1 (1 ng/mouse) to experimental animals during the allergic phase of asthma results in the decrease in eosinophils number in bronchoalveolar lavage, IgE, IL-5 and IL-13 levels and the increase in TGF-β concentration.



The incubation of MaR2 with isolated recombinant LTA4 hydrolase, which catalyzes the hydrolysis of LTA4 into the pro-inflammatory mediator LTB4, leads to the inhibition of LTB4 production. These data demonstrate not only the participation of the epoxy intermediate in the biosynthesis of maresins, but also their influence on the formation of the pro-inflammatory mediator LTB4.



The synthesis and biological activity of maresins produced by macrophages are initiated by 14-lipoxygenation of DHA with the formation of 14S-hydro (peroxy)-4Z, 7Z, 10Z, 12E, 14S, 16Z, 19Z-DHA and 13S, 14S-epoxy-4Z, 7Z, 9E, 11E, 13S, 14S, 16Z, 19Z-DHA (13S, 14S-eMaR), which catalyzed by 12-LOX. Then, this intermediate is enzymatically hydrolyzed to 7R, 14S-dihydroxy-4Z, 7R, 8E, 10E, 12Z, 14S, 16Z, 19Z-DHA (MaR1) or 13,14S-epoxy-4Z, 7Z, 9, 11, 13, 14S, 16Z, 19Z-DHA (MaR2) by epoxyhydrolase. 13S, 14S-eMaR is also a substrate for glutathione-S-transferase MU 4 (GSTM4) and LTC4 synthase (LTC4S). As the result of their interaction, MCTR1 (13R-glutathionyl, 14S-hydroxy-4Z, 7Z, 9E, 11E, 13R, 14S, 16Z, 19Z-DHA) is produced and then converted to MCTR2 (13R- cysteinyl glycine, 14S-hydroxy-4Z, 7Z, 9E, 11E, 13R, 14S, 16Z, 19Z-DHA) in participation of gamma-glutamyl transferase and MCTR3 (13R-cysteinyl, 14S-hydroxy-4Z, 7Z, 9E, 11E, 13R, 14S, 16Z, 19Z-DHA) by dipeptidase.



Elevated LTB4 level was observed in a number of inflammatory diseases, including asthma [17,23]. Therefore, it can be predicted that LTB4 production may be the potential therapeutic target for LT-mediated conditions, such as inflammation underlying asthma pathogenesis. It can be assumed that maresins may be the basis for a new promising therapeutic approach in asthma.



The impairment of production of LXA4 and LXB4 are associated with chronic inflammatory diseases, including asthma [57]. LXA4 is an endogenous mediator of mucosal inflammation and reduces the severity of allergic and asthmatic reactions. LXB4 is also expressed in mucosal tissues; however, its role in allergic inflammation is unknown. Karra et al. have demonstrated that LXB4 has an anti-inflammatory effect in mucosal inflammation of the upper and lower respiratory tracts in mice [58]. The pro-resolving action of this LX are determined by the ability of LXB4 to reduce the expression of specific receptors for IL-13, IL-13Rα1 and IL-13Rα2. LXA4 blocks the release of histamine from mast cells during their interaction with epithelial cells and reduces the neutrophilic degranulation of azurophilic granules. Besides the direct regulation of mast cells and eosinophils, LXB4 inhibits Th cell activation, pro-inflammatory cytokine release and neutrophil chemotaxis. The indirect mechanisms of the accelerated resolution of allergic lung inflammation are also possible by suppressing the activity of inflammatory mediators, such as granulocyte-macrophage colony-stimulating factor (GM-CSF). Together, these data highlight several cellular mechanisms of the regulation of allergic airway inflammation by LX. Low LXA4 level in exhaled breath condensate correlates with the deterioration of lung function [59]. Larsson et al. have showed differences in LX concentration in bronchial wash and bronchoalveolar lavage [60]. LX levels in bronchial wash were increased in asthma patients compared with the healthy group and there were no differences in LX levels in bronchoalveolar lavage between the groups. Differences in LX production in asthma may be important for the study of respiratory diseases. These mediators may be of considerable interest as a target for therapy of diseases of the broncho-pulmonary system.



It has been described in a number of reports that RvE1 has a powerful protective effect in airway inflammation [61], in particular in asthma [62]. The ability of RvE1 to reduce airway hyperresponsiveness has been shown in an asthma model in mice [63]. The anti-inflammatory properties of RvE1 are due to the decrease in cytokine mRNA in macrophages by suppressing the expression of the nuclear transcription factor NF-κB p65. The impact of RvD1 and aspirin-triggered RvD1 on the development of allergic airway reactions and their resolution was studied by Rogerio et al. [64]. They established that RvD1 and aspirin-triggered RvD1 are important modulators of allergic reactions of the respiratory tract, as they reduce the synthesis of pro-inflammatory mediators and eosinophilia. It has been found that RvD1 suppresses pro-inflammatory cytokines synthesis and airway hyperreactivity in mice with acute lung injury [65]. Mas et al. analyzed the concentration of RvD1 and RvD2 after n-3 PUFA taking [66]. It has been established that their levels were within the biological range in which their anti-inflammatory and pro-resolving activity is realized. Taking into account the key role of Rvs in the resolution of inflammation, the development of drugs based on derivates of these mediators, which will activate natural mechanisms of the resolution of inflammatory and intensify repair processes, may be a promising direction of modern research [9,35]. The influence of alimentary n-3 PUFAs on Rv profile was described in a number of studies [67,68]. D’Vaz et al. have indicated that n-3 PUFA administration reduces the incidence of infectious bronchopulmonary diseases [69]. The peroral administration of n-3 PUFAs combined with low doses of aspirin contributes to the conversion of EPA and DHA to RvD [9]. Recent studies have shown good prospects for using of Rvs in pulmonology [70].



The decrease in PD1 level is identified in severe and uncontrolled asthma [25]. PD1 has recently been revealed in exhaled air condensate in asthma exacerbations [71]. In addition, PD1 reduces the level of PGD2, a key prostanoid involved in airway hyperreactivity. The ability of PD1 to inhibit 15-LOX expression and, consequently, LT biosynthesis has been shown [71]. Intravenous injection of PD1 (2–200 ng) prior to administering an aerosol allergen, prevented the development of airway hyperresponsiveness, eosinophilic and T cell-mediated inflammation in allergen-sensitized mice. Intravenous injection of PD1 (20 ng) also accelerated the resolution of allergic airway inflammation [71]. The noted anti-inflammatory activity and anti-allergic effect of PD1, the successful results on the use of this lipid mediator in experimental respiratory diseases indicate a high therapeutic potential of PDs [72].




5. Conclusions


Asthma, as a chronic inflammatory disease of the respiratory tract, is one of the most important current health problems due to their prevalence and complexity of treatment. Modern achievements of molecular biology allow us to reveal many mechanisms of the inflammatory process in asthma. The basis of asthma pathogenesis is chronic airway inflammation that is mediated by various cells and mediators, as well as a change in their activity. Among the many biochemical mediators of inflammation, cysteine-containing LTs play the most important role in asthma. They are powerful bronchoconstrictors, increase vascular permeability and mucus secretion and directly affect the activation of eosinophils and the proliferation of bronchial smooth muscle cells. Eicosanoids contribute to the inflammatory process by triggering the acute inflammatory process, which is necessary for the expression of pro-inflammatory messengers and the activation of immune cells. The acute inflammatory reactions are protective, but without timely resolution they can lead to chronic inflammation. The rapid development of lipidomics allowed us to identify SPMs, new lipid derivatives of AK, EPA and DHA that are involved in the resolution of inflammatory process. The recently discovered biologically active substances include Rvs, LPs, PDs and MaRs. The disturbance of SPM synthesis is an important pathogenetic mechanism for the chronization of the inflammatory process in asthma and worsening the disease. The study of SPMs opens up fundamentally new possibilities for asthma therapy aimed at correcting the processes of the resolution of inflammation.







Author Contributions


Conceptualization: O.K. and T.N.; Methodology: O.K. and Y.D.; Software: O.K. and M.A.; Validation: O.K. and Y.D.; Formal Analysis: Y.D. and T.G.; Investigation: O.K., T.N. and Y.D.; Resources: O.K., T.N. and Y.D.; Data Curation: T.N.; Writing-Original Draft Preparation: O.K., T.N.; Writing-Review & Editing: O.K., T.N.; Visualization: O.K., T.N., M.A., Y.D. and T.G.; Supervision: T.N.; Project Administration: T.N. and T.G.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kytikova, O.; Gvozdenko, T.; Antonyuk, M. Modern aspects of prevalence of chronic bronchopulmonary diseases. Bull. Physiol. Pathol. Respir. 2017, 64, 94–100. (In Russian) [Google Scholar] [CrossRef]

	



Park, C.S.; Rhim, T. Application of proteomics in asthma research. Expert Rev. Proteom. 2011, 8, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Postle, A.D. Lipidomics. Curr. Opin. Clin. Nutr. Metab. Care 2012, 15, 127–133. [Google Scholar] [CrossRef] [PubMed]

	



Hu, T.; Zhang, J.L. Mass-spectrometry-based lipidomics. J. Sep. Sci. 2018, 41, 351–372. [Google Scholar] [CrossRef]

	



Wolfer, A.M.; Gaudin, M.; Taylor-Robinson, S.D.; Holmes, E.; Nicholson, J.K. Development and validation of a high-throughput ultrahigh-performance liquid chromatography-mass spectrometry approach for screening of oxylipins and their precursors. Anal. Chem. 2015, 87, 11721–11731. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, S.A.; Nicolaou, A. Lipidomics applications in health, disease and nutrition research. Mol. Nutr. Food Res. 2013, 57, 1336–1346. [Google Scholar] [CrossRef] [PubMed]

	



Szymanska, E.; van Dorsten, F.A.; Troost, J.; Paliukhovich, I. A lipidomic analysis approach to evaluate the response to cholesterol-lowering food intake. Metabolomics 2012, 8, 894–906. [Google Scholar] [CrossRef]

	



Balgoma, D.; Checa, A.; Sar, D.G.; Snowden, S.; Wheelock, C.E. Quantitative metabolic profiling of lipid mediators. Mol. Nutr. Food Res. 2013, 57, 1359–1377. [Google Scholar] [CrossRef]

	



Serhan, C.N.; Levy, B.D. Resolvins in inflammation: Emergence of the pro-resolving superfamily of mediators. J. Clin. Investig. 2018, 128, 2657–2669. [Google Scholar] [CrossRef]

	



Elliott, E.; Hanson, C.K.; Anderson-Berry, A.L.; Nordgren, T.M. The role of specialized pro-resolving mediators in maternal-fetal health. Prostaglandins Leukot. Essent. Fatty Acids 2017, 126, 98–104. [Google Scholar] [CrossRef]

	



Kasuga, K.; Suga, T.; Mano, N. Bioanalytical insights into mediator lipidomics. J. Pharm. Biomed. Anal. 2015, 113, 151–162. [Google Scholar] [CrossRef] [PubMed]

	



Fullerton, J.N.; Gilroy, D.W. Resolution of inflammation: A new therapeutic frontier. Nat. Rev. Drug Discov. 2016, 15, 551–567. [Google Scholar] [CrossRef] [PubMed]

	



Barden, A.E.; Mas, E.; Mori, T.A. n-3 Fatty acid supplementation and proresolving mediators of inflammation. Curr. Opin. Lipidol. 2016, 27, 26–32. [Google Scholar] [CrossRef] [PubMed]

	



Calder, P.C. Omega-3 fatty acids and inflammatory processes: From molecules to man. Biochem. Soc. Trans. 2017, 45, 1105–1115. [Google Scholar] [CrossRef] [PubMed]

	



Fonseca, F.C.; Orlando, R.M.; Turchetti-Maia, R.M.; de Francischi, J.N. Comparative effects of the ω3 polyunsaturated fatty acid derivatives resolvins E1 and D1 and protectin DX in models of inflammation and pain. J. Inflamm. Res. 2017, 10, 119–133. [Google Scholar] [CrossRef]

	



Jeansen, S.; Witkamp, R.F.; Garthoff, J.A.; van Helvoort, A.; Calder, P.C. Fish oil LC-PUFAs do not affect blood coagulation parameters and bleeding manifestations: Analysis of 8 clinical studies with selected patient groups on omega-3-enriched medical nutrition. Clin. Nutr. 2018, 37, 948–957. [Google Scholar] [CrossRef]

	



Adams, S.; Lopata, A.L.; Smuts, C.M.; Baatjies, R.; Jeebhay, M.F. Relationship between Serum Omega-3 Fatty Acid and Asthma Endpoints. Int. J. Environ. Res. Public Health 2018, 16, E43. [Google Scholar] [CrossRef] [PubMed]

	



Innes, J.K.; Calder, P.C. Omega-6 fatty acids and inflammation. Prostaglandins Leukot. Essent. Fatty Acids 2018, 132, 41–48. [Google Scholar] [CrossRef]

	



Vik, A.; Dalli, J.; Hansen, T.V. Recent advances in the chemistry and biology of anti-inflammatory and specialized pro-resolving mediators biosynthesized from n-3 docosapentaenoic acid. Bioorg. Med. Chem. Lett. 2018, 27, 2259–2266. [Google Scholar] [CrossRef]

	



Choi, G.; Hwang, S.W. Modulation of the Activities of Neuronal Ion Channels by Fatty Acid-Derived Pro-Resolvents. Front. Physiol. 2016, 7, 523. [Google Scholar] [CrossRef]

	



McGarvey, L.P.; Butler, C.A.; Stokesberry, S.; Polley, L.; McQuaid, S.; Abdullah, H. Increased expression of bronchial epithelial transient receptor potential vanilloid 1 channels in patients with severe asthma. J. Allergy Clin. Immunol. 2014, 133, 704–712.e4. [Google Scholar] [CrossRef] [PubMed]

	



Sirois, P. Leukotrienes: One step in our understanding of asthma. Respir. Investig. 2018, 57, 97–110. [Google Scholar] [CrossRef] [PubMed]

	



Novgorodtseva, T.P.; Denisenko, Y.K.; Zhukova, N.V.; Antonyuk, M.V.; Knyshova, V.V.; Gvozdenko, T.A. Modification of the fatty acid composition of the erythrocyte membrane in patients with chronic respiratory diseases. Lipids Health Dis. 2013, 12, 117. [Google Scholar] [CrossRef] [PubMed]

	



Denisenko, Y.K.; Novgorodtseva, T.P.; Zhukova, N.V.; Antonyuk, M.V.; Lobanova, E.G.; Kalinina, E.P. Association of fatty acid metabolism with a systemic inflammatory response in chronic respiratory diseases. Biomed. Chem. 2016, 62, 341–347. [Google Scholar] [CrossRef] [PubMed]

	



Miyata, J.; Arita, M. Role of omega-3 fatty acids and their metabolites in asthma and allergic diseases. Allergol. Int. 2015, 64, 27–34. [Google Scholar] [CrossRef]

	



Abdulnour, R.E.; Dalli, J.; Colby, J.K.; Krishnamoorthy, N.; Timmons, J.Y.; Tan, S.H. Aspirin-triggered resolvin D1 is produced during self-resolving gram-negative bacterial pneumonia and regulates host immune responses for the resolution of lung inflammation. Mucosal Immunol. 2016, 9, 1278–1287. [Google Scholar] [CrossRef]

	



Talbot, S.; Abdulnour, R.E.; Burkett, P.R.; Lee, S.; Cronin, S.J.; Pascal, M.A.; Laedermann, C.; Foster, S.L.; Tran, J.V.; Lai, N.; et al. Silencing Nociceptor Neurons Reduces Allergic Airway Inflammation. Neuron 2015, 87, 341–354. [Google Scholar] [CrossRef]

	



Dalli, J.; Zhu, M.; Vlasenko, N.A. The novel 13S,14S-epoxy-maresin is converted by human macrophages to maresin 1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H), and shifts macrophage phenotype. FASEB J. 2013, 27, 2573–2583. [Google Scholar] [CrossRef]

	



Ariel, A.; Serhan, C.N. New Lives Given by Cell Death: Macrophage Differentiation Following Their Encounter with Apoptotic Leukocytes during the Resolution of Inflammation. Front. Immunol. 2012, 3, 4. [Google Scholar] [CrossRef]

	



Deng, B.; Wang, C.W.; Arnardottir, H.H.; Li, Y.; Cheng, C.Y.; Dalli, J.; Serhan, C.N. Maresin biosynthesis and identification of maresin 2, a new anti-inflammatory and proresolving mediator from human macrophages. PLoS ONE 2014, 9, e102362. [Google Scholar]

	



Barnig, C.; Cernadas, M.; Dutile, S.; Liu, X. Lipoxin A4 regulates natural killer cell and type 2 innate lymphoid cell activation in asthma. Sci. Transl. Med. 2013, 5, 174ra26. [Google Scholar] [CrossRef] [PubMed]

	



Chandrasekharan, J.A.; Sharma-Walia, N. Lipoxins: Nature’s way to resolve inflammation. J. Inflamm. Res. 2015, 8, 181–192. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.J.; Spite, M. Resolvins: Anti-inflammatory and proresolving mediators derived from omega-3 polyunsaturated fatty acids. Annu. Rev. Nutr. 2012, 32, 203–227. [Google Scholar] [CrossRef] [PubMed]

	



Dennis, E.A.; Norris, P.C. Eicosanoid storm in infection and inflammation. Nat. Rev. Immunol. 2015, 15, 511–523. [Google Scholar] [CrossRef] [PubMed]

	



Headland, S.E.; Norling, L.V. The resolution of inflammation: Principles and challenges. Semin. Immunol. 2015, 27, 149–160. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.F.; Dona, M.; Fredman, G.; Krishnamoorthy, S.; Irimia, D.; Serhan, C.N. Resolvin E2 formation and impact in inflammation resolution. J. Immunol. 2012, 188, 4527–4534. [Google Scholar] [CrossRef]

	



Hellmann, J.; Tang, Y.; Kosuri, M.; Bhatnagar, A.; Spite, M. Resolvin D1 decreases adipose tissue macrophage accumulation and improves insulin sensitivity in obesediabetic mice. FASEB J. 2011, 25, 2399–2407. [Google Scholar] [CrossRef]

	



Wang, B.; Gong, X.; Wan, J.Y.; Zhang, L.; Zhang, Z.; Li, H.Z.; Min, S. Resolvin D1 protects mice from LPS-induced acute lung injury. Pulm. Pharmacol. Ther. 2011, 24, 434–441. [Google Scholar] [CrossRef]

	



Aursnes, M.; Tungen, J.E.; Vik, A.; Colas, R.; Cheng, C.-Y.C.; Dalli, J. Total synthesis of the lipid mediator PD1n-3 DPA: Configurational assignments and anti-inflammatory and pro-resolving actions. J. Nat. Prod. 2014, 77, 910–916. [Google Scholar] [CrossRef]

	



Morita, M.; Kuba, K.; Ichikawa, A.; Nakayama, M.; Katahira, J.; Iwamoto, R. The lipid mediator protectin D1 inhibits influenza virus replication and improves severe influenza. Cell 2013, 153, 112–125. [Google Scholar] [CrossRef]

	



Matsuda, M.; Tabuchi, Y.; Nishimura, K.; Nakamura, Y.; Sekioka, T.; Kadode, M.; Kawabata, K.; Nabe, T. Increased expression of CysLT(2) receptors in the lung of asthmatic mice and role in allergic responses. Prostaglandins Leukot. Essent. Fatty Acids 2018, 131, 24–31. [Google Scholar] [CrossRef] [PubMed]

	



Yonetomi, Y.; Sekioka, T.; Kadode, M.; Kitamine, T.; Kamiya, A.; Matsumura, N.; Fujita, M.; Kawabata, K. Leukotriene C4 induces bronchoconstriction and airway vascular hyperpermeability via the cysteinyl leukotriene receptor 2 in S-hexyl glutathione-treated guinea pigs. Eur. J. Pharmacol. 2015, 754, 98–104. [Google Scholar] [CrossRef] [PubMed]

	



Rabinovitch, N.; Jones, M.J.; Faino, A.; Strand, M.; Morin, A.M.; MacIsaac, J.; Reynolds, P.R.; Singh, A.; Kobor, M.S.; Gelfand, E.W.; et al. Cysteinyl Leukotriene Receptor 1 and Health Effects of Particulate Exposure in Asthma. Ann. Am. Thorac. Soc. 2018, 15, S129. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.K.; Tandon, R.; Dastidar, S.G.; Ray, A. A review on leukotrienes and their receptors with reference to asthma. J. Asthma 2013, 50, 922–931. [Google Scholar] [CrossRef] [PubMed]

	



Dholia, N.; Yadav, U.C.S. Lipid mediator Leukotriene D4-induces airway epithelial cells proliferation through EGFR/ERK1/2 pathway. Prostaglandins Other Lipid Mediat. 2018, 136, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Yokomizo, T.; Nakamura, M.; Shimizu, T. Leukotriene receptors as potential therapeutic targets. J. Clin. Investig. 2018, 128, 2691–2701. [Google Scholar] [CrossRef]

	



Kawahara, K.; Hohjoh, H.; Inazumi, T.; Tsuchiya, S.; Sugimoto, Y. Prostaglandin E2-induced inflammation: Relevance of prostaglandin E receptors. Biochim. Biophys. Acta 2015, 1851, 414–421. [Google Scholar] [CrossRef]

	



Domingo, C.; Palomares, O.; Sandham, D.A.; Erpenbeck, V.J.; Altman, P. The prostaglandin D2 receptor 2 pathway in asthma: A key player in airway inflammation. Respir. Res. 2018, 19, 189. [Google Scholar] [CrossRef]

	



Marone, G.; Galdiero, M.R.; Pecoraro, A.; Pucino, V.; Criscuolo, G.; Triassi, M.; Varricchi, G. Prostaglandin D2 receptor antagonists in allergic disorders: Safety, efficacy, and future perspectives. Expert Opin. Investig. Drugs 2019, 28, 73–84. [Google Scholar] [CrossRef]

	



Peebles, R.S., Jr. Prostaglandins in asthma and allergic diseases. Pharmacol. Ther. 2019, 193, 1–19. [Google Scholar] [CrossRef]

	



Uller, L.; Mathiesen, J.M.; Alenmyr, L.; Korsgren, M.; Ulven, T.; Högberg, T.; Andersson, G.; Persson, C.G.; Kostenis, E. Antagonism of the prostaglandin D2 receptor CRTH2 attenuates asthma pathology in mouse eosinophilic airway inflammation. Respir. Res. 2007, 8, 16. [Google Scholar] [CrossRef]

	



Crooks, S.W.; Stockley, R.A. Leukotriene B4. Int. J. Biochem. Cell Biol 1998, 30, 173–178. [Google Scholar] [CrossRef]

	



Duvall, M.G.; Levy, B.D. DHA- and EPA-derived resolvins, protectins, and maresins in airway inflammation. Eur. J. Pharmacol. 2016, 785, 144–155. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, N.; Dalli, J.; Colas, R.A.; Serhan, C.N. Identification of resolvin D2 receptor mediating resolution of infections and organ protection. J. Exp. Med. 2015, 212, 1203–1217. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamoorthy, N.; Burkett, P.R.; Dalli, J.; Abdulnour, R.E.; Colas, R.; Ramon, S.; Phipps, R.P.; Petasis, N.A.; Kuchroo, V.K.; Serhan, C.N.; et al. Cutting edge: Maresin-1 engages regulatory T cells to limit type 2 innate lymphoid cell activation and promote resolution of lung inflammation. J. Immunol. 2015, 194, 863–867. [Google Scholar] [CrossRef] [PubMed]

	



Yu, S.; Kim, H.Y.; Chang, Y.J.; Dekruyff, R.H.; Umetsu, D.T. Innate lymphoid cells and asthma. J. Allergy Clin. Immunol. 2014, 133, 943–950. [Google Scholar] [CrossRef]

	



Kazani, S.J. Exhaled breath condensate eicosanoid levels associate with asthma and its severity. J. Allergy Clin. Immunol. 2013, 132, 547–553. [Google Scholar] [CrossRef] [PubMed]

	



Karra, L.; Haworth, O.; Priluck, R.; Levy, B.D.; Levi-Schaffer, F. Lipoxin B₄ promotes the resolution of allergic inflammation in the upper and lower airways of mice. Mucosal Immunol. 2015, 8, 852–862. [Google Scholar] [CrossRef]

	



Fritscher, L.G.; Post, M.; Rodrigues, M.T.; Silverman, F.; Balter, M.; Chapman, K.R.; Zamel, N. Profile of eicosanoids in breath condensate in asthma and COPD. J. Breath Res. 2012, 6, 026001. [Google Scholar] [CrossRef]

	



Larsson, N.; Lundström, S.L.; Pinto, R.; Rankin, G.; Karimpour, M.; Blomberg, A.; Sandström, T.; Pourazar, J.; Trygg, J.; Behndig, A.F.; et al. Lipid mediator profiles differ between lung compartments in asthmatic and healthy humans. Eur. Respir. J. 2014, 43, 453–463. [Google Scholar] [CrossRef]

	



Aoki, H.; Hisada, T.; Ishizuka, T.; Utsugi, M.; Kawata, T.; Shimizu, Y. Resolvin E1 dampens airway inflammation and hyperresponsiveness in a murine model of asthma. Biochem. Biophys. Res. Commun. 2008, 367, 509–515. [Google Scholar] [CrossRef] [PubMed]

	



Haworth, O.; Cernadas, M.; Yang, R.; Serhan, C.N.; Levy, B.D. Resolvin E1 regulates interleukin 23, interferon-gamma and lipoxin A4 to promote the resolution of allergic airway inflammation. Nat. Immunol. 2008, 9, 873–879. [Google Scholar] [CrossRef] [PubMed]

	



Flesher, R.P.; Herbert, C.; Kumar, R.K. Resolvin E1 promotes resolution of inflammation in a mouse model of an acute exacerbation of allergic asthma. Clin. Sci. 2014, 126, 805–814. [Google Scholar] [CrossRef] [PubMed]

	



Rogerio, A.P.; Haworth, O.; Croze, R.; Oh, S.F.; Uddin, M.; Carlo, T.; Pfeffer, M.A.; Priluck, R.; Serhan, C.N.; Levy, B.D. Resolvin D1 and aspirin-triggered resolvin D1 promote resolution of allergic airways responses. J. Immunol. 2012, 189, 1983–1991. [Google Scholar] [CrossRef] [PubMed]

	



Eickmeier, O.; Seki, H.; Haworth, O.; Hilberath, J.N.; Gao, F.; Uddin, M.; Croze, R.H.; Carlo, T.; Pfeffer, M.A.; Levy, B.D. Aspirin-triggered resolvin D1 reduces mucosal inflammation and promotes resolution in a murine model of acute lung injury. Mucosal Immunol. 2013, 6, 256–266. [Google Scholar] [CrossRef] [PubMed]

	



Mas, E.; Croft, K.D.; Zahra, P.; Barden, A.; Mori, T.A. Resolvins D1, D2, and other mediators of self-limited resolution of inflammation in human blood following n-3 fatty acid supplementation. Clin. Chem. 2012, 58, 1476–1484. [Google Scholar] [CrossRef] [PubMed]

	



Shearer, G.C.; Harris, W.S.; Pedersen, T.L.; Newman, J.W. Detection of omega-3 oxylipins in human plasma and response to treatment with omega-3 acid ethyl esters. J. Lipid Res. 2010, 51, 2074–2081. [Google Scholar] [CrossRef] [PubMed]

	



Keenan, A.H.; Pedersen, T.L.; Fillaus, K.; Larson, M.K. Basal omega-3 fatty acid status affects fatty acid and oxylipin responses to high-dose n3-HUFA in healthy volunteers. J. Lipid Res. 2012, 53, 1662–1669. [Google Scholar] [CrossRef] [PubMed]

	



D’Vaz, N.; Meldrum, S.J.; Dunstan, J.A. Fish oil supplementation in early infancy modulates developing infant immune responses. Clin. Exp. Allergy 2012, 42, 1206–1216. [Google Scholar] [CrossRef] [PubMed]

	



Colby, J.K. Resolvin D3 and Aspirin-Triggered Resolvin D3 Are Protective for Injured Epithelia. Am. J. Pathol. 2016, 186, 1801–1813. [Google Scholar] [CrossRef] [PubMed]

	



Levy, B.D.; Serhan, C.N. Resolution of acute inflammation in the lung. Rev. Physiol. 2014, 76, 2721–2726. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, T.V.; Vik, A.; Serhan, C.N. The Protectin Family of Specialized Pro-resolving Mediators: Potent Immunoresolvents Enabling Innovative Approaches to Target Obesity and Diabetes. Front. Pharmacol. 2018, 9, 1582. [Google Scholar] [CrossRef] [PubMed]








[image: Medicina 55 00284 g001 550] 





Figure 1. Synthesis of polyunsaturated fatty acid metabolites. 
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Figure 2. The role of lipid mediators in the development and resolution of inflammation in respiratory pathology. 
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Table 1. Pro-resolving and pro-inflammatory lipid mediators.






Table 1. Pro-resolving and pro-inflammatory lipid mediators.





	
Pro-Resolving Lipid Mediators

	
Pro-Inflammatory Lipid Mediators






	
MaRs

	
MaR1, MaR2

	
prostanoid family

	
PGE2, PG2, PGF2α, PGD2, 15d-PGJ2; PGI2; Txs




	
LXs

	
LXA4, LXB4




	
Rvs

	
RvE (RvE1, RvE2),

RvD (RvD1, RvD2, RvD3, RvD4, RvD5, RvD6), RvT (RvT1, RvT2, RvT3, RvT4)

	
leukotriene family

	
LTC4, LTD4, LTE4, LTF4, LTA4, LTB4




	
PDs

	
PD1

	
eoxin family

	
A4, C4, D4, E4








Resolvins (Rvs), lipoxins (LXs), protectins (PDs), maresins (MaRs), prostaglandins (PGs), thromboxanes (Txs), leukotriene (LT).
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Table 2. Pro-inflammatory (PG, LT) and resolving lipid mediators (Rvs, LXs, PDs, MaRs) and their receptors.
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Mediator

	
Receptor

	
Function

	
Antagonists Receptor

	
Literature






	
LT

	
LTC4

	
CysLT1 CysLT2

	
Bronchoconstriction

	
Leukotriene receptor antagonists: zafirlukast (akkolat, substance 1C1204219) pranlukast (substance ONO-1078), pobilukast (substance SKF 104353), montelukast (singular, substance ML-0476). Search for inhibitors of 5-lipoxygenase: zileuton (substance F-64077).

	
[41,42,43,44,45,46]




	
LTD4

	
CysLT1 CysLT2

	
Bronchoconstriction




	
LTE4

	
CysLT1 CysLT2

	
Bronchoconstriction




	
LTF4

	
-

	
-




	
LTA4

	
-

	
-




	
LTB4

	
agonist for BLT1 BLT2

	
Mediates chemotaxis, plasma exudation, reduction of lung parenchyma




	
PGs

	
PGI2

	
IP

	
Vasodilation, inhibitory effect on platelet aggregation

	
-

	
[47,48,49,50,51]




	
PGE2

	
EP1

	
Bronchoconstriction

	
-

	




	
EP2

	
Bronchodilation

	
-




	
EP3

	
Activation of autonomic neurotransmitters

	
-




	
EPO

	
Pyregenic hyperalgesia

	
-




	
PGF2α

	
FP

	
Bronchoconstriction

	
-




	
PGD2

	
D-prostanoid (DP1), DP2 (CRTH2) and thromboxane prostanoid (TP)

	
Bronchoconstriction

	
TP antagonist: ramatroban or equivalent (TM30089). DP2 receptor antagonists: timipiprant (OC00459), BI 671800, setipiprant, MK-1029 and ADC-3680, feviprant

	




	
MaRs

	
MaR1

	
-

	
-

	
-

	
-




	
MaR2

	
-

	
-

	




	
LXs

	
LXA4

	
agonist for ALX/FPR2; agonist for DRV/GPR32

	
Slowing chemotaxis and migration to the area of inflammation of macrophages and neutrophils, blocking lipid peroxidation, activation of NF-kB and inhibition of the synthesis of pro-inflammatory cytokines

	
-

	
[9,52]




	
Rvs

	
RvE1

	
antagonist for BLT1 and agonist for ERV/ChemR23

	
Decrease in airway Hyperresponsiveness, regulation of neutrophil chemotaxis, activation of phagocytosis and synthesis of anti-inflammatory cytokines

	
-

	
[9,36,53]




	
RvD1

	
agonist for ALX/FPR2 agonist for DRV/GPR32

	
Reduced synthesis of proinflammatory mediators and eosinophilia

	
-




	
PDs

	
PD1

	
-

	
Decreased airway hyperresponsiveness

	
-

	
[25,39,40]
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